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Many positive headlines appeared during summer 2014 highlighting the opportunities of Renewable Energy
Supply and Solar Energy in particular: For instance, there were several new reports describing the growth,
the possibilities and necessity of Renewable Energies, e.g. the latest IRENA report (IRENA Remap 2030: A
renewable energy roadmap, June 2014) or the REN 21 Renewables Global Status Report that was released in
2014 including a contribution from ISES. Just before the ISES EuroSun 2014 Congress took place in
September 2014, the newly elected EU Commission President Jean-Claude Juncker presented his new team
of Vice Presidents, announcing that the two Vice Presidents for “Energy Union” and the one for “Climate
Action and Energy” will define actions to follow the priority: to increase the share of Renewable Energy
providing higher investments for infrastructure, innovation and research in this sector.
However, there have also been a number of negative headlines which are bringing back the threads to our
minds: The World Meteorological Organization published in September 2014 that, far from falling, the
concentration of carbon dioxide in the atmosphere actually increased last year at the fastest rate for nearly 30
years. On the global scale, the amount of CO2 in the atmosphere reached 396 parts per million in 2013. At
the current rate of increase, the global annual average CO2 concentration is set to cross the symbolic 400
parts per million threshold in 2015 or 2016. We still have to reverse this trend. However, in spite of the
positive trends for many Renewable Energy technologies worldwide, in Europe we still have a lot of
countries where Renewable Energies are not reaching higher shares of the energy supply at the moment.
Clearly, the transition of the energy supply to 100% renewable energy is still far from where it should be.
Therefore, we have to continue or even increase our effort doing excellent research work and present results
that are helping to make the energy transition come true and come fast. The ISES EuroSun 2014 Congress
was one important step on the path leading to a coherent and sustainable transition of the energy supply.
Throughout the Congress, several core questions have been discussed in plenary discussion, keynote lectures
and topic sessions: How do we reach a 100% renewable energy society? When could this vision come true?
What can, will and has to be done to achieve high(er) shares of Renewable Energies as quick as possible?
Clearly, renewable heat supply and fuels made from renewable energy will play a major role for the
transition to a fully renewable energy supply. As energy consumption is strongly related to population
density, one of the challenges will be to supply renewable energy in urban areas as there is a trend of
population growth primarily in the cities [Source: www.irena.org/remap].
Some of the conclusions of the ISES EuroSun Congress 2014 can be highlighted:
• A 100% Renewable Energy Society will be possible and affordable, combined with energy efficiency
measures and realized by an intelligent mix of all renewable energy technologies
• The timeframe for the transition into an energy system based 100% on renewables can be achieved
within 40..50 years from a technical point of view, but important developments have to be initiated now,
especially regarding market and policy aspects
• On global scale an average renewable energy share of the total energy consumption of 35% is
possible by 2030 if respective policy measures are taken
• The flexible combination of energy supply grids (electricity/heat/gas) is necessary to cope with all
fluctuating renewables
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The ISES EuroSun Congress 2014 gathered more than 300 scientists, engineers, decision-makers, industry
representatives, students and energy practitioners, from 48 nations around the world. The majority (about
80%) of the participants came from European countries, but also from many countries out of Europe, e.g.
China and Japan, Nigeria and Ghana, Argentina and Brazil, the United States and Mexico, and also from
Australia. The highest numbers of participants were from Germany, France, Spain and Switzerland.
The papers presented at the congress and published in these proceedings were carefully selected and
reviewed by the Scientific Committee. For the Proceedings of ISES EuroSun 2014, a full paper review was
carried out. Finally, 162 papers out of 202 achieved the approval for publication. For the first time in the
history of ISES, the proceedings are published by ISES with a Digital Object Identifier for each paper.
We would like to express our gratitude to the reviewers and members of the Scientific Committee of the
ISES EuroSun 2014 Congress and to all the authors and participants who contributed to the Congress’
quality of scientific excellence. Also, we want to thank all members of the Organizing Committee that helped
to make this Congress a great success.
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Abstract
This paper presents the experimental and numerical results of evaporative tests through a porous material to
be used in a novel evaporative cooling system for low-energy buildings.
The critical component of the cooling system is a porous tank used as a heat exchanger and evaporator. The
temperature of the water contained in the tank decreases because of radiation, convection and evaporation at
the tank surfaces. The cooled water is then used to meet the cooling demand of a building, using a water to
air heat exchanger.
The aim of this paper is to choose a porous material and to determine experimentally its characteristics,
particularly the water flux through the material the material, and the mass transfer coefficients. These data
will then be used to calibrate the numerical model of the tank and predict the cooling potential of the
proposed system.

1. Introduction
Energy used for buildings needs represents as much as 40% of world’s total energy use. Heating, ventilation
and air conditioning (HVAC) account for 50% of a building’s energy consumption (Perez-Lombard and al,
2007). In emerging countries with hot climates such as India, air conditioning is planned to grow rapidly
(Chaturvedi and al, 2014). In France, the air conditioning equipment rate in buildings increases regularly: in
2007 it reached 4% for residential buildings and 20% for tertiary buildings. This rate is quite low in
comparison with the United States and Japan, but it continues to increase. Traditional compression
refrigeration systems involve on high electricity consumption; moreover, fluorocarbons commonly used as
refrigerants are known to be responsible for ozone depletion. It is urgent to develop innovative low-energy
consumption systems to handle this increasing air conditioning demand. In this context, evaporative cooling
systems may be valuable solutions.
2. Review on evaporative cooling technologies
Evaporative cooling is an ancient technique based on the phase change of water. Latent heat needed for water
evaporation is significant. During evaporation, energy is taken from the surroundings and thus decreases its
temperature. This potential can then be used for cooling purpose, like buildings air conditioning.
This technique has long been used passively in Africa and the Middle East. Evaporative systems such as roof
ponds or interior terra cotta tanks are still in use but their potential is limited. During the last few years,
active evaporative cooling systems have received considerable attention, and numerous studies have been
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conducted on this topic. The simplest system is the direct evaporation cooling system (DEC); water is
directly sprayed into a ventilation air flow, decreasing its temperature before blowing it inside the building.
This system is simple but its drawback is that brings water into the building and may result in moisture
issues. This problem is solved with the indirect evaporative cooling system (IEC). In this system, there are
two different air flows. In the first one, water is sprayed, its temperature decreases, it passes through an
air/air heat exchanger before being rejected outside. The second air flow cools passing through the heat
exchanger and is channeled inside the building. Among the numerous studies on this subject is a review of
the different IEC designs (Duan and al, 2012), and another article (Joudi, 2000), which experimentally
compares direct and indirect evaporation systems. These systems are limited in wet climate areas where the
air is often saturated because the evaporation potential is low. To solve this problem, a desiccant material can
be used to dry the airflow before using it in an evaporative cooling process. Desiccant material can be liquid
or solid; the most well-known application is the desiccant wheel. Experimental and numeric studies
(Bourdoukan, 2008, Maalouf 2006) have been conducted on this system; although it shows good results, it
remains complicated and expensive.
Cooling systems taking advantage of sky radiation and convection with the air during the night are also
available. Radiant panels are set on a roof, with water running through pipes in these panels. The water
temperature decreases and the water is then be used for cooling purposes. Heidarinejad and al (2010)
describes this type of system coupled with a DEC system.
Cooling systems taking advantage of both the sky radiation and evaporative cooling have appeared over the
last few years. This kind of system is set up on the ZAE Bayern in Wurtzburg (Büttner, 2014) and on the
Carnegie Institution of Washington Global Ecology Center roof located in Stanford, CA. Water runs on the
roof during the night; evaporation, convection and radiation decrease the water temperature. The cool water
is then stocked and used during the day. Other systems use a porous tank. Water from the tank reaches the
outside surface passing through the porous layer, and evaporation occurs at the surface and cools the tank
and its contents. Experimental studies show a temperature difference up to 8°C between the water in the tank
and the outside temperature (Ibrahim and al, 2003, He and Hoyano, 2010).
3. The cooling system
Evaporative cooling is already a widespread technology. The system described in this paper is based on the
analysis of existing systems. The system described herein aims to use three heat transfer modes
simultaneously (radiation, evaporation and convection) to reach very low maintenance effort, low cost and
high efficiency. The important components of the system illustrated in Figure 1 are the storage tank (1), the
porous tank made with terra cotta (3), a heat exchanger (2), a pump (5) and a control valve (7).

Fig. 1: Working plan of the cooling system integrated into a dwelling
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The system follows a daily cycle. In the morning, as soon as the temperature of the water contained in the
porous tank (3) begins to increase, the control valve opens and cool water flows into the storage tank (1).
During the day, when the inside house temperature exceeds the comfort temperature, cool water passes
through the heat exchanger (2), removes heat from the building and then is stocked in the porous tank (3).
During the following night, evaporation, convection and radiation cool water in the porous tank and the cycle
can begin again.
4. Experimental study of the porous material
The key component of the system is the porous tank. An experimental study is conducted to find the best
material to use for this application. We have focused on terracotta because it is a very inexpensive and strong
material, and its raw material (clay) is widespread and available in very large amounts. Moreover, the
previous studies on cooling systems using porous material used terra cotta (Ibrahim and al, 2003).
4.1. Experimental setting

Fig. 3: Experimental setup

The experimental setting (Figure 2) is composed of an air conditioning unit, preparing an air flow with the
desired temperature, humidity and flow rate. Uncertainty is ±6% on the flow rate, ±0.6 gw/kgdryair on humidity
and ±0.5 K on temperature. The porous tank is set in a 0.6 m×0.6 m×.06-m cube, connected to the airflow
with a 16 cm diameter flow duct. The box is drilled at its back for the air flow to go out so that the box is
crossed by a controlled air flow.
4.2. Measurements
The porous tank is set on a Sartorius scale with 0.2g precision; this scale records changes in mass and thus
the evaporation rate. Temperature sensors are set in the water, on the outside surface of the tank and at the
entrance of the air flow. The sensors are calibrated with a 0.2-K measurement precision.
4.3. Terra cotta comparison
Five different terracottas were tested, common products found in DIY stores: a brick (by Wienerburger) and
four flowerpots numbered from 1 to 4. The brick and pot 4 are rectangular; their sizes are reported in Table 1
with H the height, L the length and p the depth. Pots 1–3 are truncated cones with h the height, d1 the largest
diameter and d2 the smallest diameter, e is the thickness of walls.
First, the porosity of the terra cotta was measured. The porosity of a material P is the ratio between the pores’
volume and the total volume; it can be calculated with formula (1) knowing the wet mass mw, the dry mass
md and the immersed mass of the sample i.e., the mass of the sample plunged into the liquid (water).
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(eq. 1)
A hydrostatic scale was used to measure this immersed mass. Secondly, the water evaporation rate is
measured with the experimental setting described above. The characteristics of the air flow are velocity, 2.8
m/s; temperature, 27.6°C and absolute humidity, 13.5g of water per kg of dry air, equivalent to a 60%
relative humidity. The main results are reported in Table 1.

Tab. 1: Results of evaporation tests on terra cotta comparison

In this table, Tw is the water temperature in the porous tank, Tair is the blowing air temperature, ǻT is the
temperature difference between air and water, ǻP is the difference between the vapor pressure at the tank
surface (the tank surface is considered to be saturated) and the partial pressure of water in the air flow ǻP =
Pvsat(Tsurf)-P(Tair). dm (g/min/m²) is the evaporation rate per surface of material, HR is the relative humidity.
Pvsat is calculated from the Clapeyron formula (eq (2)).

(eq. 2)
In these formulas, M=18 g/mol is the molar mass of water, Lv=2257 kJ/kg is the water’s latent heat of
evaporation, R=8.31 J/mol/K is the ideal gas constant, T0=373.15 K the temperature and P0 the pressure at
the reference state.
The results show important differences between tested pots, for exemple evaporation rate of pot 2 is more
than ten times higher than for pot 4. We can observe that the highest evaporation rates are obtained with the
most porous pot. This pot also gives the largest difference in temperature between water and blowing air.
Moreover, the rectangular shape shows poor results because a large proportion of the surface is not exposed
to the airflow since it arrives perpendicular to the tank.

This comparison shows that different materials can lead to big differences in evaporation rate and water
temperature and emphasizes how important, the choice of the material for the evaporative system is. The
cylindrical pot (n°4) with high porosity gives the best results; a comprehensive study on this pot was thus
undertaken.
4.4 Study on pot number 2
Figure 3 (a) shows the pot studied with its main geometric features. The first experiment was undertaken
with no air flow, relative humidity of 30%. Figure 3(b) shows the temperature change during the experiment.
When the steady state is reached, air temperature is 19.9°C, and the water temperature is 15.6°C. The
evaporation rate is 1.22 g/min/m².
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Fig. 3: Pot number 2 (a); outside air temperature, water tank temperature and changes in mass during a case with no air flow

A series of tests was performed on the pot, varying the air flow rate and the humidity of the blowing air.
Table 2 and Figure 4 report the main results. In Table 2, the evaporation rate, mass transfer coefficient and
temperature difference changes with the water pressure difference ǻP and the air velocity in the box are
given, with Ha, the absolute humidity of the blowing air (gwat/kgdryair).
Table 2: Evaporative tests results on pot n°4

Figure 4 shows that the evaporation rate increases with the air velocity and the water vapour pressure
difference. However, the increase in the evaporation rate is slightly low between the air velocity of 2.8 m/s
and 5.5 m/s, which might indicate that the amount of water going through the terra cotta from the tank to the
outside is insufficient to keep the outside surface of the tank wet. The mass transfer coefficient increases with
air velocity and decreases with water pressure difference.
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Fig. 4: Changes in evaporation rate, mass transfer coefficient (left) and temperature difference between air and water
(right) as a function of blowing air velocity and water pressure difference.

We can see that the temperature difference between water and blowing air decreases with the air velocity and
increases with the water pressure difference. At steady state, there is a balance between evaporation, which
removes heat from the tank, and convection, which gives heat to the tank. With low air velocities convection
is low and temperature differences are high; in contrast, with high air flow the convective heat is high and the
evaporation heat doesn’t increase enough to compensate the convection that lead to a small ǻT. In our
experimental setup, there is a competition between evaporation and convection, but for future real use,
during the night, the water temperature inside the porous tank should be greater than the outside air
temperature. Convection and evaporation effects will be added to cool the water until the water temperature
reaches the air temperature, and then competition between these transfers modes will start.
5. Modeling of the porous tank
The purpose of this section is to develop, test and calibrate a nodal model representing the thermal behavior
of the porous tank. This model will be compared to experimental results and used for more general
applications. It is developed with Modelica Dymola.

5.1. Convection conv (W)
The pot is considered as a cylinder set perpendicular to the air flow. The Churchill and Bernstein correlation
(Churchill and Bernstein, 1977) is used to calculate the convective heat transfer coefficient.

(eq. 3)
With Nu the Nusselt number at the cylinder surface, Red the air flow Reynolds number, Pr the Prandtl
number, hD the convective heat transfer coefficient at the cylinder outside surface (W/m²/K), d and D, the
duct diameter and cylinder diameter, and Ȝ the thermal conductivity of air (W/m/K).
Convective heat ࢥconv (W) is then:
(eq. 4)
with A the tank area (m²) and Tsurf its temperature (°C).
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5.2. Radiation כrad (W)
Radiant heat is calculated with (eq 5):
(eq. 5)
with fv the view factor of the porous tank to the sky, ı the Boltzmann constant, İ the surface emissivity and
Tsky the sky temperature calculated from the Martin correlation (Martin and Berdahl, 1984).

5.3. Evaporation כevap (W)
Evaporation heat is proportional to the evaporation rate, latent heat L and evaporation surface A.

(eq. 6)
For the mass heat transfer coefficient hm, we use experimental results described in the preceding section.

5.4. Conduction
The thermal conductivity of the porous material saturated with water is considered equal to 0.77 W/(m.K).
The internal heat resistance between the water and the porous tank wall is not taken into consideration.

5.5. Water saturation
To keep wet the outside surface of the porous tank, the evaporation rate should be lower than the water flow
rate through the material. The water flow rate depends on the porous organization of the terra cotta. We
consider that the material is always wet and saturated. However, this hypothesis is no longer valid for high
air velocities and will be improved in future models.
6. Modeling and comparison with experimentation

Fig. 5: Measurement/ modeling comparison (left) and simulated evaporation heat (right)
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The model and experimental results on the changes in water temperature in the porous tank are compared in
different conditions with constant air velocity, outside temperature and humidity. Three comparisons are
made and illustrated in Figure 5 with an absolute humidity of 10 g/kg, blowing air speed of 1, 2.8 and
5.5m/s. The blowing air temperature is 26, 27.5 and 28.5°C. At steady state, the temperature difference
between experiment and simulation is low (less than 0.2°C), but in the dynamic period at the beginning we
can observe up to 0.5°C difference. Evaporative heat ranges from 75 to 200 W/m²: the higher the air velocity,
the more powerful the system is. The modeling uncertainty for temperature is around 1°C at steady state. The
shading zones in Figure 5 show this uncertainty. The experimental temperature is inside the uncertainty area.
Dynamic comparisons will further be analysed to improve and validate the model.

7. Conclusion
This paper reports works on porous materials that can be used in an innovative cooling system based on
water evaporation. Different terracottas have been compared and results show that for evaporative cooling
applications, terracotta with high porosity is suitable. More experimental investigations have been lead on the
pot giving the best results. Evaporation process at the outside surface of this pot can cool water down to
4.4°C below the outside air temperature without wind with a relative humidity of 30%. Experiments with
different air velocity have been conducted and show temperatures difference between the water temperature
inside the tank and the outside air temperature up to 6°C.
Preliminary results are compared with a simple model. This model shows good agreement with experiments
and will be used to size the system in order to test it on an actual house.
These results offer promising futur to this innovative cooling system and emphasize the importance of the
choice of the porous material.
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Abstract
In this work we present evidence of the interaction in the heat transfer through the buildings envelope
components when not using air conditioning. A comparison between a test cell analysis and a single
component analysis is carried out for two different constructive systems considering an air-conditioned room
and a non air-conditioned one. For an air-conditioned room, the results the results of both analysis are almost
identical. For a non air-conditioned room, the results from these analysis are different because the heat
transfer through an envelope component is affected by the heat transfer to the indoor air by other
components. This is not the case for the air-conditioned room where the indoor air temperature is kept
constant.
1. Introduction
The heat transfer through the components of the building envelope plays an important role in the thermal
performance of the whole building. When considering an air-conditioned room, a good thermal performance
is achieved when selecting the constructive system that reduces the energy used to keep the inside air
temperature at the desired value. For non air-conditioned rooms, a good thermal performance is achieved by
those constructive systems who keep the inside air temperature closer to the comfort temperature.
The thermal performance evaluation can be carried out considering a single component of the envelope
(Vijayalakshmi et al 2006, Ozel and Pihtili 2007, Al-Sanea et al 2012, Kontoleon et al 2013, citas) or using
software developed to simulate the whole building (Crawley 2008). When simulating a single component, a
roof for example, the physical representation would be that all others walls and floor are adiabatic. In the
whole building simulation, all walls, roofs, floor, windows are included, even the internal heat gains and
activity is considered in the heat balance.
In this work, we present evidence that the walls and roof interact in the heat transfer phenomenon depending
on the condition assumed inside (air-conditioned or non air-conditioned). For this, we present the heat
transfer analysis obtained using EnergyPlus for two full scale test cells in Torreón, Coahuila, Mexico for two
different conditions: air-conditioned and non air-conditioned and the comparison with the heat transfer
analysis for a single component of each wall and roof of the test cell. Section 2 describes the numerical
simulations for the test cells and single component analysis. In Section 3 the parameters to identify the
interaction are presented. The interaction inside the test cells and in the single component is reported in
Section 4, and finally we present some conclusions in Section 5.
2. Simulations
The heat transfer analysis is carried out using EnergyPlus(cita) through the walls and roof via the conduction
transfer function method. The EPW weather file is created using data obtained from Ener-Habitat (2014).
This tool uses a periodic weather and its database contains about 60 cities of Mexico. The weather
corresponds for the typical day of the hottest month (May) of Torreón, Coahuila, Mexico. For the airconditioned room, the inside air temperature is kept at 25 º
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The two test cells are identical, each one has a square base of 2.7m and a height of 2.5m. Because we are
interested in the identification of the interaction, there is no infiltration, no internal heat sources, no doors
and windows and the floor is assumed adiabatic. Walls and roof of each test cell use the same constructive
systems. One test cell is composed on all its walls and roof by a 10cm monolayer of EPS. The other test cell
is composed by a two layered constructive system composed by 2cm of EPS in the exterior and 8cm of high
density concrete (EPSext test cell). The thermal properties of the materials are listed in Table 1. Both test
cells have a solar absortance and emissivity of 0.4. These constructive systems have been selected because
the EPSext has been reported with a good thermal performance for non air-conditioned rooms, and the EPS
for air-conditioned rooms (Barrios, 2012).
Tab. 1: Thermal properties for the materials employed in the constructive systems for the test cells, EPS and high density
concrete (HDC).

Material

Thermal conductivity

Density

Specific heat

W/mK

kg/m3

J/kgK

EPS

0.04

15

1400

HDC

2.00

2400

1000

In order to identify the interaction of the heat transfer between walls and roofs, each wall and roof for each
test cell is simulated individually in what we call single component. For the simulation of the roof, for
example, all walls are set adiabatic, with no thermal mass and with emissivity zero, then we simulate the east
wall, assuming all other walls and roof adiabatic, with no thermal mass and with emissivity zero, and so on,
until we have the individual simulation of all components.
3. Parameters
The thermal evaluation is carried out considering an air-conditioned or a non air-conditioned room; usually,
for an air-conditioned room, the parameter is the total thermal load. For a non air-conditioned room the
parameter can be the decrement factor or the energy transmitted through each component (Barrios 2012). In
this paper, we use for both (air-conditioned or non air-conditioned room) the heat flux transmitted through
each component of the test cell. This can be measured by the Newton's law of cooling for each wall and
roof,
Q_c = h (Ts – Ti)
(eq.1)
where Q_c is the heat flux for each component, h is the inside convective coefficient, Ts is the inside surface
temperature and Ti is the inside air temperature. Also, we measure the heat flux in all the envelope given by
Q_env = sum Q_c
(eq.2)
where sum indicates the sumatory over all the components of each test cell. For the single component, the
Q_env can also be defined in the same way, even when all the components do not form a test cell.
1. 4. Interaction
In this section we present a comparison in the heat flux for the test cell and the single component for an airconditioned and a non air-conditioned room in order to demonstrate the interaction in the heat transfer.
In Fig. 1 we present the heat flux per component considering an air-conditioned room for the EPS test cell at
the left, and EPS single component at the right. As can be seen, both heat fluxes are very similar so, for an
air-conditioned room, it does not matter if the component is evaluated together with the building or
individually. On the other side, from this figure it can be observed that the east wall is the one with the
greater heat flux, being positive at sunset. This wall can be identified by the peak in the heat flux passing
middle day. The roof can be identified because it has a peak starting at sunrise and ending at sunset. South
and north walls exhibit a similar behavior. From the heat flux through the envelope it can be seen that this
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constructive system, for this climate and setpoint, requires heating energy during the night and cooling
energy during the day.

Fig. 1: Heat flux for the east wall WE, south wall WS, west wall WW, north wall WN, roof r, and all the envelope q”e, for the EPS
test cell (left) and EPS single component (right) considering an air-conditioned room.

In Fig. 2 we present the heat flux per component considering an air-conditioned room for the EPSext test cell
at the left, and EPSext single component at the right. Again, the behavior of the heat fluxes for each
component of the envelope are very similar when analyzing the test cell or the single component. From the
heat flux through the envelope it can be seen that this constructive system, for this climate and setpoint,
requires cooling energy during all day.

Fig. 2: Heat flux for the east wall WE, south wall WS, west wall WW, north wall WN, roof r, and all the envelope q”e, for the
EPSext test cell (left) and EPSext single component (right) considering an air-conditioned room.

In Fig.3 we present the heat flux per component considering a non air-conditioned room for the
EPS test cell at the left, and EPS single component at the right. Under this operation condition (non
air-conditioned), the heat fluxes are not the same. When observing the test cell, the heat flux is
negative for all components during the sunrise and only becomes positive for the east wall and
roof, while all other components keep loosing energy. For the single component analysis, it can be
seen that each component follows the next pattern. During the night, the heat flux is negative, but
when the sun rises almost all components present a positive heat flux, and after the sunset, the
heat flux is negative again. The variations in the behaviour in the heat flux is clearly associated to
the incident solar radiation on the surface, which depends on the orientation of the wall or roof.
Under this condition, the heat flux through all the envelope is also different than that of the test cell.
In Fig.4 we present the heat flux per component considering a non air-conditioned room for the
EPSext test cell at the left, and EPSext single component at the right. Under this operation
condition (non air-conditioned room) the heat fluxes, as in the previous case, are not the same. For
the single component analysis, it can be seen that each component follows the pattern shown in
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the previous case for the single component, during the night, the heat flux is negative, but when
the sun rises almost all components present a positive heat flux, and after the sunset, the heat flux
is negative again. For this climate and constructive system, the roof and the east wall for the test
cell case, are the only components with positive heat flux. It can be appreciated that the integral of
the envelope heat flux is different for each case, as well.

Fig. 3: Heat flux for the east wall WE, south wall WS, west wall WW, north wall WN, roof r, and all the envelope q”e, for the EPS
test cell (left) and EPS single component (right) considering a non air-conditioned room.

Fig. 4: Heat flux for the east wall WE, south wall WS, west wall WW, north wall WN, roof r, and all the envelope q”e, for the
EPSext test cell (left) and EPSext single component (right) considering a non air-conditioned room.

2. 4. Conclusions
We have presented the comparison of two constructive systems, one with a good thermal performance for
non air-conditioned rooms, EPSext, and another with a good thermal performance for air-conditioned rooms,
EPS. The constructive system was compared with itself in a test cell and in a single component analysis. For
the test cell analysis, only the floor was assumed adiabatic and the test cell had no internal heat gains. For the
single component analysis, all other components but the one of interest, are considered adiabatic and with
zero emissivity. Both analysis were carried out for the hottest month of Torreón, Coahuila in Mexico.
When comparing the test cell and the single component analysis for an air-conditioned room, both analysis
are almost identical, using the EPS or the EPSext. This is because each component behaves the same even if
it is evaluated in the test cell or in the single component. For non air-conditioned rooms, the test cell analysis
is different from the single component. For the single component analysis, all components behave more or
less the same; heat flux positive during the day, negative during the night. While for the test cell analysis, it
depends of the temperature and thermal load of each component. Usually, the east wall and the roof are the
components with the largest heat flux.
Future work includes the quantification of the interaction for the non air-conditioned room and
recommendations, if possible, for the selection of the constructive system for each wall to achieve comfort
for non air-conditioned rooms.
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Abstract
Extensive green roofs have been consolidated as a good tool for passive energy savings system in buildings,
providing a more sustainable trend in the building field. Given that working with living organisms, the
growth of vegetation is variable depending on external factors such as weather conditions, disease, etc. the
coverage of plants cannot ensure uniformity and consequently the “shadow effect” cannot be considered as a
constant parameter. On the other hand, materials used in substrate and drainage layers should provide a
constant “insulation effect” depending only on its physical properties and water content. However, the
complexity of disaggregated materials used in internal layers of extensive green roofs implies a lack of real
data about its thermal properties. The main objective of this study is to determine experimentally the physical
properties of different disaggregated materials from the internal layers of extensive green roofs. The
experimentation allows to calculate the thermal transmittance in steady-state (U-value), the heat storage
capacity, and the dynamic thermal response under daily thermal oscillation.

1. Introduction
In Europe the building sector represents 40% of the overall energy consumption and 36% of the overall CO2
emissions (Chen et al. 2011; Petersdorff et al. 2006). Within the target to reduce the energy demand of
buildings and preserve the environment, innovative technical solutions have to be proposed and adopted.
Among the systems available in the sustainable and bioclimatic architecture context, green roofs (ecoroofs)
have an important role as it has been demonstrated in many cities with the increment of these installations in
new construction projects.
The benefits of green roofs are correlated to the shadow effect produced by the vegetation, the insulation
effect and the thermal storage due to the substrate and drainage layer depending on their physical properties
(density, thickness, thermal conductivity and specific heat capacity).
The advantages of green roofs can be categorized in three main typologies:
The first benefit can be considered from an energy and architectural point of view. In fact, green roofs offer
an additional thermal insulation contributing to the reduction of energy consumptions. During the summer,
green roofs can control and mitigate the heat flux through the roof, by evaporative effect and by reducing the
overall solar energy absorbed by the building (Del Barrio, 1998; Wong et al. 2003). Furthermore, green roofs
protect the roof membranes from extreme temperatures during hot days (Teemusk and Mander, 2009) and
avoid high thermal fluctuations decreasing thermal stress for the materials and improving the durability of
the roof (Kosareo and Ries, 2007).
The second benefit is from a hydrologic point of view. Green roof substrates capture storm water, altering
the magnitude and timing of peak runoff (Fioretti et al. 2010). By absorbing rainwater, green roofs delay the
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runoff and mitigate the impact of heavy rains (Carter and Jackson, 2007), which affect urban areas with
impermeable surfaces (Getter et al. 2007).
The third benefit can be noticed from an environmental point of view. The evapotranspiration allows the
humidification and the air cooling by reducing the heat island effect in urban areas. Additional benefits of
ecoroofs include the generation of natural habitats and the aesthetic improvement for the cities. (Zinzi and
Agnoli 2008).
The effect of green roof installations on buildings has been object of intense studies during the last decade. In
particular, in order to evaluate their thermal performance many predictive models were proposed. However,
the modelling of ecoroofs is problematic because of the simultaneous phenomena of heat and mass transfer.
For this reason, generally each model introduces simplifications concerning the evapotranspiration and the
variability of the thermal properties of the substrate. The simplest modeling considers the green roof as a
unique resistant layer whose thermal properties are constant and the thermal capacity is neglected.
More accurate formulations take into account the dynamic nature of the heat transfer. In this case an
important role is associated to the substrate that influences the energy performance by means of the thermal
resistance and the heat storage capacity.
Generally green roof substrates are composed of aggregates, sand and specific organic matter to ensure
suitable living conditions for the vegetation planted on the roof.
While detailed thermal property data for natural soils are available, there is not enough information in the
scientific literature regarding the thermal properties of green roof substrates. It is therefore difficult to deduce
thermal properties of green roof substrates from data available for natural soils. Also, as there are many
variations of growing media available and used in different geographical locations it is important to gather
data regarding the thermal properties of a variety of different kinds of soil mix.
Some experimental studies to measure the thermal conductivity, heat capacity and thermal diffusivity of
growing media have been conducted by researchers, in order to characterize the variability of these thermal
properties in relation to the composition and the water content. Sailor et al. (2008) measured the thermal
properties of substrates with different compositions (eight soil samples) commonly used in western U.S.
Ouldboukhitne et al. (2012) characterized the thermal conductivity of various green roof substrate samples
for different water content values.
The substrate thermal conductivity increased when the water content varies, ranged from 0.05 to 0.7 W/m·K.
Compared with concrete or rock wool in the dry state (0.92 W/m·K and 0.045 W/m·K, respectively), the
insulating capacity of a substrate is more similar to that of rock wool; however, when the substrate is wet, the
insulation power is less interesting.
The focus of the present paper is to characterize green roofs substrates by providing thermophysical
parameters that can be used in numerical models. With this aim an experimental apparatus is used in order to
determine the properties of different disaggregated materials for extensive green roofs. The apparatus was
created and assembled by GREA Group from the University of Lleida (De Gracia et al. 2011a). It allows to
calculate the thermal transmittance in steady-state (U-value), the heat storage capacity and the dynamic
thermal response under daily temperature oscillation.

2. Materials and method
2.1 Experimental set-up
The equipment used to perform the experiments is based on a wooden structure with external dimensions of
32 cm x 28 cm x 61 cm. The exterior wooden panels are insulated with 35 mm of vacuum panels (RC- 0.14
m2·K/W) and 20 mm of Pyrogel (k = 0.013 W/m·K). The internal space is divided into two cavities, which
are used to simulate the inner and outer conditions of a building envelope (roofs). The tested samples have
the dimensions of Ø 75 × 75 mm and are located between the both cavities to force the heat flux to become
one-dimensional through the sample (Figures 1a and 1b).
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Both cavities are connected to programmable water bath able to simulate different thermal conditions. The
location of the sensors used is shown in Figure 1b. The cavity, surfaces and center temperatures of the
sample were measured using 0.5 mm thermocouples type T, with an error of ±0.75%. To measure ingoing
and outgoing heat fluxes of the sample, two heat flux meters (Hukseflux HFP01) with accuracy of ±5% were
fixed to the sample surfaces.

Fig. 1a and 1b: Sections of scheme design of the equipment.

2.2 Materials
The thermal responses of commercial substrates with different composition used for green roofs under
Mediterranean climate have been analyzed. The three substrates were:
x

Substrate 1 was used in the experimental set-up of Puigverd de Lleida (Spain). It has a density of
788 kg/m3 under dry conditions and contains parts of coco peat, compost, crushed building
wastes, coarse grained sand and organic content.

x

The second one (GR-S2) is based on 25% coco peat, 25% compost, 40% crushed building wastes
and 10% coarse grained sand. Density in dry conditions is 850 kg/m3, and the organic content in
volume is 6.77 %.

x

Substrate 3 was used in an experimental installation located in the University of Calabria (Italy).
This soil is mainly composed of lapillus with varied grain size and of a reduced content of
pumice with a percentage of organic substance minor than 6%. The dry density is 960 kg/m 3 and
the maximum water retention is 40%.

2.3 Methodology
Three different types of experiments were carried out to evaluate the thermal performances of the previously
described samples. The first experiment allowed to calculate the sample thermal transmittance in steadystate, also known as U-value. The heat storage capacity of the tested samples was measured in the second
experiment and finally the third experiment was done to evaluate the dynamic thermal response under daily
thermal oscillation.

2.3.1 Experiment 1 (U-value)

21

Julià Coma / EuroSun 2014 / ISES Conference Proceedings (2014)

In this experiment the sample was placed in the equipment with an initial temperature of both water baths of
20 ºC until steady conditions were reached. Afterward a heating ramp was programmed using water bath B
(from 20 ºC to 50 ºC), therefore the sample was heated from below, while water bath A was used to keep the
upper section at a constant temperature (20 ºC). As it was previously mentioned, the U-value of the sample
can be calculated from this experiment using the thermal gradient between surfaces in steady-state
conditions.

(eq. 1)
2.3.2 Experiment 2 (heat storage capacity)
In the second experiment, the sample was placed as in the previous configuration and heated from an initial
temperature of around 20 ºC (similar to the comfort temperature in the internal environment) to more than 40
ºC (peak of temperature in Mediterranean summer weather conditions) by programming heating ramps in
both cavities. Note that the sample is kept in steady conditions (uniform temperatures) at the initial and final
conditions; therefore an average heat storage capacity of the sample can be determined from this experiment
since there is no temperature gradient in the sample at the end of the experiment.
The heat fluxes per square meter passing through the top and bottom surfaces of the sample were measured;
hence the amount of heat stored in the sample can be known at any time from the difference of these two
fluxes. Since the sample temperature increases at all locations from T i to Tf, the average heat capacity
(Cp,sample), can be calculated as follows:

(eq. 2)
where qacc is the amount of heat accumulated in the sample during the experiment, and msample is the mass of
the sample. This experiment was carried out two times for each sample to verify repeatability in the
methodology of the average heat capacity calculation.

2.3.3 Experiment 3 (dynamic thermal response)
The dynamic thermal response of the tested samples was evaluated in the third experiment. The temperature
of the upper air cavity was driven by a programmable water bath which creates high thermal daily oscillation
between 60 ºC and 15 ºC, to simulate summer conditions. In this case the upper bath simulates the
temperatures generated on the roofs by the combined effect of external air and solar radiation. The water bath
B (below) is not used during the experiment; hence the lower cavity will be in free floating conditions.
The thermal response of the sample was evaluated by analyzing the delay between peaks of the inner and
outer temperature, heat fluxes and by evaluating the dampening of the temperature wave (thermal stability
coefficient (De Gracia et al. 2011b), which can be calculated as the ratio between the inner and outer thermal
amplitudes. Surface temperatures were used to calculate this parameter.

3. Results
3.1 Experiment 1: (U-value)

22

Julià Coma / EuroSun 2014 / ISES Conference Proceedings (2014)

From the measured quantities, steady state conditions could be assumed after 7 h from the beginning of the
experiment for the three analyzed substrates. From these measured values, thermal transmittance in steady
state can be determined.
Table 1 shows the surface temperatures (T surface_top, Tsurface_bot), the internal temperatures of the sample
(Tsample_top, Tsample_bot), the heat fluxes on the top (q top/A) and bottom (qbottom/A) and the calculated U-value for
the tested substrates. Also the air temperature in the upper and lower cavities is shown (T env_top, Tenv_bot).
Substrate 3 shows the highest thermal transmittance with 2.59 W/m2·ºC followed by Substrate 2 with 1.91
W/m2·ºC, and finally Substrate 1 with 1.84 W/m2·ºC.
Tab. 1: Steady state conditions and parameters in Experiment 1.

1st measurement

2nd measurement

Substrate 1

Substrate 2

Substrate 3

Substrate 1

Substrate 2

Substrate 3

Tenv_top

20.73 ºC

21.53 ºC

20.94 ºC

20.43 ºC

20.78 ºC

20.67 ºC

Tsurface_top

24.17 ºC

24.59 ºC

24.74 ºC

24.00 ºC

23.87 ºC

24.38 ºC

Tsurface_bot

38.87 ºC

38.70 ºC

38.67 ºC

39.00 ºC

37.83 ºC

38.45 ºC

Tenv_bot

42.29 ºC

44.62 ºC
2

42.78 ºC
2

42.56 ºC
2

43.89 ºC
2

42.63 ºC
2

q top/A

26.04 W/m

26.07 W/m

36.25 W/m

26.74 W/m

25.66 W/m

36.62 W/m2

q bottom/A

27.98 W/m2

27.93 W/m2

36 W/m2

28.00 W/m2

27.02 W/m2

36 W/m2

U-value

1.84 W/m2ºC

1.91 W/m2ºC

2.59 W/m2ºC

1.82 W/m2ºC

1.89 W/m2ºC

2.58 W/m2ºC

3.2. Experiment 2: heat storage capacity

The rates of heat accumulated during Experiment 2 by three different substrates are shown in Figure 2. These
powers of accumulation are calculated as the heat flux entering the sample minus the heat flux leaving the
sample from both surfaces. The rate of heat accumulation of substrates shows a different curve during the
first hour, due to the different composition between them. Substrate 3 shows the highest rate of heat
accumulation followed by Substrate 1 and finally Substrate 2.
After an initial peak the samples started to lose part of the heat from the top surface while receiving heat
from the bottom. The time needed to achieve steady state, and consequently the heat storage time, was 13 h
(when the rate of heat accumulation was almost zero) for the three analyzed substrates.

Rate of heat accumulation (W)

0.6
0.5

0.4
0.3
0.2
0.1
0

0

2

4

Substrate 1 (Puigverd)

6

8

Time [h]
Substrate 2 (GR-S2)

10

12

14

Substrate 3 (Italy)

Fig. 2: Rate of the heat accumulated for the three analyzed substrates.
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The measured parameters from Experiment 2 and the calculated heat storage capacity of the samples are
presented in Table 2. The repetitions of the methodology, to calculate the average heat storage capacity of
the substrates is also shown in Table 2. Deviations around 2.1%, 1.6% and less than 1% for Substrate 1, 2
and 3 respectively, have been found.
Substrate 3 shows the highest values of energy stored by the sample after 13 h of experiment equal to 6,063
J. Substrate 1 presents 14.5% less stored energy (5,181 J) and Substrate 2 presents 19.6% less stored energy
(4,874 J) compared to Substrate 3.
Tab. 2: Heat storage capacity of substrates.

1st measurement

2nd measurement

Substrate 1

Substrate 2

Substrate 3

Substrate 1

Substrate 2

Substrate 3

Tinitial

19.08 ºC

19.01 ºC

18.78 ºC

18.96 ºC

18.15 ºC

19.29 ºC

Tfinal

43.26 ºC

42.11 ºC

42.96 ºC

43.26 ºC

42.73 ºC

43.00 ºC

ATsample

24.18 ºC

23.1 ºC

24.18 ºC

24.31 ºC

24.58 ºC

23.71 ºC

q TOT

5,181 J

4,874 J

6,063 J

5,316 J

5,108 J

6,002 J

807.3 J/kg·K

850.2 J/kg·K

Cpsample

883.7 J/kg·K

902.1 J/kg·K

794.9 J/kg·K

858.4 J/kg·K

3.3 Experiment 3: dynamic thermal response
The dynamic thermal response of the samples under an outer daily oscillation between 60 ºC and 15 ºC was
evaluated. The thermal evolution of the inner and outer temperatures of the tested samples is shown in Figure
3 and it allows to calculate the thermal stability coefficients (TSC) from the three analyzed substrates. The
coefficients are reported in Table3.

55
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Outer Surf Temp Substrate 3
Inner Surf Temp Substrate 3
Fig. 3: Dynamic thermal response of the surfaces temperatures

Instead of comparing the delay of inner and outer temperature peaks, the time lag between the outer
temperature and the inner heat flux peaks (thermal lag) is evaluated. Fig. 4 presents the thermal lag of the
three samples under similar outer conditions. The different composition of Substrate 3 lead to a 23% increase
of the heat flux compared to Substrate 2 and Substrate 1 which did not show remarkable differences. Table 3
reports the time lag for the three analyzed substrates.
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Fig. 4 Thermal lag of the three analyzed substrates

The calculated thermal stability coefficients were 0.43, 0.41 and 0.36 for Substrate 1, Substrate 2 and
Substrate 3 respectively. The substrate 3 proved to be more effective in dampening the temperature
fluctuation, with the lowest TSC. It also appear that greater density of growing media provide lower TSC.
Regarding the time lag, all the three analyzed substrates showed similar thermal lag, 1.22 h for Substrate 1
and Substrate 3 whereas 1.33 h for Substrate 2. Other physical properties of the substrate may affect this
thermal parameter, so further investigations are required to understand this phenomenon.
Table 3. TSC and Time lag of the three substrates

Substrate 1

Substrate 2

Substrate 3

TSC [-]

0.43

0.41

0.36

Time lag [h]

1.22

1.33

1.22

4. Conclusions
Although some data about substrates used in green roofs can be found in the literature, no relevant
information is available for substrates used in Mediterranean climate.
The composition of the substrate indeed depends on the local availability of materials and it strongly varies
according to national recommendations. A different composition is connected with different thermal
properties of the substrate and, consequently, of the whole green roof system. For this reason it is important
to have accurate information about the growing media intended to be used, especially in the design phase,
where heat transfer numerical models often require such information. Focusing on some kind of substrates
used in Mediterranean climate, this study expands the thermo-physical data available in literature, by
performing three different experiments. The results of the experiments allow to calculate the most common
thermal properties and two experimental transient parameters.
x

In this study, a specific apparatus design is used on purpose to carry out the experiments in a fully
controlled environment. Compared to traditional methods, the apparatus presents an advantage: it
permits to test the dynamic thermal response of a material subjected to daily temperature oscillations.

x

An appreciable difference was found in the calculated U-value and Thermal Stability Coefficient
between the different substrates, showing how the choice of this component can strongly affect the
performances of the whole system.
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x

It is not accurate to assume equal properties for different kind of substrates considered as a general layer.

x

Further research is needed to assess with more accuracy the thermal properties of green roof materials
and his composition.

The next step will consist in analyzing the behavior of the substrates varying the water content. This is
crucial information that should be provided to green roofs energy simulation tools in order to have more
accurate results.
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Abstract
In Mexico, as a result of the Mexican climate and predominant construction techniques, a significant part of
the heat flow between single-family houses and the environment occurs through the roof. Because of this,
reducing the energy expenditure for air conditioning requires knowledge of the thermal properties of roofs,
including the solar reflectance (SR) and infrared emissivity (IE) of the outer surfaces and the thermal
conductivity of the bulk material. Here we present the result of TRNSYS simulations of a sample household,
where we systematically vary SR, IE, and thermal insulation of the exposed rooftop. Our results show that
the greatest reductions in annual thermal load occur in cities with warmer climate. Thermal insulation itself
only becomes important when both of the other properties are inappropriate for the local climate.
Keywords: Cool Roofs, reflective/emissive coverings, TRNSYS, building simulation.
1. Introduction
Mexico has a predominantly warm climate, which creates a high energy demand for cooling residential
buildings. Households in Mexico are primarily built with brick or cinder block walls and mostly flat, poured
concrete roofs. Due to these two factors, roofs are the construction element that interacts the most with solar
radiation and infrared radiation from the atmosphere. Because of this, a large amount of the thermal loads
that occur in a representative Mexican household occur through the roof.
The effect of solar reflectance on household roof surfaces has been a research subject in several countries
recently, and the concept of Cool Roofs has been coined to reflect its importance. Cool roofs have high levels
of solar reflectance, and present one of the proposed measures for mitigating the problem of urban heat
islands. (Taha, 2008). In warm places, highly reflective roof surface treatments reduce solar heat gains and
therefore the cost of air conditioning (Akbari et al., 1999) as well as CO 2 emissions (Akbari et al., 2009). It
has been estimated that increasing the solar reflectance of urban roofs can reduce air conditioning loads as
much as 50% in some cities of the United States (Taha et al., 1992).
In cities with temperate climate, with seasons requiring both cooling and heating, increasing solar reflectance
can reduce the thermal load during the hot season but also increase the load during the cold season (Syneffa
et al., 2007). Shi and Zhang (2011) studied the effect on a building’s thermal loads of both long-wavelength
emissivity and exterior solar reflectance. They used dynamic simulation to estimate the annual load of their
reference building given the climatic conditions in 35 cities around the world. In warm climates, increase
solar reflectance and emissivity results in an important reduction in the annual load. In cold weather, the
lowest possible values of solar reflectance and emissivity result in a lowest dominant heating costs. In
temperate climate, however, where heating and cooling are both needed at different times of the year, the
least expensive combination of solar reflectivity and infrared emissivity was found for values between 0.1
and 0.9.
We studied the effect of roof SR and IE on annual heat loads (cooling + heating), as well as the variation
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caused by two levels of thermal insulation. We considered a single-family house built with materials and
dimensions commonly used in Mexico, simulated using the climate conditions of 20 different cities. The
results of this study may be useful to government agencies charged with developing new regulation for
energy efficiency in buildings. Also, the manufacturers of paint for roofs and walls can use them to evaluate
the potential effect of their products in different geographic zones in Mexico.
2. Methodology
In order to determine the effect of SR and IE on annual thermal loads, we developed a numerical simulation
program in TRNSYS. We defined a single-family household representative of Mexico, and used climate
parameters from 20 representative cities from the four thermal zones defined in Mexican regulations. The
definition of the zones is based on the concepts of "Refrigeration Degree-Days", with a reference
temperature of 10°C (RDD10), and "Heating Degree-Days", with a reference temperature of 18ºC (HDD18).
Table 1: Criteria for defining thermal zones in Mexico

Thermal
Zones

Refrigeration Degree-Day
RDD10

Heating Degree-Day
HDD18

Type of Region

1

> 5,000

Low elevation, tropical and arid-warm

2

3,500 – 5,000

Sub-tropical and arid-dry

3

2,500 – 3,500

< 3,000

Mexican Plateau, semi-arid and temperate

4

< 2,500

> 2,000

Semi-arid and temperate, cold winters

Thermal zones 3 and 4 are subdivided in three categories (A, B, and C), according to their average annual
precipitation.
2.1. Description of the single-family household
The property used as a base case has a roof area of 48 m² and a volume of 144 m³ (6m x 8m x 3m, Figure 1).
It is built from hollow concrete block, with 20% of the north and south walls covered in single-pane glass
windows. The roof is a 15cm concrete slab, with plaster finish on the inside and acrylic coating on the
outside. The model home is occupied by four people from 3:00 PM to 8:00 AM on weekdays, and all day on
weekends. We considered heat gains by the occupants, indoor lighting, and household appliances, as well as
an air exchange for leakage of 0.5 room volumes per hour and mechanical ventilation of 1.0 1/h.

Fig. 1: Case base of single family household, blueprint and front view
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The materials and thicknesses considered for the roof, walls, and floor, as well as their physical properties,
are listed in Table 2.
Tab. 2: Construction materials and their thermal-physical properties

Width

Thermal

Specific

(m)

conductivity

Heat

kJ/h·m·K

kJ/kg·K

kg/m³

0.002

0.612

1.47

1290

0 - 0.050

0.076

1.54

31

Concrete slab

0.15

6.264

0.9

2300

Plaster

0.02

1.34

0.34

800

Mortar

0.025

3.14

0.84

1860

Hollow concrete block

0.15

5.88

0.92

1700

Plaster

0.02

1.34

0.34

800

Ceramic tile

0.01

3.769

0.8

2500

Grout

0.01

3.368

0.84

2000

Concrete

0.15

6.264

0.9

2300

Building element

Density

Roof
Waterproofing
Thermal insulation

Wall

Floor

2.2. Climate data
Numerical simulation of a building requires climate data representative of its location. These data include
ambient temperature, relative humidity, wind speed, and solar radiation, all of them at relatively short time
intervals (about 1 hour). We used a climate model built into TRNSYS to generate this information from
monthly averages of these three parameters.
We obtained the monthly average temperature, relative humidity, and wind speed for 73 Mexican cities from
the National Meteorological System (SMN, 2012), for the years 1981 to 2000. The monthly average solar
radiation for this list of cities was obtained from the Solar Radiation Data Service (SoDa, 2013). We selected
20 cities to represent the different thermal zones in Mexico (Table 3).
Tab. 3: Representative cities in the thermal zones.

Zone 1

Zone 2

Zone 3A

Zone 3 (B and C)

Zone 4

Acapulco

Cuernavaca

México City

S. L. Potosí (3B)

Toluca (4A)

Campeche

Guadalajara

Morelia

Chihuahua (3B)

Tlaxcala (4A)

Culiacán

Hermosillo

Puebla

Saltillo (3B)

Pachuca (4B)

Veracruz

Monterrey

Querétaro

Orizaba (3C)

Zacatecas (4C)

2.3. TRNSYS simulation to determine thermal loads
TRNSYS calculates thermal loads through an energy balance that affects the air temperature inside the
building:
qBAL = qDQAIRdt + qHEAT - qCOOL + qINF + qVENT + qTRANS + qGINT + qWGAIN + qSOL + qSOLAIR

(eq. 1)

Where qBAL is the energy balance for a zone and should be always close to 0; qDQAIRdt is the change of internal
energy of the zone (calculated using the combined capacitances of the building and the air within it); qINF and
qVENT are the gains by infiltration and ventilation, respectively; qTRANS is transmission into the surface from an
inner surface node; qGINT is internal gains by convection and radiation; qWGAIN represents gains by convection
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and radiation through walls, roof and floor; qHEAT and qCOOL, finally, are the power of ideal heating and
cooling. The energy units used by TRNSYS are kJ/h.
The thermal interaction between the external surface of a roof and the environment includes overlapping
amounts of convection, solar radiation, and infrared radiation. The resulting net heat, once added to the
exterior surface of the roof, flows through the roof by conduction and will also depend on the amount of
convection and radiation occurring between the roof’s inner surface and the inside of the building.
The influence of SR and IE on the calculation of thermal loads is established in the following heat flux
balance for a node on the exterior roof surface.
qrad,sol + qrad,IR + qconv,ext – qcond,ext = 0

(eq. 2)

In equation [1], the heat flux qrad,sol corresponds to the solar irradiation gained by the external surface, and
will depend on the SR of the exposed roof. Meanwhile, qrad,IR corresponds to the loss of heat by infrared
radiation to the atmosphere and depends on both the IE and the temperature of the external roof surface.
qconv,ext is the convective heat flux that occurs between the external roof surface and the atmospheric air.
qcond,ext is the conductive heat flux at the node; it is a function of the temperature gradient between the
exterior and interior roof surfaces, as well as the thermal conductivity, specific heat, density, and thickness of
the roof materials. Therefore, this conductive heat flux has a direct relationship to qWGAIN in eq. 1.
Our TRNSYS simulation calculated the amount of energy that had to be removed (cooling load) or added
(heating load) in order to keep the air inside the building within the comfortable range of temperatures
between 20°C and 25°C. Our simulation calculates the instant thermal load, including heating and cooling
loads, with a time interval of one hour. We determined the annual load by integrating the instant thermal
load over the whole year. The annual load is an amount of energy (in kWh) and is directly related to the cost
of heating and air conditioning.
We performed multiple simulations with different values of SR and IE ranging from 0.1 to 0.9, with
increments of 0.1. In addition to the base case, we also considered two levels of thermal insulation: 25 and
50mm of polyurethane foam. These simulations were carried out for each of our 20 cities. Given the great
number of simulations needed for this analysis, we wrote a script in C++ to automate the calculations.
3. Results
3.1. Annual cooling and heating loads
The effect of SR and IE on heating and cooling loads is well defined. We present our results in Figure 2, with
sample data for the city of Acapulco for cooling and Toluca for heating. The lowest possible cooling load
requires the highest values of SR and IE, as the former dictates the heat to be gained from radiation and the
latter determines the heat to be lost. Reducing heating loads requires the opposite combination. We also
frequently observed that an effect of IE on the thermal load is reduced at high values of SR.

Fig. 2: Annual heating and cooling loads as a function of SR and IE
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In this type of building, where the surface area of the roof is relatively high for the total volume of the
building, the optical properties of the outer roof surface have an important effect on the thermal load of the
building. For the case of Acapulco, the thermal cooling load can be reduced from 29,399 kWh in the worst
case (SR=0.1 and IE=0.1) to 15,828 kWh in the optimal case (SR=0.9 and IE=0.9), a reduction of 46.2%. In
the case of Toluca, the heating load can be reduced by 52.6%, from 14,110 kWh to 6,689 kWh.
The maximum and minimum values of annual cooling and heating loads for all the other cities are presented
in Figure 3. Note how the largest changes in cooling loads occur in Zones 1 and 2, which also normally have
the highest absolute cooling loads.

Fig. 3: Maximum (SR=0.1 and IE=0.1) and minimum (SR=0.9 and IE=0.9) values of the cooling and heating loads, by city and
thermal zone.

3.2. Annual thermal load
In general, we see three patterns in the effect that SR and IE have on thermal loads.
1. High energy requirement for cooling (high SR and IE)
The first kind of pattern is represented by locations with high cooling requirements, with low or null heating
requirements. In these cases, the annual thermal load behaves like the cooling load. Acapulco, for example,
has an annual heating load of zero. In Culiacán, similarly, the annual heating load is 375 kWh, merely 3% of
the minimum cooling load (11,608 kWh). The cities in Zones 1 and 2 show this pattern, where the
recommendation is to have high values of SR and IE (Fig. 4).
In all cases we observe that the effect of IE decreases at high values of SR. For the case of Guadalajara, the
effect of IE on the annual load is practically zero when SR equals 0.9.
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Fig. 4: Annual thermal load of cities with a high cooling requirement, Zones 1 and 2.

2. High heating energy requirements (low SR and IE).
The second pattern includes the opposite case, cities with high heating and low cooling energy requirements.
Of the 20 cities we selected only Toluca (Zone 4) presents this behavior, which is heavily influenced by the
thermal heating load (figure 5).

Fig. 5: Annual thermal load for the city of Toluca; high heating requirement

3. Heating and cooling needs of similar magnitude
With the exception of Toluca, all the cities in Zones 4 and 3 present similar heating and cooling loads.
Therefore, their optimal values of SR and IE are different from the extreme values previously shown
(Figures 4 and 5).
In the 11 cities that show this pattern, the optimal IE values were all 0.1. SR values varied between 0.4
(Pachuca) and 0.9 (Morelia, Querétaro, San Luis Potosí, Chihuahua, Saltillo and Orizaba). The optimal value
of SR depends on the given value of IE. In Mexico City, for example, an arbitrary IE value of 0.1 leads to an
optimal SR value of 0.7; nevertheless, an arbitrary IE of 0.9 has an optimal SR of about 0.3 (Figure 6).
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Fig. 6: Annual thermal load for cities located in Zones 3 and 4.

Figure 7 presents the maximum and minimum values of annual thermal loads. The difference between
maximum and minimum values is caused by varying IE and SR of external roof surfaces. This graph shows
that the greatest annual loads corresponds to cities in Zones 1 and 2, which have high cooling loads, and also
that these cities show the greatest effects of SR and IE on annual loads, represented by the difference
between maximum and minimum values in the case of roof without insulation.

Fig. 7: Maximum and minimum annual load, by city
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3.3 The effect of insulation on annual thermal loads
Adding thermal insulation to the external surface of the roofs significantly reduced thermal loads when the
SR and IE values were inadequate. This effect is particularly important for cities in Zone 1. We consider
Acapulco and Toluca as representative examples.
Figure 8 shows a comparison of annual thermal loads with different levels of thermal insulation for
Acapulco. Insulation has an important effect only when SR and IE have very low values. For example, under
the worst possible conditions (SR=0.1 and IE=0.1), thermal insulation decreases the heat load by 32.9% or
39.1% (for 25mm or 50mm of polyurethane foam). In the same location but with the best possible surface
properties, this reduction amounts only to 2.8% and 3.1%, respectively. Figure 8 also shows that the effect of
SR and IE is reduced by proper insulation.

Fig. 8: Annual thermal load with three levels of insulation for the city of Acapulco

In the case of Toluca (Figure 9), 25mm of insulation reduces the annual thermal load even with optimal
surface properties (SR=0.1 and IE=0.1), but increasing insulation to 50mm has no effect at all.

Fig. 9: Annual thermal load with three levels of insulation for the city of Toluca.
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Figure 7 shows the maximum and minimum values of annual thermal load for each city. It is important to
note that insulation has a significant reduction on the maximum loads (which correspond to bad values of SR
and IE), but only in cities such as Chihuahua and Saltillo does insulation have an important reduction of the
annual load when there are adequate values of roof surface properties.
4. Conclusions
The magnitude of annual thermal loads on buildings roofs is strongly affected by variations in SR and IE, but
the use of thermal insulation strongly reduces this effect. Reducing annual thermal loads in Mexico requires
high values of roof SR and IE (0.9) in Thermal Zones 1 and 2. In Thermal Zones 3 and 4, on the other hand,
minimal thermal loads are achieved with low values of IE (0.1) and values of SR that vary between 0.4 and
0.9, depending on the city. The only exception within Zones 3 and 4 is the city of Toluca, which requires
low values of both (0.1). Within Zones 1 and 2, high values of SR and IE (0.9) can reduce thermal loads to
values lower than can be reached with a combination of roofs thermal insulation and low values of SR and IE
(0.1). Within Zones 1 and 2, our counterintuitive conclusion is that adding thermal insulation to roofs that
already have high values of SR and IE (0.9) will not reduce annual thermal loads any further.
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Abstract
Controlling the solar transmittance of glazed office buildings that are facing the sun is not only crucial to ensure
high thermal comfort but also to minimize the cooling and heating demand of the building. Often the solar and
visual transmittance of glazing installed in high office buildings is constant, as adjustable external shading
elements are not possible to install, because of maintenance issues. Within the research project titled Fluidglass,
a new glazing will be developed that has fluid chambers, which can be circulated and colored, to control the
solar and visual transmittance and to collect heat in the fluid. This paper presents an assessment of the different
control strategies that set the concentration of the colorant in the fluid chamber of the glazing.
The assessment shows that certain control strategies have high potential for reducing the energy demand for
heating and cooling depending on the locations (Munich 20-30%, Madrid 50-70%, Dubai 50-60%). However,
they can also causes an increase of the electricity demand for lighting, which needs to be considered in the
further development. In general, control strategies that only consider the solar irradiation are less promising than
controls that also take the interior temperature into account. The results for controls that also respect the thermal
comfort based on a Predicted Mean Vote index (PMV) can achieve low energy demand, presuming that a
deviation from the highest level of comfort is acceptable. At this stage of research, none of the studied control
strategies shows to be optimal for all climate conditions to achieve highest energy reductions. Further research is
necessary in the development of a control strategy that can universally be applied.

1. Background
Glass is widely used as construction material of building facades not only in temperate, but also in hot climate.
This is due to aesthetical benefits that an unobstructed view provides. However, large areas of glazing not only
affect the heating demand in cold regions (caused by the thermal heat transfer from the interior to the exterior),
but also the cooling demand in hot regions, because of uncontrolled high solar heat gains. The latter is especially
challenging in operation of high-rise office buildings with considerable high internal heat gains and no
possibility for natural cross ventilation with operable windows. Often glass with high reflectivity and low
transmittance is installed, which not only reduces the solar transmittance, but also the visual transmittance
permanently. As a result, electrical lighting is required to operate at days with low solar irradiation to ensure
enough luminance at the working desks in distance to the façade.
The driving idea of this research project is developing an adaptive glazed façade element that allows controlling
the solar transmittance within the glazing element to benefit from higher solar heat gains when needed during
the heating season and to reduce solar heat gain during the cooling season while ensuring enough day light. Up
to now, the issue of adjustable transparency is achieved by using electro-chromic materials, liquid crystals and
electrophoretic or suspended-particle devices (Baetens, 2010). In this research project, solar transmittance will
be controlled by a fluid layer in between two panes of glass facing the exterior, which can be circulated and
changed in its transparency. Another fluid layer orientated to the interior allows for heating and cooling.
Figure 1 illustrates a schematic section of the currently considered assembly of the glazing unit, which has been
described in detail by Gstoehl et al. (Gstoehl, 2011) and Stopper et al. (Stopper, 2013). The configuration is
from here on referred to as Fluidglass. The fluid in the chamber facing the exterior (exterior fluid chamber, FCe)
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controls the transmittance during the hot season due to a colorant in the fluid, which can be changed in its
concentration. This layer also acts as solar thermal collector, especially if the concentration of the colorant is
high. The fluid in the chamber facing the interior (interior fluid chamber, FCi) can be operated as cooling or as
heating panel by circulating water with the according temperature. During the cold season the FCe is not
operated. Fluid inlet temperature and mass flow rate affect the power of each fluid chamber. This also affects
the efficiency of the FCe as thermal solar collector.

Figure 1: Section of the currently considered composition of the Fluidglass [mm],
green = pane of glass, blue = fluid layer, dashed red = heat reflecting coating, grey = inert gas filling

The development of the Fluidglass is subject of a research project in collaboration with eleven project partners
in Europa, which received funding from the European Union’s Seventh Framework Programme for research,
technological development and demonstration under grant agreement No. 608509. During the first phase of the
project, the simulation of the Fluidglass should provide relevant information about the potentials, but also
support decisions regarding the type of materials used in the glazing unit. This paper is a potential assessment
regarding the possibility for energy reductions depending on the control strategy for operating the colorant
concentration in the fluid. The project is based on and profits from previous research projects (Eiband 2004),
which had partly be funded by the government of Liechtenstein. Figure 2 shows a Fluidglass prototype built in
previous projects, which is in operation with a colored fluid in a fluid chamber. The image illustrates the
reduction of solar and visual transmittance already at relative low concentration of the colorant.

Figure 2: Prototype developed in a previous research project in operation with circulating colored fluid in a chamber
(Eiband 2004)
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2. General settings of the model
The full potential of Fluidglass can only be assessed in a complex dynamic building simulation. The TRNSYS
(TRNSYS, 2014) model developed for this first analysis is a simplification that considers the benefits that
controlling the transmittance of the glazing provides in comparison to regular glazing. The model calculates the
annual heating and cooling demand and the electricity demand for lighting at the three locations Munich,
representing a cold-temperate climatic condition, Madrid, representing a hot-temperate climatic condition, and
Dubai, representing an subtropical climatic condition.
The model space complies with the reference space described in the technical standard VDI 2078:2012-03 (VDI
2012), which reflects an office space of 17.5m2. This model space is further differentiated in terms of thermal
mass with five classes, varying from extremely heavy to extremely light. Beside the fully glazed vertical façade
that is orientated to the South, all remaining walls, the floor and the ceiling are designed to be adiabatic. The
overall heat transfer coefficient of the glazing is 0.7 W·m-2 K-1, calculated at standard reference conditions. The
area is 15% of the overall opening, which has an heat transfer coefficient of 2.3 W·m-2 K-1. The transmittance of
the Fluidglass configuration with clear fluid in the fluid chambers is calculated with the software Optics6 and
Window7.2. The considered colorant in the FCe and the FCi already affects the visual and solar transmittance
with relatively low concentrations. The visual and solar transmittance of the colorant changes proportionally
with rising concentration of the colorant. The visual transmittance always stays above the solar transmittance,
which is beneficial for the visual comfort.
The internal load is set according to DIN 4108-2:2013-02 (DIN 2013) with 13 W·m-2 representing the load from
user, appliances and lighting. Further settings for infiltration and ventilation are also according to this standard,
with a typical air exchange rate (including infiltration) of 1h-1 if users are present and an infiltration rate of 0.24
h-1 if users are absence. The model also includes an operation mode with increased ventilation rate of 3 h-1,
which represents night cooling during the hot season. The assessment with the software EES allows a first
estimation of the heating and cooling power of the FCi. Assuming an inlet temperature of 18°C and an interior
air temperature of 26°C, the cooling power at a mass flow rate of 2 kg·min-1 per running meter of Fluidglass is
about 50 W·m-2 pane of glass. The heating power of this pane of glass is about 70W·m-2, based on an inlet
temperature of 30°C and a mass flow rate of 2 kg· min-1 per running meter of Fluidglass. The cooling and
heating power in the model are conservative estimations, which obviously depend on the mass flow rate and the
inlet temperature, but also on the boundary conditions, which change. In particular, the concentration of the
colorant in the FCe affects the temperature of the fluid during solar irradiation. A more detailed model is
currently in design stage to more exactly calculate the temperature differences in the assembly.
The reference model is basically identical to the model described above, beside the type of glazing. This model
is equipped with solar glazing that has a solar transmittance of 0.177 in combination with a visual transmittance
of 0.436. This approximately corresponds Fluidglass with a colorant concentration of 1%. Furthermore, The
overall heat transfer coefficient of the glazing with 0.7 W·m-2·K-1 matches the heat transfer coefficient of the
Fluidglass at standard reference conditions. The electricity demand for lighting is in all considered cases based
on the assumption that 4.2 fluorescence light bulbs are required to illuminate the space, which cause an power
demand of 21.6 W per square meter office space.
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1. Settings of the Control Strategies
The model allows comparing five control strategies of the colorant concentration. The nature of the rule based
control strategies is to be reactive and not predictive. Each control strategy is active the entire year. In general,
all control strategies set the concentration of the colorant to maximum if the interior air temperature, T int, rises
above 25°C, since first approximation regarding the cooling power of the Fluidglass indicate that this power is
limited and cannot provide enough cooling for the considered office space if low transmittance allows high solar
irradiation to overheat the space during the hot season.
The solar irradiation is key parameter of the first control strategy (CS1). The standard DIN 4108-2:2013-02
(DIN 2013) provides recommendations for simulating shading controls for office spaces. According to this
standard, shading is required if solar radiation exceeds 200 W·m-2 global irradiation on the glazing. The purpose
of this is to avoid overheating during the hot season. However, this strategy sets the colorant concentration to a
maximal or minimal set point.
The second control strategy (CS2) sets the colorant concentration based on the illuminance in the interior space.
According to DIN15251:2007 (DIN 2007), a minimal interior illuminance of 500 Lux is required at the center of
the space on working desk level to guarantee comfortable working conditions. Simulations with the software
ReLux-Pro (ReLux, 2012) show that a minimal illuminance of 1700 Lux is required directly behind the
Fluidglass to allow for the required of 500 Lux at the working desk level (Böing, 2013). Depending on the
colorant concentration, this level of illuminance is reached at different levels of solar irradiation. While
26 W·m-2 are enough if the fluid of the Fluidglass is uncolored, more than 258 W·m-2 are required if the
concentration of the colorant is 3%. Table 1 lists the colorant concentrations that ensure the required 500Lux.
Table 1: Benchmarks of the second control strategy (CS2), controlled by the solar radiation [I0].

I0 >26 W·m-2

I0 >55 W·m-2

I0 >214 W·m-2

I0 >258 W·m-2

Colorant concentration

0%

1%

2%

3%

Solar transmittance Tsol [-]

0.34

0.17

0.05

0.04

Visual tansmittance Tvis [-]

0.65

0.31

0.09

0.07

The disadvantage of CS1 and CS2 is that the interior air temperature, which accounts for the heating and cooling
demand, is at best indirectly considered. This is taken into account in the third strategy (CS3), where the
colorant concentration is gradually changed with the rising interior air temperature [T int]. This ensures that solar
irradiation generates interior heat gains if the room temperature is below the benchmark of 21°C, but also
reduces the solar irradiation gradually if higher temperatures are reached. The colorant concentration is set to
maximum if Tint exceeds 25°C. This, however, also reduces the visual transmittance considerably. At days with
low solar irradiation and high concentration of the colorant in the fluid of the Fluidglass, electrical lighting is
required to ensure 500Lux interior illuminance at the center of the space at height of a work desk. Table 2 lists
the controls of the colorant concentration and the according transmittances.
Table 2: Benchmarks of the third control strategy (CS3), controlled by the interior air temperature [Tint].

Tint <=23°C

Tint >23°C

Tint >24°C

Tint >25°C

Colorant concentration

0%

1%

2%

3%

Solar transmittance Tsol [-]

0.34

0.17

0.05

0.04

Visual tansmittance Tvis [-]

0.65

0.31

0.09

0.07

The fourth control strategy (CS4) aims for high level of thermal comfort. This is provided by controlling the
Predicted Mean Vote Index (PMV), which P.O.Fanger developed (Fanger, 1970). This index complies with
ANSI/ASHRAE Standard 55 (ASHRAE 2013). The PMV is a measurement for the thermal sensation, given as
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PMV-Index. The PMV-Index is scaled by a seven point psycho-physical scale which ranges from -3 to +3.
Negative values indicate the thermal sensation as too cold, positive values as too warm and the zero point as
neutral. The PMV-Index is calculated by the PMV-equation, which is more or less an energy balance of the
human body. The control strategy CS4 allows a deviation of the PMV in the range of -0.2 to +0.2. Presuming
this is provided, the concentration of the colorant is chosen based on Tint, as shown in Table 3. If the PMV
exceeds the benchmark +0.2 or falls below -0.2, the concentration of the colorant is set to 0% to allow for
maximal solar heat gains.
The fives control strategy (CS5) is basically the same as the control strategy CS4, beside this control aims of
medium level of thermal control. Consequently, this control allows the PMV ranging from -0.5 to +0.5. Table 3
lists the criteria of control CS4 and CS5.
Table 3: Colorant concentrations for the fourth and fives control strategies (CS4 and CS5),
combining interior air temperature [Tint] and solar radiation [I0], presuming the PMV index is within the according range of
-0.2 to +0.2 for CS4 and within the range of -0.5 to 0.5 for CS5.

I0 >26 W·m-2

I0 >55 W·m-2

I0 >214 W·m-2

I0 >258 W·m-2

Tint > 25°C

3%

3%

3%

3%

Tint=22°C…25°C

0%

1%

2%

3%

Tint < 22°C

0%

0%

0%

0%

Besides reducing the cooling demand, the purpose of the exterior fluid chamber FCe is to operate as solar
thermal collector. The efficiency of this collector depends on the concentration of the colorant. A separate
model has been developed with the software EES to calculate the outlet temperature of this fluid chamber.
Based on the temperature differences between fluid outlet and inlet, the efficiency of the exterior fluid chamber
as collector is determined. This information is used within TRNSYS as input for the simulation of an unglazed
solar thermal collector. The model calculates the heating and cooling demand based on ideal building systems
with maximal efficiency. It is assumed that a hot water tank exists in the building that allows storing the daily
gained heat from the Fluidglass collector, which is used for reducing the daily space heating demand. This is a
simplification of real heating systems.
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2.

Results



In general, the different thermal mass of the five building types of the reference case result at the three
considered locations in considerably different heating and cooling demand, as shown in Figure 3. The building
type “XL” denotes an extremely light building, while the type “XH” denotes a building that is extremely heavy.
In between is the building type “M” that denotes an average building. While rising thermal mass is beneficial in
cold- and warm-temperate climate of Munich and Madrid, high thermal mass is counterproductive at locations
like Dubai, where stored heat in the building mass is less often possible to be released by night cooling etc. The
electricity demand for lighting is generally lower at hotter locations.
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Figure 3: Resulting annual energy demand [kWh/m ] for heating, cooling and electrical lighting in Munich, Madrid and Dubai for
extremely light (XL), light (L), medium (M), heavy (H) and extremely heavy (XH) buildings

Accordingly, the location and building type affects the results of the simulations with the Fluidglass model. In
the following chapter, only the results of the control strategies are only shown for the building type M, because
the results of the other building types basically follow the same trend. The bar diagrams in Figure 4 show
heating demand, cooling demand and electricity demand for lighting the space for the reference case type M
(Ref) and each control strategy (CS).
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Figure 4: Resulting annual energy demand [kWh/m2] of heating, cooling and electrical lighting of the building type M, generated
with the different control strategies (CS) in Munich, Madrid and Dubai

2.1. Control strategy CS1
The control strategy CS1, which is based on solar irradiation without taking interior temperatures into account,
causes in Munich and Madrid not a significant reduction of the annual heating demand compared to the

41

Volker Ritter / EuroSun 2014 / ISES Conference Proceedings (2014)

reference case. This is mainly because of less heat gains generated in the space, since the colorant concentration
can become high also during the cold season if the solar irradiation perpendicular to the glass exceeds the
limiting benchmark of 200 W·m-2. However, the cooling demand is considerably reduced in both cases. It
becomes almost negligible in Munich. A considerable reduction of the cooling demand is also the result in
Dubai, where this control strategy almost halves the cooling demand. This considerably affects the energy
demand in Dubai, as the energy demand in the permanent hot climate is mainly driven by the cooling demand. It
is necessary to note that heat gains in the fluid chamber need to be fed to a heat sink, which can be energy
intense depending on the building system. The rising electricity demand for lighting in Madrid and Dubai is due
to the reduced illuminance during the working hours.
2.2. Control strategy CS2
The control strategy CS2, which is based on the illumination, causes an increase of the heating demand and a
reduction of the cooling demand in Munich and Madrid. The heating demand even exceeds the heating of the
reference case in Munich. This is again due to lower passive solar heat gains. Apparently, the control strategy
with more set points allows for more hours during the cold season when the fluid is colored, which lowers the
passive heat gains. However, results of the model are based simplified heating and cooling system. Assuming
the building is equipped with a heat storage that can store the heat surplus for a longer period, the results would
become different, especially during spring and fall with series of days where periods with heat surplus alternate
with a series of days with heating demand. Again, this control reduces the cooling demand considerably in
Madrid and Dubai, even more than with the control strategy CS1. This is because of an earlier start of reducing
the solar transmittance compared to the control strategy CS1. Furthermore, the control strategy CS1 only knows
the settings minimal and maximal transmittance, while the strategy CS2 has two steps in between. The
electricity demand for lighting becomes lower with this control strategy, since the control takes the criteria 500
lux into account.
2.3. Control strategy CS3
The results of the control strategy CS3, which controls the concentration of the colorant based on the
illuminance and the interior air temperature [Tint], results in a lower overall energy demand in Munich and
Madrid compared to the reference case. This control indirectly considers the seasonal changes and only allows
for a colorant in the fluid if Tint is above 23°C. In comparison to the control strategy CS2, the control strategy
CS3 generates less heat gains and is a more reasonable strategy if the building is not equipped with a heating
system that can be exploited heat gain from Fluidglass. While the control strategies CS1 and CS2 result in
approximately the same energy demand compared to the reference building, the control strategy CS3 allows for
a reduction of roughly 25% in Munich. Furthermore, the electricity demand in Munich is lower too, since good
illumination is one criteria of the control. However, the electricity demand for lighting rises in Madrid. This is
because of the criteria that maximal concentration of colorant is chosen, if T int is higher than 25°C, which
needed to be set, since first approximations show that the cooling power of the Fluidglass is limited. While the
control strategy CS3 further reduces the cooling demand in Dubai compared to the control strategy CS2, the
cooling demand in Madrid remains on the same level. However the electricity demand for lighting rises
considerably in Dubai with this control strategy. Apparently, this control strategy more often sets the
concentration of the colorant to the maximum of 3%, which on the one hand reduces the cooling demand, but
also causes the electricity demand to rise, since the illuminance at the relevant position is below 500 lux.
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2.4. Control strategy CS4
This control strategy, which provides a very high level of thermal comfort, increases the annual heating demand
in Munich a little compared to the control strategy CS3. This is because of the five additional criteria that
influence thermal comfort, beside the room air temperature. These criteria are metabolic rate, clothing
insulation, mean radiant temperature, air speed and relative humidity. It is necessary to further study, which of
the five criteria is the main driver of this result. Currently, it is assumed that the clothing insulation that is on
high level and the mean radiant temperature cause the heating demand to rise. The cooling demand remains on
low level in Munich. The results for Madrid show a similar trend with this control strategy. More drastically is
the cooling demand changing in Dubai, where the demand is rises above that of all other control strategies.
Again, it is assumed that the clothing insulation and the mean radiant temperature cause the demand for higher
cooling power to rise, since the number of hours of cooling is approximately the same as with the control
strategy CS3. This also explains why the electricity demand for lighting is on the same level as with the control
strategy CS4.
2.5. Control strategy CS5
The control strategy CS5 provides a less high level of comfort compared to the control strategy CS4. As a result,
the heating demand is the lowest in Munich compared to the other control strategies, which is because of fewer
hours when heating is required. A less high level of comfort also reduces the heating demand in Madrid
considerably, but the cooling demand remains on the level of the control strategies CS2 to CS5. The cooling
demand declines with this control strategy in Dubai even more drastically than in Madrid. Although the number
of hours in CS4 and CS5 are almost the same, the power demand for cooling is lower in CS5.
3. Conclusion
This paper studies a new type of glazing, which is titled Fludglass. This glazing allows circulating fluid in
chambers of the glazing. Increasing the concentration of a colorant can change the transmittance of the glazing.
The studied models set the colorant concentration according to different control strategies. As expected, the
control strategy considerably determines the success of the Fluidglass element. This paper only studies the effect
that changing the colorant concentration of the exterior Fluid chamber has on the heating-, cooling and
electricity demand for lighting. Other controls of this new type of glazing, which are fluid inlet temperatures and
mass flow rate, have not been studied. In general, the results of the studied control strategies show that
Fluidglass can reduce the cooling and heating demand at all three different locations compared to a reference
building with good solar glazing.
The model designed for this study simplifies the complex interaction of the Fluidglass and is based on certain
assumptions, which need to be verified during the development of the Fluidglass-project. This model proves that
control strategies considerably account for the efficiency of the Fluidglass system. Simply strategies that only
consider the solar irradiation based on normative standards (CS1) allow for a high reduction of the cooling
demand, which is beneficial in Dubai and partly in Madrid, but can cause the heating demand to rise at locations
like Munich, because of lower passive heat gains. More successful are control strategies that also consider the
interior air temperature (CS3, CS4, CS5). They allow in Munich for a reduction of about 20-30% and a
reduction of the electricity demand for lighting of about 20%. The same type of control strategies reduce the
energy demand for heating and cooling in Madrid drastically of about 50-70%, but cause the electricity demand
for lighting to rise by 10-20%. Even more unbalanced is the energy reduction with this type of control in Dubai
with an energy reduction of about 50-60% for cooling, but an drastic quadruplicating of the electricity demand
for lighting. In summary, energy reduction in cooling and heating demand need to be balanced with potentially
rising electricity demand for electrical lighting. This can only be answered in context of a building- and lighting
system.
At this stage of research, none of the studied control strategies shows to be optimal for all climate conditions to
achieve highest energy reductions. Further research is necessary in the development of a control strategy that
can universally be applied to not ensure lowest heating, cooling and electricity demand, but also to allow for a
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reasonable level of comfort. Furthermore, all the studied controls are rule based and do not include predictive
strategies. There is some expectation that Fluidglass can be operated with predictive controls more efficiently,
since the transmittance of the glazing can quickly be changed.
4. Acknowledgement
First of all, we thank all partners within the Fluidglass project for supporting this paper and in general working
on the development of this new type of glazing. A complete list of partners can be found online on the website
www.fluidglass.eu. We thank the European Union for gratefully supporting this project with the European
Union’s Seventh Programme for research, technological development and demonstration under grant agreement
No. 608509. In specific, we thank Prof. Dietrich Schwarz of the University of Liechtenstein for initiating this
research project and Prof. Dr. Stefan Bertsch from the University of Applied Science and Technology in Buchs,
Switzerland for developing and testing first prototypes. Special thanks go to Prof. Dr. Ing. Werner Lang, Jochen
Stopper and Hua Shan for supporting the development of the simulations.
5. References
ANSI/ASHREA Standard 55, 2013, Thermal Environmental Conditions for Human Occupancy
Baetens R., Jelle B. P., Gustavsen A., 2010, Properties, requirements and possibilities of smart windows for
dynamic daylight and solar energy control in buildings: A state-of-the-art review. Solar Energy Materials &
Solar Cells, Vol. 94, pp. 87-105. .
Böing F., 2013. Energiebilanzierung eines Raumes mit fluiddurchströmten Glasfassadenelementen. Bachelor
Thesis, Technical University of Munich
DIN 4108-2, Edition 2013-02, Thermal protection and energy economy in buildings - Part 2: Minimum
requirements to thermal insulation,
DIN EN 15251, Edition 2012-12, Indoor environmental input parameters for design and assessment of energy
performance of buildings addressing indoor air quality, thermal environment, lighting and acoustics
Eiband W., 2004, Modellraumprüfstand Mit Dynamischer Simulation Klimatischer Einflussfaktoren Zur
Untersuchung Von Raumheizsystemen, Dissertation, Technical University of Munich
Fanger P. O., 1970. Thermal comfort. Analysis and applications in environmental engineering Thermal comfort.
Analysis and applications in environmental engineering. Danish Technical Press, Copenhagen
Gstoehl D., Stopper J., Bertsch S., Schwarz D., 2011, Fluidised glass facade elements for an active energy
transmission control, World Engineers’ Convention, Geneva
Stopper J., Böing F., Gstoehl D., 2013, Fluid Glass Façade Elements: Energy Balance of an Office Space with a
Fluid Glass Façade., Proceedings of the Conference sb13 Munich - Implementing Sustainability - Barriers and
Chances. Munich, 2013. ISBN (E-Book) 978-3-8167-8982-6
Software ReluxPro Version 2012.1, Relux Informatik AG
Software TRNSYS Version 17, 2014, Transsolar Energietechnik GmbH
VDI 2078, Edition 2012-03, Calculation of cooling load and room temperatures of rooms and buildings (VDI
Cooling Load Code of Practice)

44

Concentrating PV

Aix-les-Bains (France), 16 – 19 September 2014

Ray Tracing Modelling of an Asymmetric Concentrating PVT
Carine Giovinazzo1, Luc Bonfiglio1, João Gomes2, Björn Karlsson2
1

Ecole Polytechnique Universitaire de Montpellier (France)
2

University of Gävle (Sweden)

ABSTRACT
Photovoltaic thermal hybrid collectors (PVT) are able to produce both heat and electricity from the same area.
The studied PVT collector is an asymmetric Compound Parabolic Collector (CPC). The reflector design
belongs to the MaReCo (Maximum Reflector Collector) family. The main advantages of this collector design
are the reduction of material cost due to concentration and the increase cell efficiency by reducing its working
temperature through active cooling.
Tonatiuh is a Monte Carlo ray tracing software that is able to simulate the interaction between the sunlight
and a concentrating collector. A script was written to repeat the process and simulate the sun’s movement over
the year. The data was processed using Matlab and the annual received radiation on both receiver sides was
obtained.
A collector model was drawn in Tonatiuh and its material properties were described. Incremental changes
were used both to validate the models results and to assess the impact of each change. The first model had only
the reflector geometry and the receiver with perfect properties while the final model had a very accurate
description of the studied collector and its properties. The final model performed 21% worse than the initial
with ideal properties. Additionally, the homogeneity of the solar radiation on the receiver was analyzed and the
3D effective solar radiation graph was plotted. Finally, it was found that over the year, the receiver under
concentration produces 13% more energy than the flat side of the receiver, at the best tilt, for both 0º and 60º
of latitudes.
Keywords: Asymmetric CPC PVT; Ray tracing; Tonatiuh simulation; Tilt influence; MaReCo; Homogeneity

1. Introduction
1.1. PVT solar collectors
The energy sector is in a state of evolution as conventional energy sources are challenged by the
unquestionable need for new clean and sustainable energy sources that solve not only the global energy demand
problem in the long term but also the pressing problem of climate change. Renewable energies respond to this
increasing demand. Photovoltaic modules are experiencing a steady reduction in their production costs. It is
needed that this trend continues. One way of reducing production costs is by using concentrators to increase
the output of the photovoltaic cell. Another way, is to increase cell efficiency by reducing its working
temperature through active cooling. These are the two of the main corner stones for concentrating photovoltaic
thermal (PVT) collectors.
PVT solar collectors are able to produce both heat and electricity. According to Gomes et al (2013), the main
benefits of PVT collectors when compared to photovoltaic (PV) and standard thermal solar collectors are listed
below:
x The possibility to increase cell efficiency by reducing the cell operational temperature when the hot
water is extracted at low temperatures. In a PVT collector, it is very important that the receiver can
transfer enough energy to cool down the cells both efficiently and homogeneously.
x The production of one unit of PVT uses fewer raw materials than an equivalent area of thermal and
photovoltaic panels. This is expected to enable a lower production cost per kWh of annual produced
heat and electricity.
x Reduction of the installation area, which enables the deployment of more installed capacity per roof
area and is also expected to lower the installation costs.
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The market for PVT collectors should be mainly the low temperature segment (under 100ºC). This is mainly
due to two factors:
x On the electrical part, PV solar cells decrease their yield with the increase of operational temperature
(Wenham et al, 2007).
x On the thermal part, PVT collectors cannot have the absorption area fully covered with selective
surface which leads to poor thermal performance at higher temperatures.
In fact, both the electrical and thermal output from PVT collectors will be higher at lower operating
temperatures.
1.2. Concentration in PVT solar collectors
The PVT concept can be combined with concentration in order to further reduce the usage of both PV cells
and thermal absorber material. The goal is to reduce collector costs by reducing the amount of expensive
components utilized (solar cells, receiver and/or selective surface). However, concentration carries the penalty
of extra reflection losses on the reflector (normally ranging from 3% to 20% per bounce on the reflector).
Concentrating collectors can be tracking or stationary (non-tracking). Stationary collectors have an output
penalty by having a lower Incident Angle Modifier (IAM) profile when compared to non-concentrating panels.
Stationary collectors normally have small concentration factors (up to 5). Tracking collectors, on the other
hand, can reach very high concentration factors and are able to receive more solar radiation over the year than
non-tracking collectors but have the drawback a more complex and costly installation. Moreover, although not
technically impossible, it is very rare to see tracking collectors on sloped roofs. This way, it should be
mentioned that tracking collectors have a smaller market that conventional collectors.
Additionally, concentration also allows reaching higher temperatures which is useful for thermal collectors
but does not constitute an advantage for PVT’s since the PV cells operate at higher efficiencies under lower
temperatures. In fact, this point can become a drawback since concentration normally raises the stagnation
temperatures of the collector. Higher stagnation temperatures imply that either the collector is built with more
resistant materials or the tracker is programmed to move away from the sun in the event of a malfunction such
as a pump breaking.
In conclusion, stationary collectors will yield less energy per aperture area but they will also have a lower
cost. Under the right conditions, the use of concentration is expected to enable a reduction in the price of the
produced kWh. PVT should benefit more from concentration than standard thermal and PV panels because a
PVT receiver is normally more expensive since it has both PV cells and the thermal absorber.
1.3. The impact of shading in PV panels and solar thermal collectors
According to Gomes et al (2013), shading has a considerably different impact on PV panels than on thermal
collectors. In PV modules, the solar cells are often connected in series. This way, one fully shaded solar cell
will reduce the output of the whole string to zero. Bypass diodes can be used to mitigate this effect by allowing
current to flow in a different path at the expense of a minor fraction of the total power. However, the
introduction of diodes increases both assembly time and material cost. On the other hand, diodes also prevent
hotspots that can destroy PV panels.
In thermal collectors, the decrease in power produced due to shading is approximately proportional to the
shaded area. Thus, shading clearly has a much bigger impact on PV panels than thermal collectors.
According to Gomes et al (2010), in concentrating collectors, an additional aspect to consider is that non
uniform concentration is considerably more critical for PV panels than for solar thermal. This is due to the fact
that non uniform radiation in one cell increases the series resistance losses. Non uniform radiation intensity in
a string with series connected cells has even a larger negative impact. Non-uniform concentration is present in
all compound parabolic concentrators (CPC).
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2. The Model
2.1. Tonatiuh: A Monte Carlo ray tracer software
A Monte Carlo ray tracer software is a powerful tool in the design and analysis of solar concentrating systems.
The Monte Carlo method is using the principles of geometrical optics as a statistical method to get a complete
and statistically viable analysis of an optical system. All simulations detailed in this paper were performed
using the software Tonatiuh which is an open-source software especially developed for optical simulation of
solar concentrating systems. The rays are generated in a light source that simulates the sun and then these ray’s
intersections with system surfaces are calculated. The sun light is defined by the sun position, i.e. the elevation
and the azimuth. These two parameters can also be calculated as a function of the day, the hour, the latitude
and the longitude.
The main advantage of Tonatiuh resides in the possibility to write a script for parametrical simulations. This
script allows launching several simulations and saving the results. For example, with a script, it is easy to
simulate an entire year by using a few loops in the script. The disadvantage is that Tonatiuh is not able to do
post-processing analysis of the results. Once a simulation is done the Tonatiuh software exports the results
either as binary file (.dat) or as SqL database file (.sql). To extract these data Matlab can be used since it allows
sorting and analyzing large amount of values rapidly.
2.2. Description of the studied collector
Figure 1 shows the studied PVT design, which is patented by a Swedish small scale solar manufacturer.
The solar radiation is concentrated onto an aluminum thermal absorber. A highly transparent and electrically
insulating silicone is used to laminate the PV cells to the thermal absorber on both the upper and lower sides
of the absorber. The upper side works practically as a standard PV module with very little concentration, while
the lower side receives the concentrated solar radiation from the compound reflector (parabolic and circular).
The collector also has glazed protection and a supporting structure made of plastic and metal.
The concentration factor of the studied PVT collector is low. At peak sun, the absorber side with the
concentration is exposed to about 1.8 suns while the upper or flat side has no concentration. This gives 1.4 of
average concentration for the whole collector. This way, the PV cells on the collector can reach higher
temperatures than standard PV panels. Since mono-crystalline solar cells exhibit a reduction in power output
at elevated temperatures (Wenham et al, 2007), cooling is necessary to maintain the electrical efficiency.
Cooling is accomplished by running a fluid (normally water with or without glycol) through the channels of
the thermal absorber. Thus, the PVT collector produces electricity and heat from the same area.
The reflector geometry of the studied PVT is shown in figure 1b. This reflector geometry is originating from
a family of stationary reflector designs called Maximum Reflector Concentration (MaReCo) which is widely
described by Karlsson et al (2000), Adsten et al (2004) and Diwan (2013). For the studied PVT, the optical
axis for the reflector geometry is normal to the glass of the collector. This defines the acceptance angle; if the
radiation falls outside this angle, the reflector does not redirect the incoming beam radiation to the lower side
of the absorber and the optical efficiency of the collector is greatly reduced. The optics of the studied collector
is further investigated by Bernardo et al (2012). This way, the optical efficiency of the collector changes
throughout the year depending on the projected solar altitude. The tilt of the collector determines the amount
of total annual irradiation kept within the acceptance interval (Bernardo et al, 2011a, 2011b).

Fig. 1: a) Schematic view (from the top) with the water connection in blue and electrical in red;
b) Reflector geometry of the studied concentrating PVT collector

Figure 1a shows the water connections for extracting the heat (in blue) and the electrical arrangements of the
solar cells (in red) in the PVT collector, which has 2 troughs. Since the design of both troughs is exactly the
same, only one trough is simulated and investigated. Figure 1a shows the collector plan view. The lower part
of the receiver, i.e. the part that receives concentrated light, has exactly the same hydraulic and electrical
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configuration as the upper. The electrical part of each PVT collector consists of eight parallel-connected
strings, each with 38 series-connected cells. The total number of PV cells is 152 cells per trough.
The solar collector manufacturer buys standard solar cells with 156mm by 156mm, which are laser cut into
pieces of 26mm by 148mm. The objective is to increase the voltage and reduce the current at high irradiation
levels and thus avoid any current capability constrains due to the increased concentration. Figure 1a also shows
the most relevant dimensions in the collector. Active area (electrical or thermal) was defined as the area where
the incident radiation can contribute to electricity or thermal production. The absorption area of the topside of
the receiver (also called flat) is equal to 0.363m2, the aperture area bottom side (also called concentrated) of
the receiver is 0,670 m2 while the aperture area of one through is equal to 1,033 m2. The collectors’ total area
is 2,3 m2.
2.3. Properties of the materials used in the PVT
The simulated solar collector uses reflector material made of anodized aluminum with a total solar reflectance
of 95% (measured according to norm ASTM891-87) according Alanod, 2013. The glass cover of the collector
is made of low iron glass with solar transmittance of 95% at normal incidence angle and the refractive index
of 1.52 (measured according to the norm ISO9050 for solar thermal) according SunArc, 2013. The solar
transmittance of the plastic gables is 91% and the refractive index is 1.492. Each material has been defined
with a slope error of 2mrad (macroscopic defects). It was assumed that for the receivers the light is totally
absorbed.
Tab. 1: Summary of the optical properties

Optical elements
Reflector
Glass
Plastic gables

Optical Properties
Reflectance = 95%
Transmittance = 95%
Refractive index = 1.52
Transmittance = 91%
Refractive index = 1.492

2.4. Model description and assumptions
The collector described in figure 1 was drawn and its material properties were described in Tonatiuh in full
detail. Simulations were conducted using Tonatiuh. Each simulation consists of 10,000 solar rays that are sent
in the direction of the collector and whose intersection points are calculated, in order to obtain the total power
from the photons that is reaching each side of the receiver.
In order to enable repeating the process many times, a script has been written to launch several simulations
and to save the results. Matlab was then used to extract the results exported from Tonatiuh in a binary file (.dat)
and to do post-processing analysis of the results. For each yearly simulation, the power is calculated for each
hour (i.e. in total 24 simulations per day, 8760 simulations per year) with an accuracy of 10,000 rays.
The sun shape follows a pillbox distribution, i.e. the solar intensity is the same on each point of the sun’s
disk, as shown in figure 2. The parameter of this flat distribution is the half-angle width of 4.65mrad.
Additionally, the irradiance is always set at 1,000 W/m² and the weather is not considered. Simulations are
made for the latitude and longitude of Gävle in Sweden (60,674°N, 17,142°E) and at the equator (0,000°N,
17,142°E).

Fig. 2: Illustration of the pillbox sun shape

3. Analysis of Results
3.1. Step by step collector model and the impact of the different elements of the collector and its
properties
In order to verify the newly created collector model, the simulation was started with a simplified version of
the actual collector design that only featured the reflector design and the absorber. This is illustrated by the left
drawing in figure 3, called Ideal.
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After, several new collector models were done with small incremental steps in complexity level until reaching
a very detailed copy of studied collectors that is described above in figure 1. The final version was called
accurate and can be seen on the right side of figure 3. This allowed not only verifying the model used but also
to assess the impact of the different incremental steps on an annual received energy basis.

Fig. 3: The modelled solar collector. The initial simple model was called Ideal (on the left) and the complex complete model
was called accurate (on the right). The bifacial receiver is drawn in blue while the frame and plastic gables are drawn in black.

Figure 4 shows the impact in the annual received energy of each incremental change. The selected collector
tilt was 0°. The shape on the top of figure 3 shows the version that was modelled while the bars below describe
the result.
The first shape is the simplest which was called ideal. The changes are then done in a gradual manner. The
second shape includes an extension of the parabolic reflector while the third shape includes an extension of
the circular reflector. The fourth shape includes the gap between the reflector and the absorber while the firth
includes the thickness of the absorber. The sixth shape includes the collector frame and the shading that it
causes on the receiver over the year. The seventh shape includes a more accurate representation of the sun
rays. For all versions, except for the last, the optical properties of the materials were set as ideal (reflectivity
100%, transmittance 100% and no optical errors). The last version the collector has been simulated with all
optical elements present.
Throughout this paper the back and top sides of the receiver are constantly compared. For simplicity and
clarity, the bottom side was called concentrated side and the top side was called flat side since it behaves almost
like a flat plate. The green line in figure 4 shows the received energy of both receivers and the numbers above
show the variation to the shape called Ideal.

Fig. 4: Results of the presence of the optical elements and properties on the yearly energy for a tilt of 0° in Gävle, Sweden.
(*This version corresponds to a sun shape is a pillbox distribution withࣂࢇ࢞ ൌ Ǥ ࢘ࢇࢊ. **All the optical properties are
taken into consideration, as well as the half-angle width of 4.65mrad for the sun.)

It was found that the small parabolic reflective extension leads to a small decrease (-2.1%) due to shading
effects on the concentrated side of the receiver when the sun is low. This does not affect the flat receiver.
However, the same increase in collector thickness also gives space for the extension of the cylindrical
reflector which allows the flat side of receiver to increase its yearly total power (+21%) and so the total power
of the whole collector. Overall having the both extensions leads to an increase in power under these conditions
(7.5%). The space between the reflector and the receiver is big enough to affect the total power received on
each side, leading to a significant decrease (-6.1%) compared to the previous version. The firth change is
adding the thickness of the absorber, which decreases the total power received in both surfaces in the same
way. This decrease happens because some light hits the sides of the receiver and that light is not factored in by
Tonatiuh.
Adding the collector frame had a smaller impact that it was initially foreseen. The total power received on
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both receivers was reduced comparing to the previous model. The concentrated side is, as expected, more
affected by the reduction. It must also be mentioned that adding the frame presents a much larger reduction in
the PV than in thermal part due to the series connection as discussed in chapter 1.3. The reduction in electricity
production will be converted to heat.
Using a more accurate model of the sun increased slightly the total power received (seventh collector model).
However, the biggest influence came when, on the last model, the optical properties of material were added.
As expected, the concentrated side of the absorber is way much affected by these properties due to the
reflectivity of the anodized aluminum and the fact that most of the time rays hit the reflector more than one
time. The final difference between the first and last model is -21.0%.
3.2. Influence of the tilt
The final version of the collector model (named accurate) was then simulated for several tilt angles from 0°
to 60°. The annual energy received was obtained and a power ratio power was establish as defined by equation
(1) below:
Ratio power ൌ

EnergyConcentrated receiver ሾkWh/yearሿ
Energyboth receivers ሾkWh/yearሿ

(eq. 1)

Whenever this ratio is above 50%, it means that the concentrated receiver is performing better than the flat
receiver. Figure 5 shows the yearly energy received for each side of the receiver and a ratio power which is
defined by equation (1).

Fig. 5: Influence of the tilt on the yearly energy received for each side of the receiver, in Gävle, Sweden

The most important observation from figure 5 is that on an annual basis, the total energy received by the
concentrated side of the receiver is only 13% above the front side, even for the best tilt for the concentrated
side.
As expected, tilting the collector leads to a considerable increase on the total energy received on the receiver.
Changing from a tilt of 0º to 35º, increases the power of both sides to 56% compared to 0° tilt. Regarding the
tilt that allows reaching the best performances, the two sides of the bifacial receiver behave differently: 30°
for the concentrated side while the flat (or top) side performs best at 50°. The tilt that maximizes the annual
received solar radiation for the whole receiver is 35º. This is because the concentrated side is much more
sensitive to the tilt variation than the flat side.
The ratio shows that between the tilts of 10° and 40°, the concentrated side receives more energy from the
sun than the flat receiver. At tilts higher than 35°, the daily average power of the concentrated side starts to
show large reductions during the summer days in relation to what would be expected. This effect is clearly
shown in figure 6. Indeed, a more detailed observation, we were able to see that the concentrated side receives
sunlight only during a fraction of the day which greatly affects the daily average power in summer. For
example, on the summer solstice with a tilt of 30º, the concentrated receiver sees sunlight between 9AM and
15PM when the length of the day is 19h. This happens because of the reflector acceptance angle, as described
in figure 1b.
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Figure 6 below shows both the daily maximum and average power that is received in each side of the receiver.
At tilt 30º, the average power of the concentrated is already showing the cut-off of the collector around the
summer solstice. At a tilt of 45º, this cut-off is even more evident with the concentrated side of the receiver
producing any power during the summer solstice due to the acceptance angle of the reflector geometry.

Fig. 6: Daily maximum and average power received on each receiver side

Figure 7 below is showing the same as figure 5 but for the equator. On an annual basis, the total energy
received by the concentrated side of the receiver is only 13% above the front side, just like for latitude 60º.
One of the reasons for this is that in summer at 60° of latitude, despite the fact that the sun light lasts for
20hours, the collector can only see a maximum 12hours because during the other 8 others hours the sun is
behind the collector. It is important to note that working with this reflector geometry at low latitudes will imply
that the concentrated side of the receiver will not accept a large part of the incoming solar radiation either
during summer or winter.

Fig. 7: Influence of the tilt on the yearly energy received in each side of the receiver, in Equator

52

Carine Giovinazzo et al / EuroSun 2014 / ISES Conference Proceedings (2014)

3.3. Flux Homogeneity
As described by Coventry et al (2004), obtaining homogeneous flux intensity on a receiver and on solar cells
can improve the lifespan of the material. Additionally, non-homogenous light can reduce the collector
performance, as described by Gomes et al (2013). In this way, it becomes important to characterize how the
light is distributed in the receiver.
Figure 8 shows how the sunlight is distributed on each side of the receiver while figure 9 shows the collector
model and the sun rays in different times of the year. It must be noted that, in figure 8, the surfaces plotted
below are normalized in a 50x50 mesh for an easier reading of the results
.

a) June 21th at 12:00
b) December 21th at 12:00
Fig. 8 : Light distribution on both sides of the receiver for the solstice days in Gävle, Sweden (for latitude = 60º and tilt=30°)

a) June 2th at 12:00
b) December 21th at 12:00
Fig. 9: Illustrations from Tonatiuh showing the solar rays reaching the receiver (for latitude = 60º and tilt=30°)

As expected, the flat side has an almost homogenous solar radiation distribution. Only the small extension of
circular reflector creates a small disruption of the homogeneity mainly around the winter solstice, when the
sun is low.
On the other hand, the reflector does not distribute light homogeneously on the concentrated side of the
receiver. In fact, very high concentration levels can be reached in some parts of the absorber (around the
parabola focus). Since the absorber is considerably larger than the focus area, at certain angles, there will be
shading on parts of the concentrated receiver. The highest concentration factor that has been simulated for this
geometry was 22 for a small duration of the day in a very small percentage of the area of the receiver. This is
a very large concentration factor can potentially create lifespan issues and affect power production as detailed
below:
x Temperature on the concentrated line raises and thus reduces cells efficiency as a whole;
x High light lead to high current in one of the 3 busbar of the cells which will lead to higher capacity
and may be above the total capacity of the busbar;
x Higher solar radiation intensity can, without considering other factors, improve the efficiency of
the PV cells causing a higher field factor in the IV curves.
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3.4. 3D Effective solar radiation
Performance measurements are generally taken with an exposure to sun perpendicular to the collector plane.
However when the suns’ rays reach the collector from a different angle, the performance can change
considerably. This can be explained by angular effects such as decrease of transmission in the glazing (see
Figure 10), decrease of absorption of the receiver at high incidence angles, shading effects caused by collectors’
frame, increase width of the solar image on the receiver, etc. (Duffie et al, 1974 and Bernardo et al, 2012)
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Fig. 10: Transmittance variation of the glass cover (index of refraction of 1.52) according to the incident angle

The PVT collector incident angle is characterized by two angles: Transversal angle (θt) and longitudinal angle
(θl), as can be seen in figure below. Figure 11 (a) illustrates the transverse angle and the longitudinal angles of
the collector and helps to understand how the Figure 11 (b) is obtained. Figure 11 (b) represents the 3D
effective solar radiation which corresponds to the the coefficient of solar power for a given angle. In order to
be able to measure this coefficient for different transversal and longitudinal angles, the collector was kept in
the same position in one axis, while the sun was moving around the other axis.
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Fig. 11: (a) Representation of the longitudinal and transversal directions. (b) 3D effective solar radiation for the concentrated
and flat receiver

The drop in the concentrated receiver around 0º is due to the acceptance angle of the reflector and is the most
significant drop in this collector.
Since light is reflected on the cylindrical extension to the flat receiver between -90° to 0° in transversal, the
effective solar radiation is not symmetrical. This cylindrical extension also shades a part of the receiver
whenever the sun is between 0° and 90° in transversal.
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4. Main Conclusions
A numerical model that was created that allows performing simulations which show the annual distribution
of the light, in both the flat and the concentrated sides of the receiver. This analysis is fundamental to evaluate
the merits of the current reflector geometry. One of the advantages of using simulation is that obtaining with
different parameters (localization, tilt …) is both faster and cheaper.
The main conclusions are listed below:
x The optical properties of the components affect significantly the performance of the collector. The
concentrated side of the receiver is more affected because it is affected by one more property, the
reflective of the reflector;
x Finding the best tilt allows reaching the optimum production;
x The final model performed 21% worse than the initial with ideal properties.
x Large concentration factors were discovered for certain angles on the concentrated side. This can
potentially create lifespan issues and affect the power production of the collector.
x The effective 3D solar power performance was characterized. For the concentrated side, a very large
cut-off around 0º was found due to the reflectors acceptance angle. The small contribute of the
cylindrical extensive has a small impact on the homogeneity,
x Due to the acceptance angle, on an annual basis, the total energy received by the concentrated side of
the receiver is only 13% above the flat side, even at the best angle for the concentrated side; this value
is the same at latitude 0º or 60º. It is important to note that this value is reached for a perfect weather
(assuming that all days are sunny). However, in real conditions the weather is not perfect and clouds
exist. The performance of concentrating collectors is more affected by clouds than non-concentrating
collectors. This is because beam light is fully reflector concentrated by reflectors but only 1/C of the
total light is reflected. If the weather would be taken into account, it is expected that the flat part
would produce more energy than the concentrated over the year. However, it is also important to note
that there is some concentration on the flat side at least for low angles. This reduced the value of the
ratio.
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Abstract
This paper explores the possibilities of multiple building simulation tools being used together for the analysis
and prediction of the behavior of museums’ buildings. The relationship between the exhibition of artistic or
historical artifacts in museums and the role of lighting in generating an atmosphere is explored here. In
conducting simulations special care was taken in the simulation of the amount of radiation reaching exposed
artifacts. Results show a reasonable agreement between the simulated data and actual measurements "in
situ”. It is expected that the results will be useful in decision making, either during the design process or
during refurbishment intended to improve exhibition spaces capabilities in preserving artwork or historical
artifacts.
Keywords: Museums - Conservation - Preservation - Simulation - Lighting – Exhibition
1. Introduction
Museums have in common the intention to “tell a story“. This intention goes beyond value and size of the
exhibits, geographical location or the number of people who visit them. From this point of view, light has a
dual role of great importance: to reveal the object itself (physiological function) and to contribute to the
quality of the environment (significance role), where the exhibition takes place and, therefore, is part of it
implicitly.
However, lighting, along with other environmental factors (such as temperature and humidity) can modify
the properties of objects significantly depending on the length of time of the exhibition, leading to
deterioration. Thus, a dilemma to be solved is: exhibiting versus preservation. High standards of preservation
can lead to low illuminating and thus exhibiting artifacts less effectively. On the other hand, a stimulating
environment for the exhibition of valuables, can lead to lower conservation standards.
The hypothesis of this paper raises the possibility of accurately predicting the behavior of museum buildings
through simulation systems focusing on the conservation and preservation of objects on display. This is due
to software providing the possibility of reproducing the characteristics of a room where an object is located,
i.e., the physical condition, display details, proximity to windows and size, sky conditions under local
climate data and in turn it is possible to simulate the conditions of artificial lighting too. Thus render the
object measuring a plane which will be extracted luminance values which allow by sensitivity classification:
none, low, medium or high, whether the conditions at this time are adequate or not.
2. Exhibition vs preservation
Museums are spaces for learning and discovery of the past and present history (Hunt, 2009).This is
particularly important when referring to the case of Historical Houses which nowadays are transformed into
museums and therefore are part of architectural heritage. These “museum-houses” are considered as valuable
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themselves, and so their preservation should be taken into account in the same way that the contents of
museums are treated (Risnicoff de Gorgas, 2008).
A question emerges then: how it is possible to display buildings and the objects at the same time without in
many cases causing irreversible damage? The main agents of deterioration are humidity, temperature, light
and air pollution.
Light is arguably one of the greatest causes of deterioration in museum collections. On the one hand it can be
destructive and thus conflicts with the museums role in preserving heritage; on the other hand it is essential
to vision, the principal means of communicating to visitors the information held within and around the
objects and buildings in museums. Light is a key interpretive tool to extend the potential of communication.
It provides a context in time and space for the museum visitor, in an architectural sense as well as the
relationship with a collection (Pinna, 2000).
Several factors contribute to damaging effects of light: the materials from which objects are made, the type
and intensity of light they are exposed to, and the duration of the exposure.
Especially sensitive to light are objects made of organic material including documents and letters,
photographs, artwork on paper, textiles, clothing and accessories. The result of exposure can be severe
damage to museum artifacts. Damage is also cumulative over the life of the objects, and frequently
irreversible.
The radiation that museum collections are exposed to consists of three portions: ultraviolet (UV) at one end
of the spectrum, visible light in the middle, and at the other end infrared radiation. It is energy that drives the
chemical reactions that are causing damage to objects through fading. (Ajmat et al, 2010)
Many studies in the attempt to control the envelope as an environmental filter to prevent damage light try to
protect them from exposure to artificial and natural light (Christensen E. and Janssen H. 2011). Others have
recommended protecting exhibited artifacts in museums from hygrothermal damage through the use of
simulation as a predictive tool (CIE, 2004).
The importance of this study lies in the ability of simulation systems to predict such conditions. Thus it is
vital to estimate the amount of cumulative radiation incident on the exhibited objects. In the cases where this
is excessive, it is necessary to analyze alternatives that provide a possible solution to the problem of light
damage.

3. Energy simulation in buildings
Energy modelling in buildings has experienced a significant growth throughout the last five decades.
Building design and operation processes can be supported by many kinds of models, including the traditional
architectural scale models as well as the latest computer generated virtual buildings. From consulting
engineers to architectural offices, building simulation techniques assist designers in the design process
verifying their technical assumptions.
The growth in building modelling was strengthened by the need for building designers to comply with the
increasing concern of regulatory bodies in promoting best practices in environmental sustainability of
buildings design, either through regulations or in the form of incentives to the building industry. In the
particular case of museums there are guidelines in terms of maximum level of illumination on objects
depending on the sensitivity of them, together with a total amount of irradiation throughout the period of
exhibition.
The requirements of compliance with energy efficiency regulations led to an increase of the availability and
power of computer-based methods for the simulation of buildings’ behaviour. However, building simulation
techniques are not only to be applied for new designed buildings. In the context of museum architectural
heritage, building performance simulation has been increasingly useful to predict refurbishments, addition of
new elements or changes in an existing building. This paper explores the benefits of using such techniques to
improve preservation and exhibition conditions within these particular types of museums (“museumhouses”). Irradiation modelling is one of the key issues for thermal and natural lighting calculations. Since
the work presented here focuses on the simulation of devices externally, in windows or internally, irradiation
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modelling through transparent surfaces is particularly relevant. Irradiation modelling in its visible portion,
daylight, and the consequences within the built environment, together with irradiation produced by artificial
lighting is the main focus of these simulations. Some of the software packages which use irradiation
modelling for the thermal calculations make comparable assumptions, for example that windows are not
thermally coupled with external shading devices. They only take into account the solar radiation which is
partially unobstructed by the shading device. The problem to solve is then transformed into a purely
geometrical one. Solar radiation consists of two main components: direct and diffuse. In order to obtain the
solar radiation impinging on the transparent surface, the direct solar radiation is assumed to be uniform. It is
estimated as the product of the fraction of the window area which is sunlit and the direct solar radiation. The
diffuse solar radiation is reduced by a fraction calculated as the view factor between the transparent system
and the sky. No correction is made to take into account the reflection of the radiation on the shading device
itself, nor the splitting of diffuse radiation into typical fractions reflected from the ground and coming from
the sky.
Moreover, it is common practice in daylight calculations that only variations in altitude are considered
instead of three dimensional calculations. All these considerations for the calculation of the radiation coming
through the window-shading device system make the solution for the complex process taking place in
transparent materials a simpler, although less accurate. Irradiance and daylight quantities, which are
particularly important for windows performance evaluation, are predicted using less precise approximations
(Ajmat, 2008).
Nowadays, software simulation permits reproducing the characteristics of rooms where the objects are
exhibited, their physical presentation, proximity to windows and their size; they allow the calculation of sky
conditions from climatic data base and, simultaneously, the simulation of artificial lighting conditions. This
agrees to a classification of exhibition surfaces according to sensitivity: none, low, medium or high.
Furthermore radiation data (W / m²) above the calculation plane can be extracted for estimating the
accumulation thereof during the year.
4. Case Study
For this research work we took as its starting point the lighting and metric survey conducted in the Padilla’s
House Museum located in San Miguel de Tucumán, northwest Argentina. This museum is considered
amongst the so called “Casa-Museo” (Museum-House) type. Built in 1750, this stately home reflects the
typical internal distribution of its age and the façade is a great exponent of the Italian style (Figure 1). In
1973 the Provincial Government bought the property and began its restoration, opening its doors as a
museum in 1976. Later in 2001was declared a being of National Historic Heritage.

Fig. 1: Padilla’s House Museum. Left: East Façade; Right up: Floor plan; Right down: E-W Section

The first step of in situ measurements provided illuminance data that the display conditions in which objects
are exhibited are considered critical compared with the values recommended by the CIE.
59

Ajmat-Perez Zamora-Sandoval / EuroSun 2014 / ISES Conference Proceedings (2014)

Hall 1 (shaded in the floor plan) is the area with greater complexity from the point of view of natural lighting
examined in this study. It has windows in 60% of its perimeter; the main ones are facing east and are
unprotected from sunlight.
The modelling of the room was done in the models Sketchup 8 and RADIANCE. A measuring plane
corresponds with the south wall of HALL 1. A room divider, classified as a medium sensitivity artifact, is
exhibited in HALL 1 (Figure 2).

Fig. 2: Left: Sketch-up model; Right: Hall 1

It is expected of this methodology that we provide the ability to predict the behavior of the building based on
the envelope, thus to know the consequences of variations in it. There are five scenarios studied in this work,
related with the openings facing east.
• The first is the current situation; windows have a common glass with a transmittance of 82%.
• The second is the use of a gray glass with a reduce transmittance, of 39%.
• The third is the addition to the common glass window of an awning and exterior protection.
• The fourth experimented with placing a sheet of perforated vinyl 45% on ordinary glass.
• Finally the current situation i.e. the use of artificial lighting of the room.
For the last scenario were incorporated eleven 53W halogen lamps located inside the chandelier luminaire
(Figure 3).

Fig. 3: Chandelier in Hall 1 Left: Radiance Simulation; Right: Picture

The reason for choosing the two first scenarios is that they allow us to become aware of the current situation
of the room. The remaining three are part of the efforts to contribute through simulation methods by
experimenting with simple, rapid and less costly interventions.
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From the study it is possible to extract the values of radiation on the calculation plane at each point
conceived as virtual photocells. Thus, you can observe the current situation in which maximum radiation
values close to 45000 Watt / m² per year accumulated on a point in the plane of measurement for a natural
lighting situation, and 55000 Watt / m² for the situation presented by the combined effect of natural and
artificial lighting (Table 1).
By replacing window glass with of similar thickness glass but in grey color, with 39% transmittance, a large
decrease in the amount of accumulated energy is observed on the plane hovering around 50%.
For the case of the sheet, the interpretation is made from an overall average resulting from the relationship
between the area covered by the window and the open area; allowing for a reduction of annual accumulated
radiation values of approximately 30%.
For the scenario of micro perforated vinyl glazed sheet on the windows´ glazing, values were similar to that
obtained in calculation with external protection (canopies) reducing the radiation and illuminance values by
almost 30%.
Extracting the recommendations on the measuring plane, one can determine different areas with different
possibilities of exhibition, i.e. the areas that do not meet the values of lux-hours/per year eligible for certain
objects and therefore becoming restricted areas for them.
The methodology allowed us to determine the possibility of extending the range of display for varying
elements of the envelope, in this case the glass.
It also allowed us the possibility of performing calculations taking in account the use of artificial lighting
currently installed in the room during museum opening hours.
Table 1 shows the comparative results for the five variations simultaneously; making clear both the
efficiency of the use of awnings and replace existing ordinary glass by one of reduced transmittance.
Table 1: Influence of different alternatives of glazing and shading on exhibition areas

5. Conclusions
With this methodology it is possible to adequately reproduce the current situation of the building and predict
the effects of possible changes. From the results obtained for the measurement plane it can be considered that
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the current situation of the building has no proper conditions for the display of objects of high, medium and
low sensitivity. Moreover, the addition of artificial lighting in the simulation helps to raise both illuminance
values and radiation, bringing the measurement plane to a critical situation in which only insensitive
elements could be exposed. While the contribution of artificial lighting provides higher values on the plane,
this contribution is not as significant as expected, since only tends to increase the values by 7%.
By replacing the glass with that of reduced transmittance a noticeable improvement in the values were
obtained, bringing them, towards the eligibility with the CIE (International Commission on Illumination)
rules on the display of objects considered of low sensitivity. The incorporation of external protection
contributes to the reduction of the values but less than expected as they reduce the exposed area of the
window.
The addition of micro perforated vinyl proved highly effective at reducing the time of daylight access
through the window, lowering photosensitive damage inside the room. This has the advantage of being a
lower cost alternative, less invasive and requires low-skilled labor to be used.
This same study performed in all the rooms will permit development of a display scheme that is based on the
behaviour of the envelopes and informing the curators how to organize the space considering the sensitivity
of each object and the space available for it.
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Abstract
The term sustainable development means the development where all four aspects are equally balanced:
health, environmental, social and economic. Despite the fact that the term has been in existence for almost
three decades (WCED, 1987), wrong definitions are still in use, where only one aspect of development is
well considered, while others are ignored. Additionally, methods for the evaluation of sustainability aspects
of buildings are for the moment scarce. The purpose of this study is to upgrade the developed methodology
(Dovjak and Krainer, 2013) to evaluate sustainability aspects of daylighting in buildings with the main
emphasis on health. The method was upgraded according to the specifics of real treated cases. Based on the
evaluation, the problems are identified and recommendations are designed. The main problems relate to
legislation, especially on the level of criteria for non-visual effects on well-being. Recommendations include
step-by-step activities important for building renovations: legislation, concepts of bioclimatic designbuilding/systems, active spaces, occupant awareness.
Key-words: assessment, daylighting, sustainability, recommendations

1. Introduction
The term sustainable development was defined by Brundtland Report in 1987 and by the UN Conference on
Environment and Development in Rio de Janeiro in 1992 (WCED, 1987). It means the development where
all four aspects are equally balanced: health, environmental, social and economic. Despite the fact that the
term has been in existence for almost three decades, generally only one-sided energy/economy aspects are
well considered while others are intentionally or unintentionally ignored. There are currently no standardized
processes, which would enable the development of sustainable building concepts. Additionally, methods for
the design and evaluation of sustainability aspects are for the moment scarce. However, Dovjak and Krainer
(2013) developed a methodology for the design of sustainable building concepts, where all four aspects of
sustainable development are equally balanced. It was developed on the basis of engineering principles by
Morris Asimow (Asimow, 1962). The purpose of this study is to show the application of the developed
methodology (Dovjak and Krainer, 2013) to evaluate sustainability aspects of daylighting in buildings.
Based on the evaluation, the problems are identified, and recommendations for future improvements are
defined. Assessment of sustainability aspects of daylighting in buildings presents an important step towards
building renovations, required by EU Directives (Directive 2012/27/EU).

2. Method
Regarding the purpose of our study, the methodology for the design of sustainable building concepts was
used (Dovjak and Krainer, 2013). The methodology enables the design of products (i.e. buildings,
constructional products) on the basis of defined step-by-step activities (Fig.1). It starts with basic need
identification, and continues with feasibility study, concepts of basic design, detailed design, planning for
production, consumption and ends with waste management. Upgrading is focused on four steps: Step 1 Analysis of real-state conditions, Step 2 - Definition of sustainable indicators, Step 3 - Definition of goals
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and targets, and Step 4 - Final Assessment. The steps cover the whole life cycle of the building. The method
was upgraded according to the specifics of real treated cases. The main emphasis is on four steps of the
upgraded methodology (Fig. 1).

Fig. 1: Basic framework of the upgraded methodology (white–original phases, grey–further upgrading)

3. Results
3.1. Results on comprehensive literature review (Step 1)
Step 1 presents the analysis of real-state conditions, where statistical data, case studies, real-time
measurements and simulations are reviewed. In the framework of Step 1, a comprehensive literature review
was carried out studying social, environmental, health and economic aspects of various buildings (i.e. office,
educational, health care facilities, industrial, retail, others). We searched two bibliographic databases
(Science Direct and Pub Med) for peer-reviewed publications from 1928 to 2014. The key-words were
written in English. Titles, abstracts or both, of all articles, were reviewed to assess their relevance. We also
reviewed reports, guidelines, legislation, ISO standards, manuals, handbooks and other relevant documents.
Data of the analysis of real-state conditions were organized into databank (Fig. 2).

Fig. 2: Example of state-of-the-art analyses of sustainable aspects of daylighting in buildings: cutting for the databank
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Health aspects: Positive influences of daylighting (DL) on well-being have been researched since 1950s.
DL has two important effects on the human body: visual and non-visual. Fist studies were concerned with
visual effects (i.e. reduced eyestrain, Robbins, 1986) and psychological benefits of DL (i.e. improved mood,
Heerwagen, 1986). The physiological mechanisms of non-visual effects were fully explained with the
discovery of the third photoreceptor cells by David Berson (Berson et al., 2002). Since 2002, studies have
been focused mainly on non-visual effects of DL. Non-visual effects include direct or non-circadian effects,
indirect or circadian effects, effects on skin (vitamin D synthesis, skin tanning, dissociation of bilirubin) and
other unexplored effects. Non-visual effects depend on intensity, spectral distribution and time exposure (van
Bommel, 2006). Vice versa, the visual effect depends on intensity, contrast, colour, spectral distribution,
surface and time distribution. Visual and non-visual effects are in constant interaction (Goodman et al.,
2006). Non-visual or circadian effects are related with the functioning of more than 100 body functions that
have circadian rhythms, i.e. regulation of body core temperature, heart frequency and arterial pressure
(alertness, sleep), hormone secretion (levels of melatonin), urine production, cortex activity, hunger,
locomotor activity, etc.. Direct or non-circadian effects are stimulative effects that result in direct activation
of the human body, increase of productivity, work motivation, decrease of workplace accidents (Hadlow et
al., 2014; Modesti et al., 2013).
Current studies demonstrate positive impact of DL in office environment, educational institutions, retail
environment, health care facilities and also in prisons. Nicklas and Bailey (1997) performed an analysis of
the performance of students in daylighted schools. They compared two groups of students from elementary
schools in Alberta, Canada: the 1st group attending a school with full-spectrum light, the 2nd group attending
a similar school with normal lighting conditions. The results showed that the 1st group of students were
healthier and attended school 3.2 to 3.8 days more per year; full-spectrum light induced more positive moods
in students. Because of the additional vitamin D received by the students in the 1st group, they had 9 times
less dental decay and growth in height 2.1 cm more than students in the 2nd group.
Health benefits of DL have also been demonstrated in healthcare facilities. Benedetti et al. (2001)
investigated the effect of direct sunlight in the morning on the length of hospitalization of bipolar depressed
patients. The length of hospitalization was recorded for a sample of 415 unipolar and 187 bipolar depressed
patients, assigned to rooms with eastern or western windows. Bipolar patients exposed to direct sunlight in
the morning had a mean 3.67-day shorter hospital stay than patients in western rooms. No effect was found
in unipolar patients. Similar study was performed by Beauchemin and Hays (1996). Patients in sunny rooms
had an average stay of 16.9 days compared to 19.5 days for those in dull rooms, i.e. a difference of 2.6 days
(15%). Heerwagen (1986) found out that patients with a tree view had a better post-surgical recovery, while
patients in the same hospital with a view of a brick wall stayed longer, took more narcotic analgesics, and
had more post-surgical complications. Choi et al. (2012) studied the effect of DL on patients’ average length
of stay, they compared different orientations of patient rooms in each ward of the general hospital in
Incheon, Korea. The results showed shorter hospital stay by 16 to 41% in certain wards with optimal daylight
conditions (Choi et al., 2012).
DL has an important role also in curative and preventive medicine. Terman et al. (1986) claimed that
improved interior lighting could alleviate the common subclinical problems in the population at large such as
oversleeping, overeating, energy loss, and work disturbance. Light can help cure rickets, osteomalacia and
Seasonal Affective Disorder (SAD). Lack of DL in built environment has adverse health effects on human
health and their determinants.
Social aspects: DL has been associated with improved mood and enhanced morale (Robbins, 1986). Clark
and Watson (1988) found out that negative moods are associated with discomfort and distraction, whereas
positive moods are associated with the physical setting at work and daily activities such as social interactions
among employees, which often results in higher absenteeism rate. Markussen and Røed (2014) examined the
impact of hours of daylight on sick-leave absences among workers in Norway. They found out that each
additional hour of daylight increases the daily entry rate to absenteeism by 0.5 % and the corresponding
recovery rate by 0.8 %, ceteris paribus. The overall relationship between absenteeism and daylight hours was
negative. Nicklas and Bailey (1997) investigated the relationships between elementary and middle school
student performance in North Carolina and natural daylighting. The results showed that the students who
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attended daylighted schools outperformed those who were attending non-daylighted schools by 5 to 14 %.
Moreover, children under electric lights all day show decreased mental capabilities, agitated physical
behaviour, and fatigue (Hathaway et al., 1992).
Economic aspects: Economic benefits of DL were analysed especially in office environment, resulted from
the increased productivity. Romm and Browning (1994) illustrated the relationship between cost per
employee and average cost per square foot by estimating the savings for any commercial building lighting
retrofit. An approximately 1% gain in productivity is equivalent to the entire annual energy cost. Every 1%
gain in productivity is worth $500 per employee ($50,000 salary times 1%), or $1.5 million ($500 times
3,000 employees) per year (Thayer , 1995).
Similar conclusions can also be made for educational environment, due to health benefits with decreased
number of absence days. Hathaway et al. (1992) revealed that on the basis of the daily educational
expenditure per pupil in 1984-85 ($21.42 per pupil space per day) and with a difference of 9.49 days of
absence per year for students under different lighting systems, the cost of having these spaces vacant because
of these absences amounts to $203.28 per pupil per year (i.e., an average expenditure of $203.28 was made
to provide a pupil space which was not used). On the basis of reduced dental cavities, a further saving was
calculated at $115.75 per pupil per year. These benefits total $320.03 per pupil per year.
Environmental aspects: Studies on environmental benefits of DL are scarce. Jenkins and Newborough
(2007) calculated annual energy savings for lighting and CO2 emissions by changing the lighting for a typical
6-storey office building. Jenkins and Newborough (2007) showed that annual energy savings for lighting of
56–62% and a reduction in CO2 emissions of nearly 3 tonnes are predicted by changing the lighting and
daylighting specifications for a defined “2005” scenario to those of a low-carbon “2030” scenario. The
associated reduction in peak lighting-load, and hence heat gain due to lighting, is 3 W/m2.

3.2. Definition of sustainable indicators (Step 2)

Fig. 3: Selected health indicators

Fig. 4: Selected economic, social and environmental indicators
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In Step 2, sustainable indicators are defined for all aspects of sustainable development. The results of Step 2
present the basis for further definition of goals and final assessment. They are used to guide our decisions
and actions at all hierarchical levels. The selected indicators are presented in Figures 3 and 4.
3.3. Definition of goals (Step 3)
Goals and targets that are measurable and identifiable are defined on the basis of real-state conditions,
national and international legislation (Step 3). Regulation (EU) No 305/2011 of the European Parliament and
of the Council of 9 March 2011 laying down harmonised conditions for the marketing of construction
products and repealing Council Directive 89/106/EEC states that the construction works as a whole and in
their separate parts must be fit for their intended use, taking into account in particular the health and safety of
persons involved throughout the life cycle of the works. One of the main issues of the Regulation are health
and sustainability that are explicitly defined in basic requirements No.3, Hygiene, health and the
environment and No.7, Sustainable use of natural resources. The Regulation shall be binding in its entirety
and directly applicable in all Member States, and harmonized with their horizontal and vertical legal
framework.
Regulations, standards, guidelines and recommendations in the field of natural daylight in living
environment define only the criteria for the execution of visual tasks on the level of working height. As a
stimulus of positive non-visual biological effects of natural daylight on building occupants, i.e. human
beings, different intensity and spectral composition of natural daylight is required. And moreover, it includes
the component on the level of human eye. Demands for sufficient qualitative visual perception differ from
the demands for performing of visual tasks.

3.4. Evaluation (Step 4)
Step 4 presents the final assessment of daylight in buildings, where all sustainability aspects are evaluated.
Based on the evaluation, the problems are identified, and recommendations for future improvements are
defined. Problems were identified especially on the level of legislation, where the criteria for non-visual
effects on well-being are not defined. Recommendations include step-by-step activities important for
building renovations: legislation, concepts of bioclimatic design-building/systems, active spaces, occupant
awareness.
x Legislation: Implementation of Regulation EU 305/2011 and its basic requirements No.3 (Hygiene,
health and the environment), No.6 (Energy economy and heat retention) and No.7 (Sustainable use of
natural resources) into national legislation. Requirement with defined qualitative and quantitative
parameters for non-visual effect of DL should be defined. Implementation of national requirements in the
field of building and systems; definition of specific requirements according to building types and
individual users.
x Building design: based on the concept of bioclimatic design, starting on the specific location;
optimal orientation, arrangement of active spaces, according to the purpose, health and energetic issues.
Building envelope: thermally well insulated, optimal position and surface area of transparent/nontransparent parts; effective prevention against overcooling, overheating problems.
x Constructional complexes: Optimal thermal conductivity, minimized impact of thermal bridges,
active regulation of surface temperatures, protection against mould growth, control of building air
tightness. Transparent parts of building envelope: optimization between thermal conductivity and visible
transmittance. Optimal orientation of building according to the purpose of active spaces, attaining overall
comfort, health and energetic issues.
x Integral approach for DL design: starting with the analysis of building location, building envelope
insolation, openings, organisation of active spaces (hierarchy, ergonomic issues), DL control, efficiency
analyses, final selection of materials. Introduction of ergonomic principles into living and working
environment, quality and quantity aspects of DL for visual an non-visual effects on well-being.
x Overall efficiency of HVAC systems that supports health and thermal comfort of individual users,
application of low-temperature H, high-temperature C systems, regulation of microclimate parameters for
individual user. Energy efficiency of all systems. Easily accessible, periodical maintenance, inspection
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and replacement of old systems. More functional decentralised control systems with individualisation of
active spaces: monitoring, reporting errors, and optimizing performance.
x

Education and training of all employees.
4. Conclusions

Identification of health, social, economic and environmental benefits of DL in buildings is of key
importance for the design of sustainable buildings. The goal in the strategy of building design is the
attainment of health and comfort conditions and to meet Maslow` needs (Maslow, 1943). On the path
towards “healthy” building renovations, holistic strategy should be well implemented. It includes step-bystep activities on the level of legislation, concepts of bioclimatic design-building/systems, active spaces,
occupant awareness. Legislation should include all criteria for non-visual effects on well-being. DL should
present the main guide on all stages of building design. Moreover, more educational activities should be
performed, focused on physiological and psychological benefits of DL.
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Abstract
Upcoming trends in implementing complex façade systems in the modern architecture of office buildings
requires the development of improved methods and validation tools for planning and engineering purposes.
For a detailed modeling of complex fenestration systems (CFS) within dynamic thermal simulation tools like
TRNSYS17 and EnergyPlus8.0, models based on bi-directional scattering distribution functions (BSDF) are
available. Thus, in combination with the well-established software tool WINDOW7 from LBNL, a flexible
implementation of different glazing systems including blinds and other shading layers is possible. This paper
shows the theoretical concept of CFS modeling including BSDF-data by a new model, which is implemented
as beta-version in the multizone building model (Type 56) of TRNSYS17. In cooperation, static validations
of the new model with WINDOW7 by comparative simulations under varying system parameters were
worked out. Ongoing improvements on the CFS modeling algorithms during the validation process are
described in this work. In addition, the TRNSYS model was compared to the validated BSDF model of
Energy Plus8.0 under varying boundary conditions. The results of the TRNSYS model show excellent
accordance with WINDOW7 under static conditions after optimization. The comparison to Energy Plus 8.0
show slight deviations which result from non-steady boundary conditions. The actual models based on BSDF
data allow a complete modeling of daylight deflecting systems for the optical properties, but show still
limitations in flexible thermal algorithms especially for complex blind geometries.
1. Introduction
The use of complex façade systems offers a high potential in energy savings compared to the state of the art
shading systems mainly installed in the commercial building stock. Especially for office buildings lightredirecting systems allow an improvement of both, visual and thermal comfort. Former research work
showed a significant potential in reduction of artificial lighting due to higher workplace luminance by
daylighting. Furthermore a reduced solar gain in summer season through transparent facades and energy
efficient shading control leads in a significant reduction of the cooling energy demand.
To fulfill these requirements in planning, a detailed numerical method for a coupled thermal and lighting
simulation of complex façade systems with integrated daylight deflecting (specular) systems is worked out
on the national research project lightSIMheat, funded by the Austrian Research Agency (FFG).
An inquiry on existing research work and modeling approaches present the concept and state of the art in
CFS modeling. In more detail the modeling approach with integrated BSDF data for shortwave radiation
treatment and algorithms based on ISO 15099 standard (ISO 15099, 2003) for thermal calculation is
introduced. Based on these concept a simulation model was by (Schöttl 2013) lately and has been integrated
in the multizone building model of TRNSYS (Hiller and Schöttl 2014). This model is tested and validated as
beta-version for research purposes in lightSIMheat. Based on the results modeling improvements as well as
necessary extensions for the simulation of daylight deflecting systems are discussed and will built the basis
for ongoing work in the research project.
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Nomenclature
Effective emissivity, front (f) / back (b)
Slat material emissivity, front (f) / back (b)
Solar heat gain coefficient
Near infrared radiation
Far-infrared radiation
Temperature surface inside
Temperature surface outside

Symbol
İeff,f / İeff,b
İslat,f / İslat,b
SHGC
IR
FIR
TSI
TSO

Nomenclature
Transmittance
Reflectance
Radiosity from surface k
Temperature in surface k
Heat flux
Irradiance on surface k
View factor from surface p to q

Symbol
Ĳ
r
Jk
Tk
q
Ek
F pÆ q

2. Overview on CFS modeling research
Compared to conventional glazing systems, CFS including a shading layer (venetian blinds, screens or
woven shades) shows a bidirectional scattering of the radiation striking the shading layer. Several
investigations were already done in the modeling of venetian blinds incorporating with glazing layers.
Due to the high flexibility of the system setup of CFS and the interconnection of the occurring physical
phenomena, (e.g. radiative heat exchange, natural or forcing convection, conduction) the modeling of optical
and thermal properties of such a system is very complex. Beside them blind surface properties (diffuse
reflective or specular reflection) as well as their geometry (planar, curved, or multi-curved) extend the
variations in modeling purposes.
Decreasing high efforts in modeling and providing detailed product data as simulation input, major
simplifications were realized in previous simulations by treating the amount of shaded solar fraction by a
constant percentage representing the blocked sun radiation (shading factor). Occurring radiation exchange
between glazing and blind and blinds itself were neglected. As these processes have considerable effects on
the amount of absorbed solar radiation in the different layers and their temperatures, it is obviously decisive
for exact calculation of heating and cooling demand as well as comfort situation in a room.
An initial work was done by (Parmelee and Aubele 1956) in compiling first analytical expressions to model
the transmittance and absorptance of venetian blinds. Based on these work further improvements presented
in studies by (Pfrommer et.al. 1996) and Rosenfeld (Rosenfeld et al. 2001) in deriving an analytical model
out from geometrical and physical properties of the shading system to characterize the solar radiation
transport. All models mentioned above implied simplifications by (i) neglect the slat thickness, (ii) assume
flat and opaque slats and (iii) define the optical characteristic of the slat surface as ideal diffusing.
Further investigations in improving geometrical modeling details were done by (Tzempelikos 2008) and later
also by (Chaiyapinunt and Worasinchai 2009) incorporating a curved blinds geometry. (Rosenfeld et al.
2001) firstly developed an improved model inspired by the observation that the behavior of lamella
reflectance is highly anisotropic and is strongly peaked about the specular direction.
Detailed numerical analysis was investigated by (Collins et al. 2009) in determining the complex behavior of
convective heat transfer with between-the-glass louvered shades and deriving an appropriate physical model.
To quantify the longwave radiation exchange between the layers and blinds all models above are based on
the layer-by-layer radiosity-approach.
Several modeling studies with strong focus on modeling simplification were presented by (Kuhn et al. 2011)
respectively (Yahoda and Wright 2005), (Yahoda et al. 2004), (Wright 2008) in order to decrease data and
simulation efforts. Former developed a semi-analytical model only based on the bi-directional heat transfer
coefficient and transmission values, second presented in several works a new method in quantifying the
convective and radiant heat transfer of multilayer-systems using a flexible resistor network.
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3. Optical and thermal modeling with BSDF data and ISO 15099 algorithms
3.1. Modelling algorithms of ISO 15099
For glazing systems without shading devices a one-dimensional dependency of the SHGC is enough. For an
accurate modeling of a complex glazing system including a shading layer, the solar heat gain coefficient
(SHGC) has to be defined in a two-dimensional dependency of the incoming solar angle.

Figure 1: Optical and thermal modeling of CFS according to (ISO 15099 standard 2003)

The ISO 15099 standard specifies detailed calculation procedures (partly based on above mentioned works)
determining the optical properties and thermal transmission properties of a glazing system incorporating with
a shading layer. Both, transmitted solar radiation depending on optical surface properties and the thermal
driven radiosity balance depending on solar-thermal properties, determines the overall energy transmittance
of the CFS, usually defined as solar heat gain coefficient (SHGC).
Based on the established concept of a layer-by-layer calculation for glazing systems (Fig. 1 right), the
ISO15099 standard is an enhancement of this method to be adaptable also for CFS with a discretized
venetian blind model. Depending on slat geometry and optical properties, bi-directional transmission- and
reflection values of the shading layer are calculated by an optical slat model, which is based on the radiosity
exchange by view-factors.
Transmitted and reflected radiation (Fig. 1, left) is subdivided in a direct-direct component (Ĳdir, dir), which
doesn’t strike the slat surface, a direct –diffuse component (Ĳdir, dif / rdir, dif), which strikes the slat surface and
is reflected ideal diffuse and a diffuse-diffuse component (Ĳdir, dif / rdir, dif). Radiation which is neither
transmitted, nor reflected, is the part which is absorbed in the slat material. It will be stored as thermal energy
in the different layers which occurs in a rise of the layer temperature and serves as a source term for the
radiosity-balance in a second step. Due to ideal diffuse characteristics of the infrared radiation part, it can be
modeled identical to the diffuse shortwave radiation part.
Compared to glazing layers, shading layers are also semi-transparent for IR/FIR radiation exchange as well
for thermal driven air-interchange within the gaps next to the shading layer. The convective behavior of the
slats is modeled by a complex pressure-difference model including an openness fraction, which describes the
hole-area depending on slat geometry and slat angle. The optical algorithms of the optical blind model are
mainly restricted to conventional raffstores with standard geometries like planar or curved blinds and ideal
diffusely reflective surfaces. For an accurate modeling of more complex shading systems with flexible
geometries or specular surfaces the optical blind model has to be replaced by shading layer defined with precalculated BSDF data.
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3.2. Optical modeling with BSDF data
The method of BSDF (bi-directional scattering distribution functions) was introduced by (Klems 1994) and
describes a flexible method to calculate the bi-directional solar transmission of a CFS by simple matrix
multiplications. In discretizing the hemisphere at the front and the back side of the CFS-layer into 145 areas
(Fig. 3), a detailed specification of the optical properties of each layer depending on azimuth and zenith
angle is possible. Due to the matrix-layout, the overall properties of the CFS are calculated by a matrix-layer
calculation. The BSDF dataset contains 145 outgoing values in overall transmission and reflection of the
CFS for each of the 145 ingoing values at the CFS. This method fully displaces the optical blind model.
The modeling algorithms in the ISO 15099 are restricted to blinds with ideal diffuse reflecting surfaces.
Concerning daylight deflecting systems including specular surfaces the optical behavior can’t be modeled
accurate enough by using the optical slat model (Rosenfeld et al. 2001). By replacing the analytical model
calculation with a pre-calculated BSDF, generated by ray-tracing or measurement technique, the part of
optical modeling can be fulfilled as the algorithms consider specular reflection.

Figure 2: Optical modeling with BSDF data (Schöttl 2013)

3.3. Thermal modelling of diffuse and specular blinds with effective layer properties
For the FIR radiation exchange within the different CFS layers, the emissivity of the surrounding surfaces is
deterministic. In case of a venetian blind the effective emissivity (equivalent value perpendicular to the
shading layer), which is in relevance for the thermal radiation exchange within the glazing layers next to,
differs from the material emissivity of the slat surface and depends on slat geometry (planar or curved)
respectively slat angle. By calculating the view factor within a slat cavity as shown in Figure 4, the effective
emissivity for a fictive surface 1 (back side of slat) and surface 3 (front side of slat) can be calculated due to
following formulations. In Table 1, this is exemplarily done for a planar slat (Venetian_B45) defined as a
standard blind in the WINDOW shading library. The result from view factor calculation by eq.1 and eq.2
shows good agreement as shown with the internal calculations in WINDOW (İeff,f, İeff,b = 0,729).

ߝǡ ൌ  ߝ௦௧ǡ ܨ כሾ͵ǡʹሿ  ߝ௦௧ǡ ܨ כሾ͵ǡͶሿ ൌ Ͳǡͻ Ͳ כǤͲͺ͵  Ͳǡͻ Ͳ כǤͻʹͳ ൌ ͲǡͲͲ (eq.1)
ߝǡ ൌ  ߝ௦௧ǡ ܨ כሾͳǡͶሿ  ߝ௦௧ǡ ܨ כሾͳǡʹሿ ൌ Ͳǡͻ Ͳ כǤͻʹͳ  Ͳǡͻ Ͳ כǤͲͺ͵ ൌ ͲǡͲͲ (eq. 2)
Beside the emissivity also the value for IR transparency is dependent on the radiosity exchange within the
surfaces surrounding the slat cavity. Therefore it is also depending on the view factor of surface 3 Æ 1 (front
infrared transmittance) and surface 1 Æ 3 (back infrared transmittance). Both calculations shown by eq.5
were compared to results documented in the ISO 15099 and show a good accordance.
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(eq. 3)
(eq. 4)
Figure 3: Discretized slat cavity model with radiosity balance based on View factors (ISO 15099 standard 2003)

Table 1: View factors (F) for diffuse reflecting slat in Figure 3 calculated with software View3D

Surface 1
Area

0.012

Surface 2 Surface 3 Surface 4

Surface 5

Surface 6

0.016

0.012

0.016

0.0001358

0.0001358

Sum

0.08637

0.21664
0.519118

0.002418

1.0

0.064774

0.69216
0.41125

0.002418

Surface 2

0.002429

0.002429

1.0

Surface 3

0.21664 0.692157
0.086366
0.519118 0.41125 0.064774

0.002418

0.002418

1.0

0.002429

0.002429

1.0

0.000043

1.0

Surface 1

Surface 4
Surface 5

0.21372 0.286259

0.21372 0.286259

Surface 6

0.21372 0.286259

0.21372 0.286259

Emissivity

0.84

0.9

0.84

߬ூோǡ ൌ ߬ூோǡ ൌ ܨሺͳǡ͵ሻ ൌ ܨሺ͵ǡͳሻ ൌ Ͳǡʹͳ

0.9

0.000043
0.999

߬ூோǡூௌைଵହଽଽ ൌ Ͳǡʹʹ

1.0
0.999

(eq. 5)

As also longwave radiation belongs to the physical phenomena of specular reflection, in contrary to diffuse
reflecting blinds the thermal radiation modeling for specular blind surfaces has to be done separately for the
near-infrared (IR) and far-infrared (FIR) range. Despite to the IR radiation part, which is included in the solar
spectrum and therefore directed radiated from the sun, the FIR radiation part belongs to the thermal radiation
from surrounding surfaces (ground, neighbor facades), which has a diffuse characteristic due to emitted
radiation. While IR-radiation strikes a specular surface, it will be reflected specular, which should be
considered in WINDOW data by modeling with the optical BSDF within the solar spectrum including visible
and near-infrared. After striking a diffuse surface (e.g. bottom surface of a slat) IR will be diffusely reflected
or absorbed and diffusely emitted. Due to a high reflective part of specular surfaces less radiation will be
absorbed in the blind compared to blinds with diffuse reflecting surface and higher absorption. Therefore
higher slat temperatures can be expected at diffuse blind systems which can have particular effect on the
convective circulation in the slat gap.
Exact modeling of the effect of convective circulation in the slat gap is a difficult task and still under
research (Collins et al. 2009). The ISO 15099 offers a quite complex pressure drop algorithm to consider the
thermal driven convection occurring in the gap between the glazing layer and the shading as well as between
the two slats itself. Depending on slat angle and slat geometry the effective openness factor, which describes
the ratio of slat area to overall window area, can theoretically change between 0 and 1. An exact description
of the algorithm behind is still missing and under research. Furthermore an additional thermal model named
“Convective Scalar” is implemented in WINDOW to consider this effect of convective circulation within the
slat gap.
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1. Comparative simulations: WINDOW7 – TRNSYS17 – EnergyPlus8.0
4.1. Static validations: TRNSYS 17 BSDF – WINDOW7
The algorithms from ISO 15099 standard as well as the BSDF method are fully implemented in WINDOW7.
For a first validation the new implemented BSDF model in TRNSYS is compared against static calculations
results from WINDOW7. A reference room with adiabatic envelope and ideal heating and cooling according
to boundary conditions by the National Fenestration Rating Council (NFRC) in Table 2 is modeled. For the
evaluation of the layer temperatures as well as the SHGC summer conditions are valid. The U-value
calculation is done under winter conditions mentioned in brackets.
Table 2: NFRC summer (SHGC) and winter (U-value) boundary conditions for static simulations

outside

inside

Air temperature

32°C (-18°C)

24°C (21°C)

Radiation temperature

32°C (-18°C)

24°C (21°C)

783 W/m² (0 W/m²)

-

2.75 m/s (5.5 m/s)

-

1

1

Incident radiation
Wind speed
Effective emissivity

For the static validation 3 conventional systems (System 1-3) with standard components from the internal
WINDOW7 library and one daylight deflecting system modeled by external BSDF data (System 4) are
defined. In Table 3 the layer setup is shown starting with the outer layer (1) and ending with the inner layer
(5). Layer 2/4 is representing the gas fillings.

1
2
3
4
5
Clear Glass
Argon/Air (90/10%)
BSDF
Argon/Air (90/10%)
Clear Glass
103
9
X
9
103

SYSTEM 4

1
2
3
4
5
Venetian blind 45deg
Air (100%)
Clear Glass
Argon/Air (90/10%)
Clear Glass
30
1
103
9

SYSTEM 3

1
2
3
4
5
Clear Glass
Argon/Air (90/10%)
Venetian blind 45deg
Argon/Air (90/10%)
Clear Glass
103
9
30
9
103

SYSTEM 2

Clear Glass
Argon/Air (90/10%)
Clear Glass
Argon/Air (90/10%)
Clear Glass
103
9
103
9
103

1
2
3
4
5

SYSTEM 1
ID

L

Table 3: System definition for static validation

Table 4: Specification of the conventional venetian blind in System 2 and 3

System 2/ 3

System 4

Slat width

76.2 mm

53.0 mm

Spacing

57.2 mm

50.0 mm

Slat thickness

53.9 mm

37.7 mm

6 mm

9 mm

45°

45°

Slat material

ID31100

BSDF

Material emissivity (f/b)

0.9 / 0.9

0.04 / 0.9

Rise
Tilt angle

Figure 4: Definition of blind geometry

By varying the slat angle for System2 (interior shading) between fully open (00_deg) and fully closed
(90_deg) the effective IR properties of the layer change. The values listen in Table 5 are taken from the
WINDOW debug file.
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Table 5: IR properties for the effective shading layer

System 2 and 3
Slat angle

System 4

0_deg

30_deg

45_deg

60_deg

90_deg

45_deg

IR transmittance

0.33554

0.28112

0.21577

0.13063

0.00070

0.30513

Effective emissivity, f

0.64171

0.68280

0.73482

0.80320

0.90526

0.31519

Effective emissivity, b

0.64171

0.69940

0.74393

0.81396

0.91345

0.63414

1

0.67

0.5

0.33

0

0.4

Eff. openness factor

4.2. Dynamic (“quasi-static”) validations: TRNSYS17 BSDF – ENERGY PLUS 8.0
While the static validation with WINDOW7 are strongly focused on validation of the modeling algorithms
itself, a comparison with the Energy Plus 8.0 model check the modeling capacity on dynamic influences at
the CFS modeling by coupling with variable environmental conditions including internal and external
radiation exchange. For the modeling of a CFS the simulation software Energy Plus 8.0 has implemented an
analytical modeling approach based on defining the blinds geometries as well as the possibility to import precalculated BSDF data from WINDOW for the optical modeling. The thermal modeling is also done
according to the ISO 15099 standard.
For the comparative simulations a reference room according to Table 6 is modeled. The geometry as a 3D
SketchUp-model according to Figure 5 was drawn and imported into TRNSYS17 and Energy Plus 8.0. All
surfaces are set to adiabatic except the south façade including the CFS, which is exposed to variable
environmental conditions depending on the variants table (Table 7). For the exterior wall a standard
construction with a U-value of 0,219W/m²K was defined, all boundary walls are modeled as massless layers.
The heat transfer coefficients of the walls and glazing are constant with 3,055 W/m²K inside respectively
17,778 W/m²K outside facing. The emissivity of the inner walls is set to 1 due to allow an ideal distribution
of the longwave radiation within the room.

Table 6: Definitions NFRC reference room

Dimension Room

10m x 10m x 5m

Dimension CFS

8m x 4m

Heating/Cooling

24°C

hc_in / hc_out

3,055 / 17,778W/m²K

Įsol_in / Įsol_out

0.5 / 0.5

İsol_in / İsol_out

1/1

Figure 5: 3D Sketch up model of NFRC reference room

TRNSYS17 and Energy Plus use in principal identical methods for internal and external radiation modeling,
which allows under certain boundary conditions a direct comparison of the simulation results. As it is
unfortunately not possible in Energy Plus to fix the incident solar angle on a certain value for static
simulation conditions, the model comparison was done by “quasi-static” simulations. Therefore one
exemplarily week in January with climate conditions of the location Innsbruck is fixed.
Both programs use the same climate date in the Energy Plus format (.epw). To quantify the influences of the
boundaries in CFS modeling, several variants by stepwise increase of dynamic environmental conditions,
shown in Table 7, are defined and evaluated.
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Table 7: Simulation variants for the quasi-static validation

Fixed values

variable values (from weather file)

Variant 1

Ta = 0°C / Tsky = 0°C

Isol

Variant 2

Tamb = 0°C

Isol / Tsky

Variant 3

Tsky = 0°C

Isol / Tamb

Variant 4

-

Isol / Tamb / Tsky

In both programs the external solar radiation on a tilted surface (direct and diffuse) is calculated by the Perez
model. Solar radiation passing the CFS strikes a certain interior wall surface depending on the incident solar
angle and will be absorbed depending on Įsol. The internal longwave radiation exchange is depending on
view factors between the inner surfaces, which are calculated based on the geometrical Sketch up model. To
ensure a similar treatment of the solar radiation, the values for the solar absorptance (Įsol) as well as the
longwave emission coefficient of inside and outside facing surfaces are set uniformly in both programs. Due
to modeling differences of the fictive sky temperature between both programs, the coefficient in both
programs is set to a constant value or the calculated values from Energy Plus 8.0 are also used in the
TRNSYS17 simulation. To keep the focus of influence on the radiation modeling, all other parameters like
infiltration, ventilation and internal gains are set to zero.
1. Results
5.1. Static validation results TRNSYS 17 BSDF – WINDOW7
In Table 8 absolute temperature values of the layers as well results for U-value and SHGC by WINDOW
(WIN) and TRNSYS (BSDF) are listed. High model accuracy for conventional systems (System 1-3) as well
as for light deflecting systems (System 4) with a high reflective surface can be shown. Differences in the gap
temperatures result from different modeling approaches, in which the results from TRNSYS seem to be more
realistic.
Table 8: Static results for all systems with slat angle of 45deg: WINDOW7 (WIN) - TRNSYS17-BSDF (BSDF)

Absolute values

System 1
WIN

BSDF

System 2
WIN

BSDF

System 3
WIN

BSDF

System 4
WIN

BSDF

Layer1, front

39.46

39.47

45.33

45.34

46.24

46.23

39.82

39.82

Layer1, back

40.00

40.01

46.50

46.50

46.24

46.27

40.36

40.37

Gap1

29.99

37.40

29.34

43.61

30.99

36.26

29.23

38.35

Layer2, front

45.29

45.29

66.49

66.48

38.39

38.40

50.10

50.11

Layer2, back

45.25

45.25

66.49

66.47

38.21

38.23

50.10

50.10

Gap2

27.46

42.65

28.28

56.42

31.75

36.26

27.87

45.20

Layer3, front

37.85

37.84

44.52

44.51

31.60

31.61

38.86

38.86

Layer3, back

37.40

37.40

43.60

43.61

31.32

31.33

38.35

38.35

U-value
NFRC=Winter

1.620

1.620

2.170

2.166

1.967

1.966

2.080

2.077

0.622

0.622

0.306

0.305

0.149

0.149

0.532

0.533

SHGC
NFRC=Summer

In Table 9 as result difference values between the WINDOW calculation and simulation results with the
TRNSYS17- BSDF model for variation of the slat angle is shown. By further modification of the model in
implementing effective layer properties (Table 5), the model show high accuracy also for different slat angles
and different material properties.
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Table 9: Result differences in static simulations between WINDOW7 and TRNSYS17_BSDF for varying slat angles

Differences
Temperatures

System_2
0deg

30deg

System_3

60deg

90deg

0deg

30deg

60deg

90deg

Layer1, front

0.01

0.01

0.00

0.01

-0.01

-0.01

0.00

0.01

Layer1, back

0.01

0.00

0.00

0.01

0.03

0.04

0.02

0.03

Layer2, front

0.01

0.01

0.01

0.01

0.02

0.01

0.01

-0.05

Layer2, back

0.01

0.00

0.01

0.01

0.01

0.02

0.01

-0.05

Layer3, front

0.00

0.00

0.01

0.00

0.00

0.01

0.00

-0.02

Layer3, back

0.00

0.00

0.01

0.01

0.01

0.00

0.00

0.02

Ucenter

-0.005

-0.004

-0.003

0.000

0.000

0.000

0.000

-0.001

SHGC

-0.003

0.001

-0.001

0.000

-0.001

-0.000

-0.001

0.000

5.2. Quasi-static validation results: TRNSYS17 BSDF vs. Energy Plus 8.0
For the first result all external and internal boundary conditions influencing the CFS modeling (ambient
temperature, sky temperature and convective heat gain coefficients) set to constant values (Variant 1).
Emission and Absorption values are set uniformly. The solar radiation is held as variable input from the
weather file as decisive parameter.

Figure 6: Quasi-static comparison results of System 2 with fixed boundaries (Variant 1)

In Figure 6 the trend of the inner glazing surface temperature (TSI, black graphs) and outer glazing surface
temperature (TSO, grey graphs) is shown for the first week in January. The solid lines describe the TRNSYS
results respectively the dashed line represents the results with Energy Plus. Due to fixed boundary conditions
in the first run the deviation tends to be constant at around 0 in times without incident radiation. Highest
differences are given during high incident radiation for both surface temperatures with around max. 0,5K.
Therefore also the absorbed solar energy in the layers of the CFS was evaluated. As it shows mostly perfect
agreement for diffuse blinds, varying boundary conditions can be mentioned as a reason.
In Figure 7 simulation results with variable simulation inputs for ambient temperature, fictive sky
temperature and incident solar radiation are plotted. The heat transfer coefficients are still fixed and identical
in both programs. In this case the surface temperature trends for the CFS shows again a very good
accordance except at times of high incident radiation. Deviation in times without incident radiation shows
dependencies of the temperature results in the longwave radiation exchange and thermal modeling.
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Figure 7: Quasi-static comparison results of System 2 with variable boundaries (Variant 4)

2. Conclusions
The comparative simulation results of the new implemented BSDF model in TRNSYS17 on a variety of
system definitions shows very good accuracy under static conditions as well as sufficient results for dynamic
boundary conditions. Although the overall results are satisfying, slightly differences in the results between
TRNSYS17 and EnergyPlus8.0 occur, which are also influenced by the non-steady boundary conditions.
Differences in the CFS layer temperatures as well as absorbed radiation amounts on the different inner wall
surfaces depending on the internal solar distribution have been determined at arguable values for
conventional systems, but still higher deviations for light redirecting systems, which results from a different
modeling. Beside this, also in terms of thermal modeling a detailed review on the algorithms and methods
concerning daylight deflecting systems will be subject for further studies in the project lightSIMheat.
Although, the actual models based on BSDF data allow already a very detailed and highly flexible modeling
of conventional as well as daylight deflecting systems.
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Summary
This work describes the daylighting and shading concept of the recently constructed “Energy Efficiency
Center”. There, an efficient utilization of natural lighting in the offices, corridors, function room and
technical center was realized by use of a translucent membrane roof with subjacent translucent aerogel
modules. Selectively coated solar blinds guide the visual spectrum of the sunlight into the rooms while
blocking the infrared parts. Roller blinds for glare protection with special low-e-coatings improve thermal
comfort in the office rooms. A high-level building automation system controls the different systems. The
goal was to minimize the energy consumption for artificial lighting and at the same time to minimize the
solar energy input into the rooms in summer while providing the highest possible thermal and visual comfort
to the users.
Keywords: Textile architecture; energy efficiency; shading; sun protection; membrane; daylighting, artificial
lighting; aerogel; g-value; U-value; transmittance; luminescence

1. The Energy Efficiency Center
The “Energy Efficiency Center” (EEC) is a combined office (1st floor) and laboratory (ground floor) building
with a function room and technical center attached to the north side. It is located in Würzburg, Germany, and
was finished in June 2013. The overall aim of the project was to create a reference building which
implements innovative techniques, serves demonstrational purposes, and sets new standards.
2. Lighting and shading concept
The goal of the lighting and shading concept is to minimize the energy consumption of the artificial lighting
system by maximizing the daylight input into the rooms while at the same time reducing the heating/cooling
loads by maximizing/minimizing the solar energy input into the rooms as applicable.
Fig. 1 shows the main building viewed from south-east. The main axis of the building runs east-west.

Fig. 1: Energy Efficiency Center viewed from south-east. Clearly visible is the textile roof with translucent PTFE-glass
membranes and partially transparent ETFE films.
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Most of the office rooms are located on the south side on the 1st floor. In the north side there are staircases
and lift, the library and two conference rooms as well as some office rooms. The basement mainly contains
laboratories. To the north an additional single-story part contains a function room and a technical center.
The roof of the main building consists of translucent PTFE-glass-membranes and partially of transparent
ETFE films. The membrane acts as a climate interlayer above the thermal insulation level, the ceiling of the
1st floor, which itself is partly transparent or translucent. The ceiling of the corridor in the 1st floor is glazed,
so it is naturally illuminated through the translucent and transparent membrane roof, see Fig. 2.

Fig. 2: Corridor in the 1st floor in east-to-west direction illuminated by daylight.

Part of the ceiling of the corridor and stairways is glazed with an aerogel glazing [Okalux, 2013]. The
ceilings of most of the office rooms contain a translucent double-skin-sheet filled with Lumira-aerogel
[Cabot, 2013] with a width of about 1 m located in the back of the room, thus enabling an additional
illumination of the room depth through the translucent roof (see Fig. 3).

Fig. 3: Translucent aerogel glazing in the stairways (left); Aerogel-filled double skin sheets in the office rooms (right).
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The roof of the single-story function room and technical center at the north consists partially of translucent,
double-layered, air filled PVC-membrane cushions with a glass fiber interlayer.
The sun protection system on the south façade consists of outside blinds with spectrally selective lamellae.
The solar reflectance of the lamellae in the visible spectral range is significantly higher than the reflectance
in the solar spectral range [Warema, 2008]. The result is a total solar energy transmittance which is lower
than that of non-selective lamellae with the same visual transmittance. Fig. 4 shows the geometry and the
cut-off-angle of these lamellae. The cut-off-angle is the angle to which the lamellae have to be closed in
order to prevent direct radiation to pass through the sun protection system depending on the solar height.
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Fig. 4: Geometry of the lamellae of the outside sun protection system (right). Cut-off-angle depending on the projected angle of
incidence on the façade (left).

On the east and west façade triple glazing with integrated lamellae was used for architectural reasons. On the
north façade no sun protection system is used. In order to limit the solar energy input through the north
façade a glazing with lower total solar energy transmittance was used there. Additionally, all rooms are
equipped with an inside glare protection system, a roller blind with a low-emissivity coating on the inner
surface to improve thermal comfort of the inhabitants.
The luminaries are switched and dimmed automatically based on combined occupancy and illuminance
sensors in each room.
Fig. 5 summarizes the different parts of the daylighting concept, Table 1 shows the thermal and optical
properties of the glazing and the translucent parts of the façade. As the roof acts as an climate interlayer the
solar and visual optical properties of the materials are important. The translucent part of the roof consists of a
PTFE-glass-membrane Type Sheerfill II with Everclean-Coating [Saint-Gobain, 2014]. The transparent part
consists of an ETFE-Film with a thickness of 250 μm printed with a hexagonal pattern with a pattern size of
9 mm and a print coverage ratio of 89%. Fig. 6 shows transmittance and reflectance of both materials in the
solar spectral range. The visual transmittance of the ETFE film and glass-PTFE membrane are 57% and
11%, respectively.
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Fig. 5: Daylighting concept of the Energy Efficiency Center (EEC).
Table 1: U-value (center of glass Ug and window Uw), total solar energy transmittance (g-value) and visual transmittance of
glazing and transparent roof and ceiling elements.

description

Ug [W/(m2K)]

Uw [W/(m2K)]

g

Ĳv

glazing (south façade)

0.6

0.9

0.47

0.72

glazing (east and west façade)

0.7

0.9

0.35

0.55

glazing (north façade)

0.7

0.9

0.27

0.55

aerogel double skin sheets(office ceiling)

0.7

0.8

0.39

0.20

aerogel glazing (corridor ceiling)

0.6

0.9

0.25

0.25

glazing (corridor ceiling)

0.6

0.9

0.27

0.55

PVC-membrane cushion (function room)

0.9

1.0

0.05

0.03

1.0

τ nh, ρ nh
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0.6
ETFE: τnh

ETFE: ρnh
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Glass-PTFE: ρnh
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Fig. 6: Spectral normal-hemispherical transmittance and reflectance of both parts of the roof: Printed ETFE film and glassPTFE membrane.
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C
of lighting and sun protection system
3. Control
Each room is equipped with a ceeiling-mounted combined occupancy and illuminance sensor. The occupancy
sensor selects a low-power modee for the room when nobody is present. This includes switching off the light
and opening or closing the exterrnal sun protection system depending on whether therre is heating or cooling
demand for the room. The sun prrotection system is opened when heating is necessary and nearly fully closed
when cooling is necessary.
When occupied, a default illum
minance level of 500 lx ([EN 12464-1, 2011] for offiice rooms) at the work
places is maintained using artifficial lighting. The position of the shading system depends
d
on the outside
illuminance on the respective faççade:
•

It is closed when an ouutside illuminance higher than 45 klx is reached for more than 30 seconds.
The lamellae angle is seet depending on the position of the sun and the heatingg or cooling demand of
the room. When heatingg demand is present the lamellae are closed a few degrees more than the cutoff-angle, which ensurees that no direct irradiation passes the sun protection syystem. When cooling is
needed the lamellae anggle is set to about 10° higher than the cut-off-angle or
o a minimum of about
20°, further reducing thee solar energy input to the room.
• It is opened when the ouutside illuminance is lower than 20 klx for more than 20
2 minutes.
• When the outside illum
minance is higher than 30 klx for more than 5 minuutes the sun protection
system is closed with a lamellae angle of 0°. The same state is reached wheen the system is closed
and the outside illuminaance is lower than 30 klx for more than 5 minutes.
The automatic settings for lighting and outside sun protection system can be overrruled by the user, the
system is reset to automatic modde after 30 minutes without occupancy in the room. Thhe roller blinds used as
inside glare protection are controolled manually.
4. Monitoring
Two office rooms at the south and
a north façade were equipped with some additional illuminance sensors at
the working surfaces and below the
t translucent part of the ceiling.

Fig. 7: Layout of a south-facing rooom (room 116, left) and north-facing room (room 125, right) eq
quipped with additional
illuminance sensors at
a the table surfaces and below the translucent (aerogel) part of the
t ceiling.
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Fig. 7 shows the layout of the rooms as well as the position of the individual sensors.
The south-facing room has four work places. The illuminance is measured at each work place on top of the
table as well as directly below the down-looking illuminance sensor used to control the luminaries in the
room. Additionally the horizontal illuminance directly below the translucent part of the ceiling was measured
(Sensors 6 and 11 in Fig. 7). At the chosen positions for these sensors – directly below the aerogel-filled
double skin sheet – the effect of the luminaries on the sensor signal is negligible. The north-facing room with
two work places was equipped with a similar setup.
Additionally the signal from the illuminance and occupancy-sensor, the control signal of the luminaries and
the height and angle of the outside sun protection system were measured. The inside glare protection system
was unused for all measurements shown, the artificial lighting and the sun protection systems were
controlled by the building automation system. The control signal of the luminaries is the percentage of full
output.
5. Results
5.1.

Translucent ceiling panels

Fig. 8 shows the illuminance below the translucent part of the ceiling in the south and north offices
depending on the global solar irradiance for a period in summer 2014. For the south room this illuminance is
approximately proportional to the global irradiance and peaks at about 2000 lx. The corresponding
illuminance for the north room is significantly higher and peaks at above 8000 lx. This is caused by direct
irradiation through the ETFE films above the corridor, which hits the translucent panels at the north side. As
the visual transmittance of the ETFE films is significantly higher than the transmittance of the glass-PTFEmembrane this yields higher light input through the translucent panels for the north rooms compared to the
south rooms. When comparing the illuminance Ev below the translucent part of the ceiling for overcast sky
(direct solar irradiance near zero) the values for the north- and south-oriented rooms are identical.
The translucent ceiling panels cause no glare problems because they are outside of the field of view of people
at the work places.
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Fig. 8: Illuminance Ev below the translucent part of the ceiling depending on the global irradiance G for a period in summer
2014 (july 18th to august 18th), one-hour averages.
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5.2.

Control of external shading and artificial lighting

Fig. 9 shows the illuminance inside the monitoring rooms measured by the combined occupancy and
illuminance-sensors, the control signal of the luminaries (in percent of the maximal light output) and the
global solar irradiance. Additionally the slat angle of the outside sun protection system in the south room is
shown at the times it is closed. The measurement was performed on a day with intermittent sunny and cloudy
periods, the rooms were occupied in the time period shown (8:00 to 18:00) and there was cooling demand in
both rooms.
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Fig. 9: Iluminance Ev and lighting control signal for the south and north office rooms at a summer day with intermittent sunny
and cloudy periods. The top plot shows the global solar irradiance and the slat angle of the sun protection system of the south
office. At periods where no slat angle is shown the sun protection system is open. The other two plots show illuminance and the
control signal for the artificial lighting in the south and north room.
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The sun protection system in the south office room 116 closes depending on the outside illuminance at the
south façade, the slat angle is nearly zero at intermediate illuminance levels and is increased to 20° at high
illuminance levels in order to limit the solar energy input to the room. In this room the automatic control of
the sun protection system usually does not lead to situations where the sun protection system is closed and
the artificial lighting is switched on. An exception are periods with fast decreasing outside illuminance, when
the sun protection system is still closed due to the delay settings – the sun protection system remains closed
for 20 minutes when the outside illuminance falls below 20 klx.
In the south office the artificial lighting is active in the morning and evening when there is no insolation on
the south façade and for short periods of low solar irradiation.
Fig. 10 shows the illuminance levels at the work places in the south office for the same day. A illuminance
level of about 500 lx is reached for both work places throughout the day. The change of the slat angle from
0° to 20° for the “low solar energy input”-mode results in a significant decrease of the illuminance in the
room. At the day shown here the illuminance level is adequate without artificial lighting.
The illuminance level is lower than 500 lx for short periods of time when the room is mainly illuminated by
daylight. This is allowed as an illuminance level of 60% of the value specified in [EN 12464-1, 2011] is
sufficient when using daylight for illumination [DIN 5034-1, 2011].
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Fig. 10: Illuminance Ev at the working place near the window and in the rear of the room and the slat angle α of the sun
protection system of the south office.

Fig. 11 shows the illuminance level measured at the work place in the north-oriented room 125 compared to
the signal of the ceiling-mounted sensor used for the lighting control. Additionally the lighting control signal
is shown. The illuminance at the work place meets the specified values when the artificial lighting is used.
The illuminance values measured by the ceiling-mounted sensor are higher than the values measured at the
work place at periods with high daylight input through the translucent ceiling panels, but the necessary
illuminance levels at the work place were reached nevertheless.
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Fig. 11: Illuminance Ev at the working place near the window, illuminance signal from the sensor used for lighting control and
lighting control signal of the north office.

6. Outlook
The operation of the lighting and sun protection systems were tested for summer conditions, i.e high altitude
of the sun and a control strategy for the sun protection system with the goal to minimize solar energy input
through the façade. Similar tests are needed for intermediate and winter conditions. When the correct
operation of the control systems is verified the interaction of the users with the control system will be
investigated by monitoring the user interventions with the building control system.
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Abstract
Modeling of photovoltaic (PV) characteristic (cell/module/panel/array) needs involvement of a lot of
parameters, which can be classified into the internal and external parameters. Generally, catalogue sheet of
photovoltaic module (issued by manufacturer) can be used as initial information to get model parameters.
Nevertheless, only the parameter related to external parameters (i.e. current and voltage) are provided by the
photovoltaic producer. As informed in the most of literatures, it is known that accuracy of the photovoltaic
characteristic model is not only depend on the external parameters (light generated current and reverse
saturation current) but also are influenced by the internal parameters (series resistance, shunt resistance and
diode quality factor), therefore the proper estimation of internal parameters are very crucial. In our paper,
comparison of two techniques in order to identify of model parameters will be discussed in, referring to
“state of the art” of research in PV modeling, which available in literatures.
Keywords: modeling of PV, internal influences, external influences, crystalline technology, thin film
technology.

1. Introduction
The fundamental building block of photovoltaic (PV) systems is the PV cell. A PV cell is a semiconductor
diode which when exposed to light generates charge carriers. If the PV cell is connected to an external
circuit, current will ﬂow through the circuit (Siddiqui et al., 2013). A PV module, panel, or array, are
composed of several of PV cells connected in series and/or in parallel.
The characteristic of PV cell/module/panel or array can be explained with an equivalent electric circuit that is
similar to the device that is to be characterized. In literatures, a lot of equivalent electrical circuit models
have been proposed in order to describe of the PV cell’s characteristic. There are a number of more or less
complex models for simulating the characteristic of a PV system (the current, I – voltage, V – power, P) for
specific irradiance and temperature conditions (De Blas et al., 2002). In other side, accuracy of the PV
characteristics system modeling (simulation) is depending on the correct calculation of the parameters such
as Il, Io, Rs, Rsh and n as well, which could be expressed by generalized Shockley equation, as follow:
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(Eq. 1)

where I is PV cell output current, V is PV cell voltage, Rs and Rsh are the cell series and shunt resistance
respectively, Il is the photo-generated current (light generated current), Io is the cell reverse saturation
current, n is diode quality factor, k is the Boltzmann constant (k = 1.3806503 x 10-23 J/K), Tc is the cell
temperature and q is absolute value of the electron charge (q = 1.602 x 10-19 C)
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Among the all adopted PV models, the one-diode and the two-diode models are the most utilized ones and
the one-diode model particularly gives results since it guarantees good accuracy with a low complexity. The
success of the one-diode model is also testified by its wide use within both specific software toolboxes for
the estimation and the prediction of the electrical power produced by PV plants and algorithm for the
Maximum Power Point Tracking (MPPT) or irradiance measurement (Laudani et al., 2014). Moreover, based
on previous research which is re-written by Saloux (2011), in general, double-diode models are more
accurate for polycrystalline silicon cells while single-diode ones are used for amorphous silicon cells. It is
obvious that the final model application must correspond to the best compromise between simplicity and
accuracy.
The knowledge of the parameters Il, Io, n, Rs, Rsh, which later called as “five model parameters”, allows
tracing the I-V curve for fixed temperature and irradiance values. The extraction of the five parameters model
has been widely discussed in literatures by following two approaches as: (i) several authors proposed
different equations/approaches to be used for the calculation of the five parameters from information
provided by manufacturers in datasheets (manufacturer catalogue); (ii) many kinds of optimization
techniques have been proposed to solve the inverse problem related to the extraction of the five parameters
from experimental I-V curves (Laudani et al., 2014).
The degree of complexity of the model will determine which of the methods is most suitable in extracting the
parameters that are involved in the mathematical expression of the model (De Blas et al., 2002). In this
paper, comparison of two methods will be discussed referring to the “state of the art” of research in PV
modeling, which available in literatures.
Nevertheless, it should be noted that the long term objectives of our research is development of photovoltaic
cell/module model, especially for polycrystalline silicon (wafer based crystalline silicon technology) and
amorphous silicon (thin film technology) modules, as components of grid-connected PV array system at
Szent István University (SZIU), which are not discussed in this paper.
2. Model of PV cell
Generally, equivalent circuit model of PV cell composed of a photocurrent source, a diode, a shunt/parallel
resistance and series resistance, and can be analyzed by single or double diode models. Fig. 1 shows
equivalent electrical schematics based on single and double diode ideal of PV cell models (Saloux et al.,
2011 and Ma et al., 2014).

(a) single diode

(b) double diode

Fig. 1: General model of equivalent electrical circuits with internal resistances

In case single diode model, based on Kirchhoff’s current law and Shockley diode equation, the mathematical
model of the PV cell has been described in Eq. 1. Note that Eq. 1 is a transcendental equation which cannot
be solved by direct analysis. In the simple case, which does not include internal electrical resistances, the I-V
characteristic curve is given by:
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From the characteristic I-V curve of a given PV cell, three key physical quantities are defined: the shortcircuit current, the open-circuit voltage and the values of current and voltage that permit the maximum power
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to be obtained. These variables correspond to well define points in the I-V plane. The determination of these
points is essential to develop appropriate PV cell models. The nonlinear and implicit relationships that exist
between them, however, necessitate using tedious iterative numerical calculations. Furthermore, most of the
parameters depend on both the cell temperature and the solar irradiance; thus, the knowledge of their
behavior is crucial to correctly predict the performance of PV cells and arrays (Saloux et al., 2011).
To further extract Il, Io, n, Rs, Rsh some complicated methods were proposed in the past years. In the
literatures, many calculation methods such as genetic algorithm (GA), particle swarm optimization (PSO),
simulated annealing (SA), explicit model, Lambert W-function, pattern search (PS), harmony search (HS)
have been explained in order to identify a solar cell parameter, and generally built based on experimental of
I-V characteristics through the extract parameters (Askarzadeh and Rezazadeh, 2013; Ghani et al., 2013).
3. Parameter extraction methods
The determination of model parameters plays an important role in PV cell design and fabrication, especially
if these parameters are well correlated to known physical phenomena. A detailed knowledge of the PV cell
parameters can be an important way for the control of the PV cell manufacturing process, and may be a mean
of pinpointing causes of degradation of the performances of panels and photovoltaic systems being produced.
For this reason, the model parameters identification provides a powerful tool in the optimization of PV cell
performance (Sellami et al., 2014)
In Eq. 1, there are totally five unknown parameters to be determined: Il, Io, n, Rs and Rsh. Ma et al. have
performed the research in order to solve the five parameters based on product’s datasheet provided by its
manufacturer. To find the five parameters, at least five equations are needed, and can be derived based on the
three characteristic points under Standard Test Condition (STC), as can be seen in Fig. 2.

Fig. 2: The relationship between I-V curve, Rs and Rsh

This method/approach offered a good compromise between simplicity and accuracy. Detail procedures and
results related to this method available in the literature (Ma et al., 2014).
Related to PV modeling, Ghani et al. have worked using the Lambert W-function in order to determine
internal parameters, such as Rs, Rsh and n. In this method, the diode value is assumed constant and should be
known. The advantage of this method is simple to apply, accurate and can be carried out using data provided
the manufacturer. The algorithm method can be seen in the literature (Ghani et al., 2012, 2013). Lambert W
function is implemented to convert the I–V characteristic implicit equation to an explicit one, so the output
current and voltage of photovoltaic cells can be obtained by substituting the five parameters into the explicit
I–V equation (Xu et al., 2014)
4. Concluding remarks
This paper elaborated the method of extracting of the PV cell parameters which directly affects on the
conversion efficiency, the power conversion and characteristics curve of the PV cell. Principally, there are
two possible approaches to extract the solar module parameters i.e. analytical and numerical extraction
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techniques .The former requires information on several key points of the I–V characteristic curve, i.e. the
current and voltage at the maximum power point (MPP), short-circuit current (ISC), open-circuit voltage
(VOC), and slopes of the I–V characteristic at the axis intersections. The numerical extraction technique is
based on certain mathematical algorithm to fit all the points on the I–V curve. More accurate results can be
obtained because all the points on the I–V curve are utilized (Venkateswarlu et al., 2013).
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Abstract
A public building integrated photovoltaic project in Yinchuan is introduced in this paper. In the BIPV project
the polycrystalline cells are installed on the roof, which provide lighting electricity for the building. With the
help of building simulation software, the available vacant area is analyzed. The total installed capacity is 100
KW; the annual generation capacity of the photovoltaic project is 115081 KWh. It has obvious
environmental benefits to utilize renewable energy. In this project utilization of PV system can replace 38.21
tons of standard coal; reduce 102.65 tons of carbon dioxide emissions, 0.77 tons of sulfur dioxide, 0.06 tons
of nitrogen oxide and 0.39 tons of dust. However compared with the traditional municipal power supply, the
cost effectiveness ratio of the PV power supply system is 0.23 USD/KWh. According to the technical and
economic analysis, in order to promote the wide application of photovoltaic technology, it needs certain
policies and financial allowance.
Key-words: building integrated photovoltaic; technical and economic analysis; environmental benefits

1. Introduction
As the energy crisis's influence on human development has become increasingly obvious, the countries in the
world began to attach great importance to the development of renewable energy. Yinchuan located in the
northwest of China has a temperate continental climate and rich solar energy with annually 3011 hours of
sunshine and 6030 MJ/(m²a) solar irradiation on a horizontal plane (corresponding to 1675
kWh/(m²a)).However there are severe problem of energy shortage in rural and pastoral areas. If through
erecting the electric grid to provide lighting and cultural life of electricity, the capital investment is very
expensive, and it is not easy to manage and maintain electric system. Therefore it is richly endowed by
nature to promote photovoltaic power generation technology in northwest of China. A public building
integrated photovoltaic project in Yinchuan is introduced in this paper. The design of building integrated
photovoltaic project was optimization by ecotect software. Furthermore the conservation of fossil energy and
reducing pollutant emission of the photoelectric building was calculated.
2. Design of Building integrated photovoltaics engineering
2.1. Climatic conditions
Yinchuan is belong to Ningxia province located in northwest of china. Yinchuan city is temperature
continental climate with distinctive four seasons. The monthly dry bulb temperature statistics are listed in
Fig.1. The annual average temperature is 8ćand there is obvious temperature difference between day and
night. Above outdoor climate parameters is from compiled data of 193 cities in 20 years by Tsinghua
University and the China Meteorological Administration [1].
The annual solar radiation intensity statistics of Yinchuan are shown in Fig.2. Yinchuan’s solar radiation and
sunshine time are one of china’s most abundant regions. Its territory is vast; however the density of
population is small. So the application potential for solar energy technology is obvious in Yinchuan city.
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Figure1. Chart of monthly mean dry bulb temperature
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Figure2. Chart of annual solar radiation intensity

2.2. Power load of Demonstration building
The structure of the demonstration building is simple. Its roof is flat and wide, suitable for large-scale
installation of photovoltaic panels. Photovoltaic power generation is used to meet the electricity demand of
demonstration building. The main rooms of this building include exhibition hall, multi-function hall, lounge,
bathroom, staircase and warehouse. The power loads are mainly from lighting electricity.

4 $& = : × $

(eq. 1)

4 $&


(eq. 2)

4 G = 4 '& × +

(eq. 3)

4 '& =

Where, QAC , QDC and Qd is alternating current load, direct current load and daily power load respectivly.
QAC is equal to lighting power density (W) multiplied by room areas(A). H is the daily lighting hours.
The calculation result is listed in the Tab.1.Some important parameters can be calculated by means of value
in Tab.1. The design max DC load of the building is 31.08 KW; the annual energy consumption is the
111597.52 KWh.
Tab. 1: Calculation result of light power consumption
Exhibition
hall

Multifunction
hall

lounge

20.00

18.00

Area(m2)

1091.21

AC load(W)
DC load(W)

bathroom

Stairwells

Warehouses

10.00

10.00

5.00

5.00

224.99

195.67

62.38

94.28

120.14

21824.10

4049.73

1956.73

623.84

471.40

600.69

22972.74

4262.87

2059.71

656.67

496.21

632.31

Frequency(H)

10.00

10.00

10.00

10.00

10.00

2.00

Daily load(KWh)

229.73

42.63

20.60

6.57

4.96

1.26

Lighting Power
Density (W/m2)
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2.2. Design of photovoltaics system
The type PV integrated with building is various [2]. To sum up, it may be classified as two major types. One
type, the packaged PV modules are installed on the roof of the building, and the building, playing a
supporting role, can be viewed as a carrier for PV arrays. The other type, PV modules are not only power
generating facilities, but also meet some functional requirements as building units. In the BIPV project, PV
modules will be installed on the roof.Although there are no other tall building around the project construction,
part of the roof height is not consistent. In order to confirm the installation areas of the photovoltaics panels,
it need to analysis the roof shadow. First the building plane model is built by CAD, then it is imported into
Skechup soft to establish three-dimensional model shown in Fig.3, and finally Ecotect platform is used to
simulate the roof shadow.

Figure3. Chart of building model

Figure4. Chart of shadow simulation

With the help of building simulation software, the shadow of building roof is shown in Fig.4. According to
the result, the available vacant areas are about 660 m2 to install the photovoltaics panels. Previous
engineering practice shows that the best installation angle of the solar battery array refer approximately to
the local latitude in general. By means of the software simulation the cumulative solar radiation amounts
are maximum when the installation angle is 30噛. However taking into account no occlusion around the
buildings the photovoltaics panels are installed on the roof of the demonstration building horizontally. This
type of installation is easier to construct. The vertical distance between arrays is confirmed according as the
solar cell arrays are not blocked at 9:00-17:00 in the solstice. Whereas considering the actual operating
temperature, the pressure drops loss of transmission line, uniform radiation and photovoltaic module's
surface dust so on, the actual efficiency of photovoltaic power generation is 0.75.
3. Technical and Economic Analysis
The generated power of photovoltaic panels is calculated according to reference [3].The calculated result of
the generated electrical energy monthly is presented in Fig. 5. It shows that generation from April to August
is higher than in the other months. And the maximal generation 6.06 KWh/m2.d occurs in May. The daily
average generation power is 4.38 KWh/m2. The annual generation capacity of the photovoltaic project is
115081 KWh. It can meet the lighting loads of the demonstration building.
The PV system mainly includes Polycrystalline silicon modules, inverters and monitoring system so on.
There are 400 pieces of silicon PV modules installed in this project. The size of photovoltaic panels is 1650
mm × 990 mm each. The component and their investments of the PV system are listed in the Table 2. The
total installed capacity is 100 KWp and the total investments are 0.65 million USD.
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Figure5. Daily generation of PV system
Tab. 2: Investment of PV system
Investment
Equipment

1

Quantity

Unit-price
USD

Total price
USD

Photovoltaics system
Polycrystalline silicon PV
modules ˄250W/piece˅

400

650


Fixed bracket
Inverter
Line collection box of direct current
Cabinet of grid alternating current

260163
48780

2

8130

16260

10

813

8130

8130

8130

1

Cable

24390

Other accessories

32520

2

Monitoring system

97561

3

High voltage equipment

48781

4

Basic fee

32520

5

Iinstallation fee

48781

6

Transportation fee

24390

7

Total

650406
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If considering cost and electricity of the PV system, 2877025 Kilowatt-hours will be generated in 25 years
and its cost effectiveness ratio is 0.23 USD/KWh in life period. Compared with the public electricity price
0.12 USD/KWh, the prices of photovoltaic power generation is still higher. The main reason for high cost
effectiveness ratio is more investments but shorter life. In view of this, some policy and strong economic
support on PV projects are appropriate, if so, the PV systems will be widely used.
4. Social Benefit and Environmental Impact
The application and popularization of renewable energy is important. The development and utilization of
renewable energy will save and replace large amounts of fossil energy, lower pollutions and greenhouse
gases obviously, and promote the harmonious development between human and nature. According to
reference [4], every 10,000 KWh power generated by PV systems means saving 3.6 tons of standard coal
consumption, reducing 9.432 tons of CO2, 0.05868 tons of SO2, 0.01728 tons of NOx, 0.02304 tons of dust.
In this project, PV systems power is, 2877025 KWh, and the environmental consequences are shown in the
Table 3.
Table.3 Analysis of environmental effect
Emission reductions

Consequences of emission reduction

Ton

USD/ton

10,000 USD

Saving of standard coal consumption
Reduction of CO2
Reduction of SO2

9.268293
3.577236
0.325203

89.4
13.0
204.9

9.3
3.6
0.3

Reduction of NOx

0.162602

325.2

0.2

Reduction of dust

0.065041

89.4

0.1

social benefit analysis of this project˄in 25 years˅

13.5

5. Conclusions
The economic and technical analysis of BIPV project shows the initial investment of the PV system can't be
retrieved during the whole life period, in spite of the operating cost is almost zero. The main reasons are
that the power efficiency of PV is too lower, and the cost of PV cell is too expensive. So it needs the
support of the policy and finance allowance. Although there is no obvious economic benefit, the BIPV
project still plays a good demonstration role.
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Abstract
Within the Jawaharlal Nehru National Solar Mission (JNNSM), India has installed a total of 2.2 GWp
PV capacity as of January 2014. The German GIZ (Gesellschaft für Internationale Zusammenarbeit) supports
the Indian Ministry for New and Renewable Energy (MNRE) with the implementation of a countrywide PV
Performance Benchmarking scheme, which presently includes 119 PV Power stations out of 12 Indian states
with a total of 518 MWp of installed capacity. This paper describes the approach for a structured monitoring,
evaluation and feedback scheme for countrywide PV installations, gives some results of the present
performance analysis and also provides an outlook for further objectives to be achieved.
Keywords: PV Performance, Solar Mission India, SolMap, Monitoring, Benchmarking

1. Introduction
Currently, little is known about the actual performance of photovoltaic (PV) plants under Indian conditions.
Due to much different environmental conditions like high absolute humidity or high dust loads in the
atmosphere, more challenging grid conditions and less experienced engineers familiar with solar
technologies, the yield of the solar plants can differ much from what is known in Germany.
”Solar Mapping and Monitoring – SolMap” is a project under the Indo-German Energy Programme (IGEN)
of GIZ. It is financed by the German Federal Ministry of Environment, Nature Conservation, Building and
Nuclear Safety (BMUB) through the International Climate Initiative (IKI). It has the main goal to support
Indian partners in accelerating the planning and implementation of solar power plants in India and to increase
their power output. The German company, PSE AG has been commissioned by GIZ to deliver substantial
consulting services to the SolMap project. Within the SolMap project, PSE AG is currently implementing a
benchmarking system on technical performance of grid connected solar PV plants in India in close
cooperation with MNRE and its associated organizations like Centre for Wind Energy Technology (CWET)
and Solar Energy Corporation of India (SECI).
2. Approach
The idea of a countrywide PV performance benchmarking system in India is to collect PV plant operation
data at a central location, do an automatic data analysis and calculation of plant comparison performance
indicators, and distribute appropriate feedback information for plants to improve the performance.
Fig. 1 shows the structure of the currently developed benchmarking system:
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Fig. 1: Structure of PV benchmarking approach

Four main components are highlighted in red color and are described in detail below:
a.

Input data

Input data are provided by PV Plant operators on a monthly basis, with daily time resolution. All data are
first stored in data loggers at the sites and then transferred into a specific format by the plants individual
SCADA system.
In general, monitoring requirements are not absolute, but represent a trade-off between cost, effort, and
potential benefits of the information. At present, a minimum number of parameters are measured to enable a
basic evaluation of plant performance and to help identify the causes for performance differences. The input
parameters which are collected at the PV power plants can be divided into two categories:
Meteorological Parameters
Currently, irradiation at the sites is measured by Si reference cells or pyranometers. The sensors measure the
amount of radiation actually available to the PV modules, and are mounted in the same plane as the array
(POA).
Other environmental conditions that are measured are basic weather parameters. Ambient air temperature is
the most important of these, since it directly influences the module operating temperature. Wind is a
significant cooling factor at some sites, and therefore its speed and direction is usually measured as well.
System Parameters
Plant energy production is the most important electrical parameter and is measured at the point of grid
connection or billing using an AC energy meter. Furthermore, on the AC side, voltage is measured in order
to diagnose possible outages or feed-in restrictions imposed by the grid.

b.

Database & IT structure

The benchmarking system is accessing to two main databases:
x

Central database located at MNRE in New Delhi

x

Benchmarking database located at the Centre for Wind Energy Technology (C-WET) in Chennai

In a first step, all input data from the power plants are transmitted to the MNRE database. For reasons of
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safety, all relevant data required for the benchmarking analysis are transferred to a second database at CWET. Currently, this data transfer is carried out manually: Data have to be downloaded from the MNRE
server in Microsoft Excel file format and then uploaded to the benchmarking database. It is intended to
automate this step in the future in order to be more efficient and to minimize the risk of possible errors.
c.

Data analysis algorithms

PSE AG developed and implemented state of the art analysis- and evaluation software accessing to the
benchmarking database. The data analysis presently focuses on two main performance indicators:
1. Final Yield Yf (kWh / kWp): Ratio of energy to utility and rated PV array capacity
2. Performance Ratio PR (%): Ratio of actual and theoretical possible energy output of the PV plant
Additional analysis information:
x

Grid availability

PV power plants can only feed energy into the grid when the grid is available. Periods of grid outages are
recorded at the plant sites and the monthly grid availability is calculated by this information. Periods of gridfailures must be filtered out when calculating the performance ratio to avoid distortion of plant performance
benchmarking results. Also the daily number of grid outages is recorded for each plant and provides useful
information for the plant operators.
d.

User interface & feedback

Monthly performance- and benchmarking reports for the individual Indian power plant operators can easily
be generated by an automatic report generator via a user friendly interface developed by PSE AG. The
reports provide comprehensive information about the individual monthly plant performance including the
corresponding graphs. The values of individual monthly final yield and performance ratio are directly
compared to the results of all other plants participating in the benchmarking scheme. Fig. 2 gives an example
of a monthly performance ratio analysis that displays each plants performance under an anonymous plant ID,
while the plants are grouped according to their federal state. The bar representing the individual plant is
highlighted in yellow color. Hereby, the respective plant’s performance can be easily evaluated in
comparison to the others by the operator.
Monthly Performance Ratio / All plants

Performance Ratio net (%)

100%

80%

Mean PR: 77.2 %
60%

40%

20%

0%
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45
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Andra Pradesh

1

14

82 103

4

25 109

HaryanaMaharashtra Odisha

2

17 113 18
Punjab
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3

94
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Uttar Pradesh

Uttarakhand

77

85 114 116 87 115

Jharkhand

Madhya Pradesh

Fig. 2: Monthly PR values of the entirety of all PV power plants
[Source: data provided by operator and utility, graph PSE AG]

3. Status of the project
As of February 2014 a total of 119 grid connected PV power plants out of 12 Indian states with a total
capacity of 518 MWp were included in the benchmarking system of SolMap. This covers about ¼ of the total
installed grid connected PV capacity of India. The majority of plants possess capacities between 1 – 5 MWp
but some are as big as 20 MWp, as can be seen in Fig. 3. This work includes the plants installed under
NVVN phase 1 batch 1, NVVN phase 1 batch 2, IREDA and Migration schemes up to December 2013.
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Fig. 3: Frequency distribution of installed capacity of PV plants in SolMap database

The geographical distribution of the PV power plant is depicted in Fig. 4:

Fig. 4: Geographical distribution of PV power plants in SolMap database

Fig. 5 shows the data availability of the plants during the period under review. The fields highlighted in
green indicate the availability of a full month of performance- and meteorological data, while the fields
highlighted in white represent data gaps:

Fig. 5: Data availability
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Starting from June 2011, the data volume and the data availability increased significantly. In spite of some
data gaps, in 2013 there are already 22 complete data sets of a whole year available. It is expected that this
number will further increase as missing data at the end of 2013 will be submitted by the plant operators
subsequently.
4. Results and conclusions
An automatic analysis and report generating system was developed to provide monthly benchmarking results
to the individual Indian power plant operators. Additionally, based on the available performance data
between January 2012 and December 2013, statistical evaluations have been performed to get a first
overview about the PV plant performance in India:
a.

Analysis of final yield (Yf)

Fig. 6 shows the monthly final yield of all plants over the period under consideration. For each month, also
the underlying number of available datasets is given. The monthly energy production of the individual plants
varies considerably ranging from 0 kWh / kWp up to a maximum value of 231 kWh / kWp. The latter result
was determined in case of a 5 MWp PV power plant in Rajasthan in May 2013.

Fig. 6: Distribution of monthly Final Yield (Yf); Jan 12- Dec 13, all datasets

Fig. 7 shows the same distribution of final yield after applying a statistical analysis. The median, the 5th,
25th, 75th and the 95th percentile are depicted. The mean monthly Yf amounts to 124.6 kWh / kWp and the
median of the monthly Yf to 129.3 kWh / kWp, respectively. The lower part of the diagram highlighted in red
marks the zone of comparatively low energy production. The potential reasons for low final yield might be
low irradiation, grid outages, but also malfunctions of the plants. This first indication of underperforming
plants will be further examined in the following.
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Fig. 7: Box- and whisker plot of monthly Final Yield (Yf); Jan 12- Dec 13, all datasets

kWh / kWp

In Fig. 8, the median of the monthly final yield distributions of the plants in the individual Indian states is
depicted in red bars. The highest median of final yield was observed in the state of Rajasthan, followed by
Tamil Nadu. The blue marks show the maximum monthly final yield that occurred in the period from Jul 11
to Dec 13.
240.0
220.0
200.0
180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

Median Yf
Max Yf

Fig. 8: median & max of monthly final yield / state wise; ); Jul 11- Dec 13, all datasets

The majority of plants under investigation are installed in the federal state of Rajasthan, which is why some
further analysis was performed only on these. As one example, the final yield of crystalline versus thin film
module technology was looked at.
Fig. 9 shows that thin film modules performed slightly better than crystalline silicon modules. Possible
reasons for the better performance of thin film technology may be a better performance at low irradiation, the
positive effect of a lower temperature coefficient in the hot climate of Rajasthan and inaccurate nameplate
D.C. power rating of the modules.
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Fig. 9: Monthly Final Yield (Yf): crystalline versus thin film module technology in Rajasthan in 2013

The graphs in Fig. 10 show the monthly final yield of selected plants in Rajasthan during Apr 13 and Jul 13.
Noticeable deviations from the general performance behavior indicate underperformance of plants ID 40 and
44 in Apr 13 and Jul 13, respectively.
250.0

Monthly Final Yield of selected plants in Rajasthan
(Apr 13 - Jul 13)
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ID-35
ID-43
Median

Final Yield (kWh / kWp)

200.0

ID-31
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ID-33
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175.0
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150.0
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125.0

Low performance of plant ID 40 and 44
100.0
Apr-13

May-13
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Jul-13

Fig. 10: Monthly Final Yield (Yf) of plants in Rajasthan (04/13 – 07/13)

Distribution of annual final yield in 2013
In order to obtain a first idea about the magnitude of annual final yield that can be expected in India, data
from 22 PV power plants have been analysed. The plants are located in 6 Indian states: Rajasthan: 12, Andra
Pradesh: 5, Odisha: 1, Jharkhand: 2 and Uttar Pradesh: 1; the total installed capacity amounts to 89.0 MWp.
A median of 1,718 kWh / kWp was determined and the highest annual yield exceeded 2,000 kWh / kWp, see
Fig. 11. Nevertheless, in case of a few plants also low annual final yields have been detected. These plants
should be further examined as comparatively low final yields indicate a high potential to improve the plant
performances!
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Fig. 11: Frequency distribution of annual final yield in 2013

b.

Analysis of performance ratio (PR)

The assessment of PV plant performance by means of performance ratio proved to be a difficult process, as
the quality of irradiation data from the plants was inadequate in many cases.
Fig. 12 summarises the range and the distribution of the monthly performance ratio. The monthly
performance ratio of the individual plants varies considerably. While a high number of datasets shows PR
values close to zero, on the other hand maximum values of around 180% were detected. This result raises the
question how physically unrealistic PR values above 100% could occur.

Fig. 12: Distribution of performance ratio (PR); Jan 12- Dec 13, all datasets, unfiltered raw data

First of all, it has to be remarked that for the PR analysis raw data were used and no quality control of the
received performance data has been carried out by PSE AG. PR values above 100% indicate deficiencies in
the reliability of the irradiation measurement. For example, a soiled irradiation sensor causes low irradiation
measurement values which will in turn result in excessively high values of PR. In order to improve the
quality of the irradiation data, a filtering of the physically unrealistic irradiation data was applied.
In Fig. 13, all data records of daily final yield are plotted against the plane of array irradiation. The upper
limit of physically realistic daily irradiation values was assumed to be 11 kWh / m2. All measured values
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Fig. 13: Daily final yield plotted against plane of array irradiation, all datasets; unfiltered raw data

above that limit were filtered out (filter 1). The lower limit of physically realistic daily irradiation values was
assumed to be 0.01 kWh / m2. All irradiation measurements below the lower threshold were also filtered out
(filter 2). Finally, all PR values above 100% were filtered out by means of a third filter. The effect of the
filtering on the distribution of the monthly performance ratio can be seen in Fig. 14. The values of monthly
PR now range within a physical meaningful bandwidth:

Fig. 14: Box- and whisker plot of performance ratio (PR); Jan 12- Dec 13, all datasets, filtered data

The resulting median PR of 80% seems also to be realistic. However, it has to be repeated that no quality
control of the received irradiation data has been carried out and the absolute values of PR still need to be
verified.
Nevertheless, the filtered data already allow the detection of underperforming PV power plants. In order to
determine these plants, the frequency distribution of the filtered monthly PR values has been calculated. Low
performing plants can now easily be determined by identification of conspicuous low PR values, as can be
seen in Fig. 15:
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Fig. 15: Frequency distribution of monthly performance ratio (PR); Jan 12- Dec 13, filtered datasets

c.

Conclusion and outlook

An automatic analysis and report generating system was developed to provide monthly benchmarking results
to the individual Indian power plant operators. Additionally statistical evaluations were performed to analyse
the mean plant performance in different Indian states. While the majority of plants operate well, the analysis
of the performance ratio indicates that there are some plants which have potential for performance
improvement. In a few cases a general lack of attention towards adequate performance monitoring has been
observed. Further results can be summarized as follows:
x

Data of 119 PV power plants (517.8 MWp) have been uploaded to the benchmarking performance
database.

x

The database represents PV plants in 12 Indian states covering schemes of IREDA, NVVN phase I,
batch 1, NVVN phase I, batch 2 and Migration

x

Many plants show a good performance with a highest monthly final yield of 231 kWh / kWp (CUF=
31%) in the case of a plant located in Rajasthan.

x

The analysis of PR indicates that a certain percentage of plants shows a potential for performance
improvements. A performance improvement of the bottom 10% underperforming plants would result in
a significant increase in annual energy production in India!

x

The comparison of PV plants with crystalline and thin film modules in Rajasthan shows a slightly higher
energy production in case of the thin film technology.

A big challenge is the improvement of the data quality obtained from the PV plants, in particular the quality
of irradiation data. The basis of a reliable performance monitoring and benchmarking is an adequate
measurement of irradiation at site. The quality of these data has a direct influence on the quality of
performance analysis results. Thus, a standard for instrumentation has to be introduced and adhered for all
participating plants. Furthermore, it is intended to implement gap filling- and performance data validation
algorithms. In the field of data analysis, it is planned to implement further analysis algorithms such as:
x

Implementation of additional filter such as inverter-technology, geography, size, and time of installation

x

Evaluation of long term degradation (individual plants and statistical evaluation)

x

Evaluation of individual plant performance timelines (development of regression equations)

x

Evaluation of correlation of effects (e.g. high auxiliary losses with poor PR).

One main focus of PSE’s upcoming activities will be in any case on building up capacities in the relevant
Indian institutions to enable a reliable and sustainable operation of the implemented benchmarking scheme.
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Abstract
Energy challenges are one of the numerous challenges the Economic Community of West
African States (ECOWAS) region faces. The region has vast energy resources, including
renewable ones, but its access to modern energy services is very low. This has
consequences on the economic development, the daily life of people. ECOWAS Member
States recognize that renewable energy sources are one solution, combined with increased
efficiency in the use of energy.
This led to the adoption of regional policies for renewable energy and energy efficiency by
the ECOWAS Energy Ministers in October 2012. EREP, the ECOWAS Renewable
Energy Policy, is proposing a frame and different actions, the ones for solar energy will be
presented here, both for solar thermal and the different uses of PV systems, from standalone ones to mini-grid systems and grid connected systems. In parallel, the ECOWAS
Energy Efficiency Policy (EEEP) was developed. The paper is concluded by the barriers to
be removed, and how.

1. The background of the ECOWAS Renewable Energy Policy
Nota: This paper is based on two references: Reference 1 – Vilar and reference 2 –
ECREEE.
1.1. ECREEE and EREP
ECREEE is the Regional Centre for Renewable Energy and Energy Efficiency for the 15
Economic Community of West African States (ECOWAS). It was inaugurated in 2010,
with the mandate to promote renewable energy and energy efficiency in the region, by
integrating various complementary projects and strategies. West Africa is a group of 15
states, including big countries such as Nigeria but also small ones such as Liberia, GuineaBissau, Capo-Verde. It covers a region from the Sahel region in the north to the humid and
tropical area in the south. Furthermore, a majority of these states are among the least
developed countries in the world, with high levels of poverty both in urban and rural areas.
To improve living conditions, energy plays a key role. Today, the region is highly
dependent on fossil fuels, even if renewable energy resources are abundant, especially
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solar one. The region overall access rate to modern energy services is low.
This led to the adoption of regional policies for renewable energy and energy efficiency by
the ECOWAS Energy Ministers in October 2012. For renewable energy sources, it is
called EREP, the ECOWAS Renewable Energy Policy. The EREP, in combination with
the EEEP, responds to the severe energy crisis in the ECOWAS region. The countries face
the challenges of energy poverty, energy security and climate change mitigation
simultaneously.
1.2. The energy challenges
The situation is characterized particularly by:
- A large volume of suppressed demand (7 to 10 TWh from 2006 to 2010)
- A general poor access to electricity (40% in average, but for many countries less than
20%), a deficit that is even more pronounced for rural areas
- An unsustainable woodfuel supply that no longer meets the growing demand leading to
an overexploitation of the wood resources and for some countries, to deforestation.
1.3. Energy access
In 2009-2010, in the ECOWAS region, with around 300 millions inhabitants, nearly 175
millions people had no access to electricity, 25% are living in urban areas and 75% in rural
areas. In some countries, the rate of access for rural population can decrease until 10%.
Only six countries have a better electricity access rate in 2009, greater than 30%. Forecast,
in the most optimistic scenarios, estimates that 75% of the population will have access to
grid energy by 2030. This would still leave almost 150 million inhabitants and 58% of the
municipalities in the ECOWAS region without access (reference 3 - UNDP).
Fig1: Access to energy in the ECOWAS region
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But it’s not only an electricity question. A majority of the population of West Africa today
lacks access to other essential modern energy services. Achieving universal access to
electricity, to mechanical power as well as to safe and affordable cooking is thus a major
challenge in achieving economic development and social progress for women and men in
the region.
1.4. Energy security
West African power systems suffer from frequent blackouts and brownouts. At times of
stress in world petroleum markets, some countries have suffered from shortages of fuel for
transport and power generation.
Unreliable power hinders the region's enterprises and impacts negatively on productive
activities of women and men. The cost of providing backup power (typically €0.30 per
kWh or more) holds back productive industries: the World Bank estimates that blackouts
reduce annual economic growth in Africa by 2%. Firms in Africa lose 6% in sales due to
frequent power outages. Some informal sector firms, unable to afford backup generation
facilities, cite losses of up to 16 %. On average, shortages affect electricity users in the
region 56 days per year. Indeed chronic unreliability in power has become a burning
political issue in some of the countries in the region. Increased energy efficiency - along
with regional integration of energy systems and increased use of local energy resources - is
key to assuring more reliable power supply.
Thus, all ECOWAS countries face the challenge of guaranteeing reliable supply of
electricity and fossil fuels to their growing economies. Accelerating economic growth has
stimulated demand for energy, increasing the strain on energy systems.
More efficient use of energy is a powerful tool to increase the reliability of energy
systems. In the power sector, higher efficiency would free up capacity, and reduce the need
for imports, both for the power sector and for transport fuels. More efficient cooking will
reduce demand for cooking fuels, both fossil and renewable. It will thus facilitate efforts to
protect forest resources, and guarantee the future supply of cooking fuels.
1.5. Protecting the environment and dealing with climate change
While energy services are essential for modern societies, for life itself, the use of energy
can cause multiple forms of harm to our environment. Using less energy to provide the
same or better services is the shortest path to reducing negative environmental impact from
energy use. Energy efficiency is a sound option for mitigation of the emissions of
greenhouse gases and helps to confront the adaptation challenges that climate change
poses to infrastructure and living conditions of the population in West Africa.
Unplanned or poorly managed harvesting of wood can contribute to deforestation and
desertification. On the other hand, energy efficiency at each link of the fuel wood supply
chain - sustainable forest management, improved charcoal conversion, rationalised
transport through rural wood markets, improved cook stoves - can contribute to making
forests a sustainable and renewable source of energy, as well as a source of valuable non
wood forest products. Regional efforts, through the "Comité permanent Inter-Etats de
Lutte contre la Sécheresse (CILSS)" have shown that concerted efforts can ensure reliable
energy supplies, while at the same time protecting the long-term viability of the region's
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forests, with positive effects for the global carbon balance. Improved energy efficiency at
the end of the wood fuel value chain, notably through improved cook stoves, can reduce
the emissions of harmful smoke particles, that are both a danger for health - particularly
for women and children - and a factor contributing to local air pollution and global climate
change.
The extraction, transport and combustion of fossil fuels - coal, oil, natural gas - involves
multiple environmental risks: oil spills that pollute land and water; run off and erosion
from coal mines; acid rain from coal fired power plants; urban air pollution (sulphur
dioxide, nitrous oxide, carbon monoxide, ozone) from vehicle emissions; etc. Extracting
and burning smaller quantities of fossil fuels, through efficient use, immediately reduces
all these associated risks. Furthermore, it reduces the emissions of Green House Gases,
such as carbon dioxide, methane, and of black soot, that contribute to climate change.
Through access to modern forms of renewable energy as well as efficient use of the energy
resources at their disposal, people in the ECOWAS region can become more resilient to
climate alterations that impose stringent conditions on their lives and infrastructure,
affecting the availability of biomass, water and food.
1.6. The energy challenge in one table
We propose the following table to summarize the energy situation in ECOWAS countries.
Tab. 1: Energy situation in ECOWAS

Country

Benin

Population
(Year 2009)

Elec. per cap. for those with
access (kWh)

Elec. per cap. (kWh)

Rate of access to electricity (%)

8'520'876

94

354

26.5

15'224'780

46

170

27.0

506'000

583

670

87.0

21'080'000

174

239

72.9

Gambia

1'766'100

116

772

15.0

Ghana

23'840'000

254

381

66.7

Guinea

10'498'597

81

403

20.2

Guinea Bissau

1'449'000

45

300

15.0

Liberia

4'128'600

75

503

15.0

Mali

14'528'662

67

249

27.1

Niger

14'693'112

40

412

9.6

Nigeria

154'880'872

117

231

50.6

Senegal

Burkina Faso
Cape-Verde
Côte d'Ivoire

12'767'600

182

338

54.0

Sierra Leone

5'997'500

9

60

15.0

Togo

6'191'000

109

482

22.5

296'072'699

121

266

45.3

ECOWAS

2. The EREP targets
2.1. The EREP vision
The EREP vision is to secure an increasing and comprehensive share of the Member
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States’ energy supplies and services from timely, reliable, sufficient, cost-effective uses of
renewable energy sources enabling:
- Universal access to electricity by 2030
- A more sustainable and safe provision of domestic energy services for cooking thus
achieving the objectives of the White Paper for access to modern energy services by 2020.
Three groups of targets are set by the EREP:
- grid-connected renewable energy applications;
- off-grid and stand-alone applications; and
- domestic renewable energy applications, ranging from cooking related applications (cook
stoves, household biogas, briquettes and LPG strategy) to energy efficient measures such
as solar water heaters and distributed power generation (PV roof top and small wind
turbines).
2.2. Cross cutting issues for Energy Efficiency and Renewable Energy
Energy efficiency and renewable energy are two complementary and essential building
blocks to achieve sustainable development. Many of the public policy actions to encourage
energy efficiency will also encourage increased use of renewables. Furthermore, expansion
of the use of renewables is facilitated by efficient use of energy. Thus, in parallel to the
current policy on energy efficiency, ECOWAS has also adopted a policy on renewable
energy. These two policies, along with the existing policy on access, form a "Sustainable
Energy For All" policy framework for the ECOWAS region.
Synergies between energy efficiency and renewable energies can be exploited in several
ways. Energy efficiency measures, by reducing total energy consumption, allow renewable
energy systems to meet a larger share of demand, thus diminishing the need for fossil
fuelled systems, and facilitating achievement of national targets for renewable energy.
Energy efficiency contributes to optimizing the use of off-grid systems based on renewable
energy. In buildings, renewable energy and energy efficiency technologies are
complementary: on-site renewable energy systems for cooling, water heating and
electricity production can be optimized through energy efficiency measures. Improving the
energy efficiency of cook-stoves using traditional biomass contributes to optimizing the
use of biomass and to the conservation of forests. Where applicable, co or tri generation of
electricity, heat and cold increase the conversion efficiency of biomass resources.

3. Trends for solar
The use of solar energy will participate to the objectives of the EREP through different
technologies: PV, solar heater, solar cooking, solar air-conditioning…
3.1 Strategy for solar heater
One of the important measures for electricity demand mitigation is the use of solar water
heating for domestic, commercial and industrial requirements. This is a mature technology.
It is necessary to promote its use as much as possible. Therefore, the following targets are
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proposed:
- 25 % and 50% of the district health centers and the maternity clinics as well as the school
kitchens, boarding schools and barracks by 2020 and 2030.
- For hotels, 10% by 2020 and 25% by 2030.
- For agro-food industries using process hot water applying oil-fired boilers, at least 10%
of these industries will apply this technology as pre-heater to their boilers by 2030 and
25% by 2030.
- All new built detached houses costing more than € 75,000 are equipped at least with one
solar water heater system.
Clearly, this application would be more viable when the tariff is diesel based and if
subsidy for power elsewhere is withdrawn from larger users. For much of the public
system, funds would have to come from the national budget and a proper system of service
and maintenance would be necessary. It will also save considerable amount of electricity.
Mandating the use solar water heater technologies by hotels might be required, as also by
the new and existing large houses, and this target may need to be increased. It would be
also necessary to consider stand-alone solar PV installations for self consumption in urban
areas or institutions which are dependent upon diesel generation. Where day time use is
required, solar systems with minimum battery support would be especially viable.
3.2. Strategy for PV in grid-connected system, mini-grid systems or stand-alone
systems
The targets for grid-connected renewable energy are based on a realistic evaluation of
available RE resources at national level and on a technical and financial assessment of the
different renewable energy technology options that are already commercially available
(such as wind turbines, PV panels, hydro turbines, conventional thermal steam power
generation and cogeneration with biomass, and diesel or dual fuel gas motors coupled to
power generators). It is assumed that PV technology will remain cheaper than CSP
technology in the mid-term view; CSP may become an attractive option after 2020.
The EREP renewable energy scenario is fully competitive under commercial conditions for
countries relying today on diesel generation. Over a 25 years period, the EREP levelised
cost of energy (LCOE) will be from 0.7 c€/kWh to 1.7 c€/kWh lower than the reference
cost of diesel generation up to 2018-2021. This conclusion concerns the following
countries: Burkina, Cape Verde, Guinea Bissau, Mali, Gambia, Niger, Guinea, Sierra
Leone, Liberia and Senegal. However, for countries such as Côte d’Ivoire, Ghana, Togo,
Benin and Nigeria, which can rely on low generation and supply costs from large hydro
and gas, the most competitive RE sources such SSHP, wind and biomass are still viable
and attractive options.
Fig. 2: RE installed capacity and production 2014‐‐ 2030, RE unit cost and investment needs 2014‐2030
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The EREP preparatory work has shown that around 25% of the ECOWAS population in
rural areas can be served by decentralized renewable energy solutions more costeffectively.
In 2010, 42% of the total ECOWAS population, estimated to be 300.7 million inhabitants,
had access to electricity. The market for mini-grids and decentralized supply systems will
typically address the need of the rural population living in rural centres and villages with a
population between 200 and 2,500 inhabitants. Some larger cities can be included in this
market segment according to their peripheral geographical situation vis-à-vis the national
grid. This market will supply 71.4 million inhabitants by 2020 and 104 million by 2030.
Mini-grid systems will be powered by solar PV, small scale hydro, biomass and small
wind turbines or hybrid systems in combination with diesel generators eventually powered
by locally produced biofuels. The financial assessment shows that such decentralized minigrid systems are quite profitable compared with fuel costs for diesel generation and the ongrid costs for rural electrification (direct period of return of capital costs on avoided diesel
costs is between 5 to 7 years).
The remaining scattered 10% demand would be progressively supplied with a penetration
rate of 300,000 stand-alone systems per year during the next 16 years. The costs for minigrids are roughly estimated at €17.0 billion up to 2020 and €31.6 billion up to 2030. Standalone systems will require an investment in the magnitude of €0.6 billion, sufficient to
provide a minimum electricity service for 47 million inhabitants by 2030.
Fig. 3: EREP scenario for electricity supply in the ECOWAS region
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4. Conclusion
To reach these potentials, analysis of barriers for renewable energy highlights both the
need for, and the importance of, a regional RE policy. The EREP aims at assisting the
ECOWAS Member States in addressing the following issues and challenges:
- Creation of an enabling environment by the development of a fully developed
institutional, regulatory and financial framework and creating appropriate incentives to
attract and give confidence to private investors for grid projects and medium and small
sized renewable energy solutions especially in rural and peri-urban areas.
- Better assessment of renewable energy potentials to provide reliable and convincing data
backgrounds for projects identification.
- Fostering the adoption of holistic planning that includes renewable energies in a
comprehensive strategy and allocation of financial resources to implement renewable
energy programs in ECOWAS Member States.
- Building proper technical capacity in terms of concept, design, and maintenance for
renewable energy technologies with regards to projects development as well as to policy
development, to reduce the perception that these technologies are more risky and less
reliable than a conventional diesel motor or a grid extension.
- Raising awareness on the consequence that conventional fuel subsidies have on the
development of renewable energy, as constituting hidden costs into the electricity tariffs
structure
- Facilitating the dissemination of information for the banking system and investors to
reduce the perception of financial risk related to renewable energy sources due to their
high upfront costs and the fact that they are viewed as new technologies in West Africa.
Implementation of regulation for renewable energy applications and improving knowledge
and skills pertaining to renewable energy shall modify this perception as technological
barriers and weakness of the present renewable energy market in West Africa also
contribute to the high costs for acquisition of equipment / spare part supply / maintenance /
services.
- The development of renewable energy is part of a progressive approach. Before reaching
a renewable energy environment supported by strong private sector and bank system
involvement, it is necessary, as part of an emerging market, to provide financial support to
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the development of renewable energy by mixing subsidies, tax incentives and by the
establishment of a favorable regulatory framework for renewable energy Independent
Power Producers, and the feed in tariff approach.
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Abstract
Powerhouse is a project in which actors in the Norwegian building sector collaborate to develop energypositive buildings. A Powerhouse is defined as a building that during its lifecycle produces more renewable
energy than it consumes for the production of building materials, construction, operation and demolition of
the building. This paper describes how two office buildings outside Oslo, Norway, built in 1980, have been
reconstructed to satisfy the powerhouse definition. The buildings have an area of 5.180 m2 (internal area
without outer walls). In addition to a very well insulated building envelope, the building will be equipped
with heat pumps gaining heat from energy wells and a 310 kW PV system generating 230 MWh/year. These
measures will reduce the annual energy consumption from 240 kWh/m2 to approximately 50 kWh/m2
(including internal loads). Since the requirements for a Powerhouse includes the energy use for the
production of the materials, a detailed LCA has been carried out. In order to minimize embodied energy for
the refurbished buildings, the Powerhouse rehabilitation also utilized recycled building materials such as
used facade glass for doors and interior walls. The rehabilitated Powerhouse Kjørbo was completed in
February 2014.

Introduction
The Powerhouse collaboration consists of major actors within the building and construction sector in
Norway; a real estate owner / developer (Entra Eiendom AS), a construction company (Skanska Norway), an
architect firm (Snøhetta Architechts AS), an environmental organization (Zero), and a Norwegian actor in the
aluminum industry (Hydro) and as tenant, Asplan Viak AS, a leading Norwegian consulting firm also
contributed in designing main elements i.e. the energy system in the building. The Norwegian Research
Centre on zero emission buildings (ZEB) has also participated in the project. ZEB is hosted by The
Norwegian University of Science and Technology (NTNU).
Energy-positive buildings have to solve two challenges within the same project: Firstly, energy demand has
to be reduced as much as possible. Secondly, remaining energy demand has to be produced within defined
boundaries. Buildings in Norway account for approximately 40 per cent of the country’s domestic energy
consumption, of which half of this is used for heating. The Norwegian building sector possesses an important
key in reducing the Norwegian greenhouse gas emissions.
The Powerhouse collaboration believes that energy-positive buildings are the buildings of the future.
Buildings can be transformed from being part of the climate problem to becoming part of the solution.

POWERHOUSE DEFINITION
A Powerhouse is an energy-positive building which during its operational phase generates more energy
than what was used for the production of building materials, its construction, operation and disposal.
This means that the produced renewable energy during the lifetime has to weight up for – the production and
transport of all needed materials, the energy use during construction demolition, as well as the energy for the
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operation of the building.
Aside from the main energy related objective, Powerhouses also need to meet the following additional
requirements:
x

The energy production must be based on energy sources on site.

x

Energy use for electrical equipment (i.e. computers, IT equipment) shall not be included in the energy
balance account.

x

BREEAM-NOR classification score: Outstanding

x

The building shall be built within commercial marketable conditions.

Powerhouse Kjørbo – refurbishment of two office buildings
The Powerhouse collaboration’s first refurbishment project is located at Kjørbo in Sandvika, 15 minutes west
of the Norwegian capital Oslo. The refurbishment includes two buildings out of a total of 9 of the entire site,
constructed in 1980. The refurbished buildings have an area of 5.180 m2 internal area without outer walls.
The two buildings included in the project are programmed for approximately 240 people, corresponding to
an average area of 22 m2 per person.

Figure 1: Office buildings before refurbishment
The main challenge was to find robust and affordable solutions to reduce the energy demand to an extend
that energy production based on local resources could be obtained. Figure 2 shows schematic the main
principle for balancing an energy positive building.
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Figure 2: Principle for balancing an energy positive building
In order to obtain an energy positive building, local energy production, during the buildings operational
lifetime, has to be equal or higher than accumulated energy demand. In most cases it is not possible to reach
the “Balancing line” if the building is designed as a Standard building according to today’s building code.
Through consequent reduction of the energy demand, it is possible to produce the necessary energy to reach
the balancing point.

Figure 3: Satellite picture of the office park at Kjørbo, Sandvika
Figure 3 gives an overview over the localization of the Kjørbo office park with all nine buildings. Building 4
and building 5 have been refurbished to Powerhouse standard. PV-systems have been installed on the roof of
building 4, building 5 and the two buildings relative share of the common garage. The energy wells have
been installed between the Powerhouse buildings and the coastline of the Oslo fjord.
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The main refurbishment topics are:
x

High insulated facades:

x

U-values: Roof: 0.08 W/m2K, wall construction: 0.15 W/m2K, windows 0.8 W/m2K

x

Airtightness: < 0,6 h-1 (measured during construction 0,3 h-1)

x

High efficiency technical systems, ground coupled heat pump, COP = 15 for cooling, COP = 3.5 for
heating, efficient ventilation system including heat recovery, and low SFP.

x

PV-electricity production and utilization of produced electricity on site.

Building services system.
The overall design strategy is based on optimizing the building envelope and technical system, and in
addition utilization of renewable energy.
LIGHTING SYSTEM:

New lighting system have planned LENI number ~ 9 kWh/m2 year.

HEATING SYSTEM:

Before: Water based heating system. 40 radiators in each floor.
After: Air heating delivered from ventilation system combined with
5 radiators in each floor, mounted on a wave shaped wall in the
center of the building.

COOLING SYSTEM:

Before: Central cooling of inlet air for mechanical ventilation in
combination with cooled beams.
After: Central air cooling – mechanical and displacement ventilation

ENERGY SUPPLY:

Ground based heat pump (energy wells) and PV-system. District heating
and grid electricity as peak- and back-up supply.

In order to reduce embodied energy, the new façades as shown in figure 4 are made of thermal treated wood.
This is an old method originally from Japan.

Figure 4: Outside view of building 5

Energy concept
The annual energy consumption in the original building is reduced from 240 kWh/m2 (Electricity: 125
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kWh/m2, District heating: 75 kWh/m2, District cooling: 40 kWh/m2) to approximately 50 kWh/m2 per year
(including internal loads). In order to achieve this goal, Powerhouse Kjørbo has combined a number of
different solutions in its energy concept:
x

Reduction in the energy need by employing energy efficient solutions and a well-insulated building
structure.

x

Efficient ventilation system

x

Heating and cooling from vertical ground heat energy wells.

x

Recycling of heat from computer servers.

x

Two heat pumps running at different temperature levels; one intended for building heating and one for
domestic hot water.

x

Efficient external shading.

x

Use of the thermal mass in the exposed concrete.

x

Local production of PV-electricity from modules on available roof area.
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Figure 5 shows schematic the energy concept consisting of 10 energy wells each 200 m deep. Heat pumps
and the PV-systems.

Figure 5: Schematic energy concept consisting of energy wells, heat pumps and PV-system

Embodied energy analysis
Being a refurbishment project, one must establish an appropriate method for the embodied energy
calculations. Reuse of materials makes it easier to achieve the Powerhouse goals. Therefore, the possibilities
for reusing materials from the older building were thoroughly assessed by the architects. In the “new”
building, glass from the former façade is reused in the office front windows in inner walls. Several other
possibilities for reusing materials were discussed, such as the reuse of spiro ducts, insulation, cable bridges
and building boards etc.
More important was the conclusion made by the team working on embodied energy, stating that the service
life time of the materials involved would decide the environmental burden of the materials in the retrofit
building. Thus the environmental load of the concrete and steel in the “old” building structure could be
subtracted from the embodied energy in the retrofitted building. The environmental load included is reduced,
since the estimated lifetime of the concrete is prolonged from 60 to 90 years.
One can argue that in a refurbishment project that is older than 30 years, where the building has served more
than 50 % of its estimated original lifetime, the environmental load from the concrete and steel should not be
included. By retrofitting older buildings into buildings with high energy performance, the total
environmental load from the building is reduced due to the reduced energy embedded in the materials.
Alternatively, it is possible to argue that in a retrofit project there is no need to produce new steel and
concrete. Thus the environmental benefits should be zero.
The results concerning energy are summed up in Table 1. The results are presented with annualized
embodied energy – not the functional unit, but the functional unit divided by 60 years. This is done to
simplify the combination of the embodied energy to the operational energy – which is always measured in
the term kWh/m2 annually.
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Table 1 shows the annualized contribution for different building elements to the total embodied energy and
greenhouse gas emissions. The calculated annualized embodied energy without reinforcing steel and
concrete is approximately 22.1 kWh/m2.

Table 1: Annualized contribution for different building elements to the total embodied energy.

Annualized embodied
energy
Building element
[kWh/m2]
Superstructure
Outer walls
Inner walls
Structural deck
Outer roof
Stairs, balconies etc.
HVAC
Low voltage supply
Other electric power installations
Person and product transport
Other technical installations
Energy consumption in construction phase
Total with reinforcing steel and concrete
Total without reinforcing steel and
concrete

Annualized
greenhouse gas
emission
[kg CO2eq/m2]

0.07
3.81
1.50
6.09
2.20
0.03
1.99
0.23
9.57
0.08
0.33
1.23
27.2
22.1

0.04
1.75
1.49
1.27
0.78
0.01
0.30
0.11
1.78
0.02
0.07
0.06
5.7
4.5

Photovoltaic system
The PV-system is the key to balance the project so that the refurbished building over its lifetime generates
more energy than it consumes. The annual electricity demand to operate the buildings (without user
equipment) is calculated to approximately106 MWh. An additional 118 MWh/year have to be produced to
compensate for the use of embodied energy (materials and production processes). The calculated annual
electricity production of the installed PV-system is 230 MWh, somewhat larger than the demand.
One main challenge in designing the PV-system was the limited roof space available, and that the façade, do
to shading was not suitable for BIPV. On this background, the criteria for selection modules were:

1.
2.
3.
4.

Highest possible system performance (expected annual production)
Embodied energy balance
Mounting solutions
Costs
Table 2: Overview PV-system

Number PVmodules
Building 4
Building 5
Garage
SUM

212
182
560
954

PV-area
[m2]
346
297
913
1556

Installed power
[kWp]

Produced electricity
[MWh/year]

69
60
183
312

49
43
138
230

Table 2 summarizes the main specifications of the PV-system installed on the roof of building 4, building 5
and the roof of the common garage. Totally, the PV-system consists of 954 Sunpower E20 modules with an
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installed power of 312 kWp. 16 SMA Tripower inverters have a total capacity of 244 kW. The vendor of the
mounting system was Knubix GmbH. Figure 6 shows the installed PV-system on the roof of building 5.

Figure 6: PV-system consisting of Sunpower E20 modules and Knubix EW mounting System.

Energy Dash Board
By the end of September 2014 an Energy Dashboard allowing to monitor and display real time resource use,
energy consumption and production, will be available on our websites. (www.asplanviak.no,
www.powerhouse.com)
After four month of operation the first measurements indicate that the building performs as planned. Even
during the extreme high mean temperatures in July, the cooling system based on the energy wells kept the
building at comfortable indoor temperatures. So far, slightly higher electricity consumption for lightning has
been monitored.
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Smart Building as Power Plant – EnergyPLUS House with Energy
Charge Management
Franziska Bockelmann (Eurosun Author), Christian Kley and M. Norbert Fisch
Technische Universität Braunschweig, Institute of Building Services and Energy Design (IGS), Braunschweig (Germany)

Summary
The energyPLUS building is a role model example of integral planning and allows researching future
orientated technology- and energy strategies today. It demonstrates an integral solution of appealing
architecture, energy efficiency and optimal usage of solar power through photovoltaic. The goal is to achieve
an intelligent power load management with an intrinsic power-usage share of 50% for the building's internal
power consumers. To achieve this goal several measures were realized. By a backup-system of two batteries,
the small-scale appliances get supplied in times at which the PV-System provides no power. Further surplus
is fed into the public grid and drawn from it at times when the energy demand exceeds the PV energy yield.
The plus-energy building is one answer to the challenge of increasing the share of renewable energies in the
future energy supply.
key-words: EnergyPLUS, PV-self-supply, energy storage, smart grid, sustainable architecture and design

1. Introduction
The goal of this project was to create a building that would meet the future demands on energy-efficiency
and living comfort as well as eco-friendly mobility. It combines these energetic goals with an ambitious
architecture. In the future it will be not only important to reduce the heating energy demand but to have an
integral overview on the entire electricity demand and the utilization of energy for private mobility.
Important parts of this concept are the interfaces between building and building power grid (smart metering).
Previous research projects and demonstration building relate to the planning and execution of "Net zero
energy buildings" or "Nearly zero energy buildings". With the demonstration building Berghalde, for the first
time it will be shown that energy plus buildings – so called "small power plants" - can be implemented easily
and operated successfully. The building is designed according to the German EnEV standard and is equipped
with equivalent building services. The house neither is a passive house nor a self-sufficient house. Berghalde
is integrated in the EffizienzhausPlus network from the BBSR and serves as reference project for the other
buildings. Apart from the development of concepts for climate neutral buildings, the network promotes the
possibility to combine highly energy-efficient buildings with electric mobility. With the results of the project,
the energy management of modern buildings should be improved and the required components for an energy
efficient building envelope and the use of renewable energy will be developed further.
The applied definition and calculation method for the energy-plus standard is based on the specification and
the definition of the BMVBS [2]. For the calculation of the energy-plus standard, either the building or the
plot is defined as a balance limit. The balance includes all energy needed for conditioning and operating the
building as well as the equipment. It includes the demand for heating and cooling, ventilation, lighting,
auxiliary energy sources as well as household appliances and the e-mobility. The energy consumption is
compared to the renewable energy production on an annual balance. The difference (consumption minus
production) must be less than zero on both levels, final energy and primary energy. Besides the definition of
the BMVBS two more criteria were defined, namely that more than 30% of the annual generated PV
electricity must be used in the building, and that more than 30% of total annual electricity consumption must
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be met by the PV production (see chapter 3).
2. Method and energy concept
The existing net-plus-building is one of the first buildings of this kind in Germany and demonstrates an
integral solution of appealing architecture, high energy efficiency and optimal usage of solar power through
photovoltaic. The “only-electricity-building” has an annual demand of approx. 9,500 kWh for space heating,
domestic hot water, white goods and user equipment. The PV-system delivers approx. 14,500 kWh/a.
Due to the active solar energy use the annual regenerative energy output is higher than the whole power
demand. This was only achievable through the high energy efficiency of the building, which is based on its
orientation, the shape of the building, high quality air-tight building envelope with low heat transfer
coefficients (Table 1) and the innovative building technology.
Tab. 1: Overview of the heat transfer coefficient of building envelope

U-Value
[W/m²K]
Exterior wall

0,15

Roof

0,12

Base plate

0,3

Glazing

0,9

n50

0,6 1/h

The single family house near Stuttgart has been completed at the end of 2010. The building’s floor area is
approx. 260 m². The northern part of the basement is embedded into the hill slope, while the southern part
opens up to the valley with a large window front (Figure 1). Due to the slope, all living spaces are oriented to
the south. The children's and guest rooms are located in the ground floor with a room-high window front. On
the 1st floor is the large contiguous kitchen, dining and living area. A structural sun protection for the ground
floor is given by the cantilever of the top floor. The secondary rooms, such as bathrooms, utility room and
building equipment are located on the north side.

Fig. 1: South side with cantilever as structural sun protection (left), north-west side (right)

On site neither natural gas nor district heating are available, electricity is selected as energy source. The use
of renewable energies is carried out by a roof-integrated photovoltaic system (15 kWp, 120 m²,
polycrystalline photovoltaic). Additional connection to the public power grid ensures a safe energy supply.
Heating energy is generated by the heat pump, which is coupled with three borehole heat exchanger (each
with 100 m depth). It is possible to ventilate the entire building by natural ventilation opening the windows.
Additionally, to reduce the ventilation heat losses during the wintertime, a controlled mechanical ventilation
system with heat recovery is available. An earth-air heat exchanger preconditions the outdoor air. In winter,
the outside air is preheated. Beyond heating season, the mechanical ventilation is turned off and the use of
natural ventilation has priority. During times with extreme high ambient temperatures the earth-air heat
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exchanger in conjunction with the mechanical ventilation can be used for cooling and to avoid overheating.
(Figure 2)
The electricity from the PV system is fed into two batteries with a capacity of 7 and 20 kWh. The
implementation of the batteries increased the share of intrinsic power-usage in comparison to electricity fed
into the grid.

Fig. 2: Energy concept

Detailed monitoring enables the supervision of particular systems, the overall performance of the building
and the validation as well as optimization of the target values.
Furthermore the significant loads of heat and electricity, temperatures, humidity levels and local weather data
are collected.
3. Results
Based on the intense and broad-based measurement and monitoring concept, results for plant and building
performance and energy balances are now available for three full years (2011 to 2013). The primary goals
of achieving net-plus energy standard and high user satisfaction have been achieved.
In the first two years of operation (2011/2012) the energy balance already surpassed expectations. In
comparison to the calculated annual PV energy yield of 14,500 kWh/a, 16,000 kWh/a were collected per
year, which is about 12% more than predicted (Figure 4). This numbers correspond to a specific annual
yield of 1,085 kWh/kWp (forecast: 967 kWh/kWp). Compared to DIN 4108-6, the annual global radiation
(horizontal) is specified by 1,074 kWh/m² for the city of Stuttgart. The PV energy yield within the first year
of operation was approximately 80% higher than the annual electricity consumption. For each year more
than approx. 4,000 kWh/a (2011: 2,857 kWh/a; 2012: 5,262 kWh/a; 2013: 4,113kWh/a) was used directly
in the building and consequently less than approx. 11,300 kWh/a (2011: 13,417kWh/a; 2012: 10,661
kWh/a; 2013: 9,781kWh/a) was fed into the grid. Approximately 38% of the electrical energy consumption
was covered directly by the PV system. The direct usage reached 18% in the first year of operation and
increased to 33% and 30% in the following years considering the total PV yield. The balance shows a
surplus of about 7,250 kWh/a in 2011, which would be sufficient to cover the electrical demand of a
building hosting five to six persons (Figure 3).
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Fig. 3: Annual balance of total electricity of house (2011 - 2013)

Figure 4 shows the shares of heat supply and heat consumption in the building, broken down to heat source,
heat distribution (buffer storage/distribution) and heat transfer (heating and domestic hot water). The total
heating consumption was amounted to 11,202 kWh/a in 2011 and up to 17,073 kWh/a in 2013. The
corresponding specific heating energy consumption was 43.1 kWh/m2a, respectively up to 65.7 kWh/m2a.
In 2011, 75% of the heat demand was covered by the heat pump and to 25% by solar thermal collectors. In
2012 the solar collectors were taken down and the thermal energy was covered only by the heat pump. The
fraction of heat used for domestic hot water is approx. 10% (1,089 kWh/a in 2011, 8% - 1,024 kWh/a in
2012 and 7% - 1,096 kWh/a in 2013) of total consumed heat energy; whereas approx. 80% were used for
heating (78% - 8,753 kWh/a in 2011; 80% - 11,167 kWh/a in 2012 and 81% - 13,834 kWh/a in 2013). This
corresponds to specific values of 4.2 kWh/m2a for domestic hot water and 43.0 kWh/m2a for heating. The
energy heat losses caused by storage and distribution amounted to around 12% for each of the three years of
operation.
According to EnEV 2007, a net energy demand of 40.5 kWh/m²a (referred to floor space area of 423 m²)
was determined, with respect to the floor area (260 m²) there is a specific value for net energy demand of
65.9 kWh/m²a. The net energy consumption goes below this value during the three years of operation.
The power consumption of the heat pump for space heating and domestic hot water represents approx. 1/3
of the total electricity consumption. The small scale electric consumers have similar fractions of demand.
Space heating, domestic hot water, ventilation and lighting represent 44% of the total power consumption
in all three monitoring years. Electricity consumption for lighting and mechanical ventilation accounts
around 9%. The high power consumption for the control technology (11%) comes along with the extensive
research equipment and is not representative for a residential buildings. 820 - 1,480 kWh/a were consumed
for e-mobility. The category "Other" includes all small scale consumers, "standby consumption" (e.g.
vacuum cleaner, coffee machine, computer, printer, etc.) as well as outdoor lighting. It should be noted that
the storage losses and the standby operation of the inverter to charge the batteries accounts around 7% of
power consumption. (Figure 5)
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Fig. 4: Annual thermal energy balance (2011 - 2013)

Fig. 5: Annual electrical energy consumption (2011 – 2013)

The monthly balance between PV generated and demanded power shows large surpluses during the
summer and a lack during the winter months (Figure 6). The PV power and thus the solar yield were
designed to cover the roof area in an optimal way.
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Fig. 6: PV power output and total power consumption (2011 – 2013)

4. Optimization of operation
A seasonal heat pump performance factor below 3.0 is determined within the first operation time. Various
optimizations and adaptations have been made in collaboration with the manufacturer. In addition to that
the heat pump was changed in summer 2013. Table 2 and Figure 7 shows the change in the measured
weekly / annual performance factor of the heat pump from below 3.0 in 2011 up to 6.0 / 3,95 in 2013.
During the summer months, the heat pump is mainly used for domestic water heating. The heat pump is
running only a short operating time and at a high temperature level on the building side. These operating
conditions are not very efficient and lead to performance factors below 3.0.
Tab. 2: Seasonal Performance Factor 2011 - 2013

SPF

2011

2012

2013

2.97

3.90

3.95

The focus of the second operation year (2012) was to improve self-consumption of PV-output and to lower
power consumption. Taking down the solar thermal system, the self consumption increased from 18 % to
around 30%. With a combination of PV and electrical heat pump a solar thermal system is not
economically sensible.
In order to increase the direct use of electricity on site, the following measures have been implemented:
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x

Operation of all electricity-intensive appliances (e.g. dryer, washing machine, dishwasher) and
units such as the heat pump at the same time using the regenerative power output from the PV
and the maximize possible charging of e- mobile.

x

Use of all available thermal storage such as floor heating and the buffer.

x

Targeted operation of the heat pump (possible only during the day), only in exceptional cases at
night or with grid power, for example, at very low outdoor temperatures during the heating season
or during lack of solar yield.
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Fig. 7: Weekly Seasonal Performance Factor (2011 – 2013)

x

Changes in the control strategy of the heat pump: increasing the use of power from the PV system
and the fraction of self use by implementing enhanced control strategies to increase the running
time of the heat pump.

x

As long as there is sufficient solar energy available, heat pump operation strategy is changed in the
following way:
o

Increasing the temperature in the buffer to more than 60 °C to increase the storage
capacity, and thus to generate sufficient heat storage for time without power output.

o

Increase the reference value of surface and supply temperature of the floor heating by up
to 2 Kelvin and thus to increase the operation time of the heat pump. The heat is stored in
the space-surrounding solid components, thus counteracting a decrease in temperature in
the evening and night hours under the comfort limit. The user comfort is not to be limited
by the proposed measures.

The comparison of the measurements between the operation years 2011 and 2012 shows an increase in selfconsumption (Figure 3). The target share of over 30 % self use was reached in the context of the defined
energy plus standard.
Figure 8 shows the heat pump operation for 2012 as carpet plot. Green inked areas mean operation of the
heat pump and red-inked the change of operation strategy by sufficient solar energy. It becomes clear that
the heat pump was not in operation during the period 22 - 5 o´clock. In addition, the change of operation
strategy at midday can be seen. In fall 2012, the heat pump was replaced and the operation strategies could
not be implemented properly. This led in disadvantages and losses in the PV use. The heat pump is running
at night time again.
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Fig. 8: Operation of heat pump (green) with overheating mode (red) (2012)

During winter season with low PV production and high heating demand the power demand of the heat
pump could be covered up to 15% by PV production. Therefore three conditions needed to be satisfied. A
decent implementation and integration of the heat pump to the load management was implemented.
Furthermore the implementation of changing strategies by PV production was also implemented. During
the summer months, no change in strategies occurs. Throughout this time, the heat pump only runs to
provide domestic hot water. This leads to a solar fraction up to 93%. 2013, due to the low PV yield at the
beginning of the year only a share of the power consumption of 4% was covered. In the summer months,
the proportion increased up to 78%. (Figure 9)

Fig. 9: PV-production, heat pump consumption and solar fraction on heat pump demand (2012 - 2013)

The integration of the battery to the load management is crucial to cover the power demand of the building.
Furthermore it helps to optimize the usage of the current self-produced PV energy.
Through the integration of the two batteries, the solar self-consumption could be increased in 2012 (Figure
10 and Figure 11). The monthly solar fraction of the batteries in the total electricity consumption in 2012
ranged from 7% to 44% (Figure 10). 2013, the 20 kWh-battery was no longer running and removed from
the system caused by not scheduled operation. The percentage of battery on total power consumption is
clearly energized on an average of 6% by eliminating the battery.
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Comparing the annual electricity production and self usage of electricity from 2011 to 2013, the increase of
self usage of electricity from 2011 to 2012 is caused by the integration of the batteries and therewith the
storage capacity (20 kWh + 7 kWh). The share of self usage of electricity on the PV production could be
increased from 18% in 2011 to 33% in 2012. The reducing of 2012 to 2013 can be attributed to the
elimination of the 20 kWh-battery.

Fig. 10: fraction on total power consumption by PV, battery and grid (2012-2013)

Fig. 11: Influence of battery and increase of self usage, 2011 - 2013
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5. Outlook
The results and optimization show that there is still potential to increase the self- use of solar electricity.
This will be realized in the ongoing project.
The increase in self-consumption within the building is going to be implemented through the following
measures:
x

Increasing of thermal storage mass by the buffer volume from 825 l to 825 l + 700 l.

x

Improved use of available thermal building mass (active function description and optimized
control strategies).

x

On-line monitoring to monitor the success and operation optimization.

In addition to energetic issues, comfort measurements will also be analyzed the personal feeling regarding
to room temperature, room humidity, etc. These analyses will help to change the installed ventilation
equipment and the user-specific heating to increase the comfort of the residents.
6. Conclusion
The primary goal of achieving energy plus standard in terms of an annual balance for final and primary
energy coupled with the aim of high user satisfaction has been continuously achieved since three years of
operation. The realized energyPLUS building covers 35 - 50% of its total energy consumption by renewable
sources. In combination with a solar direct use of electricity over 30%, the energyPLUS concept is an
important module for our future energy supply.
Sustainable energy concepts play a major role in energy-efficient construction. Besides the integration of
renewable energy sources, integrated design includes a high level of user comfort in conjunction with a
healthy indoor environment. The project is a commendable example of integrated design and allows the
investigation of future-oriented technology and energy concepts. By the construction of energy plus
buildings with high internal electricity consumption future-oriented concepts for future standards are set.
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Abstract
This paper presents an analysis of how the design of a photovoltaic (PV) system influences the greenhouse gas
emissions balance in net zero emission buildings (nZEB). In a zero emission building, the emissions associated
both with the energy required in the operation of the building (operational emissions), and the energy used to
produce the building materials (embodied emissions), are offset by renewable energy generated on-site. The
analysis is applied to a nZEB building concept for a single-family building, developed by the Norwegian
Research Centre on Zero Emission Buildings. Previous analyses have shown that the installation of a PV
system accounts for a significant share of the embodied emissions of a nZEB. The objective of this paper is to
assess how the PV system design influences the embodied and avoided emissions as well as the energy yield.
Three different PV technologies and four different module layouts for flat roofs are evaluated. In addition, the
influence of two different grid emission factors is studied.
Keywords: zero emission buildings, grid-connected PV, embodied emissions, PV system design

1. Introduction and background
The building industry is a large contributor to global energy demand and greenhouse gas emissions, accounting
for about a third of the global energy use (IEA, 2013). To reduce this contribution, the environmental
performance of buildings needs to be drastically improved. In order to address this challenge, the concept of
zero energy and zero emission buildings has emerged.
At the European level, the revised directive on Energy Performance of Buildings (EPBD) requires that all new
buildings should be ‘nearly zero energy buildings’ by 2020 (Directive 2010/31/EU of the European Parliament
and of the Council of 19 May 2010 on the energy performance of buildings, 2010). This has led to extensive
work on zero energy buildings and their definition, in which Norway plays an active role. As part of this work,
the Research Council of Norway has funded the establishment of the Research Centre on Zero Emission
Buildings (the ZEB Centre, www.zeb.no). The activities in the ZEB Centre are mainly focused on greenhouse
gas emissions related to the building industry, and how these can be reduced.
The overall goal of a net zero emission building (nZEB) is that all emissions related to the energy use for
operation as well as embodied emissions from materials should be offset by on-site renewable energy
generation. The addition of the word “net” indicates that energy can be exported from and imported to the
building, and that the net energy or emission balance is calculated over a specific period of time, usually a year.
In practice, this usually means that the building is connected to the energy grid.
1.1. Zero emission buildings
In order to develop concepts and strategies, it is necessary to first establish a sound definition of a
nZEB. There is, so far, no commonly accepted definition of a nZEB and how the emissions balance should be
calculated (Marszal et al., 2011) (Marszal et al., 2011). A detailed discussion on this topic and a proposed
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Norwegian definition of a nZEB is presented in previous publications (Dokka et al., 2013a; Houlihan Wiberg et
al., 2014; Kristjansdottir et al., 2013).
The calculation of a life cycle emissions balance is complex and requires a large amount of background data.
The level of greenhouse gas emissions that are associated with a unit of energy depends on the composition of
the energy mix. The net zero balance of a building therefore depends on the composition of both the energy mix
that was used to produce the building materials, and the energy mix that is used in the operation the building.
The basic idea of a net zero emission building is that the renewable energy generated on the building site can
‘pay back’ emissions embodied in the building materials, by replacing energy that would otherwise be imported
from the grid. One of the complexities of calculating the emission balance of a building is therefore that it
involves estimations of emissions in both different geographic locations and different time periods.
1.2. Residential nZEB concept building
In practice, only a coherent set of measures may lead to the achievement of a zero emission balance,
starting from the energy efficiency of the envelope and services to the on-site renewable energy conversion.
The need to study the influence of these dynamic measures has led the ZEB Centre to investigate a number of
nZEB concepts models. As a first step, concept models are based on current available technology, and thus
reflects today’s practices in the construction sector. The concept models are designed using the nZEB definition
suggested by Dokka et al. (2013).
The analysis presented in this paper is based on the ZEB concept model for a single-family house (Houlihan
Wiberg et al., 2014) It is a two-storey detached house located in Oslo, Norway. The calculated energy demand
and embodied and operational emissions of the building are shown inTab. 1.
Tab. 1: Main characteristics of the baseline nZEB concept

Building details
Location

Oslo, Norway

Heated floor area

160 m2

Roof area

80 m2

Annual energy demand

[kWh/m² year]

Heating

44.7

Cooling

0.0

Electricity

25.5

Greenhouse gas emissions

[kgCO2eq/m² year]

Embodied emissions

7.2

Total electricity use*

5.1

*Computed using a yearly CO2eq factor of
0.13kg CO2eq/kWh for electricity during the 60-year
building lifetime

The concept is solar-based, a strategy often found in the zero energy building community (Voss and Musall,
2012): a well-insulated building envelope is combined with solar thermal collectors and an air-to-water heat
pump to cover the heating needs while a grid-connected photovoltaic (PV) system generate enough electricity
to reach the zero energy balance. A comprehensive analysis of this concept model is presented by Houlihan
Wiberg et al. (2014).
The analysis of the single family concept model showed that the on-site renewable energy sources on the
building were able to counterbalance CO2eq emissions from the electricity used during its operation (O)
reaching the so-called ZEB-O level (described by Dokka et al., 2013). However, the concept was not able to
counterbalance the emissions including embodied emissions of materials (M) defined as the ZEB-OM level.
In the analysis of the emission balance of the ZEB concept building it was also found that the PV modules
accounted for 29% of the embodied emissions from the materials – a significant amount (Houlihan Wiberg et
al., 2014). The work presented here aims to analyse if this share can be decreased.
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1.3. PV technologies
The dominant technology on the PV market today is crystalline silicon solar cells. According to the European
Photovoltaic Industry Association (EPIA) mono-crystalline silicon (mono-Si) and polycrystalline silicon (polySi) solar modules account for about 85% of the market. Crystalline silicon photovoltaics are mature and robust
technologies with efficiencies of commercially available modules ranging from about 11-22%.
Technology developments and increased efficiency have made thin film modules, including amorphous silicon,
CdTe (Cadmium Telluride), CIS/CIGS (Cadmium Indium (Gallium) Selenide) and organic solar cells, a real
alternative to crystalline silicon. Efficiencies range from 5-13% (EPIA, 2014). Thin film modules can be
produced on different substrates, can be made flexible, and can be less sensitive to shading and overheating.
Due to their higher efficiency, crystalline silicon modules require less space than thin film modules to generate
the same amount of electricity. Thin film modules, on the other hand, require less energy in the production of
the modules.
2. Method
This paper presents an analysis of the net emissions contribution from different PV modules, in order to
understand what strategies are most suitable to reach the ZEB-OM balance for the residential concept model.
The parameters that are studied are different PV technologies and different module orientations.
The specific purpose of the analysis is to find the PV design solution that will results in the largest net
emissions reduction for the concept building, with the restrictions of a limited roof area. In a wider sense, the
aim is to investigate which of the PV technologies and designs options that result in the largest amount of
energy output per unit of embodied emissions.
To perform such an analysis, it is necessary to know the embodied emissions from the production of the PV
modules, and emissions that are avoided when PV electricity replaces electricity from the grid.
2.1. Calculation of embodied emissions
The embodied emissions of the materials in the ZEB concept building were calculated to provide an overview
of all the materials in the building, e.g. the construction materials in the envelope, the HVAC system and the
energy supply system. The objective was to identify the key materials and components in the ZEB residential
concept model that contribute the most to the embodied greenhouse gas emissions.
A detailed description of the calculations is available in (Houlihan Wiberg et al., 2014). In this first stage of
development of the concept model, only the greenhouse gas emissions contribution to the global warming
potential (GWP100) are taken into account as an environmental impact category. Environmental impact
assessments are complex and other impact categories should be taken into consideration in further work.
2.2. Embodied emissions of PV modules
Three different technologies were evaluated: monocrystalline silicon (mono-Si), polycrystalline silicon (polySi) and CIS thin film. Emissions data from the Ecoinvent database v.2.2 (Swiss Centre for Life Cycle
Inventories, 2013) was used for the calculations. The emission data are based on 1 m2 of PV panel with frame,
and on the following processes in Ecoinvent: Photovoltaic panel, single-Si, at plant/RER/I U (mono-Si);
Photovoltaic panel, multi-Si, at plant/RER/I U (polySi); and Photovoltaic panel, CIS, at plant/DE/I U. The age
of the inventory data for the modules is from 2006 for the CIS modules and mix of data from 2001,2004 and
2005 for the silicon based modules (Swiss Centre for Life Cycle Inventories, 2013).
The specific modules for each of the technologies are selected based on the available data on embodied
emissions and the energy performance of the modules. The specific modules are chosen to represent an average
of each PV technology, and to match the descriptions of the modules given in Ecoinvent. The characteristics of
the selected modules are shown in Tab. 2. All modules are assumed to be produced in Western Europe. The
materials used for the supporting structures needed on the roof for the PV module integration and the materials
needed for the electric photovoltaic production, such as inverters, controlling units and cabling (balance of
system) have not been included in the emissions analysis. This amount of emissions is assumed to be similar for
the different technologies, but needs further attention. This simplification is also supported by the results from
Fthenakis et al. (2011) where it is clear that the modules are the largest emission contributors.
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All three module types come with a performance warranty from the producer of 80% of the initial power after
25 years. The expected lifetime of the modules is set to 30 years, with a linear annual degradation of 0.7 % in
line with the value suggested for mature technologies in the methodology guidelines developed by (Fthenakis et
al., 2011). (Since the producer warranty of the CIS modules is the same as for the silicon modules, the same
degradation factor has been used, even though the technology is less mature.)
Tab. 2: Characteristics of the three PV modules used in the simulations. The module dimensions are gathered from producer data
sheet and the emissions data from Ecoinvent database (Swiss Centre for Life Cycle Inventories, 2013).

PV technology

Module
dimensions

Module area

Rated power

Efficiency

Embodied
emissions per m2
of module

Mono-Si

983 x 1476 mm

1.45 m2

223 Wp

15.4%

199 kg CO2eq/m2

Poly-Si

970 x 1630 mm

1.58 m2

210 Wp

13.3%

160 kg CO2eq/m2

CIS thin film

630 x 1190 mm

0.75 m2

75 Wp

10.0%

123 kg CO2eq/m2

2.3. Calculation of emission balance
For a proper assessment of the emissions embodied in the materials, it is important to know the country or
region of production of the data in order to know which emission factor has to be used for the electricity mix,
e.g. the EU region, Nordic region or Norwegian, as it corresponds to different amounts of CO2 eq.
To assess emissions during the operation phase of the building, as well as the emissions that are avoided due to
the use of onsite renewable energy, it is necessary to know the energy mix in the region where the building is
located, and how this will likely develop over time. The assumption(s) used in the emission calculation should
be clearly stated, e.g. static mix or some predetermined change in the mix at a fixed time or over time.
Since the modules are assumed to generate energy for at least 30 years (Fthenakis et al., 2011), the emissions
associated with the electricity from the grid during these 30 years need to be projected. Two scenarios of grid
emission factors are used for the analysis. The first one, referred to as the ZEB factor (0.13 kg CO2eq/kWh),
corresponds to a massive de-carbonization of the European grid (in accordance with the EU political goals). It
has been developed at the Norwegian ZEB Centre (Graabak and Feilberg, 2011). The second grid factor instead
assumes the current EU grid mix (0.45 kg CO 2eq/kWh) as stable and includes LCA elements for the electricity
of the grid (Swiss Centre for Life Cycle Inventories, 2013). The significance of these two factors are discussed
further in (Georges et al., 2015).
2.4. Evaluation of PV system performance
The energy performance of the PV systems were evaluated using the simulation software PVsyst v5.73 (PVsyst
SA, 2011) with Meteonorm meteorological data for Oslo (Meteotest, 2009). The annual irradiation on a
horizontal surface in Oslo is around 1000 kWh/m2. The simulations were performed as a parametric study of
module technology and module orientation. The goal was to assess how the different parameters influence the
performance of the system, and which of the systems that provides a better trade-off between energy yield and
embodied emissions.
The orientation of a PV system is defined by the tilt angle (the angle between the PV plane and the horizontal)
and the azimuth (the cardinal point). Since the sun path changes over the course of a year, the optimal tilt and
azimuth may not be the same in summer and winter, and a PV system can therefore be optimised for different
times of the year depending on its layout. Generally, the optimal tilt angle increases with the distance from the
equator, but so does also the difference between summer and winter. In Oslo, the optimal tilt angle for yearly
yield is 40°. However, if a system is Oslo is designed for high output during the summer months, the best angle
is around 30°. If the system was instead designed for winter yield, the optimal angle would be approaching 70°.
In the present example, the PV systems are installed on a flat roof. For PV systems installed in rows on a flat
roof, self-shading needs to be considered, especially for high latitudes with low sun angles. PV modules that are
installed at high tilt angle require a large spacing between the rows to avoid shading. A common solution to this
problem is to mount the PV modules at a lower-than-optimal tilt angle to avoid shading. While this results in a
lower output from each module, the total number of installed modules is larger.
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reference building has a flat roof with an area of 80 m2. There is assumed to be no shading objects, such as
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chimneys or pipes, on the roof nor any large buildings or trees in the immediate surroundings. It is further
assumed that the total roof area is available for the PV installation. Four alternative design options (or
strategies) were developed for the roof, based on the details given above. An overview of the design options is
shown in Tab. 3 and Fig. 1.
Tab. 3: The design options for the PV system on the flat roof.

Design
option

Azimuth of
modules

Tilt angle of
modules (°)

Description

A

South

40

Optimal tilt angle and orientation for Oslo. This high tilt requires
large row spacing to avoid mutual shading. High energy output
for each module, but a low number of modules can fit on the roof.

B

South

15

Lower tilt angle to reduce the required distance. Lower yield per
module but more modules can fit on the roof.

C

South/North

15

A development of design option B, where north-facing modules
are added in the unused space between the south-facing modules.
The rationale of this is to fit as many modules as possible onto the
roof, even though the north-facing modules will have very low
output for most of the year.

D

East/West

15

The same low tilt angle as in B and C, but modules oriented
east/west. The advantages of low self-shading are the same as in
B and C, band output is shifted towards autumn and spring.

A

B

C

D

Fig. 1: Design options A to D. Images from PVsyst (2011).

The minimum required distance between the PV module rows to avoid shading were calculated with the real
dimensions of the modules, and are therefore different for the three module technologies. The sun height in
Mid-February (15°) is as the worst case scenario. Since the insolation in November to February accounts for
about 2-8% of the annual insolation, this is seen as a reasonable simplification.
The rows of modules are assumed to be one module high and equally spaced over the length of the roof. As
many modules as possible were fit in each row. Because of the different dimensions of the modules, the number
of modules and the size of the system are different for each technology.
The crystalline silicon modules are mounted in landscape position to make best use of the three bypass diodes
in the modules. Shading of the lower edge, for example from snow pileup, will thereby have a limited influence
on the output power. The thin film module, on the other hand, was placed in portrait orientation since this limits
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the effects of shading for this technology. The strategy for the rest of the system design (e.g. string layout and
choice of inverter) has been to keep it as similar as possible between the alternative designs.
Each of the design options A-D was simulated with the three different PV technologies mono-Si, poly-Si and
CIS. The details of each simulated case are presented in Tab. 4
Tab. 4: Detailed data for the design options using different PV technologies

Design
option

PV
technology

Total no of
modules

Total module
area (m2)

Total power
(kWp)

A

Si-mono

21

30.5

4.7

A

Si-poly

18

28.5

3.8

A

CIS

32

24.0

2.4

B

Si-mono

28

40.6

6.2

B

Si-poly

24

37.9

5.0

B

CIS

48

36.0

3.6

C

Si-mono

49

71.1

10.9

C

Si-poly

42

66.4

8.8

C

CIS

80

60.0

6.0

D

Si-mono

40

58.0

8.9

D

Si-poly

32

50.6

6.7

D

CIS

84

63.0

6.3

3. Results
The yearly energy output of the system alternatives was calculated and compared to the energy delivered to the
building from the grid. The results are shown for the first generation year (i.e. without module degradation) in
Fig. 2. The mono-Si modules have the highest yield for all the design options. Design option C has the clearly
highest energy yield for mono-Si and poly-Si modules, while design option D has a slightly higher yield for the
CIS modules. These results are a direct reflection of the size of the systems in terms of installed W p (Watt peak)
(see Tab. 4).
Three systems are able to generate enough energy to cover the energy use of the building, i.e. the energy
otherwise delivered from the electricity grid. These are design option C with mono-Si and poly-Si, and design
option D with mono-Si modules.

Fig. 2. The energy yield of the systems for the first year of generation (i.e. without degradation),
compared to the energy used by the building (delivered from the grid).

The embodied emissions of the PV modules in the different systems are shown in Fig. 3. The embodied
emissions per heated floor area EEfl (kg CO2eq/m2 heated floor area) are calculated according to (eq. 1), where
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APV is the installed PV area, EEPV the embodied emissions per area of PV module (kg CO 2eq/m2 installed PV)
and Afl the heated floor area (m2).
ܧܧ ൌ

ܣ ή ܧܧ
ܣ

(eq. 1)

The mono-Si systems have the highest embodied emissions of the three technologies due to the more energy
demanding production. Design option C for mono-Si and poly-Si modules and design option D for the CIS
module have the highest amount of embodied emissions since these system are largest in terms of PV area (see
also Tab. 3).

Fig. 3: The embodied emissions of the systems per m2 of heated floor area of the building

As Fig. 4 shows, the design options with the highest total yield are not the ones with the highest specific yield
of the modules. The specific yield is the energy output per installed power unit of the PV modules, here
expressed as kWh per kWp. While Fig. 4 shows only the specific yield of the mono-Si modules as an example,
the tendency is the same for all module types. As the figure shows, the performance of the modules is highest
for design option A. The specific yield of the north facing modules in design option C is about 70% of that of
the modules in design option A.

Fig. 4: The specific yield (kWh/kWp) of the PV in the different design options (mono-Si modules used as an example).

Fig. 5 presents results related to the first emissions category. It is expressed as the embodied emissions that can
be assigned to every unit of energy that the systems yield during their lifetime, here denoted EEenergy (kg
CO2eq/kWh). It is calculated according to (eq. 2), where EPV,lifetime (kWh) is the total amount of energy generated
during the lifetime of the modules (here assumed to be 30 years) including the effects of PV module
degradation.
ܧܧ ൌ

ܣ ή ܧܧ
ܧǡ௧

(eq. 2)

The CIS modules, which have the lowest embodied emissions per area unit, also have the lowest amount of
embodied emissions per unit of energy. The CIS modules can therefore be said to yield the “cleanest” energy in
terms of CO2 emissions. This corresponds to earlier findings (Fthenakis et al., 2011).
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Fig. 5: Amount of embodied emissions per unit of energy output for the different system alternatives (kgCO 2-eq/kWh)
during its lifetime (30 year lifetime is assumed for all module types.)

The result when the two grid factors are applied to the energy yield of the PV modules is shown in Fig. 6. The
upper (positive) bars are the same as in Fig. 3, i.e. the embodied emissions per heated floor area. The lower
(negative) bars represent the avoided emissions, EEavoided (kg CO2eq/m2 heated floor area). They avoided
emissions are calculated according to (eq. 3), where EEgrid (kg CO2eq /kWh) as described in Section 2.3.
ܧܧ௩ௗௗ ൌ

ܧǡ௧ ή ܧܧௗ
ܣ

(eq. 3)

As Fig. 6 shows, the avoided emissions are much larger when the EU grid factor is used (the embodied
emissions are independent of the grid factor). The EU grid factor represents a grid with higher associated
emissions than the ZEB grid factor, i.e. a lower share of renewable energy. This means that the electricity in the
grid represented by the ZEB factor is already relatively “green”, and consequently the effect of replacing it with
renewable energy is smaller in terms of avoided emissions.

Fig. 6: The embodied energy of the PV system (positive on the vertical axis) and the avoided emissions from the grid (negative on
the vertical axis) of the systems for two different grid mixes. The values are shown per m2 heated floor area. The avoided
emissions are cumulative values for the 30 year lifetime of the PV system..

The net contribution to reduce emissions from the different systems is found by subtracting the lower bar from
the upper in Fig. 6. The system with the largest net emissions reduction is design option C with mono-Si
modules, which results in 15 3001 kg CO2eq avoided emissions during the system lifetime with the ZEB grid
factor, and 86 500 tons CO2eq with the EU grid factor.
The emissions payback times of the systems, i.e. the number of years that they need to be in operation before
the embodied emissions are off-set by reduced emissions, have been calculated based on the data presented in
Fig. 6. The emissions payback times of the systems with the ZEB grid factor ranges between 11-14 years, the
longest time is for the larger crystalline silicon systems, and the shortest time is for the small CIS systems. If
only the north facing modules in design option C are considered, the payback time is 17 years for the mono-Si
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modules. If the EU grid factor is applied instead, the emissions payback time is reduced to 3-4 years for all the
systems.
4. Discussion
The analysis presented in this paper involves a number of simplifications, generalisations and uncertainties. The
embodied emissions of the PV modules are gathered from the Ecoinvent database (Swiss Centre for Life Cycle
Inventories, 2013), which is one of the most comprehensive databases on environmental impact data. However,
the work with collecting data from such a database is inevitably time consuming, and in some cases the data can
be around 10 years old. This is unproblematic in some sectors, but the PV manufacturing industry has gone
through a significant development during this time, and the validity of the data in today’s industry can perhaps
be questioned. In addition to the technological development, a large part of the PV manufacturing industry has
moved from Europe to Asia, in particular to China. The location of the production plants influences the
embodied emissions of the products, since these depend on what kind of energy sources that are being used in
the factories. Environmental impact data from individual producers is hard to come by, and when available
might be difficult to validate. It is difficult to make any clear statement on how the development in the PV
industry would influence the results presented here, but this will be the subject of further study.
Another uncertainty that has a large influence on the results is the choice of electricity grid factor. As the
calculations have shown, the net positive effect of installing a PV system in terms of reduced CO 2eq emissions
depends to a high degree on the electricity it replaces. An installation in a location where the grid mix has a
large share of fossil energy can therefore be seen as more beneficial than installing the same system in a
location with a more renewable energy mix. Further discussion on this topic is referred to in (Georges et al.,
2015).
While the results clearly show that the net reduction in emissions is directly related to the size of the system in
kWp – which in itself is an unsurprising result -- the benefit of increasing the systems size by mounting modules
with north-facing orientation can be questioned. As a total system, design option C for the mono-Si modules
has the highest total yield and the highest value of net emissions reductions. However, the north-facing modules
in this system has a yield that is only 70% of the south facing ones, and a payback time of 17 years when the
ZEB grid factor is used (the payback time was, however, only 4 years with use of the EU grid factor). This is
over half the expected lifetime of the PV modules.
5. Conclusions
An analysis of the different PV installations for a Norwegian nZEB concept building developed by the ZEB
Centre has been presented. The PV systems were evaluated based on their contribution to the emission balance
of the building, which represents the results of the relationship between the embodied greenhouse gas emissions
(kg CO2 eq) and the energy yield (kWh) of the systems. The analysed parameters include the choice of PV
technology (mono-Si, poly-Si and CIS) and the orientation of the modules. The design boundary for the entire
installation was the 80 m2 flat roof of the building. The emission balance was calculated with two different
energy grid factors: the ZEB factor assuming a large decarbonisation of the EU electricity grid (0.13 kg CO2 eq)
and the current EU factor (0.45 kg CO2 eq).
Design option A, with optimally inclined and oriented modules (40° south-facing), had the highest energy yield
per installed module (kWh/kWp). The CIS modules had the highest ratio between energy output per module and
embodied emissions. Nevertheless, due to the limited installation area available on the roof, the most favourable
systems to reach a zero emission balance were found to be the ones with the highest energy density, i.e. energy
output per roof area. These were the systems with a high number of modules at low inclination (design options
C and D), and modules with highest efficiency (mono-Si). It should be noted that these systems were also the
systems with the highest amount of embodied emissions, and the lowest energy yield per module. Design
option C also included the north facing modules.
The net emissions reduction was calculated by subtracting the embodied emissions of the PV module from the
amount of avoided emissions during its lifetime. The calculations with two grid emission factors also show that
the value of a PV installation is more evident if the grid electricity it replaces is more carbon-intensive.
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The analysis presented here has shown that a PV system can be optimised in several ways and that it is
important to consider the embodied emissions, as well as the energy performance, in the design of net zero
emission buildings.
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XVLQJWKH(Q2FHDQWHFKQRORJ\WKHZLULQJRIVHQVRUVDQGVZLWFKHVLVGURSSHGFRPSOHWHO\7KLVPHDQVWKDW
GRPHVWLFLQVWDOODWLRQVUHTXLUHIHZHUH[SHQVHVLQZLULQJDQGFRVWV2QO\WKHDFWXDWRUVUHTXLUHDSRZHUVXSSO\
7KH VHQVRUV DQG VZLWFKHV FDQ EH HDVLO\ LQVWDOOHG LQ D GHVLUHG ORFDWLRQ DIWHU LQWHULRU FRQVWUXFWLRQ KDV EHHQ
ILQLVKHGDQDGGLWLRQDOSRLQWZKLFKPDNHVWKHV\VWHPYHU\IOH[LEOHLQWHUPVWRDQ\VXEVHTXHQWDPHQGPHQWV
)RU WKH FRQWURO RI WHPSHUDWXUH DQG &2 DQG WKH PDQDJHPHQW RI ORDGV LQVLGH WKH EXLOGLQJ D 3/&
3URJUDPPDEOH/RJLF&RQWUROOHU LVXVHGZKLFKFDQFRPPXQLFDWHZLWKDVSHFLDOFRPPXQLFDWLRQPRGXOHRI
WKH3/&E\XVLQJDELGLUHFWLRQDOFRQQHFWLRQWRWKHZLUHOHVVEXVV\VWHP )LJ 
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 +DUGZDUHFRPSRQHQWVLQGHWDLO
)LJVKRZVWKHPDMRUKDUGZDUHFRPSRQHQWVZKLFKFRQWULEXWHWRDQHQHUJ\HIILFLHQWRSHUDWLRQRIWKHZKROH
EXLOGLQJ)DQVDUHXVHGWRNHHSDPELHQWDLUTXDOLW\LQWKHFODVVURRPEHORZWKHUHJXODWRU\OLPLWV7KHGHSOR\HG
IDQVRSHUDWHRQWKHSULQFLSOHRIUHJHQHUDWLYHKHDWH[FKDQJH$KHDWUHWDLQLQJFHUDPLFERG\LVVLWWLQJLQWKH
PLGGOHRIWKHDLUVWUHDPJHQHUDWHGE\WKHD[LDOIDQ%\PHDQVRIDUHYHUVLQJDLUIORZZKLFKLVFDXVHGE\VSHFLILF
FKDQJHVLQWKHGLUHFWLRQRIWKHIDQWKHFHUDPLFERG\LVFKDUJHGZLWKWKHWKHUPDOHQHUJ\RIWKHDPELHQWDLUDQG
UHWXUQV LW WR WKH SURYLGHG RXWGRRU DLU 7KH YHQWLODWLRQ V\VWHP HQVXUHV WKDW WKH OLPLWV RI FDUERQ GLR[LGH
FRQFHQWUDWLRQDUHQRWH[FHHGHGDQGWKDWWKHDLUTXDOLW\LVZLWKLQWKHVSHFLILHGVHWSRLQWV5RRPWHPSHUDWXUH
FRQWUROLVSURYLGHGE\XVLQJDORZWHPSHUDWXUHKHDWLQJZKLFKLVLQVWDOOHGXQGHUWKHVFUHHGRIWKHEXLOGLQJDQG
HPLWV RQO\ UDGLDQW KHDW 7KH KHDWLQJ WUDQVIRUPV HOHFWULFDO HQHUJ\ LQWR KHDW DQG ZLWK D FHUWDLQ WLPH GHOD\
WUDQVIHUVLWYLDWKHVXUIDFHRIWKHIORRUDWWKHURRP¶VHQYLURQPHQW7KHKHDWLQJXSRIWKHVFUHHGLVLGHDOO\
GRQHZLWKSRZHUIURPHLWKHUWKHSKRWRYROWDLFDUUD\RUWKHHQHUJ\VWRUDJH)RUPRUHLQIRUPDWLRQSOHDVHUHIHU
WR )LVFKHUDQG.|KOHU 
 (QHUJ\PDQDJHPHQW
7KHDLPRIWKHHQHUJ\PDQDJHPHQWV\VWHPLVWRUHJXODWHWKHSRZHUVRWKDWDVOLWWOHDVSRVVLEOHHQHUJ\KDVWR
EHUHFHLYHGIURPWKHJULG7RHQVXUHWKLVWKHV\VWHPLVEDVHGRQWKUHHIXQGDPHQWDOSLOODUVDVWKHIROORZLQJ
ILJXUHVKRZV
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)LJIURQWYLHZRIWKHVFKRROEXLOGLQJ

5.1. Saving energy
3DUDOOHO WR WKH PRGHUQ RSWLPDOO\ WKHUPDOO\ LQVXODWHG HQHUJ\VDYLQJ HIILFLHQF\KRXVH DUFKLWHFWXUH RI WKH
VFKRROEXLOGLQJLWLVDOVRQHFHVVDU\WRUHGXFHWKHLQWHUQDOHQHUJ\FRQVXPSWLRQWRDPLQLPXP2QWKHRQHKDQG
WKLVLVGRQHE\HQHUJ\VDYLQJV\VWHPVVXFKDV/('OLJKWLQJRQWKHRWKHUKDQGWKHHQHUJ\PDQDJHPHQWV\VWHP
HQVXUHVWKDWHQHUJ\LVRQO\FRQVXPHGZKHQQHHGHG%\XVLQJYDULRXVVHQVRUV VXFKDVORFNLQJF\OLQGHUFRQWDFWV
RUPRWLRQVHQVRUV WKHV\VWHPDOZD\VNQRZVLIWKHEXLOGLQJLVFXUUHQWO\RFFXSLHGRU$FFRUGLQJO\WKHHQHUJ\
IORZWRXQQHHGHGV\VWHPVLVLQWHUUXSWHG7KLVUHGXFHVHQHUJ\FRQVXPSWLRQDQGHQVXUHVWKDWRQO\WKHHVVHQWLDO
ORDGVLQVLGHWKHXQRFFXSLHGURRPUHFHLYHHQHUJ\
3.1. Energy storage
7KHSUREOHPRIWKHSKRWRYROWDLFV\VWHPLVWKDWLWFDQRQO\EHXVHGDWGD\WLPH7KLVFUHDWHVWZRVLJQLILFDQW
GLVDGYDQWDJHVIRUFRQVXPHUV,IQRVXQLVDYDLODEOHWKHWRWDOHQHUJ\KDVWRFRYHUHGE\WKHJULG2QVXQQ\GD\V
LWLVDOVRSRVVLEOHWKDWPRUHHQHUJ\LVSURGXFHGWKDQQHHGHG7KHH[FHVVHQHUJ\LVIHGLQWRWKHJULGDQGFDQQRW
EHXVHGIRUVHOIFRQVXPSWLRQ%RWKGLVDGYDQWDJHVFDQEHFRPSHQVDWHGE\XVHRIDEDWWHU\V\VWHP7KHEDWWHU\
V\VWHPVWRUHVH[FHVVHQHUJ\LQVWHDGRIIHHGLQJLWLQWRWKHJULG7KLVHQHUJ\LVWKHQDYDLODEOHZKHQWKHHQHUJ\
RIWKHSKRWRYROWDLFV\VWHPLVQRWVXIILFLHQW7KLVLQFUHDVHVLQWHUQDOFRQVXPSWLRQRIVHOIJHQHUDWHGHQHUJ\DQG
KDVDGHFLVLYHLQIOXHQFHRQVHOIVXIILFLHQF\RIWKHEXLOGLQJ
3.1. Optimized use of photovoltaic energy
7RLQFUHDVHVHOIVXIILFLHQF\LWLVLPSRUWDQWWRXVHWKHJHQHUDWHGHQHUJ\RSWLPDOO\7KHLGHDIRUDFKLHYLQJWKLV
LV DV VLPSOH DV HIIHFWLYH WKH HQHUJ\ LV WR EH XVHG SURDFWLYHO\ ZKHUH LW LV QHHGHG LQ WKH IRUHVHHDEOH IXWXUH
DQ\ZD\7KHXVHGEDWWHU\VWRUDJHV\VWHPRQO\KDVDFHUWDLQFDSDFLW\WRVWRUHHQHUJ\IRUODWHUXVH,QVSULQJ
VXPPHUDQGDXWXPQWKHDYDLODEOHVWRUDJHVSDFHLVDOPRVWVXIILFLHQW2QO\GXULQJORQJSHULRGVRIEDGZHDWKHU
HQHUJ\PXVWEHREWDLQHGIURPWKHJULG,QZLQWHUPRQWKVWKRXJKEHFDXVHRIWKHQHHGIRUDODUJHDPRXQWRI
HQHUJ\E\WKHKHDWLQJV\VWHPVWRUDJHVSDFHLVXVXDOO\QRWVXIILFLHQW$QGWKDW¶VWKHPRPHQWZKHQRSWLPL]DWLRQ
RI HQHUJ\ XVH LV GHSOR\HG (YHQ LQ ZLQWHU WKHUH DUH RFFDVLRQDO VXQQ\ GD\V ZKHQ WKH SKRWRYROWDLF V\VWHP
SURYLGHVHQRXJKHQHUJ\([FHVVHQHUJ\WKDWLVQRUPDOO\IHGLQWRWKHJULGVKRXOGEHXVHGHIIHFWLYHO\LQVLGHWKH
EXLOGLQJWRSUHYHQWLYHO\UHGXFHHQHUJ\FRQVXPSWLRQDWDODWHUGDWH)RUWKLVSXUSRVHLQRUGHUWRVWRUHWKHHQHUJ\
LQIRUPRIKHDWE\LQIUDUHGKHDWLQJWKHWHPSHUDWXUHLQWKHVFUHHGLVUDLVHG7KHVWRUHGKHDWLVWKHQWUDQVIHUUHG
WRWKHURRPDQGKHDWVWKHVFKRROEXLOGLQJ
 &RQFOXVLRQDQGSURVSHFWV
7KH PXOWLIXQFWLRQDO VFKRRO EXLOGLQJ VKRZV WKDW HIIHFWLYH WKHUPDO LQVXODWLRQ FDQ SURGXFH FRPIRUWDEOH DLU
FRQGLWLRQV DQG WKDW HIILFLHQW HQHUJ\ PDQDJHPHQW FRXSOHG ZLWK LQWHOOLJHQW FRQWURO V\VWHPV FDQ OHDG WR DQ
HQHUJ\HIILFLHQWRSHUDWLRQRIDEXLOGLQJ&RQVLGHULQJWKHWRWDOFRQVXPSWLRQRIWKHEXLOGLQJRQH\HDU LQWKH
SHULRGIURPWR DIWHUFRPPLVVLRQLQJLWFDQEHVHHQWKDWPRUHHQHUJ\KDVEHHQSURGXFHG
WKDQFRQVXPHG7KHHQHUJ\EDODQFHRYHUWKLVSHULRGLVVKRZQLQILJXUH
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)RUWKHIXWXUHLWLVXVHIXOWRRSWLPL]HWKHHQHUJ\PDQDJHPHQWIXUWKHUPRUHWREHFRPHHYHQPRUHHIILFLHQW)RU
H[DPSOH LQ RUGHU WR EH DEOH WR VFKHGXOH WKH XVH RI VXQ HQHUJ\ PRUH IOH[LEO\ D ZHDWKHU IRUHFDVW FRXOG EH
LQWHJUDWHGLQWRWKHWHPSHUDWXUHFRQWURO)XUWKHUPRUHLWLVUHDVRQDEOHWRLQFOXGHDFKDURIRFFXSDQF\RIURRPV
LQWRWKHHQHUJ\PDQDJHPHQWV\VWHPWRLQLWLDWHSUHGLFWLYHHQHUJ\VDYLQJPHDVXUHVZKHQWKHEXLOGLQJLVQRWLQ
XVH HJRQKROLGD\ %HFDXVHWKHSKRWRYROWDLFV\VWHPFDQQRWSURYLGHHQRXJKHQHUJ\LQWKHZLQWHUPRQWKV
WKHLQVWDOODWLRQRIDZLQGWXUELQH VXFKDVDVDYRQLXVURWRU RQWKHURRIRIWKHEXLOGLQJFRXOGEHDVROXWLRQWR
IXUWKHULPSURYHVHOIVXIILFLHQF\
 5HIHUHQFHV
0HUWHQV.3KRWRYROWDLN±/HKUEXFK]X*UXQGODJHQ&DUO+DQVHU9HUODJ0XQLFK
:DUQNH *  :HJH ]XU (QHUJLH$XWDUNLH ± 0LW +RPH(QHUJ\+DUYHVWLQJ ]XU KlXVOLFKHQ (QHUJLH
6HOEVWYHUVRUJXQJ'U*|W]:DUQNH9HUODJ+DPEXUJ
(Q2FHDQ(Q2FHDQ'ROSKLQ±GLH3ODWWIRUPIUEDWWHULHORVH)XQNWHFKQLN,62,(&:LUHOHVV
6WDQGDUGV
)LVFKHU0.|KOHU$1,QWHOOLJHQWHV(QHUJLHPDQDJHPHQWDXI%DVLVHLQHV3OXV(QHUJLH*HElXGHV
8QLYHUVLW\RI$SSOLHG6FLHQFHV)XOGD)XOGD
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Abstract
This paper will describe the results of a 2-year monitoring programme of 4 Passivhaus dwellings in Scotland.
The dwellings, part of a group of 8 houses, are built in a rural location in the South of Scotland to Passivhaus
standards for private rent. Construction uses an offsite timber panel system. The dwellings rely on solar
thermal hot water heating, backed up by a small biomass stove, which both feed a hot water cylinder.
Ventilation and heating is via a Mechanical Ventilation Heat Recovery (MVHR) system, with a post heater
from the water store. In theory therefore these buildings are zero carbon in terms of space and water heating.
The dwellings have been monitored for a two-year period, gathering detailed data on internal environmental
conditions, and energy use, including sub-metered electrical use, along with qualitative data from interviews
with the occupants and design team. The wood fuel sources have also been tested for energy content and
carbon factors. Other fabric tests such as thermography, u-value testing and airtightness have been
conducted. This paper will report on the results of these tests and monitoring and describe the performance of
these buildings in practice. In general the performance is very good, but significant differences in occupant
behaviour are noted that can affect this, and the importance of incidental gains from non-regulated energy
use from electrical consumption, which may undermine the zero carbon targets and which can contribute to
overheating, are discussed, as is the relative performance of the MVHR system. Key Words: Passivhaus,
Energy Efficiency, Overheating, Zero Carbon, Airtightness, Occupant Behaviour

1. Introduction
The Scottish Government has set a target of 80% emissions reductions (from 1990) by 2050 with an interim
target of 42% reduction by 2020 (Scottish Government, 2009). In 2010 the Scottish Government set out a
Low Carbon Economic Strategy (Scottish Government, 2010) that includes an ambition for all new buildings
in Scotland to be zero carbon by 2016/17 if practicable.
The strategy notes that barriers to a low carbon built environment include; investment cost; with focus on
initial capital costs rather than ‘whole life’ costs; owners of buildings often not benefitting from
improvements; and a general inertia to new investment and change. However a further barrier that is
emerging in those buildings that are being built to these standards differences between design expectations
and buildings in use. There is clear evidence of performance gaps between design expectations and building
operation (GCB, 2012; Gill et al, 2011; ZCB, 2014), not just in terms of energy performance, but also issues
such as comfort, indoor air quality and satisfaction (Crump et al, 2009; Monahan and Gemmell, 2013).
The Dormont Park Passivhaus development in the south of Scotland aimed to address these issues and has
become an award winning rural development. It comprises 8 No. 2 and 3 bedroom houses built for long term
affordable rent by the Dormont Estate. The development was completed in 2011 with the help of funding
from the Scottish Government’s Rural Homes for Rent grant scheme.
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Fig. 1: Overview of the 8-house development from the East, showing the shared courtyard and rural setting.

MEARU received funding through the UK Government Technology Strategy Board (TSB) Building
Performance Evaluation (BPE) programme to study 4 No. of the buildings (2 No. 2-bed and 2 No. 3-bed) for
a period of 2 years as a wider UK-wide programme of study into low energy new-build and refurbishment
developments. The aim of the study was to assess how these buildings were performing in practice.
2. Description
The study comprised three areas of study, an investigation into the design and construction including a series
of physical tests such as U-value, air-tightness, and thermography; a process of environmental and energy
monitoring; and a series of occupant surveys, engagement and feedback.
2.1. Design and Construction Investigation
A construction audit was undertaken to identify design principles and construction details. Designed to
Passivhaus standards from the outset, the construction method chosen was an offsite-built timber kit
provided by a Glasgow-based firm. An 8.92 m2 flat plate solar thermal panel and a ‘Woodfire F12 wood
stove (10.8kW to water, 1.2kW to room) provide heat for a central thermal store which delivers domestic hot
water for direct use and also supplies space heating via a post-heater to the MVHR system. The thermal store
also delivers heat to towel radiators in the bathroom as an overheat protection.

Fig. 2a: Schematic of the Services at Dormont, including wood stove, solar thermal panels, thermal store, heat dump towel rail
and heating coil to MVHR post-heater: 2b Detail of the Wall / Floor junction used throughout the development

To complement the construction audit, interviews were held on site with the design team, contractor, client
and separately, the occupants. This found that there was a good relationship between the members of the
design team and the contractor adopted a strong design input post-tender stage and became the effective
designer for details. This was the first Passivhaus development for the contractor and so there was a steep
learning curve. The plumbing and electrical packages were contractor-design and this is where the majority
of the problems were encountered.
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2.2. Test results
A requirement of Passivhaus certification is an air change rate (n50) of no more than 0.6 m2/m3.h @ 50 Pa
and evidence from discussions with the contractor established that this was the hardest of all aspects to
achieve on site. Air-tightness testing taken around 18 months after completion indicated a level of air leakage
consistently four times worse (greater) than this level. This issue is discussed in more detail later.
A thermographic survey indicated a number of minor anomalies, but overall evidenced a very good level of
thermal performance and consistency. On the other hand in-situ U-value tests gave results for the walls and
roof respectively of 28.6% and 34.4% above the design values.
Tab. 1: Results of Insitu Testing of U Values at Cottage DA2.

Building Element
Tested (DA2)

Sample Period

Sample
Duration

Design U Value
(incl thermal
bridges)

Measured U Value
(excl thermal
bridges)

Deviation from
Prediction

External (N) Wall

28.11.13 @ 12.00 –

359 hours

0.1 W/m2K

0.12 W/m2K

28.6%

359 hours

0.1 W/m2K

0.12 W/m2K

34.4%

13.12.13@11.50

Roof (North
Facing)

28.11.13 @ 12.00 –
13.12.13@11.50

MVHR systems were tested in each house, with imbalance (positive pressurisation) found in three of the four
houses, with one example of an extract terminal installed behind ductwork such that it could not be tested
(and could not have been correctly commissioned). Overall flow rates were acceptable for example DB1 has
a flow rates of 40 l/s. However on a room-by-room bases rates are low. The average supply at normal setting
for the living rooms over the four dwellings is 14.56 l/s which is marginally below the recommended rate of
(2 x 8 l/s = 16 l/s) for two people and significantly so if there are more than two people in the room and this
makes a case for a demand-led ventilation system.
A DomEARM (Domestic Energy Assessment and Reporting Methodology) audit was undertaken for each
house indicating a generally low energy use, with the exception of one house where there was a high
electrical use related to use of the immersion heater in preference to the wood stove and the impacts of this
are discussed below.
2.2. Environmental Monitoring
A number of environmental characteristics were monitored remotely to minimise disruption to the occupants.
There were temperature, relative humidity and CO2 levels in the living room, kitchen and main bedroom of
each dwelling, along with contact sensors to monitor window opening. In addition weather information was
gathered for the site overall.
2.3. Occupant Surveys, Engagement and Feedback
Basic occupant surveys were carried out to establish the key metrics for each dwelling. This was followed by
semi-structured interviews with each occupant. The results showed that in general occupants were very
pleased with their homes, with the only concerns relating to the overheating and comments relating to the
time taken to understand the various services.

Fig. 3: Example of occupant diary: and monitored CO2 levels for the diary period 10/11/13 – 18/11/13
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Occupants were also asked to fill in diaries, providing in-depth information on a number of subjects for the
duration of a week. This was carried out across the various TSB-funded projects over the same week. The
exercise allowed MEARU to corroborate potential anomalies in the monitored data with ‘real life’
information. For example, both occupants of this house spent 2 nights away during the week (Sun/Mon and
Thur/Fri) and these absences are clearly represented in the CO2 readings for each bedroom.
Towards the end of the process, a BUS (Building Use Studies) questionnaire was undertaken. This is a
detailed feedback form allowing direct comparison with other completed projects across the UK and
indicated overall a high degree of satisfaction, not withstanding concerns about overheating and a variety of
other minor issues.
3. Main Findings
3.1. Energy Efficiency
Energy use in the dwellings can be compared with 20 other low energy dwellings in Scotland being
monitored as part of this TSB programme and this breakdown is shown in Figure 4. Overall the buildings are
performing well against these buildings and most benchmarks. They offer strong evidence that the
Passivhaus approach is a good way to create genuinely energy efficient buildings.

Fig. 4: Electricity, Gas and Biomass consumption for 2013 across 20 Scottish projects monitored by MEARU.

It is apparent that there are variations in overall consumption and reasons for this are discussed below.
Variations in consumption will occur due to different house types, occupancy patterns and behaviour, as well
as location. The figure below shows the same projects with primary energy totals calculated using PhPP
conversion figures as noted.

Fig. 5: Primary Energy consumption for same project as Fig 4. PE figures obtained through PhPP conversion: Electricity – 2.6
kWh/kWh, Gas – 1.1 kWh/kWh, Biomass – 0.2 kWh/kWh

With the primary energy mismatch between electricity, gas and biomass resolved, the differences are not as
marked, but the Passivhaus principle of reducing space heating demand – regardless of what type of energy
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is used to provide warmth – can be seen to consistently lower energy use in relation to other low energy
strategies. It also indicates the relative efficiency of flats, but does ignore the number of occupants.
The above figure also allows us to judge the properties against one of the important Passivhaus criteria which
is a total (predicted) primary energy consumption, including a standardised allowance for unregulated energy
of 120 kW/h/yr. With the exception of DA1 all Passivhaus projects, and two other low energy dwellings, sit
comfortably below this threshold. The relatively poor performance of DA1 is due to this tenants’ preference
for the electrical immersion heaters over the wood stove for almost all water heating, the causes of which are
discussed below.
3.2. Zero Carbon and the importance of Unregulated Energy (Electricity)
As an overall approach therefore, the Dormont properties can be seen to successfully reduce energy
consumption, but the monitoring raised the effects of incidental gains on space heating. Total electricity
consumption was monitored at the fiscal meter, while a series of clamp meters also measured each subcircuit within the house. This enabled a finer grain of understanding about energy consumption, and in
particular, an assessment of the ratio between regulated and unregulated electricity use.

Fig. 6: Regulated (blue) electricity as a percentage of overall electricity consumption in the Dormont Houses, 2013.

In the context of low overall electricity consumption, the above graph shows the breakdown between the
regulated energy (associated with lights, immersion heater, pumps and MVHR) as opposed to the
unregulated electricity consumption associated with cooking, TVs, computers and charging appliances etc.
It is immediately striking that the regulated electricity consumption is a small percentage of the total, ranging
from 53.13% to 17.89%. Excluding DA1, the vast majority of electrical consumption at Dormont is
unregulated. Frequently, this energy evades definitions of zero carbon performance because it is difficult to
control. These findings however show the extent to which unregulated energy impacts on the total energy use
and in particular the carbon output of buildings because mains electricity is relatively ‘carbon dense.’
Although work is already being undertaken by manufacturers to reduce energy consumption of appliances,
Figure 6 suggests that greater consideration should be given to how to manage this energy consumption.
This may be a particular concern in affordable or social housing where occupants may be bringing older,
relatively inefficient appliances, as replacement costs would be prohibitive This is reinforced when
considering that a significant portion of space heating in highly insulated houses is likely to come from the
use of unregulated devices such as televisions, computer and white goods etc. and this may be disguising a
poor than expected carbon performance. In some instances this will beneficial and some use will correspond
with occupancy (as appliances are un use when the house is occupied), but incidental heat delivery is always
uncontrolled, and outwith heating the season, can contribute to overheating.
3.3. Overheating
It is clear from the results of the monitoring that the dwellings are providing a consistently warm
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environment with temperatures varying between 20 oC and 25 oC for the majority of the time, only dropping
when houses are unoccupied (Figure 7). In fact the principal and most widespread concern for occupants
about the houses is that of overheating. The PhPP assessment established that there would be 0.2%
overheating, ie ¾ of one day, or 18 hours in total across the whole year when the temperature in the house
overall would rise above 25oC. Figure 8 below shows a two week period during July 2013, the temperatures
in all four main bedrooms in each house rarely dip below 250C. In this instance external temperatures are not
excessive, averaging about 18oC. This represents a significant mismatch between PhPP assumption and
reality.

Fig. 7: Showing the temperature (in 0C) in all Living Rooms for 2013 with external temperatures plotted beneath.

Fig. 8: Showing the temperature (in 0C) in bedrooms for the 2-week period July 7th to 21st. 2013.

There are likely to be a number of reasons for the overheating. The houses are well insulated and the fabric is
relatively airtight and has little thermal mass, so the only effective way to remove heat is through ventilation.
This will be the case in any season, but will be exacerbated in the summer months, especially to south facing
apartments. The bedrooms are relatively small (especially in comparison to German space standards on
which the Passivhaus standard is predicated) so heat cannot dissipate as readily, and upstairs rooms tend to
gain heat through thermal stratification – average temperatures for the week were 1.9 oC warmer in the
bedrooms. In addition, there is no external shading, no high level rooflight to exhaust warm air and in the
case of the 2-bed houses, no summer bypass on the MVHR – all standard devices to reduce overheating. All
of these are significant aspects and even taken in isolation could lead to overheating.
Window opening appears to have a minimal effect on overheating. “Any overheating can be managed easily
by opening windows” reports one occupant in the BUS survey, but the monitoring has not shown much
support for this. Examining a 5-day period and comparing temperatures with window opening, we see that in
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three of the houses, the bedroom windows are kept largely open. In one house – DB1 – the windows are
closed for the latter three days. This has little effect on the overall internal temperatures in the bedroom,
although in relation to the other three bedrooms, it goes from being consistently the lowest temperature, to
being second or third, and the switch happens at exactly the time when the window is closed. This would
suggest that opening the windows is helping to reduce the temperature, but the effect is marginal. Even with
the windows open and a 12oC difference between internal and external air temperatures at the time of
opening, the internal temperatures remain high.

Fig. 9: Temperature and window opening in all South facing bedrooms for the 5 day period July 18th to 22nd.

A particular source of incidental gains in these houses is from uninsulated pipework. This was identified in
the interviews with the design team as a deliberate decision on the understanding that all heat loss would be
useful as it was inside the heated envelope (although pipework insulation is required in Passivhaus). Whilst
this may have some benefit in winter it is an uncontrolled heat source. In summer this is a problematic gain,
especially as domestic hot water use is relatively constant, but also because is exacerbated by the solar
thermal system which generates more heat (then lost in distribution) in summer. The effects of this were
identified in the thermographic survey. As a result those pipes easily accessed, in the cylinder cupboards,
have been insulated by the estate, however hidden pipes remain un-insulated.

Fig. 10: Left: view of the stairwell and right: thermographic image of boxed area
showing uninsulated hot water pipes running within.

This indicates is that a significant proportion of the heat demand is met through incidental gains. In relation
to the zero-carbon agenda, the allocation of sources is very difficult to disentangle. A large proportion of
these gains will be through electrical use (TVs, fridges, computers, lighting, pumps, fans, etc.), and whilst the
principal source of hot water is low carbon (solar thermal and biomass) there are electrical immersion heaters
which are used by occupants.
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3.4. Airtightness Irregularities
A critical aspect of Passivhaus certification is an air change rate (n50) of no more than 0.6.ac/h @ 50 Pa and
pressure tests undertaken before completion gave satisfactory results (Table 2). Pressure tests were
undertaken again at the same time as the installation of the monitoring equipment and were around 4x higher
(worse) than previously, and 4x higher than allowable for Passivhaus certification.
Without disruptive testing, it has not been possible to establish reasons for the dramatic, and consistent drop
in performance. It is possible that that poor quality ‘patching’ was undertaken to get the right results in the
short term. It was also noted that the testers had to return to the site on several occasions and this may have
played a part in all involved seeking a short term solution. The first tests made at completion used ‘copressurisation’ to achieve the results, whereby adjacent properties are simultaneously pressurised (or depressurised). This tactic effectively removes anomalies caused by air leakage in party walls and is used in
some cases, but is not deemed acceptable by the Air Tightness and Testing Measurement Authority
(ATTMA), the governing testing authority. MEARU’s first tests were undertaken without co-pressurisation
so the second tests were undertaken using both to ascertain if this could be responsible for the discrepancies,
but the was not the case. The later tests suggest that performance is not as poor, but remains well below the
Passivhaus expectations.
Tab. 2: Results of 4no Pressurisation tests undertaken at Dormont

Property

Air change rate
required for
PHI (n50)

Air change rate upon
completion (n50) (copressurisation)

Air change rate
by MEARU (1)
(n50)

Air change rate by
MEARU (2) (n50)
(co-pressurisation)

Air change rate
by MEARU (2)
(n50)

DA1

0.6

0.581

2.410

1.78

1.88

DA2

0.6

0.515

2.125

1.58

1.64

DB1

0.6

0.501

2.495

1.59

1.66

DB2

0.6

0.530

2.210

1.38

1.55

3.5. Complexity
A key characteristic of the project has been the relative complexity of the services and this has represented a
problem for everyone involved in the project from the contractors, the client, the occupants, and for the
monitoring project.
The complexity leads to a lack of overview and understanding, which can create unintended consequences.
For example, the ground floor shower room towel rail was intended to be used as a ‘heat dump’ when there
was excess heat in the system due to the wood stove having no thermostatic shut-off. However, this towel
rail was initially fitted with a thermostatic valve preventing this from taking place. When the heat built up,
the only escape was then for the hot water and steam to discharge via a low level pipe out into the garden. In
DA1, the occupant was a young mother with a baby and she was naturally concerned when this occurred and,
combined with concerns over safety with the fire and a lack of familiarity with wood stoves, decided not to
use the wood stove. This meant that all heat and hot water was produced by the immersion heater leading to
the significant electricity use discussed previously.
In trying to identify the location and specification of services it has been very difficult to trace information
back ‘upstream’. There are significant differences between the design schematics, the as-built drawings and
what can be identified on-site, the latter made worse as many elements are built into the fabric of the
dwelling (e.g. the pipework referred to earlier and also MVHR ductwork) and cannot be easily accessed for
maintenance or repair. There was uncertainty about whether the MVHR systems did or did not have summer
bypass (the 3-bed houses do, but not the 2-bed houses), and there was confusion about the purpose of some
elements of the controls, such as the thermostats. This was compounded by installation errors, for example
the hot water immersion switch was initially located in the loft, and left permanently on, and the thermostatic
control of the MVHR post-heater was discovered not to have been connected properly so that it did not, in
fact, adequately adjust the heat input into the house.
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The issue is exacerbated by the unfamiliarity of many of the Passivhaus measures for those on site, but it
pertains especially to active renewable systems, particularly when these comprise a series of separate
components, with different controls, installed by different people.
A key message emerging from the project is that these elements need to be considered, specified and settled
at early stages. This allows information on the function and control to be carried through the construction
phase and, most importantly, clearly communicated to the client and occupants, but latterly, those charged
with maintenance and replacement. There was clearly a learning curve for all those involved in the project
and this will be a challenge as such buildings and strategies become mainstream. Traditional practice and
thinking – exemplified through the assumption that heat gains from pipework is beneficial due to the current
high heat demand of existing houses – need to be changed.
It is perhaps a simple but worthwhile observation that while Passivhaus and renewables installations are in
their infancy (in Scotland) that it is important to exercise as much care with the initial design of the services
as with the building fabric.
3.7. Conclusions: So are they Passivhaus?
On the basis that the PhPP sheets for the houses were assessed and approved, and that compliant airtightness
results and MVHR commissioning sheets were submitted at completion, then it can said that the houses are
indeed Passivhaus, regardless of what may be established subsequently.
However, on the basis that so soon after completion, it has been shown that the critical aspect of airtightness
is not at the level required of a Passivhaus, nor that the MVHR commissioning could feasibly have been
undertaken properly undermines the validity of that certification.
Nevertheless the overall energy consumption is shown in Figure 11, which compares space heating energy
use with the Passivhaus standard. These figures however are only indicative and cannot be taken as accurate.
They are derived from incorporating 10% of the total electrical consumption as an allowance of the
contribution to space heating from such incidental gains, 10% of the biomass consumption (Manufacturer’s
stated percentage of direct room output compared to hot water provision) and the hot water flow results to
the MVHR post-heater. However some two post-heater flow results are suspect, rendering the final figures
equally uncertain.

Fig. 11: Actual annual space heating energy consumption per square metre for Dormont Park in 2013 in blue against
Passivhaus threshold of 15 kWh/sq.m/yr.

There are other problems with trying to establish a reliable space heating demand that can be directly
compared with the Passivhaus prediction. The principal one is differentiating between space and water
heating when considering the service arrangements at Dormont. Another is that it is impossible to clarify
what level of heat input contributes to overheating, where the Passivhaus prediction is based on achieving a
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constant 20oC. In addition, it is impossible to disentangle occupant behaviour from building performance,
although this can be achieved to an extent by averaging out each result. In this case, the average of the four
dwellings is 13.15 kWh/m2/yr, so within the threshold. For these reasons, whilst the figure below gives an
indication of space heating performance, a more reliable indication of whether the buildings achieve the
passivhaus aspirations can be found in Figure 5, which measures primary energy consumption allowing for
unregulated electrical use.
Finally to ask the question as to whether the houses are nonetheless operating ‘at a level consistent with
passivhaus certification’ then the answer is certainly “Yes” and the dwellings are well within the limits of
affordability for their occupants. Dormont Estate decided to opt for Passivhaus certification rather than other
energy or sustainability benchmarks because they believed that that was the route to more robust
performance and there is little doubt that their conviction has been vindicated.
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Abstract
One new concept for single-family buildings is the Energy-Autonomous House which is presented in this
study. The concept is an advancement of solar houses and efficiency houses with fully self-sufficiency in
electrical (100 %) and thermal energy. Therefore a reduction of the energy consumption (electrical and
thermal) by increase of building efficiency is necessary. The house includes utilization of solar energy with
photovoltaic panels and solar thermal collectors coupled with storages (battery, electro mobil and thermal
storage tank). Further a water cooled fireplace is integrated for the supply of thermal heat during winter
month. To proof the self-sufficiency under realistic user behavior two occupied houses are built in Freiberg /
Germany and which are now under an extensive monitoring. First energy-balance results show good
correlations among planned and measured consumptions for Jan. - July 2014.
Keywords: autonomous house, energy storage, solar thermal energy, energy efficiency in buildings

1. Introduction
In 2011 the needs in heating and cooling in the EU was about > 40 % of the total energy supply, but only
14 % was contributed by the renewables (Musiol et al. 2013). Thereby the usage of renewables in new
buildings and reconstructions for a self-provision with heat and electrical energy becomes more and more
important. One new concept for low-energy buildings with solar thermal collectors in central Europe is the
energy-autonomous house as an advancement of the concepts of solar houses and efficiency houses (see Fig.
1). This concept is based on a low annual primary energy consumption (planned with < 7 kWh/m² a) and a
fully self-sufficiency in electrical (100 %) and thermal energy (partly provided by a fireplace).
concepts of
low-energy houses

passive house

efficiency house
plus

3 liters house

solar house

energyautonomous
house

zero-energy
house

annual primary energy consumption /area

Fig. 1: Classification of the different and most common concepts of low-energy houses
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So the name “energy-autonomous house” refers to the house operating without fossil fuels and without
purchase of electricity from the grid.
For this task the temporal offset between energy generation and consumption is solved by integration of a
storage battery and an established thermal water storage tank. Another part of the concept is the integration
of electric powered vehicles as a further flexible storage battery.
To reach this goal of autonomy first the annual primary energy consumption had to be reduced by using lowenergy-consumption techniques as well as to reduce their needed number for the house technique.
2. Details of the “Energy-Autonomous House” Concept
Actually three Energy-Autonomous Houses (EAH) of HELMA have been built: one as a prototype and two
for scientific investigations with real user behavior (one of them is shown in Fig. 2). The summary of the
main construction details of the equal houses is shown in Tab.1, for more details see also Corradini et al.
(2014). The houses are made of monolithic bricks without any further insulation at the outside wall. The
building structure is similar to solar houses, whereby the house orientation is north-south with big windows
in the ground-floor in direction to the south. As already mentioned the house concept is based on a fully selfsufficiency in electrical energy without energy purchase from the electricity supplier. This shall be ensured
by a combination of roof integrated photovoltaic-panels of 8.4 kWp (Fig. 2, (b)) and a 58 kWh storage lead
battery which is situated outside the house in a weatherproof box, see Fig. 2, pos. (c). The planed overall
electrical energy consumption (including consumers, e. g. pumps, controllers) shall be less than 2000 kWh/a.

a
b

c
d
Fig.2: Occupied energy-autonomous house with roof integrated solar collectors (a), pv panels (b), storage battery (c) and
charging column for electro mobility (d)

The thermal energy concept is based on a combination of a roof integrated solar thermal collector (46 m²)
(Fig. 2, (a)), a house integrated thermal storage tank (V = 9.12 m³) and a water cooled fireplace (natural draft
wood gasifier). Further to avoid an overheating of the houses by the sun during summer month the windows
are equipped with electrical shutters.
An overview of the planned energy consumption and the yield of the EAH is given in Tab.2. Thereby the
annual demand in thermal heat was calculated for 185 days of heating (degree day ~ 2915 Kd, see VDI
Gesellschaft (2013)). It has to be mentioned that the planned primary energy consumption is about 80 %
lower than the standard of passive houses (primary energy coefficients of Germany, see Normenausschuss
Bauwesen im DIN (2011)).
Tab. 1: Building construction properties of the realized energy-autonomous house concept (* … new calculated)

Building properties

Energy-autonomous house (EAH)

Living area / effective area* / heated house-, air volume*

162 m² / 206 m² / 644 m³, 489 m³

Windows (triple glazed): area / U-Value
Walls (monolithic bricks with plaster): area / U-Value
Area of solar thermal- / PV-collector / slope of the roof
Volume of heat storage tank/ capacity of storage battery
Fireplace (water cooled)

~ 49 m² / ~ 0.6 - 0.8 W/m²K
~ 169 m² / 0.18 W/m²K
46 m² / 58 m² / 45° (south)
9.12 m³ / 58 kWh
25 kW
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In sunny and warm months (March –October) the photovoltaic panels will deliver more energy than needed
for the house supply. This excess capacity will either be stored in the battery, active feed into the electricity
grid or used for electro mobility (charging column, Fig.2 (d)). The integration of electro mobility will be at
the end of 2014.
Tab. 2: Planned energy consumption and yield of the energy-autonomous house in Freiberg / Germany

Planned consumption
Annual demand in thermal energy (heating; tap water)
Annual electrical energy consumption
Annual primary energy consumption
Planned yield
Annual solar thermal energy yield

EAH (location: N 13,34271° E 50,90166°)
~ 40.2 kWh/m²a (8300 kWh/a; 2600 kWh/a )
 2000 kWh/a
 7 kWh/m²a

Annual electrical energy yield

~ 8000 kWh/a

~ 12000 kWh/a

2.1. Use of “Energy-Autonomous House” and measurement equipment
To investigate several user behaviors the two houses are in different use. In the first single family house two
children and three adults are living. Therein a part of the attic is in use as an additional bureau (~ 6 m²) which
is not included in the effective area in Tab. 1 and will not be considered, further. The second house has the
same equipment but it is used as an office house with 2-4 working people from Monday to Friday.
For monitoring both houses are equipped with a high amount of measuring techniques to enable detailed
balances of electrical and thermal energy as well as the thermal comfort of all rooms. The measuring system
consists of about 190 measurement sensors / devices in each house (heat and electric meter, humidity,
temperatures, solar radiation, air pressure, etc.) which are interconnected via M-BUS. The data is stored by
several multi-utility communication controllers. The own consumption of the electric meters was measured
before installation and is subtracted from the total house energy consumption in all presented figures.
2.2. Hydraulic system of the “Energy-Autonomous House”
Fig. 3 shows a simplified hydraulic flow chart of the single family EAH with one heat storage tank (9.12 m³)
in the center. Further the main several metering points for the heating control unit (yellow) and the integrated

Fig.3: Hydraulic flow chart of the single family Energy-Autonomous House with metering points for the heating control unit
(yellow) and heat meter (green)

heat meters (green cycles) are shown. The heating system consists of underfloor heating cycles and one wall
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heating cycle (not shown in Fig. 3). One specialty of the single family EAH is an integrated ceiling cooling
system to avoid overheating of the house during warm periods in summer. A geothermal borehole heat
exchanger (double-U-tube) is used as heat sink.
In the office EAH neither a ceiling cooling nor a geothermal borehole heat exchanger is integrated. However
a standard air ventilation system with heat recovery is installed but wasn’t enabled before March 2014.
For balancing the fireplace actually only the mass and humidity of the wood which is used and the thermal
heat output to the heat storage (by a heat meter) are measured. Nevertheless it can be assumed that the
fireplace has a thermal efficiency of about 75 % to 85 %, which will be checked with emission
measurements in future. So in this paper the thermal storage tank is considered wherefore only the thermal
heat provided by the fireplace to the tank is presented. The heat losses through the chimney and the real
efficiency of the fireplace will be added in the future publication.
3. Results and Discussion
The monitoring of the two EAH began with moving in of the users at the end of 2013. The heat storage tank
started at a low temperature level, wherefore a high amount of wood was needed for heating. Further the
building structures (walls) were not dried out completely after built up, which could result as well in a higher
heating demand. In the first month after occupation of the houses several adaptations in the heating control
(e.g. runtime of pumps, supply temperature, etc.) and measurement equipment were done. Therefore only
measurement data from 2014 is presented in the following.
3.1. Weather conditions in Freiberg/Saxony
It has to be mentioned that in Germany the winter in 2013/2014 was very warm and dry. For the location
Freiberg there are monthly averaged temperature data available from 1961- 1990 which are presented in
Fig. 4 compared to the actually measured ones. So the mean temperature in Saxony was about +2.9°C higher
and the cumulative sunshine duration was about + 34 % higher (216 h instead of 161 h) than the average
(1981-2010) for December until February (Deutscher Wetterdienst (27.02.2014)). This resulted in higher
production rates of solar thermal and electrical energy as well as a lower heating demand in the winter.

Fig.4: Comparison of measured outside temperature (2014) and average temperature for Freiberg (1961-1990, Deutscher
Wetterdienst (DWD 04.2014))
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3.2. Energy balances of EAH – Electrical Energy
In Fig.5 an example of the electricity yield and the consumption of the two EAH during a sunny day in
winter (21.02.2014) are shown for a small metering time period (average of 5 min value). Overnight both
houses show a nearly equal consumption by the house equipments (e.g. pumps, etc.). The consumption level

Fig.5: Comparison of electrical energy yield (photovoltaics, PV) and consumption (21.02.2014 – Friday), up: daily variations
(average of 5 min value), down: cumulative consumption and yield over one sunny day in winter

of the single family EAH (green line) starts to rise earlier in the morning than the office EAH (grey line), due
to the normal daily routine of the home residents. Without a storage battery this electricity demand could not
be covered.
In the single family house a fluctuating consumption at 12:30 was measured, which is explainable with home
office work of one person. Nevertheless the consumptions trend is similar to Samweber et al. (2014), where a
higher energy consumption is measured in the evening. Between 07:30 and 17:00 the office building has a
higher demand in electricity than the single family house due to the technical office equipment (e.g. printer,
etc.). This leads to a higher cumulative daily consumption of the office building. Though for 21.02.2014 the
daily electricity yield by the photovoltaic panels (PV) was even higher than the house consumptions (single
family and office) at this sunny day in February (see Fig.5).
The weekly electrical energy consumption of the two houses is compared in Fig.6, wherein a fluctuation and
resulting standard deviation in weekly consumption was measured about ± 5.6 kWh. This fluctuation is
explainable e.g. with business trips, meetings (mainly office EAH) and holidays. Despite of the seven-day
use of the single family EAH the average weekly consumption is only about 3.2 kWh higher than the fiveday used office EAH. Based on the average daily consumptions (Jan. – July) an extrapolation for one year
was done:
x

single family EAH:

~ 2150 kWh/a

x

office EAH:

~ 1950 kWh/a

Hence a very good correlation among planned (2000 kWh/a) and extrapolated measured consumptions of
the houses for one year is visible. Therein all consumers like house equipment (pumps, etc.) and household
(cooking, etc.) are contained. It has to be mentioned that in comparison with standard equipped houses in
both monitored EAH additional consumers as a water well pump (~ 60 to 140 kWh/a) and a BUS-System
(~ 80 to 140 kWh/a) are installed. Thus the planned total consumption in electrical energy of 2000 kWh per
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year should be reachable wherefore the very low total consumption shows the high potential for single and
multi-family houses in future. This low self-consumption is the key for autonomy in electricity.

Fig.6: Comparison of weekly and overall electrical energy consumption of the two EAH with different user behavior (2014)

The different user behavior (family / office) leads to differences in height of electrical energy consumption
for several consumption groups, see Fig.7. Thereby the single family EAH shows a significant higher
consumption of the house equipment (~ 32% of the total consumption), which is explainable by considering
the cumulated consumptions of the heating control and pumps. The family uses e.g. water for showering and
house heating for seven days a week, which results in a higher electricity consumption. The averaged
consumption for illumination is very low with about 4.6 % (4.2 % office EAH) of the total house
consumption.
Further the total consumption of the household of the two EAH is approximately the same. Nevertheless by
detailed consideration of the subordinate consumers, e.g. the consumption of the appliances for washing,
cooking etc. is about two-times higher than the office EAH’s appliances. Therefore the sum of all other
socket consumers in the office EAH is higher than of the single family due to a higher number of technical
office equipment (computers, printers, etc.), see Fig. 7.

Fig.7: Comparison of the user specific averaged electrical energy consumption of the two EAH (Jan.-July 2014)

A monthly balance of electricity yield, self-consuming as well as the in- and output of electricity of the
EAHs is shown in Fig.8. Due to the mentioned high sunshine duration in winter the amount of electricity
yield via PV was very high. During January electricity procurement was measured because the electrical
inverters were tested and under construction, so the house grid switches on input from the electricity grid.
Further a small amount of one to five KWh was measured every following month. This result from switching
action between the house grid of the EAH to electricity grid for power feed-in due to a high yield in
electricity by the PV-panels. Since February the electricity yield was higher than needed for the EAH,
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wherefore power feed-in the grid was detected. Thus the total house consumption was provided by the house
electricity grid (battery and PV) for January to July 2014. For this short measuring period an autonomy in
electricity was measureable so far. Nevertheless a longer measuring period (2 years) with “normal” weather
conditions is needed for reliable and reproducible results. Therein further optimizations of heating and air
conditioning techniques in dependence of the real user behavior should be done.
If the amount of power feed-in the electricity grid (feed-in from Jan. to July) would have been used for
electro mobility (17 kWh/ 100 km), an average distance of about 21200 km (22750 km office EAH) could
have been driven. Even for January to March 2014 a distance of about 4200 km (5500 km) would have been
possible. So compared to the planned period (March-October) of e-mobility usage, the period could be much
longer. This depends mainly on the weather conditions. For the high yield in electricity and resulting long
distances new charging concepts for e-mobility could be developed. First the integration of electro mobility
will be the next step during this monitoring project for energy autonomy.

Fig.8: Monthly house balances for electrical energy (yield, procurement, feed-in and consumption), left: single family EAH,
right: office EAH

3.3. Energy balances of EAH – Thermal energy (heat)
In Fig.9 the monthly thermal energy loads of in- and output of the thermal storage tank is shown for both
EAH. Thereby the thermal losses of the storage tank and the heat losses from the fireplace to the living room
are not yet considered.
In comparison to the electrical energy consumption the thermal energy balance shows big differences
between the two EAH due to the different user behavior. E.g. the single family EAH has a 6 to 16 times
higher consumption in hot water than the office EAH. Due to the lower demand in hot water (office EAH),
the average storage tank temperature is higher (not shown here). Therefore the heat input by solar energy
decreases because the collector temperature must be higher than the storage temperature before the control
unit runs the solar pump. So, the time of the solar pump run of the single family EAH is 23 %, 49 %, 31 %,
19 % higher (March, April, Mai, June) than of the office EAH.

Fig.9: Monthly house balances in thermal energy (yield and consumption), left: single family EAH, right: office EAH

There was a failure in measuring the thermal heat from the fireplace of the office EAH, wherefore the
January lasts until 9th of February. This is also the explanation for the lower thermal input in February
compared to the single family EAH. The measured consumption in wood of the office EAH is 18 % lower
than the single family house.
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At the beginning of this measuring period the office EAH has had a higher demand in heating. This can be
explained with a different user behavior. The lower consumption in March (compared to single family EAH)
is explainable with the additional air ventilation system with heat recovery which was running in the office
EAH after first problems.
For January to July (7 months) the total cumulated demand for house heating compared to the heated area
was about 25 kWh/m² (single family EAH) and 23 kWh/m² (office EAH) and shows a good correlation with
the planned consumption of ~ 40.2 kWh/m²a. For further first conclusions concerning the primary energy
consumption a minimum measuring period of one year is needed and will be presented at the Eurosolar 2015.
4. Summary and Outlook
The first results of a fully seven month monitoring period showed a very good correlation between the
planned and measured electricity and heat consumption of two “Energy-Autonomous Houses”. The planned
low consumptions in electrical energy of the EAH’s (~ 2000 kWh/a) are realistic and show big advances
compared to other house concepts. These presented low consumptions can enable an autonomy in electrical
energy, which was detected for the first seven month of monitoring for both houses. During the winter
months the weather conditions have been very positive wherefore a longer period of monitoring is needed.
Further the heating demand for house heating showed a good correlation with the planned consumption.
Nevertheless the measuring period is not long enough to draw more conclusions.
In the next months the integration of electro mobility is one task. Furthermore measurements and
calculations concerning the thermal heat losses of several technical installations and the EAH’s itself shall be
done to find further parts for optimization.
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Abstract
An alternative methodology to select light source spectral distribution for use in Museums is presented. It is
based in obtaining the Representative Spectral Reflectance Curve for each artwork and then lighting it with a
light source which spectral power distribution is coincident in shape with the object´s RSRC. This should
cause minimum damage due to radiation on the object, given that object deterioration due to radiation is an
effect of absorbed energy. In order to evaluate presentation quality, colour differences were calculated for
three primal colours present in an artwork sample, illuminated under Illuminants D65 and under a simulated
illuminant which spectral power distribution matches the RSRC of the object. Also, colour differences were
calculated between the same colours under D65 and under a CIE standard illuminant previously selected as
having the closest spectral power distribution to the RSRC. Results are in general lower than 3, within the
limit for strict tolerance in normal colour rendering.

1. Introduction
The current preservation protocol used in museum lighting is essentially based on the combined use of two
criteria: the classification of objects according to their sensitivity to radiation damage and the policy of
annual exhibition for preservation of radiation damage (CIE, 2004). Once you know that it is inevitable some
degree of damage in any exhibition because of the physical phenomenon that produces (Thomson, 1994), it
is necessary to have more precise information about the sensitivity to radiation damage of objects display,
specifying as much as possible in their physical characteristics and prediction of their behavior in light and
invisible radiation.
The hypothesis of this research is based on the possibility of obtaining a representative reflectance profile of
an artwork. Illuminating an artwork with a source whose spectral emission profile is coincident, within
experimental limits, with a representative profile of the illuminated object spectral reflectance, can minimize
radiation damage, since the main deterioration factor is due to incident lighting, visible and invisible
radiation absorbed. This would allow the maximum performance of the function of preservation.
Additionally, the resulting visual stimulus interaction between the spectral emission profile of the source
(SES) and the representative spectral reflectance curve of the artwork (RSRC), allows adequate enough color
vision to fulfill the Presentation feature.
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2. Methodology
For the development of the methodology of acquiring spectral curves, it has been considered that a spectral
reflectance curve is representative of a work of pictorial art, to the extent that it contains within itself the
spectral information from different parts of the work, taking in account response to variations provided in the
final configuration. To spectrally characterize a work of pictorial art, it is considered a random distribution of
color on a surface. Factors which influence the measurement of the spectral curve characterization are
essentially: that the number of measurements within the area survey the generality of the sectors with all the
variations present in the area, and that the information obtained from different sectors take part
proportionately in the final spectral curve (Araujo et al., 2010).

A. Definition and sample processing.
Sample: Reproductions of works of art, industrial printing on matte white card, A4 size. A first set of modern
art was chosen the "Composition in Blue, Yellow and Red, 1921" by Piet Mondrian, called M1 and three
works of Paul Klee, "Iron QU1 color" box, called M2; "Arkitecturder" hereinafter M3 and "Highway" or M4
(Fig. 1).

Fig. 1: Sample of artwork used for measurements

In the first phase, spectral reflectance measurements of the colors present in reproductions of artwork were
made. The adopted approach has been measured in constant size, different colors and all the changes
detected in the reproductions of artwork sufficient to establish an adequate characterization of it, in four
quadrants, as shown in Figure 2.

Fig. 2: Measurements taken within four quadrants in M1

Measurements were performed in a purpose built cabin, with white painted internal surfaces, smooth texture
and a sample holder. The photo-spectroradiometer employed was Photo Research Spectrascan PR 715. The
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sources used for measuring were incandescent lamps fed with regulated 54 Amps electric current. Fig 3

Fig. 3: Sample measurement conditions
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The acquisition of a methodology and interpretation of spectral reflectance profiles representative of an
artwork, is the integration of the spectral information in a representative spectral reflectance curve (RSRC)
for each copy of the samples.(Ribes et al, 2005c)

Fig. 4: Measurements taken within four quadrants in M2, M3, M4 respectively

Representative spectral reflectance curves (RSRC) of the samples were obtained. The procedure followed for
the preparation of RSRC was performing an average of all and each of the spectral measurements in each of
the quadrants in which the artwork reproduction was previously divided to give the spectral reflectance curve
for each of the quadrants. Later they were averaged together to obtain the spectral reflectance curve (SRC) of
each of the samples. At the time of weighing the value of each spectral measurement and its subsequent
participation in the final integration of the curve of spectral reflectance, a criterion of double weighting was
chosen: the first method used was to obtain a weighting area, considered as one who expresses the
representativeness of each measurement of one or more colors depending on the total area of the object. The
area weighting obtained for each measurement is then multiplied by the spectral profile of the corresponding
measurement. With this process, a weighted value ratio of each of the measurements in the integration of
spectral reflectance profile of each of the samples was obtained. The second method of weighting was
obtained by analyzing the histograms of digital image reproductions. The criteria used was to relate the
histogram distribution of RGB pixels in each of the measurements of the partial areas of the object, the
proportion deducting such distributions within the RGB histogram represents the whole image of each object
in the sample. The coefficient of pixels (CP) is multiplied then by the spectral profile of the measurements,
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obtaining a weighting ratio for each measurement, which is compared to the geometric method. From this
emerges for each object in the sample its Representative Spectral Reflectance Curve (RSRC). Fig 5

Fig. 5: Representative Spectral Reflectance Curves (R.S.R.C.) for the Samples.

B. Evaluation of the lighting according to the preservation and presentation.
One of the objectives of this research is to develop a method of selection and evaluation of CIE illuminant, in
order to have a menu of illuminating profiles that can be loaded into an illuminating adjustable device, which
would fulfill acceptably presentation and preservation missions to illuminate a displayed object. We used a
standard assessment of the CIE illuminants consisting of the following:
a) To select C.I.E. illuminant spectral curves closely coincident in shape to the representative spectral
reflectance curve (R.S.R.C) of the reproduction sample which is to be illuminated under the given illuminant
in the simulation. In order to do so, a calculation method has been developed to establish the existing power
gap between every C.I.E. illuminant and the R.S.R.C. of the sample to be illuminated. The power gap found
for each case is called deteriorating factor. The lesser the deteriorating factor -power gap- between the two
curves, a better preservation performance of the C.I.E. illuminant is to be expected (Miller, 2006).
b) To design four Illuminant curves based upon the representative spectral reflectance (R.S.R.C.) of the each
sample (M1,M2,M3,M4) which shapes are coincident to the corresponding sample and are capable with an
amount of emission power. Such designed illuminants are named MATCH 1, 2, 3 and 4, according to the
sample from which they originate.
c) Given that the hypothesis of this work implies adequate comply of presentation, quality presentation of
the sample colours have been evaluated as follows: CIEL*a*b* colour differences (CIE, 1976) have been
calculated for the colours present in each sample under all C.I.E. and MATCH illuminants in comparison
under C.I.E. illuminant D65, taken as reference illuminant for colour rendering measurements (Miller, 2006)
d) Design of the emission profile of an illuminant from representative spectral reflectance curve (RSRC) of
each of the samples (M1, M2, M3 and M4), whose shape is identical and coincident to the RSRC of the
corresponding sample, which is provided with an emission power. By illuminating the designed profile has
been called MATCH 1,2,3 or 4, depending on the purpose of the sample from which its design.
Evaluating the quality of presentation of the colours present in the sample, illuminated by a spectral emission
profile which comes from the selection of CIE illuminant or illuminant profile is designed as MATCH for
the object. The criteria was as follows: to refer to the IIuminant D65 as illuminant which is most widely used
for color measurements and the calculation of color difference in CIELAB (1976) units between the colors
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present in the sample, illuminated under the spectral emission profile of D65 and the same colors,
illuminated profiles chosen from CIE illuminants.
The color difference was calculated between the colors of an object under the illuminant D65, compared with
the same colors under Illuminant MATCH designed for that purpose
3. Results
After the calculations of color difference, the MATCH profiles 1,2,3 and 4 were introduced into a LED
illuminator adjustable lamps and the corresponding power spectrum of the resulting spectral emission
measurements on each case were performed. With the measurement results of the MATCH emission curve a
calculation of color difference was made CIELAB color difference (1976) of the colors present in the object
in the sample, under Illuminant D65 emission compared to the same colors on the measure emission from the
illuminator charged with MATCH emission profile for the same object illuminated (Table 5).
Table 5: Results of color difference CIE L*a*b* (1976) for samples M1-4 under MATCH 1-4 and D65

SAMPLE M1

M1

M4

M14

Calculation

3,22

2,24

1,27

Experimental

3,64

2,69

1,38

SAMPLE M2

M2 19

M2-47

M2b-20

M2c-12

Calculation

2,30

2,13

1,30

1,19

Experimental

3,07

2,56

1,89

1,39

SAMPLE M3

M3 c8

M3 45

M3 b6

M3 d5

Calculation

2,17

2,98

0,24

0,33

Experimental

2,19

2,98

0,25

0,33

M4 g40

M4 c50

SAMPLE M4

M4 a50 M4 e33

Calculation

0,22

0,11

0,44

0,06

Experimental

0,22

0,11

0,44

0,06

4. Contrast experiment
An experiment was proposed in order to compare the measurable damage in three reproductions of the M2
exposed to the emission of three different sources: a) An illuminating LED lamps adjustable device ; b) An
incandescent lamp and; c) A fluorescent lamp.
The LED lamps’ Illuminator was a purpose built one to be used in the experimental stage; it is an array of
five LEDs lamps, three of them equivalent to RGB and two with an emission of white light, warm white and
the remaining cold white, placed in a horizontally sliding support.
More specifically, the LED illuminator is provided with three RGB lamps emitted power in the spectral
ranges 440, 520 and 640 nm. approx. Furthermore there is a lamp cool white and warm white LED add to
smooth and homogenize the mixture. They are mounted on a luminaire provided a diffusion lens and aligned
in a medium that allows overlapping emissions and moving along an axis.
The lamps are connected to a console capable of regulating each lamp independently and have the ability to
record six scenes, or different modeled emissions.
Despite this, both the number of lamps, but the spectral range of their emissions, and also to some extent due
to the degree of sensitivity of the regulation of the console has been found as an experimental boundary on
the possibility to reproduce the emission profile match2 accurately, to illuminate the corresponding sample.

179

Fernando Arana Sema / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 6: LEDs’ lamp adjustable device

The latter has led to a technological limitation in the ability to model the emission profile that best matches
the RSRC M2. The compromise has been to the coincidence between the profiles of reflectance and emission
as many points as it has been possible. Fig 7 shows a scale representation of M2 RSRC in relationship with
each lamp spectral distribution.

Fig. 7: RSRC of M2 compared with three different lamps
(Left: LEDs’ lamp illuminator; Centre: Incandescent lamp; Right: Compact Fluorescent Lamp)

The plot in Figure 7 illustrates the relationship of only partial overlap between the Representative Spectral
Reflectance Curve (RSRC) of M2, the sample selected for the pilot phase measurements, the spectral profile
of the source emission in this case the LED Illuminator was designed by regulating the emission of its 5 LED
lamps, and most points of agreement reached with the RSRC Reference M2 (Fig 7). Likewise, it has not been
possible at all points of the range of the spectrum to have the emission value of the source to be less than the
value given by the spectral reflectance curve of M2. Therefore we assumed in advance a certain value of
deteriorating factor that can be calculated and evaluated after exposure, according to the color change
produced in the exposed area, measured in terms of displacement field in the L * a *b.
The second lamp used in the experimental stage is enhanced by halide, incandescent 111 mm. in diameter
mounted on a sliding bracket. It is the most widely lamp used in museum lighting in our region, reasons are
related with its high performance color rendering with CRI 99 and with its pleasant color temperature. The
profile of the spectral emission and comparison with the representative spectral reflectance curve (RSRC)
shows the M2 exhibit are presented in Figure 7
The third lamp used in the experimental stage is the compact fluorescent one. Its use in museum lighting is
almost ruled out, except for basic lighting and maximum CRI possible and a color temperature equivalent to
those achieved by the incandescent lamps.
The exposure conditions of the reproductions of the sample, for the three cases are as follows:
a. They have performed measurements in a cabin built for that purpose.
b. Measurements of the Representative spectral reflectance curves (RSRC) for each reproduction were made
at the beginning and end of the exposure period. Moreover, colorimetric measurements were taken of
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chromaticity coordinates CIEL * a * b *, prior to and after exposure areas.
c. Exposure of the three samples was carried out with reference to the Total Annualized Exposure in
conservation policy in Europe and North America. This regulates the limits of exhibition of artwork in
museums and estimates a maximum tolerable exposure of 100 lux for 10 hours a day and 180 days per year,
resulting in 180 kLux.hy

Fig. 8: Characterization of exhibition areas. Illuminances and luminances (Right to Left:1 LEDs’ Illuminant; 2 Halogen
Incandescent Lamp; 3 Compact Flourescent Lamp)

The characterization of the regions of the views of M2, which were exposed to the lighting of the three types
of sources (Fig.8) shows that in the light of the three samples was performed with the criterion of equal
illuminance maximum in the center square - blue sky - the three exposed areas
Uniformity of illuminance of different sources is very different, as revealed in the characterization of the
exposed samples. By averaging the measured illuminances in nine color spaces in areas exposed to three
different sources, it shows a significant difference in the average of each of them. Between the highest
average illuminance obtained, compact fluorescent lamps (3,290 lux) and the lowest average illuminance
obtained for the sample M2 exposed under the illumination of a lamp Incandescent Halogen (2,052 lux) there
is a difference of 37.75%.
Due to differences of homogeneousness among the three sources and the consequent differences in average
illuminance used to calculate Total Annualized exposure of each of the samples and, since the exposure is
performed over 24 hours in all cases, the adjustment variable to achieve correspondence in Total Annualized
Exposure (TAE) of the three views, has been the number of days during each of the samples was exposed.
The experimental phase of this work involves exposure of the three reproductions of M2 with different light
sources such that the resulting exposure is equivalent to a certain number of years of Total Annualized
exposure (TAE). For our experimental stage represents the equivalent of nine years exposure.
The total annualized exposure value (TAE) in the three core areas of blue color was achieved after 20 days of
exposure. After the exposure period measurement values of colorimetry in each of the central squares of the
three samples exposed, ie measurements of L * a * b * and the chromaticity coordinates (x, z) were
performed (CIE 2006 ; CIE, 2007; CIE, 2009; CIE, 2011; CIE, 2014).
With the values obtained in the measurements of both L * a * b * color coordinates and the displacement in
the CIEL * a * b * 2 and 10 degrees field observers, blue sky located in calculated the center of the exposed
area measured after exposure, compared to the same color measured prior to exposure. (CIE, 2006; CIE,
2007; CIE, 2009; CIE, 2011; CIE, 2014).
We proceeded in this way because the first sign of deterioration or damage is the photochemical fading or
discoloration (Thomson, 2008), which in some cases is even visible to the naked eye in the case of our
exposed samples (Fig. 9).
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Fig. 9: Samples of M2 after the exposure to emissions (Right to Left: LEDs’ Illuminant; Halogen Incandescent Lamp;
Compact Fluorescent Lamp)

In principle the figures in the displacement L * a * b * for the LEDs’ Illuminator and the halogen
incandescent lamp are very similar and both lower than the figures of displacement in the color field
obtained by the fluorescent compact lamp.
Between the figures obtained by the LEDs’ illuminator and the halogen incandescent lamp there is a very
small margin of displacement in the field of color in favor, a shorter distance obtained in dark blue colors for
observer 2 ° is observed and the green for 10 ° observer.
Additionally, it is important to note that the results of damage for the LEDs’ Illuminator are obtained with
significantly less energy than incandescent lamp. A comparison of energy efficiency between LED lamps
and incandescent lamps clearly favors the first to consume a smaller fraction to 30% of the energy of
traditional in its improved version.
Based on analysis of the results of color change measured in the samples used in the experimental stage, we
believe that an equal performance is confirmed for the improved incandescent lamp and the LEDs’
illuminator with regulated Profile, in both cases a better result than those obtained by the compact
fluorescent lamp.
5. Conclusions
A new methodology has been developed in order to characterize the RSRC of an artwork and then used to
select and later design a light spectral source distribution for use in Museums to properly exhibit and
preserve artwork. The methodology has been tested in a sample of artwork reproduction, for presentation and
preservation. On presentation, L*a*b* colour difference results, both calculated and experimental fall mostly
under 3 C.I.E. L*a*b*(1976) units. On preservation, C.I.E. illuminants and sample-designed illuminants
have been evaluated and ranked according to a deterioration factor originated in the gap between each
R.S.R.C. and the given illuminant.
Curves of spectral information can be used in a described manner in a lighting system capable of regulating
its spectral emission to be used in museum lighting. To achieve a controlled between spectral information
from the illuminated object and the visible radiation emitted by a source, would imply an important advance
in the precision with an object deterioration is managed, along with an adequate fulfilment of the
presentation aspect of the museum mission. Advanced Lighting technology as LEDs proved to work
positively in terms of preservation, presentation and efficiency as it can produce less deterioration due fading
than other sources with a significant difference in energy consumption. Further studies may include
experimenting with human observers and other assessments to corroborate results in the preservation mission
of the museum.
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Abstract
In this work, two prototypes of PCM cooling ceilings were investigated regarding their dynamic thermal
behavior. Both prototypes address the improvement of thermal contact between PCM, cooling fluid and the
ceiling surface, but each with other priorities. The main difference between the two PCM cooling ceilings is
the positioning of the PCM layer. In one cooling ceiling construction, macroencapsulated PCM is put on top
of the water pipes of a conventional cooling ceiling panel. In the second ceiling construction the PCM
containers are between the ceiling panel and the water pipes which are directly connected to the backside of
the PCM containers. To characterize the thermal performance of both prototypes, temperatures and heat
flows for the three occurring operation modes ‘passive cooling’, ‘active cooling/regeneration’ and ‘active
heating’ were recorded. The measurements were performed using a novel measurement setup that enables
dynamic thermal measurements on single building elements like wall elements or cooling ceiling panels. The
results reveal the advantages and disadvantages of both ceiling constructions, one being a good compromise
between passive and active operation modes, and the other emphasizing the passive cooling mode by
reducing the thermal resistance between ceiling surface and PCM. Meanwhile, both ceiling types are
integrated in the recently constructed Energy Efficiency Center and undergo a long term monitoring.
Keywords: phase change material (PCM), cooling ceiling, passive cooling, latent heat storage

1. Introduction
The conceivable shortage of fossil energy sources and the impact of the increasing CO2 concentration in the
atmosphere on the global climate led to increasing research effort in the field of renewable energy sources
and energy efficiency in the last two decades. Especially in the building sector, as one of the main energy
consumers, the application of technologies and materials that increase energy efficiency has a great potential
for energy savings and is therefore of outstanding importance. A promising material class which got into
focus of international research is Phase Change Materials (PCM). PCM can store and release a large amount
of heat with very little change in temperature during a phase change between solid and liquid state and hence
cater for a temperature stabilization effect. This property makes PCM suitable for building applications
because a constant indoor temperature in the comfort range is preferable. There are several options to apply
PCM materials into a building. In general, PCM can be applied in a central application (e.g. central heat or
cold storage) as well as in a decentral application (e.g. implementation into the rooms). For the decentral
approach a distinction can be made between passive and active systems. For room integrated PCM acting
passively it is preferable to place the PCM at the inner surfaces for optimal thermal connection to the room
air. The thermal connection determines the passive cooling or heating power and assures that the high heat
capacity of the PCM is available. The needed heat fluxes have to be realized mainly by free convection
which is the limiting factor for the passive systems. A common realization of passive PCM systems is the
implementation of PCM wallboards. PCM wallboards can reduce the interior wall surface temperatures
during the heat absorbing process, whereas during the heat releasing process the surface temperatures are
higher than of an ordinary wall (Liu and Awbi, 2008). Liu and Awbi (2008) observed an enhancement of the
heat flux density into the PCM wall compared to an ordinary wall of more than 100% during the melting
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process in their experiments in an environmental chamber. However, a passive regeneration of the PCM in
the wallboards can be problematic, especially if no natural ventilation can be used.
In contrast to the passive systems, active systems involve the possibility of moving a heat transfer fluid (e.g.
air or water) actively to enhance the heat transfer into or out of the PCM and to support the overall system
performance. The PCM is then used to shift the cooling demand from daytime to nighttime when cold can be
produced more efficiently or can even be obtained from regenerative source.
Active systems can complement the passive cooling effect of the PCM with active cooling and/or can assure
PCM regeneration. Hence, active systems can overcome the drawbacks of passive PCM systems but, on the
other hand, need a certain amount of electrical energy. To develop active PCM systems which still feature
the advantages of passive PCM systems like energy efficient passive cooling or time shifting peak loads and
additionally avoid system failures due to overheating because of the limitation of the passive cooling power,
an accurate system design is necessary. Activated systems with PCM are highly focused in research. One
promising approach for an active PCM system is the integration of PCM into the ceiling structure or cooling
ceilings. This enables passive cooling or heating by stabilizing the surface temperature of the ceiling in the
PCM’s melting range and at the same time ensures a stable system performance by switching into active
mode if needed. Pomianowski et al. (2012) for example, investigated the heat storage and cooling capacity of
a thermally activated concrete ceiling with PCM. In their work, they added a layer of PCM concrete (with a
PCM weight fraction of 1%-6%) to the lower surface of the ceiling and did numerical and experimental
investigations. They found out that their theoretical assumptions of the thermal properties of the PCM
concrete overestimate the performance of this material. The authors also state that the PCM layer can lead to
a decrease of the active cooling capacity of a thermally activated concrete ceiling. Koschenz and Lehmann
(2004) developed a thermally activated ceiling panel with PCM. As PCM microencapsulated paraffin with a
melting range of about 20°C to 24°C was used. It was bedded with a weight fraction of about 25% into
gypsum which was then poured into a stable metal structure holding a capillary water tube system for active
regeneration. In their experimental work, the authors found out that the melting range fits very well for
passive cooling assuming a cooling load of 40 W/m². As a drawback it is mentioned, that the high fire load
of the paraffin may be a problem for a broad system’s applicability.
The functionality of PCM in a building application is strongly dependent on the PCMs thermal properties, on
the thermal boundary conditions the PCM is exposed to, as well as on the interaction with the influencing
systems (e.g. cooling ceiling, cold source). Hence, it is important to perform test measurements of the PCM
system under realistic boundary conditions. Taking possible subcooling effects of the PCM into account as
well as the fact that the PCM is cycled in his melting range most of the time, the importance of such
measurements before system implementation is getting clear. As measurements in test rooms are time
consuming and expensive, especially during the product optimization phase, a small test chamber which can
hold a single cooling ceiling panel was constructed. With this measurement setup two different PCM cooling
ceiling prototypes were investigated. The two prototypes use PCM on a salthydrate basis to overcome the
problems of a high fire load indicated in Koschenz and Lehmann (2004). The PCM was encapsulated into
metal containers which allow a high heat transfer and a high PCM fraction thus enabling cooling ceiling
structures that are low-weight compared to systems with microencapsulated PCM fractions of 30% or lower.
The thermal characterization of both cooling ceiling types described in this paper was used for further
optimizations of the ceiling construction before both ceiling types were implemented into the new R&D
building of the ZAE Bayern, the Energy-Efficiency-Center (EEC, 2014), in June 2013.
2. Materials and Method
2.1. Measurement Setup
For the evaluation of the dynamic thermal behavior of the two PCM cooling ceiling prototypes a novel
measurement setup was constructed. It is realized as a highly thermal insulated box which is situated in a
temperature controlled surrounding. The setup is shown in figure 1. The idea of the setup is to simulate the
conditions in a real test room in much smaller dimensions and well known and controllable boundary
conditions. The most important feature is the realization of the heat transfer between room air and sample
through an adjustable, well known thermal resistance instead of having an air layer with free convection and
the corresponding uncertainties. The possibility to adjust the thermal resistance enables also to simulate
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different sample mounting situations, e.g. vertical and horizontal mounting, just by changing the thermal
resistance. In general, not only cooling ceilings but also PCM building materials and components like
plasterboards with PCM can be tested with this setup. Additionally, the small test chamber offers the
advantage of easy sample mounting compared to real test rooms.
The outer envelope of the chamber is made of XPS foam (extruded polystyrene) with a thermal conductivity
of ʄ = 0.036 W/(mK) and has a thickness of 0.10 m. For sample mounting the lid of the chamber can be
removed. The inner horizontal dimensions of the chamber are (0.625 x 0.625) m².
The measurement setup can be subdivided into 6 layers shown in figure 1. The layers can hold the sample or
measurement equipment or a thermal resistance and are interchangeable. The setup is hence customizable
and can be adapted to the requirements.

Fig. 1: Scheme of the experimental setup. The chamber is subdivided into 6 layers (number 1-6). For this work, the chamber
holds a temperature controlled metal plate (1) representing room air temperature, a specific thermal resistance (3), several
layers with heat flow embedded heat flow sensors (2 & 4), and the test sample (5).

For the cooling ceiling measurements the setup was as follows:
The interior of the chamber holds a temperature controlled metal plate in position 1 which is connected to an
external thermostat. The metal plate is used to establish a fictive room air temperature which can be adjusted
by the thermostat.
In layer 2 a heat flow sensor (HFS) is embedded in the center of a plastic template of the same thickness and
thermal conductivity, which is important to prevent lateral heat flows. Hence, a one dimensional heat flux in
vertical direction through the layer can be assumed during the measurement.
A thermal resistance was placed at position 3. The thermal resistance realizes a certain heat transfer
coefficient h between “room air” and the sample. By changing the thermal resistance, it is possible to
simulate the conditions in a real test room for different systems, for example for wallboards with
h ≈ 7 - 8 W/(m²K) or ceilings in cooling or heating mode with h ≈ 10 - 11 W/(m²K) or h ≈ 7 - 8 W/(m²K),
respectively. In this work, the material used as thermal resistance is cellular rubber with a thickness of 8 mm
with the aim to establish a heat transfer coefficient h of 10 W/(m²K).
On top of the thermal resistance again a plastic template holding two HFS was placed at layer 4. One HFS is
situated in the center; the second is located in a corner of the layer. By implementing the additional sensor in
the corner it is possible to check if the assumption of a one dimensional vertical heat flow through the whole
horizontal plane is reliable or if unwanted differences occur. Possible reasons for heat flow differences can
be different contact resistances and small air gaps between the layers, or inhomogeneities of the materials
used, or the sample itself.
At position 5 the sample is placed. The cooling ceiling panels examined in this work are connected to a
second thermostat. Thus, not only the passive cooling mode but also the case of active cooling and heating
can be measured.
Layer 6 was left empty in this work. An option is to place a template with further HFS onto the top of the
sample to measure heat gain/loss at the sample’s backside. This is especially important if the measurement
setup is used for calorimetric measurements.
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Between each layer temperature sensors can be placed.
2.2. Cooling Ceiling Prototype
es
In this work, two newly develloped PCM cooling ceilings were examined with thhe measurement setup
described above. Both cooling ceilings
c
were prototypes which were developed durinng the project DEENIF
(EEC, 2014) by Lindner Grouup KG in cooperation with the ZAE Bayern. Botth systems had to be
characterized before being impllemented into the offices of the new R&D building of the ZAE Bayern in
Würzburg, the Energy Efficienncy Center. The development addressed the improvvement of the thermal
contact between the cooling ceilling surface and the PCM as well as between the watter pipes and the PCM.
These improvements should incrrease the energy efficiency of the systems by increasiing the passive cooling
power of the PCM as well as deccreasing the time span needed for active PCM regenerration. Both prototypes
differ from the placement of the PCM layer and hence set different priorities concerning the passive cooling
mode, the regeneration of the PC
CM and the active controllability.
Figure 2 shows a scheme and a photo of the two cooling ceiling prototypes. In ceilling type I the PCM is
situated on top of the water pipess and is contacted by a layer of pressed graphite. The graphite
g
layer improves
the thermal contact between thee water pipes and the PCM as well as between thee PCM and the ceiling
surface which is important for passive
p
cooling situations. As the water pipes are situated beneath the PCM,
ceiling type I should provide a good active controllability, which can be beneficial if the cooling demand
exceeds the passive cooling cappacity of the PCM. In ceiling type II the PCM is directly
d
attached to the
cooling ceiling panel and the water pipes are fixed to the top of the PCM. This connstruction addresses the
optimization of the passive cooliing and the PCM regeneration but at the expense of thhe active controllability.
Whereas ceiling type I falls short in terms of PCM regeneration as the room is cooled simultaneously, ceiling
type II will show slower responsse to active room cooling as the PCM will decrease the
t cooling power until
it’s completely regenerated.
In both ceiling types the PCM is encapsulated in metal containers. The PCM and the containers (“CSMh
the dimensions
modules”) are from the coompany Rubitherm Technologies GmbH and have
(0.30 m x 0.45 m x 0.015 m). Thhe containers of ceiling type II have one plane surface for the attachment of
the water pipes and can hold 20%
% more PCM than the containers used in ceiling type I. The PCM consists of
a composition of salt hydrates and
a organic compounds and was sold under the label “SP22”. The PCM has
the majority of its melting enthallpy in the range of 22°C to 24°C. The dimensions of ceiling
c
type I specimen
were (0.625 x 0.625) m² (being half
h of the size of the standardized panel) and the dim
mensions of ceiling type
II specimen were (0.600 x 0.450)) m².

Fig. 2: Scheme and pictures of coolin
ng ceiling type I and type II. In ceiling type I the PCM is on top
t of the water pipes and
thermally connected by pressed grap
phite whereas in ceiling type II the PCM is directly attached too the cooling ceiling panel.
For the picture of ceiling type I, half of
o the graphite layer and the second PCM module was removed..

2.3. Measurement Scenarios
The measurement setup allows for
f calorimetric as well as dynamic measurements. Thhis paper attends to the
dynamic behavior of the coolingg ceiling prototypes being exposed to a temperature chhange. The temperature
change can be a temperature leapp as well as diurnal temperature profiles for example.
The cooling ceiling prototypes were
w tested in their three most common operation moddes: passive cooling (no
water flow), active cooling/PCM
M regeneration (cold water flow) and active heatinng (warm water flow).
Before starting the actual measuurements, the sample was preconditioned to a certain steady state within the
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measurement setup. To keep things simple and to bring out the differences of the two prototypes more
clearly, the ‘room air’ (metal plate) temperature was then set and kept at a certain constant value during the
measurements. The three measurement scenarios are described below in detail.
Before starting the measurements for the passive cooling mode (mode I), it had to be ensured that the PCM is
completely in its solid state. Therefore, the cooling ceiling was actively cooled with an inlet temperature of
16°C for several hours while the room temperature was kept at 22°C. With starting the measurement, the
active cooling was switched off and the room temperature was set to 26°C, representing a warm room in
summer. The measurement lasts until the PCM is completely melted and the temperatures are in a steady
state again. The passive cooling power density which can be achieved depends on the heat transfer
coefficient between the “room air” and the ceiling panel ha-c, the heat transfer coefficient between the ceiling
panel and the PCM hc-P, as well as the available temperature difference ΔT between the “room air” and the
PCM. The correlation is expressed by equation 1:
ͳ ݀ܳ
ȉ
ൌ ݄ ȉ οܶ HT
ݐ݀ ܣ
where the left side is the cooling power density (heat flux respectively) and h is defined as follows:
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The active cooling/PCM regeneration mode (mode II), requiring the PCM in its liquid state, can directly
follow on the passive cooling measurements, which then act as the preconditioning phase. Hence, the room
air temperature is changed from 26°C to 22°C and the cooling is switched on with an inlet temperature of
16°C at the beginning of the measurement. The room air temperature of 22°C represents a realistic boundary
condition for regeneration over night. The mentioned temperature profile is kept until the PCM is completely
in its solid state again. The thermal performance during mode II is mainly affected by the heat transfer
coefficient between the water pipes and the PCM as well as the water pipes and the cooling ceiling surface.
Both ceiling constructions can also be operated in active heating mode (mode III). To characterize the
dynamic thermal behavior in mode III, the PCM needs to be regenerated at the beginning of the
measurements. In the preconditioning phase the active cooling is running with an inlet temperature of 16°C.
The room air temperature stays at 22°C during the whole measurement. With starting the measurement the
inlet temperature of the ceiling is changed from 16°C to 35°C. The measurement lasts until the phase
transition of the PCM is completed and a steady state is reached. An overview of the three measurement
scenarios gives figure 3.

Fig. 3: Temperatures and PCM states during the measurements for the three operation modes “passive cooling”, “PCM
regeneration / active cooling” and “active heating”.

3. Results
With the measurement setup described above, both cooling ceiling prototypes were characterized by dynamic
thermal measurements. The dynamic measurements involve temperature as well as heat flux measurements.
The positions of the HFS can be taken from figure 1; figure 4 shows the placing of the temperature sensors
for both cooling ceiling types. For a proper characterization, the three typical operation modes described
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above (mode I – III) were examined. The results are described below.

Fig. 4: Temperature sensor (red dots) placement for ceiling type I and II.

3.1. Passive cooling mode (mode I)
The passive cooling mode is designated to take place during daytime, while the room air is heated up by
internal and external heat gains. Hence, the achieved passive cooling power during the loading cycle of the
PCM is the subject of mode I measurements. It is also of interest, how long the PCM can provide a
reasonable cooling power. The obtained results for ceiling type I and II are shown in figure 5. As ceiling type
II prototype was smaller than type I (see 2.2.) the HFS in corner of layer 4 couldn’t be used.

Fig. 5: Temperature curves and heat fluxes for the passive cooling mode of ceiling type I (top) and ceiling type II (bottom).

The results of the mode I measurements of ceiling type I are presented in figure 5 on the top. The PCM was
preconditioned to a steady state at about 17°C and is hence completely solid at t = 0. Then the active cooling
is stopped and the inlet temperature of the metal plate was set to 26°C, leading to a metal plate surface
temperature or a room air temperature respectively of 25.5°C. As long as the PCM is out of its melting range,
the temperature of the cooling ceiling surface and the PCM is rising. After about 4 hours the PCM begins to
melt and the temperature is kept constant at 23°C over a period of about 16 hours. For t > 25 h the PCM is in
its liquid state and the temperature rises until it reaches the room air temperature and a steady state. The
measured heat fluxes at the three different positions are in a narrow range, but still show some deviations.
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The biggest difference appears between the lower HFS (layer 2) and the two upper HFS (layer 4) in the short
period after the temperature step is applied. The difference is caused by the sensible heat storage of the
thermal resistance. During the melting process of the PCM, the heat fluxes show only small deviations,
which are due to small lateral heat flux effects. The lateral effects are caused by the inhomogeneous ceiling
construction and eventually minor differences in the thermal contact in the horizontal plane between the
different layers. The cooling power density during the melting process of the PCM is between 19.6 W/m²
(t = 4 h) and 12.6 W/m² (t = 23 h). This cooling power is achieved with a temperature difference ΔT between
the room air and the PCM of 3.3°C to 2.2°C.
With the heat flux and the correlated temperature difference, the heat transfer coefficient between the room
air and the PCM ha-P can be calculated with equation 3:
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This calculation is valuable only in steady state where sensible heat storage effects are negligible. Figure 6
shows the ha-P-value during the melting process of the PCM. The heat flux used for the calculations is the
mean value of the centered HFS in layer 2 and 4. As PCM temperature TPCM in equation 3 the mean value of
both PCM modules is taken into account. The rectangles in figure 6 indicate the period where the steady state
requirement is fulfilled in a first approximation, i.e. the temperature change dT(PCM)/dt of the PCM is
minimal. These periods are used for the evaluation of the heat transfer coefficients by calculating the mean
value during the period.

Fig. 6: ha-P-values calculated with equation 3 and time derivation of the mean PCM-temperatures for cooling ceiling type I and
II in passive cooling mode. The rectangles define the period used for the evaluation of the heat transfer coefficient.

The heat transfer coefficient ha-P,I between room air and PCM could be determined to 6.2 W/(m²K) for
ceiling type I.
The results of the mode I measurements for ceiling type II are shown in figure 5 on the bottom. The
measurement procedure was equal to the one for ceiling type I and temperature and heat flux curves show
qualitatively the same behavior. However, the PCM in ceiling type II shows a temperature plateau shifted to
a higher temperature. The temperature is stabilized at about 23.5°C instead of 23°C for type I. Ceiling type II
was constructed some month after type I and the “SP22” material therefore wasn’t from the same batch. The
melting process lasts for about 30 hours. The increased duration compared to type I is first of all due to the
higher PCM amount as mentioned at 2.2. The higher PCM temperature during melting leads of course to
lower temperature difference between the room air and the PCM which decreases the passive cooling power
of the ceiling. But still, with ceiling type II a higher heat flux during melting was measured (24 W/m² at
t = 5 h and 13.5 W/m² at t = 35 h) which is due to the better thermal connection of the PCM to the room air.
The better thermal connection becomes evident when calculating the heat transfer coefficient ha-P,II. Figure 6
shows the calculated ha-P-value using equation 3, while again the mean values of the two centered HFS (layer
2 and 4) and PCM temperatures TPCM (module 1 and 2) are taken into account. The heat transfer coefficient
ha-P,II between room air and PCM could be determined to 8.4 W/(m²K) for ceiling type II, which is an
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increase of more than 35% compared to ceiling type I.
3.2. PCM regeneration / active cooling mode (mode II)
In the application the PCM regeneration takes place over night if the PCM isn’t entirely in its solid state.
Hence, for the measurements a room air temperature of 22°C is assumed, which simulates the room air
temperature at night after warm days. To regenerate the PCM, the inlet temperature of the ceiling is set to
16°C. The results for both ceiling types are shown in figure 7.

Fig. 7: Temperature curves and heat fluxes for the PCM regeneration / active cooling mode of ceiling type I (top) and ceiling
type II (bottom).

Considering the PCM regeneration, it is important that with the chosen inlet temperature the nucleation of
the PCM can be started. Especially when the PCM is a salthydrate and shows a certain degree of subcooling,
this has to be tested. Additionally, it is of interest, if the PCM can be regenerated completely in a certain time
span, e.g. over night, when the building is not occupied.
The measurements show that with an inlet temperature of 16°C the nucleation of the PCM can be triggered in
both ceiling types. The crystallization starts at a PCM temperature of about 20°C, indicated by a PCM
temperature rise. The PCM temperature curve is blurred in the measurement of ceiling type II, as the PCM
temperature sensors also are in very good thermal contact with the water pipes (see figure 4). The time
needed for the complete regeneration of the PCM with an initial temperature of 26°C is about 13 hours for
type I and about 10 hours for type II, even though type II has more PCM. Ceiling type II hence shows a
better performance in regeneration mode. In ceiling type I the cooling fluid is in thermal contact to the room
and the PCM, causing a higher heat gain to the cooling fluid which in consequence reduces the cooling
power. The water pipes of type II only take up heat from the PCM as the other side can be assumed adiabatic
in good approximation. Furthermore, the thermal contact between cooling fluid and PCM is better for type II
than for type I.
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Considering the active cooling mode, the surface temperature of the cooling ceiling defines the cooling
power towards the room. The active cooling mode is supposed to start operation if the heat gains of the room
exceed the cooling power of the PCM and the room temperature in consequence exceeds the comfort range.
Figure 7 reveals the differences in the ability of active room cooling between the two cooling ceiling types.
After starting the cooling, ceiling type I reaches ceiling surface temperatures of about 18°C at the start of
PCM crystallization and of about 17.3°C in steady state. Ceiling type II reaches ceiling surface temperatures
of about 21.4°C at the beginning of the PCM crystallization and of about 19.4°C in steady state. Ceiling
type I provides a good active controllability whereas type II offers superior performance during regeneration.
3.3 Active heating mode (mode III)
The active heating mode is similar to the active cooling mode but with an inlet temperature of 35°C instead
of 16°C. As shown in figure 3, the PCM is preconditioned to 16°C at the beginning of the measurement. The
results of the measurements are shown in figure 8.
As in the mode II measurements, ceiling type I shows the better active controllability. The temperature of the
ceiling surface immediately rises to 30.7°C and stays there until the phase change of the PCM is completed.
In the steady state the temperature reaches 32.5°C. Under the given boundary conditions the heating power
amounts to 76-83 W/m² during the phase change and to 93 W/m² in the steady state.
The surface temperature of ceiling type II rises quite slowly after starting the heating. After 1 hour a surface
temperature of 22.7°C can be observed. Then the PCM enters its melting range and a further temperature rise
is retarded. After about 2 hours the PCM is completely melted and the surface temperature reaches 27.8°C in
the steady state. The heating power of ceiling type II is below 21 W/m² until the phase change of the PCM is
completed and reaches 72 W/m² in the steady state.

Fig. 8: Temperature curves and heat fluxes for the active heating mode of ceiling type I (top) and ceiling type II (bottom).
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4. Conclusion
In the presented work the dynamic thermal behavior of two newly developed PCM cooling ceiling
prototypes was examined. For characterization a new measurement setup was constructed which can hold
single cooling ceiling panels. With this setup, the thermal conditions and typical heat transfer coefficients of
a real test room can be simulated. As the combined heat transfer coefficient (convection + radiation) between
the room air and the ceiling in a real test room is realized with a thermal resistance between the metal plate
acting as room temperature and the sample, stable and well defined boundary conditions could be established
in the measurement setup.
Both cooling ceiling prototypes address the improvement of the thermal contact between the room air and the
PCM as well as between the cooling agent and the PCM, but with other priorities. In ceiling type I the PCM
is placed on top of the water pipes. The thermal connection between the cooling ceiling surface and the water
pipes is improved by a layer of extruded graphite which is pressed onto the pipes. The approach of ceiling
type I is a compromise between a good performance during passive cooling and a good active controllability.
As shown in the measurements, ceiling type I reaches low or high ceiling surface temperatures respectively
very fast. If the heat gains during the day exceed the passive cooling power of the PCM, this system can
support cooling actively with only little drawbacks compared to a regular cooling ceiling.
Ceiling type II concentrates on the enhancement of the passive operation mode and the PCM regeneration. In
both tasks ceiling type II showed better results than ceiling type I. The measurements revealed an increase of
the passive cooling power of about 35% during the melting process of the PCM compared to ceiling type I.
The time needed for PCM regeneration could approximately be halved. As the surface temperature of
cooling ceiling type II doesn’t reach such low temperatures during the regeneration process, less heat from
the room is taken up from the cooling fluid. This leads to a better regeneration performance and reduce the
cooling capacity requirements in a system. Otherwise, an active support of the cooling and heating during the
day is not reasonable as the PCM has to be regenerated or melted respectively before the cooling or heating
power is available to the room.
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Abstract
The design of the Energy Efficiency Center, located in Würzburg, Germany, has as an overall aim to create a
reference building which implements innovative techniques, serves demonstrational purposes, and is used for
research and development in the field of energy optimized buildings. As the outer shell of the building as
well as the interior construction is lightweight because of flexibility requirements and resource saving
aspects, little heat storage capacity is available to buffer temperature fluctuation. To avoid room climates
outside the comfort range without integrating too large conventional cooling power reserves, a combination
of several thermal energy storage technologies is implemented to meet the cooling demand in an energy
efficient way. One of the thermal energy storage technologies involves the integration of PCM in building
materials, as well as an individually optimized cooling ceiling with PCM. Specifically, the prototypes of
PCM cooling ceilings were investigated regarding their dynamic thermal behavior before being implemented
in the EEC. In this work, the cooling concept with integrated PCM in wallboards, as well as the cooling
ceiling with PCM is briefly presented. Subsequently, the first measurement results of the intense long-term
monitoring of the performance of the integrated PCM are presented and analyzed.
Keywords: phase change materials (PCM); cooling ceiling; energy efficiency; thermal storage with PCM

1. The Energy Efficiency Center
Current approaches in reducing CO2 emissions as part of international and national climate protection
policies are based on people's consciousness about the increasing threat of the greenhouse effect. Likewise,
ecological and economic consequences, as well as the constantly augmenting costs of fossil fuels have
promoted these current policies to significantly reduce CO 2 emissions. In view of plans to increase the
energy efficiency by 20% until 2020, turning old buildings into energy efficient ones as well as establishing
high standards for energy efficiency of new buildings has become notably important in Germany. Besides
that, with growing insights in the field of energy research several new technologies were developed in the
past years which promise more energy efficiency in buildings. Anyhow, in the building sector innovations
often take many years until being accepted on the market. This means that a great potential of energy savings
is still unused.
The Energy Efficiency Center (EEC) is located in Wuerzburg, Germany and was finished in June 2013.
Based on the above facts, the overall aim of the design of the EEC is to create a reference building which
implements innovative energy efficient technologies, to optimize their interaction, to identify synergy effects
and to accelerate their introduction to the market by demonstration. These ambitious goals are promoted by
gathering the know-how of the involved research partners from science and industry and by exchanging
experience and ideas. The new research building serves demonstrational purposes, and is used for research
and development in the field of energy optimized buildings. More specifically, it involves innovative, energy
efficient materials, components, and systems, all of which are to demonstrate their applicability for both old
and new buildings. The EEC is designed to be easily extendable and is equally devoted to energy efficiency
and aesthetically architectural design. The EEC includes offices, laboratories and a technical center as well
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as the corresponding infrastructure for the research activities of the ZAE Bayern in Wuerzburg. Furthermore,
a seminar room, a conference room and a public Information Center are part of the room concept.

Figure 1: The Energy Efficiency Center

The two-storied building is characterized by a light-weight construction in combination with a highly
transparent building envelope with large glass surfaces. It is covered by a translucent roof membrane which
serves as weather protection and plays an important role in light and climate management of the building as
it creates an intermediate climate zone which acts as a preconditioned heat-insulating layer in the cold season
and can be ventilated in summer to prevent overheating. Underneath the roof membrane there is an insulating
layer, partly opaque and partly translucent, using highly insulating aerogel modules in order to facilitate
optimal daylight conditions for the second floor offices. The lightweight facades are triple glazed with
applied low-e coatings and insulated with vacuum insulation panels in the opaque sections.
Due to the innovative, resource saving lightweight construction of the EEC including a membrane rooftop as
well as the highly insulated lightweight facades, the EEC will show a highly dynamic thermal behavior.
Because of high internal heat gains from measurement setups, electronic devices, solar gains and occupants
high requirements especially for cooling have to be met. As the outer shell of the building as well as the
interior construction is lightweight because of flexibility requirements and resource saving aspects, little heat
storage capacity is available to buffer temperature fluctuation. To avoid room climates outside the comfort
range without integrating too large conventional cooling power reserves, a combination of several thermal
energy storage (TES) technologies is implemented to meet the cooling demand in an energy efficient way
(Klinker et al., 2012, 2013). One of the thermal energy storage technologies involves the integration of phase
change materials (PCM) in wallboards, as well as an individually optimized cooling ceiling with PCM.
Specifically, two prototypes of PCM cooling ceilings were investigated regarding their dynamic thermal
behavior before being implemented in the EEC (Klinker et al., 2014).
The EEC will undergo an intense long-term monitoring phase starting summer 2014. For the needs of this
monitoring there are eight test rooms, four on the south and four on the north side of the building, equipped
with all the necessary sensors and measuring equipment. Three of these test rooms are used as reference
cases and they have only regular materials, without PCM in the wall or in the ceiling. A floor plan of the
EEC, with the test-rooms and the positions of PCM wallboards highlighted is presented in figure 2. In this
paper, an overview of the cooling concept with integrated PCM in wallboards, as well as the cooling ceilings
with PCM is presented. Subsequently, the first measurement results of the intense long-term monitoring of
the performance of the integrated PCM are presented and analyzed.
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Figure 2: Part of the EEC second floor plan with the test-rooms and the positions of PCM wallboards highlighted

2. Cooling concept with PCM
During the last 15 years, ZAE Bayern has collected extensive experience in the field of PCM in buildings in
several public funded projects (Mehling, 2014 and Weinläder, 2011). PCM undergo a reversible phase
change between the solid and the liquid state in a material specific temperature range. By the phase change
PCM are able to store a large amount of heat in a narrow temperature range as all absorbed heat is required
to break up the bonds of the crystal lattice. Therefore the implementation of room-integrated PCM has a
temperature stabilization effect and allows the buffering of temperature peaks without the need of energy
consuming conventional cooling systems. Experiences show that especially PCM in building materials like
wallboards are reacting quite slow to temperature fluctuations of the room air due to low heat transfer
coefficients to the room air in the case of free convection. This is problematic during the charging process
(passive cooling in daytime) as well as for regeneration of the PCM.
In the EEC, phase change materials melting around 23°C are incorporated in building wallboards as well as
in the cooling ceilings. Specifically, wallboards with PCM as well as the prototype cooling ceiling with PCM
are located in all the offices on the second floor, except in the three reference rooms - a schematic design of
the cooling concept with PCM is presented in figure 3. Natural ventilation takes place during nighttime in
order to enhance the regeneration of the PCM. If needed, a ventilation system can provide forced convection
to overcome the problem of low heat transfer coefficients leading to an acceleration of the charging and
discharging process.
The two prototypes of cooling ceilings address the improvement of thermal contact between PCM, cooling
fluid and the ceiling surface, but each with other priorities. Two types of PCM cooling ceilings were initially
investigated for their dynamic behavior (Klinker et al., 2014), the main difference of which is the positioning
of the PCM layer. In cooling ceiling - type I - macroencapsulated PCM is put on top of a conventional
cooling ceiling panel including water pipes. The PCM containers are thermally connected via a pressed
graphite matrix. In cooling ceiling – type II - the PCM containers are between the ceiling panel and the water
pipes which are directly connected to the backside of the PCM containers. Subsequent to this investigation,
both cooling ceiling prototypes received further optimization and are meanwhile integrated into the newly
built Energy Efficiency Center.
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Figure 3: Schematic design of the cooling concept with PCM

3. Materials and method
3.1. General measurement setup
For the needs of this study the south facing test rooms, R110, R111, R112 and R113, are used (figure 2). The
reference room (R110) is constructed with regular gypsum boards and ceiling without PCM. The other three
test rooms have incorporated PCM on the wallboards and on the cooling ceiling. Specifically, R111includes
PCM integrated on the wall and ceiling, the details of which are not needed for this work and therefore not
described, while R112 and R113 have Knauf comfortboards with PCM integrated in the walls and different
types of cooling ceilings with PCM. R112 has a cooling ceiling - type I - with the PCM situated on top of the
cooling pipes and R113 has a cooling ceiling - type II - with the PCM directly attached to the cooling ceiling.
The measurements are performed during the weekends, when the users are not present and the internal loads
of the rooms can be controlled. During the first measurement the blinds are open and the lights are turned on
in order to achieve high solar and internal gains in the rooms. During the measurements, the operative
temperature and the surface temperatures of the walls and ceilings are recorded. During this first
measurement, it was observed that the operative temperatures of test-rooms R110 and R113 are lower
compared to test-room R112 as shown in figure 4. This difference can be explained by the proximity of these
test-rooms with rooms R109 and R114 which had the lights switched off and blinds openwhile the
ventilation was on. Furthermore, between R109 and R110 as well as between R113 and R114 there is only a
concrete wall and no insulation. Given these facts, the temperature in R109 and R114 is lower than in testrooms R110 and R113 respectively and therefore affecting the operative temperature of the latter. Based on
this observation, it was considered that the two adjacent rooms R109 and R114 should also be controlled and
monitored in order to have the same conditions as the test-rooms.
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Figure 4: Comparison of operative temperature in the test-rooms 110, 112 and 113 and air temperature in the adjacent rooms
109 and 114 during the first measurements

3.2. Sensor positions
During the measurements the room and surface temperatures and also the heat fluxes are monitored. In figure
5 the position of the temperature sensors on the comfortboards are presented, while in figure 5 and figure 6
are presented the sensor positions in the cooling ceilings type I and type II respectively. Specifically,
temperature sensors are located on both surfaces of the comfortboards at three different heights; 0.5m, 1.4m,
and 2.3m. Regarding the cooling ceiling - type I, temperature sensors are located on both sides of the PCM
modules and also at the ceiling cavity and at the sheet metal roof, while a heat flux sensor is located at the
bottom of the cooling ceiling panel. Regarding the cooling ceiling - type II, temperature sensors are located
on top of the PCM modules and on top of the cooling ceiling panel. Additionally, the temperature at the
ceiling cavity and at the sheet metal roof is recorded, while heat flux sensors are located on both sides of the
PCM panel.

Figure 5: Sensor position for the integrated comfortboards
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Figure 6: Sensor position for cooling ceiling type I –
PCM on top

Figure 7: Sensor position for cooling ceiling type II –
PCM at the bottom

3.3. Measurement control strategy
The control strategy of the measurement presented in this paper is described in detail in this section. The testrooms on the south side, as well as the adjacent rooms R109 and R114, are cooled before the measurement.
The cooling started on Friday evening, in order to achieve the regeneration of the PCM in the ceiling and the
walls. This way the heating behavior of the PCM materials can be observed over the course of the day. It
should be mentioned that this measurement takes place during a warm weekend where the outside
temperature was about 25°C.
In order to have as little interference as possible during cooling the test-rooms on Friday, the ventilation is
closed on Friday at 18:00h while the rooms were not allowed be entered. The blinds are open to ensure
sufficient heat into the rooms and the lights are turned on. For this purpose, the “presence” in the adjacent
rooms R109 and R114 is placed firmly on 'on' at the building automation system and the blinds ascend
manually. In addition, the “Economy mode” is activated at the building automation system in order to
prevent the daytime cooling despite the presence of users. ”Regeneration mode” is activated by timer in the
building automation system; from Friday at 14: 00h to Saturday 06: 00h, from Saturday at 22: 00h to Sunday
at 06: 00h and from Sunday at 22: 00h to Monday at 06: 00h. During these times, the cooling ceiling is
actively cooled by cold water to regenerate the PCM during the night.
4. Results
A comparative graph of the operative temperature of test-rooms R112, R113, as well as the air temperature
of the adjacent room R114, from August 8th to August 10th, is presented in Figure 8. The outside temperature,
as well as the illumination in these rooms is also illustrated. The difference in the performance of the two
cooling ceiling types is observed in this graph; R112 has a cooling ceiling – type I with the PCM on top and
R113 has a cooling ceiling – type II with the PCM at the bottom. The operative temperature in R112 with the
cooling ceiling – type I is cooling down faster during regeneration mode than in R113 due to the better
contact of the water pipes to the room air.
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Figure 8: Comparative graph of the operative temperature in test rooms R112 and R113

The operative as well as the ceiling temperatures of R112 and R113 are respectively presented in Figure 9. It
is observed in this graph that the PCM in R113 is melting quicker than in R112 often leading to higher
surface temperatures. Especially, on August 9th the PCM in R113 seems to melt around 18:00h leading to a
temperature increase of the cooling panel, while in R112 the PCM is not completely melted until the end of
the day. On August 10th on the other hand the PCM in R113 melts around 12:00h compared to R112 which
melts around 18:00h.

Figure 9: Comparative graph of the operative and ceiling temperatures in R112 and R113 for the weekend of August 9th – 10th.

This fact is also illustrated in Figure 10 where the temperature of the cooling fluid of both systems is
illustrated and in Figure 11 where the heat flow of both systems is depicted. The cooling ceiling – type I in
R112 shows much higher water temperatures during the regeneration mode because the water pipes cool not
only the PCM but also the room air. Both systems seem to perform better during the first day of the
measurement, August 9th, while in R113 the fluid temperature increases more than in R112 due to the PCM
melting as mentioned earlier. It seems, that the PCM in R113 could not be regenerated completely during the
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night from 10th to 11th, thus having not the full storage capacitiy on 11th. Regarding the heat flow, it is
observed in figure 11 that the heat flow of the two systems is very similar during passive cooling from
August 9th 6:00h to 16:00h and August 10th 6:00h to 12:00h when the PCM is not completely melted.
Although the two ceiling types have different constructions regarding the position of the PCM, the cooling
power in passive mode seems to be quite similar.

Figure 10: Cooling fluid temperature in R112 and R113 for the weekend of August 9 th - 10th.

Figure 11: Heat flow in R112 and R113 for the weekend of August 9 th – 10th.

Finally, the wallboard temperatures in R112 and R113 are presented in Figure 12. Based on this graph, there
is no significant difference in the wallboard performance in the two rooms. Specifically, there is no
wallboard PCM effect observed given that the temperature is above the PCM melting range (19ºC-23ºC) and
therefore the PCM is liquid during this measurement. R113 has slightly higher wallboard temperatures
throughout the weekend due to the typically slightly higher room temperatures in this test room. Both rooms

201

Christina Konstantinidou / EuroSun 2014 / ISES Conference Proceedings (2014)

show a stratification of the wallboard temperatures; the temperature increases with the height of the sensor
position on the wallboard.

Figure 12: Operative and wallboard temperatures in R112 and R113

A graph of the wallboard temperatures and the operative temperature in test room R112 from July 12th to
July 13th is presented in Figure 13. The temperature curves of the comfortboards in R112 show the typical
bend of a PCM reaching the end of its melting (see red arrow).

Figure 10: Operative and wallboard temperature in R112

5. Conclusions
A number of test measurements are performed using four different test rooms on the south side of the
building - one reference room without PCM and three test rooms with integrated PCM on the ceilings and on
the wallboards - comparing the behavior of two prototype cooling ceilings and also the performance of
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wallboards with integrated PCM in the rooms. Based on these initial measurements it is observed that the
two types of cooling ceilings – type I where the macroencapsulated PCM is put on top of a conventional
cooling ceiling panel including water pipes and type II where the PCM containers are between the ceiling
panel and the water pipes which are directly connected to the backside of the PCM containers – behave
similarly. This is not exactly expected based on the better thermal contact between PCM and room air in
cooling ceiling type II. Ceiling type II is also expected to show shorter regeneration times of the PCM as the
cooling fluid mainly takes up the heat from the PCM instead of the heat of the room air.
The wallboard temperatures that are observed in test rooms R112 and R113 show the effect of the integrated
PCM quite clearly. More detailed measurements are expected to be performed in the near future in order to
show the effect of the integration of PCM wallboards in the building elements and also the different behavior
of the two prototype cooling ceilings.
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Abstract
Solar thermal systems with roof-mounted collectors and basement-located heat stores represent a mature
technology for solar space heating and domestic hot water preparation in residential buildings. However, due
to the limited available roof area, an increase of the solar fraction is often not possible. Especially in case of
multi-story residential buildings with a low ratio of roof area to living area and dwelling units, the façadeintegration of solar thermal components seems to be the only solution for covering considerable parts of the
heat demand (> 50 %) by solar energy.
Placing solar collectors in front of the façade is the most common technique when conducting buildingintegrated solar thermal (BIST), but actually more ambitious approaches in this field are needed for
achieving a real architectural and technical integration. So-called multifunctional solar thermal façade
components combine the features of a standard building façade such as thermal and noise insulation and
protection against environmental influences with the functions of a solar thermal system, i.e. generation,
storage and distribution of solar heat.
In this paper the development and construction of a prototype of such a multifunctional solar thermal façade
element is presented. The façade element comprises a complete solar thermal system for the preparation of
domestic hot water and it consists of a transparent thermal insulation as energy-harvesting component, a hot
water tank as absorber and heat store, different types of thermal insulation and the entire hydraulic circuitry
(except for the controller) for the supply of the hot water to the dwelling unit. Besides the description of the
technical details and characteristics of the different components, this paper will focus on different options for
the integration of the multifunctional solar thermal façade element into the building envelope. Furthermore,
approaches for envisaged laboratory and outdoor testing will be presented in this paper.
Keywords: building-integrated solar thermal (BIST), multifunctional façade element, solar thermal system

1. Introduction
Compared to roof-mounted collectors the solar thermal heat generation in a façade offers the advantage of a
more equal distribution of solar gains over the year for regions far away from the equator. On the one hand
the higher ratio of solar gains in winter leads to a better solar coverage of space heating demand, while on the
other hand collector stagnation due to overheating is reduced due to the greater angle of incidence in
summer. Furthermore, the larger available area of the façade compared to the limited roof area allows for
achieving a higher solar fraction of the total heat demand of the dwelling, which is of particular relevance in
case of multi-story residential buildings [1] [2].

204
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.15.04
Available at http://proceedings.ises.org

Sven Stark et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

However, the façade-integration of solar thermal components also poses a number of challenges. A special
difficulty that has to be overcome is the often unsatisfying architectural integration of collectors placed in
front of the existing façade. Because of the visibility of the collectors their design and integration has to be
well-adapted to the rest of the façade to form an appealing building envelope [2]. Furthermore, functional
aspects of the integration into the façade have to be considered. This means that the solar thermal
components should additionally take over or at least support the functions of a standard building façade,
namely to act as a thermal and noise insulator and to protect the interior of the building against the
environmental influences [1].
An innovative and ambitious approach for using the façade as a solar active part of the building is currently
being developed within the research project “MultiKomp-I” at the Research and Testing Centre for Thermal
Solar Systems (TZS) of the Institute of Thermodynamics and Thermal Engineering (ITW) at the University
of Stuttgart. The project aims at developing so-called multifunctional solar thermal façade elements that
combine the features of a standard building façade such as thermal and noise insulation and protection
against environmental influences with the functions of a complete solar thermal system, i.e. generation,
storage and distribution of solar heat. As far as possible, all these functions are to be united in one compact
façade element to save space and to reduce costs compared to the conventional approach of installing solar
collectors only in the façade. The project MultiKomp-I (full title: “Development of multifunctional solar
building components, Phase I: Basic research activities”) is funded by the German Federal Ministry for
Economic Affairs and Energy (BMWi), based on a decision of the German Bundestag by Projektträger Jülich
(PTJ) under grant number 0325985A.
Up to now, a first prototype of such a multifunctional solar thermal façade element has been built and the
construction of a second prototype is currently prepared. The following chapters deal with the construction
and characteristics of the first prototype, focus on possible ways of integrating the façade element into the
building envelope and finally present the envisaged laboratory and outdoor testing of the prototype.
2. Prototype development
In the first phase of the project about 15 different theoretical concepts for multifunctional façade elements
with a different scope of functions such as space heating, space cooling and domestic hot water preparation
were elaborated by combining state-of-the-art as well as innovative technologies for the relevant tasks of the
façade and the solar thermal system. A selection of these technologies that can be used in such façade
elements is given in the following:
x

solar heat generation: solar collector with liquid heat transfer fluid, solar air collector, transparent
thermal insulation, glass constructions (e.g. multiple glazing)

x

heat storage: hot water store, heat store with phase change materials, thermochemical heat store,
thermal activation of building components

x

heat insulation: vacuum insulation panels, switchable heat insulation, conventional heat insulation
(e.g. mineral wool, rigid foam insulation)

x

domestic hot water (dhw) preparation: dhw heat exchanger integrated in the store, dhw store
integrated in hot water store (tank in tank principle), external dhw heat exchanger

x

auxiliary heating: electrical backup-heater, gas-fired instantaneous water heater, no backup heater

x

space heating system: radiant panel heating (floor/wall heating), air heating system with heat
recovery unit, passive heat supply.

As it was decided to build only two prototypes within the project the two most promising concepts had to be
chosen based on the following simulation and evaluation measures:
x

dynamic system simulations with TRNSYS for the most promising concepts, i.e. determination of
the solar fractions for space heating and domestic hot water preparation dependent on a range of
parameters such as element size, collector area, thermal insulation thickness, type of building, etc.
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x

scientific exchange with architects about the possibilities and challenges of building integration for
the different concepts; both, with regard to technical and aesthetical aspects

x

scientific exchange about the feasibility of using thermochemical stores for the façade elements

x

evaluation and ranking of the different concepts according to other criteria, e.g. expected costs,
aesthetics, level of innovation, thermal comfort of the dwelling unit.

The details of these studies as well as the results are not treated in this paper, but can be found in [1] and
[3 - 5]. The concept of the façade element finally chosen and presented in this paper is illustrated in Fig. 1.

Fig. 1: Concept of the multifunctional solar thermal façade element for domestic hot water preparation

The idea of this concept is to build a multifunctional solar thermal façade element that predominantly
delivers heat for the preparation of domestic hot water and contributes solar heat for space heating only to a
minor extent by means of passive heat supply. Furthermore, the façade element is supposed to have a
relatively simple construction and to combine all components in one compact module.
These required specifications are realized by the concept shown in Fig. 1. The charging of a hot water store
is carried out directly by the solar radiation passing a transparent thermal insulation and heating the outsidefacing wall of the storage tank. The store itself is thermally insulated towards the interior room to reduce
overheating in summer and towards the exterior by a transparent thermal insulation in order to minimize heat
losses of the store to the ambience. For a further reduction of overheating of the interior room phase change
material is incorporated into the wall construction, e.g. a metal or wood stud wall, behind the hot water store.
The discharging process for domestic hot water preparation is carried out via an external heat exchanger,
because direct discharging via the connection to the domestic hot water cycle does not allow an
unpressurized hot water store and compared to an internal heat exchanger a higher discharging power is
achieved by an external heat exchanger.
After the compilation of the required characteristics of the main components and the selection of the
respective suitable products, the detailed planning and dimensioning for the construction of a prototype was
carried out. The prototype was then built up within TZS/ITW and equipped with measurement
instrumentation for the laboratory and outdoor testing.
In the following chapter the construction of the prototype is explained in detail. After this the building
integration of such a multifunctional solar thermal façade element is treated and finally approaches for
envisaged laboratory and outdoor testing are presented.
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3. Construction of the prototype
3.1. Construction overview
In Fig. 2 the set-up of the prototype of the developed façade-integrated solar thermal system is shown in an
exploded design drawing, while in Fig. 3 it is illustrated how the prototype looks like with all components
integrated and covered with panels at the sides. The functions and the characteristics of the most significant
components are explained in the following.

Fig. 2: Illustration of the set-up of the prototype built for laboratory and outdoor testing

Fig. 3: Front view of the prototype with cover panels
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3.2. Transparent thermal insulation
As can be seen from figures 2 and 3, the transparent thermal insulation is located in front of the hot water
store and its function is to let the solar radiation pass towards the wall of the hot water store by
simultaneously reducing heat losses from the heat store to the outside. The type of transparent thermal
insulation that was finally chosen after a comprehensive search for a suitable product is composed of two
glass sheets with an aerogel filling (Fig. 4). Compared to other transparent thermal insulations it has a higher
ratio of total energy transmittance to heat transfer coefficient, however, the relatively high weight can be
seen as disadvantageous.

Type/composition: 2 glass sheets with aerogel filling
Length: 1,900 mm
Height: 1,900 mm
Total thickness: 46 mm
Total energy transmittance: 60 %
Heat transfer coefficient: 0.6 W/(m²*K)
Weight: ca. 160 kg respectively 42 kg per m² façade area
Fig. 4: Characteristic data and photo of the transparent thermal insulation

The details of the mounting of the transparent thermal insulation are illustrated in Fig. 5. A Z-shaped metal
profile is connected via screws to an aluminium profile which is part of the main frame (cf. Fig. 2) of the
prototype. The transparent thermal insulation does not have direct contact with this metal profile which
would be unfavorable due to the different coefficients of thermal expansion of glass and metal. It rather sits
on a foam rubber and rubber profiles including lip seals are clamped between the transparent thermal
insulation and the metal profile. In the mounting process the last step is to screw an I-shaped metal clamping
profile with the rubber profile attached to the Z-shaped profile. The construction shown in Fig. 5 encloses all
four sides of the transparent thermal insulation including the corners so that it is fixed and sealed all around.

Fig. 5: Mounting details of the transparent thermal insulation

208

Sven Stark et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

3.3. Hot water store and hydraulic system
When constructing the entire façade-integrated solar thermal system the aim was to use maximum space in
the façade for the thermal energy storage and to easily integrate the hot water store into the façade element
with regard to its shape. That is why a rectangular storage tank was chosen which is discharged via an
external heat exchanger. Thus, except for the three thin metal deflector sheets integrated for preventing
hydraulic short cuts (see Fig. 6) there are no other components inside the store. Furthermore, the store does
not contain domestic hot water and can be operated without pressure. Nevertheless, framing of the store is
needed (see Fig. 6), because otherwise the store made of polypropylene would suffer from deformation
especially at temperatures above around 60 °C.
The front side of the hot water store is coated with a black absorber painting to enhance absorption of the
solar radiation and to reduce thermal emissions from the store wall. For thermal insulation different materials
were used as indicated in Tab. 1. Below the store there is a rigid foam insulation panel with a thickness of
60 mm, which sits on a 2 mm thick aluminium sheet for taking and leading the weight of the store to the
module framing. Vacuum insulation panels were only integrated at the slim sides and on top of the store,
because in the metal stud wall behind the store (see Fig. 2) the risk of damage was considered as too high.

Tab. 1: Characteristic data of the hot water store

Type and material:

unpressurized polypropylene hot water store

Shape and dimensions:

rectangular storage tank (1,800 mm x 1,800 mm, 172 mm thick)

Store volume:

approximately 400 litres

Weight:

ca. 130 kg (empty), ca. 530 kg (filled with water)

Charging/discharging:

direct charging via transparent thermal insulation
indirect discharging via external heat exchanger

Fixing/stabilisation:

4 horizontal metal profiles at the front and back side of the store
plastic framing profiles at the slim sides of the store

Thermal insulation:

rigid foam insulation panel (bottom)
vacuum insulation panels (slim sides and top side)
transparent thermal insulation (front side)
aerogel felt as part of the metal stud wall (back side)
expanded polystyrene (gaps at slim sides and back side)

Fig. 6: Back side (left figure) and interior (right figure) of the hot water store
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3.4. Metal stud wall, framing and substructure
As already mentioned in chapter 2, also passive heat supply to the interior of the building occurs. Hence,
when the water in the store is hot this can lead to overheating in summer, which has to be prevented or at
least minimized. Therefore, the metal stud wall behind the store on the one hand contains an aerogel felt
insulation characterized by a very low thermal conductivity of 0.013 W/(m*K) to reduce the heat flux from
the store to the interior. On the other hand microencapsulated phase change material (PCM) with a melting
point of 23 °C is integrated into the double layer of gypsum plasterboards which are screwed on the metal
profiles of the stud wall. By melting the PCM the room temperature can be kept more constant or at least
temperature peaks of the room can be decreased, respectively. During night hours the PCM can regenerate by
solidifying again.
The main frame of the prototype that is shown in Fig. 2 is made of aluminium profiles for stiffening the
whole construction and for connecting the respective components to this metal frame. In Fig. 7 the
substructure below the prototype is shown. This substructure does actually not belong to the façade element
itself, but is necessary for an easy transportation of the prototype. For instance, the prototype has to be
moved from the workshop to the dynamic solar simulator to determine its thermo-physical characteristics
(see also chapter 5).

Fig. 7: Substructure for transportation of the prototype

The complete prototype has a length of around 2.5 m, a height of 2.0 m and a thickness of 0.4 m and it
weighs about 600 kg with empty store and 1,000 kg in case of a store filled with water. Concerning the
dimensions it must be said that this prototype for laboratory testing is actually larger than such a façade
element would be when it is integrated into a real building. As will also be discussed in chapter 4 the
thickness of 0.4 m complies with the dimension of a real building façade, however length and height of the
façade element for a residential building are supposed to account for only about 1.0 m and 0.8 m,
respectively. The reason for this scale-up of the prototype compared to the envisaged integration into a real
building lies in the outdoor testing of the prototype: as will also be mentioned in chapter 5 the prototype is
going to be integrated into a dwelling/office container and the TRNSYS simulations that were conducted for
this container with such a façade-integrated solar thermal system show that a multifunctional façade area of
only around 0.8 m² would be too small to achieve considerable solar fractions for such a case [3 - 5].
3.5. Prototype assembling
The first step of assembling the prototype was to build up the substructure with the caster wheels (cf. Fig. 7).
After this the respective aluminium profiles were connected to each other and to the substructure to form the
metal framing of the prototype. In a next step the plastic profiles for framing the slim sides of the hot water
store were built up and connected to the metal framing of the prototype. Before integrating the store the rigid
foam insulation panel and the aluminium sheet below were cut to their required shape and mounted to the
substructure. Now the prefabricated store could be inserted into one of the slim sides of the prototype and
pushed forward until it was positioned in the plastic framing profiles. After this the horizontal metal framing
profiles at the front and back side of the store were mounted. On the one hand these profiles are connected
with the plastic profiles at the slim sides by angle brackets (cf. Fig. 2), while on the other hand the
corresponding profiles of the front and back side are joined to each other by a thread rod crossing the hot

210

Sven Stark et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

water store at the middle of the store. The next steps were the painting of the outside wall of the store with
the absorber coating and the mounting of the vacuum insulation panels. After fixing various temperature
sensors at the surface of the front and back side of the store, the transparent thermal insulation could be
connected with the main frame according to the descriptions in chapter 3.2. Then the complete hydraulic
system, consisting of the plate heat exchanger, the pump, the thermostatic mixing valve, pipes, temperature
sensors and flow meters, was built up. The controller, the data acquisition system and the power supply are
not part of the façade element itself and are therefore placed outside of the prototype. In a next-to-last step
the metal stud wall was established which meant connecting the horizontal metal profiles at the top and
bottom with the main frame of the prototype, inserting the vertical profiles into the horizontal ones, filling
the gaps with the aerogel felt insulation and finally screwing the gypsum plasterboards with the
microencapsulated PCM onto the metal profile construction. As can be seen in Fig. 3 the slim sides of the
prototype are covered with panels. Therefor rigid foam panels with a thickness of 3 mm were planked onto
these sides by using screws and the T-slot nuts of the framing aluminium profiles. In Figure 2 a door adjacent
to the transparent thermal insulation is visible. This door serves for a better access to the hydraulic
components when changes or maintenance should become necessary, but the door is not a part of the real
façade element in a residential building or at least it would not be located at the outside. More details of the
construction and assembly of the prototype including further pictures can be found in [5].
4. Building integration and application of the façade element
In Fig. 8 an example of the integration of the solar thermal façade element into the façade of a residential
building is illustrated. The façade element is a non-bearing part of the building envelope and can be
integrated into new buildings as well as during the refurbishment of an existing building. As already
mentioned above, the façade element is integrated into a building without the substructure and without the
door, because these two parts only serve for transportation and access to the hydraulic components,
respectively, but they are not necessary in a real building envelope. Also it was mentioned that the prototype
was built up at a larger scale than a façade element would be dimensioned in real application which is due to
the envisaged outdoor testing. As is highlighted by red color in Fig. 8, the window sills are supposed to serve
as the place of integration for the façade element. In a typical residential building the dimensions of a
window sill account for about 1.0 m in length and 0.8 m in height.

Fig. 8: Example for the integration of the solar thermal façade element into the façade of a residential building
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The developed solar thermal façade elements are intended to be used as decentralized preheating units for the
preparation of domestic hot water in larger multi-story residential buildings. This means that one or maybe
also several of such façade elements per dwelling unit are integrated into the façade. Evidently, these façade
elements can only partly cover the heat demand for domestic hot water preparation of a dwelling unit; for the
exact figures dependent on various parameters see simulation results which are published in [3 - 5]. That is
why the conventional domestic hot water and space heating system of the building will not be changed, but
of course the façade element has to be hydraulically connected to the existing piping system. The details of
the hydraulic integration of the solar thermal façade element depend among other issues on the specific
layout of the dwelling units and their size and position in different types of multi-story residential buildings.
Concerning the visual appearance of the solar thermal façade element it must be said that still further work is
necessary to adapt and improve the layout so that the targeted appealing building integration, i.e. the high
architectural quality of the BIST system, will be achieved.
5. Envisaged laboratory and outdoor testing
The prototype whose construction was described above was also equipped with measurement
instrumentation. On the one hand this includes various temperature sensors for monitoring the temperature of
the hot water store and the temperatures in different parts of the façade element, while on the other hand the
heat fluxes and energy quantities in the water circuits are determined with the help of mass flow and
temperature sensors. The details of the measurement instrumentation are described in [1] and [5].
In a first step it has to be investigated to which extent the chosen construction for the direct charging of the
hot water store via solar radiation passing the transparent thermal insulation is working. In order to check
that issue the prototype can, due to its set-up on a substructure for transportation (cf. Fig. 7), easily be moved
to the outside on a sunny day or it can be exposed to the artificial solar radiation in the dynamic solar
simulator at the TZS/ITW. The measurement of the temperatures of the hot water store will then give
information about the applicability of the concept of using the outside wall of the storage tank as the solar
absorber and directly charging the store by solar thermal energy via a transparent thermal insulation.
In a next step the heat loss rate of the hot water store of the prototype will be determined based on
EN 12977-3. Furthermore, the prototype is going to be tested as a complete solar thermal system based on
the CSTG testing method according to ISO 9459-2 in the dynamic solar simulator at the TZS/ITW
(CSTG: Solar Collector and System Testing Group) [6]. These measurements aim at determining more
precisely the thermal behavior of the whole solar thermal system, for instance concerning charging and
discharging of the hot water store. For this prototype construction with solar charging via the transparent
thermal insulation it is of special interest to find out, how fast the water in the store is heated up dependent
on the ambient conditions. Besides the determination of amounts of heat transferred into and supplied by the
system, also temperatures at the store as well as in the different layers of the façade element will be measured
in order to get an insight into the temperature distribution within the façade element. On the one hand this
test serves as a basis for information about the behavior concerning overheating in times of high solar
irradiation, while on the other hand it is also helpful to assess the thermal stress of the respective components
during semi-real operation. After finishing the laboratory tests also outdoor testing is going to be performed
by integrating the system into a dwelling/office container.
6. Conclusions
In this paper the development and construction of a prototype for a façade-integrated solar thermal system
for the preparation of domestic hot water were presented and the envisaged form of building integration was
discussed. The façade element is supposed to be integrated as a replacement of the window sill in above all
multi-story residential buildings to serve for the decentralized solar preparation of domestic hot water for a
dwelling unit. Furthermore, it was presented which laboratory and outdoor tests are going to be performed in
the next months.
In a follow-up project, which can still be planned in detail, one or more of the developed façade elements are
being further improved, especially with regard to mass production and they are going to be integrated into
the façade of an adequate residential building in order to evaluate the performance of the multifunctional
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façade element under real operating conditions over a longer period of time. For this project we are still
looking for interested industry partners, e.g. from the fields of architecture, building design, façade or
window manufacturing, etc. who want to engage technologically and financially in this innovative and
promising technological approach. Furthermore, we are also looking for suitable residential buildings for the
façade integration of our newly developed multifunctional solar thermal façade-integrated system for
domestic hot water preparation.
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Summary
This work aims at establishing a methodology to get reliable solar irradiation forecasts for the Brazilian
Northeastern region by using WRF model together with statistical methods for post-processing data. The key
issue is concerning how to deal with the diversity of typical climate features occurring in the region
presenting the largest solar energy resource in Brazil. The solar irradiance forecasts for 24h in advance were
obtained using the WRF model. In order to reduce uncertainties, cluster analysis technique was employed to
find out areas presenting similar climate features. Comparison analysis between WRF model outputs and
observational data were performed to evaluate the model skill in forecasting the surface solar irradiation.
After all, post-processing of WRF outputs were performed using artificial neural networks and multiple
regression methods in order to refine short-term solar irradiation forecasts.
1. Introduction
In contrast with other renewable energy sources (wind, biomass, and small hydroelectric plants) that have
specific support by government incentives and polices, the penetration of the solar energy technology in
Brazil is coming far behind. There were some important efforts to increase the available information on the
Brazilian solar energy resources. Figure 1 presents a relative comparison between solar energy resources in
Brazil and in countries where the solar energy market is far more advanced, such as Germany and countries
in the Iberian Peninsula. It also shows the annual average of daily solar irradiation at the surface for each of
the five Brazilian geopolitical regions. In addition to the large annual solar irradiation, its seasonal and interannual variability are low due to the fact that most of the Brazilian territory is located in a tropical region.
Earlier studies have pointed out that the solar energy could be cost-effective all over Brazilian territory
regarded particular conditions for each region. Applications like PV plants in the Amazon region to provide
electricity for remote areas and small villages, concentrated solar power plants (CSP) in the arid area of
Northeastern region, and water heating in South and Southeast of Brazil are examples for feasible
exploitation of solar resources (Martins et al., 2008).
Despite the great solar resource and high value that can be attributed to grid-connected PV systems in
commercial areas of urban centers in Brazil, the installed PV capacity is meager and restricted to universities
and research institutes. The PV generation shares only 0,01% of the Brazilian electricity matrix, around
12000 kW (ANEEL, 2014).
PV applications have a promising future in commercial urban tropical and subtropical regions where high
midday air-conditioning loads have typical a demand curve in a good match for the daily cicle of surface
solar irradiation curve. Another important feature of the solar energy resource in Brazilian territory is
regarding the peak load values in summer season. The solar resource achieves higher values along the the
hotter climate conditions. This is the typical picture for most metropolitan areas and large cities in Brazil
(Martins et al., 2008). Currently, the Brazilian government is discussing how to support and incentive the of
solar energy market in Brazil and national policies are being implemented to regulate the smart gridding
technology. Energy auctions for solar energy are being held in order to increase solar energy share and
stimulate the energy sector to invest and develop solar energy applications.
Other important future prospect for PV generation is in remote areas not connected to the Brazilian
Interconnected Distribution System such as Brazilian Amazon region, for example. There are currently only
a few hundreds of mini-grids operated by independent power producers (IPPs) or local state utilities in the
Brazilian Amazon, that cover the main share of local demand. All the electricity is generated in fossil fuel
power plants but most of the sites are not easily accessible, increasing cost and decreasing reliability of
supply. The potential for using PV systems, however, is huge, and can be estimated in tens to hundreds of
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MWp, even if only a fraction of the existing Diesel oil plants would adopt some PV to an optimum Diesel /
PV mix (Pereira et al., 2006).
Presently, several energy companies are evaluating the economic feasibility and planning to operate solar
power plants (PV, PV concentrated and CSP) in the Brazilian Northeastern and Mid-West regions. In order
to contribute to this effort, INPE and several universities are working to provide reliable scientific
information on solar energy assessment and spatial and temporal variability. INPE is preparing the revised
edition of Brazilian Atlas for Solar Energy in order to deliver data for solar energy resource taking into
consideration typical atmospheric conditions observed in Brazil like high aerosol load during dry season due
to biomass burning events. Furthermore, this is the appropriate moment to research and develop a suitable
methodology to provide short-term forecast of solar irradiance taking into consideration the climate and
environment characteristics of Brazilian territory. Since Brazilian energy scenarios are pointing out that the
solar generation would grow in near future, the reliable short-term forecasts will be required for planning and
managing the PV plants and the electricity system.

Figure 1. Mean annual range of the solar resources in Brazil compared to other countries (source, Pereira et
al., 2006).
2. Methodology
The observational solar data for hourly solar irradiation used in this study were acquired in 110 Automatic
Weather Stations (AWS) located in the Northeastern region of Brazil along the two typical climate seasons:
rainy and dry seasons. All of ground measurement sites are managed by Brazilian Institute for Meteorology
(Instituto Nacional de Meteorologia – INMET). Data for the rainy season were acquired in May/2009 Along
the dry season, data was acquired in September/2009. The first step was to check the quality of observed
data, this procedure was necessary to minimize the chances of a biased analysis due to the low reliability of
observed data. The quality criteria used in BSRN (Baseline Surface Radiation Network) managed by Word
Meteorological Organization) (Martins e Pereira, 2011) were also employed here. Figure 2 shows the
location of ground sites presenting high quality data in Brazilian Northeastern region (NEB).
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Figure 2. Location of stations across of Northeastern of Brazil.

Figure 3. Illustrates basically the methodology used in this research.
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Figure 4. Resolution of WRF Model and their respective Grids.

The recognition of areas presenting similar behavior concerning surface solar irradiation in both typical
climate seasons was the next step. The cluster analysis technique was applied in order to delineate areas
according to similarity of meteorological and solarimetric ground data. The agglomerative hierarchical
clustering method, the method was used (Ward, 1963) by using Euclidean distance as the grouping function,
(Hair et al., 2005). The dendrogram analysis provided all information to define the number of groups and the
ground measurement sites contained in each of them.
The solar irradiance forecast for 24h in advance were obtained following the procedure illustrated in Figure
3. In the first step, WRF model (Skamarock et al., 2005 and 2008) provides the first guess for surface solar
irradiance. Model simulations extended over thirty-one days in May (rainy season) and the thirty days in
September (dry season) of 2009, and forecast outputs were saved at once every hour. Global (FNL) datasets,
gridded in 1° latitude by 1° longitude and originated from 6-hour archive data of NCEP provided the initial
and boundary conditions for WRF runs.
The WRF model setup was prepared for two spatial domains by using two-way nesting strategy as shown in
Figure 4. The large domain includes Brazil and it consists of 120 x 110 square grid points with 45 km
resolution. The finer domain covers the Northeastern region of Brazil consisting of 142 x 157 square grid
with 15 km horizontal resolution. Both domains have the same vertical structure comprising 50 levels. The
Monin-Obukov (Eta) scheme (Janjic,2002), the BouLac scheme (Bougeault and Lacarrere, 1989) and the
Purdue (Lin) scheme (Lin, Farley and Orville, 1983) are used by WRF in order to simulated and prediction
surface layer physics, boundary layer processes and atmospheric microphysics’ processes, respectively. The
Grell-3 used to parameterize cumulus physics, and long and short wave radiation fluxes in the atmosphere
were simulated by using the Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al., 1997) and the
Dudhia scheme (Dudhia, 1989), respectively.
Two post-processing methods were applied to reduce uncertainties observed in WRF 24h-forecasts. The
proposed MLR method is described in (eq.1). It was assumed that surface solar irradiance (Iglob) can be
obtained from the product of the clear sky index (k*) by the surface solar irradiance at the cloudless
condition (Iclear). The clear sky model proposed by Dumortier (1998) provided the surface solar irradiation in
a cloudless condition. The MLR method provided k* value by using the low, medium and high cloud cover
index data provided by the WRF model in order to find an equation for prediction of solar irradiation,
Equation 1 . Finally, a bias-correction in dependence on the predicted cloud situation is applied.

Irradiation = (a(clflo) + b(clfmi) + c(clfhi) + c)ClearSky
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The ANN is parallel and distributed systems consisting of simple units, nodes or neurons that compute
(especially nonlinear) mathematical functions. The ANNs are presented as statistical tools capable of storing
knowledge from examples, and has been applied to function fitting problems, pattern recognition, predictive
modeling and other applications in various areas of human knowledge. Analogous to the human nervous
system, the nodes are arranged in one or more layers interconnected by numerous links generally
unidirectional, called synapses (Haykin, S., 2001). All these connections are associated with values, called
synaptic weights, responsible for weighting the inputs of each node as a storage form of knowledge. Data for
clear sky index, clflo, clfmi and clfhi were used as input data for the ANN training (60%) and validation
(40%). The Levenberg-Marquardt backpropagation algorithm was choosen for ANN training.
The solar irradiation outputs provided by MLR and ANN were compared to observations collected by
INMET that provides hourly averaged data. The quality and reliability of models result was evaluated by
using the following statistical indexes: BIAS, RMSE and correlations.
3. Results
The cluster analysis using data acquired at 110 stations was conducted by using the Ward methodology
employing the Euclidean distance as a function to evaluate the similarity or dissimilarity between ground
measurement data. Other methods were tested but did not present results as good as Ward method.

Figure 5. Dendrogram obtained from the cluster analysis of data acquired in 110 automatic weather stations
using the agglomerative hierarchical Ward method.
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Figure 6. Distribution of the four similar areas in Brazilian Northeastern region concerning surface solar
irradiation.
The choice of for the number of regions was made subjectively taking the dendrogram presented in Figure 5.
Four homogeneous areas in NEB were easily identified. The number of regions was considered consistent
with the climate features observed in NEB. Each of these regions showed a representative number of ground
measurement site in operation. The vertical axis in Figure 5 shows the similarity level, corresponds a
numeric value representing the level of grouping. The larger the index, more individuals are heterogeneous,
or in this case, the individuals are meteorological stations in the horizontal axis.
Figure 6 shows the map of the grouping of the areas in the northeastern. The solar radiation variability in
northeastern Brazil is significantly heterogeneous, whether by dynamic effects caused by its topography or
by action of different atmospheric systems that reach this region, showing large spatial and temporal
variability. In the Northeast, the high levels of solar radiation are explained by low cloud cover, especially in
the backcountry. Maximum annual solar irradiation are situated in Sector North and Northeast, green and
light blue areas, except in the coastal region and in the Chapada da Diamantina in Bahia, area of high
altitude, Red region. The largest observed solar radiation indices in the backcountry, purple, light blue and
green areas, where has the smallest occurrences of rain in the Northeast. This distribution is characterized by
the performance of meteorological phenomena that operate in the Northeast throughout the year, which
include: the Intertropical Convergence Zone (ITCZ), frontal systems, Upper Air Cyclonic Vortices and
Eastern Disturbances (sea breeze and trade winds from the Southeast), as cited in Silva, (2003). The main
meteorological phenomenon that act in the green, light blue and purple areas is the Intertropical Convergence
zone (ITCZ) which is more intense in the months of March, April and May, featuring the months with lower
incidence of solar irradiation and weaker in the months of August, September and October where has the
highest rates of irradiation in the northeastern region. In the Red region in addition to the influences of the
(ITCZ) has a strong influence of frontal systems of upper air cyclonic Vortices and Eastern disturbances
which features a greater cloud cover in this region throughout the year, these phenomena also has influences
in light blue and purple. Being that the Green Group is largely influenced by ITCZ and sea breeze.
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Figures 7 and 8 presents the maps for daily total of solar irradiation in May and September 2009. Both
Figures allow comparing the monthly average of observed and forecasted data for surface solar irradiation.
It can be noted that ANN methods provide outputs, in both seasons, presenting better agreement to the
observational data concerning the spatial distribution of solar energy resource.
In order to validate and compare both statistical post-processing WRF 24h-forecasts, BIAS and RMSE
values of the outputs for solar irradiation provided by MLR and ANN were obtained by using data acquired
in several ground sites in all four similar areas. Table 1 presents the BIAS, RMSE and correlation index
obtained when forecasts were compared to ground data acquired in four sites in each similar area. The
statistical indexes demonstrated that MLR and ANN were able to reduce uncertainties in forecasts provided
by WRF model. However, ANN presented better performance and provided forecasts with lower BIAS and
RMSE for the most of ground sites used in validation step.

Figure 7. Map of solar irradiation (W/m²) for May/2009 (rainy season). (A) measured data, (B) Model WRF,
(C) Model MLR e (D) Model ANN.
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Figure 8. Map of solar irradiation (W/m²) for September/2009 (dry season). (A) Measured data, (B) Model
WRF, (C) Model MLR e (D) Model ANN.
Table 01. Statistical indexes presented by 24h-forecasts provided by WRF model, MLR and ANN post processing methods for
May/2009.
MODELS
ID

INDEX

WRF

MLR

ANN

BIAS (W/m²)

WRF

MLR

ANN

WRF MLR ANN

RMSE (W/m²)

r

AREA 01
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46

A DO GURGEIA

-50.75

-14.88

-7.55

234.34 151.82 140.35

0.69

0.82

0.85

90

S R DE CASSIA

-56.47

-28.19

-6.22

211.83 144.10 131.11

0.74

0.84

0.86

93

B J DA LAPA

-67.15

-27.15

0.04

234.89 128.47 127.00

0.66

0.86

0.85

99

IRECÊ

-87.77

-30.22 -18.41 255.53 130.84 122.44
AREA 02

0.64

0.87

0.89

13

MACEIÓ

-38.39

-9.77

-24.13

272.96 176.33 167.91

0.54

0.73

0.77

28

MOSSORÓ

-10.67

-24.38

-2.91

232.96 159.38 147.00

0.71

0.81

0.83

54

CALCANHAR

-35.58

-28.16

-15.47

237.89 183.67 164.62

0.73

0.81

0.85
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85

ARACAJÚ

-76.88

-23.33 13.87 271.83 178.37 175.99
AREA 03

0.56

0.75

0.75

23

CAMP GRANDE

15.89

-15.30

-37.06

218.21 147.58 166.38

0.77

0.81

0.76

62

ARAPIRACA

-47.77

-2.41

-6.07

237.71 138.71 140.11

0.63

0.80

0.80

81

CARAVELAS

-29.64

-25.30

-9.22

227.56 138.07 135.26

0.63

0.79

0.79

112

UNA

-89.01

-24.69

-5.02

232.41 129.30 119.39

0.61

0.80

0.83

9

ESTREITO

-80.28

-33.98

-10.30

279.83 182.62 172.37

0.54

0.73

0.75

18

PARNAÍBA

-2.30

-28.61

-5.44

236.40 148.97 133.27

0.68

0.82

0.85

34

TAUÁ

5.82

-1.44

6.96

228.89 135.29 120.43

0.74

0.84

0.87

68

ITAPIPOCA

-51.45

-25.28

0.20

285.19 177.30 169.09

0.55

0.78

0.80

AREA 04

Table 02. Statistical indexes presented by 24h-forecasts provided by WRF model, MLR and ANN post processing methods for
September/2009.

MODELS
ID

INDEX

WRF

MLR

ANN

WRF

BIAS (W/m²)

MLR

ANN

WRF MLR ANN

RMSE (W/m²)

r

GROUP01
46

A DO GURGEIA

47.67

-16.14

6.47

136.68 103.56

86.65

0.94

0.95

0.96

90

S R DE CASSIA

-117.39

-37.99

9.85

308.64 115.23 101.88

0.66

0.93

0.94

93

B J DA LAPA

71.41

-33.90

-9.76

193.87 127.40 111.55

0.86

0.90

0.92

99

IRECÊ

-125.38

-43.63

14.17

273.93 127.86 105.34

0.78

0.93

0.95

0.72

0.85

0.87

GROUP02
13

MACEIÓ

-85.72

-36.54

-6.74

263.26 162.00 148.46

28

MOSSORÓ

0.48

-28.00

-23.19

167.80 115.92

91.66

0.90

0.93

0.96

54

CALCANHAR

18.33

-33.77

15.60

133.37 119.08

84.78

0.93

0.94

0.97

85

ARACAJÚ

121.52

-30.12

-12.75

201.76 164.81 143.36

0.89

0.86

0.89

GROUP03
23

CAMP GRANDE

79.80

-47.81

-3.82

205.54 174.86 168.23

0.86

0.83

0.83

62

ARAPIRACA

6.90

-39.67

36.67

220.60 147.48 138.72

0.81

0.87

0.89

81

CARAVELAS

195.62

-28.61

-0.58

299.32 177.78 158.85

0.77

0.79

0.83

112

UNA

103.75

-22.80

-12.69

244.65 151.68 132.68

0.83

0.84

0.87

GROUP04
9

ESTREITO

124.20

-29.71

39.94

243.12 152.70 159.87

0.77

0.83

0.82

18

PARNAÍBA

-138.75

-36.63

0.46

251.79 110.49

90.09

0.80

0.94

0.95

34

TAUÁ

-54.22

-21.29

-9.25

255.59 146.67 139.04

0.76

0.90

0.91

68

ITAPIPOCA

27.78

-14.34

4.66

204.76 128.44

0.85

0.92

0.95

90.40

4. Conclusions
The aim of this study was to investigate the main methodology for establishing a system of simulation and
forecasting using the WRF and the post-processing models ANN and MLR. It was concluded that the
numerical prediction of solar irradiation with the use of WRF, in general, has a satisfactory performance with
good relationship between the forecast data, compared with the observed data and has average correlations
for the month of May, rainy season and significant correlations in September, dry season, the period of
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greatest intensity irradiation. However the model has a high systematic error with high values of BIAS and
RMSE for the four areas and two months under study. You can establish an efficient methodology for the
prediction and simulation of solar irradiation in the Northeast using the WRF coupled with a statistical
refinement with the use of artificial neural networks (ANN) or multiple linear regressions (MLR). Was
observed with the use of ANN and MLR a significant decrease in systematic error of solar irradiation and
reduction of BIAS and RMSE in almost all the stations that form the areas at northeastern Brazil. There is an
improvement of RNA compared the RLM, but both methods were efficient in improvements of the forecasts
of the WRF. In short it is possible to use WRF model for predicting solar irradiation in Brazil to the use of a
due statistical refinement to reduce the systematic error of the model.
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Abstract
The use of accurate models is a relevant point for simulation, optimization and control purposes. More
specifically, they represent a cornerstone for the development of different based on model control strategies,
as Model-based Predictive Control (MPC) or Internal Model Control (IMC). These control strategies help to
obtain high thermal comfort levels inside buildings in an efficient way by an optimal combination with
passive strategies. For control purposes, the selection of an appropriate kind of model will depend on its
complexity, aim and available resources. In this work, a comparison between the complexity and accuracy of
several models is performed. To do that, three different room-level indoor air temperature models have been
developed: i) a Linear Time-Invariant (LTI) model estimated by means of a Pseudo-Random Binary
Sequence (PRBS) signal; ii) a nonlinear model based on Artificial Neural Networks (ANNs); and iii) a
nonlinear first principles model. These models have been calibrated and validated using real data from a
characteristic office room of a bioclimatic building. The obtained results show as the three approaches
provide good results with an NMAE error less than 14% in the worst case (LTI model) and approximately
equal to 5% in the best one (first principles model), and thus, they could be used to develop appropriate
control strategies.
Keywords: Room dynamic modelling; System identification; Thermal comfort control; Indoor temperature

1. Introduction
In last decades, it has been an increasingly concern about climate change which is mainly originated by
human activities. It has occasioned the apparition of different regulations and strategies all around the world.
Within the European Union the framework the strategy Europe 2020 (Europe2020, 2014) whose main
objectives from both climate change and energy points of view are: i) to reduce greenhouse emissions by
20% in comparison to 1990; ii) to increase the market share of renewable energy sources in final energy
consumption to 20%; and iii) to improve energy efficiency by 20%; appeared. On the one hand, several
studies establish that energy consumption in buildings represents approximately 40% of total world energy
consumption, mainly attributed to Heating, Ventilation and Air Conditioning (HVAC) systems (PérezLombard et al, 2008). On the other hand, since people usually perform their quotidian activities inside
buildings, it is necessary to obtain a commitment between users‘thermal comfort and energy efficiency. To
do that, different approaches can be considered, as the construction of bioclimatic buildings which include
control strategies able to optimize the energy consumption derived from users‘thermal comfort.
One of the most used techniques that allow us to maintain users’ thermal comfort is Model-based Predictive
Control (MPC) (Castilla et al, 2014a; Donaisky et al, 2007; Ma et al, 2011; Privara et al, 2011a) since it uses
dynamic models of the controlled system, noise and disturbances to obtain predictions of behaviour of the
system as a function of the estimated control signals. Besides, models can provide very useful information
about the design and reaction of different control systems avoiding the associated costs and risks derived
from testing these systems in a real plant. Moreover, there are in literature different kinds of models which
can be classified as a function of their nature, complexity and available resources (Brosilow and Joseph,
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2002). Within the context of process control area, it is very usual to develop nonlinear models based on first
principles of the controlled system. However, and mainly due to the complexity and necessities of it, it is
possible to obtain linear and nonlinear models by means of classical identification techniques (Rivera, 2007).
In general, the most part of the models available in literature are devoted to evaluate energy performance in
buildings (Olofsson and Mahlia, 2012; Saelens et al., 2011), to design energy efficient buildings (Jiang and
Rahimi-Eichi, 2009), or even to develop adequate control strategies at building level (Hazyuk et al. 2012;
Kummer et al., 1996; Sagerschnig et al., 2011). Moreover, it is possible to found in literature several
techniques that allow obtaining black-box models such as Artificial Neural Networks (ANNs) (Mustfaraj et
al., 2011) and identification techniques (Privara et al., 2011b). Therefore, there are different kinds of models
which are developed with different perspectives and with several final objectives.
This work presents an analysis, from both performance and efficiency points of view, between the
complexity and accuracy provided by three different room-level indoor air temperature models, specifically a
Linear Time-Invariant (LTI) model, an ANN model and a nonlinear one based on first principles. The
calibration and validation results showed in this work have been obtained in a real bioclimatic building, the
CDdI-CIESOL-AFRISOL building (http://www.ciesol.es/en). In addition, and as a conclusion of this work,
some advices about the main factors that should be taken into account to select an appropriate model for
control purposes are provided.
The paper is organized as follows: Section 2 provides a brief description of the building and the selected
room which is used to validate the indoor air temperature models which are shown in Section 3. More
specifically, Section 3.1 is devoted to an LTI model. Section 3.2 shows an ANN room-level indoor air
temperature model. The main formulation of the first principles model and a brief description of the
methodology followed to calibrate and validate this model are presented in Section 3.3. The obtained results
are shown and widely commented in Section 4. Finally, in Section 5 the main conclusions and future works
are described.
2. Scope of the research
The bioclimatic building used in this work to calibrate and validate the proposed models is a research centre
on solar energy, the CDdI-CIESOL-ARFRISOL building, see Fig. 1 (a). It was built following several
bioclimatic architecture criteria. Hence, it includes several passive strategies which take advantage of the
environmental characteristics of the place where the building is located, and active ones which make use of
renewable energies, such as a HVAC system based on solar cooling composed by a solar collector field, a
hot water storage system, a boiler and an absorption machine with its refrigeration tower. Furthermore, this
building has its more representative rooms monitored through a wide network of sensors whose data are
stored in a database by means of an acquisition system. The historical data saved during the daily use of
these rooms have been used for calibration and validation model purposes. A detailed description of this
building can be found in Castilla et al. (2014b).
Furthermore, the selected room with a total surface of 76.8 m3 and north orientation, see Fig. 1 (b), counts
with a huge variety of sensors, see Tab. 1 and also a set of actuators, such as a window opening/closing
system and a shading system, that provides more degrees of freedom to control users’ comfort.
Tab. 1: Sensors network into the selected room (Castilla et al. 2014b)

Type of sensor

Unit

Number of sensors

Air temperature

ºC

6

Air velocity

m/s

3

Air CO2 concentration

ppm

2

Fan coil water flow

l/m

1

Fan coil water temperature

ºC

2

Globe temperature

ºC

1

Plane radiant temperature

ºC

6

Air relative humidity

%

3
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(a) Outside of the building

(b) Representative room of the building

Fig.1: The CDdI-CIESOL-ARFRISOL building

3. Indoor air temperature models
Generally, the obtaining of an appropriate model which precisely represents the dynamic behaviour of the
indoor air temperature requires both effort and time. A room can be defined as a complex system where
interferes several kind of elements and the surrounding environmental conditions about it. At the same time,
these elements are characterized by their thermal and optical properties. However, although there is a priori
knowledge of the modelled system it is difficult to obtain a first principles model mainly due to their
complexity. In these cases, it is very common to use identification techniques which will allow us to obtain
black-box models.
In this section, different approaches for the modelling of indoor air temperature are shown. Therefore, in all
the cases, the system output will be the indoor air temperature. Besides, as the main aim of the proposed
models is the development of future controllers, a distinction in input signals between control inputs
(variables which can be manipulated) and disturbances (variables which cannot be manipulated) has been
performed. On the one hand, the control inputs are the natural ventilation by means of the window opening,
the forced ventilation through the HVAC system and the blind. On the other hand, the disturbance inputs are
the outdoor environmental conditions, such as the outside air temperature, wind speed and its direction,
direct, diffuse and reflected irradiance, and the indoor conditions, i.e. the plane radiant temperatures of all the
surfaces and the number of people inside the room.
3.1. Linear Time-Invariant model
First of all, and with the main objective of obtaining a simplified model for control purposes an LTI model
for indoor air temperature has been obtained following the methodology for system identification proposed
by Ljung, (1999). To do that, the following assumptions have been taken into account:
x
x
x

It has been considered that there was only one available actuator, the HVAC system, which allows
the users to control indoor air temperature through its fan velocity (on/off).
As disturbances inputs it has been taken into account the outdoor air temperature and the number of
persons inside the room.
It is supposed that the indoor air temperature is homogeneously distributed around the whole room.

Fig.2: Inputs/output scheme of the LTI model

228

Castilla, M. et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

Therefore, from the previous assumptions, a Multiple Input Single Output (MISO) model, see Fig. 2, has
been used where the chosen structure has been Auto-Regressive with eXogeneus inputs (ARX) since it
considers disturbances as white noise. To do that, appropriate Pseudo-Random Binary Sequence (PRBS)
signals were designed using the tuning methodology proposed by Rivera (2007) to obtain a signal with
enough power over the frequency range of interest for the indoor air temperature model. Afterwards, the
identification process has been carried out using the System Identification Toolbox of Matlab® (Ljung, 1999,
2007). This tool allows obtaining a linear model based on certain established premises and a selected model
structure. In this case, an ARX model whose general structure which can be expressed as a simple linear
difference equation can be observed in eq.1. This difference equation relates the current output of the
system,ݕሺ݇ሻ, with a finite number of past outputs, ݕሺ݇ െ ݆ሻ, and inputs, ݑሺ݇ െ ݆ሻ and a white noise, ݒሺ݇ሻ.
ݕሺ݇ሻ  ܽଵ ݕሺ݇ െ ͳሻ   ڮ ܽ ݕሺ݇ െ ݊ܽሻ ൌ
ൌ ܾଵ ݑሺ݇ െ ݊݇ሻ   ڮ ܾ ݑሺ݇ െ ݊݇ െ ܾ݊  ͳሻ  ݒሺ݇ሻ (eq. 1)
where ݊ܽ is the number of poles of the model, ܾ݊  ͳ is the number of zeros, and ݊݇ is the delay of the
system, if it exists.
The model was estimated by means of PRBS signal with a total duration of 4 days, that is, 96 hours. This test
was performed during working days with specific requirements to smooth the disturbance effects, that is, the
door was closed with several disturbances due to the people going in/out, the window was closed, and the
room had its typical occupation along work hours during the whole test. The lineal different equation which
represents the identified ARX model can be observed in eq.2.
ݕሺ݇ሻ െ ͲǤͶݕሺ݇ െ ͳሻ െ ͲǤ͵ʹͺݕሺ݇ െ ʹሻ െ ͲǤʹ͵͵ݕሺ݇ െ ͵ሻ െ ͲǤͳͶͷݕሺ݇ െ Ͷሻ െ ͲǤͲͷݕሺ݇ െ ͷሻ 
െͲǤͲͲݕሺ݇ െ ሻ  ͲǤͲͶݕሺ݇ െ ሻ  ͲǤͶͷͶݕሺ݇ െ ͺሻ  ͲǤͲͺ͵ݕሺ݇ െ ͻሻ  ͲǤͲͺݕሺ݇ െ ͳͲሻ ൌ
ൌ ͲǤͲͲͲͳݑଵ ሺ݇ሻ െ ͲǤͲͲͳݑଶ ሺ݇ሻ െ ͲǤͲͲͲʹݑଶ ሺ݇ െ ͳሻ െ ͲǤͲͲͲ͵ݑଶ ሺ݇ െ ʹሻ െ ͲǤͲͲͲͶݑଶ ሺ݇ െ ͵ሻ 
െͲǤͲͲͲͲݑଶ ሺ݇ െ Ͷሻ  ͲǤͲͲͲͲ͵ݑଶ ሺ݇ െ ͷሻ  ͲǤͲͲͲͶݑଶ ሺ݇ െ ሻ  ͲǤͲͲͲ͵ݑଶ ሺ݇ െ ሻ 
ͲǤͲͲͲʹݑଶ ሺ݇ െ ͺሻ  ͲǤͲͲͲͲͷݑଶ ሺ݇ െ ͻሻ  ͲǤͲͲͲݑଶ ሺ݇ െ ͳͲሻ  ͲǤͲͲ͵ݑଷ ሺ݇ሻ  ݒሺ݇ሻ (eq. 2)
In the previous equation, ݑଵ represents the outdoor air temperature, ݑଶ is the fan velocity of the HVAC
system, and finally ݑଷ is the number of persons inside the room.
3.2. Nonlinear model based on Artificial Neural Networks
The indoor air temperature inside a certain environment usually presents a nonlinear nature. For that reason,
in this section, an ANN nonlinear model estimated through input – output data is presented. ANNs are
universal approximators (Cybenko, 1989) and they can be considered as a black-box model where its inputs
represent the number of neurons in the input layer, the model parameters are symbolized by the number of
neurons and their interconnection weights in the hidden layers, and finally, the outputs are represented by the
number on neurons in the output layer. The main difference with the LTI model developed in the previous
section is that ANN can model nonlinear behaviours.
As there is a previous knowledge of the processes involve in the dynamic behaviour of the air temperature
inside a room, the selection of inputs for the ANN has been performed as a function of this knowledge. More
specifically, the selected variables have been the following ones:
x

The surface temperature of the walls, ceil and floor since they are involved within the convection
processቀܶ௦ೌೞ ǡ ܶ௦ೞೠ ǡ ܶ௦ೢೞ ǡ ܶ௦ೝ ǡ ܶ௦ ǡ ܶ௦ೝ ቁ.

x

The ones related with forced ventilation that is with the HVAC system: the impulse and return
temperatures ቀܶ ǡ ܶೝ ቁ and velocitiesቀܸி ǡ ܸிೝ ቁ, and the water flow through the HVAC

x
x

systemሺݍௐ ሻ.
Variables which make reference to both natural ventilation and infiltration processes, that is, the
aperture of the windowሺܣ௪ ሻ, the wind velocityሺݒ௪ௗ ሻ and directionሺ݀௪ௗ ሻ.
The number of persons inside the room൫ܰ ൯Ǥ
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x

The outside climatic conditions are taken into account by means of the outdoor air
temperature൫ܶೠ ൯ and the diffuse irradiance൫ܫௗ ൯.

x

Finally, the modelled variable, the indoor air temperature ൫ܶ ൯ is also considered since the output
of it is feedback as an input.

Furthermore, the ANN estimated for the indoor air temperature model presented in this section is a
multilayer perceptron with a Feed-Forward (FF) configuration composed of a hidden layer with 11 neurons
with sigmoidal activation function, 19 neurons in the input layer and one neuron in the output layer, the
indoor air temperature, see Fig. 3. Besides, the obtained ANN has been also combined with Tapped Delay
Lines (TLD) blocks which have been used to provide an appropriate number of past values for the inputs
(Arahal et al., 1998). The methodology used to determine the optimal number of past values was the False
Neighbours Method (kennel et al., 1992).

Fig.3: Inputs/output scheme of the ANN model

The proposed ANN has been trained using appropriate data sets. In this case, real data sets acquired during
the normal operation of the CDdI-CIESOL-ARFRISOL building have been used. The selected data sets
cover the most characteristic profiles of the warmer periods of the year, that is, spring and summer. More
specifically, they comprise three different intervals: from 15 th April 2013 to 5th May 2013, from 22nd May
2013 to 16th June 2013 and from 7th July 2013 to 31st July 2013 with a sample time of 1 minute. In addition,
the training process has been performed using the MATLAB’s implementation of the Levenberg-Marquardt
algorithm (More 1978) and the goodness of fit has been calculated by means of the Root-Mean-Square
(RMS) error, see eq.3.
ଵ

ଶ

ොሺ݅ሻ൯
ܴ ܵܯൌ ට σே
ୀଵ൫ݔሺ݅ሻ െ ݔ
ே

(eq. 3)

whereݔሺ݅ሻ symbolizes the real value of the modelled variable and ݔොሺ݅ሻ is the approximation estimated by
means of the ANN model.
The selection of the optimal ANN has been performed taken into account that an ANN with an insufficient
number of neurons may be unable to capture the dynamic behaviour of the indoor air temperature, and that
an ANN with too many neurons can occasion overtraining, and thus, degrade the generalization capabilities.
3.3. Nonlinear first principles model
In this approach, the existing relationships among the different components of the room and between them
and the environment are determined by means of mass and heat transfer laws, see Fig. 4. More specifically,
this model has been obtained using the “Heat Balance Method” described in Ashrae (2009) and subjected to
the following assumptions:
x
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x

x
x

The physical characteristics of the different elements except from indoor air, such as specific heat,
have been supposed constant. Besides, the physical characteristics associated with the indoor air are
calculated as a function of indoor air temperature.
The air inside the room has been considered as a perfect mix, i.e. the indoor air temperature is
uniform in the whole room (Fisher and Pedersen, 1997).
The surfaces of the room are supposed to have a uniform surface temperature, similar wave
irradiance and one-dimensional heat conduction process.

Therefore, the indoor air temperature has been modelled by means of a dynamic equation based on heat and
mass transfer principles as it is shown in eqs. 4-10.
݉ ܥೌ

ௗ்ೌ



ௗ௧

ൌ ܳ௩  ܳ௩  ܳ  ܳீ  ܳ௩௧  ܳ௦௦

(eq. 4)

ܳ௩ ൌ ݂ ቀܶ ǡ ܶ௦ೌೞ ǡ ܶ௦ೞೠ ǡ ܶ௦ೢೞ ǡ ܶ௦ೝ ǡ ܶ௦ ǡ ܶ௦ೝ ቁ

(eq. 5)

ܳ௩ ൌ ݂ ቀܶ ቁ

(eq. 6)

ܳ ൌ ݂൫ܶ ǡ ܶೠ ൯

(eq. 7)

ܳீ ൌ ݂൫ܶ ǡ ܶ ǡ ܪ ǡ ܰ ൯

(eq. 8)

ܳ௩௧ ൌ ݂൫ܶ ǡ ܶೠ ൯

(eq. 9)

ܳ௦௦ ൌ ݂൫ܶ ǡ ܶೠ ǡ ܫௗ ǡ ܫௗ ǡ ܫ ൯

(eq. 10)

In the previous equation ݉ and ܥ are, respectively, the mass in ሺ݇݃ሻ and the specific heat in ሺି݃݇ܬଵ ି ܭଵ ሻ
at constant pressure of the indoor air. ܶ is the indoor air temperature inሺܭሻ. Furthermore, the terms located
on the right hand of the equation, that is ܳ௩ ǡ ܳ௩ ǡ ܳ ǡ ܳீ ǡ ܳ௩௧ ǡ ܳ௦௦ represent respectively, the heat
gain due to natural convection through walls, floor and ceil, the heat gain through forced ventilation, the heat
gain by means of infiltrations, the heat gain caused by internal gains related to people, electrical appliances
and lighting, the heat gain occasioned by natural ventilation, and the heat gain owed to the glass of the
window, all of them in ሺܹሻ. A more detailed description of the methodology followed to estimate each one
of the terms can be found in Castilla et al. (2014b).

Fig.4: Inputs/output scheme of the first principles model
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The indoor air temperature model presented in eqs.4-10 has a set of 9 unknown parameters which have been
calculated by a specific calibration methodology. Furthermore, it consists in a cascade calibration process
consisting of, first, a brute force sequential search to determine an initial approximation for the unknown
parameters, and afterwards the use of evolutive algorithms to obtain the final value. A complete explanation
of this calibration technique can be found Castilla et al. (2014b).
4. Results and discussion
As it was mentioned previously, the models presented in Section 3 have been calibrated and validated for the
particular conditions of a typical office room inside the CDdI-CIESOL-ARFRISOL building. In this section,
the validation results obtained for summer conditions are shown and widely commented. More specifically,
the selected validation set with a total size of 4320 data points comprises from 10th to 12th May 2013 with a
sample time equal to 1 min and it includes different conditions. The main objective of this validation data set
was to obtain the most common situations inside this room along a warmer half-time period. Therefore, this
test contains some periods where the room was empty, and others with the presence of its usual occupants,
see Fig. 5 (a). In addition, while the room was occupied some controlled experiments were performed using
the window and the HVAC system, see Fig. 5 (b) and (c) respectively. Finally, these controlled experiments
provide a validation set with an absolute variation equal to 2.49ºC from 24.71ºC to 27.21ºC. The results
obtained under the conditions described previously, see Fig. 5, can be observed in Fig. 6. Specifically, in this
figure, it is shown the real indoor air temperature measured inside the characteristic room of the CDdICIESOL-ARFRISOL building (in blue) and the results provided by each model (LTI model in yellow, ANN
model in green and first principles model in red).
Furthermore, in order to analyze the goodness of the proposed models and be able to establish a comparison
among them, a statistical analysis is also included, see Tab. 2. Concretely, this statistical analysis includes
the number of samples (ܰ), the absolute variation (ܴ݊݃) of the measured indoor air temperature, its Mean
Absolute Error ( )ܧܣܯand Mean Relative Error ()ܧܴܯ, the maximum absolute error ()ܧܣݔܽܯ, the standard
deviation (ܵே ) and the variation Normalized Mean Absolute Error (ܰ)ܧܣܯ, see eqs. 11-16.
ܴ݊݃ ൌ ȁሺݔሻ െ ݉݅݊ሺݔሻȁ
ଵ

 ܧܣܯൌ σே
ොሺ݅ሻȁ
ୀଵȁݔሺ݅ሻ െ ݔ
ே
ଵ

ȁ௫ሺሻି௫ොሺሻȁ

ே

௫ሺሻ

 ܧܴܯൌ σே
ୀଵ

ଵ

ොሺ݅ሻ െ ݔҧ ሻଶ
ܵே ൌ ට σே
ୀଵሺݔ
ே

ொ௫ଵ
ோ

(eq. 12)
(eq. 13)

 ܧܣݔܽܯൌ ݉ܽݔ൫ܧܣሺݔǡ ݔොሻ൯

ܰ ܧܣܯൌ

(eq. 11)

(eq. 14)
(eq. 15)

భ

ൌ

ቀಿ σಿ
సభȁ௫ሺሻି௫ොሺሻȁቁ௫ଵ
ȁ୫ୟ୶ሺ௫ሻିሺ௫ሻȁ

(eq. 16)

In the previous equations, eqs. 11-16,  ݔare the real values measured inside the modelled room, ݔො and ݔҧ
represents the results obtained from the model and the mean value of these results respectively, and finally,
AE is the absolute error.
As can be observed in Fig. 6. the developed models are able to capture the dynamics of the indoor air
temperature under different conditions. On the one hand, the worst model is the LTI with an NMAE index
close to 14% and an MAE equal to 0.34ºC. However, these results are the expected ones, since the LTI
model considers as inputs less variables than the others approaches. Hence, after a detailed analysis of the
conditions along the periods where it provides worst results it has been concluded that it is not able to react
properly to the disturbances occasioned by the window. On the other hand, the other two models provide
similar results with an NMAE index between 5% and 6%. Therefore, it can be concluded that the three
approaches are valid to develop control strategies for users’ thermal comfort.
However, one of the most important factors in order to develop appropriate control techniques is the
available resources that allow us to obtain both more or less accurate models of the indoor air temperature.
More specifically, the accuracy of these models depends on the size of the sensors network available, the
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number of actuators and their characteristics, and the previous knowledge of the modelled system.
Concretely, if there is not any limitation due to the network of sensors it should be recommendable to
develop first principles models since they take into account different disturbances and their influence on the
modelled system, and thus, they will allow to the controller react more precisely than with other kind of
models. However, to develop first principles models it is necessary to have a priori knowledge of the system.
Hence, if there is not any knowledge of it, the best option will be to develop black-box models (LTI or
ANN).

(a) Room occupation

(b) Window aperture

(c) HVAC system
Fig.5: Conditions of the validation set

Fig.6: Results of validation set for the indoor air temperature models
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Tab. 2: Results from the validation of the indoor air temperature models

Parameter

LTI model

ANN model

First principles model

MAE

0.34 ºC

0.15 ºC

0.13 ºC

MaxAE

0.85 ºC

0.73 ºC

0.88 ºC

MRE

0.01 ºC

0.005 ºC

0.004 ºC

SN

0.37 ºC

0.35 ºC

0.48 ºC

NMAE

13.81%

6.07%

5.04%

5. Conclusions and future works
Models are necessary to develop appropriate control strategies for users’ thermal comfort since they can
precisely represent the dynamic behaviour of the temperature where the people is. In this work, three
different modelling approaches have been presented. Concretely, in a first approach, an LTI model obtained
through identification techniques was developed. Afterwards, a nonlinear model based on ANN has been
presented. Finally, an indoor air temperature model based on first principles was done. In addition, a
comparison among them has been performed based on statistical analyses and the necessary goodness from
control techniques point of view. The obtained results show as the three approaches provides good results
with an NMAE error less than 14% in the worst case and approximately equal to 5% in the best one, and
thus, they could be used to develop appropriate control strategies. Hence, the selection of one approach will
depend on the available resources as it was discussed in Section 4.
As future works, the obtained models will be integrated within an MPC controller which allows the users to
maintain thermal comfort in an efficient way. The main objective will be to demonstrate the hypothesis
established in this work. Moreover, the results will be analyzed from both performance and necessaries
resources points of view.
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Summary
The significant increase in the energy consumed by data centres has recently been driving the efforts for the
implementation of energy efficiency measures and the use of renewable energy sources. Due to their unique
nature, data centres are demanding enormous amounts of energy and therefore they are ideal candidates for
implementing actions to reduce the energy consumption and thus improve their ecological footprint while at
the same time reducing their operational costs. The aim of this work is to analyse the operational conditions
of a medium size data centre using a developed TRNSYS model in order to identify potential for improving
their energy performance and operational costs. This work also studies the potential of implementation of an
on-site generation system, represented by a roof-mounted photovoltaic (PV) system. The results of this
parametric analysis highlight the important features that need to be considered when optimizing the operation
of air-cooled data centres, especially the trade-off between inlet air supply and chilled water temperature.
Keywords: Data centre, energy efficiency, energy modelling, CO 2 emissions, renewable energy.

1. Introduction
The depletion of the world reserves of fossil fuels, the global warming effect caused by their use and the
increasing energy costs are driving the interest of firstly the utilization of energy efficiency strategies to
decrease the overall energy demand and secondly the implementation of renewable energy technologies into
many applications. Data centres which according to recent data account for almost 2% of the worldwide
energy consumption and still growing (Koomey, 2011), are a prime target for implementing these measures.
Moreover, due to the nature of their function, their need for performance, reliability and security of
networking, computation and data storage, they are required to run continuously, 24 hours a day the 365 days
a year, transforming them into a high energy demand infrastructures. Therefore, as servers’ consumption
(and the associated heat dissipation and cooling costs) continues to rise, there is greater interest by the
industry to limit the consumption of this sector. The industry seems to have taken consciousness of the need
of using energy efficiency techniques and incorporating renewable energy in data centres (Google Inc., 2014;
Apple Inc., 2014), not only to show their environmental commitment, but also to reduce the weight of energy
in their operational costs. Energy efficiency measures include all strategies which allow reducing the overall
energy used to operate a data centre. In the last years several works either from the industry or from
researchers have been published presenting best practices and techniques for energy savings (Vakiloroaya et
al., 2014; Lee and Chen, 2013). These measures can be directed towards:
-

Advanced technical concepts for efficient Information Technology (IT) management. The aim is to
reduce the electricity demand from the IT equipment due to higher performance ratios such as the
use of mechanisms to eliminate idle power waste in servers (Meisner et al., 2009) or their
optimization using virtualization and consolidation (Goiri et al. 2012).

-

Advanced technical concepts for efficient electric power distribution. The aim is to reduce the
electric losses in power distribution such as the implementation of direct current distribution (Ton
and Fortenbery, 2008) or the use of highly efficient power elements as Uninterrupted Power
Systems (UPS) and Power Distribution Units (PDU).
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-

Advanced technical concepts for efficient cooling system. The aim is to enhance the efficiency of
the cooling generation and distribution. Many strategies such as free cooling (Zhang et al., 2014),
hot and cold aisle containment or increasing allowable IT temperatures are already being used by
the industry (ASHRAE datacom series, 2009).

The goal of this paper is to study different cooling management strategies such as increasing IT room inlet
air temperature, increasing chilled water temperature and variability of the temperature difference between
IT room inlet air temperature and chilled water temperature. To do so, a dynamic energy model is developed
using TRNSYS (Trnsys, 2014) which would estimate the consumed cooling and electrical power depending
on the previous described operational conditions. Moreover, the potential use of on-site renewable energy
generation represented by a photovoltaic (PV) system is also under study.
2. Methodology
a. Thermal guidelines for data centres
Data centres have traditionally had very controlled environments due to its singularity. In its thermal
guidelines for data processing environments, the ASHRAE (ASHRAE whitepaper, 2011) provides suitable
environmental conditions for electronic equipment. Figure 1a shows the temperatures and relative humidity
(HR) recommended by the ASHRAE for all equipment classes. These values refer to the air inlet conditions
in the IT equipment. A bad control of humidity ranges can put at risk the reliability of the computing
equipment. Very high humidity can cause water vapour to condensate on the equipment, while very low
humidity can cause electrostatic discharges. In the present work, the inlet air conditions are restricted to a dry
bulb temperature between 18ºC and 27ºC and HR between 43.8% and 60%. Besides temperature and
humidity, air pollution could also cause failures in IT equipment. It is well known that moisture is necessary
for metals to corrode but pollution aggravates it. Therefore, when operating in polluted locations, data centre
operators shall undertake contamination avoidance measures. In this sense, the ASHRAE (ASHRAE
whitepaper, 2009) provides guidelines to control the gaseous and particle contaminations in these
infrastructures.

Fig. 1a: ASHRAE thermal guides for data centre operating
environments.

Fig. 1b: Conditions for outside air to be used for direct air
free cooling.

b. Geographical location of the data centre
The location of the infrastructure can affect the energy demand of a data centre (Depoorter, 2015). Therefore,
this study also evaluates different data centre location. Three sample cities (Barcelona, London and
Stockholm) were chosen to represent different geographical and climate conditions (southern, central and
northern Europe). Table 1 gives an overview on the reference locations. The Meteonorm weather files
(Meteornom, 2014) were used for the potential evaluation in each city.
Location

Country

Latitude

Climate zone

Barcelona

Spain

41º 24’ N

Mediterranean climate

London

UK

51º 32’ N

Temperate oceanic climate

Stockholm

Sweden

59º 17’ N

Humid continental climate

Table 1. Geographical and climate characteristics of the selected cities.
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c.

Data centre characteristics

A fictional medium size data centre is used as the baseline for the present study. The total area of 1,375 m2
with 500 m2 of useful area of the IT room. The data centre consists of high density servers (20%), normal
density and storage servers (50%), and networking (30%) resulting in an IT load of 1125 kW. Figure 2 shows
schematically the main components from the main grid connexion to the IT equipment of the data centre.

Fig. 2: Scheme of the main components of the data centre.

The IT room is distributed in a hot and cold aisles containment configuration and thus no mixing occurs. The
cooling system responsible for removing the heat from the IT room consists of a vapour compression air
cooled chiller with the support of a direct air free cooling system as it can be seen in Figure 3. The
refrigeration system provides chilled water with a temperature gradient between 10 and 16 ºC to the
computer room air handler (CRAH) units. The use of direct free cooling allows cooling the IT room when
the outdoor air conditions are acceptable, avoiding part of the energy consumption of the conventional
refrigeration system.

Fig. 3: Cooling system of the data centre in the free cooling scenario.

d. Operational requirements
When exterior conditions satisfy the environment control conditions of the data centre, the system introduces
the outdoor cool air to remove the heat from the servers instead of running the cooling plant. In order to keep
the inlet temperature at the desired set point during free cooling operation, the system uses a damper that
mixes the hot return air and the outside air in the proper proportions. This system as uses outside air always
needs filters to avoid pollution of the computing equipment by dust, particles or other gaseous contaminants.
In addition, through a low energy humidification process, it is possible to use hot dry air from outdoor to
cool the IT room. Figure 1b provides insight into the functioning of the cooling system according to the
outdoor air conditions. When the outside air is neither in zone 1 nor zone 2, return air from the IT room is
cooled directly by the chiller and the inlet temperature is controlled by regulating the chilled water flow rate
passing throw the cooling coil of the CRAH. In that case, as no significant moisture sources are present in IT
rooms, neither humidification nor dehumidification are required. Otherwise, when outdoor conditions are
favourable, the cooling plant is stopped and the direct free cooling system is activated. It is important to note
that, as an evaporative cooler is used, humidification process will always follow the equienthalpy lines of the
psychometric diagram. Given this point and the fact that there is no dehumidification, outdoor favourable
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conditions for economizer cycle are represented by the zones 1A, 1B, 2A and 2B of the Figure 4. When the
outdoor air is located within the zone 1A, inlet air conditions can be met only by mixing return air with
outside air, without humidification. Instead, when mixing return air with outdoor air from zone 1B, air would
be too dry, making humidification necessary after mixing. In the case of the zone 2A, as the enthalpy is too
low, some mixing is also required before humidification. Finally, when air is within the zone 2B, only
humidification is necessary.
e. Dynamic energy model description
An energy model using TRNSYS was developed to estimate the energy consumption and the PV power
generation in the facility. The simulation is based on a component-by-component approach, in which the
power use of each component of the infrastructure is related to its utilization. The structure of the model is
represented in Figure 4. The rated capacity of the refrigeration units was sized according a redundancy of the
equipment of N+1. N is here the number of equipment needed to cover the nominal capacity of the
infrastructure. Moreover, the EER of the chiller (4 units) is assumed to correspond at 100% of load and
varies according to the ambient temperature. The IT room was modelled with the Type 56 and the cooling
system consists of main components including chillers (type 655), pumps (type 114), crahs (type 508c),
buffers (type 531) and pipes (type 31) which are available in the TRNSYS library. Those components were
connected according to the system configuration shown in Figure 5. The sizes and efficiencies of these
mechanical system components were based on a combination of manufacturer design guidelines,
fundamental HVAC sizing equations and the authors own experience. In order to follow a consistent pattern
for the comparison between locations, the building envelope was considered to be highly insulated and thus
thermal exchanges with the outside were neglected. The control sequence allowing switching between the
different cooling modes described before according to the outdoor environmental conditions is shown in the
flowchart of the Figure 6.

Fig. 4: Structure of the TRNSYS model developed.
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Fig. 5: Scheme diagram of the energy model for the data centre.

Fig. 6: Control flowchart for the direct air free cooling system proposed.

A homogeneous cluster and a perfect load balancing were assumed for this model. The model relates total
data centre power draw to aggregate its utilization. Utilization varies from 0 to 1, with 1 representing the
peak compute capacity of the infrastructure. Figure 7 shows the IT utilization profile for web workload
applications which was used in this case and was presented by Macías and Guitart (2014). It can be observed
that major differences exist between day and night workloads and between working days and weekends.
Moreover, servers precise relationships between utilization and power draw varies significantly (near
constant to quadratic), but they generally starts from a fixed idle power and power grows with utilization
until peak load. For this study this relationship was assumed to be linear, similar to what is done in the
European project RenewIT (Oró et al. 2014). The total power use of the data centre is the sum of the
electrical power demand of the IT equipment, the power supply systems, the miscellaneous loads and the
cooling system. The power use of the cooling system is simulated according to the thermal load and the
outdoor air conditions. The thermal gains to be removed by the cooling system are the sum of the heats
generated by the IT equipment and the power and cooling equipment within the data centre (UPS, PDU,
artificial lighting, fans, etc.). The efficiency of many electrical components decreases significantly when
used below equipment design rating. For this reason, losses in power conditioning and supply elements and
miscellaneous loads were modelled taking into account the effect of partial load (Rasmussen, 2011).

Fig. 7: Data centre utilization expressed as percentage of peak computing load.

3. Results
a. On-site renewable energy integration
A PV system was simulated using well known TRNSYS models to allow the estimation of the generated
power over the year depending on the location. As the power consumption of the cooling system and the
power generation of the PV system are affected by climate environments, differences between the selected
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locations could be assessed. Notice that for the study, 80% of the rooftop area is supposed to be available for
mounting the solar panels which are optimally inclined to maximize their production throughout the year
while the rest is for auxiliary systems. It can be observed from the results that the PV power generation has a
small impact on the energy balance of the data centre, covering only less than 2% of its total consumption in
the best case scenario, being this Barcelona. This is understandable considering that data centres require high
energy demand, while the PV systems have low energy intensity. As expected, major differences are
observed for the PV production depending on the selected location, what demonstrates that the place could
severely affect the electricity balance for data centres with greater space availability. Because of this low
potential application, the importance to undertake important energy efficiency measures in data centres and
reduce their consumption are essential before implementing any renewable energy source (RES). This is
demonstrated in Figure 8, where the percentage of RES and the cooling energy consumption for two
different scenarios is represented. The baseline scenario is a typical data centre cooling configuration with
mechanical cooling (chilled water and inlet air at 10 and 18 ºC, respectively) while the energy efficient
scenario is considering air direct free cooling and modifying the chilled water and air working temperatures
(16 and 27 ºC, respectively). Notice that only the cooling energy consumption is considered in order to
clearly show the importance of applying energy efficiency strategies. The results show that when the energy
consumption is reduced adopting energy efficiency measures, the implementation of RES takes importance
in the overall cooling consumption reaching values above 30%.

Fig. 8: Percentage of the renewable energy source used in cooling consumption (location: Barcelona).

b. Cooling management strategies
A parametric study using the energy model described before was performed. The energy modelling allowed
the estimation of the energy use of the infrastructure in each location when certain operational parameters are
modified. Based on simulation results, the effects of the different management strategies can be examined.
Three different scenarios have been analysed:
-

The IT room air inlet temperature is increased.

-

The chilled water temperature from the chiller unit is increased.

-

The optimal operational point.

Notice that all the scenario have been evaluated with and without direct air free cooling strategy to evaluate
its effect on the mechanical cooling. The ASHRAE thermal guidelines (ASHRAE whitepaper, 2011) set the
maximum server temperature rise to 20 ºC when operating with good air flow management, while a recent
literature review (Ebrahimi et al. 2014) fixes this parameter at a range between 10 and 20 ºC. Thus, a
temperature rise of 15 ºC is considered for the parametric study. The parametric study does not take into
account the PV system in the portfolio of the data centre in order to compare solely the cooling system.
x

IT room air inlet temperature rise

Increasing the IT room supply temperature has been suggested as the easiest and most direct way to save
energy in data centres. However, as Patterson (2010) noted, just implementing a higher inlet air temperature
while still relying solely on mechanical cooling, may not improve the efficiency of the cooling system. That
conclusion is confirmed from the results of the simulation, where an increase in the air inlet temperature has
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negligible results in the cooling energy savings of the infrastructure. Increasing the inlet air temperature from
18 ºC to 27 ºC and maintaining constant the chilled water temperature at 10ºC, a cooling energy reduction of
only 3% was observed. Since the total heat that has to be removed from the IT room is the same and the
temperature difference between air inlet and outlet is kept constant at 15 ºC then the volume flow is also
constant, thus the fans does not experience less consumption. On the other hand, the chiller water pump
operation is highly affected for this measure reducing its energy consumption drastically but it does not
affect at the overall picture since its consumption is not significant. Alternatively, when direct air free
cooling is implemented into the refrigeration system, the increase of the air inlet room temperature does have
an important effect on the cooling energy reduction. Even though the use of direct air free cooling requires
additional infrastructure (fan and humidification) and thus additional electricity consumption, the chiller is
not running for many hours and therefore the overall energy consumption is being reduced. Indeed, as is
shown in Figure 9, implementing a supply air temperature increase while operating under free cooling has a
substantial effect on energy savings, leading to a 25-30% decrease in all locations, enabling the energy
saving from 120 to 200 MWhe per year of operation. Breaking down the consumption in the different
cooling components (chiller, fun, water pump and humidifier) as is depicted in Figure 10; it is clear that
implementing this strategy allows the decrease of the chiller consumption; however at inlet temperatures
above 24 ºC the energy reduction slope is drastically reduced. This phenomenon occurs because when
increasing the inlet air temperature above 24 ºC the free cooling hours do not increase significantly in the
locations analysed. Moreover, the EER of the chiller energy efficiency ratio decreases as the ambient
temperature increases.

Fig. 9: IT room air inlet increase effect on cooling
power when using air free cooling operation (chilled
water temperature set at 10ºC).

x

Fig. 10: Cooling power consumption when using air free cooling
strategy (location: Barcelona).

Chilled water temperature rise

In this scenario the authors wanted to study the effect on the energy consumption of the infrastructure when
the chilled water temperature is raised from 10 to 16 ºC while the air supplied temperature is kept at 18ºC
(the water temperature range is selected following ASHRAE and chiller manufacturer recommendations).
Notice that in this case, the air inlet temperature is maintained constant while increasing the water
temperature and therefore the heat transfer between the water and the air decreases and thus the water flow
rate has to be increased in order to supply the same amount of cold to the IT room. As expected, the results
show a significant increase in cooling power consumption across all locations (from 15 to 26 %) due to an
increase of the water pumps consumption even under air free cooling operation (Figure 11).
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Fig. 11: Chilled water increase effect on cooling power when using air free cooling strategy (air inlet temperature set at 18 ºC).

x

Optimal operational point

As highlighted before, the strategy of increasing the IT room air inlet or the chilled water temperature alone
is not translated to energy savings when operating with solely mechanical cooling. This section aims to study
the optimal operational point between both strategies. The air inlet temperature can be increased from 18 to
27 ºC while the chilled water temperature can be raised from 10 to 16 ºC. Both of them where increased with
a temperature step of 1 ºC while the temperature difference between the inlet and outlet IT room air was kept
constant. According to the recent data centre industry survey (Uptime Institute, 2014), nearly half (47%) of
all data centres reported operating between 21 and 24 ºC. Then next largest temperature segment, from 18 to
21 ºC, was 37% of data centres. The most noticeable one is the percentage of infrastructures operating at
temperatures higher than 24 ºC which accounted for 7%. The others 6% still are running below 18 ºC. Even
the study has been done for an IT room temperature range between 18 and 27 ºC, the results are presented in
a shorter range: 18 to 24 ºC, which are usually common set point temperatures in the real data centres.
The results, which contemplates direct air free cooling, are compared to a reference case without air free
cooling strategy and with a chilled water and air inlet temperature of 10 and 18 ºC, respectively. Fig. 12, Fig.
13 and Fig. 14 show parametrically the cooling consumption in function of the management strategy
adopted. It is important to highlight that a bad working mode represents an increasing of the energy
consumption. On the other hand, if proper cooling management is proposed important energy savings are
achieved. The optimal operational configuration is obtained when the chilled water temperature is between 7
and 8 ºC lower than the IT air inlet temperature. Notice that if this difference is smaller the cooling
consumption starts to increase. As expected, higher total energy savings are achieved at higher air inlet
temperatures either with mechanical cooling solely or air free cooling strategy. The energy saving in the
cooling system comes from a reduction of the energy consumption of the main components (chiller, fans and
water pumps circulation). The results show that the cooling energy demand can be reduced more than 50%
when operating with free cooling strategy if proper cooling management is applied while just increasing the
air inlet temperature this reduction was between 25 and 30% as is shown in Fig. 8. Therefore, it is
demonstrated that with a correct operation cooling management, the energy savings can be increased.
Moreover, it is observed that the reduction of the cooling consumption when solely mechanical cooling is
higher if proper cooling management is applied in hot climates such as Barcelona. On the other hand, when
air free cooling strategy is implemented this reduction is more significant in northern locations.
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Fig. 12: Power cooling consumption in function of chilled
water and air inlet temperatures (location: Barcelona).

Fig. 13: Power cooling consumption in function of chilled
water and air inlet temperatures (location: London).

Fig. 14: Power cooling consumption in function of chilled water and air inlet temperatures (location: Stockholm).

These energy savings impact obviously in the PUE value and in the CO 2 emissions which are shown in Fig.
15 and Fig. 16, respectively. Both figures compare for each location the most promising case, obtained with
an air inlet temperature of 24ºC and a chilled water temperature of 16ºC when operates with air free cooling,
with the baseline. It can be observed that using solely mechanical system the PUE value is similar throughout
the year. On the other hand, results indicate that when using air free cooling strategy, the PUE value increase
notably in warm/hot locations during summer because of the more hours of chiller operation. The total CO2
emission is greatly influenced by the conversion technologies used to produce the electricity not only
seasonal (renewable energy available such as solar, wind or hydro) but daily (when cogeneration and thermal
power stations are working to meet the power increase). These results indicate that major differences
between regions could be found related to the attributes of the electricity imported from the grid. Actually, a
data centre operating only with mechanical cooling could have very similar energy consumption in
Stockholm or in London, but it would have associated emissions of 20 tCO2 instead of 350 tCO2. This
indicates that with only locating the data centre on one site rather than another significant environmental
enhancement could be achieved, RenewIT has also been proved this phenomenon (Gavaldà et al. 2014).

Fig. 15: Monthly PUE values for the 3 selected locations

Fig. 16: Monthly CO2 emission values for the 3 selected
locations

4. Conclusions
Due to the high growth on Information Technology (IT) and Internet over the last years, the electricity and
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cooling demand of data centres has increased dramatically. To reduce the impact of the energy demand of
these unique infrastructures, energy efficiency strategies first and the implementation of renewable energy
afterwards are policies to be considered. Thus, energy efficiency implementation can not only reduce the
electricity used to run IT equipment but also can reduce the energy required to fulfil the cooling demand. The
work presented in this paper describes a TRNSYS dynamic model that can be used for exploring
optimization possibilities in air cooled data centres which use direct air free cooling. Different cooling
management strategies have been analysed at 3 different locations around Europe (Barcelona, London and
Stockholm). This study also investigated the potential of implementation of on-site renewable energy
generation represented with a photovoltaic (PV) system. Solely PV systems resulted not to be an effective
measure to lower neither the imported power from grid neither their associated energy costs. This is mainly
due to the fact that data centres are energy intensive facilities and roof mounted PV systems are only able to
cover a very little part of their energy consumption (less than 2% in Barcelona, which is the more favourable
location for PV generation). Because of this low potential application, the importance to undertake important
energy efficiency measures in data centres and reduce their consumption are essential before implementing
any renewable energy source.
The results confirm that the only increase of the IT room supply temperature when operating with
mechanical cooling has no significant decrease in the energy savings. However when direct air free cooling
strategy is operative, the increase in the air inlet temperature leads to a reduction between 25 and 30%,
depending on the location of the infrastructure. It is worth to notice that the solely strategy of increasing the
chilled water temperature is not recommended because an increase of the overall energy consumption is
observed due to much higher water pump consumptions. Alternatively, when both strategies are
implemented together important savings can be achieved. The parametric study shows that the appropriated
temperature difference between the air inlet and the chilled water temperature is between 7 and 8 ºC. When
proper cooling management policies are applied, notable (up to 14% in mechanical cooling systems) and
excellent (up to 54% if air free cooling is used) energy savings are obtained. Notice that the implementation
of direct air free cooling strategy yields to positive results since it is the major contributor to the differences
in cooling power consumption in all the cases, as data centres, especially in London and Stockholm are able
to operate with no chiller for far more hours in the year than the ones situated in warmer locations such as
Barcelona. Moreover, replacing the fans of the CRAH units with more efficient ones can bring about even
greater rates for cooling performance since its consumption accounts for roughly 50% of the total cooling
power consumption in most cases in the present work. Finally, the results indicate that the data centre
location is an energy efficiency strategy since significant environmental enhancement could be achieved
depending on the place.
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Abstract
In recent years, Sweden has seen a notable increase of solar photovoltaic (PV) installations, but with less
than 50 MW installed at the end of 2013, the market is still very small. To reach a point where PV is
considered in all building projects it has to be cost effective, aesthetically appealing, and reliable. Issues that
are all connected to how a system is mounted. This paper aims to describe the current situation regarding the
mounting of PV systems on Swedish buildings and for this, two separate studies have been conducted. The
first study comprises well over 400 existing PV systems with a minimum peak power of 10 kW, and the
second includes interviews and a questionnaire survey with system suppliers and owners. The results show
that the most common mounting position is steep-slope roofs, mostly pantile or metal, followed by low-slope
roofs. A majority of the installations on steep-slope roofs are applied on top of the roof, parallel to the slope.
The most common mounting types for low-slope roofs are tilted and parallel systems secured to the roof. The
share of ballast-only systems is however increasing. The most common building-integrated photovoltaic
(BIPV) applications are modules used in shading devices and modules integrated in steep-slope roofs.
Despite the rapid market growth, there seems to be few problems with medium sized installations, and most
of the property owners are satisfied with the companies that have delivered and installed the systems.
Key words: photovoltaic systems, mounting systems, roofing materials, BIPV, BAPV, Sweden.

1. Introduction
Several studies (e.g. by BCC research, 2011) anticipate that the global market for building-applied and
building-integrated photovoltaic (BAPV and BIPV) systems will increase. In recent years, there has been a
rapid growth in installed PV capacity in Sweden, primarily due to reduced module prices and a direct capital
subsidy. The majority of the systems are roof-top installations, while ground-mounted installations are few.
The Swedish solar PV market is however, with less than 50 MW installed at the end of 2013 (Lindahl, 2014),
still very small. To reach a point where PV is considered in all building projects it has to be cost effective,
aesthetically appealing and reliable. These issues are all connected to how a system is mounted.
x

With reduced module prices, the installation costs make up a larger part of the total cost in a PV
project. Fast and easy installations as well as cost-effective mounting systems are crucial for the life
cycle cost. BIPV systems have the potential of cutting conventional material and construction costs.
This requires compatibility with conventional building products.

x

Aesthetical aspects become more and more important as the market grows. The appearance of an
installation now also has to be accepted by the general public, especially if located in cities. There are
many ways in which PV can be used for adding positive architectural values to a building.

x

A PV installation, whether integrated in or applied on a building, must not degrade the function of the
building. Problems related to fire safety, weather tightness of the building, loads (including snow and
wind loads), and future maintenance have to be identified and solved. Moreover, several issues related
to electricity generation have to be considered, for example shading, soiling and snow coverage.
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2. Aims
This paper aims is to describe the current situation regarding the mounting of PV systems on Swedish
buildings, with the purpose to contribute to a positive development of the Swedish PV market. The main
objectives are the following:
x To show the proportions of PV installations on different building types (offices, schools etc.)
x To show the proportions of PV installations on low-slope roofs, steep-slope roofs, and façades.
x To present the most common roofing materials for low- and steep-slope roofs respectively.
x To give a general description of how the PV panels are mounted on low-slope roofs, steep-slope
roofs, and façades.
x To examine the incidence of BIPV systems and how the share of these systems has changed over the
years.
x To present experiences and opinions, from both system owners and suppliers, regarding questions
related to the mounting of PV systems on buildings.
3. Definitions
Definitions of central concepts used in this paper are described below.
PV system: A PV system comprises all the components and subsystems needed to convert solar energy into
electric energy suitable for local utilization or distribution to the electric utility network. It includes: the array
of PV panels, inverters, charge controller and energy storage (if any), switches, wiring etc. This paper
focuses, however, exclusively on the PV array; and everything about installation and mounting systems only
regard this part of the system. Moreover, in some of the larger systems in this study, there are PV panels
installed on more than one building. Panels on multiple buildings are considered to belong to the same
system if put into service at the same time, by the same property owner.
BIPV system: There is no consensus definition of BIPV systems. Instead it varies greatly with context and
perspective (architectural, technical or financial). Some definitions are wider, including partially integrated
systems and systems integrated with architectural designs (e.g. Zomer, 2013), while other are more narrow
with specific requirements on the level of integration (e.g. MEDDE, 2013).
Many definitions limit BIPV to modules replacing a part of the climate shell (i.e. roof and façades) (Sinapis,
2013), therefore excluding systems with modules integrated in external shading devices. As described by
Peng et al. (2011), “the integration of PVs in shading devices is an intermediate solution falling between the
BIPV and BAPV”. Definitions where these systems are considered to be building integrated are however
also used, for example in the upcoming European Standard prEN 50583 ‘Photovoltaics in Buildings’
(Pellegrino et al., 2013).
In this paper, a BIPV system is defined based on technical functions. The
modules in a BIPV system must replace, or be inseparable from, a conventional
building material or component, and thereby fill a function additional to
generating electricity. Systems where PV modules are integrated in shading
devices and balcony balustrades are also considered to be building integrated
(Fig. 1). A closely mounted add-on system is however not considered a BIPV
system, no matter how well it has been integrated into the design.

Fig. 1: Building-integrated
applications

BAPV system: Naturally, this acronym also has different definitions, and even
the meaning of the letter “A” varies among them. In this paper, “BA” is short
for “Building Applied”, and a system is considered to belong to this category if
the PV modules are mounted on a building but do not fulfil the BIPV criteria
above (Fig. 2).
Fig. 2: Building-applied
applications
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4. Methods
In order to fulfil the objectives, studies were conducted on existing PV systems in Sweden, as well as on the
experiences of Swedish stakeholders. Descriptions of these two studies are given in the sections below.
4.1 Study on existing Swedish BAPV and BIPV systems
Information about existing BAPV and BIPV systems in Sweden was collected and analysed. The study was
limited to systems with a minimum peak power of 10 kW and a startup before 2014. Only systems where
both the total installed capacity and the installation position could be identified were included.
The data includes location, peak power, module make and type, inverter make, installation position, type of
mounting system, roofing material, system supplier, and property owner. Information was obtained from
national and international databases of PV systems, as well as from system suppliers and property owners.
The systems were grouped into the three categories: “Steep-slope roofs”, “Low-slope roofs” and “Façades”.
For each group, the proportions of different roofing materials, and also different types of mounting systems,
were specified. This part of the method is illustrated in Fig. 3. Explanations of the mounting types are given
in Tab. 1. For tilted modules on low-slope roofs, a classification based on the mechanism used to hold the
system to the roof was chosen (Maffei et al., 2014). Because of the relatively few number of façade
installations in Sweden, a more generalized classification was chosen for this category.
The method described above was chosen since it enables the examination of a large number of systems, in a
reasonable amount of time, and at a low cost. The main disadvantage is that, dispite an extensive collection
of data, details about how the systems are mounted are relatively few. To obtain mounting details for each
system, interviews with suppliers or numerous on-site visits would have been necessary. Both of these
methods were however considered far too time consuming to be feasible.
It has not been possible to include all Swedish medium sized systems on buildings and an exact figure of the
number of missing systems cannot be given. The study does, however, cover a large part of the total installed
PV capacity in the country and is therefore considered comprehensive enough to meet the aim.
A lot of the information was gathered from photographs of PV systems and roofs, which leaves room for
interpretation errors. The roofing materials and mounting types could sometimes be difficult to establish
from photographs taken from a distance or from a disadvantageous angle. In about 5% of the systems on
low-slope roofs the roofing material is unknown. The equivalent number for steep-slope roofs is as high as
20%, which is somewhat compensated with a larger number of systems in total. In about 5% of the
installations on both low- and steep-slope roofs, the mounting type is unknown.

BAPV and BIPV systems

Steep-slope roofs

Low-slope roofs

Façades

Roofing material

Roofing material

•Metal sheets
•Pantiles
•PMA membranes
•Other

•Metal sheets
•PMA membranes
•Rubber/plastic membranes
•Other

Mounting

Mounting

Mounting

•Tilted
•Integrated
•Parallel

•Ballast-only
•Roof-bearing attached
•Attached
•Integrated
•Parallel

•Integrated
•Parallel
•Shading devices
•Balconies

Fig. 3: Process of data handling within the study on existing Swedish BAPV and BIPV systems
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Tab. 1: Definitions of mounting types on steep-slope roofs, low-slope roofs and façades

Tilted
Mounting types on
steep-slope roofs
≥1:4 (14 degrees)

Integrated

The PV modules replace or are inseparable from the roofing
material. See definition of BIPV in chapter 3. Systems with
modules integrated in skylights are also included.

Parallel

PV modules parallel to the roof surface, but not integrated.

Ballast-only

Mounting types on
low-slope roofs
<1:4 (14 degrees)

Attached roofbearing

The support structure stays in place only by friction and weight.
The weight could either be accommodated by self-weight or by
extra ballast. The support structure is not fixed to the roof in any
way. The PV modules have a higher inclination than the roof.
Some support points are fixed to the roof and some are not.
Friction and/or ballast in combination with attachments are
used. The PV modules have a higher inclination than the roof.

Attached

Fully framed systems that are fixed to the roof in all supportpoints. The PV modules have a higher inclination than the roof.

Integrated

PV modules replace or are inseparable from the roofing
material. See definition of BIPV in chapter 3. Systems with
modules integrated in skylights are also included.

Parallel

PV modules parallel to the roof surface, but not integrated.

Integrated
Mounting types on
façades

PV modules mounted on metal racks on top of the roof. The PV
modules have a higher inclination than the roof.

Parallel
Shading devices
Balconies

PV modules replace or are inseparable from the façade material.
See definition of BIPV in chapter 3. Systems integrated in
windows are also included.
PV modules parallel to the façade, but not integrated.
PV modules integrated in shading devices.
PV modules integrated in balcony balustrades.

4.2 Study on experiences of Swedish stake-holders
A project within the national PV research program “SolEl-programmet” (Energimyndigheten, 2013), with
the title “Evaluation of building integrated and building-applied photovoltaic (PV) installations”, has been
carried out by CIT Energy Management AB in collaboration with the authors of this paper. With the purpose
to collect, and benefit from, the experiences from Swedish PV installations on buildings, system suppliers as
well as system owners were asked to participate in interviews and a questionnaire survey. In this paper,
relevant results related to mounting systems are presented. All the results from the study described above
will be published in an Elforsk-report in the end of 2014.
The interviews and questionnaire survey primarily focus on the mounting of PV panels and include questions
concerning everything from preliminary investigations to maintenance and repair. Interviews were performed
with some of the suppliers and property owners having the most experience from medium sized (>10 kWp)
PV systems on buildings. The questionnaire was sent to most of the Swedish system suppliers (about 70
companies) and about 60 property owners. The group of system suppliers includes distributors, installers and
entrepreneurs. The property owners selected either own a minimum of two systems with a peak power above
10 kW or at least one system with a peak power above 75 kW.
5. Results
Results from the two studies described in chapter 4 are given in the sections below.
5.1 Results from the study on existing Swedish BAPV and BIPV systems
The study comprises 444 PV systems with a peak power of at least 10 kW installed on buildings. The total
capacity is 16,6 MW, which is equal to 38% of the total PV capacity installed in Sweden by the end of 2013
(Lindahl, 2014). A distribution of system sizes is shown in Fig. 4. The interval “10-20 kWp” has the most
number by systems by far, while there are very few in each of the intervals above 70 kWp.
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Capacity interval [kWp]
Fig. 4: Diagram showing the sizes of systems included in the study in terms of installed capacity in kWp

Building type
The systems in the study are situated in urban and rural settings all over Sweden. Just over 60% of the
systems are installed on buildings owned by private persons, companies and co-operatives, while the rest are
installed on public buildings. Distributions of the systems based on the type of buildings that they are
installed on are shown in Fig. 5. Agricultural buildings have the largest share of the number of installations
(25%) followed by schools (14%) and single-family houses (14%). When the distribution is based on
installed capacity instead, agricultural and school buildings are still on top but the previous third is now
replaced by multi-family buildings. Only 5% of the capacity is installed on single-family houses.

Sports
4%

Retail
3%

Building types
(number of systems)
Other
10%

Health care
5%

5%
Agricultural
25%

Building types
(capacity)
Other
7%
Agricultural
20%

Sports
6%
Health care
6%

Multi-family
8%

Industrial
8%

Singlefamily
Retail 5%

Schools
14%
Offices
9%

Singlefamily
14%

Industrial
9%
Offices
10%

Schools
17%
Multifamily
15%

Fig. 5: Ratios of different building types based on installed number of PV systems (left) and installed PV capacity (right)

Installation position
The results show that a majority of the Swedish BAPV and BIPV systems of at least 10 kWp are mounted on
steep-slope rooftops (64%). The share of these systems has grown rapidly the last two years, mostly due to
an increased number of medium sized PV systems on farm buildings and single-family houses. This
evolvement is visualized in a diagram, showing yearly installations from 2010 to 2013, below (Fig. 6). The
second most common installation position is low-slope rooftops with about one fourth of the systems. Façade
installations (including PV modules in shading devices and balcony balustrades) are relatively few (11%).
In a distribution based on installed capacity, instead of number of systems, the share of low-slope roofs
becomes slightly larger (32%), mostly at the expense of steep-slope systems (Fig. 7).
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Installation position
(capacity)

Number of PV systems / year

200
180
160
140
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Façade
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100

Steep-slope roofs

80
60

Low-slope roofs

40

Facades

Low
slope
roofs
32%

Steepslope
roofs
59%

20
0
before
2010

2010

2011

2012

2013

Year of installation

Fig. 6: Yearly installed number of PV
systems with different installation positions

Fig. 7: Ratios of different installation positions
based on cumulated PV capacity in the end of
2013

Steep-slope roofs
The most common roofing materials on the steep-slope roofs included in the study are metal sheets (standing
seam, trapezoidal and corrugated) and pantiles (concrete and clay). The group of materials with the third
largest share is polymer modified asphalt membranes (PMA membranes). In Fig. 8 it can be seen that as
much as 98% of the installations are mounted on these roofing materials. The last 2% include rubber
membranes, fibre cement sheets, metal tiles and shingle. Fig. 8 shows the ratios of different roofing materials
based on installed capacity. A chart based on number of installations would however show similar
percentages, although with a slightly higher share of PMA membranes in favour of pantile roofs.
About 90% of the PV panels on steep-slope roofs are mounted on top of the roof surface, parallel to the
slope. The remaining 10% are either integrated in the roof (BIPV) or mounted on tilted metal racks (Fig. 9).
Roofing materials
(capacity)
PMA
membranes
16%

Pantiles
35%

Other
2%

Mounting type
(capacity)
Tilted
3%

Integrated
7%

Metal
sheets
47%

Fig. 8: Ratios of different roofing materials
on steep-slope roofs based on cumulated PV
capacity in the end of 2013.

Parallel
90%

Fig. 9: Ratios of different mounting types on
steep-slope roofs based on cumulated PV
capacity in the end of 2013.

Low-slope roofs
The most common roofing material on the low-slope roofs included in the study is PMA membranes,
followed by rubber membranes and metal sheets. Other materials are green sedum roofs and gravel. Fig. 10
shows a distribution of roofing materials based on installed PV capacity. When the distribution is instead
based on installed number of systems, the shares of PMA membranes and metal sheets are slightly larger, at
the expense of rubber membranes. Thus, the PV arrays on rubber membranes are relatively large. When
comparing installed PV capacity, parallel systems are most common (Fig. 11) but when comparing installed
number of systems modules mounted on tilted racks fixed to the roof (“attached”) are most common (Fig.
12). Ballast-only systems make up about one third of the systems, both considering capacity and number of
systems. Integrated systems and attached roof-bearing systems are few. Fig. 13 and 14 show examples of two
PV arrays with different mounting types, one horizontal (parallel) and one attached roof-bearing, recently
installed on a low-slope roof in Sweden.
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Roofing materials
(capacity)
Metal
sheets
9%

Other
3%

Rubber
membranes
29%

PMA
membranes
59%

Attached
roofbearing
5%

Mounting types
(capacity)

Mounting types

Attached (number of systems)
roofIntegrated
bearing
3%
3%
Ballastonly
16%

Integrated
3%

Ballastonly
17%

Attached
31%

Attached
46%
Parallel
32%

Parallel
44%

Fig. 10: Ratios of different
roofing materials on low-slope
roofs based on cumulated PV
capacity in the end of 2013.

Fig. 11: Ratios of different
mounting types on low-slope
roofs based on cumulated PV
capacity in the end of 2013.

Fig. 13: Example of a parallel PV array on a low-slope
roof in Sweden

Fig. 12: Ratios of different
mounting types on low-slope
roofs based on number of PV
systems in the end of 2013.

Fig. 14: Example of an attached roof-bearing
PV array on a low-slope roof in Sweden

The figures shown above are, however, not likely representative for how Swedish PV systems on low-slope
roofs are mounted today. Relatively many “ballast-only” systems have been installed during the last two
years and the share of these systems is steadily increasing. On the contrary, yearly installations of systems
with modules mounted on tilted metal racks have decreased. It is not possible to see a clear trend for systems
with modules parallel to low-sloped roofs.
Façades
In about 40% of the PV systems on façades, the modules are integrated in shading devices. Many of these
systems are however relatively small, so when comparing installed capacity they only make up one third of
the systems. Parallel systems have the largest share of the installed capacity with a little less than 40%, while
systems on balconies are few and relatively small (Fig. 15). Systems integrated in the façade are relatively
large and make up one fourth of the total capacity.
BIPV systems
Building-integrated systems make up about 10% of all systems
included in the study. The most common application is PV
modules installed as external shading devices, followed by
modules integrated in steep-slope roofs. Solutions for steep-slope
roofs generally consist of integrated full-size modules. Modules in
balconies are rare among Swedish PV systems larger than 10
kWp. The annually installed number of BIPV systems has been
stable during the last three years, and the total share of BIPV
systems has consequently become smaller and smaller.
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5.2 Results from the study on experiences of Swedish stake-holders
The questionnaire was answered by about 40 suppliers and 40 property owners. Many of the later own one or
two systems larger than 10 kWp, while there were only a few in each of the categories “3-5 systems”, 6-9
systems”, and “10 systems or more”. Regarding the suppliers, a majority had installed 1-20 systems larger
than 10 kWp at the time. A few only had experience of installing smaller systems (<10 kWp) and a few had
installed more than 20 medium sized systems.
Mounting on different roof types and roofing materials
The results from the interviews and questionnaire survey show that most of the suppliers are prepared to
install PV on almost any type of roof and roofing material. About one in four prefer not to install panels on
asbestos cement, though. Additionally, there are a few advices against installations on wooden shingle and
thatch.
For standing seam metal roofs, clamps are generally used to fix the mounting brackets to the seams without
penetrating the metal. Fixing devices on trapezoidal and corrugated metal roofs are either screwed to the
ridges of the metal sheet or fixed to the underlying supporting structure with screws through the metal. On
pantile roofs, rails are mounted on hooks that are fastened either to roof battens, an underlying structure, or
the supporting structure of the roof. Mounting systems on membrane roofs are either glued or welded to the
surface material, or fastened to an underlying structure or the supporting structure of the roof. Only-ballasted
systems on low-slope roofs are also common. Moreover, various combinations of these methods exist. A
couple of suppliers give advice against using fixing devices that are screwed only to the metal sheet, with the
argument that this will not stand the test of time. Another supplier advice against tilted modules on tilted
roofs without extra consideration of wind loads.
The choice of mounting type is predominantly made based on the construction of the roof or façade, both
among property owners and suppliers. Nevertheless, there are some property owners stating that they have
primarily based their decision on recommendations from the supplier, cost, aesthetics, function, or specific
requirements, such as: no penetration of the roof, shading devices, or a production profile best fitting the
electricity need. Moreover, two suppliers refer to customer needs as the primary consideration, while a few
others state cost as most important for this decision. It also appears that the level of potential risks that the
installers will be exposed to can be decisive.
Regarding low-slope roofs, the opinions on whether it is best to mount the PV modules tilted or parallel to
the roof (i.e. close to horizontal) differ among both suppliers and property owners. The arguments that were
given for parallel and tilted panels respectively are shown in the following table (Tab. 2).
Tab. 2: Reasons for choosing a parallel or tilted installation on low-slope roofs as stated by property owners and suppliers

Parallel installation
(incl. integrated)
Owners
Both

The panels must not be seen
from the ground
Esthetical/architectural
reasons

Tilted installation

Higher efficiency/energy
yield

It depends
Depending on the
orientation of the roof
Depending on how low the
slope of the roof is

Dirt can run off
Lower costs
Lower wind loads
Suppliers

Often no need for building
permit
Smaller space needed,
higher energy yield/m2 roof

Less snow coverage

Parallel for thin film

No risk of water assembling
under the panels
No water on top of the
panels

Parallel for locations with
especially high wind loads
Depending on the roofing
material

Simpler
Less risk for damage
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BIPV systems
As much as nearly 40% of the property owners answered that they have at least one BIPV system. PV panels
in shading devices were the most common, closely followed by roof integrations. A few had PV panels
installed in balconies or integrated in the façade. One of the property owners made this comment: “Works
well in shading devices, fairly low additional cost compared to traditional shading devices”. Almost half of
the suppliers state that they have installed a BIPV system at some point.
Experiences from the installation phase
The vast majority of the property owners seemed positive about the installation phase, with comments like
“good”, “fast”, “easy” and “experienced installers”. A few did, however, give examples of issues that had
occurred. For example, one owner wrote about an installation that had taken more time than expected, and
another had experienced some troubles with making the installers follow rules related to work environment.
A third owner wrote about the challenges to facilitate possibilities for future module replacement and to get
the lead-throughs right in order to avoid future problems with moisture.
Furthermore, most of the property owners only had positive things to say about the system suppliers,
although a few did have some negative experiences. There were also a couple of owners that gave advice on
doing a thorough background check because of the relatively new market and high risk for bankruptcies.
Maintenance and repair
More than 80% of the property owners state that they do not maintain their PV panels. A few occasionally
remove snow from the panels or clean their panels from dirt. About 25% of the property owners answer that
they have a PV system that has needed repair at some point, with defects in material as the most common
reason. Among these, there are three cases related to the mounting system. The material failures have been
results of large snow loads and panels coming off. Occasional comments about need for repair because of
vandalism, stormy weather, and installation mistakes, such as moisture in lead-throughs for cables and
junction boxes, were also made.
6. Discussions and conclusions
The Swedish PV market has grown rapidly from more or less non-existing to noticeable, although still very
small, in the last couple of year. This has resulted in many new suppliers and installers on the market, which
in a worst case scenario could have led to a lot of beginner mistakes and bad installations. Luckily, the
studies presented in this paper indicate the contrary. As a whole, the development of a Swedish PV market
has been successful and the transition to more and larger installations on buildings has gone smoothly. This
is in many ways thanks to a fully developed European market with a wide range of mounting systems for all
kinds of roofs. First of all, this has made it possible for Swedish suppliers to find well-tried systems and
techniques suitable for the Swedish market and Swedish conditions. Also, the range of products is large
enough to leave room for variations and cover individual choices and needs.
The most common mounting position is steep-slope roofs, mostly pantile and metal, followed by membrane
low-slope roofs. The vast majority of the systems on steep-slope roofs are mounted on top of the roof,
parallel to the slop, while there are different opinions on whether the panels should be mounted parallel or
tilted on low-slope roofs. The penetration of BIPV systems is fairly small and has not followed the fast
increase of systems on buildings in general. Most common among the building-integrated systems are
installations with PV panels in external shading devices or integrated in steep-slope roofs. Simple systems
seem to be preferred. An example of this is steep-slope roof-integrated systems, where primarily full-size
modules are used. Special-made building products with integrated PV cells, e.g. “PV-tiles”, are rare.
There seems to be few problems with medium sized installations and most of the property owners are
satisfied with the suppliers. Nevertheless, it is clear that there are some less competent players on the market
and both suppliers and property owners have expressed their concerns about this. Property owners
commenting on everything from energy output to system design indicate a growing knowledge and
awareness among the costumers. It should however be noted that many of the property owners participating
in the study have experience from multiple PV installations, and the average costumer is most probably less
informed.
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Information about the current situation regarding PV systems on Swedish buildings given in this paper can
hopefully be helpful to stakeholders both within the PV industry and the Swedish PV market. It is also
recommended to be used as guidance for future research on the topic.
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Abstract
Soilless agricultural systems such as hydroponics and aquaponics, which deliver nutrients to growing plants
via water, are relatively new, and only now are they being considered as serious alternatives to conventional
agriculture.
The increased role of technology within agriculture offers possibilities for architecture too. The
accommodation of such systems in building facades could offer many benefits beyond just the increase in
agricultural production needed to support the 7 billion world; the façade might also improve thermal
comfort, offer acoustic benefits, create vegetation shading systems, develop a revenue stream for the building
and also offer other psychological benefits for users and citizens.
The paper describes the result of an innovative collaboration between academia, architectural practice and
manufacturing, culminating in the design of a series of food-producing facades, which can be deployed in
differing ways: at a window-scale for hospitals, a façade-scale for offices and at a building-scale for
supermarkets. The design utilises a hardware/software concept of the biotic façade that allows the
technological and the biological to work in a synergistic way.
Keywords: facade, cooling, shading, ecological, environmental, scalable.

1. Aim
The aim of this paper is to understand the benefits of integrating technical food systems within double
skinned facades. This includes the impact it can make on total domestic food production and reduction of
food imports, the environmental benefits of encapsulating crops within facades and the idea of the facade as
an economic generator.
2. Introduction
The developed world depends upon the provision of global trade to maintain and extend the lifestyles that
most have become accustomed to. This dependency on imports, however, is based upon an assumption that
this process of global trade is sustainable in the long term. To varying degrees, developed countries import
food, animal feed, water, energy and technical goods to sustain their large populations. Without the
provisions brought about by global trade, these developed regions would have great difficulty in supporting
their populations utilising only the land available within their boundaries.
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Most developed countries are capable of producing food to support a reduced population. However, cities
currently lack the capacity to support even a fraction of their populous through the production of food. The
Chartered Institution of Waste Management (Environmental Body) (IWM (EB)) in association with the
Greater London Authority, Biffaward, and Best Foot Forward Ltd, compiled a report in 2002 entitled ‘City
Limits’. Within this report the City of London was critically analysed in order to determine its ecological
footprint in relation to its geographical area. The report determined that, by taking into account all
perceivable inputs including food, water, energy, transport, materials, waste and tourism, the City of London
was found to rely upon an area 293 times its size (IWM (EB), 2002). This is equivalent to twice the size of
the UK. In total, three earths would be needed to support the worlds 7 billion population if each person lived
as one did in London. The report concluded that of the 49 million global hectares required to sustain London,
it is food that contributed the second largest impact of all activities, requiring 20 million global hectares;
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equivalent to 120 times the size of London’s geographic area. When looking at food in this way it can be
seen that feeding cities is an intensive and demanding activity and one that puts significant strain on the
natural world. A transition from global dependency will be required in the future to reduce the ecological
footprint of cities and increase their resilience to shock and to change. One way in which this transition may
manifest itself is to look toward hyper-local production of food and energy, plus the provision of hyperlocalised water treatment and processing. With 87 percent of developed regions estimated to be living in
cities by 2050 (United Nations, Department of Economic and Social Affairs, 2012) it can be assumed that the
majority of this hyper-localised production will occur in and around cities, and more specifically within or
upon buildings.
3. Food Production in Cities
The city finds itself in an unanticipated position where it can drastically reduce its ecological footprint and
positively affect its impact on the earth. That is to say, that mankind, as a species, has increased the surface
area of the planet rapidly and nowhere more so than in cities. The areas that cities now occupy, which would
otherwise be flat, have been elevated and four or more sides/walls added to them multiple times. These
surfaces, even in the shade, acquire vast amounts of light and heat that are more than capable of supporting
plant life. If the right shade loving or shade tolerant crops are chosen for north facing surfaces, there is no
reason why all four sides, including the most productive south elevation, cannot produce vast amounts of
food to help support city populations.
These surfaces have the possibility not only to become ecologically productive but also to help mediate
internal conditioning. The majority of facades within the city are subject to fluctuating levels of light, glare
and thermal gain. All these create the need for either the adaptation of the façade through the operation of
blinds and opening/closing windows, or facilitate the need for energy intensive air conditioning equipment.
If crops are grown within a facade, they can offer the possibilities of a passive reduction of solar glare, the
retention of heat within a growing space, and the creation of thermal mass (in the form of moving water).
This will minimise the need for traditional air conditioning and change the economic and environmental
model for facades.
The role of the façades in the future will change. Not only will they be sophisticated climate modifiers, but
they will also be productive surfaces that help to contribute to hyper-localised food production. For future
resilience, cities will require the implementation of many things, one of which may be the introduction of
complex ecological facades within the urban fabric, which reduce energy use, maximise growing space and
increase bio-diversity.
4. Soilless Growing Technologies
Nearly all food today is grown in soil, but within urban areas, and more importantly within or upon
buildings, soil-based agriculture may not be the best method. This is due to the large proportion of
contaminated land in many urban areas - a byproduct of the industrial revolution - as well as its additional
weight, which adversely affects its ability to be retrospectively added to buildings. Thus, localised food
production within cities depends upon alternatives to soil based practices. One such alternative is to use
technical food systems. These hybridised systems, utilising technical products such as glass, plastic, and
mechanical pumps, allow food to be grown directly in nutrient rich water.
There are two recognised methods in which food can be grown within technical food systems. These include
hydroponics and aquaponics. These techniques utilise similar equipment in order to grow food, but the way
in which they deliver nutrients to crops is very different. Hydroponic systems utilise nutrients that are added
manually into a recirculated water system. The adding of nutrients to the system requires regular testing in
order to maintain the optimum nutrient and pH levels. Aquaponics on the other hand aims to develop an
ecosystem between fish and crops which becomes self regulating and autonomous. Aquaponic systems are
dependent upon the naturally occurring nitrogen cycle to make nutrients available to crops. The system
utilises waste Ammonia (NH3) - produced by the fish as a byproduct of respiration – and, through the natural
colonisation of Nitrosomonas and Nitrobacter bacterias within the system, converts the waste Ammonia
primarily into Nitrite (NO3) and later into Nitrate (NO2). This conversion serves two functions. Ammonia is
toxic to fish and, if allowed to accumulate within the water supply, it would kill them. The second function
of this process is that Nitrate is an available form of Nitrogen - a plant's largest nutrient requirement - which
plants can easily take up across the surface of their roots. The fish, bacteria and crops live symbiotically,
much as they would within a natural ecosystem.
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In both hydroponics and aquaponics, crop roots are in direct contact with the nutrient rich water. As such, the
crops use little effort in acquiring nutrients and can instead utilise a larger proportion of their energy reserves
to grow. As a result, yields are substantially increased (in some cases up to four times) and water use is
reduced by a factor of up to ten when compared to traditional agriculture (Bernstein, 2011). Through the
growing of crops indoors or under glass, a protective environment is created which increases resilience to
shock events such as storms, prolonged rainy periods, temperature shifts or dry spells. Their reduced weight,
through the use of Nutrient Film Technique (NFT) - a growing channel utilising only a few centimetres of
water - allows such systems to be successfully retrofitted into or onto existing buildings without
compromising the buildings' structural integrity.
5. Elevated Aquaponic System


Fig. 1: Internal view of the urban farm in Manchester, England.

As part of the Manchester International Festival 2013, Queen's University Belfast was approached to design
and implement an elevated aquaponic food system within a disused mill in Manchester, England. The project
itself was a 12-month engagement and included the design, construction and commissioning of one of the
very first elevated farms within the UK, comprising one of the largest NFT systems in the UK.
The system was partially contained within the building and partially upon the roof, where light levels were
highest. The more visually engaging components of the system were contained on the second floor of the
building. This included fish tanks, a filtration/mineralisation system and deep rooted crop bags placed in the
south-facing windows (Fig. 1). The system on the roof consisted of the NFT system for growing leaf crops,
which was contained within a large polytunnel, capable of growing 4,000 crops at any one time.
The system is relatively simple in design: There are 12 fish tanks which are fed with filtered, clean fresh
water returning from the NFT system on the roof, as a result of bacterial and crop filtering actions. The
overflow from the fish tanks collects in a sump, and the water is pumped to the filtration/mineralisation bank
where it drains consecutively through a series of siphonic containers comprising of expanded clay balls and
worms. The expanded clay balls provide the large surface area needed upon which nitrifying bacteria can
colonise. The worms within the filtration/mineralisation unit aid in the breakdown of solid waste. When the
water is nitrogen rich and free of solid waste it is pumped toward, and drains through, the silicon bags
hanging in the south facing windows. These deeper grow bags afford the cultivation of fruiting plants such as
tomatoes and peppers, which require significantly larger root systems in order to grow. The water is lastly
pumped up to the roof into the polytunnel where it flows down through 34 nutrient film channels, each 14m
in length, in order to grow leaf crops (Fig 2.). The water flows back down to the fish tanks, where the process
can start again.
Based on a growing season of eight months, consisting of four harvests, the system is capable of producing
up to 16,500 crops per annum. Based on sale values of between £2 (€2.5) and £4 (€5) per crop, the system
could generate between £33,000 (€41,000) and £66,000 (€83,000) per year. The material cost of the system
was approximately £30,000 (€37,000), which indicates a healthy return on investment for future projects.
Although the aquaponic system and urban farm was successful, it was clear upon completing the project that
it may not necessarily be good practice or cost effective in future to locate these systems within buildings.
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They not only take up space within structures that could otherwise be utilised as office or residential space,
which would generate income, but they also create issues related to flooding and water ingress from open
water systems - i.e. a mixture of pressurised and unpressurised plumbing. Containing technical food systems
in buildings also greatly reduces the amount of light available for crop growth. Restricting these systems in
the future to the external skin of buildings - i.e. rooftops and facades - would eradicate both of these issues in
addition to freeing up the floor plan of buildings for commercial or residential activities. Such systems would
allow additional capital to be generated by buildings whilst positively improving the ecological footprint of
cities.Fig. 2: View of the roof-top polytunnel and crops

Fig. 2: View of the roof-top polytunnel and crops

6. The Facade Farm
The untapped potential of facades as growing space is apparent. Facades are the most basic of climate
modifiers; a component that separates internal conditions from exterior conditions. The possible relationship
between farming and facades could produce a future symbiosis between biology and technology on a scale
never seen before. The vertical surfaces of architecture, which generally experience too much glare or too
much heat gain, would be the perfect sites for the growing of plants, which in turn would reduce both glare
through foliage and heat gain through transpiration.
The elevated aquaponic system constructed in Manchester combined with the almost perfect conditioning of
double skinned facades for plant growth led to the development of the ‘facade farm’: a twin walled glass
facade, capable of growing crops within its cavity, decreasing building energy consumption and creating
economic return from what would otherwise cost money in order to maintain. In addition to this, where
optical transparency is not required, energy could be captured electrically or thermally and monitoring
systems could be added to reduce human interaction in achieving thermal comfort.
The conceptual development of the façade farm and delivery of a working prototype, in addition to the
design and implementation of the larger aquaponic system, was always based on a differentiation between
technology and biology. The technology being the façade itself and the materials that constitute it, and the
biology being the living things the facade envelops. It is important to make this differentiation as the biotics
of the system should not be determined and the façade developed around it. Instead, the façade should be
capable of supporting numerous combinations of living things, in order to maximise output and adhere to
global positioning, climate, culture and orientation. The plants and aquatic living things should be
changeable, dependent on the primary goal of the vertical surface. Taking this into account the façade has
been a development between the hardware: the technical materials of the system; and the software: the living
things encompassed within it. The idea of a hardware/software interface, much like a computer, allows the
software to be changed easily, dependent upon the needs of the user, and upgrades to be made to the
hardware as and when required to increase the efficient functionality of the overall system. The hardware/
software analogy will help the future development of the façade farm by informing an upgradable system
that is open to supporting many different species in the goal of achieving complex urban ecologies.
The development and initial testing of the facade farm fell into two categories; theoretical and practical. The
theoretical testing primarily focused on a desktop study in order to determine light capture on multiple
orientations of facades, and the ability of such a facade to support life based on Photosynthetic Active
Radiation (PAR) values. PAR is the threshold value of energy needed for photosynthesis to occur. The
practical portion of the testing was conducted through the use of a 1:1 constructed prototype. This prototype
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would enable data to be gathered as to how many crops could be grown within the cavity of a double skinned
facade, as well as determine whether the miniaturising of the larger system was successful.

Fig. 3: Facade farm design and single bay extracted for environmental simulation.

An initial desktop study was conducted to determine the thermal impact of a simple double skinned facade
(single glazed external and double glazed internal) on adjacent spaces. This testing was conducted through
the extraction of a single bay from an initial design proposal for a supermarket facade system (Fig. 3); a
design in which food could easily be harvested and sold within the hour to customers. A horizontal plane was
introduced in order to test the light capture as if it were a row of crops. Please note: all the theoretical testing
was conducted using Autodesk Ecotect, a simple environmental analysis tool which can easily measure
metrics such as light and heat capture. All simulations were run between the hours of 8am and 4pm, and all
light data was based on that of an overcast day in order to determine the worst case scenario for the facade
farm. Please refer to (Tab.1) for the data parameters of the glazed surfaces used within the simulation.
Single Glazing (Exterior)

Double Glazing (Interior)

U Value (W/m2.K)

5.6

1.4

Solar Heat Gain Reflectance

0.88

0.41

Visible Transmittance

0.9

0.67

Tab. 1: The data parameters used within Autodesk Ecotect in order to conduct the theoretical testing of the facade farm.

Testing the effects of double skin facades on heating and cooling loads, it was found that a simple double
skinned facade can reduce the sensible heating loads of adjacent spaces by approximately 40 percent in
winter and reduce the cooling load by over half during summer (Fig. 4). The results of the test also showed
that the heating and cooling loads throughout the year remain almost constant. Therefore, the energy demand
of the building is much easier to predict and, as such, any power generation - such as integrated PV’s or
evacuated tubes - combined as part of the facade becomes easier to design and integrate.
0.8

kW

0.6
Single Skin
Double Skin

0.4

0.2

0

Winter Heating Load

Summer Cooling Load

Fig. 4: Effect of double skinned facades on heating and cooling loads of adjacent spaces.
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6.2. Performance as growing space
After the positive effects of a simple double skinned facade were confirmed via the simulation software, the
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ability of such a facade to support life had to be determined. Some plant species require a minimum of 1MJ/
m2/day of light energy to survive, which is approximately 7,900 lux or 0.28 kWh/m2. To obtain maximum
growth rates, however, they require 3MJ/m2/day, which is closer to 23,700 lux or 0.83k Wh/m2 (BadgeryParker, 1999). The simulation was initially conducted on a facade facing due south on an overcast day,
therefore providing the worst case scenario for testing. If a facade facing due south was unable of containing
and promoting life, then the design would need to be changed before further testing could ensue.

PAR (mJ/m2/Day)

3

2
Artificial Light (to Saturation)
Artificial Light (to Growth Point)
Natural Light
1

0

Summer Solstice

Equinox

Winter Solstice

Fig 5: Energy accumulated by a south facade with minimum energy at 1MJ/m2/Day to initialise plant growth.

The results confirmed that during the summer solstice and the equinoxes, the south façade could easily
achieve the minimum light levels of 1MJ/m2/day (Fig. 5). It is only during the winter that artificial lighting
would be needed in order to achieve the minimum growing conditions. In all cases, the simulation showed
that artificial lighting would be needed to hit peak growth rates on overcast days. Further analysis was
undertaken to research the importance of orientation on the development of the façade farm and its ability to
support life. It is know that the south façade receives the most energy from the sun, but the desktop study
discovered that it was possible to grow on all orientations during the UK summer time (Fig. 6). In winter,
however, none of the orientations would reach the minimum energy constraints without further energy input
from the building. Please refer to (Tab.2) for full results of facade orientation and seasonal testing.
North

East

South

West

1.23 MJ/m2/day

1.49 MJ/m2/day

1.97 MJ/m2/day

1.54 MJ/m2/day

Fig 6: Energy received by a horizontal planes positioned within a double skinned facade in summer for all orientations

(MJ/m2/day)
Orientation

Summer Solstice

Equinoxes

Winter Solstice

Annual Average

North

1.21

0.79

0.30

0.77

East

1.48

0.92

0.31

0.90

South

1.99

1.14

0.36

1.16

West

1.56

0.90

0.30

0.92

Tab. 2: Annual light energy capture within facade farm for all orientations.

It is apparent from the data recorded that facades hold great potential for future integration of complex
ecological food systems. The future benefits of such a façade can only be proposed at this stage but they
could hold many benefits. The foliage of plants plus the incline of growing channels can aid with the
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regulation of internal light levels and the addition of water to the façade allows for a varying level of thermal
mass to be displaced and moved when needed. Dependent upon the thermal transmittance required, the
irrigation flow rate of the system could be increased or decreased in specific areas, diverting warmer water to
cooler areas in order to equalise cooling loads during summer and vice versa during winter.
7. Prototypes
The delivery of a functioning prototype is the end product for this first phase of research. The first
constructed prototype took all the available research from the larger aquaponic system, which occupied a
whole building, and miniaturised it into a space 3m high, 2.5m wide and 35cm deep (see Fig. 7). This space
housed all the components seen within the larger system, including fish tanks, filtration/mineralisation unit,
ionisation tank, and growing channels. This first prototype was a static two pump system. The first pump
moves water from the fish tank, to the filtration/mineralisation beds, which then enters the ionisation tank.
The ionisation tank acts as a highly oxygenated body of water, which encourages the development of
beneficial bacterial colonies. This helps break down the fragments of solid waste that may be left over after
filtration. The second pump takes water to the top of the double-helix growing channels where the plants are
provided with much-needed nitrogen, returning clean fresh water back to the fish tank. The prototype of the
facade farm was capable of delivering 15 crops/m2, including the space required for fish tanks and filtration.
If this was applied to a south facing supermarket facade in the order of 50m x 6m, the facade would be
capable of producing 4,500 crops at any one time.


Fig 7: Single bay prototype schematic of facade farm

The crops within the system - including purple basil, rocket lettuce and strawberry plants - all grew at
increased rates, proving that the scalability of such a system is possible (Fig. 8). These systems can be
relatively small, or very large, depending on the requirements of the user. The success of the real world
prototype, plus the data gained from theoretical testing, proves the ability of double skinned facades to grow
food and to reduce building energy demand, both of which increase economic return. It is estimated that the
addition of the aquaponic equipment within the cavity of a double skinned facade would cost an addition
£300/m2 (€375/m2). However, it is possible that the sale of the 15 crops grown per m2 - based on four
harvests per year and a sale value of £4 (€5) each - could offset this additional cost within the first year of
operation, with the cost of the double skin facade being offset within another three years after that.

264

Andrew Jenkins / EuroSun 2014 / ISES Conference Proceedings (2014)



Fig 8: Single bay prototype of facade farm with view showing internal crop growth

The last stage of the research, which is still to be conducted, is to embed a double height prototype within an
existing building envelope in order to test the effects of both growing crops and reducing energy demand in a
controllable experiment. This will include the testing of both internal and external temperature, lux level,
relative humidity and CO2, plus the monitoring of fish tank temperature and pH level of the system. All
these data streams when identified together will give a clear indication as to whether such a facade will
operate as expected when integrated with architecture, and give an indication of its overall performance if
applied to a whole city. This double height prototype is designed to be a motive system (Fig. 9). This is to
say that the grow beds are moved vertically upwards and then return vertically downwards, and will
themselves be ‘dipped’ into a nutrient rich reservoir and rotated around the whole façade until they end up
where they started. It is hoped that a motive system will negate the need for circulating water with pumps,
creating a pressureless system. Being double height will provide invaluable research into the implementation
of the facades beyond that of just a bay-by-bay approach of the initial prototype. The intent of the double
height experiment is to provide a viable answer as to how these food-producing facades can be utilised to
maximise production in varying situations across the existing urban fabric.


Fig. 9: Motive double skinned and double height aquaponic facade farm.
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8. The Future Contexts of Facade Farms
As mentioned previously, there are many positives beyond that of just growing food from a sociological,
economical and environmental standpoint. These possible multiple benefits of the food façade helped nurture
the concept from the beginning. From this, three main contexts were identified for the development of the
façade. These were office buildings, the largest proportion of current building stock in the city; supermarkets,
a place in which food can be grown and sold with no need for transport; and hospitals, a place where the
biotics of the facade and the aroma of therapeutic crops would aid in recovery times. These contexts were
determined to maximise on the current building stock available and minimise food transport, whilst
increasing resiliency and providing psychological wellbeing to all people. In all cases, the facade would act
as a biological filter where polluted air enters the façade, and is ‘cleaned’ before entering the building plan.
The crops would reduce the CO2 level incrementally whilst increasing the oxygen level, but due to the
increased humidity of the cavity, dust, soot, and dirt particles would be captured and be prevented from
entering the building environment.
Vertical space will become a resource in future cities and currently offices have access to vast quantities of it.
There is a large proportion of the city that is dedicated to the provision of office space so it becomes
increasing important to consider the façade farm in this context. Office space has notoriously high cooling
loads due to high occupancy and large amounts of electrical equipment. The main benefit to the office
archetype will be to reduce solar gain and solar glare into the plan of the building, whilst creating an
economic generator from the vertical surfaces of the building.
Within the context of the supermarket, the beneficial relationship between food and shop is apparent. There
are many places in which food is grown, but in what better context can food be grown than where it is sold?
Unlike the harvesting of crops within offices, in supermarkets they could be harvested when needed. A
supermarket might even employ ‘pick your own’ at ground level. The environmental benefits seen within the
office archetype will still be apparent but due to the deep building plan associated with large supermarkets,
the primary goal will be to maximise production and, in turn, maximise profit. The additional benefit of
hyper-localised food production is that, due to its freshness, it would require far less refrigeration, which in
turn would lead to a further decrease in building energy demand.
The final context considered for this research lies far beyond energy performance and into the psychological
wellbeing of people. Hospitals are places in which people recover from illness and injury. To decrease the
length of recovery from such ailments, the psychological wellbeing of the patient needs to be addressed. This
starts with the positive effect of good food. The addition of a food-producing façade in such a context would
allow for a varied diet in addition to dedicated diets dependent on patients' needs. In this context, the fish
contained within the facade would be, in some cases, purely for decoration and engagement. They would
increase relaxation levels and would engage with patients, especially providing engagement opportunities for
people with learning difficulties and other disabilities. The main crop yield could be interspersed with
aromatic plants such as lavender, which would aid relaxation and decrease recovery times whilst providing
defences against pathogens due to the antibacterial nature of its oils.
9. Conclusions
Food production in the city is in the early stages of a renaissance. The façade farm attempts to tie emerging
aquaponic agricultural technologies with environmental control functions, to develop a new model for façade
design, one which links the technological with the biotic, seen as an analogy between hardware and software.
It is safe to say that façade farms will do much more in the future beyond growing food; they will also play
pivotal roles in the lives of people and possess the ability to fundamentally change the way architecture and
cities are perceived. They will reduce food miles, minimise CO2 production, create economic return for
cities and buildings, clean the air, aid in the recovery of hospital patients, improve the working conditions in
offices, positively affect nutrition and produce organic food.
The future of food producing facades is dependent on utilising the existing infrastructure that is currently
available. This maximises the potential of the city as it is today, without the need to build new structures to
accommodate these new systems. The existing city has so much to offer and, as such, can help reduce the
ecological footprint of each and every human being living within them.
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Abstract
The population growth, increasing demand for building services, higher levels of comfort requirements, and
larger periods of time spent indoors are some of the main factors which indicate an upward energy
consumption trend within the buildings of the industrialized countries in the coming years. Owing to this
fact, there is a large potential for energy savings in the building sector, especially through the retrofitting of
the existing buildings. Multi-functional ventilated façades have appeared as a possible solution in both new
and retrofitted buildings in order to reduce the building energy demand. In addition to the improved thermal
and acoustic behavior, the possibility of integrating innovative elements like photovoltaic modules or
electrochromic devices make the multi-functional façades an interesting architectonic solution. Due to the
widespread implementation of these innovative elements, there emerges a need for developing accurate tools
and methodologies in order to analyze their performance. Thus, the present work aims at providing a
numerical tool, which -linked with the capabilities of an existing numerical platform- can predict the thermal
behavior of these elements. Its modular design permits the study of different façade configurations by
replacing the actual standard elements with other innovative ones, considering different modes of operation
and flow regimes in a versatile manner.
Key-words: Multi-Functional Ventilated Façade, Object-Oriented, Parallel Computation.
1. Introduction
Due to many factors like the population growth, increasing demand for building services, higher levels of
comfort requirements, and larger periods of time spent indoors, energy consumption within the buildings can
be considered currently as a key issue in overall energy consumption of industrialized countries. Moreover,
this upward consumption trend is expected to grow in the coming years (Pérez-Lombard et al., 2008). Owing
to this fact, there is a large potential for energy savings in the building sector, especially through the
retrofitting of the existing buildings. Multi-functional ventilated façades have appeared as a possible solution
in both new and retrofitted buildings in order to reduce the building energy demand. Besides the improved
thermal behavior, a higher level of acoustic insulation, enhanced daylight illumination, or the possibility of
integrating innovative elements like photovoltaic modules or electrochromic devices make the multifunctional façades an interesting architectonic solution. The widespread implementation of these elements in
the new or retrofitted buildings, in parallel, stimulates the efforts in developing the necessary tools and
methodologies for analyzing their performance.
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The present work reports on the implementation of a multi-functional ventilated façade model within an
existing parallel and object-oriented numerical platform for the prediction of the thermal performance of the
buildings. To that end, a software module composed of a photovoltaic (PV) panel, a vertical natural
convection channel element, and an opaque wall element is developed. The module presented here -linked
with the capabilities of the existing NEST (Damle et al., 2011) numerical platform- is intended to be a useful
tool to predict the thermal behavior of these innovative elements.

Fig. 1: Global resolution algorithm

2. Numerical Methodology
In the NEST numerical platform, the system is a collection of some basic elements. These elements can
individually be solved for given boundary conditions, which are obtained from neighboring elements. This
object-oriented modular platform is intended to permit efficient coupling between these elements, which, in
turn, can be solved by means of different levels of modeling, like one-dimensional or two-dimensional
models, simplified energy balances or CFD models based on large eddy or direct numerical simulations. For
the critical elements of the façade or building, the numerical platform permits the use of the existing CFD
module based on Termofluids code (Lehmkuhl et al., 2007) in order to provide high precision results, and the
coupling of these with the resolution of other elements that can use different levels of modeling. The NEST
numerical platform is designed to allow parallel computation, thus redistributing the computational resources
according to the demands of the employed elements.
The global resolution algorithm of the numerical model is shown in Figure 1. At each iteration, once the
inputs (e.g. temperature, heat flux etc.) are obtained from the neighbors, the governing equations for each
element are solved and the final outputs are supplied again to the neighboring elements as boundary
conditions. Iterations continue until convergence is reached at a given time step and next time step
calculation starts as the variables are updated. Details of the numerical platform are explained in (Damle et
al., 2011).
3. Description of the case and the implemented elements
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The present work focuses on the implementation of a multi-functional ventilated façade model, which coupled with the existing models of the NEST numerical platform- can be a useful tool to predict the thermal
and fluid dynamic behavior of the façades and buildings which employ these elements. In Figure 2 the
schematic view of the case under study is given. The existing building envelope is retrofitted by means of a
PV panel which is installed in the façade to form a vertical ventilation channel.

Fig. 2: Schematic view of the multi-functional ventilated façade with PV modules

The implemented multi-functional ventilated façade element is formed by linking a vertical natural
convection channel element with a PV panel element and an opaque wall element on both sides as shown in
Figure 3. The resulting module is designed to operate under open and closed channel modes or natural and
forced convection regimes. The module also allows multi-storey channels by means of linking different
channel elements vertically. Using the modularity of the numerical platform, the vertical natural convection
channel element can be linked with other elements like transparent wall or electrochromic glass, thus can
potentially submit to investigation numerous façade configurations using different innovative elements, and
their influence on the room conditions.

Fig. 3: Scheme of the system as a collection of elements.

3.1 PV Panel
In Figure 4 the schematic view and the geometric discretization of the PV Panel is shown. The PV Panel is
modeled essentially as an opaque one dimensional conduction element with inner heat generation. The
present work focuses on the thermal behavior of the façade, therefore the inner heat generation of the panel is
defined as
ܳ ൌ ሺͳ െ ߟ ሻܳ௦

ೞ
ುೇ

ሺǤͳሻ

which is then employed as a source term in the transient one dimensional conduction equation as
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ߩܥ

డ்
డ௧

ൌ

డ
డ௫

ቀߣ

డ்
డ௫

ቁ  ܳ (eq. 2)

Fig. 4: Discretization of the PV Panel element. The boundary conditions represent the thermal radiation and convection heat
transfer with outdoors and heat transferred to the neighboring element, ࡽ࢈ .

As boundary conditions, PV Panel element is expected to be linked with the existing outdoor element which
provides instantaneous outdoor meteorological data. The energy balance in the boundary control volume
involves convection heat transfer with outdoors, thermal radiation exchange with the sky, and conduction
heat transfer in the panel. The algebraic equation in the boundary can be expressed as


(eqs. 3)
ܣ
 ܶ ൌ ܣா ܶா   ܾ

where
ܣ
 ൌ ߣ

ʹܣ௦
  ߙ  ܣ௦
ȟݔ

ܣ
ா ൌ ߣ

ʹܣ௦
ȟݔ

ܾ  ൌ  ߙ ܣ௦ െ ܳௗ௧ 
ଷȀଶ

ସ
൯ and ܶ௦௬ ൌ ͲǤͲͷͷʹܶ .
with ܳௗ௧ ൌ ߝߪ൫ܶ௪ସ െ ܶ௦௬

In the other boundary, the energy balance involves simply the conduction heat transfer in the PV Panel which
is equal to the heat transferred to the neighboring element. If the PV Panel is linked with a vertical channel,
this heat (ܳ in Figure 4) is balanced with the convection heat transfer to the air in the channel.
3.2 Vertical Channel
The discretized forms of the governing equations for the air flowing through the vertical channel element are
presented in this subsection. For geometric discretization see Figure 5. The channel is vertically divided into
a number of control volumes (CV) homogeneously, where the nodes are located in the center of the CVs.
The temperature and pressure maps are evaluated in the nodes of the centered mesh (see Figure 5, left), while
the velocity field is evaluated at the faces of the centered CVs, which correspond to the center of the
staggered grid as can be observed in the right hand side of the Figure 5.
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Fig. 5: Discretization of the Vertical Channel element. Centered (left) and staggered (right) grids are used for the energy and
momentum equations, respectively.

3.2.1 Momentum equation
The semi-discretized form of the momentum equation can be written as
ೞ ೞ
డು
௩ು

డ௧



  ݉ሶ௦ ݒ௦ െ  ݉ሶ ௦௦ ݒௌ௦ ൌ ሺܲ െ ܲா ሻܵ  ൫ߩ௦ െ ߩ ൯ܸ݀ െ ቀ ቁ݉ሶ௦
ସ

ೞ
௩ು

ଶௌ

ܣ (eq. 4)

where superscript s indicates that the quantity is to be evaluated at the corresponding node or face of the
staggered grid, and ݂ is the Darcy friction factor for parallel plates as given in (Wong, 1977). Considering
that the semi-discrete continuity equation at the staggered grid is given as
ೞ
డು

డ௧

  ݉ሶ௦ െ  ݉ሶ ௦௦ ൌ Ͳ (eq. 5)

the eq. 4 can be rearranged by subtracting from it the the above semi-discrete continuity equation multiplied
by ݒ yielding
ೞǡబ ೞǡబ
ೞ ೞ
ು
௩ು ିು
௩ು

ο௧

ο௧

௩ೞ
ቀ ቁ݉ሶ௦ ು ܣ
ସ
ଶௌ


ೞǡబ

ೞ

 ି
  ݉ሶ௦ ݒ௦ െ  ݉ሶ ௦௦ ݒௌ௦ െ ൬ ು ು   ݉ሶ௦ െ  ݉ሶ ௦௦ ൰ ݒ ൌ ሺܲ െ ܲா ሻܵ   ൫ߩ௦ െ ߩ ൯ܸ݀ െ

(eq. 6)

which can be discretized using an appropriate numerical scheme as explained in (Patankar, 1980).
3.2.2 Continuity equation
The conservation of mass in a centered CV of Figure 5 takes the following form
బ
ఘ ௗିఘು
ௗ బ

௧

  ߩ ݒ ܵ െ  ߩ௦ ݒ௦ ܵ௦ ൌ Ͳ (eq. 7)

from which a pressure correction equation can be obtained. The momentum equation cannot be solved
properly unless the correct pressure field is employed, in other words an incorrect pressure field leads to an
incorrect velocity field. Considering that Ʋ is the pressure correction term, Ʋ ൌ  െ  כ, and ݒƲ is the
velocity correction term defined similarly as ݒƲ ൌ  ݒെ  כ ݒ, these two terms can be related as
ݒƲ ൌ ݀ ሺܲƲ െ ܲƲா ሻ and ݒƲ௦ ൌ ݀௦ ሺܲƲௐ െ ܲƲ ሻ where ݀ and ݀௦ are the SIMPLEC coefficients given as
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݀ ൌ 

ௌೖ

 (eq. 8)

ು ିሺಿ ାೄ ሻ

with k denoting the CV face, and the coefficients ܣ ǡ ܣே ǡ ܣௌ come from the discretized momentum equation
(see Patankar 1980 for details). Due to compressibility, density correction ߩƲ ൌ ߩ െ ߩ כis necessary, which
can be related to the pressure using the ideal gas relation as ߩƲ ൌ ܲܭƲ .
3.2.3 Energy equation
Considering a centered CV of Figure 5, the semi-discretized energy equation can be written as:
డ
డ௧

ሾ݉ ሺ݄  ݁ ሻሿ   ݉ሶ ሺ݄  ݁ ሻ െ ݉ሶ ௦ ሺ݄௦  ݁௦ ሻ ൌ ܸ݀

డ
డ௧

 ݀ܳ௩ (eq. 9)

where ݀ܳ௩ is the convection heat transfer from the vertical walls of the channel to the air. Using a similar
approach as is done in the momentum equation, the continuity equation multiplied by enthalpy ݄ is
subtracted from eq. 9 yielding
డ
డ௧

డು

ሾ݉ ሺ݄  ݁ ሻሿ  ݉ሶ ሺ݄  ݁ ሻ െ ݉ሶ ௦ ሺ݄௦  ݁௦ ሻ  ሺ

డ௧

 ݉ሶ െ ݉ሶ௦ ሻ݄  ൌ ܸ݀

డ
డ௧

 ݀ܳ௩ (eq. 10)

An upwind numerical scheme is employed for the convection terms. The formulation is closed with
݀ܳ௩ ൌ σ ߙ൫ܶ௪ǡ െ ܶ ൯݀ܣ (eq.11)
where ߙ for both walls is obtained from the Nusselt number (Nu) correlations in (Wong, 1977) for two
parallel plates at different temperatures as a function of Grashof (Gr) and Prandtl (Pr) numbers. For laminar
flow
భ


തതതത
ܰ ݑൌ ͲǤͳͺሺݎܲݎܩሻర ቀ ቁ

భ
వ

ି

భ

ܲି ݎర (eq. 12)

௪

For turbulent flow, i.e. for Gr numbers greater than ʹ ൈ ͳͲହ , however, the expression
భ

തതതത ൌ ͲǤͲͷሺݎܲݎܩሻయ ቀ  ቁ
ܰݑ

భ
వ

ି

௪

భ

ܲି ݎయ (eq. 13)

തതതതሺߣȀܮሻ.
is used. Then, the convection heat transfer coefficient is calculated from ߙ ൌ  ܰݑ
3.2.4 Boundary conditions
For the hydrodynamic boundary conditions in the vertical channel element, the Bernoulli equation is applied
in the inlet of the channel, assuming acceleration from an unperturbed point at the bottom of the channel, and
ଵ

ଶ
thus the inlet pressure is calculated as ܲ ൌ ܲஶ െ ߩ ݒ
while in the outlet the pressure is established as
ଶ

ܲ௨௧ ൌ ܲஶ െ ߩ ݃ܮ. As for the thermal boundary conditions, the inlet temperature is set to the ambient
temperature ܶ , while the temperature of the isothermal vertical walls of the channel are obtained from the
neighboring elements.
4. Code validation
In order to validate the code, the implemented elements are separately linked with fixed value elements to
form systems for which there exists an analytic solution.
PV Panel, being essentially modeled as an opaque one-dimensional conduction element, is linked with two
fixed value elements, obtaining a one-dimensional plate with Dirichlet boundary conditions on both ends. In
the absence of radiation, as can be seen from eq. 1, ܳ is zero, for which the steady-state solution of the
system reduces to a linear temperature profile in the panel. Simulating this configuration with the
implemented model, the results obtained are observed to match exactly with the analytical results. Similarly,
simulations of the panel using known constant internal heat generation have been carried out, obtaining the
corresponding analytical results. Owing to these results, the PV Panel is considered to be validated properly.
Regarding the Vertical Channel element, the code is verified and validated by means of defining a Vertical
Channel with two vertical constant temperature isothermal plates. In the special case of assigning the vertical
plate temperatures equal to the Vertical Channel air inlet temperature, the air flow in the channel due to
natural convection is not expected to occur since in the absence of heating or cooling there is no driving
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force for the flow to take place. The numerical model effectively does not produce a flow for the
configuration, which is served as a preliminary verification of the code.

Fig. 6: Schematic view of a flow in a vertical channel.

In order to validate the code, the analytical solution presented in (Bar-Cohen and Rohsenow, 1984) is used
(see Figure 6 for the schematic view of the studied case). Considering laminar, two-dimensional, fullydeveloped flow with constant thermophysical properties and a constant known convection heat transfer
coefficient, the local bulk temperature in the channel can be obtained by means of an energy balance in the
differential element as
ܶǡ௬ ൌ ܶ௪ െ ሺܶ௪ െ ܶ ሻ݁ ି௬ (eq. 14)
Equating the pressure drop term to the buoyancy term of the momentum equation, the mass flow in the
channel can be given as
݉ሶ ൌ

ഥ మ ఉௐ య ሺ்ത ି்ሻ
ఘ
ଵଶఓ

(eq. 15)

while heat transferred to the fluid in the channel is found as
ܳൌቂ

ഥ మ ఉௐ య ௌ
ು ఘ
ଵଶఓ

ሺܶ௪ െ ܶ ሻ ቀͳ െ

ଵି షಽ


ቁቃሾሺܶ௪ െ ܶ ሻሺͳ െ ݁ ି ሻሿ (eq. 16)

See the reference (Bar-Cohen and Rohsenow, 1984) for the details of the derivation of the above expressions.
A number of simulations have been carried out using the numerical tool, and the obtained results are
compared with the analytical solution in Table 1. The tested cases are for a vertical channel of aspect ratio
10, and air inlet temperature of 295 K. The results generally show good agreement with the analytical results,
especially for smaller temperature differences. As for higher temperature differences, there are deviations
from the analytical results up to 20 %, which can be attributed to the differences in the assumed hypotheses
of the two solutions, like one-dimensional vs. two-dimensional velocity profiles, constant vs. variable
thermophysical properties (consequently the use of Boussinesq approximation vs. consideration of the nonBoussinesq effects), low-Mach number effects vs. incompressible flow assumption, fully-developed vs.
developing flow regimes, and differences in the boundary conditions. Notice that at smaller temperature
differences, influence of these effects is expected to diminish, which accordingly leads to better agreement as
can be observed in Table 1.

Tab. 1: Validation of the Vertical Channel by comparison with the analytical data
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CASE
I
II
III
IV
V
VI
VII
VIII
IX

ࢀ࢝ࢇ
295
300
305
305
310
315
315
335
335

ࡳ࢘
0
8.9e4
1.7e5
1.7e5
2.5e5
3.2e5
3.2e5
5.6e5
5.6e5

ࢻ
10.0
2.5
2.5
5.0
5.0
10.0
15.0
20.0
30.0

ሶ࢛
0
8.7 e-5
1.35e-4
1.65e-4
2.13e-4
3.01e-4
3.24e-4
5.09e-4
5.40e-4

ሶࢇࢇ
0
8.9e-5
1.39e-4
1.75e-4
2.27e-4
3.35e-4
3.70e-4
6.11e-4
6.75e-4

ࡽ࢛
0
0.41
1.14
1.57
2.89
5.82
6.48
20.02
21.60

ࡽࢇࢇ
0
0.42
1.17
1.65
3.04
6.37
7.32
23.64
26.78

5. Preliminar façade optimization by numerical tool
Once the implemented elements are validated, the numerical tool is used to optimize a multi-functional
ventilated façade like one shown in Figure 7. The façade is composed of three elements: i) an outer PV
Panel, ii) air channel, iii) a composite wall formed by three layers. The thermophysical properties of the
materials constituting the elements of the façade are known. All the dimensions of the elements except the
width of the channel are given. Subject to the meteorological conditions of a typical day (see Figure 8, left), a
parametric study of different channel widths is carried out. Consequently, the obtained results are plotted for
comparison in Figures 8 to 10.

Fig. 7: Schematic view of a flow in a vertical channel.

In the mentioned figures, results corresponding to some representative channel widths are depicted. In has
been concluded that a width of  ݓൌ ͲǤͳʹ݉ is the optimum channel width for the meteorological conditions
and geometry under consideration. Note that for the channel widths in the extreme cases of  ݓൌ ͲǤͲ͵݉ or
 ݓൌ ͲǤͷͲ݉ evacuated heat reduces considerably with respect to intermediate widths (see Figure 8, right).
Although the two narrowest channel options provide highest convection heat transfer coefficients (see Figure
9, right), these geometries cause enhanced skin friction, thus reducing the mass flow drastically as can be
observed in the right hand side of Figure 10, thus, in overall, these geometries result in poor performance as
the evacuated heat is concerned.
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Fig. 8: Time evolution of outdoor data for the tested day (left) and the calculated evacuated heat for different widths (right).

Fig. 9: Time evolution of the channel wall temperature (left) and the heat transfer coefficient (right).

The channel outlet temperatures are also depicted in Figure 10 for comparison purposes. The narrowest
option naturally gives the highest outlet temperature due to reduced mass flow.

Fig. 10: Time evolution of the temperature rise (left) and mass flow (right) in the channel.

These results have shown the improved thermal performance of the  ݓൌ ͲǤͳʹ݉ option, however note that
the reduction in the performance is not expected to diminish drastically as long as the deviations from this
optimum width is considerably small, which can justify the selection of slightly different geometries due to
the influence of other criteria like economic issues, construction ease or permitted mass flow rate, among
others.
6. Conclusions
A multi-functional façade model including a PV Panel and a Vertical Channel element is implemented
within an existing parallel, object-oriented numerical platform for the prediction of the thermal performance
of the buildings. The implemented model is validated by means of existing analytical data. The model is
intended to be a useful tool in the retrofitted building simulations, especially in configurations where
innovative elements like PV panels, ventilation channels or electrochromatic devices are employed. The
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numerical tool is used to optimize a typical multi-functional ventilated façade, testing different vertical
channel widths and comparing the thermal performances of each configuration. The outcomes of the present
work, followed by a more extensive study, are expected to be a starting point in the construction of a first
generation of a real-size multi-functional façade, which in turn is seen as an indispensible tool to validate the
implemented model experimentally.
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Nomenclature
Quantity

Symbol

Unit

Quantity

Symbol

Unit

Ambient temperature

ܶ

K

Mass flow rate

݉ሶ

kg s-1

Channel height

L

m

Pressure

p

kg m-1 s-2

Channel width

w

m

Sky temperature

ܶ௦௬

K

Coefficient of thermal
expansion

Ⱦ

K-1

Specific enthalpy

h

J kg-1

Specific heat

c

J kg-1 K-1

Control volume width

οݔ

Specific kinetic energy

e

J kg-1

ɐ

W m-2 K-4

m
-2

-1

Convection coefficient

ߙ

Cross-section area

S

m

Stefan-Boltzmann
constant

Density

ߩ

kg m-3

Thermal conductivity

ߣ

W m-1 K-1

Dynamic viscosity

ߤ

kg m-1 s-1

Thermal parameter

Ȟ

m-1

Efficiency

Ʉ

-

Thermal radiation flux

ܳௗ௧

W m-2

Emissivity

ɂ

-

Time step

οݐ

s

Gas constant

ܭ

s2 m-2

Velocity

v

m s-1

Gravity

݃

m s-2

Volume

V

m3

Incident Solar Energy

ܳ௦

W m-2

Wall temperature

ܶ௪

K

Lateral area

A

Wm K
2

2

m
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Summary
Implementation of sustainable construction in the EU is one of the key issues for reducing energy
dependence. In this framework the efficient use of solar potential incident on the building envelope is
essential. The goal of the study is to check the influence of new Slovenian legislation requirements on the
existing design practice and to propose general site planning guidelines. The study is carried out on seven
representative urban layouts, which are assessed according to the shape of layout, density, building
orientation and design. The calculations are carried out with the program SHADING. The study showed that
the existing layouts are not as problematic as had been expected and that the form and orientation of
buildings present a major challenge. Nevertheless, the quality and duration of insolation are highly dependent
on the specifics of each case. The study showed that if the basic rules of good practice in conjunction with
the existing requirements are respected, there is no need to introduce any essential changes in the existing
design principles.
Key-words: insolation, solar potential, solar access, urban patterns, legislative measures.

1. Introduction
In the recent years implementation of sustainable construction in the EU has intensified. The recast Directive
on energy performance of buildings (EPBDr, 2010) presents the reboot in this field. Considering renewable
solar energy, Slovenia (latitude between 45°25’N and 46°52’N) has a medium-sized potential, which is not
well utilized. The goal of the study is to define the potential and feasibility for the utilization of solar
radiation in urban areas in order to enhance the use of solar energy. The existing building stock, which is due
for refurbishment, is of special interest, because this might close the gap between the existing state and the
goal of nearly zero energy buildings (nZEB) by using solar technologies such as direct solar gains, solar
collectors (SC) and building integrated photovoltaic panels (La Gennusa et al., 2011). According to the data
provided by Slovenian Environmental Agency the average global solar irradiation on the horizontal plane for
Slovenia is 1120 kWh/m2 (ARSO, 2012). A slightly higher value of 1250 kWh/m2 is reported by the Joint
Research Centre Institute for Energy and Transport, Renewable Energy Unit (PVGIS, 2012). They also state
that the average value of solar irradiation on an optimally inclined surface in Slovenia is approximately 1425
kWh/m2. The majority of Slovenia belongs to a humid continental climate with warm summers and cold
winters (Köppen-Geiger climatic classification: Dfb), although in the south west part of the country a
Mediterranean climate (Köppen-Geiger climatic classification: Dwa) is present. For the central part of
Slovenia relatively high cloud coverage is characteristic. The average yearly cloud coverage is 63 %, with
lowest coverage of 47 % during the month of August and highest values of 81 % during December. The
available solar potential can either be utilized on the level of individual buildings or on a larger urban scale.
The problem of large-scale renewable electricity generation in the context of the urban area of Helsinki was
addressed in a study conducted by Peter Lund (2012), where it was established that a 40–65 % solar fraction
of yearly electricity could be reached. It has to be stressed that this refers to a climate that has far lower solar
potential than Ljubljana. However, when we study individual buildings or individual city blocks the effect of
building envelope shading becomes an increasingly important aspect of the potential for solar energy
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utilization. This role of urban setting on the overall energy performance of a specific building is often
overlooked, although it was shown by Futcher and Mills (2013) as well as Capeluto (2003) that it can have a
large impact on the heating, cooling and lighting energy demand of buildings. This is mainly due to the
influence of urban topography on the potential for solar energy utilization (Bojić and Blagojević., 2006).
The presented study was carried out in seven typical neighborhoods in Slovenia. Potential duration of solar
exposure on building envelope was calculated using SHADING (Yezioro and Gutman, 2009), which enables
the calculation of solar exposure of building envelope in a selected time interval and the acquired results
present the percentage of solar exposure. The result of the simulations is the percentage of solar exposure
upon building envelope in half an hour intervals at three critical days (21st of December, 21st of March and
21st of June). Solar exposure of building envelopes was observed on the basis of specific influential factors:
density, orientation and shape. Special attention was given to the relative influence of roofs and facades,
therefore identifying which part of the envelope should present the focus in future scenarios of solar energy
utilization. We expected that some of the studied urban patterns would not reach the legally required solar
exposure.
2. Background
In the recent years many studies have been done in the field of solar energy utilization assessment. On the
level of policy making Gadsden et al. (2003) proposed and developed the underlying methodology of a solar
energy planning system for energy advisers. The proposed methodology determines the baseline energy
consumption of domestic properties and evaluates the potential for its reduction, using the available solar
technologies (e.g. passive solar design, PV systems). Okeil (2010) states that a holistic approach to energy
efficient building forms is needed. He proposes a Residential Solar Block (RSB) which can maximize solar
energy received by buildings façades during winter, thus optimizing solar energy utilization. Indeed, it has
been shown by Strømann-Andern and Sattrup (2011) that buildings in a relatively densely built up area
compared to unobstructed one can exhibit up to 30% larger energy consumption for commercial buildings
and up to 19% increase for residential buildings. These results as well as the results presented by Kanters et
al. (2014) in their study of renewable solar energy utilisation in typical Swedes city blocks, emphasise the
importance of evaluating the solar potential of planned as well as of the existing buildings in urban
environments. Similarly Sarralde et al. (2015) have shown that the solar irradiation optimisation of urban
neighbourhoods can result in 9 % increase of irradiation for the roofs and up to 45 % increase for the
facades. Because a major obstacle in evaluating the solar potential in the urban environments is the
availability of credible and accessible data, Mardaljevic and Rylatt (2003) proposed an approach for
determining the annual/monthly irradiation of building façades with the help of irradiation “maps”. On the
other hand, Capeluto and Shaviv (2001) proposed the introduction of solar rights and solar collection
envelopes in order to protect the solar potential of existing buildings from future developments as well as to
maximize solar exposure of the envelope of new buildings. In a similar context of urban insolation Yezioro
et al. (2006) elaborated design guidelines for achieving appropriate insolation of open urban areas (i.e.
squares), which is interlinked with the insolation of surrounding buildings. In Slovenia only basic solar
exposure analyses were conducted in the past by Kristl and Krainer (2001, 2006) and even these for the cases
of suburban developments. No analyses of how much solar radiation can be utilized in actual urban cases
were carried out. Additionally, we also have to bear in mind that since these studies were conducted the legal
requirements in Slovenia and in fact also in the EU, have changed.
On the EU level the most important document concerning the energy efficiency of buildings and the
utilization of renewables is the recast Directive on energy performance of buildings (EPBDr, 2010) and also
the Energy efficiency Directive (EED, 2012) and Directive on the Promotion of the use of energy from
renewable sources (PUER, 2009). The mentioned documents constitute a system of legal requirements that
are enabling the execution of the 20-20-20% by 2020 climate and energy package outlined by the European
Commission in January 2007 (LGCC, 2007) as well as promote sustainable building design. On the national
level the requirements regarding building positioning on plots, solar exposure and allowed overshadowing
are regulated in several documents, firstly in the Construction Act (ZGO-1, 2002) and the Spatial Planning
Act (ZPNacrt, 2007), then several regulations and ordinances and finally in norms, recommendations and
municipal acts. The most important among them is the Slovenian Rules on efficient use of energy in
buildings (PURES 2010, 2010), supported by the Technical Guidelines, TSG-1-004:2010 – Efficient energy
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use (TSG4, 2010), which among energy performance of buildings also is intended to change the existing
practice and introduce more Passive Solar Architecture (PSA), PV and SC into the existing practice in order
to get closer to the nZEB goal. The area of solar potential of buildings is directly regulated through TSG4,
which sets a requirement that the “collecting area” of a building has to be insolated (average) 1 meter above
the ground (lower areas are not considered due to natural and built obstructions) at least 2 hours on
December 21st (allowing for solar azimuth South ±30°). On the equinox (March 21st and September 21 st) at
least 4 hours (allowing for solar azimuth South ±60°) and on summer solstice (June 21st) at least 6 hours
(allowing for solar azimuth South ±110°) of solar exposure have to be reached. The restrictions of the TSG4
(i.e. the azimuth restrictions) were developed in order to facilitate the usage of solar irradiation during its
maximum on the given critical days and therefore excludes low incident angles from the calculation period.
More detailed explanation of the TSG4 criteria is given in the paper by Košir et al. (2014). According to the
TSG4 definition “collecting areas” of a building are all surfaces intended for collecting solar energy either by
direct gain (PSA) or by other means (e.g. SC, PV modules).
3. Method
For the analysis of the solar potential of the existing building stock in Slovenia seven representative
examples were chosen. These were selected according to the statistical data provided by the Geodetic
Institute of Slovenia (2008) and represent the most frequent building types used in Slovenian residential
building stock. After defining the type of analysed buildings a real world example was selected as a basis for
generating an idealised geometrical model that was later used for solar potential calculations. Storey heights
were unified to enable easier comparison of cases. The assumed terrain slope was horizontal. The effect of
surrounding vegetation (e.g. trees) as well as of topography (e.g. hills) on the insolation of the studied
buildings was omitted. The examples were selected according to their share in the structure of the Slovenian
building stock and the density of built up area. Therefore, the ratios between the gross floor area of buildings
and the total area of the lots on which the buildings are situated (i.e. floor space indexes - FSI) were
calculated and are stated for each example. The selected types and corresponding examples are presented in
Table 1. The calculations were executed with the computer application SHADING (Yezioro and Gutman,
2009), which enables the calculation of solar exposure of building envelope in a selected time interval.
Tab. 1: Representative building types of Slovenian residential building stock.

BUILDING TYPE

STUDIED EXAMPLES

TYPE A: Detached family houses

Example 1 (FSI: 0.84)

The most common type of residential buildings in Slovenia comprising 89 %
of all residential buildings.

Example 2 (FSI: 1.06)

TYPE B: Longitudinal apartment blocks

Example 3 (FSI: 1.33)

Generally up to four storeys high, rarely higher. This is the second most
common type of residential buildings in Slovenia

Example 4 (FSI: 3.09)

TYPE C: Perimeter apartment blocks

Example 5 (FSI: 2.04)

Usually rectangular in shape, comprising of four to six storey high buildings.
Relatively uncommon type in Slovenian residential building stock.
TYPE D: Apartment towers

Example 6 (FSI: 1.46)

Individual units or organized in smaller groups. Usually six to ten storeys high.
They do not represent any significant part of the Slovenian building stock
TYPE E: Mixed building type

Example 7 (FSI: 3.12)

Buildings of different shapes, heights and types. This type can be found in
locations where towns spread into the surrounding suburban or rural areas.
The percentage of solar exposure on building envelope was calculated in half an hour intervals on three
critical days (i.e. December 21st, March 21st and June 21st) specified by the TSG4. September 21st was
omitted due to almost symmetrical disposition with March 21st. The results are expressed in minutes and
represent equivalent duration of 100 % solar exposure on building surface during the specific day. Surfaces
facing east, south and west were considered as “collecting surfaces”.
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4. Results of the study
4.1. Detached family houses – Examples 1 and 2
Examples 1 and 2 represent a typical Slovenian neighbourhood comprised of individual single family
detached houses. In the case of example 1 the houses are nearly cubical in form with floor plan dimensions
of 11 by 11 m and a height of 9 m. Double pitched roofs have a slope of 30° with ridges running in northsouth direction. The minimal distance between buildings is 6 m in the southeast-northwest direction. The
buildings in example 2 are similar, with dimensions of 11 by 8.5 m and a height of 7.8 m. The longer façades
are facing southwest. Double pitched roofs have a slope of 30° with ridges running in the northeastsouthwest direction. The minimal distance between buildings is 5 m in the southwest-northeast direction. In
both cases the main orientation of the buildings is 30° offset from the south. Example 2 has a higher density
with FSI 1.06 (Table 2). In the solar exposure calculations all surfaces were included, except the northeast
façade and in the example 2 also the northeast part of the roof.
Tab. 2: Idealized geometrical model and results of the simulations for Examples 1 and 2 (detached family houses).

GEOMETRICAL MODEL

RESULTS

Example 1
Latitude: 45°96’N
Longitude: 14°64’E
FSI: 0.84

Example 2
Latitude: 46°03’N
Longitude: 14°51’E
FSI: 1.06

Calculated results for both examples are presented in Table 2. The minimal legal requirement is represented
in the diagrams by the first column from the left, denominated TSG4. The second two columns represent the
maximum solar potential for the selected building on the site taking into account the TSG4 restrictions and
omitting the influence of the surrounding buildings. The last two columns represent the insolation with the
influence of the surrounding buildings (taking into account the TSG4 restrictions). In both instances the
results are presented separately for the façades and the façades with roofs. The comparison between the two
calculated sets of results enables the evaluation of the influence of the surrounding buildings on the received
solar exposure of the studied building. In case of Example 1 building we can see that the minimal
requirements of TSG4 are exceeded in all three days and that the surrounding buildings have a relatively
small effect on the actual achieved insolation of the envelope. A different situation can be observed in
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Example 2 building were we can see that minimal requirements are not met during December 21 st and are
just met during March 21st (it is exceeded only by 1 percentage point) if the roof is also included (Table 2).
4.2. Longitudinal apartment blocks – Examples 3 and 4
The second most common type of residential buildings in Slovenia is longitudinal apartment blocks
represented in this study by two examples. In the case of Example 3 the buildings are oriented in the
direction north-south with dimensions of 140 by 11 m and height of 18 m. The buildings have flat roofs. The
distance between the buildings in all directions is 30 m. The buildings in Example 4 have their major
orientation offset by 15° from the south and are 37 m long, 12.5 m wide and 24 m high. They have flat roofs.
The distance between the buildings in east-west direction is 13.2 m (Table 3). The solar exposure calculation
in both examples took into account east, south and west façades as well as the roof. The layout density of the
Example 4 is extremely high, with an FSI of 3.09, while Example 3 has a FSI of 1.33.
Tab. 3: Idealized geometrical model and results of the simulations for Examples 3 and 4 (longitudinal apartment blocks).

GEOMETRICAL MODEL

RESULTS

Example 3
Latitude: 46°03’N
Longitude: 14°51’E
FSI: 1.33

Example 4
Latitude: 46°05’N
Longitude: 14°51’E
FSI: 3.09

From the diagram presented in Table 3 it can be observed for Example 3 building that the minimal
requirements of TSG4 are not met during the 21 st of March. On this date the actual insolation is 25
percentage points lower than the minimum requirement in the case of solar potential calculation and also in
the case of actual situation when only façades are considered. When the influence of the roof is included, the
requirement is only just met. Identical values for solar potential and actual situation on the site (Table 3)
show that the buildings in Example 3 have adequate spacing and do not cause excessive mutual shading. The
influence of the roof is more significant than in the previous cases, partly due to the building geometry and
partly due to façade orientation. In the case of building in Example 4 it is inadequately insolated during
December and March 21st, even if the influence of the roof is considered. During the 21st of June the building
exceeds the minimal requirements only by 2 percentage points in case when the façades and the roof are
considered. The mutual shading of the buildings in Example 4 strongly reduces their solar potential.
4.3. Perimeter apartment blocks – Example 5
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Example 5 building represents the perimeter apartment block type of building with dimensions of 105 by 75
m and the height of 18 m. The building’s longer façades are facing east and west, the roof is flat. The inner
court has dimensions of 81 by 51 m (Table 4). The distance between neighbouring perimeter blocks is 16 m.
The FSI is 2.04. The solar exposure calculation took into account all of the façade surfaces as well as the
roof, with the exception of the north oriented façades. Due to the building dimensions, layout configuration
and relatively close proximity of surrounding buildings, low insolation values are expected during winter.
The results of the calculations for Example 5 presented in Table 4 show that the building in question is not
adequately insolated if the influence of the roof is not included. On the 21 st of December the actual insolation
is 9 percentage points and on the 21 st of March it is 19 percentage points below the TSG4 requirement. In
case of the 21st of June the requirement is exceeded by 1 percentage point. When the roof is considered, the
requirements are fulfilled during all critical days, when the results exceed the minimum requirements in the
span of 10 to 30 percentage points. A relatively small difference between the results of potential and actual
situation indicates that mutual shading has little influence. In this case the shape of the building is the
prevailing factor. Detailed analyses show that shading is not equally distributed, but mainly occurs on the
street facing façades. Although the street façades have larger potential, this is nullified by the shading of
neighbouring buildings. The overall favourable result is therefore the result of well insolated courtyard
façades.
Tab. 4: Idealized geometrical model and results of the simulations for Example 5 (perimeter apartment blocks).

GEOMETRICAL MODEL

RESULTS

Example 5
Latitude: 46°06’N
Longitude: 14°51’E
FSI: 2.04

Tab. 5: Idealized geometrical model and results of the simulations for Example 6 (apartment towers).

GEOMETRICAL MODEL

RESULTS

Example 6
Latitude: 46°04’N
Longitude: 14°51’E
FSI: 1.46
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4.4. Apartment towers – Example 6
Apartment high-rise towers are the building type studied in Example 6. They are organised on an irregular
grid spatial plan with the major orientation offset 16° from south. The floor plan dimensions of the buildings
are 14 by 20 m, while the height is 33m (Table 5). The smallest distance between the buildings is 41 m in the
east-west direction and the FSI is 1.46. The solar exposure analyses took into account east, south and west
oriented façades and roofs.
As in the case of Example 5, also here the studied building is inadequately insolated on the 21 st of December
and March. Without the influence of the roof the façade envelope solar exposure is 14 percentage points
below the minimum requirement. If the influence of the roof is included into the calculated results, the TSG
requirement is exceeded by 4 percentage points during December, but is still inadequate during March (Table
5). In the presented example the insolation during winter months is strongly influenced by mutual shading
between the buildings. This can be observed if the values of potential and the actual insolation are compared.
On the other hand, the inadequate insolation during spring and autumn months is the result of the shape and
orientation of the buildings. The problem of this layout is unfavourable orientation of the major façades.

4.5. Mixed building type – Example 7
The mixed type of building site layout is represented in Example 7, where new high-rise residential and
commercial buildings are planned to fill the void left by demolished industrial buildings. New buildings will
be surrounded by existing family houses to the north end and residential apartment blocks on the east and
west side of the site. The major orientation of the layout is offset by 26° from the south direction toward east.
The high-rise buildings are organised on the principle of a regular grid of residential towers placed on lower
commercial bases (Table 6). The tower floor plan dimensions are 14 by 19.5 m, while the height varies from
45 m to 63 m, and the analysed tower is 57 m high. The smallest distances between the towers are 15.8 m in
the north-south direction. The tower bases have an average floor plan dimension of 30 by 34 m and a height
of 9 m. The FSI of Example 7 building is 3.12. All of the façade surfaces with the exception of the north one
were included into the calculation of the solar exposure of the building. The new development is quite high
and will presumably have influence over a large area. That is why in this case we analysed one of the
residential buildings situated north of the new development (Table 6).
The residential tower in Example 7 is inadequately insolated during 21st of December and March, regardless
of whether the influence of the roof is included or not (Table 6). During winter the solar potential of the
building is 30 percentage points higher than the minimum requirement. But the actual state is 51 percentage
points lower than the solar potential and 35 percentage points lower than the TSG4 requirement. The
situation in the case of the tower base is, as expected, even worse. Although the bases have a high solar
potential due to the large roof area, this is dramatically reduced by the influence of shading from the
surrounding apartment towers. The minimal requirements are not met in any of the cases (Table 6). As in the
case of the towers, the detached house situated north of the new development is inadequately insulated
during the 21st of December and March (Table 6). The actual received insulation is extremely low during
December, as it is 85 percentage points lower than the potential, including the influence of the roof. The
analysis of the performed calculation results showed that practically the entire shading is accounted for by
the new development. From the performed calculations we can conclude that at least from the standpoint of
the availability of solar radiation the proposed development is extremely bad. The question that arises is not
only how to reach nZEB in cases like these, but also how to ensure healthy and quality living conditions to
residents in the influenced areas.
5. Discussion and conclusions
In Slovenian traditional settlements solar exposure was one of the most important design factors (Kristl and
Krainer, 2005). The presented overview of the typical post WW II. building layouts shows the complexity of
ensuring adequate insolation according to the requirements of TSG4, which are not merely technical but
extend to other areas as well. On the basis of the above presented examples it is possible to divide the factors
that influence the amount of insolation on the building envelope into two groups: the influence of the
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surroundings and the influences of the building morphology. The most decisive factor among the influences
of the surroundings is density of the layout (distance between the buildings and their height) and geometry
(site layout), assuming that we neglect the impact of the terrain. Influence of the building morphology
depends on the shape (articulation, indentation of the building envelope) and orientation (solar exposure) of
the specific surface.
Tab. 6: Idealized geometrical model and results of the simulations for Example 7 (mixed building type).

GEOMETRICAL MODEL

RESULTS

Example 7 - tower
Latitude: 46°04’N
Longitude: 14°49’E
FSI: 3.12

Example 7 – tower base

Example 7 – existing house

The results show that layout density and building orientation in general had the most important impact on the
insolation. Diminishing the distances among buildings causes non-linear increase of mutual shading, due to
shadows cast by the neighbouring buildings, which can be seen in the comparison of FSI and insolation of
the building envelope in Figure 1. Generally speaking, Example 1 is an example of good urban planning,
where low FSI results in adequate insolation, especially on the southern oriented façades. While high FSI
values in Examples 4 and 7 resulted in insolation values far bellow minimum requirements placed by the
TSG4. The unfavourable results of such cases are a combination of three influential factors; building
orientation and geometry cause low potential insolation; high layout density further deteriorates the situation
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with year-round shading. The impact of high FSI values was also emphasized by Kanters et al. (2014).
Therefore tendencies of municipal policies to increase the density of urban areas should be examined with
great care. The geometry of building becomes an important factor when buildings have distinctly
longitudinal forms (e.g. Example 3 and 6). The Effect of layout geometry in the analysed cases proved to be
minimal. However, this aspect should be analyses further and in more detail. The last influential factor is the
impact of shading due to the shape of the building itself. Its impact showed to be relatively small compared
to other influential factors. However, due to a range of possible building forms its effect should be assessed
for each case individually.

Fig. 1: Comparison of FSI and insolation time of all seven examples on the 21st of March. The TSG4 minimal requirement is
denominated by the dotted line.

The study showed that the existing layouts are not as problematic as had been expected, provided that the
buildings’ height and urban density are kept at relatively low values (i.e. FSI < 1.50). Here again parallels
can be drawn with the conclusions by Kanters et al. (2014). If the basic principles of good practice (e.g.
appropriate orientation of building) are combined with low urban density we can presume that buildings will
be adequately insulated according to the TSG 4 criteria. However how to achieve higher density and achieve
good insolation is still an open debate.
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Abstract
Despite all the available solar technologies, solar energy systems are still not used enough in cities today.
Two IEA SHCP projects, “Task 41: Solar Energy and Architecture” and Task 51 “Solar Energy in Urban
Planning”, were initiated to face and help overcome the various barriers slowing down the spread of active
solar technologies in architecture (mainly photovoltaics and solar thermal). One of the main barriers is the
low number of products conceived for building integration, and the related lack of knowledge among
building professionals. A website has been set up in order to address these issues by presenting on one hand
the innovative solar products available on the market today and, on the other hand, the information needed to
optimally integrate them in the architecture of a building. The design of the website has been conceived to be
ergonomic and attractive to architects and their clients, and is structured around the three main active solar
technologies: photovoltaics, solar thermal and hybrid systems. By choosing a specific technology and
integration approach (roof, façade, balcony…) the user gets access to a selection of appropriate products,
presented in the form of synthetic A4 sheets. These sheets include architect oriented information, contact
details and pictures, both on the product alone and situation examples in buildings. The website is completed
by a set of architects’ oriented documents on the specificities of the different technologies, available for
download in the related sections
Keywords: solar energy, architecture, integration, product, website, integrability

1. Introduction
Despite all the available solar technologies, solar energy systems are still not used enough in buildings today.
One of the main reasons lies in a general architects’ reluctance to integrate such systems in their projects.
This reluctance comes from several factors: lack of architects’ knowledge in the field, lack of simple
dimensioning tools for the early design phase, administrative hurdles and, last but not least, lack of adequate
offer in market products designed for building integration, especially for solar thermal[1].
The IEA SHCP project “Task 41: Solar Energy and Architecture” was initiated to face and help overcome
these various barriers. The work was articulated into three subtasks, one on the specific solar technologies
integration issues (STA), one on tools for architects (STB), and another one on case studies (STC). The
project of establishing and maintaining a public website was started within Task 41, and is presently taken
over by Task 51.
2. Website intents and ergonomics
The website described in this paper was developed with the intent to address on one hand the lack of
architects' knowledge on active solar technologies (technical specificities, integration issues, architectural
possibilities,..)[2,3], and on the other hand, the difficulty to find building oriented products, still very rare in
the market today [4,5.]
To tackle the lack of technical knowledge, the website provides simplified information on the use of solar
energy in buildings, on the specificities of available active technologies (photovoltaics, solar thermal,
hybrid), and a set of architectural integration guidelines (excerpts from Task 41 deliverable DA2: Solar
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The option is open to download all sheets (“ALL”) or just a subset by clicking the relevant ones. The pdf
format of the sheets makes them readable on all media, including tablets like iPad for instance, while keeping
the file size limited (under 400Ko).
6. Conclusion
The presented website, developed within Task 41 and further operated within Task 51, represents a
significant result of IEA SHCP common work. By addressing major barriers to the use of active solar
technologies, this site should improve architects' knowledge and increase their willingness to use solar.
Complemented by the Task 41 and Task 51 other publications and references [6,7,8,9], this represents a
complete and up-to-date source of information for the successful integration of solar energy in buildings and
cities.
7. Acknowledgements
Authors would like to thank all Task 41and Task 51 colleagues for their contribution in collecting
information on innovative products as well as for comments and suggestions on the website design.
Thanking goes also to the Swiss Federal Office of Energy for financing the Swiss participation to the IEA
Tasks 41 and 51.
8. References
1. Report T.41-DA.1 Building Integration of Solar Thermal and Photovoltaics – Barriers, Needs and
Strategies:
http://task41.iea-shc.org/data/sites/1/publications/T41A1_Survey_FinalReport_May2012.pdf
2. Report T.41-DA.2 – Solar energy systems in architecture - Integration criteria and guidelines:
http://task41.iea-shc.org/data/sites/1/publications/T41DA2-Solar-Energy-Systems-in-Architecture28March2013.pdf
3. Munari Probst MC, Roecker, Architectural integration and design of solar thermal systems, EPFL Press
PPUR / Routledge Taylor and Francis group, Nov. 2012, ISBN 9 780415 667913
4. Report T.41-DA.3–1 Designing Solar Thermal Systems for Architectural Integration
http://task41.iea-shc.org/publications
5. Report T.41-DA.3–2 Designing Photovoltaic Systems for Architectural Integration
http://task41.iea-shc.org/publications
6. Farkas K, Munari Probst MC, Horvat M, Barriers and needs for building integration of solar thermal and
photovoltaics, in Proceedings Eurosun 2010, Graz, Austria 2010.
7. Munari Probst MC., Roecker C., Towards an improved architectural quality of building integrated solar
thermal systems (BIST), in Solar Energy (2007)
8. Innovative Solar Products for building integration Tasks 41&51website:
http://solarintegrationsolutions.org/
9. Task 51 website:
http://task51.iea-shc.org/

293

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 - 19 September 2014

Comparative Performance of BAPV Systems in Scotland: 4 Case
Studies with Differing Energy Contexts
1

Colin D. A. Porteous and Janice A. Foster
1

1

Mackintosh Environmental Architecture Research Unit, The Glasgow School of Art, Glasgow

Abstract
The paper compares the performances of four building-added photovoltaic (BAPV) systems, one located in a
North-East maritime location, one in a North-West maritime location and two in East Central Scotland. Each
BAPV system will be described within the overall energy context of its host building, all with varying
functions – a refurbished further education campus, a new-build community centre, bespoke new offices and
an existing factory and company headquarters. The last two are concerned with solar branding, while the first
two place BAPV discreetly within a wider energy strategy that exploits solar energy thermally by various
means, some less directly than others. The paper confirms respectable outputs from each of the PV arrays,
ranging from 705 to almost 900 kWh/kWp, but with varying output significance, partly due to PV array area
and configuration range from 72 to 647 m2, relative to the overall energy demand.
Keywords: BAPV comparative performance; Scottish case studies; solar thermal context.

1. Introduction
The comparative performance of building-added photovoltaic (BAPV) systems in Scotland seems selfexplanatory, but ‘differing energy contexts’ require explanation. Of the four case studies assessed, two set
their photovoltaic (PV) arrays within an overarching design strategy that exploits solar energy in a number of
ways, essentially in terms of heat and light in such a way as to engender a holistic ‘environmental
architecture’. One of these buildings is a new-build community resource, Sporsnis in the township of Ness
on the Island of Lewis, and the other a retrofit of a 1970s Further Education (FE) campus, Banff and Buchan
College, in Fraserburgh, a northeast coastal fishing town. The complementary solar techniques used in
addition to BAPV arrays include active solar thermal (Ness only), enhanced day-lighting, ground heat (heat
pump at Ness and air-preheat labyrinth at Fraserburgh) and solar-assisted roof vents (Fraserburgh only). The
BAPV and associated solar features are visually discreet in both cases (Figures 1a - b and 2a - b). In other
words, a passer-by would be unable or unlikely to notice them. By contrast, the other two projects, new-build
bespoke offices at Bilston to the south of Edinburgh and a retrofitted factory and company headquarters
(HQ) in Inverkeithing, Fife, use the visual dominance of BAPV as part of their corporate promotion. They
have fewer other features of renewable energy significance. However, the placing of BAPV at Bilston means
that office windows face north and west, hence mitigating solar overheating (Figure 3); while existing rooflighting at Inverkeithing regulated the location of the added BAPV arrays (Figure 4). Although Scotland is a
relatively small country, with a temperate, marine-influenced climate, the four case studies also vary
significantly in terms of their geographical context, and hence each has distinct climatic nuances.
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Figure 1a: External view of new-build community resource,
Sporsnis, Ness, Isle of Lewis. Solar PV array, solar thermal
and rooflights visible from higher ground near the site.

Figure 1b: Roof of new-build community resource, Sporsnis,
Ness, Isle of Lewis, indicating building added PV, solar
thermal and rooflights.

Figure 2a: External view of Banff and Buchan College,
Fraserburgh. Solar installation not visible from ground
level.

Figure 2b: Solar PV on the roof of Banff and Buchan College,
Fraserburgh.

Figure 3: PV clad south facade at Survey
Solutions Ltd., Bilston Glen, Loanhead,
near Edinburgh – office windows on north
and west façade shielded.

Figure 4: Building added PVs mounted either side of roof lights on roof of
Muir Group HQ, Inverkeithing, Fife. Roofscape is visible from the road
(position of the photographer).
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2. Aim
a) To compare the PV performance in the varying building-added contexts of four case studies, each
different building types in differing regional locations, by means of: firstly annual output in kWh/kWp;
secondly in kWh/m2 of net PV collection surface; thirdly, total annual output (kWh) relative to total electric
demand (approximate demand in two of four cases).
b) To compare the overall energy contexts for the BAPV, elaborating on solar-thermal (some less direct than
others) and day-lighting strategies in two of the case studies per Introduction.
c) To compare practical constructional issues associated with the BAPV arrays in each case.
d) To compare the functional and/or aesthetic intentions in each case, and discuss relative success of such
intentions for each case study.
3. Technology and Design Intent
3.1. Sporsnis Ness Community Facility, Isle of Lewis by Anderson Associates Ltd, Stornoway
Sporsnis is a community-cum-sports centre, which has been grafted on to the existing Lionel primary and 2year secondary school in Ness. The principal accommodation is a 27 x 18 m multi-purpose hall, the long axis
aligned 10º south of due west and north of due east (approximately WSW to ENE), the ridge of its 26.6º
pitched roof aligned in this direction so that its southerly face is oriented 10º east of due south. Also since the
apex internally is some 11.0 m high, and the ridge of the parallel block of the existing school is
approximately 2.7 m lower and 27 m to the south, the roof of the new hall is unshaded even at the winter
solstice. Further, the roof slope is simply continued downwards to enclose a viewing gallery at first floor
level and ancillary accommodation at ground level. Advantage has been taken of this form and alignment to
mount 72.36 m2 net area of PV panels on the SSE surface, as well as a smaller solar thermal array. The
functional design strategy might appear to be somewhat compromised by a roof pitch that is 12º lower than
normally recommended for optimising PV at this extreme UK location – 58.5ºN, but a high proportion of
diffuse solar irradiation from the sky vault is relevant.
The solar installation comprises 60 BP Solar
BP5170S 170 Wp (10.2 kWp total), high efficiency
mono-crystalline modules, each with a net PV
surface area, excluding frames, of 1.206 m2. These
are fixed to the upstand seams of a proprietary
metal roofing system, thus enabling a cooling air
circulation behind the panels. There are three Sunny
Boy inverters. Monitored data was available for
four years commencing 08/01/2008 (see 4. Results
and Discussion). Although only visible from certain
viewpoints higher up on the site, the solar PV array
is visually integrated with two rows of roof-lights
(the latter mirrored on the northerly face of the
roof); one close to the apex of the hall, the other
above the first floor gallery adding light to the hall
via viewing windows (Figure 5). A bowling alley to
the west of the hall is also naturally lit from above.
This tactic both utilises the passive solar resource of
daylight to displace electricity for artificial lighting,
and provide a means of exhausting vitiated air (or
smoke) naturally by combined thermal buoyancy
and wind pressure (supplemented by two
mechanical extracts). Another less direct
exploitation of solar energy is the use of two ground
source heat pumps for heating (solar energy having
a delayed impact on ground temperature, which
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Figure 5: Internal view of first floor gallery, roof lights
provide daylighting to gallery and ground floor. The
windows on the right allow borrowed daylight in to the main
hall.
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assists winter performance). The required electricity is partly resourced by the PV and partly by two 6 kW
Proven wind generators sited to the north of the complex. The latter together have averaged over 24,000
kWh each year from January 2010 to January 2013 – more than two and half times more than the PV (see 4.
Results and Discussion), with a symbiotic supply-demand relationship. Overall, the compact nature of the
plan and sectional form adopted relative to the existing school has undoubtedly contributed to keeping the
overall demand for space heating low, with the encircling ancillary accommodation effectively buffering the
much larger volume of the main hall. Since many of the activities taking place inside are energetically
vigorous in conformity with the project’s mission strap-line ‘building a healthy lifestyle for all’, comfort airtemperatures will be relatively low and low-temperature radiant heating is an ideal source. Ground source
heat pumps are not only well suited to such heating, their coefficient of performance (COP) inherently
minimises the power required to meet the demand. Doing without mechanical ventilation or artificial cooling
in all main spaces further limits power demand, as does the strategy for natural daylight. In other words the
roles of solar energy – in its visually overt active and passive forms, plus its invisible ground-heat and
indirectly as a wind force – together make a strong contribution to the social, environmental and economic
sustainability of Sporsnis.
3.2. Banff and Buchan College, Fraserburgh, by Comprehensive Design Architects (CDA),
Glasgow
An important aspect of the architectural result for CDA was to present a smart, 21st Century public image.
This was done by stitching together a series of shabby, windswept 1960s-1970s buildings on an exposed
northeast Scottish site with a new, sleek public façade; its impact heightened by a projecting canopy
announcing the entry leg of a T-shaped and light-filled atrium. The Solyndra 100 PV array is neatly
concealed on top of the roof of this due north-south leg. It is a completely new concept, with 15 mm diameter
tubes of thin-film PV round the entire circumference, contained in 20 mm diameter horizontal glass tubes
aligned north-south in 101 racks, with 40 tubes per rack and mounted above a reflective flat roof. In addition
to invisibility from ground level, the roof membrane is not pierced by fixings – the PV offers so little wind
resistance gravity is adequate to hold the racks in place. This is clearly a major advantage, especially for
retrofits of flat-roofed buildings, and offsets the less than optimal geometry of the PV collecting surface and
some overshading by high parts of adjacent accommodation. Indeed, the departure from a flat surface that is
optimally oriented and tilted seems to defy functionalism. However, in Scotland, much of the useful radiation
falling on collector surfaces is in any case diffuse, and, seen literally in this light, the idea of maximising
reflected irradiation from the roof surface has a logic. Such logic would nevertheless make the task of
calculating the peak capacity significantly harder than normal. However computed, the Solyndra installation
was intimated to the architect and client at 20.2 kWp with a predicted annual output of 16,000 kWh or 792
kWh/kWp at design stage (see 4. Results and Discussion).
There are two other notable renewable energy systems. Firstly, small integrated PV cells on roof-mounted
wind catchers automatically operate an exhaust fan above motorised control dampers if the air quality in
deep-plan rooms below without openable windows falls below a satisfactory level. For example, this might
occur in calm, sunny weather, when the combination of thermal buoyancy and wind pressure is inadequate to
exhaust enough air naturally. Typically, one catcher serves a 25-person training room. Secondly, a less
direct solar application is using the energy absorbed at a 1.5 m depth in the ground to temper a 16,000 m 3/h
supply to the large volume of the atrium. This is a Rehau Awadukt 42 x 30 m underground labyrinth
‘thermo-grid’ ground-to-air heat exchanger, with the inlet some distance away across a playing field. It is
designed to pre-warm outside air by up to 9 K (ºC) in cold weather and cool by as much as 14 K in warm
weather. Although the fresh air is introduced to the atrium with the help of a fan, it leaves naturally via highlevel windows opened by electric actuators. As a consequence of this dual solar-assisted ventilation strategy,
there is very little reliance on artificial cooling within the entire complex. What is very visible, and critical to
the viability of this substantial upgrade, is the light-filled atrium. In particular, the air quality in the atrium
with its continuously fresh air supply system was perceptually excellent, as was the quality of natural light
provided by a fairly modest area of fenestration. Although its preheated/precooled air system and artificial
lighting are environmentally superior, this floor-heated college hub (Figure 6a) nevertheless bears
comparison with the overtly functional activity space at Sporsnis (Figure 6b). And although the PV array’s
output is small relative to the inherently large electricity loads of machines and catering in this a vocational
facility, its innovative potential is high and can certainly make a useful contribution in relation to smaller
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electrical loads within the control of the architect. For example, the artificial lighting in the atrium is
carefully designed to maximise reflected light from the ceiling as is the natural daylight.

Figure 6a: Internal view of Banff and Buchan College,
daylit using high level clerestory (right of image) and
glazed façade.

Figure 6b: Internal view of the main hall at Sporsnis. Borrowed
daylight from the first floor gallery enters the hall through high
level glazing (left of image). While the roof lights allow natural
daylight. (The daylight sensing for the artificial lighting system
was still to be commissioned at the time of the photograph).

3.3 Survey Solutions Ltd, Bilston Glen, Loanhead, Midlothian by JGM Engineers/Sustainable
Renewable Technologies (now JGM Renewable & Energy Solutions Ltd.)
At Bilston, the image for this commercial building within an industrial estate is bound up with the formal
potency of the pyramid (with its metaphysical associations). The entry and two vertically fenestrated office
façades are carved out of the northwest quadrant, and the PV an overt visual message, cladding the entire
sloping equilateral triangular façades orientated east and south – simultaneously converting the sun’s energy
to electricity and avoiding solar overheating of both the PV and the interior on these two elevations.
Together, the pyramidal form and its highly visible PV cladding provide a strong branding message. The
removed northwest quadrant then allows vertical triangular fenestration, one facet to the north and the other
west, but partially self-shaded, while the remaining triangles of sloping roof covering to north and west (each
one eighth of the total pyramid) are opaque.
To assist in the efficiency of the panels themselves, they are mounted above trapezoidal metal cladding, with
air circulating upwards in the space within the troughs behind the PV. A practical problem with this
geometry was that all triangular panels adjacent to the ridges had to be blank, since it was not possible to cut
toughened-glass PV panels. A 'cherry-picker' was used to facilitate fixing of the panels, using special
'Metasol' aluminium clamps, overall quite a challenging construction process given the geometry of the
building. The number of full panels, JT250 SBb mono-crystalline panels by Jetion Solar, is 192, each with a
net PV surface area within the frames of 1.559 m2, totaling 299 m2. Four Danfoss inverters were used,
giving a proportion of 48 panels per inverter. The roof pitch according to elevations drawn up at the time of
building is approximately 50º from horizontal, thus steeper than ideal for due south for PV at this location at
56N latitude, as well as for the east-facing surface (Page and Lebens, 1986; Thomas, 2001). The total annual
predicted electrical output at design stage was over 41,000 kWh, with a total capacity estimated as 48.25
kWp. However, this was based on 193 panels, rather than the 192 installed, each at 0.25 kWp. The system
was commissioned by 1st August 2012.
3.4 Muir Group HQ, Inverkeithing
In this last case study, there is, as at Bilston, an issue of overt visibility of the PV arrays in order to convey a
company message. But in this case there is also no architectural form-making involved, the placing of the
panels following a completely commonsense rational approach. Here 400 Hyundai mono-crystalline type 1
panels are mounted in 20 arrays, each with 20 panels, in between strips of existing translucent corrugated
roofing that help to illuminate the main factory space of the Muir Group's complex. The southern-tilt is

298

Colin D. A. Porteous / EuroSun 2014 / ISES Conference Proceedings (2014)

relatively shallow at approximately 22.5º, with orientation approximately 4.5º east of due south. There is
some winter shading from woodland to the southwest on ground that rises above the main road, from the
verge of which it is possible to look down on to the roofscape of the factory. In this case the arrays are
mounted on horizontal rails fixed to the projecting trapezoidal seams of the existing industrial metal roofing,
hence providing similar ventilation behind the panels to those in Ness and Bilston. Each panel is 250 Wp,
providing a total of 100 kWp and a net PV surface area of 646.8 m2. The Muir Group’s straightforward
system has a single Eltec inverter (cf. four Danfoss inverters at Bilston and one at Fraserburgh). As much as
possible of the electricity generated is used directly in the factory, where electrical demand is normally
considerably greater than maximum output from the PV, with an average of approximately one sixth
contribution to demand expected over a year.
4. Results and Discussion
This section addresses each of the aims. Key data is summarized in Table 1 below:

Table 1: Summary of PV Performance Data for Four Case Studies

Project

Latitude

PV Type

(°N)

Capacity

PV
Area*

Annual
Yield

Annual Yield

(kWp)

(m )

(kWh/kWp)

(kWh/m PV)

2

2

Sporsnis, Ness, Isle
of Lewis

58.5

BP Solar
BP5170S

10.20

72.4

893

126

Banff and Buchan
College, Fraserburgh

57.7

Solyndra

20.20

189.6

836

90

Survey Solutions
HQ, Bilston,
Loanhead

55.9

Jetion JT250
SBb monocrystalline

48.00

299.0

741

119

Weir Group HQ,
Inverkeithing, Fife

56.0

Hyundai monocrystalline type
1

100.00

646.8

705

109

18.38

918

*Net surface area of photovoltaic cells within enclosing frame.

The output results in Table 1 require further explanation. The output for Sporsnis, Ness, is based on the
annual average of four years data from January 2008 to January 2012 (9,109 kWh) ranging from 9,240 to
8,932 kWh. The equivalent annual output at Banff and Buchan College in Fraserburgh, is based on 18
months data from March 2011 to September 2012, totaling 27,133 kWh. Unfortunately the total after one
year was not available, and therefore an annual estimate has been found by multiplying the 18-month total by
0.622; this factor based on theoretical monthly incident irradiation on a horizontal plane in Aberdeen (Page
and Lebens, 1986). The resultant 12-month figure of 16,877 kWh is comfortably, but not unreasonably,
above the predicted yield of circa 16,000 kWh. Then, there are two figures given for peak capacity, 20.20
kWp based on the total of 101 racks at 200 Wp per rack of 40 tubes approximately 1.0 m long, this figure
provided to the client by the installers; and 18.38 kWp based on a laboratory measured value of 182 Wp for a
single rack (Spitalny et al, 2013). The standard conditions described in the latter case are radiation of 1,000
W/m2, a cell temperature of 25ºC, with copper-indium-gallium-diselenide (CIGS) thin-film covered Solyndra
tubes mounted above a white polymer layer; CIGS a specific variant of the more generic CIS (Weller et al,
2010). The inner, thin-film covered tubes were measured on site at Fraserburgh – diameter 15 mm and net
length of each tube 996 mm. A highly reflective membrane was also tested by Spitalny et al and found to
increase efficiency by 9.8% over a 9-month period. If one assumes this percentage improvement were to be
maintained over a full year, it would increase the peak capacity to approximately 200 Wp. However, the
reflective ‘Solar White Sarnafil G410-20ELF’ membrane used at Banff and Buchan may not match the
‘Zeffle’ product used in Spitalny et al’s experimental set-up; and, whichever value is used for peak capacity,
the resultant annual output in kWh expressed per kWp is proportionately significantly greater than that per
m2 of net PV collection surface compared with the other three case studies. To complete the set, The Survey
Solutions HQ at Bilston, uses measured data from 31st July, 2012, to 5th August 2013, with a downward
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adjustment made for the extra 5 days to give a total of 35,557 kWh; and that for the Muir Group HQ in
Inverkeithing is for a single year measured from 13th July 2011, 70,500 kWh, this reportedly meeting 95%
of the expected output.
Although annual kWh/kWp values are commonly used as a performance indicator, the set of values in
column 6, Table 1, demonstrate that they can be deceptive, with the juxtaposition relative to that in column 7
for kWh/m2 in the case of Banff and Buchan appearing anomalous. However, if peak capacity is divided by
net PV area (column 4/column 5), the values for Banff and Buchan of 106.5 or 96.9 Wp/m2, like the kWh/m2
ratio (column 7), are significantly lower than the other three case studies: In other words, although the
Solyndra system, which is no longer available in the marketplace, offered distinct advantages for flat-roof
installations in that no fixings were required through the waterproof membrane, its yield per unit surface area
of thin-film PV is significantly lower than for flat, high-performance, crystalline panels. In the latter group of
case studies, it is also of note that the highest performing system was at the highest latitude (58.5°N). This
appears to confound expectation in a similar way to that found for solar heating (Porteous and MacGregor,
2005), but the high latitude provides long summer days, and the marine location will boost albedo to an often
diffusely radiating sky vault, this favoured by the relatively low pitch with zero over-shading from
obstructions. At the very least it indicates that solar collection by means of BAPV is not a lost cause in
Scotland. However, in absolute terms, with smallest array of the set of four buildings, it had the lowest
output at 9,109 kWh, while the factory, with a certain amount of over-shading at 56°N and 100 kWp, has
highest at 70,500 kWh. The latter was still only some 16% of the industrial electrical demand, while the total
at the FE campus (57.7°N), 16, 877 kWh is a token 1.4% of a very high overall demand of over 1,200 MWh
(80.5 kWh/m2 floor area), this reflecting heavy duty electrical equipment at the college. On the other hand,
this modest contribution may be meeting a large proportion of the loads attributable to the new atrium.
Table 2 includes additional columns compared with Table 1, indicating further variance in ranking of
performance. Firstly, expressing the peak capacity per unit area of PV, Banff and Buchan College’s
Solyndra system is now ranked last as in the final column of Table 1 (see also previous paragraph). However,
the ranking between Sporsnis, Survey Solutions and the Weir Group is different compared with the Annual
Yield (kWh) per unit area of PV (last column, Table 1). Secondly, the data in Table 2 uses a performance
ratio (PR) for comparison of each of the PV arrays. The reference yield defines the theoretical electrical
energy production for each array specific to its location, orientation and tilt where the total in-plane
irradiance (calculated using PVGIS) is divided by a reference irradiance of 1 kW/m2 (IEC, 1998). Dividing
the actual PV system yield by the reference yield gives the PR to allow comparison of system performance
(Marion et al, 2005). This method of analysis indicates the Solyndra system fares better with an average
rating of 0.72-0.79. The PV system at Sporsnis has an excellent PR of 0.92 despite its northerly latitude; and
the PV system covering two façades on the pyramid office building was found to have a poorer PR of 0.51;
the lowest of the four case studies. Although the actual yields were derived from different reference years,
the comparative results highlight an inconsistency with system performance using two different PV
performance indicator methods; thus supporting the requirement for development of a consistent
performance parameter for comparing PV systems (Marion et al, 2005).
Table 2: Summary of PV Performance for Four Case Studies

Annual Yield

PV System
Yield

Reference
Yield*

(Wp/m )

(kWh/a)

(kWh/kWp)

(kWh/kWp)

Sporsnis, Ness, Isle
of Lewis

140.9

9,109

893

968

0.92

Banff and Buchan
College, Fraserburgh

106.5

16,877

836

1160

0.72

96.9

16,877

918

1160

0.79

Survey Solutions
HQ, Bilston,
Loanhead

160.5

35,557

741

1440

0.51

Weir Group HQ,
Inverkeithing, Fife

154.6

70,500

705

993

0.71

Project

Capacity
2

Performance
Ratio

*Irradiance figures derived using Photovoltaic Geographical Information System (PVGIS) website (European Commission, 2001-2012).
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It is evident from above that energy contexts between the case studies are highly variable. While associated
solar techniques such as displacement of electrical lighting loads by day-lighting, pre-heating and precooling of air by means of solar tempered labyrinths, and so forth, may be considered as an intrinsic part of
good passive architectural design, applications of BAPV are inherently more controversial. Are they
investments, advertisements of an ethos, research experiments or a means of offsetting a significant
proportion of electrical demand? All of the above motives may come into play at different levels of priority
for clients in these cases, while, for architects, visibility is a key issue.

5. Conclusions
In general, the BAPV in the four different typological case studies, indicated creditable performance.
Although market forces intervened negatively, the lowest ranked and most novel application of Solyndra
thin-film CIGS applied to tubes in racks above a reflective membrane could theoretically have had
commercial advantage due to the lack of need for mechanical fixings. Results also indicate that the ratio of
peak capacity to PV surface area, together with electrical output in kWh per unit of PV surface area, are
more reliable as performance indicators than kWh/kWp and PR. The varying attitudes to solar visibility and
to BAPV inclusion within wider environmental design thinking are also noteworthy and indicative of strong
architectural diversity within a renewable energy spectrum.
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Abstract
Recently, hybrid photovoltaic solar thermal collectors (PVT) became a topic of many research projects
because of the possibility to gain heat and electricity simultaneously. PVT represents the alternative to PV
panels and solar thermal collectors in one device. The main goal of this study is to evaluate different
possibilities to integrate PVT collectors in an air to water heat pump system and to compare the results with
the combination of an air to water heat pump system together with a PV-system. Three different hydraulic
systems for the heating system integrated with PVT have been simulated in this study. The possible increase
of self-consumption and reduction of primary energy consumption by applying a special control to store
electrical energy as heat has been investigated. The effect of this control on the performance of the PVT
collectors has been determined. Full costs for the different heating systems were calculated.
Keywords: PVT, air to water heat pump, load shifting, PV, energy management, Demand Side Management.
1. Introduction
A recent research topic is the coupling of heat pumps with PV systems to reduce the primary energy
consumption for heating and to increase the self-consumption of the produced PV energy. It seems obvious
to use hybrid photovoltaic thermal solar collectors (PVT) in order to profit from PV energy to drive the heat
pump as well as to use the produced heat to increase for example the temperature at the evaporator of the
heat pump and therefore the system efficiency. To evaluate such system concepts a simulation study has
been conducted. An air to water heat pump combined with PV panels has been simulated and used as a
reference to evaluate the performance of the air water heat pump systems combined with PVT.
2. Simulation components
The dynamic simulation model in TRNSYS 171 consists of a single family house and a heating system. An
air to water heat pump (AWHP) is the main heat source in this study. The heating system utilizes a stratified
storage tank to supply domestic hot water, to decouple the heat pump runtimes from the building`s heat
demand and to store thermal energy generated from the PVT collectors (see figures (1-3) for schemes of the
systems with PVT). The AWHP system is complemented in the reference system by a PV system (the system
is realized analogous figure (1), whereby PVT is replaced by PV and therefore no hydraulic connection of
the modules is needed). Where in all systems the electricity produced is at first supplied to the household,
then to the heating system and at last to the electrical grid. The control strategy to store energy generated by
PV as heat, developed in Abdul-Zahra et al. (2014), has been implemented in the simulation. This control is
denoted in the latter as load shifting. Table 1 summarizes the boundary conditions of the simulation model.
It seems obvious to replace the PV panels in the reference system with PVT collectors, to not only generate
electricity but also heat, which can be used to increase the temperature at the evaporator of the heat pump or
1

http://www.trnsys.com
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to use the heat direct to cover the space heating and hot water demand.
Table 1: Assumed boundary conditions of the reference simulation model.

Reality / Assumed

Model in TRNSYS

Location

Würzburg, Germany

Meteonorm dataset

Building type

Residential building

Type 56

180 m²

Building model based on
(Faßnacht, 2015)

Heated living area
Yearly overall heat demand

9450 kWh/a

Total domestic hot water
demand

2050 kWh/a

Profile based on IEA Task
44 (Dott et al., 2012)

Occupancy

4 persons

Household electricity
consumption

4141 kWh

Profile based on VDI 4655
(VDI 4655, 2008)

1000 ltr. (Consolar Solus
II)

Type 340 (Drück, 2006)

8 kW (Dimplex
LA8PMS)

Type 401 (Wetter and Afjei,
1996)

Storage tank
Air to water heat pump

A further improvement by PVT is the increased generated electricity, due to the cooling of the solar cell1. In
general there can be distinguished covered and uncovered PVT collectors. Covered PVT is utilized with an
air gap and a glass plate above the solar cell to minimize convective heat losses and therefore to reach higher
collector temperatures. This set up has the disadvantage of lower PV yields, due to the optical losses caused
by the glass plate and the higher module temperatures. Uncovered PVT collectors are normally PV modules
equipped with a piping system and insulation on the backside. Due to the higher PV yield and the easy
realization and therefore cheaper costs of uncovered PVT, these collectors are at present the state of art.
Therefore in this study an uncovered PVT collector has been taken into account. The PVT collector has been
simulated with the TRNSYS Type 203, which has been developed by the ISFH Hameln (Germany) in the
Project Bi-SolarWP (Project BiSolar-Wärmepumpe). More information about the Type, which couples the
EN 12975 (DIN EN 12975-2, 2006) thermal collector and the EN 60904 (DIN EN 60904-8, 1998) PV
model, can be taken from Stegmann (2011). In this study a Solimpeks (Solimpeks Solar GmbH) Volther
PVT collector has been simulated. Table 2 summarizes important parameters of the PVT model taken from
the data sheets. To realize a fair comparison between the PV modules and PVT collectors, the PV system
was simulated with the same Type 203 and the same area and parameters, but without connection of the
hydraulic pipes and therefore no active cooling and thermal heat gains, as normal in PV modules. In all 4
systems an identical area of 23.8 m² (= 3.5 kWp PV power) has been simulated.
Table 2: Parameter of the PVT model.

Parameter

Unit

Aperture area

[m²]

Value
1.32

Conversion factor Ƞ (thermal)

[-]

0.67

[W/m²K]

11.4

Electric conversion factor

[%]

14.9

Pmax thermal

[W]

629

Heat loss coefficient a1

Pmax electrical
Temperature coefficient of the PV module
MPP voltage of the PV module

1

[W]

200

[%/K]

-0.5

[V]

36.8

The electrical energy generated by PV cells depends on the cell temperature of the panels. There is an inverse relation between the cell
temperature and the energy generated by the PV, where every Kelvin above the reference temperature of 25 °C cell temperature leads to
a decrease in the electrical energy generated by PV (Skoplaki and Palyvos, 2009).
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Open circuit voltage of the PV module

[V]

46.43

MPP current of the PV module

[A]

5.43

Short-circuit current of the PV module

[A]

5.67

3. System simulation
Three different hydraulic systems for the integration of PVT collectors into an AWHP system have been
simulated in this study and were compared to each other and the reference system AWHP+PV. In all cases a
total PV/PVT area of 23.8 m² was simulated. The generated electrical energy by PV/PVT is always supplied
to the household demand, then to the heating system and at last to the grid. Also in all cases the basic control
of the heat pump was implemented via standard hysteresis control, whereas the control for hot water
recharge is defined by:
 = ܲܪݑ1 IF ܶܵ1 < 52 °C − 5 K AND THEN UNTIL ܶܵ1 ≥ 52 °C

(eq.1)

and for space heating by
 = ܲܪݑ1 IF ܶܵ2 < ܶ ݐ݁ݏAND THEN UNTIL ܶܵ2 ≥ ܶ ݐ݁ݏ+ 3 K.

(eq.2)

Where TS1 and TS2 are measured temperatures in the storage tank (see figure (1)),  ݑthe control signal of the
heat pump (1 is ON, 0 is OFF) and Tset is the set temperature of the water supply to the building calculated
via the heating curve, where the heating curve is a nonlinear function of the ambient temperature. The
condenser pump (pump 1 in figures (1-3)) is operated always simultaneous to the heat pump.
To store electrical energy generated by PV/PVT as heat (load shifting) in all cases the following control has
been applied:
 = ܲܪݑ1 IF PVsurplus > ܸܾܲ AND ܶܵ2 < ܶ݉ܽݔ

(eq.3)

Where Tmax is the maximum allowed temperature in the storage tank while load shifting (in this study Tmax
was set equal to 62 °C) and PVb a boundary PVsurplus power at which the load shifting starts (in this study for
January, November and December PVb was set equal to 500 W, for February, March and October PV b to
750 W and from April to September to 1250 W). For more information about this control see Abdul-Zahra et
al. (2014).
3.1. System1 - PVT thermal energy supply to a stratified storage tank:
In the first system, as shown in figure (1), the thermal energy generated by PVT is supplied directly to a
storage tank along with the heat generated by the heat pump. A 1 m³ stratified storage tank has been used
(see table 1).
Grid
PVT
Household
electrical
demand

Inverter

AWHP

Ts1
V-1
Ts2

SH

ERH

V-2

Pump-2

TS3

Pump-1
Tamb

TCW

Control

Fig. 1: System 1: thermal energy generated by PVT is supplied to a stratified storage tank.

The following control strategy for the PVT system has been implemented:
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The solar pump (pump 2) will run to collect heat from the PVT modules when
்ܶǡ௨௧  ܶௌଷ  ͷܶ  ܭ்ǡ௨௧ ൏ ܶௌଷ  ͳܭ

(eq.4)

Where ்ܶǡ௨௧ is the outlet brine temperature of the PVT collectors and ܶௌଷ the temperature in the bottom of
the storage tank.
3.2. System 2 - PVT thermal energy supply either to the stratified storage tank or the heat pump:
In the second system the heat generated by PVT is either supplied to the evaporator of the heat pump or to
the stratified storage tank, as shown in figure (2). The goal hereby is to increase the evaporating temperature
of the heat pump and to cover a part of the heat demand directly with the generated heat of the PVT modules.
A brine/air cross flow heat exchanger to preheat the inlet air flow in the evaporator of the heat pump has
been used. Type 91 in TRNSYS 17 has been used for the simulation of the heat exchanger 1.
The heat from the PVT collector is supplied to the brine/air heat exchanger if
்ܶǡ௨௧  ܶ  ͷܶ݀݊ܽܭ̴்௨௧ ൏ ͵Ͳιܱܰݏ݅ܲܪ݀݊ܽܥǤ

(eq.5)

and then until
்ܶǡ௨௧ ൏ ܶ  ͳܶݎܭ̴்௨௧  ͵Ͳιܨܨܱݏ݅ܲܪݎܥǤ

(eq.6)

If the HP is OFF or ̴்ܶ௨௧  ͵Ͳιܥ, the thermal energy is supplied to the stratified storage tank if
்ܶǡ௨௧  ܶௌଷ  ͷܶ  ܭ்ǡ௨௧ ൏ ܶௌଷ  ͳܭǤ

(eq.7)
Grid

PVT
Household
electrical
demand

Inverter

V-4

AWHP with
HX

Ts1

V-1

Ts2
ERH

TS3

V-2

Pump-2

V-3

SH

Pump-1
Tamb

TCW

Control

Fig. 2: System 2: the heat generated by PVT is supplied either to the evaporator of the heat pump or to the stratified storage
tank.

3.3. System 3 - PVT thermal energy supply to a secondary storage tank:
The simulations of systems 1 and 2 has shown that the load shifting (run the heat pump, when PV surplus is
available) leads to a dramatic reduction of the efficiency of the solar thermal collectors due to an increase of
the operation temperature in the tank by the load shifting process. Therefore, in the third system, as shown in
figure (3), the heat generation by PVT is supplied to a secondary small storage tank (300 L) which is used to
preheat the domestic hot water before supplying it to the primary stratified storage tank (1000 L), and to
supply energy to the stratified storage tank, if the temperature in the top of the secondary storage tank is
higher than the temperature in the bottom of the primary storage tank. The goal hereby was to decrease the
operating temperatures of the PVT collectors and thus to increase the efficiency of the solar thermal
collector. For this system two pumps (pump 2 and 3 in figure (3); pump 1 starts always with the heat pump)
have to be triggered:
Pump 3 runs when

1
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்ܶǡ௨௧  ்ܶǡ௦௧  ͷܶ  ܭ்ǡ௨௧ ൏ ்ܶǡ௦௧  ͳܭǤ
Pump 2 runs when:
்ܶǡ௦௧  ܶௌ்ǡ  ͷܶ  ܭ்ǡ௦௧ ൏ ܶௌ்ǡ  ͳܭǤ

(eq.8)
(eq.9)

Where ்ܶǡ௦௧ is the temperature in the top of the secondary storage tank, ܶௌ் the temperature in the bottom
of the primary storage tank and ்ܶǡ௦௧ the temperature in the bottom of the secondary storage tank (see
figure (3)).
Grid
PVT
Household
electrical
demand

Inverter

AWHP

Ts1

V-1

Ts2
TPVT,st
ERH

TPVT,stb

SH

TSTb

V-2
Pump-1

Pump-3

Pump-2

TCW

Tamb

Control

Fig. 3: Third system: heat generated by PVT is supplied to a secondary small storage tank.

4. Full cost calculation
In order to compare the different heating systems full cost calculations for all systems have been performed.
The calculations were done based on the annuity method in VDI 2067 (VDI 2067, 2000). Tables (3, 4)
summarize the price assumptions of the components and energy.
Table 3: Assumed component prices.

Product

[Euro]

Storage tank (1 m³, all systems)

3000

Secondary storage tank (0.3 m³, system 3)

600

Heat exchanger (system 2)

300

1

PV total (€/kWp; ref. system)

1750

PVT (€/per collector; system 1-3)

400

PVT solar small parts

2
3

2464

Total investment costs system 1

35844

Total investment costs system 2

36201

Total investment costs system 3

36558

Total investment costs reference system

32305

Table 4: Energy prices, price increase rates and interest rates.

Energy Source
Energy price increase per year

Value
5%

1

Turnkey ready: Incl. inverter, assembly-kits, installation, according to (Harry 2014).
The small parts includes (solar station, connecting kit, 3-way changeover valve, solar control valve, expansion vessel, solar heat
transfer fluid, automatic air ventilation, inverter and installation).
3
The total investment costs include in all systems additionally the following parts: heat source completely (heat pump, control, etc.) =
8700 €, heat distribution= 5500 €, heating system installation= 3000 €, connection from the heat pump to the storage tank = 1800 €).
2
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Maintenance cost price increase per year

2%

Inflation rate

2%

Imputed interest

3%

VAT

19 %

Lifetime (year)

20

Electricity (€cent/kWh)
Electricity Feed-in (€cent/kWh), constant

25.7
15

5. Performance indicators
In order to evaluate the heating systems, different figures of merit were calculated based on the simulation
results.
5.1. Primary energy consumption and CO2-emission
Beside the full cost calculation, primary energy consumption and CO2-emission were the metrics to compare
the different systems. The primary energy factor of electricity was chosen to 2.6 and the CO2 factor to 0.617
[kg/kWh] according to EnEV 2009 and prEN 15203 [(EnEV 2009 (2009) and prEN 15203/15315 (2006)).
Electrical energy fed into the electrical grid has not been considered in these calculations. It is assumed, that
electrical energy fed into the grid is indirectly already reflected by falling primary energy factors for
electricity. The balance boundary of the calculations is the whole building and not only the heating systems.
Therefore, the calculated primary energy demands and CO2-emission are for the electrical household and the
heating demand.
5.2. Autonomy and Self-Consumption
To evaluate the effect of the load shifting and the hydraulic system, the autonomy has been calculated. The
autonomy is the ratio of the total locally used energy from PV panels to the total electrical energy demand in
the building (both household demand and heating):
σ ಽೌ

 ݕ݉݊ݐݑܣൌ  σ

(eq.10)

Ǥ்௧

Where el. Total is the total (electrical) energy consumption (for heating and the household) in the building.
The self-consumption is the ratio of the total locally used energy from the PV system (household demand
and heating system) to the total energy generated from the PV system per year.
݈݂ܵ݁ െ  ݊݅ݐ݉ݑݏ݊ܥൌ 

σ ಽೌ
σ 

(eq.11)

Where PVlocal is the energy consumption from local PV panels.
5.3. Seasonal performance factor
The seasonal performance factors (SPF) of the systems were calculated according to (Malenkovic et al.,
2012):
ܵܲ ܨൌ

ሺொೄಹ ାொವಹೈ ሻୢ୲
൫ா ାாಶೃಹ ା௨మ ା௨య ା௨భ ାாೝ ൯ୢ୲

Where
ܵܲܨ: Seasonal Performance Factor
Ehp: Energy consumption by the heat pump
EERH: Electrical resistance heater energy consumption
QSH: Space heating demand
QDHW: Domestic hot water (DHW) heating demand
EControl: Energy consumption by the control system and valves.
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6. Results
6.1. Primary energy consumption and CO2-emission:
In all systems the application of the control for load shifting has a significant effect on the primary energy
consumption, due to the reduced electrical energy demand from the grid (see figure (4)).1 The usage of PVT
collectors instead of PV panels can reduce the primary energy consumption (and CO2-emission) up to 4.5 %
without load shifting. However, this saving is reduced to 2.2 % when the control of load shifting is applied,
due to the increased operating temperatures of the storage tank, which led to reduced PVT thermal
efficiency. In system 1 for example without shifting 576 kWh thermal energy is delivered to the storage
tank, whereas with load shifting just 42 kWh can be delivered anymore. System 3 presents as the most
efficient hydraulic system for the integration of PVT. This is due to the relative low operating temperatures
of the PVT collectors, which can be achieved with the concept, which result in higher thermal and electrical
efficiency. With system 3, 1166 kWh thermal energy is supplied from the PVT collectors to the storage tanks
without load shifting and 990 kWh with load shifting. The effect of preheating air of the evaporator with heat
from the PVT collectors in system 2 was surprisingly low. Without load shifting the difference in primary
energy consumption of system 1 and 2 is very small. The thermal energy supplied directly to the storage tank
stays here nearly the same (571 kWh with system 2), additionally 429 kWh can be delivered to the heat
pump, but what only results in a 1.5 % increase of the SPF of the heat pump. Interestingly the achievable
effect is bigger, when the control for load shifting is applied. Admittedly now the direct delivered energy to
the storage tank decreases just as in system 1 to nearly zero (42 kWh), but 1842 kWh can then be delivered
to the heat pump. This is due to the fact that with load shifting the heat pump runs more often at the daytime,
whereby the thermal energy supply and the thermal energy demand of the evaporator of the heat pump fit
better together.
3750
PVT with shifting (system 3)

4000

4250

CO2 -emission [kg/a]
4500 4750 5000

5250

5500

5750

Primary energy consumption
CO2-emission

PVT with shifting (system 2)
PVT with shifting (system 1)
PV with shifting
PVT without shifting (system 3)
PVT without shifting (system 2)
PVT without shifting (system 1)

PV without shifting
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Fig. 4: Primary energy consumption and CO2-emission of the different evaluated cases.

6.2. Self-consumption and Autonomy:
Figure (5) depicts the effect of load shifting on the self-consumption and autonomy of the different systems.
In all 4 cases a clear benefit of the storage of locally generated PV energy as heat can be observed. The
individual differences between the systems are very small, this is due to the fact that the electrical generation
of all 4 systems is nearly the same (the best PVT system 3 generated just 1 % more than the reference system
with PV) and also the overall electrical demand of the buildings don’t differ in big magnitudes. Therefore
1

Note: If fed electrical energy into the grid would be taken into account in the primary energy calculation, it would
normally yield lower primary energy consumptions if all electrical energy is fed into the grid, due to the storage losses.
But the boundary condition in this study was set to the building and the goal was to reach maximum local consumption
of renewable energy.
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also the autonomy and self-consumption results in comparable numbers.
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Fig. 5: Self-consumption and autonomy of different heating systems.

6.3. Seasonal performance factor:
The results of the simulation show that the SPF of the heating systems with PVT is higher than the SPF of
the heating system with PV because of the additional heat generated by the PVT collectors (see figure (6)).
System 3 results in the highest SPF, due to the lower storage tank temperatures and therefore higher thermal
efficiency of the PVT collectors.
PVT with shifting (system 3)
PVT with shifting (system 2)
PVT with shifting (system 1)
PV with shifting
PVT without shifting (system 3)
PVT without shifting (system 2)
PVT without shifting (system 1)
PV without shifting
2.70

2.75

2.80

2.85

2.90

2.95

3.00

3.05

3.10

3.15

3.20

SPF_SHP [%]
Fig. 6: ۾܁۴ of the four systems proposed in this study.

The application of load shifting had a relative small effect on the SPF of the AWHP+PV system. Admittedly
the load shifting results in higher temperatures in the storage tank and condenser temperatures of the heat
pump, however in a lower runtime of the heat pump for hot water, due to the pre heating of the hot water in
the middle and lower parts of the storage tank. In the systems 1, 2 and 3 with PVT, the load shifting clearly
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leads to lower SPF values. This is caused by the reduced efficiency of the thermal collectors with the
increase of the operation temperature of the storage tank. When load shifting is applied, the SPF of system 1
with PVT and the reference system (AWHP+PV) is nearly the same. This is due the already mentioned
effect, that when load shifting is applied not much heat of the PVT can be supplied directly to the stratified
storage tank anymore, because of the higher temperatures in the storage. The PVT collector then works just
only as PV module.
6.4. Full cost calculation:
Full cost calculations of the 4 proposed heating systems were done based on the annuity method in VDI 2067
(VDI 2067, 2000). All the heating systems were realized with the same area of 23.8 m² PV/PVT. The cost
calculation depends on the assumed component and energy prices (see tables 3 & 4). For all 4 proposed
systems an economical benefit can be reached by the application of load shifting (see figure (7)). With in the
future further falling feed in tariffs for PV current, this benefit will get bigger. It can be seen in figure (7) that
in the reference system the biggest economical benefit can be achieved. This is due to the effect that loads
shifting in the PVT systems results in smaller heat gains of the thermal part of the PVT collector, what
restricts the overall benefit. Additionally to the full costs of the systems also the CO2-emission of the
individual case are displayed, so the full costs can be better classified.
When the systems itself are compared, an economical advantage of the AWHP+PV system over the 3 PVT
systems can be observed. This is due to 2 reasons: At first, the investment costs at present of the PVT
collectors compared to the PV modules are 57 % higher per kWp. And at second, the load shifting process as has been stated numerous times in this paper - minimizes the thermal input of the PVT collectors in the
systems. However, PV modules are an advanced industry product, where the PVT collectors are produced at
present in low quantities and therefore have more cost reduction potential. To get economically competitive
in the proposed applications, the prices for the PVT collectors had to fall to a level of 14 % above the PV
modules per kWp. Of the three PVT systems, system 3 is admittedly the system with the highest investment
cost, but presents in the full cost calculation as the cheapest system, because of the higher efficiency of the
system compared to the systems 1 and 2. Therefore if a system with PVT is realized, system 3 can be
recommended as hydraulic scheme for the realization.
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Fig. 7: Annuity costs and CO2-emission for the proposed heating systems.

7. Conclusions
In this study different possibilities to integrate PVT collectors in an air to water heat pump system have been
evaluated. The results of these systems have been compared to each other and to the results of an air to water
heat pump system combined with a PV system. A control to store local generated PV energy as heat (load
shifting) has been applied for all the systems. The results show, that the usage of PVT instead of PV panels
can reduce the primary energy consumption (2.2 % from system 3 compared to the reference, both with load
shifting). Whereby the effect of PVT is restricted by the load shifting control, due to the reduced thermal
efficiency of the PVT collectors with increasing temperatures of the storage tank. The results present system
3 with 2 as the most efficient hydraulic system of the three PVT systems. However, the differences between
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the systems are small. The full cost calculations show, that according to the current European market, using
(unglazed) PVT instead of PV panels in the presented framework is at present not economically justified.
However, if the prices of unglazed PVT would fall to a level of about 14 % above PV per kWp electrical
power, the PVT collectors become economically competitive in the proposed systems.
8. References
Abdul-Zahra, A., Faßnacht, T., Wagner, A., 2014. Thermal storage tanks and the building as storage for
locally generated renewable electricity, Gleisdorf SOLAR Conference 2014.
Drück, H., 2006. MULTIPORT Store - Model for TRNSYS Type 340. Version 1.99F. Universität Stuttgart,
Institut für Thermodynamik und Wärmetechnik.
Dott, R., Haller M., Ruschenburg, J., Ochs, F. and Bony J., 2012. The reference framework for system
simulation of the IEA SHC Task44/HPP Annex38: Part B: Building and space heat load. Technical
Report IEA-SHC Task44 Subtask C, www.iea-shc.org/task44.
EnEV 2009, 2009. EnEV 2009 - Energieeinsparverordnung für Gebäude. German directive.
Faßnacht, T., 2015. Moderne Regelungsansätze für Solarsysteme mit integrierter Wärmepumpe zur
Gebäudeheizung, PhD thesis (Manuscript; to be published), Universität Stuttgart.
Harry, W., 2014. Recent Facts about Photovoltaics in Germany. Fraunhofer Institute for Solar Energy
Systems ISE, Germany.
Malenkovic, I., Eicher, S. and Bony, J. 2012. Definition of main system boundaries and performance figures
for reporting on SHP systems. Technical Report IEA-SHC Task44 Subtask B, www.iea-shc.org/task44.
Project BiSolar-Wärmepumpe, Solare Gebäude-Wärmeversorgung mit unverglastem photovoltaischthermischen Kollektor, Erdsonde und Wärmepumpe für 100% solaren Deckungsanteil. ISFH Hameln,
http://www.isfh.de/institut_solarforschung/bisolar-waermepumpe.php (last accessed on 26.01.2015)
Standard DIN EN 12975-2, 2006. Thermische Solaranlagen und ihre Bauteile – Kollektoren – Teil 2:
Prüfverfahren, Deutsche Fassung EN 12975-2.
Standard DIN EN 60904-8, 1998. Photovoltaische Einrichtungen, Teil 8: Messung der spektralen
Empfindlichkeit einer photovoltaischen (PV) Einrichtung. Deutsche Fassung EN 60904-8.
Standard prEN 15203 / 15315, 2006. Energy performance of buildings - Overall energy use, CO2 emissions
and definition of energy ratings.
Solar Energy Laboratory, 2012. University of Wisconsin Madison: TRNSYS 17 – A Transient System
Simulation Program, http://www.trnsys.com.
Stegmann, M., 2011. PVT-Kollektormodell. Presentation in Workshop Project BiSolar-WP, Emmerthal,
20.03.2011. http://www.isfh.de/institut_solarforschung/files/03_bisolarwp_modellentwicklung.pdf (last
accessed 03.07.2014).
Solimpeks Solar GmbH. Effizienz im Doppelpack Gleichzeitig Wärme und Strom gewinnen.
http://www.stsol.de/downloads/volther-powervolt1.pdf (last accessed on 29.01.2015).
Skoplaki, E., Palyvos, J.A., 2009. On the temperature dependence of photovoltaic module electrical
performance: A review of efficiency/power correlations. Solar Energy 83, 614–624.
VDI-Richtlinie 4655, 2008. VDI 4655 Referenzlastprofile von Ein- und Mehrfamilienhäusern für den
Einsatz von KWK-Anlagen, Guideline, Verein Deutscher Ingenieure.
VDI-Richtlinie 2067, 2000. Economic efficiency of building installations - Fundamentals and economic
calculation, Guideline, Verein Deutscher Ingenieure.
Wetter, M., Afjei, Th., 1996. TNRSYS Type 401 Kompressionswärmepumpe inklusive Frost und
Taktverluste. Zentralschweizerisches Technikum Luzern.

312

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 – 19 September 2014

Fabrication and Characterisation of Slim Flat Vacuum Panels
Suitable for Solar Applications
1

1

2

2

3

Farid Arya , Trevor Hyde , Paul Henshall , Phillip Eames , Roger Moss and Stan Shire

3

1

Center for Sustainable Technologies, University of Ulster, UK

2

Centre for Renewable Energy Systems Technology, Loughborough University, UK
3

School of Engineering, University of Warwick, UK

Abstract
The concept of providing an evacuated space between two planar surfaces and exploiting its thermal
properties was initially proposed in 1913 for window applications in buildings (Zoller, 1913). Since then a
number of designs for the fabrication of evacuated windows have been proposed investigating sealing
methods for the periphery of the glass panes and methods of maintaining the separation of the glass panes
under the influence of atmospheric pressure (Collins et al., 1995). Evacuated windows have also been used in
solar applications by creating a vacuum (less than 0.01mbar) around a solar absorber to reduce the
convective heat losses resulting in higher efficiencies. Maintaining the vacuum pressure over the life time of
the panel is challenging. This is largely dependent on the materials used in the fabrication process. Forming a
durable hermetic seal around the periphery of the vacuum enclosure is particularly crucial. In this work
prototypes of flat vacuum panels with solar applications are fabricated and tested. Indium is used as a sealing
material to create a hermetic seal around the periphery the panel. A heat transmission of 0.86 Wm-2 K-1 in the
centre of the vacuum panel has been achieved for a 0.4m by 0.4m panel.

1. Introduction
Creating a vacuum space around a flat solar absorber thereby taking advantage of its high thermal insulation
properties has been investigated by many researchers. An evacuated flat-plate solar collector was proposed
and simulated in 1970s (Eaton and Blum, 1975). It was shown that a pressure of 1-33mbar eliminated the
convective heat transfer from the absorber to the surrounding glass panes given a separation of 150mm
between the glass panes and the absorber. Evacuated flat solar collectors progressed to the point where it was
possible to deliver steam at temperatures of up to 150 oC at efficiencies of nearly 50% (Benz and Beikircher,
1999). The main challenges in the fabrication of this kind of solar collectors is creating a hermetic seal
around the periphery of the glass panes which must be strong enough to withstand all types of stresses caused
by atmospheric pressure and thermal expansion/contraction over its life time. In addition, a method needs to
be employed to maintain the separation of the glass panes under the influence of the atmospheric pressure.
Prototypes of slim flat vacuum panels suitable for use in solar thermal collectors as schematically shown in
Fig. 1 were fabricated and their thermal performance characterized using a guarded hot box calorimeter. The
wide vacuum space enables the integration of a wide solar absorber as schematically shown in Fig. 2. The
vacuum space provides a high level of thermal insulation around the solar absorber which reduces heat losses
from the absorber by conduction and convection thereby increasing the efficiency of the solar collector.
However, a method of maintaining a gap between the solar absorber and the glass panes and spacers must be
developed to avoid thermal bridges.
The fabricated panel as shown in Fig. 3 consisted of two glass panes hermetically sealed around their
periphery to an aluminium spacer creating a cavity between the glass panes which is to be evacuated. Using
ultrasonic soldering techniques, indium metal is used to create a hermetic seal at a temperature well below
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200oC (Hyde et al., 2000). Hard low emittance coatings are deposited on the internal glass surfaces to
minimise radiative heat losses. Arrays of stainless steel support pillars are set between the glass panes to
prevent the panes from collapsing under the influence of atmospheric pressure. The sealing process is
undertaken in vacuum to prevent oxidation of the sealing materials. After the formation of the edge seal, the
evacuation of the panel is the key to achieving a high level of vacuum and consequently a high level of
thermal insulation. Heat flow between the glass panes of the flat vacuum panels remote from the edge seal
can occur due to radiation between the internal surfaces, thermal conduction through residual gas in the
evacuated gaps and thermal conduction through the support pillars.
When the required vacuum pressure is achieved, applying a temperature difference between the glass panes
will allow heat leaks through the support pillars and the peripheral edge seal in vacuum panel to be detected
using infra-red thermography. The thermal insulation of the vacuum panels can be accurately determined
using the guarded hot box calorimeter shown in Fig. 4.
2. Fabrication process
Fabricating flat vacuum panels requires the formation of a leak-free seal around its perimeter. This is
accomplished by bonding two glass panes to a 10mm thick aluminum spacer (6082 grade) with indium using
an ultrasonic soldering process and the application of a secondary seal to prevent moisture ingress from
occurring. This technique enables the flat vacuum panels to be produced in a vacuum oven at a temperature
of less than 160oC.
Prior to the fabrication, a hole is drilled in one of the glass panes for evacuation purposes near the corner.
After the edge seal formation and subsequent cool down of the panel, a turbo molecular vacuum pump is
connected to the glazing via a pump-out cup which uses an O-ring seal on the upper glass pane around the
pump out hole. During evacuation the panel assembly is re-heated to 150°C in a bake-out oven to outgas the
internal surfaces. After the evacuation is completed the pump-out hole is sealed using a glass cover disc precoated in indium. During sealing of the pump-out hole an internal vacuum pressure down to 8×10-6mbar was
achieved; this method has been described in detail elsewhere (Zhao et al., 2007). During evacuation
atmospheric pressure induces large stresses across the vacuum panel particularly in the region of the edge
seal and the support pillars. The edge seal must be strong enough to withstand these stresses. A fabricated
panel as shown in Fig. 3 comprises two 4 mm thick glass panes, sized 0.4m by 0.4m, with low-e coatings
(emittance of 0.16) on the glass surfaces facing the vacuum gap. The separation of the panes which would
otherwise touch under the influence of atmospheric pressure is maintained by arrays of stainless steel (grade
304L) support pillars. The pillars are 10.2mm high and 6mm in diameter and spaced at 50mm intervals on a
regular square Cartesian grid. To reduce the contact area and minimize the thermal conduction between the
pillars and the glass panes the pillars are made in tubular form.

Pump-out stub

Pillars
Glass panes

Aluminium spacer
Fig. 1: Schematic diagram of a flat vacuum panel
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Heat absorber
Circulating fluid
Inlet and outlet
Fig. 2: Schematic diagram of a flat vacuum panel

The main stages of the manufacturing process of the flat vacuum panel used in this work are outlined below:
1) Cleaning glass panes using acetone and isopropanol, and initial bake-out in a conventional oven at
200oC.
2) Deposition of a thin 10mm wide layer of indium around the periphery of the glass panes using an
ultrasonic soldering iron to promote good bonding between the indium and the glass.
3) Polishing the pillars and aluminium spacer using a fine emery paper and treating them using
Hydrochloric acid (33%).
4) Deposition of a thin layer of indium on the top and bottom side of the aluminum spacer using the
ultrasonic soldering iron.
5) The support pillars are located on the lower glass pane spaced at 50mm intervals on a regular square
Cartesian grid.
6) The aluminum spacer is placed on the lower glass pane so that the indium layers are aligned.
7) The upper glass pane is placed on the aluminum spacer and the assembly is introduced into a
vacuum oven.
8) The vacuum oven pressure is reduced to 10-7mbar and initial out-gassing is performed.
9) The temperature of the vacuum oven is increased to 160 oC at which the seal is formed by indium
reflow.
10) The vacuum chamber is allowed to cool to room temperature.
11) The sample is removed from the oven and connected to a turbo molecular vacuum pump through a
pump-out device, and the evacuation process is started.
12) The panel is heated up to 150oC and maintained at that temperature for 7 hours after which the
pump-out hole is sealed using a glass cover disc.
13) The sample is cooled to room temperature, disconnected from the pump-out device and then a
secondary adhesive seal is applied to protect the indium bond from moisture ingress.
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Tubular pillar

Aluminium spacer

Pump-out stub

Fig. 3: Fabricated flat vacuum panel

3. Thermal performance
Heat transfer through the flat vacuum panel is measured using a guarded hot box calorimeter. The hot box
calorimeter shown in Fig. 4 was designed in accordance with the British Standard methods for determining
the thermal insulating properties (British Standard, 1987) and the international standard (ISO, 1996). The hot
box calorimeter enables an accurate measurement of the overall heat flow through the flat vacuum panels
which is contributed by pillar conduction, aluminium edge spacer conduction and radiation between the glass
panes. The effects of conduction and convection due to any remaining gas in the evacuated cavity are also
considered. The guarded hot box calorimeter comprises a hot and cold chamber separated by a mask wall.
An opening is provided in the center of the mask wall where a frame is installed which can accommodate a
vacuum panel of 0.4m by 0.4m. For given air temperatures within the cold and hot chambers the hot box
calorimeter allows an accurate measurement of the heat flow through the panel. The calculation method for
the U-value of the test sample is reported elsewhere (Fang et al., 2006).

Fig. 4: Guarded hot box calorimeter available at the University of Ulster

316

Farid Arya / EuroSun 2014 / ISES Conference Proceedings (2014)

The air temperatures in the hot and cold chambers and heat transfer coefficients of the flat vacuum panels
before and after the panels are evacuated are presented in Table 1 and Table 2 respectively.
Table 1: Air temperatures in the guarded hot box calorimeter and measured U-value of the flat vacuum panel before
evacuation process

Air temperature (oC)

Measured U-value (W.m-2.K-1)

Vacuum panel before evacuation
Hot box

Cold box

Central glazing

Sample 1

17.3

-0.2

2.23

Sample 2

17.2

-0.2

2.27

The heat transfer coefficient of the panels prior to the evacuation of the cavity between the glass panes was
2.23Wm-2K-1. This is similar to the thermal performance that would be expected from a conventional double
glazing. By establishing a vacuum in the cavity, gaseous convective and conductive heat transfer was
minimized resulting in a much lower heat transfer coefficient down to 0.86Wm-2K-1 as measured for
sample2.
Table 2: Air temperatures in the guarded hot box calorimeter and the measured U-value of the flat vacuum panel after
evacuation process

Air temperature (oC)

Measured U-value (W.m-2.K-1)

Vacuum panel after evacuation
Hot box

Cold box

Central glazing

Sample 1

18.8

-0.3

0.95

Sample 2

19.1

-0.3

0.86

In flat vacuum panels, heat flux through the support pillars and the edge spacer can be detected using infrared thermography when the vacuum pressure is low enough to eliminate conductive and convective
heat transfer through any residual gas (Zhao et al., 2007). In order to take an IR-image of a flat vacuum
panel, a temperature difference of about 20°C is created between the two sides of the panel. The infrared
camera used in this experiment is FLIR: B640. Fig. 5 is the IR-image of the panel which clearly
demonstrates the heat flow through the pillars and the edge seal. This indicates that the level of vacuum is
high enough to minimize gaseous convective and conductive heat transfer inside the panel.
Creating a temperature difference between the two sides of the vacuum panel during testing in the hot box
calorimeter and during the infra-red thermography imposes differential thermal expansion stresses in the
panels (Henshall et al., 2014). These tests did not impact on the integrity of the edge seal, however further
work is required to determine the stress limits the panel can withstand.

317

Farid Arya / EuroSun 2014 / ISES Conference Proceedings (2014)

Pillar position

Edge seal position

Fig. 5: IR-image of a flat vacuum panel

4. Conclusion
Flat vacuum panels were fabricated from two glass panes and an aluminum spacer using a low temperature
edge sealing process. Using indium metal as a sealant and an ultrasonic soldering technique the seal between
the glass panes and the aluminum spacer was formed in a vacuum oven. The metal seal was augmented with
an epoxy resin to provide protection against moisture ingress and to provide additional structural rigidity.
The edge seal is vacuum tight and hermetic and also strong enough to withstand stresses caused by
atmospheric pressure and thermal expansion/contraction. Ageing tests are needed to be undertaken in order
to evaluate the durability of the edge seal. However, during the evacuation and thermal characterization of
the vacuum panels the edge seal did not fail.
The experimental characterization of the flat vacuum panels demonstrated excellent thermal performance
with an overall heat transfer coefficient in the central panel region of 0.86 Wm-2K-1 with two low-e coatings
(emittance of 0.16) on the interior glass surfaces. An increase in the panel size (which is the case in solar
collectors) would reduce the influence of the edge seal on the overall thermal performance resulting in a
lower heat transfer coefficient (Fang et al., 2007). If a solar absorber is incorporated in the vacuum panel the
thermal insulation provided by the vacuum space will minimize the heat loss from the absorber resulting in
an increase in the efficiency of the solar collector.
This research presents an accurate and reproducible fabrication method for flat vacuum panels which has the
potential to be exploited in flat vacuum solar panel production line.
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Abstract
Two large flat plate solar collectors for solar heating plants were tested according to the standard norm EN
12975-2. The two collectors were almost identical, the only difference being a thin FEP (fluorinated ethylene
propylene) foil interposed between the absorber and the glass cover in one of them, in order to decrease
convection losses. The efficiencies of the collectors were tested for different flow rates and tilt angles. The
effect of the change from laminar to turbulent regime was investigated as well. Numerical models of the two
collectors were developed with the software Soleff and their results were compared to the experimental
measurements. The experimental results showed that the FEP foil caused a decrease in the optical efficiency
of 2-4 percent. Nevertheless, the collector with the FEP foil performed better when the mean temperature of
the solar collector fluid was sufficiently high. Additionally, the collector efficiency of both collectors
increased at higher flow rates and tilt angles. The models developed in Soleff fit the experimental results
with an average error of 1% in case of fully laminar and turbulent flow, so that they are likely to be suitable
to simulate the collector performances in untested conditions. On the other hand, the software proved to be
inadequate to study the collector efficiency in the transition region between laminar and turbulent regime.
Keywords: solar collector, solar heating plant, efficiency, tilt angle, flow rate, flow regime, FEP, Soleff

1. Introduction
By the end of 2013 Denmark had already installed almost 400,000 square meters of thermal collectors for
solar heating plants, while another 350,000 square meters were to be built in the near future (Windeleff and
Nielsen, 2014; Furbo et al., 2014). In a scenario still characterized by strong growth in the installed solar
collectors' capacity, even an efficiency improvement of few percent would lead to a large increase in the
overall energy production in absolute terms. For this reason, knowing in which conditions a collector
performs best is of key importance. Nevertheless, the technical specification sheets released by collector
manufacturers usually state the collector efficiency only for one operating condition, which can differ from
those actually used in solar plant applications, so introducing uncertainty when predicting the performance of
real installations.
This study focused on an experimental test of two large flat plate solar collectors (models HT-SA 35-10 and
HT-A 35-10), produced by the Danish company ARCON Solar A/S. The only difference between the two
collectors was the presence of a FEP (fluorinated ethylene propylene) foil interposed between the absorbing
plate and the glass cover in the model HT-SA only. The idea of using a polymer foil as convection barrier
dates back to the 70’s (Wilson, 1978), but has seldom been implemented. The presence of the foil reduces
the convection losses, as the air between absorber and glass circulates in two different layers of convective
cells, one above and the other below the foil. The heat losses from the collector cover are therefore lower
than in the collector without foil, due to the additional thermal resistance given by the convective heat
transfer coefficient between air and FEP foil. On the other hand, as the foil is not completely transparent, it
slightly reduces the solar irradiance reaching the absorber. Consequently, there is a certain temperature
below which the collector without foil performs better than the other, as the transmittance of the cover plays
a more significant role than the thermal losses.
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The technical specification sheets (Arcon Solar, 2010; SP Technical Research Institute of Sweden, 2011)
state the collector efficiency when a 25 (litres min-1) flow rate of pure water is supplied to a 60° tilted
collector, conditions which are very unlikely to be found in a Danish solar collector field. However, this
incongruity is tolerated by the present standard for solar collector testing (EN 12975-2), which does not
prescribe strict operating conditions at which to evaluate the efficiency.
The two collectors were tested at different flow rates and tilt angles, using a mixture of propylene glycol and
water with a mass concentration of 40%. In fact, the efficiency of a solar collector is influenced by the
volume flow rate, as shown by Chiou (1982) and Wang and Wu (1990) for vertical pipe collectors and by
Fan and Furbo (2008) for horizontal pipe collectors. Regarding the tilt angle, both semi-empirical
correlations (Klein, 1980; Agarwal and Larson, 1981) and experimental measurements (Furbo and Holck,
1995) show that the top heat losses decrease when tilting a flat plate collector.
The experimental determination of the collector efficiency equation is of key importance when assessing the
actual performance of the collectors in certain operating conditions. As experimental tests are usually time
consuming and expensive, it may be useful to have a model that is able to estimate the collector efficiency,
so that it can be used to predict its value also in conditions that differ from those tested. In this study, such a
model was created in Soleff, software developed at Technical University of Denmark (Rasmussen and
Svendsen, 1996), and compared to the experimental measurements.
2. Materials and method
2.1 Experimental part
The two investigated solar collectors were manufactured by the Danish company ARCON Solar A/S. More
specifically they were the flat plate collectors HT-SA 35-10 and HT-A 35-10. The collectors were largely
identical in terms of design and technical specifications and the only relevant difference was a 0.025 mm
thick FEP foil. The different appearance of the two collectors can be seen in Fig. 1.

Fig. 1: Solar collector HT-A 35-10 (left) and HT-SA 35-10 (right) at the Department of Civil Engineering at the Technical
University of Denmark.

The collectors were installed beside each other, so that they experienced identical weather conditions. They
both had an orientation of 9.5° West with respect to South, while the tilt angle could be changed through the
use of semi-mobile scaffolding. Both collectors had external dimensions of 2.27 x 5.96 x 0.14 m with a total
gross area of 13.57 m2, while the aperture area was equal to 12.56 m2. The absorber consisted of 18
aluminium strips covered by a selective coating. Each collector had two manifolds with a diameter of 35
mm, placed vertically along the sides and connected by 18 horizontal copper tubes with a diameter of 10
mm, laser-welded below the absorber strips. The external cover was made of an anti-reflective treated glass
with a thickness of 3.2 mm. The insulation consisted of mineral wool, with a thickness of 75 mm below and
30 mm along the edges. The stated efficiencies, based on the aperture area and using a pure water flow of 25
(litres min-1) and a 60° tilt angle, are given by the equations (Eq.1) and (Eq.2) for the model HT–A and HT–
SA respectively (Arcon Solar, 2010; SP Technical Research Institute of Sweden, 2011).
K HT

 A , 60 q , 25

K HT

 SA , 60 q , 25

0 . 845  2 . 94 

Tm  Ta
T  Ta
 0 . 013  m
G
G

0 . 827  1 . 18 

Tm  Ta
T  Ta
 0 . 032  m
G
G

2

2

(Eq.1)
(Eq.2)
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where

K[-] is the collector efficiency,
Tm [°C] is the mean fluid temperature inside the collector,
Ta [°C] is the ambient temperature,
G [W m-2] is the global solar irradiance on the collector plane,
the subscripts of K have the following meaning: HT-A/HT-SA refer to the collector model; the first
numerical subscript denotes the tilt angle (in degrees), while the second numerical subscript the
flow rate (in litres per minute).

The solar collectors were installed and tested in a solar collector test facility at the Technical University of
Denmark. The fluid flow rates to the collectors were measured by two electromagnetic flow meters
manufactured by Kamstrup (model MP240 and MP115 for the collector HT-A and HT-SA respectively). The
inlet temperatures were measured by type TT thermocouples using a copper-constantan junction, while the
temperature differences between outlet and inlet temperature were measured by thermopiles with five
copper-constantan junctions at each measuring point. The total radiation on the collector plane was measured
independently for each collector by a CM11 pyranometer, produced by Kipp & Zonen and fully compliant
with the norm ISO 9060, while the diffuse radiation was measured by a similar pyranometer equipped with a
shadow band.
The collectors were tested with a tilt angle of 45° at 5, 10 and 25 (litres min-1) between 2011 and 2012, and
then with tilt angles of 30° and 60° at 25 (litres min-1) in 2013, using a propylene glycol/water mixture with a
40% weight concentration as solar collector fluid. The collector efficiency expressions were evaluated
according to the steady-state method described in the norm EN 12975-2, so at least four independent data
points were obtained for at least four different temperature levels, in a range between 20 °C and 100 °C.
These data points were then interpolated by means of regression according to the method of least squares.
As different flow rates and temperature levels might cause changes in flow regime and therefore affect the
heat transfer between absorber and solar collector fluid, pressure drop tests were performed on the HT-SA
collector in 2014, in order to identify in which range of Reynolds numbers the transition from laminar to
turbulent regime occurred. Such tests were carried out using a TA-SCOPE differential pressure sensor,
manufactured by TA Hydronics, and supplying the collector with water at approximately 20-30 °C and
varying the flow rate between 10 and 30 (litres min-1). As the pressure drop measurements were taken at the
inlet and outlet of the collector, the contribution given by the inlet/outlet connections and manifolds needed
to be estimated and subtracted, in order to identify the pressure drop due to the horizontal pipes only. The
pressure drops given by inlet/outlet connections and manifolds were evaluated using correlations found in
literature (Idelchik, 1994). When the pressure drop across the horizontal pipes was isolated, the Darcy
friction factor was evaluated according to (Eq.3).
f

where

2 D  'p
L U w2

(Eq.3)

f [-] is the Darcy friction factor,
D [m] is the inner diameter of the horizontal pipe,
ǻp [Pa] is the pressure drop across the horizontal pipe,
L [m] is the length of the horizontal pipe,
ȡ [kg m-3] is the fluid density evaluated at the mean fluid temperature across the collector,
w [m s-1] is the mean fluid velocity in the horizontal pipe.

The incidence angle modifier was evaluated according to the test procedure suggested in the norm EN
12975-2, but the tangent formula (Eq.4) was used in place of the cosine formula, as the former proved to fit
the experimental data more accurately than the latter.
IAM
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4>°@is the angle of incidence,

where

p [-] is the characteristic coefficient.
2.2 Soleff simulation
The calculation of the experimental efficiency curves is of key importance to assess the actual performance
of the collectors under given operating conditions. It could be both interesting and useful to have a model
able to evaluate the collector efficiency also in conditions that differ from those tested. Such models were
created using Soleff, a solar collector simulation software developed at Technical University of Denmark
(Rasmussen and Svendsen, 1996).
Soleff requires a large number of input parameters, ranging from design characteristics of the collector to
operating and weather conditions. Regarding the weather conditions, measured data were used whenever
available. The earth radiation temperature and the sky temperature were assumed equal to the ambient
temperature and to the ambient temperature decreased by 20 K respectively. Most of the collector
characteristics were found either in the collector datasheets or in literature (Rasmussen and Svendsen, 1996;
Furbo and Shah, 2003). Input parameters for which the exact value could not be found were assumed
according to common values found in literature and iteratively modified in order to obtain the best fit with
the experimental data.
Despite the large number of different aspects which is considered by Soleff, this software cannot take into
account the complexity of the real-world operation. For example, the software assumes uniform flow
distribution in the different pipes, constant fluid properties across the collector and sudden change from
laminar to turbulent flow regime at a Reynolds number (Re) of approximately 2200. The last one proved to
be the less accurate simplification, as measured efficiencies obtained for Reynolds numbers between 2200
and 2400 were always lower than those computed by the Soleff models (which assumes turbulent regime in
this range). Then, increasing slightly the pipe diameter in the simulation models, the flow was forced to be
laminar and the efficiency in this case was calculated. So, the experimental results could be compared to
those returned by the simulation models, in both cases where turbulent and laminar flow was assumed.
3. Results
3.1. Experimental part
The coefficients of the efficiency expressions based on the experimental results and according to the standard
norm EN 12975-2 are listed in Tab. 1, where Ș0 represents the optical efficiency, a1 the first order heat loss
coefficient and a2 the second order heat loss coefficient.
Tab. 1: Coefficients of the efficiency expressions according to the experimental results.

Case

Collector
model

Fluid
type

1
2
3
4
5
6
7
8
9
10

HT-A
HT-A
HT-A
HT-A
HT-A
HT-SA
HT-SA
HT-SA
HT-SA
HT-SA

40% glycol
40% glycol
40% glycol
40% glycol
40% glycol
40% glycol
40% glycol
40% glycol
40% glycol
40% glycol

Flow rate
[litres min-1]
5
10
25
25
25
5
10
25
25
25

Tilt
[°]
45
45
45
60
30
45
45
45
60
30

Ș0
[-]
0.835
0.843
0.845
0.850
0.832
0.818
0.804
0.810
0.806
0.805

a1
[W m-2 K-1]
3.13
3.55
3.80
3.71
4.04
2.76
2.26
2.83
2.74
3.13

a2
[W m-2 K-2]
0.0143
0.0070
0.0096
0.0107
-

The efficiency curves from Tab.1 can be seen in Fig. 2 (constant tilt angle and variable flow rate) and Fig. 3
(constant flow rate and variable tilt angle). Comparing the different efficiency equations, it can be noted that
the optical efficiency was mainly independent of both flow rate and tilt angle. However, it was strongly
influenced by the presence of the FEP foil, which caused a decrease of between 2 and 4 percent.
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Nevertheless, the presence of the foil reduced the heat losses by approximately 0.6-1.1 W m-2 K-1, so that for
temperatures higher than a specific value (which can be defined as intersection reduced temperature), the
HT-SA collector performed better than the HT-A model. Another evident remark is the absence of the
second order heat loss coefficient in the efficiency expressions referring to 25 (litres min-1) flow rate, which
is discussed in more detail in section 4.

Fig. 2: Efficiency curves at different flow rates for the HT collectors at 45° tilt and for a total solar irradiance G=1000 W m-2.

As Fig. 2 shows, the larger the flow rate was, the higher the efficiency. The difference in efficiency between
5 and 10 (litres min-1) flow rates and the 25 (litres min-1) case became more significant at high temperatures,
because of the presence of the second order heat loss coefficient, which was missing in the efficiency
expressions for 25 (litres min-1).

Fig. 3: Efficiencies curves at different tilts for the HT collectors at 25 (litres min-1).

From Fig. 3, it may be seen that the larger the tilt angle, the higher the efficiency. Nevertheless, the relation
between tilt angle and efficiency was not linear for either of the collectors. In fact, taking 45° tilt as a
reference, decreasing the angle to 30° (-33%) caused an increase in the first order heat loss coefficient by
about 10%, while a tilt of 60° (+33%) caused the same coefficient to decrease by only about 3%. In fact, in
Fig. 3 it is clear that the efficiency curves for the 45° and 60° tilt angles are very close to each other, and they
almost overlap in the case where the FEP foil is present. The optical efficiency of the HT-A collector at 30°
tilt was unexpectedly lower than at other tilt angles, which might be due to the slightly different weather
conditions from test to test.
The IAM was measured in all the different operating conditions and the values of the p exponent are listed in
Tab. 2. Despite the scattered values, characterized by a standard deviation of approximately 0.12 for both
collectors, the results showed clearly that the presence of the FEP foil reduced the optical properties of the
cover, as the HT-A collector had a higher IAM curve than the HT-SA model in every operating condition.
On the other hand, tilt angle and flow rate did not appear to influence the IAM in a specific way, so that if a
single value of the p exponent needed to be chosen, the simplest approximation would consist in using the
arithmetic mean, which is equal to 3.9 and 3.6 for the solar collector HT-A and HT-SA respectively.
324

Federico Bava and Simon Furbo / EuroSun 2014 / ISES Conference Proceedings (2014)

Tab. 2: Exponent p in the tangent formula of the incidence angle modifier.

Tilt angle
[°]
45°
45°
45°
60°
30°

Flow rate
[litres min-1]
5
10
25
25
25
Mean
Standard deviation

p exponent
HT-A
HT-SA
4.05
3.72
3.78
3.42
3.73
3.68
3.94
3.68
3.78
3.54
3.85
3.61
0.12
0.11

Regarding the pressure drop measurements and the following analysis to calculate the Darcy friction factor,
the results of three independent series of tests are represented in Fig. 4. These results show how the friction
factor calculated in all the three series of tests presented the same trend, where three different regions can be
identified. The first region (Re<2000) is characterized by a steep decrease of the friction factor as the
Reynolds number increases and corresponds to the laminar regime. The second (2000<Re<3000) represents
the transition region and presents a slight increase of the friction factor with the Reynolds number. The third
(Re>3000) is the turbulent region and shows again a decreasing trend of the friction factor as function of the
Reynolds number, but much less steep than in the laminar regime.

Fig. 4: Calculated Darcy friction factor as function of the Reynolds number in the horizontal pipes of the HT-SA collector.

3.2. Comparison between experimental efficiency results and Soleff simulation
The simulation models developed in Soleff were used to evaluate the theoretical efficiency of the two
collectors, based on the weather and operation conditions measured during the efficiency tests. The measured
and the theoretical efficiency points for the different flow rate and tilt angle conditions are shown in Fig. 5
and Fig. 6. For the sake of clarity, the efficiency points computed by the Soleff models at operating
conditions corresponding to Reynolds numbers between 2200 and 2400 are not represented in Fig. 5 and Fig.
6, but are shown independently in Fig. 7.
From Fig. 5 and Fig. 6 it can be noted that the simulation models fit the experimental data points in the
laminar (Re<2000) and turbulent regime (Re>3800). The average relative difference between experimental
efficiency values and simulated ones is 1% for both the HT-A and HT-SA collector, while the maximum
deviation is equal to 2.2% for the HT-A model and 1.8% for the HT-SA model. From the diagrams it is
possible to notice that the experimental efficiency points at 5 and 10 (litres min-1) are mainly aligned and
then could be accurately interpolated by quadratic efficiency curves (cases 1, 2, 6 and 7 in Tab. 1). On the
other hand, efficiency points obtained for 25 (litres min-1) flow rate presented some kind of discontinuity
when the ratio (Tm-Ta)/G was between 0.044 and 0.051 K m2 W-1. In fact the efficiency values for this
temperature level were higher than what would be expected from the extrapolated curve fitting the efficiency
points obtained for lower values of (Tm-Ta)/G.
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Fig. 5: Comparison between measured (M) and simulated (S) efficiencies of the HT-A collector at different tilts and flow rates.

Fig. 6: Comparison between measured (M) and simulated (S) efficiencies of the HT-SA collector at different tilts and flow rates.

Fig. 7: Comparison between measured (M) and simulated (S) efficiencies of HT-A and HT-SA collector for a flow rate of 25
(litres min-1) and Reynolds numbers between 2200 and 2400. In each couple of simulated efficiency points the higher was
obtained for turbulent flow and the lower was obtained forcing the Soleff models to assume laminar flow conditions.

In fact, the measured points with a value of the ratio (Tm-Ta)/G between 0.044 and 0.051 K m2 W-1 and 25
(litres min-1) flow rate had Reynolds numbers between 2200 and 2400, which is usually considered to be
characterized by transitional flow according to literature (Idelchik, 1994). These efficiency points showed
intermediate characteristics between laminar and turbulent regime, both in terms of pressure drop (see Fig. 4)
and from the efficiency point of view (Fig. 7). In fact, as can be seen in Fig. 7, the efficiencies measured in
this range of Reynolds number were always higher than those computed by the Soleff models for laminar
flow, but lower than those obtained for turbulent flow.
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4. Discussion
As expected, the experimental results (Tab. 1) showed that the presence of the FEP foil negatively affected
the transmittance of the collector cover, causing a decrease in the optical efficiency as well as a lower IAM
curve (Tab. 2). On the other hand, neither the tilt angle nor the fluid flow rate had any major influence on the
optical efficiency. However, as the FEP foil also reduced the heat losses, there exists a certain value of
reduced mean temperature above which the HT-SA collector performed better than the HT-A. As the fluid
temperature generally increases from relatively low (~40 °C) to relatively high values (~85 °C) along a row
in a solar heating field, a mixed composition of solar collectors with and without FEP foil seems to be the
best solution, using collectors without foil in the first part of the array and collectors with foil in the second
part, in order to optimally exploit their different characteristics.
Regarding the effect of the flow rate, the efficiency expressions for 5 and 10 (litres min-1) had the usual
quadratic form, while those found for a flow rate of 25 (litres min-1) were linear. Analysing the single
efficiency data points, it was found that the efficiencies measured at the highest temperature level were the
main reason for the bending of the curves in the 5 and 10 (litres min-1) cases, while efficiencies calculated at
lower temperatures were largely aligned. This result was expected, as heat losses in a solar collector increase
more than linearly with the temperature difference between fluid and external environment, due to the
radiation contribution, which becomes increasingly important at higher temperatures, the convection losses,
which increase due to the lower viscosity of air between absorber and cover, and secondarily the conduction
losses, as the thermal conductivity of mineral wool increases with temperature. Conversely, no bending
appeared in the diagrams regarding 25 (litres min-1) flow rate. The reason of this unexpected behaviour was
found in the combination of high fluid velocity and low kinematic viscosity at the highest temperature level,
resulting in large Reynolds numbers and turbulent flow regime. This different flow regime led to a much
higher heat transfer coefficient than laminar flow and hence was able to counteract the increased thermal
losses. If measurements at higher temperature levels had been taken, a quadratic form of the efficiency
expression would most likely have been found for 25 (litres min-1) flow rate as well. In fact, only for the case
at 30° tilt a mean temperature of 100 °C was reached, while for the other cases the higher temperature was
about 85 °C. Temperatures as high as 120 °C could have been safely investigated, thanks to the glycol
content and the pressurized system (~200 kPa). Much attention should be paid when using these linear
equations (cases 3-5 and 8-10 in Tab. 1) outside the temperature range for which they were calculated,
because extrapolation of the curves for higher values of the ratio (Tm-Ta)/G would most likely overestimate
the actual efficiency of the collector.
Another consequence of the change in flow regime was the discontinuity in the efficiency curves at 25 (litres
min-1) flow rate, which could be observed for reduced temperatures between 0.045 and 0.051 K m2 W-1 (Fig.
5 and Fig. 6), corresponding to a mean fluid temperature of approximately 65 °C and Reynolds numbers in
the range 2200-2400. Comparison with the results returned by the Soleff models (Fig. 7), pressure drop
measurements (Fig. 4) and literature (Idelchick, 1994) proved that the two collectors experienced transitional
flow regime along the horizontal pipes in this flow rate and temperature conditions. In case of flow rates of
10 and 5 (litres min-1), turbulent flow cannot be achieved in practice, as it would require a fluid temperature
higher than 95 °C, which is the upper limit in normal operating conditions.
Even when no flow regime transition occurs, higher fluid velocities cause better heat transfer between pipe
walls and fluid, so that the larger the flow rate, the higher the efficiency (Fig. 2). Additionally, given the
same weather conditions, higher flow rates entailed a lower fluid temperature rise across the collector and
hence lower losses.
Considering the effect of the tilt angle, Fig. 3 shows that the larger the tilt angle, the higher the efficiency.
This trend was in agreement with theory, as both convection and radiation losses are expected to decrease
when tilting a flat plate collector. In fact, when a collector is tilted, convective losses decrease due to the
reduced number of convective cells between the absorber and cover. Additionally, the view factor of the
aperture area toward the earth surface increases, while the view factor toward the sky is reduced. Since the
radiation temperature of the sky is lower than that of the earth, a higher tilt positively affects the efficiency
by reducing the radiation losses. However, the experimental results show that the efficiency increase was
very small when the collectors were tilted from 45° to larger angles, especially for the model HT-SA. This
was most likely due to the fact that already at 45° tilt the FEP foil played a more significant role than the tilt
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in reducing convection losses. Consequently, a further increase in the tilt did not result in an important
enhancement.
The models developed in Soleff proved to be reasonably accurate when the flow regime was either
completely laminar (Re<2000) or turbulent (Re>3800), fitting the experimental data with an average error of
1%, while the maximum error was equal to 2.2% and 1.8% for the HT-A and HT-SA model respectively. As
the results returned by Soleff were compared to experimental measurements in a variety of operating
conditions (flow rate, tilt angle and fluid temperature), the models are likely to be able to predict the
efficiency of the two collectors with similar degree of accuracy also in other conditions. On the other hand,
Soleff was inadequate to simulate the collector efficiency in case of transitional flow, as the software
presents a step-change from laminar to turbulent correlations for the convective heat transfer coefficient at a
Reynolds number of approximately 2200. Conversely, pressure drop measurements carried out on the HTSA collector showed that the horizontal pipes experienced transition from laminar to turbulent regime in a
range of Reynolds number between 2000 and 3000 (Fig. 4). Experimental collector efficiency obtained in the
same range of Reynolds numbers were in agreement with these pressure drop measurements, as the
collectors presented efficiency values in between those computed by the Soleff models assuming laminar and
turbulent regime (Fig. 7). Though, no clear quantitative relation could be found between the theoretical
Reynolds number of the flow and the relative position of the experimental efficiency with respect to the two
Soleff efficiency points. This means, for example, that an efficiency point characterized by a higher
Reynolds number was not necessarily closer to the corresponding Soleff efficiency point obtained for
turbulent flow. In fact, transition from laminar to turbulent regime is a process which is not fully understood
yet and fluid-dynamic properties of transitional flows are not simply function of the Reynolds number, but
are influenced by local irregularities and disturbances.
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Summary
An experimental campaign has been conducted on a solar parabolic trough collector used in a micro CHP
system for direct steam generation. The study of the solar field only, and its thermal characterization, which
are reported here, are the first step of the global characterization of the CHP system. Main particularities of
the solar field are the two axis tracker and its relatively small size (46.5 m² of solar aperture area). It is tested
under direct steam generation with demineralized water. At first, performances of the collector during two
typical days, namely a sunny day and a cloudy day, are presented. On the sunny day, the system produced,
during 7 hours, saturated steam with a quality (mass fraction of vapor) higher than 0.5 for a flow rate of 30
kg.h-1. Then, a study of the thermal efficiency based on on-sun steady state tests is conducted for different
working and meteorological conditions. The obtained value of the heat losses coefficient is compared to offsun measurements. The reached thermal efficiency (around 50%) leads to performances that are suitable for
the coupling with the steam engine.
Keywords: Solar thermal energy, parabolic trough collector, experimentation, direct steam generation.

Nomenclature
2

A: aperture area [m ]

Greek symbols

a1: heat losses coefficient [W.m-2.K-1]

η: efficiency [-]
-2

-2

a2: temperature dependence of the heat losses [W.m .K ]
-2

Gb: direct normal solar irradiance [W.m ]

ϕ: heat flux [W]
Subscripts

-1

h: enthalpy [J.kg ]

0: optical

-1

ṁ: flow rate [kg.s ]

c: collector

p: pressure [bar]

ext: ambient
f: fluid

T: temperature [°C]
ܶ כ:

2

-1

reduced temperature difference [K.m .W ]

m: mean
s: solar
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1. Introduction
Due to the depletion of fossil fuels and to the increase in electrical energy consumption in buildings, it
becomes necessary to develop new solutions that respond to these new needs. Micro Combined Heat and
Power (CHP) are one of the recent solutions working with renewable energy sources that can be integrated in
future positive energy buildings.
In the frame of the development project of a micro solar CHP, a solar concentrator (parabolic trough) has
been coupled to a Hirn (or superheated Rankine) cycle engine. The concentrator brings the thermal energy
required by the engine at an important level of temperature and pressure. It has been dimensioned for a low
output power (around 20 kW) in order to fulfil the energy requirements of residential or commercial
buildings, but with a high output temperature (around 250°C) to be able to produce steam.
The simplified diagram of the cycle is shown in Figure 1. Demineralized water enters the solar collectors at a
pressure between 10 and 30 bars with a flow rate between 20 and 40 kg.h-1. Steam is generated in the
absorber tube at a temperature from 180°C to 250°C. This steam is admitted in the reciprocating engine and
then condensed. Heat, recovered by the hydraulic system, is finally dissipated in a cooling loop used to
simulate a building consumption.

Figure 1: Schematic diagram of the micro CHP system.

Main particularities of this system are the two axis tracker and its relative small size (46.5 m² of solar
aperture area). It has been assembled by the company Exosun at La Rochelle (France).
Direct steam generation has been widely studied in the case of large solar fields (Eck et al., 2003; FernándezGarcía et al., 2010; Hirsch et al., 2014; Krüger et al., 2012; Montes et al., 2011). In comparison to large size
systems, the flow rate required to generate steam in the case of smallest systems is lower. This low flow rate
leads to a significant difference in dynamic behavior. For small scale systems with steam generation,
Almanza et al. (1997) generated saturated steam at a temperature of 130°C with a parabolic trough collector
of 36,3 m², Kalogirou et al. (1997) performed experiments using a flash system with a collector surface of
3.5 m². The study of the solar field only, is the first step of the global characterization of the system. For this
reason, the engine has been removed during tests. The performances of the system on a typical sunny day
and a cloudy day are presented. Then, a steady state study of the efficiency is carried out.
2. Experimental set-up
The experimental prototype is composed of four main elements: a structure equipped with a solar
parabolic trough collector, an electrical superheater, a hydraulic system, and a cooling loop.
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Figure 2: Outside view of the micro CHP system.

The collector is composed by a linear parabolic-shaped reflector and a solar receiver which consists of an
absorber tube protected by a glass envelope. The space between the glass and absorber tubes is at
atmospheric pressure (non-evacuated tube). The absorber is a stainless tube with a selective coating. The
reflectors are built with a film of anodized aluminum bonded to a composite material. The collector is
located on a structure that allows a two axis tracking (Figure 2). The advantage of two axis tracker is that the
collector always receives maximum available radiation (incidence angle is always zero). The aperture length
of 1.94 m leads to a total aperture area of 46.5 m² with a concentration ratio (aperture area over absorber
area) of 18.1 (CEN, 2000). Optical properties of the collector are given in table 1.

Table 1: Optical properties of the collector

Absorber absorptance (solar radiation)

0.95

Absorber emittance (100°C)

0.15

Mirror reflectance

0.81

A superheater of 5 kW (Figure 3) has been added at the end of the absorber in order to ensure that the exiting
fluid is superheated steam. Unlike saturated steam, it is possible, with superheated steam, to determine its
enthalpy knowing the temperature and pressure values. The cooling loop can supply cold water with a typical
flow rate of 800 kg.h-1 and a temperature ranging from 35°C to 70°C.
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Figure 3: Schematic diagram of the studied system.

This experimental setup allows the monitoring of the meteorological conditions and of the fluid temperature,
pressure and flow rate at several locations (Figure 3). DNI is measured by a pyrheliometer which is
positioned on the concentrator itself. Thus, the measured value exactly corresponds to the one received by
the mirrors. Temperature sensors (thermocouples type K) are installed at the inlet and outlet of each line of
absorber and of the superheater (Tf3, Tf4, Tf5, Tf6, Tf7 and Tf8). RTD are used to measure the temperature at
the inlet and outlet of the cooling loop (Tf11, Tf12). The volumetric flow rate in the cooling loop (ṁ11) is
measured by a vortex flow sensor. Volumetric flow rates at the inlet and outlet of the solar loop (ṁ1 and ṁ10)
are evaluated by turbine flow sensors. Pressure sensors are located at the inlet and outlet of the hydraulic
system (p2 and p9). Electrical consumptions of the cooling loop, superheater as well as tracking and hydraulic
systems are measured by energy meters. RTD and turbine flow sensors have been calibrated. The
uncertainties given in Table 2 are calculated according to the GUM (BIPM et al., 2008). All the uncertainties
appearing in the graphs are calculated with a coverage factor of 2, corresponding to a confidence level of 95
%.

Table 2: Uncertainties of the sensors.
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Sensors

Standard uncertainty

Tf1, Tf11, Tf12

0.19°C

Tf3, Tf4, Tf5, Tf6, Tf7, Tf8 (T < 375°C)

1.9°C

Tf9, Tf10 (T < 333°C)

2.1°C

ṁ10, ṁ9

0.36 kg.h-1

ṁ11

0.6 kg.min-1

p2, p9

0.36 bar
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Direct Normal Irradiance - Gb

1.2 %

Ambient temperature - Text

0.12°C

Electrical power

0.6 - 0.9 %

3. Experimental evaluation of the thermal efficiency
From experimental results, the efficiency is evaluated using the definition:
ߟ ൌ

థ 

(Eq. 1)

థೞ 

where ߶௦ , the solar power input, is calculated from the DNI ܩ , and the aperture area A as follows:
߶௦ ൌ ܩܣ

(Eq. 2)

The output thermal power of the collector, ߶ , can be expressed as follows:
߶  ൌ ݉ሶଵ ݄ െ ݉ሶଵ ݄ଷ

(Eq. 3)

And in the case of steady state flow regime by:
߶  ൌ ݉ሶଵ ሺ݄ െ ݄ଷ ሻ ൌ ݉ሶଵ ሺ݄ െ ݄ଷ ሻ

(Eq. 4)

where ݄ can be calculated from the enthalpy ݄ଽ or from an energy balance on the condenser. Note that the
enthalpies subscripts refer to the point numbers in Figure 3.

4. Results
4.1. Typical sunny and cloudy days
Results obtained for typical sunny and cloudy days are presented in Figure 4. It can be noticed that, since
values are not relevant for unbalanced states, evolutions of the instantaneous efficiency and output steam
quality are not plotted for the cloudy day. It can be observed in Figure 4 (left) that the instantaneous
efficiency being almost constant between 9:30 and 19:20, the power and the steam quality nearly follow the
irradiance. A small disturbance is observed around noon. It is certainly due to an absorber positioning issue.
This issue has been corrected for the efficiency tests presented hereafter. In the Figure 4 (right), both the
solar and output powers show sharp variations. They are explained by output flow rate discrepancies due to
the stop of vaporization process when the irradiance ceases. However, the inertia of the system allows the
output power to stay in a limited range of variation if the cut in irradiance is not too long as it can be seen
from 15:30 to 16:30 in Figure 4 (right).
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Figure 4: Power, instantaneous efficiency and outlet steam quality evolutions
on a sunny day (left) and power evolutions on a cloudy day (right).

4.2. Efficiency
The steady state efficiency is commonly defined as (CEN, 2001) (Perers, 1997) (Fischer et al., 2006)
(Janotte et al., 2009):
ߟ ൌ ߟ െ ܽଵ ܶ כെ ܽଶ ܩሺܶ כሻଶ

(Eq. 5)

where ߟ is the optical efficiency, a1 the heat losses coefficient and a2 the temperature dependence of the heat
losses coefficient.
כ
The reduced temperature difference ୫
is defined as follows:

ܶ כൌ

்ି்ೣ

(Eq. 6)

ீ

where ୫ is the average temperature of the fluid:
ܶ ൌ

்ల ା்య

(Eq. 7)

ଶ

Steady state tests have been performed with a flow rate of 30 kg.h-1 +/- 10 %, irradiance between 728 and
889 W.m-2 and outside temperature between 17.1 and 19.2°C. The obtained thermal efficiency values are
plotted in Figure 5.

Figure 5: Thermal efficiency as a function of ࢀ כ.
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כ
The limited range of values of ୫
obtained during the experiment explained the low variation of the
efficiency. In conventional systems with a relatively high flow rate, the difference between inlet and outlet
כ
are strongly dependent of the
temperature during tests is low, the average fluid temperature and thus the ୫
כ
inlet temperature. A large range of ୫ ratios can be tested by varying the inlet temperature (Janotte et al.,
2009). In small size systems with direct steam generation, the average fluid temperature (ܶ ) is always
elevated. In order to be relevant the tests should be performed within a limited range of inlet flow rate and
כ
irradiance (CEN, 2001). These limitations do not allow a large variation of the ୫
ratio.

The reached efficiency is consistent with values observed in the literature for small scale systems with steam
כ
כ
≈ 0.06 K.m2.W-1(Almanza et al., 1997)) and 48.9 % (୫
≈ 0.14 K.m2.W-1 (Kalogirou et
generation: 42 % (୫
al., 1997)). The optical efficiency is around 60 %. This value is relevant regarding the measured mirrors
reflectance of 81 %. With a first order estimation (a2 neglected), the reached value for a1 is 0.81 W.K-1.m-2
(Eq. 5). Off-sun measurements have been performed to determine the heat losses coefficient and give a result
for a1 of 0.42 W.K-1.m-2. The difference between on-sun and off-sun results is due to the fact that both the
glass envelope and the absorber tube temperatures are higher when they are heated by the sun (Eck et al.,
2010).
5. Conclusion
A characterization of a unique prototype of parabolic trough collector, with direct steam generation and
a two axis tracking system, has been performed. The correct operation of the system for sunny and cloudy
כ
days has been verified. The efficiency of the concentrator could be defined following the classical ୫
approach with on-sun and off-sun tests. The next step of the project is now the experimental characterization
of the complete micro-CHP system including the steam engine.
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Abstract
Polymeric solar-thermal collectors combine positive engineering properties and attractive cost saving
potentials. However, volumetric absorbers made from polymers require open, non-pressurised systems in
order to resist the typical loads acting on such a setup. The drain back principle is able to meet these
requirements but demands higher pump capacities and additional components. This papers analyses the
thermal behavior of polymer-based drain back systems in simulation studies based on MATLAB/Simulink
and compares it with the performance of conventional metal-based solar-thermal systems. The results
indicate a lower maximum collector temperature for the drain back system compared to the conventional
setup as well as a slight decrease in the system efficiency.
Keywords: Polymeric collector; solar-thermal system; drain back system; simulation; MATLAB/Simulink;
CARNOT

1. Introduction
Over the last years, polymeric materials became increasingly important in various sectors, e.g. automotive,
construction or packaging industry. The positive engineering properties of plastics such as low weight,
freedom of design and manufacturing techniques have contributed to the success of these materials. Polymerbased solar-thermal collectors provide an attractive cost-saving potential compared to commonly used
materials (e.g. copper, aluminium). However, the economic benefit of standard solar-thermal systems
equipped with polymeric collectors compared to standard systems is very limited due to the balance between
decreased system costs and decreased system efficiency (Reiter 2014b). Furthermore, the thermal and
mechanical limitations of polymers turn the application of plastics into a challenge. Consequently, new
system setups for the specific properties of polymeric collectors are required. A non-pressurised drain back
system avoids stability problems of the absorber and moreover allows an extension of the use of polymers to
the parts of the solar circuit for further cost reductions. The analysis and evaluation of so-called drain back
systems with polymeric collectors via simulation will be the basic step to overcome the mentioned hurdles
for polymeric collectors.
2. Basic Principle of Drain Back Systems
A well-known problem of solar-thermal systems is stagnation. The evaporation of the solar fluid causes a
high pressure inside the collector, which is critical for polymeric materials in combination with the high
temperatures. These problems can be overcome with the open, unpressurised architecture of a drain back
system. During normal operation, a pump (1) circulates the heat carrier through the solar-thermal collectors
(2) (Fig. 1, left). Afterwards, the fluid passes the drain back vessel (3) and the heat exchanger unit of the
storage tank (4) to transfer the heat to the storage volume. All components of the system — except the
collector — are located inside the building.
In contrast to a standard solar-thermal system, a drain back system is usually open and non-pressurised. As
soon as the pump switches off, the collectors empty themselves as the solar fluid drains back into the vessel
(cf. Fig. 1, right). This approach offers several advantages. As the heat carrier remains inside the frost-
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protected shell of the building, there is no need for an anti-freeze fluid. Compared to conventional systems
— which usually use a water-glycol-mixture as a heat-carrier — the use of water is much cheaper and offers
better heat transfer properties. The unpressurised system configuration allows the utilization of volumetric
absorbers, which enables a high heat transfer capability between absorber and fluid. Cost advantages result
from the use of cost-efficient polymeric pipes within the solar circuit. Furthermore, essential safety
components (e.g. expansion vessel, bleeder valves, etc.) can be saved due to the non-pressurised setup of the
system.

2

3
1

4

Fig. 1: Schematic build-up of a drain back system (left: operating mode; right: system shut down)

The open architecture requires higher pump capacities at the start of the system operation. The pump has to
overcome the height difference from the drain back tank to the highest point of the system until the solar
circuit is filled. Another drawback of a drain back system could be an increased effort for installing /
mounting the system. Since the water has to be able to drain back as the pump switches off, a strict angle of
inclination of the pipes has to be ensured to prevent frost damages caused by remaining water in the
collectors and the piping outside the building.
The advantages of the drain back principle represent a great potential for solar-thermal systems with
polymeric components to reach a higher economic benefit. The analysis of the system behavior regarding the
thermal output is the essential basis to evaluate the competitiveness of new setups. Therefore, the various
solar-thermal system setups were investigated in simulation models. Furthermore, the influence on the solar
yield depending on the implemented heat source and heat distribution system was analysed to identify the
optimal use of polymeric systems.
3. Simulation Model
MATLAB/Simulink (Mathworks n.d.) and the CARNOT Blockset (Hafner et al. 1999) were used to
investigate the solar-thermal systems via simulation. In a first step, a detailed analysis of different types of
heating systems and solar-thermal collectors was performed. Afterwards, the influence of various climates on
the performance of drain back systems was investigated.

Investigation of different heating types for the application of drain back systems
In this set of simulations both an older building with a high energy demand and a standard building with a
lower energy demand located in Würzburg (Germany) has been analysed. The parameters of the two building
types can be seen in Tab. 1. The older building corresponds to an energy efficiency class F (according to
EnEV2014), the standard building corresponds to an energy efficiency class B (according to EnEV2014) (EnEV
2013). The analysis of different heating systems in those single-family households is the basis for the
evaluation of the annual solar yield.
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Tab. 1: Description of the simulated heating systems

Older building
with 150 m²

Standard building
with 150 m²

Würzburg

Oslo

Rome

(Germany)

(Norway)

(Italy)

Domestic hot water load in kWh/m²a

17

17

17

Space heating load in kWh/m²a

158

192

71

Total system load in kW/m²a

175

209

88

Domestic hot water load in kW/m²a

17

17

17

Space heating load in kW/m²a

54

67

22

Total system load in kW/m²a

71

84

39

For the two building types located in Würzburg, two scenarios for the system setup were distinguished (cf.
Tab. 2) in order to point out the influences on the performance of the solar-thermal system. A 15 kW oil
heating boiler and a floor heating are used in scenario A. In scenario B a 15 kW oil heating boiler in
combination with radiators is used. The implementation of radiators as heat distribution system will lead to a
decreased solar yield because of the higher flow temperatures for the heat supply in the building.
Tab. 2: Scenarios for conventional heat generation and heat distribution in the simulation models

Scenario

Type of heat source

Type of heat distribution system

A

Oil heating boiler (15 kW)

Floor heating (flow temperature: 26–35 °C)

B

Oil heating boiler (15 kW)

Radiator (flow temperature: 31–79 °C)

The scenarios were equipped with various solar-thermal systems (cf. Tab. 3). These systems for domestic hot
water preparation and space heating have eight collectors with a total aperture area of 14.6 m² and a 900 l
storage tank.
Tab. 3: Setups of the solar-thermal systems

System

Type of collector

Type of solar circuit

Fluid

1

State-of-the-art collector

Closed, pressurised

Water-glycol mixture

2

Polymeric collector

Closed, pressurised

Water-glycol mixture

3

Polymeric collector

Closed, pressurised

Water

4

Polymeric collector

Drain back

Water

The combination of the two different scenarios and the four different setups for the solar-thermal systems are
shown in Fig. 2. On the left side of the energy flow chart, all energy sources are listed which can contribute
heat to the storage tank. Here, the energy supply from the auxiliary heater (in this case an oil heating boiler)
and the energy supply from different kinds of collector arrays (according to Tab. 3) are taken into account.
On the right side of the chart, two different heat consumers (domestic hot water demand and domestic space
heating demand) are listed.
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Fig. 2: Energy flow chart of the investigated solar-thermal systems

The collector array is orientated with a slope of 45° directly to the south and the volume flow is 40 lm -2h-1.
The state-of-the-art collector of system 1 is a commonly used flat-plate collector type with selective absorber
coating. The parameters of the state-of-the-art collector and the polymeric collector are shown in Tab. 4.
Tab. 4: Parameters of the two collector types

Collector data

State-of-the-art collector

Polymeric collector

Unit

Zero loss efficiency

0.771

0.811

--

Linear heat loss coefficient

3.68

6.30

Wm-2K-1

Quadratic heat loss coefficient

0.0127

0.0215

Wm-2K-2

Stagnation temperature

208

128

°C

The polymeric collector with a rigid foam trough and a non-selective (α=ε=0.95), volumetric absorber was
implemented in a dynamic two-dimensional collector model being developed for parameter studies in
collector design (Reiter et al. 2014a). The collector concept was optimized regarding manufacturing costs
and part temperatures being suitable for commodity plastics (Reiter et al. 2014b). Therefore, the selective
coating was omitted and the insulation has a reduced thickness in combination with an additional air gap of
20 mm. The identified stagnation temperature according to standard DIN EN 12975-2 (2006) was 128 °C.
This enables the use of polypropylene (PP) as material for absorber and trough. The glazing is a conventional
single cover made from solar glass. Fig. 3 shows the sectional view of the polymeric collector approach.
Glazing

Air gap

Absorber
Fluid
Air gap
Insulation
Fig. 3: Cross section of the polymeric collector model

Fig. 4 shows the efficiency curves of both collectors. Due to the missing selective coating the polymeric
collector approach has a decreased efficiency in comparison to the state-of-the-art collector.
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0,9

State-of-the-art collector

0,8

Polymeric collector

0,7
0,6

η

0,5
0,4
0,3
0,2
0,1

G = 850 Wm-2

0

0

0,01

0,02

0,03
0,04
0,05
0,06
Reduced temperature in m2KW-1

0,07

0,08

0,09

Fig. 4: Collector efficiency

In the drain back system, the fluid content of approx. 40 l is stored in the external drain back tank. The tank
has a volume of 80 l and has the same insulation properties like the storage tank.

Investigation of various climatic regions for the application of drain back systems
In order to evaluate the drain back systems under various climates, three different locations were considered
in this study. Tab. 5 shows the amount of annual irradiation (direct and diffuse) as well as the annual mean
temperature of the locations.
Tab. 5: Annual irradiation and mean temperatures of the three locations for the simulation study

Annual direct irradiation in
Annual diffuse irradiation in

୩୦
୫మ ୟ
୩୦
୫మ ୟ

Mean annual temperature in ι

Würzburg
(Germany)

Rome
(Italy)

Oslo
(Norway)

531

925

407

564

640

464

9.0

15.6

7.3

All simulation models use an oil heating boiler for heat generation in combination with a floor heating
(scenario A). The heat generation is supported by a drain back system with polymeric collectors (System 4).
Again, an older building with a high energy demand and a standard building with a lower energy demand
were taken into account. The parameters of the two building types are shown in Tab. 1.

4. Simulation Results and Discussion
The efficiency of the solar-thermal system concepts is analysed and evaluated in annual simulations by
means of the fractional energy savings fsav according to the standard DIN EN 12977-2 (2012). The fractional
energy savings are the relation between the amount of conventional energy being saved by means of the
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solar-thermal system and the energy consumption of the conventional heating system without solar-thermal
installations (cf. eq. 1).
݂௦௩ ൌ 

ܳ െ  ܳ௨௫
ൈ ͳͲͲΨ
ܳ

(eq. 1)

with:
ܳ :

Energy consumption of the heater of the conventional system

ܳ௨௫ :

Energy consumption of the auxiliary heater of the solar-thermal system

Investigation of different heating types for the application of drain back systems
The solar-thermal system with state-of-the-art collectors and closed, pressurised solar circuit (system 1)
represents the reference for the evaluation of the systems in the different scenarios. The fractional energy
savings of the systems as well with polymeric collectors show the expected reduced solar yield due to the
lower collector efficiency (cd. Tab. 6). Thus, the fractional energy saving decreases in scenario A from
28.3 % to 22.8 % (in case of an older building) and from 13.3 % to 10.4 % (in case of a standard building).
The influence on the solar yield due to the lower efficiency of the polymeric collectors is approximately 19.7 % (older building) or rather -21.8 % (standard building).
Tab. 6: Fractional energy savings of the simulated systems

Type of heat
generation /
heat
Index
distribution
system
A1
A2
A3
A4
B1
B2
B3
B4

Standard building
Type of solar-thermal
system

State-of-the-art collector
(water-glycol mixture)
Polymer-based collector
Oil heating
(water glycol mixture)
boiler /
Polymer-based collector
floor heating
(water)
Drain back system
(water)
State-of-the-art collector
(water-glycol mixture)
Polymer-based collector
Oil heating
(water glycol mixture)
boiler /
Polymer-based collector
Radiators
(water)
Drain back system
(water)

Older building

fsav in %

Relative
decrease in %

fsav in %

Relative
decrease in %

28.3

---

13.3

---

22.8
22.7

10.4
approx. -19.7

22.7
15.9

11.1

approx. -21.8

10.4
---

11.2
11.2

10.4

7.6

---

5.3
approx. -30.0

5.3

approx. -30.6

5.2

Scenario B with oil heating boiler and radiators, however, shows a higher influence on the system
performance due to polymeric collectors. The fractional energy savings of the systems with polymeric
collectors are about 11.2 % in case of an older building and 5.3 % in case of the standard building, whereas
the reference system shows 15.9 % (older building) / 7.6 % (standard building). The required high flow
temperatures for the radiators cause a decrease between -30.0 % and -30.6% of the solar yield in the systems
with polymeric collectors.
The use of water instead of water-glycol mixture causes almost none influence on the system efficiency. This
effect can be observed independent from the type of heat generation and the type of building. The volumetric
absorber design enables an optimal heat transfer from absorber surface to fluid. Furthermore, the flow
conditions in the absorber are in all cases laminar due to low fluid velocities caused by the large cross section
of the part. Thus, the fluid properties have a much smaller influence on the collector performance than in
state-of-the-art collectors.
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The drain back system setup has also almost none influence on the system performance. The delayed
collector operation due to the filling and the emptying of the collector array as well as the additional heat
losses of the drain back tank show no considerable effect on the fractional energy savings.

Investigation of different climatic regions for the application of drain back systems
The fractional energy savings of the systems as well as the relative decrease of the solar yield — in relation
to the reference system — are listed in Tab. 7. Again, the solar-thermal system with state-of-the-art
collectors and closed, pressurised solar circuit (system 1) is the reference for the evaluation of the systems.
Tab. 7: Fractional energy savings of the simulated systems depending on the location

Location

Würzburg

Type of solar-thermal
system

State-of-the-art collector
(water-glycol mixture)
Drain back system
(water)

Oslo

State-of-the-art collector
(water-glycol mixture)
Drain back system
(water)

Rome

State-of-the-art collector
(water-glycol mixture)
Drain back system
(water)

Standard building

Older building

fsav in %

Relative
decrease in %

fsav in %

Relative
decrease in %

28.3

---

13.3

---

22.7

-19.8

10.4

-21.9

19.4

---

8.8

---

15.1

-22.0

6.6

-24.7

66.7

---

37.2

---

57.5

-13.8

31.1

-16.6

The high irradiation values (cf. Tab. 5) cause the highest fractional energy savings in Rome. In case of the
older building the fractional energy savings are 37.2 and 66.7 % in case of the standard building. However,
the investigated system setups focus on locations with higher heating energy demands like in Central or
Northern Europe.
The older building located in Würzburg enables fractional energy savings of 13.3 % respectively 28.3 % in
case of the standard building. Using a drain back system with polymeric collectors causes relative decreases
of -21.9 % (older building) or rather -19.8 % (standard building) in comparison to the reference system
(pressurised system with state-of-the-art-collectors).
Due to low irradiation values and cold temperatures in Oslo, fractional energy savings of only 8.8 % (in case
of the older building) respectively 19.4 % (in case of the standard building) were reached. Nevertheless, the
relative decreases in system efficiency (-24.7 % / -22.0 %) are comparable to the values from Würzburg.
The results indicate a good applicability of drain back systems in southern climate zones — apart from the
above mentioned aspect of the system setup for warm climates — because of the low discrepancy of the
relative decreases against the reference system. For Central and Northern Europe, the relative decreases of
the system efficiency between reference systems and drain back systems are quite similar. Hence, polymeric
collectors show almost the same potential for cold and moderate climates despite the reduced collector
efficiency.
5. Conclusion
The simulation study proved, that drain back systems with polymeric collectors reduce the solar yield of the
solar-thermal systems by approximately a fifth compared to conventional setups of solar-thermal systems in
Oslo and Würzburg. In Rome, the relative efficiency decrease between the reference systems and the drain
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back systems is even lower. However, polymeric solar-thermal systems in buildings with radiators have a
limited energetic potential. The influences of the adjustments for polymeric systems are negligible.
The reduction of maximum collector temperature from 208 °C to 128 °C in combination with non-pressurised
setup enables a wide use of cost-effective materials for the installed parts. Furthermore, by saving parts like
the expansion vessel or safety valves as well as glycol-mixture the simple setup results in a high cost saving
potential of polymeric drain back systems. This will lead lower system costs and will balance the reduced
system performance.
The results of the simulations serve as a basis for further investigations on system level enabling a
comparison of solar-thermal heat costs in terms of cents per kilowatt hour. Therefore, the model has to be
extended with regard to the electric power consumption of the pumps. Also the costs for the system setups
have to be identified for a detailed cost analysis.
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Abstract
Heat pipes in solar thermal collectors offer the advantage of a simpler hydraulic interconnection of the solar
circuit while reducing the system load during stagnation compared to direct flow collectors. Within a
research project, we basically analyzed heat pipe solutions for collectors, developed design methods and
optimization potential and investigated the integration of heat pipes in flat plate collectors. Novel flat plate
collector prototypes with an inherent overheating protection have been built and tested successfully. The
maximum fluid temperature was limited to 140 °C, thus compared to a direct flow collector, a temperature
decrease of more than 40 K is achieved. This paper presents the developed technology and explains, that the
transfer of complexity from the system to the collector by the use of heat pipes can lead to a reduction of
system costs of more than 25 %.
Key words: heat pipe, flat plate collector, cost reduction, stagnation temperature, aluminum heat pipe

1. Introduction
Compared to direct flow collectors, the use of heat pipes in collectors offers the advantage of a simpler
hydraulic interconnection of the solar circuit resulting in a reduced pressure drop and a reduced system load
during stagnation. Thus, the use of heat pipes can lead to simpler and more reliable solar thermal systems.
The optimization potential of the technology and thus the potential benefits, however, are not maxed out or
even unknown. Within the research project “Heat pipes in solar collectors - principles of thermodynamics,
evaluation and new approaches for integration”, the heat transfer characteristics of heat pipes and manifolds
have been evaluated (Jack and Rockendorf, 2013). By means of experimental studies and newly developed
theoretical models, novel heat pipe solar collectors have been designed, which can significantly reduce the
stagnation temperature in the solar circuit. Finally, a flat plate collector prototype with aluminum heat pipes
and inherent overheating protection has been built and tested successfully. Further, the cost reduction
potential for the entire system as a consequence of this novel heat pipe collector has been analyzed.
2. Modelling and Optimization of Heat Pipes in Collectors
Within their operating range, heat pipes exhibit a large heat transfer capability, even for small temperature
differences due to the phase change of the working fluid. Nevertheless, the thermal resistance and the
resulting temperature difference between the evaporator and the condenser of the heat pipe in solar collectors
are not negligible. It is important to quantify the heat transfer behavior of the heat pipes and its influence on
the collector efficiency as well as to know their operation limits. On the one hand, these limits have to be
designed properly to ensure the operation of the collector; on the other hand, the dry out limit can be used to
prevent the heat transfer above a certain temperature to reduce the temperature load of the solar circuit in
case of stagnation. Figure 1 illustrates the operating range, which is restricted by the heat pipes’ limits of
operation.
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metal tube

condensate film

vapor flow

Fig. 1: Reduced operating range of gravitational heat pipes due to melting temperature and critical temperature of the
working fluid as well as operation limits (left; Faghri, 1995) and schematic illustration of a gravitational heat pipe for solar
collectors (right)

2.1 Modelling
Basic experimental studies have shown that the thermal resistances of the heat pipes and the manifold
(thermal connection of the heat pipe condenser to the solar circuit) are similar in magnitude, and thus both
components have a relevant influence on the internal heat transfer coefficient Uint between absorber and fluid
of collectors. In contrast to direct flow evacuated tube collectors (Uint between 80 W/m²K and 100 W/m²K),
the internal heat transfer coefficient of evacuated tube collectors with heat pipes is between 20 and 50
W/m²K. Thus, the conversion factor η0 is decreased by one to four percentage points compared to direct flow
evacuated tube collectors.
For a deeper understanding of the heat transfer characteristics of the components heat pipe and manifold the
individual heat transport phenomena have to be investigated. For this reason we carried out theoretical
modelling for both heat pipes and manifolds, which have been validated experimentally. The developed
calculation and design methods were used to investigate the heat transfer characteristics in detail, to identify
potential for optimization and to design new heat pipes for flat plate collectors. The theoretical models of the
heat transfer processes are explained in detail in a previous paper (Jack et al. 2013) as well as in the final
report of the project (Jack and Rockendorf, 2013).
2.2 Optimization approaches for heat pipes
We have determined the basic influences of customary heat pipes filled with different media (water and
organic fluids) and manifolds on the collector performance, summarized by the following key points:
x

The thermal resistance of heat pipes with organic working fluids is much higher than the thermal
resistance of heat pipes with water as the working medium.

x

In contrast to water, organic working fluids can lead to a stagnation temperature limitation in the
collector due to their low dry-out limit.

Thus, with organic working fluids a reduction of the load in the solar circuit in case of stagnation can be
achieved. This can lead to significant simplifications of the solar circuit.
In addition, the heat transfer by condensation mainly depends on the thermal conductivity of the working
fluid. Thus, further organic working fluids were investigated reduce the thermal resistance compared to
existing solutions and to achieve a limitation of the temperature in the collector. We examined different
alkanes, alcohols and ketones.
The thermal resistance of heat pipes with alkanes like butane, pentane and hexane are in the range of
0.2 K/W. Calculations show that the resistance with the use of acetone can be reduced by about 40 % and
with methanol even by 50 %. Other working fluids with a very high thermal conductivity in comparison to
alkanes and alcohols, such as ammonia, are also conceivable. Ammonia, however, was not further
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investigated, since its critical temperature is relatively low (132 °C) and its vapor pressure is very high,
which requires large pipe wall thicknesses.
Besides the theoretical evaluation by means of the developed models, the increase of the condenser surface
and the performance of different working fluids have also been assessed by measurement. For this purpose,
we manufactured several heat pipe prototypes with acetone and methanol at ISFH. The optimization
approaches of the improved heat pipe prototypes have been confirmed by measurement. Our results show
that a significantly increased thermal conductance of heat pipes with organic working fluids suitable for
stagnation temperature limitation is possible. Compared to commercially available heat pipes the
conductance could be increased by a factor of 1.5.
Because of the small dimensions of the condenser in contrast to the evaporator the condensation heat transfer
is essential for the heat transfer ability of the gravitational heat pipes for solar collectors. Thus, the increase
of the available inner surface of the condenser is a significant approach for optimization. This can be
achieved by an increase of the diameter or length of the condenser as well as by enlargement of the inner
surface with the same external dimensions, for example by internal ribbing. Experiments showed that
doubling of the inner condenser surface increases the overall heat pipe conductance by a factor of 1.7. Hence
an enlargement of the inner surface of the condenser reduces the thermal resistance of the heat pipe nearly
directly proportional.
Besides the optimization of the heat transfer characteristics of heat pipes, cost optimization potentials have
been investigated as well. In addition to minimizing the use of materials, a cost reduction can also be
achieved by the choice of the heat pipe material. Typically, heat pipes for solar thermal collectors are made
of copper. A substitution of copper with aluminum or stainless steel is also conceivable. The use of
aluminum in heat pipes in combination with different working media has been intensively studied (Faghri,
1995, Reay and Kew, 2006). We have developed a laboratory method for manufacturing aluminum heat
pipes and demonstrated the reliability and heat transfer capability of the produced heat pipes for use in
collectors. The results were presented in a former publication (Jack et al. 2013).
3. Limiting the stagnation temperature by the use of heat pipes
As mentioned, a correct design of the dry out limit of gravitational heat pipes leads to a reduction of the
temperature in the solar circuit in case of stagnation. This technology is already used in commercially
available evacuated tubes of the German company NARVA Lichtquellen using an organic working fluid to
limit the stagnation temperature to 160 °C (Mientkewitz, 2010). Typical commercially available heat pipes
with water are unsuitable for a stagnation temperature reduction by the use of the dry out limit.
The development goal should be to disable the heat transfer of the heat pipe as close as possible to the upper
limit of the operating temperature range of the collector. Thus, the calculation methods for the dry out limit
as well as the knowledge of the factors influencing it are essential.
1000
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800
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0
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Fig. 2: Calculated dry out limits of gravitational heat pipes for solar thermal collectors filled with different working fluids
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For the following discussion, an exemplary heat pipe with an evaporator length of 1.7 m, an inner diameter
of the evaporator of 8 mm, a condenser length of 50 mm, a condenser inner diameter of 20 mm filled with a
mass of 3 g of the working fluid is defined. Figure 2 shows the dry out limits for the defined standard
geometry with different working fluids that have been determined by our newly developed model.
For a fixed mass of working fluid (in this case 3 g) the maximum temperature varies between 35 °C for
propane and 270 °C for water. Thus the shutdown temperature can be adjusted over a wide range by the
choice of the working medium. However, several working fluids are not suitable for the use in combination
with the pipe material due to instability or incompatibility.
The influence of the amount of working fluid on the dry out limit by varying the mass of the working fluid is
exemplarily shown in Figure 3 for butane and water. If water is used in the heat pipe with the previously
defined standard geometry the dry out temperature may be varied from 170 °C with 0.5 g of water, to 290 °C
with 4 g of water. However, for smaller amounts of water the curve of the shutdown shows a smaller slope
and the maximum transferable heat flux drops significantly. With a mass of 0.5 g of water the maximum
power of the heat pipe is limited to 55 W. Thus, by the use of water no practical temperature limitation can
be achieved in the collector using the dry out limit. With butane the influence of the mass of working fluid
on the dry out temperature is quite similar, but the overall temperature level is lower.

Dryout limitation Qdry in W

600

water 0.5g
water 1g
water 2g
water 4g
butane 0.5g
butane 1g
butane 2g
butane 4g
butane 8g

400

φ = 45°
200

0
-50

0

50

100

150

200

250

300

Condenser temperature Tcond in °C

Fig. 3: Calculated dry-out limits of gravitational heat pipes for solar thermal collectors with different types and amounts of
working fluids

However, the shut down in the collector does not have to be referred to the evaporator temperature, but to the
average fluid temperature of the solar circuit, since this temperature has to be limited in case of stagnation.
Thus, the components heat pipe and manifold have to be considered as thermal resistances between the
evaporator temperature and the fluid temperature. A reduction of the thermal resistance of both the heat pipe
and the manifold increases the slope of the dry-out limit and thus the sharpness of the shutdown.
Figure 4 shows the influence of the thermal resistance of the heat pipe and the manifold on the collector
efficiency and on the shutdown function for a standard evacuated tube collector. The default values of the
thermal resistances of heat pipe (1/UHP1) and manifold (1/UMan1) were recognized. The thermal resistances
were reduced stepwise for the calculation using the following definition: 1/(U HP1 · i) = 1/UHP i and
1/(UMan1 · i) = 1/UMan i.
For the typical thermal resistance of heat pipe and manifold (G = 1000 W/m²) there is a temperature
difference of 40 K between the starting of the shut down and the stagnation temperature (η = 0). By reducing
the thermal resistance of the heat pipe by a factor of 3, this temperature difference can be reduced to 27 K. If,
in addition, the thermal resistance of the manifold is reduced by a factor of 3, there is a temperature
difference of only 22 K. Thus, theoretically a significant increase in the sharpness of the shutdown can be
achieved and in turn, the stagnation temperature could be further reduced by up to 20 K.
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Fig. 4: Calculated influence of the thermal resistances of the heat pipe and the manifold on the collector efficiency and the shut
down behaviour of a standard evacuated tube collector with an alkane as working fluid.

This means that the reduction of the thermal resistance of heat pipes as well as the reduction of the thermal
resistance of the manifold represent optimization potential not only with regard to performance but also with
regard to the shutdown behavior. The thermal resistance of the heat pipe should be as small as possible, since
higher resistances lead to a less sharp shut down. Thus, within the investigation regarding optimal working
fluids for a certain shutdown temperature the dry out limit and the thermal resistance of the heat pipe and
thus the thermal conductivity of the working fluid has to be considered.
4. Flat-plate collectors with deactivating aluminum heat pipes
Based on the developed evaluation and design methods for heat pipes and manifolds we investigated the
integration of heat pipes with organic working fluids into flat plate collectors.
Considering the above-mentioned correlations, several solutions of the heat pipe condenser-manifold
connections were developed. The design of the heat transfer limits is exemplarily explained in figure 5. On
the one hand, the entrainment limit has to be considered in order to design the diameter of the heat pipes as
small as possible. For this purpose, the maximum heat transfer rate the heat pipe has to provide at the lowest
operating temperature has to be considered (see design point “B1” in figure 5). For the dry out limit, the
collector heat gain at the highest operating temperature is crucial, which is represented by the design point
B2. The calculation of the dry out limit for this boundary condition then allows to estimate the expected
stagnation temperature represented by point B3.
entrainment limit

B1
dryout limit

QOL,HP

B2

Quse,Coll

stagnation
temperature

B3

Tfluid

reduction of
stagnation temperature

Figure 5: Schematic representation of the design criteria taking into account the required heat transfer rates and the heat
transfer limits, depending on the temperature of the solar circuit fluid.

We have designed several flat plate collector prototypes with copper and aluminum heat pipes, using a
commercially available frame and glazing (insulation thickness d = 50 mm, transmittance of the glass pane
τglass ≈ 0.9). The heat pipes, filled with a defined amount of acetone, were manufactured at the ISFH and
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assembled on spectrally selective aluminum absorber plates (absorbance αabs = 0.95, emissivity εabs = 0.05)
by laser welding. The heat pipe condensers have been firmly bonded to copper manifolds. In the following,
the collector with copper heat pipes is called P.1 and the collector with aluminum heat pipes is called P.1.1.
Figure 6 shows partial views of the collector prototypes.

Figure 5: Backside of the aluminum absorber sheet with aluminum heat pipes connected by laser welding (left) and flat plate
collector prototype P.1 (right).

The efficiency of the prototypes was measured in the ISFH sun simulator at different inclination angles and
mass flow rates. The conversion factor η0 ranged from 0.68 to 0.76. Figure 7 shows the measured collector
efficiency curves for P.1 at an inclination angle of 45 °, and for collector P.1.1 at inclination angles of 20 °
and 45 °. In the range of the heat pipe dry out up to η = 0 a higher resolution of measuring points was used.
For temperatures above 115 °C, the dry out limit of the heat pipes influences the collector efficiency. Starting
from this temperature, the transferred heat rate of the heat pipes is limited. At a mean fluid temperature of
about 130 °C, the efficiency is zero, which means that the temperature of the heat transfer medium in the
solar circuit is limited to that value. This was measured during the collector efficiency test with an average
wind speed of 3 m/s and an ambient temperature of about 25 °C.
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Figure 7: Measured efficiency curves of novel flat-plate collector prototypes with reduced performance at high temperatures
due the use of deactivating heat pipes for different tube materials and inclination angles.

The influence of the deactivating heat pipes is clearly recognizable from the collector efficiency curves, but
does not seem to be very large. This effect is much clearer, if the temperature distribution in the whole
collector is considered. Figure 8 shows the temperature distribution along one heat pipe in the middle of the
collector P.1 at several operating points (T fluid = 25 °C, 100 °C and 130 °C). At a fluid temperature of 130 °C
the collector efficiency is zero, the stagnation point of the collector is reached. The results were measured
during the collector efficiency measurement at G ≈ 900 W/m² und Tamb ≈ 25 °C.

350

Sebastian Föste / EuroSun 2014 / ISES Conference Proceedings (2014)

180

160

ΔT = 40K
Temperature in °C

140

120

absorber
adiabatic section
manifold

100
heat pipe 5, T_Fluid=25°C

80

heat pipe 5, T_Fluid=100°C
heat pipe 5, T_Fluid=130°C

60

40
0

200

400

600

800

1000

1200

1400

1600

1800

Vertical position in the collector (0: bottom, 1810: top) in mm

Figure 8: Measurement results of the temperature distribution along a heat pipe at the center of the collector P.1 for the
operating point at 25 °C and 100 °C mean fluid temperature, and for the case of stagnation (Tfluid = 130 °C)

In a built system with real weather conditions more severe thermal loads in case of stagnation compared to
the efficiency measurement can be expected. In addition to high radiation and high ambient temperatures
very low wind speeds can occur and the solar circuit pump is powered-off. To reproduce this more realistic
case of stagnation the collector pump and the artificial wind are turned off. For an additional measurement
the fluid circuit is completely removed from the collector. The results are shown in table 1.
For the case without wind and connected collector circuit without fluid flow, maximum temperatures of
138 °C are measured at the fluid circuit for both collectors. The temperatures at 2/3 height of the absorber,
however, reached values close to 180 °C. The maximum stagnation temperature of the fluid circuit is about
40 K below the maximum temperature at the absorber plate. At an elevated irradiance of 1000 W/m² and an
ambient temperature of 30 °C a maximum temperature on the absorber plate of more than 200 °C is
expected.
Table 1: Measured stagnation temperature at 2/3 height of the absorber plate and in the middle of the manifold at different
test conditions for the collectors P.1 and P.1.1 for an irradiance of 900 W/m² and an ambient temperature of about 26 °C.

P.1
Copper heat pipes

P.1.1
Aluminum heat pipes

Tabs,2/3
in °C

Tman,max
in °C

Tabs,2/3
in °C

Tman,max
in °C

Connected fluid circuit,
with fluid flow and wind

171,3

131,6

164,4

128,6

Connected fluid circuit,
no fluid flow, no wind

178,9

138,3

179,7

137,8

Fluid circuit not connected,
no wind

188,4

142,0

The temperature at the fluid circuit is not significantly increased due to the thermal decoupling by
deactivating heat pipes, so that even a more significant reduction of the maximum temperature from the
absorber plate to the fluid circuit can be expected. A limitation of the maximum temperature at the fluid
circuit to even lower values may be possible by optimizing the heat pipes. Replacing copper with aluminum
heat pipes can reduce the material cost without compromising the system safety. Since the solar circuit fluid
is only in contact with the pipes of the manifold, which are made of copper, corrosion in the solar circuit can
be avoided, contrary to other technology approaches.
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5. Reduction of system costs due to limited stagnation loads
Generally, the production costs of the collectors represent only a small part of the overall costs of solar
thermal installations. However, significant saving potential can be found in the field of systems engineering,
because the system complexity (connection of the collector array, large expansion tanks, temperatureresistant components and optional cooling lines or drain back solutions) generate high costs.
Especially the vapor formation in case of stagnation has a significant influence on the expenses for the
installing crafts, because they take a surcharge due to uncertainty in the operational safety (Hafner 2013).
Other aspects are the ventilation and degasification as well as the hydraulic balance, which can be realized
much more easily in a simplified hydraulic system, as it exists with heat pipes. Thus, an increased operating
reliability due to stagnation safe collectors can also lead to lower extra charges on the material costs by the
craftsmen.
With the developed collector technology, the stagnation temperatures in the fluid circuit can be limited to
100 °C up to 160 °C depending on the heat pipe design. Thus, they are well below today's evacuated tube
collectors (up to 300 °C) and flat plate collectors (up to 210 °C). This results in significant benefits as
described in the following:
x

The degradation of the heat conducting paste between the heat pipe condenser and the manifold,
which leads to an increased heat transfer resistance and hence to an efficiency loss can be reduced or
avoided. If necessary, a replacement of individual vacuum tubes is easily possible even after a long
period of operation, because the heat conducting paste is still flexible.

x

Due to the lower temperature load in the solar circuit in case of stagnation, the solar circuit pipework
can be performed simpler. For example, hard-soldering of pipe joints is not necessary and with
optimized shutdown even a polymer tubing is possible.

x

With a defined shutdown temperature and a slightly elevated operating pressure, it can be prevented
that fluid evaporates in the solar circuit and spreads across the system. Otherwise, the propagation of
steam could cause destruction of pumps, valves and other components of the system. With
temperature limiting collectors, expansion tanks can be sized smaller and less expensive without an
additional in-line vessel.

x

Currently, expensive cooling systems or complex solar circuits are sometimes used in systems
without shutdown. These protection systems include temperature controls, valves and more. These
additional units can be avoided by using temperature limiting collectors.

x

Usually, the water-glycol mixture in the solar circuit cracks at the high temperatures occurring in case
of stagnation. As a result, the solar circuit fluid has to be changed frequently, which is preventable.

x

The simpler hydraulic configuration of the solar circuit in the heat pipe collectors leads to
simplification of the collector array pipework and a higher reliability. Parallel connections of
collectors can be reduced and partial stagnation, which may occur for evacuated tube collectors with
coaxial tubes, can be avoided (Glembin et al. 2010).

x

By avoiding vapor formation and thus reducing system load during stagnation the error rate of solar
installations is reduced, thus their reliability is increased.

We have investigated possible system simplifications to quantify the cost reduction potential for solar
thermal installations due to the use of temperature limiting heat pipe collectors. For the assessment of the
potential savings, also experts from industry and craft have been consulted. In the following, our approaches
are briefly presented. Detailed information regarding the assumptions made and the cost calculation is
presented in Jack and Rockendorf (2013) and Jack et al. (2014).
For our investigations, an installation with a collector area of 5 m² was assumed. A simplification of the solar
station and additionally the use of a collector field piping made of plastics instead of the traditional copper
piping has been considered. Overall, a reduction of specific investment costs related to the collector area of
100 €/m² is expected.
A further lowering of costs can be achieved by the reduction of the volume of the expansion vessel. The
dimensioning of the expansion vessel according to Scheuren and Kirchner (2008) with the expected steam
range during stagnation in combination with a cost evaluation results in a further cost reduction of 10 €/m².
Due to the simpler system hydraulics, also cost savings in installation and commissioning can be achieved.
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The lower effort for the installation of piping and for filling and venting of the system, further reduces the
system costs by 48 €/m².
Furthermore, the maintenance costs of the systems compared to the present state can be reduced
significantly. These are particularly the extension of the maintenance intervals and a significantly longer
service life of the solar circuit fluid. A cost reduction of 55 €/m² was estimated for a lifetime of 20 years.
Considering additional aspects (simpler collector interconnection, no pump replacement) and a financing of
the investment and the time-based maintenance, we expect a possible cost reduction of about 25%.
6. Conclusion
Basically the approach of deactivating collectors can transfer the complexity of the solar circuit to the
collector. By using the dry out limitation of gravitational heat pipes with organic working fluids,
temperatures in the collector can be significantly reduced in the case of stagnation, so vapor formation can be
avoided. Novel flat plate collector prototypes have been designed, built and tested, which limit the stagnation
temperature in the heat transfer medium of the solar circuit in the collector to 140 °C. Theoretical
considerations on the dry-out limit of heat pipes show that an improvement to 120 °C is achievable. This
would result in a maximum stagnation temperature at the collector connections of below 100 °C , which can
lead to drastic system simplifications. Completely new plug-and-play solar circuits made of polymers will be
possible.
By means of exemplary considerations we have shown that a system installation with deactivating collectors
can be significantly cheaper. For small systems (one and two family dwelling units), we expect a cost
reduction potential for the solar system of at least 25 %.
Thus, the use of deactivating collectors with heat pipes can lead to savings that go far beyond the potential
savings of cheaper collectors. The systems are simpler, which relieves the installer and they are more
reliable, which lowers the risk and guarantees the yield. Hence heat pipes in collectors represent a potential
key technology for simplification and cost reduction of solar thermal systems.
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Abstract
Insulated glass collectors represent a novel design intended for improved building integration, combining a
multiple window glazing with a flat plate collector. Gas-filled gaps and low-emittance glass coatings can
provide for a high performance, comparable to that of commercially available flat plate products by reducing
the overall thickness from 90-100 mm to 50 mm. The paper presents the results of our investigations on
optimized triple-glazed, argon-filled prototypes. Aim of the work is to compare different absorber
technologies and integration solutions and to identify the most suitable design with regards to aesthetical
appearance and long-term reliability. Efficiency measurements according to EN ISO 9806 confirm the
findings of previous investigations: zero-ORVVHIILFLHQF\Ș0 between 0.74 and 0.79 as well as an effective heat
loss coefficient a40 between 4.2 and 4.5 W/m²K are reported, depending on the specific design considered.
Indoor and outdoor reliability tests show promising results: no significant decrease of gas concentration has
been detected in most cases and no degradation of the collector components, even after long-term exposure.
Due to the gas-tightness of the unit, outgassing has been identified as a critical aspect to be taken into special
consideration in the collector design and in the choice of components and materials.
keywords: flat plate collector, insulated glass, building integration.
1. Introduction
Insulated glass collectors represent a novel design combining a multiple window glazing with a solar thermal
flat plate collector. A flexible manufacturing, an easy integration in common window frames or façade
profiles as well as a superior aesthetical quality make them best suitable for building integration. As a result,
a higher architectural acceptance and a reduction of installation costs are expected. Both aspects can
significantly contribute to a successful deployment of solar thermal systems.
Previous theoretical and experimental studies have already shown the potential of this new collector
(Lamparter, 2010; Schleffer, 2010; Giovannetti et al., 2014): by the use of gas-filled gaps and low-emittance
glass coatings, performance values comparable to those of commercially available flat plate collectors can be
achieved with a slim design (down to 50 mm).
This paper presents the results of our investigations on improved argon-filled, triple-glazed collector
prototypes featuring different absorber technologies and integration solutions. The design optimization aims
on the one hand at simplifying the construction and adapting it to the manufacturing steps of the insulated
glass production, on the other hand at ensuring the long-term reliability of these collectors, which hasn’t been
demonstrated so far.
2. Design of the collector prototypes
The choice of the right absorber design and the right integration into the glazing unit represent the most
challenging tasks in the development of this new collector. To achieve a superior aesthetical quality,
comparable to that of other glazed components of the building envelope, an unusually flat plate has to be
implemented and typical corrugated patterns of metallic absorbers should be avoided. Preliminary tests on
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laser-welded sheet-and-tube absorbers showed that this most common design cannot fulfill the targeted
requirements, even by using much thicker plates (up to 1 mm aluminum instead of the typical 0.4/0.5 mm).
For this reason we investigated alternative solutions and identified three promising products (s. Figure 1).
Two of them are based on the use of additional metallic omega profiles placed on the rear side of the
absorber to fix the tubing to the absorber plate and to provide for the necessary thermal contact, whereas
different processing technologies are implemented. In one case the profiles are glued to the plate with a very
thin and temperature-resistant acrylic adhesive tape. This design is known since long time, was introduced to
the market by the German company Schüco and is currently commercialized by the German company
SolMetall. To analyze the influence of the design parameters on aesthetics, performance and reliability (for
example width and thickness of the omega profile, type and application of the adhesive tape) in-house
prototypes were developed and manufactured in cooperation with our project partners.

Fig. 1: Sketches of commercially available absorber designs with superior aesthetical quality, identified
as best suitable for the use in insulated glass collectors

In the second case the omega profile is fixed to the rear side of the absorber plate by ultrasonic welding.
Geometry and welding process can also in this case strongly affect the absorber behavior. For our
investigations, the absorber prototypes were manufactured and supplied by the Macedonian company Camel
Solar.
The use of additional omega profiles provides for a superior aesthetic appearance by avoiding the damage of
the absorber surface during the processing and by reducing the thermo-mechanical stress at the boundary
between plate and tubing and the correspondent absorber deformation, especially if different materials are
used (for example aluminum and copper).
The last suitable absorber manufacturing technology identified is roll-bonding. Latest developments enable
the production of asymmetric assemblies featuring a rear side with visible hydraulic structures and a very flat
front side, by using two aluminum alloys with different mechanical properties. Highly performing selective
coatings can now be applied as well. The successful developments were carried out by the Italian company
CGA and by the Finnish collector manufacturer Savosolar. Absorber prototypes couldn’t be supplied within
the runtime of the project, so that our investigations focused on the first two absorber designs.

Legend:
1.

Toughened glass cover

2.

Selective absorber

3.

Metallic absorber frame

4.

Toughened glass pane with
borehole for pressure compensation

5.

Low-e coated glass pane

6.

Argon gas fill

7.

Temperature-resistant
thermoplastic spacer

Fig. 2: Sketch (right) and prototype (left) of an insulated glass flat plate collector
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To insert the solar absorber into the glazed unit we tested different solutions as well. The main development
goal was to realize a simple assembly, which can be manufactured by using the production equipment of
insulated glass with thermoplastic spacers and can withstand the high thermo-mechanical stress occurring
during operation and in case of stagnation. To this intent the absorber is framed by a metallic profile, which
ensures the mechanical stability to the whole construction, thus strongly simplifying the handling during the
manufacturing steps, and avoids the direct contact of the hot plate with the temperature sensitive edge bond,
mainly responsible for the durability of the glass unit. For the sealants high-performance products developed
by the German company Kömmerling Chemische Fabrik and already successfully tested for solar thermal
applications were used (Föste et al., 2014).
To reduce the absorber deformation and the mechanical stress at the edge bond, which can also impair the
gas-tightness of the glazing, additional fixings placed on the rear side of the absorber plate as well as special
components compensating the thermal elongation of the tubing were used in the first collectors. In the
second, optimized generation of prototypes these complex and cost intensive devices were removed.
On the basis of the presented design approach several collector prototypes were produced (s. Figure 2). The
procedure consists of the following main steps, which can be repeated in the case of triple or quadruple
glazing: positioning of the first pane, application of the primary sealant (modified butyl), positioning of the
second pane, filling of the gap with argon gas and pressing of the two panes. In our case one of the panes is
replaced by the framed absorber. At last, the secondary sealant (silicon), responsible for the mechanical
stability of the glazed unit, is applied. The results prove that the developed collector design is compatible
with this procedure and that optimized prototypes with a simplified assembly can be manufactured with a
high automation grade.
3. Collector measurements
3.1. Performance
We carried out efficiency measurements on the different collectors according to EN ISO 9806, by means of
indoor tests with our solar simulator, which ensures a high reproducibility and an uncertainly of less than
0.01 over the relevant temperature range. Despite of the different design, all prototypes exhibit identical
optical properties of glass cover (Ĳ  , absorber (Į İ  and low-e glass
(İ 3 ). The collectors were measured both at 45° and 90° inclination to analyze the impact of the
convective heat transfer mechanisms on the overall performance. The tests confirm the results of our
previous investigations (Giovannetti et al., 2014) and can be summed up as follows:
x As reported is Figure 3, the performance of the insulated glass collectors is comparable to that of a
commercially available flat plate collector, featuring a low-iron glass cover Ĳ  DVHOHFWLYH
absorber, consisting of a 0.4 mm thiFN DOXPLQXP SODWH DQG FRSSHU SLSHV Į     İ   
0.02), and 50 mm rear side insulation.
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Fig. 3: Measured efficiency of argon-filled, insulated glass collector prototypes compared to that of a standard flat plate
collector at 45° (left) and 90° (right) slope
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At 90° inclination the glass collectors perform even better due to the advantageous reduction of the
convective heat losses.
x The conversion factor Ș0 ranges between 0.74 and 0.79, slightly below that of the reference collector.
This variation is mainly due to the selected absorber design, implementing additional omega profiles. The
geometry of the profiles as well as the welding or gluing process used have a strong influence on the heat
transfer between the absorber plate and the fluid, which in turn affects the zero-loss efficiency of the
collector (Rockendorf et al., 1995), as shown in Figure 4 for the correspondent configuration.
0.85
0.80

Conversion factor K0
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Fig. 4: Calculated influence of the absorber internal heat transfer coefficient Uint on the conversion factor
of a flat plate collector, based on the optical and thermal properties of the investigated prototypes

x The effective heat loss coefficient a40, referred to a temperature difference (TFluid - TAmbient) of 40 K,
ranges between 4.2 and 4.5 W/m²K. The variation is in this case supposed to depend on the different
emittance of the rear surface of the absorber plates, more than on the optical properties of the components
or on the geometry of the collectors. Contrary to what assumed in our first investigations, calculation
results attest an increase up to 0.5 W/m²K with very high emittance values. The calculation has been
carried out with a model developed at ISFH and already described by Giovannetti et al. (2014). To
suppress any possible negative influence of the absorber plate on the heat losses, a low-e coated middle
glass pane can be used, as represented in Figure 5.
Eff. heat loss coefficient a40 in W/m²K

4.2
4.0

combined with
uncoated glass pane

Effect of emittance
rear side absorber plate

3.8
3.6
combined with
low-e coated glass pane

3.4

(h23, r)-1

3.2
Effect of low-e coating

3.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Emittance absorber plate rear side
Fig. 5: Calculated dependency of the effective heat loss coefficient a40 of an insulated glass collector on the emittance of the rear
side of the absorber plate by using an uncoated and a low-e coated middle glass pane. The calculation has been carried out
with a model developed at ISFH and refers to the undisturbed central area of the collector. Any two- or three-dimensional
effect as well as any thermal bridge are neglected.

3.2. Reliability
We investigated the collector reliability by means of both indoor and outdoor tests. Our main goal was to
prove the durability of the glazed unit under severe exposure conditions and analyze the thermal and thermo-
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mechanical behavior of the collector. As assessment criteria, a visual inspection of the assemblies, an
efficiency measurement and a measurement of the gas-tightness of the prototypes before and after the
exposure were carried out.
The short indoor tests consist of cyclic temperature shocks (3 to 5 cycles) similar to EN ISO 9806 and were
carried out in our solar simulator on most of the manufactured prototypes to get a first impression of the
assembly stability in dependency of the different design solutions. During the tests, the unfilled collector is
exposed to high temperatures over three hours under stagnation conditions (irradiance G about 1000 W/m²,
ambient air temperature TAir about 30°C, no wind) and subsequently fast cooled down and flowed through
over one hour with cold water at a constant temperature of about 20 °C.
During the outdoor tests three prototypes from the first manufacturing campaign have been investigated to
analyze their long-term behavior. Two of them were installed on our test roof (south orientation, 38° slope)
and the last one in our test façade (south orientation, 90° slope). This collector is inserted in a vinyl (PVC)
window frame and fully integrated in the building, as it should be in a real installation.
All collectors are unfilled and not connected to the solar loop to maximize the stress, and equipped with
resistor sensors PT-100 in order to get reliable information about the temperature distribution under real
weather conditions, especially at critical positions of the assembly (edge bond, PVC-frame). Weather data
(ambient temperature, wind speed and direction, hemispherical and diffuse irradiance) are recorded as well.
The test on the roof has been running since August 2013, the test in the façade since November 2013. The
present work reports the results of the first 12 and 9 months exposure respectively.
Our reliability tests show in general promising results with regards to the durability of the insulated glass
collectors. We have measured no change of Argon concentration in most of the prototypes investigated
during the shock tests, independently of the design solution chosen (absorber and fixings). Two of the three
collectors tested outdoor can provide for gas-tightness even after the long exposure time (Prototype 2 and
Prototype 3 in Figure 6). Efficiency measurements on one of the prototype (Prototype 2) show identical heat
loss coefficients before and after one year exposure.
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Fig. 6: Argon concentration in the front gap of the collectors in the course of the outdoor exposure tests (left) and pictures of
the exposed collectors (right). The measurements have been carried out with the portable gas analyser Gasglass Handheld
from the company Sparklike.

The investigations attest on the other hand a systematic reduction of the conversion factor after the extended
shock tests (0.01 up to 0.03), due to a suboptimal design of the customized absorbers, which still has to be
improved in order to fulfill both aesthetical and performance requirements.
The design temperatures at the critical positions in the collector have not or have only slightly been exceeded
during the outdoor tests (s. Figure 7 and Figure 8). At the edge bond (long-term durability proven up to
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140°C) a maximum temperature of 110°C was reported, at the PVC-frame (long-term durability of the
material: 80°C) of 84°C. No relevant sign of degradation of the collector components was detected.
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Fig. 7: Frequency distribution of the temperatures measured at the critical positions during the outdoor test on the roof:
overview and detail of the relevant temperature range
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Fig. 8: Frequency distribution of the temperatures measured at the critical positions during the outdoor test in the façade:
overview and detail of the relevant temperature range

Outgassing was observed in all investigated prototypes and has to be regarded as the most critical aspect in
the development of this new collector design, due to the tightness of the glass unit. To solve the problem the
use of any temperature sensitive material has to be avoided.
4. Conclusion
Our investigations on insulated glass collector prototypes prove that this new collector concept, combining
an architectural glazing with a flat plate collector, exhibits a high potential for building integration.
The collector can be manufactured by using the standard equipment and production procedure of the
insulated glass industry, thus promising a very flexible design which can be more easily adapted to different
installation conditions. A superior aesthetical appearance, compared to most of the existing commercial
products, can be achieved by using well-known absorber manufacturing technologies.
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Efficiency measurements confirm our previous experiences, reporting performance values comparable or
even better than those of commercially available flat plate collectors in spite of their slim design.
Improvements still have to be undertaken to get the best compromise between aesthetics and performance.
By using a suitable design, featuring a framed solar absorber and high-performance sealants for the edge
bond, the durability of the glazed unit can be ensured. Most of the collectors tested provide for the required
gas-tightness, independently on the specific design. First short tests on optimized assemblies, eliminating
complex absorber fixings and simplifying the manufacturing, show promising results as well. Avoiding
outgassing still represents the most challenging task in the development of this new collector concept and can
only be achieved through the choice of the right components and materials.
Future activities should address the long-term reliability of the new optimized design as well as the
integration into the building envelope. For this purpose a demonstration project is planned.
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Summary
The present study represents results of experimental and simulation investigations of a solar dryer under
laboratory conditions to dry algae. In order to accurately analyse the performance of the solar dryer, the
experiments have been carried out under the controllable laboratory condition. In addition, controllability of
ambient condition allowed analysing the drying kinetics of algae. As a heat source of the dryer, lamps with
powers of 500, 1000 and 1500W have been used. The different types of algae were used as the drying
materials. It has been observed that there is a good convergence between the obtained experimental and
simulation results.
Keywords: solar drying, drying rate, algae.

1. Introduction
The seaweed industry is grown but it is also become a source of income if carried out by communities,
associations as well as individuals. Seaweed is widely used in production of food and medical products and
industry manufacture at present (Fudholi et al. (2011)). Ge et al. (2011) reported brown seaweed Laminaria
japonica can be used for the production of alginate, iodine and mannitol. They reported that seaweed
excellent prospects as a potential feedstock for the production of bioethanol. Seaweed as an energy resource
to produce biogas has been studied by Vergara-Fernandez et al. (2007). Solar drying system is one of the
most attractive and promising applications of solar energy systems in tropical and subtropical countries. The
technical development of solar drying systems can proceed in two directions. Firstly, simple, low power,
short life, and comparatively low efficiency-drying system. Secondly, high efficiency, high power, long life
expensive drying system (Fudholi et al., 2010).
The wide variety of dehydrated foods, which today are available to the consumers and the interesting
concern for meeting quality specifications and energy conservation, emphasize the need for a thorough
understanding of the drying process. Mathematical modelling of thin layer drying is important for optimum
management of operating parameters and prediction performance of drying process. It is essential to set out
accurate models to simulate the drying curves under different drying conditions. The description and
prediction of the drying kinetics of a given material is still a weakness in the modelling of drying process.
There is a great need for stable and reliable model to quantify and predict drying rates and drying times with
a satisfying accuracy (Saeed et al., 2008a; Saeed et al., 2008b).
Drying kinetics is generally evaluated experimentally by measuring the weight of a drying material a
function of time. Drying curves may be represented in three different types of plots that are moisture content
versus time, drying rate versus time and drying rate versus moisture content.
The aim of the study is to accurately analyze the thermal performance of solar dryer by the controllable
laboratory condition.
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2. Methods and Materials
2.1. Experimental set-up
The experimental set-up consists the following: an air solar PV-T collector; a solar drying chamber; three
lamps with powers of 500, 1000 and 1500W; thermocouples with a data logger connected to a net-book; a
flow meter; a humidity meter; a balance. The air solar PV-T collector with the size of 1004×704×55 mm and
it consists of a transparent cover (polycarbonate sheet with surface area of 0.7 m2 and thickness of 1 cm), a
PV module with 12W electrical power, an absorber (a special welt mat), an extractor with running power of
4.8W and minimum air flow rate of 60 m3/hour. A hole with a diameter of 12.5 cm is made on the backside
of the collector for the hot air outlet. A special aluminium tube with 12.7 cm diameter is connected between
the air solar PV-T collector and the drying chamber (Fig.1). The backside of the collector is made of special
aluminium perforated plate which conduces to enter the air flow from ambient. The solar drying chamber is
made of metal triangle and wooden frames which are covered with polycarbonate sheets. From inside of the
drying chamber, absorbers (thin aluminium sheet with a thickness of 0.3 mm) are placed to absorb the direct
incidence of solar radiation which negative influences on the properties of drying algae (Halimov et al.,
2012). Five trays are placed inside the drying chamber with distance of 20 cm between each other. The size
of the chamber is 100×100×70 cm. On topside of the chamber, an additional extractor with running power of
15W is installed to remove the humid air from the inside of the chamber. The trays are made of wooden
frame covered with a plastic mesh, the size of each is 95×65 cm.

Fig.1: Schematic view of the solar drying system.

2.2. Experimental procedure
In order to run the system, at the first, biomass (algae, i.e. in our case brown seaweeds – Laminaria have
been used) has been prepared and loaded in the drying chamber (Fig 2a) and the balance is installed on the
top side of the drying chamber, as it is seen from the Fig 2b. In order to provide the uniformity of drying
processes in the drying chamber, the algae were uniformly distributed as a single layer on a tray (Fig 2a).An
important property of materials processed by direct radiation drying is their absorptivity for radiation.
Fortunately, most solids have relatively high absorptivity, but they may change as drying proceeds, the
surface of the materials becoming less or sometimes more “black” during the process. Food materials and
crops are very sensitive to the drying conditions. Drying must be performed in a way that does not affect
seriously their colour, flavour, texture or nutritional value. Thus the selection of drying conditions, as
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temperature, is of major importance. Many products need pre-treatment, similar to pre-treatment applied to
conventional drying systems. For solar drying some products are pre-treated to facilitate drying or to keep
their flavour and texture (Belessiotis and Delyannis, 2011).

a)

b)
Fig. 2: Experiment

The simulator power lamps were installed in the fixed places, i.e. the lamp with power of 1500W was
directed to the surface of the solar air PV-T collector, and the others (two lamps with power of 500W), in
turn, were directed to the walls of drying chamber (Fig.3).

Fig.3: Irradiating the solar dryer by the power lamps during the experiment.
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During the experiments, the inlet and outlet air flow velocities were constants (inlet and outlet air flow
velocities are 0.28 and 1.13 m/s, respectively). The velocities were measured with a flux meter. The
experiments were conducted with two different masses (5117.74 and 3303.69 g) of algae to compare the
drying constants. Dynamical changing of biomass during the drying was observed and recorded with a digital
balance (the range of measurement is 0-5000 g with an accuracy of ±0.01 g) every 30 min. The relative
humidity of air inside and outside the drying chamber has been measured by relative humidity sensors
(HMP60, measuring range: 0–100% HR; −40˚C to +80˚C). The measurement of temperatures was performed
using thermocouples of type K (0.2 mm diameter) and a PicoLog data logger with reading accuracy of
±0.01˚C. The irradiation emitted by the lamps was measured with a Pyranometer (Kipp&Zonen, 0–
2000W/m2, 1mv = 1W/m2). A luxmeter was also used to observe and analyse a distribution of irradiation on
the surfaces of collector and drying chamber walls.
2.3. Mathematical description
Data obtained from measurements in a test that measured the weight of the time before being used for the
analysis of drying kinetics of material need to be changed first in the form of moisture content data. The
moisture content of materials can be calculated by two methods on the basis of either wet or dry basis using
the following equation:
The moisture content wet basis
ܯൌ

 ݓሺݐሻെ݀
ݓ

ൈ ͳͲͲΨ (1)

The moisture content dry basis
ܺൌ

 ݓሺݐሻെ݀
݀
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where, w(t) is mass of wet materials at instant t, and d is mass of dry materials.
The moisture ratio (MR) can be calculated as
 ܴܯൌ

ܯെ݁ܯ
 Ͳܯെ݁ܯ

(3)

where, Me and M0 are equilibrium and initial moisture contents, respectively.
So, an equation for the average efficiency of the solar dryer could be written as the following
ߟൌ
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where, Adc and Acs are surface areas of the drying chamber and collector, respectively. I1 and I2 are the
intensities of the radiation emitted by the lamps, directed to the drying chamber and collector surface.
3. Results
As the obtained results show that the falling period of drying rate in the 1-sample takes place when its
moisture content becomes 47% (Fig. 4).
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Fig.4: The moisture content wet basis during the drying.

Until the falling period of the drying rate, the most of energy expands to evaporate the water from the drying
material. The falling period of drying rate for the 2-sample begins since its moisture content below 26%
(Fig.4). Two different experiments results allow calculating the efficiency of the solar dryer. Mass difference
in the samples is 1814.05 g. However, the time difference for drying of the mass is 230 minutes. The incident
radiation on the surfaces of the drying chamber and solar air PV-T collector is measured. According to the
measurements, the value is 700 W∙m-2. The efficiency of the solar dryer could be calculated by (4). The
latent heat of water evaporation is 2.4MJ∙kg-1.
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Fig.5: The moisture content wet basis during the drying.

Establishing of equilibrium temperatures in the air solar PV-T collector and solar drying chamber has taken
place in one hour after the start of exposure by the lamps. Laboratory room’s temperature was almost
constant, i.e. it was between 24 and 25˚C (Fig 6).
Tab.1: Experimental data of total, bio- and dried masses of algae within 1-experiment.

Total mass

Biomass

Dried mass

Tray 1

1479.25

960.16

519.09

Tray 2

1584

1235.84

348.16

Tray 3

1487.31

1187.82

299.49

Tray 4

1506

1188.92

317.08

Sample1

765.6

545

220.6

6822.16

5117.74

1704.42

Total

Tab. 2: Experimental data of total, bio- and dried masses of algae within 2-experiment.

Total mass

Biomass

Dried mass

Tray1

1233.2

716.53

121.95

Tray2

1238.95

744.73

291.78

Tray3

1240.2

703.12

331.53

Tray4

1278.34

804.76

359.25

662.8

334.55

91.25

5653.49

3303.69

1195.76

Sample2
Total

The analyses on the tables 1 and 2 data show that, the mean efficiencies of the solar dryer during the first and
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second experiments became 0.15 and 0.21 respectively.

Fig.6: Temperature dynamics in the solar drying system.

As it is seen the equilibrium outlet temperature of hot air from the air solar PV-T collector during the
experiments was 44˚C. Taking into account the velocity of hot air from the air solar PV-T collector is 0.28 m
s-1, and the flux density of incident radiation on the surface of the air solar PV-T collector is 700W m-2, it is
easy to calculate the thermal efficiency of the air solar PV-T collector that becomes 0.3. The temperature in
the 1-tray in 4 hours after the start of experiment increases dramatically by 6 ˚C within one hour, which
could be characterized by the falling of drying rate in the tray.
4. Conclusion
In order to accurately analyse the performance of the solar dryer, the experiments have carried been out
under the controllable laboratory condition. Controllability of ambient condition allowed analysing the
drying kinetics of algae and thermal performance the drying system. As experiments shown the temperature
of exhaust air from the solar drying chamber has high potential which might be useful to reuse. The
temperature of exhaust air is achieved by the incident of radiation on the walls of the solar drying chamber.
According to the conducted experiments the mean efficiencies of the solar dryer during the first and second
experiments became 0.15 and 0.21 respectively.
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Abstract
PVT collectors produce simultaneously electricity and heat and combine the technologies of PV and solar heat
in one product. Due to lack of testing and certification standards on energy yield and quality they are by now
hardly established in the market. Thus, as part of a joint project the focus was to develop test methods for PVT
collectors. First, a market research with subsequent typification of PVT products served to identify typical
applications and system circuits of PVT collectors. As a result three typical PVT systems have been modeled in
simulation models. Then, as basis of future tests on energy yield and quality of marketable products, both
typical and extreme operating conditions of PVT collectors are determined by means of dynamic annual
simulations of PVT systems in the simulation environment of TRNSYS. Following the module tests conducted
by the project partners, exemplary annual simulations and yield forecasts were performed.
Key words: PVT collectors, PVT test procedures, TRNSYS simulation, market overview of PVT

1. Introduction
PV (photovoltaic) modules use only a part of the incident solar energy to generate electricity. The major part of
the absorbed radiation is converted into unused heat. PVT collectors (combination of PV and solar heat) use the
heat e.g. for producing hot water. In addition, the current efficiency can be increased by cooling of the solar
cells and getting rid of ice or snow.
Certification and testing of PV modules are defined by the standards IEC 61215 (design qualification) and IEC
61730 (safety standards). The testing standards for solar heating collectors are specified in EN 12975. It is
obvious that the existing standards for photovoltaic and solar thermal systems cannot be fully applied to the
new combined product. Different security requirements, for example, are needed due to the interaction of
electric and water-bearing parts in such a collector. In addition, reliable key indicators for electricity and heat
production at different operating conditions of PVT collectors are not feasible due to lack of testing procedures.
Without proper standardization and test methods they will not be competitive with the individual solutions of
PV or solar heating modules.
Against this background, it was the aim of an one and a half year joint research project (Feb. 2013 - July 2014)
to develop methods to determine the efficiency of PVT collectors and suggestions for appropriate safety and
quality regulations.
2. Market Research and structuring of PVT applications
The development of a procedure for practical tests of PVT modules must consider the technical diversity of
existing modules and their various ways of heat application (e.g. direct / indirect use of heat without / with
heatpump). For this purpose, an extensive market research based on available manufacturer information was
carried out.
2.1. Market overview of PVT collectors
The elaborated current overview of market participants (41 producers) of PVT collectors shows a significant
concentration of PVT flat-plate collectors with liquid heat transfer medium (34 producers) (Mitina, 2014).
Within this market segment in turn the uncovered variant is the most represented (30 producers). They look
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similar to photovoltaic modules. The thermal heat exchanger is placed on the back of the PV cells and ensures
their cooling. Because of the missing front thermal insulation they are more suitable for low fluid temperatures,
which increase the efficiency of the solar cells. Hence, they are especially suitable in connection with heat
pumps which can be operated with low temperatures on heat source side.
Another less market-relevant design of PVT collectors is similar to solar thermal collectors. The PV cells are
placed on the absorber or directly under the glass cover. They are known as covered PVT collectors. The
improved thermal insulation leads to high operating temperatures as they are directly used for water and space
heating.
Further, various designs of PVT air collectors and concentrated PVT parabolic trough collectors were found
and classified. Here again, the number of manufacturers is low.
The developed market overview served first as a basis for the selection of the products to be examined by the
project partners TÜV Rheinland and Fraunhofer ISE (Fritzsche, 2013, 2014). It is also the basis for an adequate
description of market-relevant PVT systems to simulate their operating conditions with as few simulation
models as possible.
In the course of categorization of PVT collectors it turned out that with respect to the design and function of
PVT collectors a more precise language regime should be defined. That means that so far used terminology
have to be replaced with new ones or revised. This recommendation applies to both the field of standardization
as well as for funding guidelines.
The background for this recommendation is that the majority of PVT collectors generally have a glass cover,
however, not in terms of thermal insulation of interim space filled with air, but to protect the photovoltaic cells.
Such constructions are then despite glass cover referred to as uncovered (such as swimming pool absorbers). As
a consequence of this language regime uncovered PVT collectors were in Germany previously declared within
the market incentive program as principally not eligible. However, in the funding from 20.7.2012 of the
German market incentive program (BMU, 2012) is literally stated under point 8.1: "Solar plants with panels
without transparent cover on the front panel are not eligible (e.g. swimming pool absorbers)." Thus, as all
available PVT collectors have a transparent cover, they actually would be eligible (if classified as a thermal
collector).
The vast majority of PVT products can be found in uncovered collectors with (30 producers) and without (4
producers) rear thermal insulation. They are recommended by the manufacturers in various system
configurations without and with heat pump. For these products the necessary testing procedures should be set
up with the top priority to ensure a better introduction on the market. Some minimum specifications should be
set up for the product information and included in the certification as accessible product information turned out
to be in many cases insufficient. This concerns in particular the data sheet specifications and the design
features. A data sheet of a PVT collector should at least include the following information:
x
x
x
x
x
x
x
x
x

type (e.g. covered/uncovered with/without rear thermal insulation)
dimensions
all needed electrical characteristic values for performance characterization
all needed thermal characteristic values for performance characterization
mode of operation during the measurement
materials used
limit temperatures
maximum operating pressure
quality label

2.2. PVT system configurations
In the applications of PVT collectors a wide variety of systems is given. From market research and other studies
(Ruschenburg, 2013a, 2013b) of the IEA - SHC Task 44 / HPP Annex 38: Solar and Heat Pump Systems (Jan.
2010 – Dec. 2013), however, three system circuits for PVT collectors have emerged as essential. These are the
following systems:
x

Generic parallel system (P) with conventional backup or heat pump

x

Generic parallel/serial system (P/S) with heat pump
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x

Generic parallel/serial/regenerative system (P/S/R) with heat pump and geothermal regeneration

In all three systems a combined storage for water and space heating is integrated. Uncovered PVT collectors are
used in all three systems. In comparison, covered collectors are primarily applied in parallel system circuits
with conventional backup.
3. Modelling of PVT systems
By means of the simulation environment of TRNSYS different types of modules and overall systems were
modeled.
3.1. PVT modules
For the simulation of uncovered PVT collectors the TRNSYS Type 203 was chosen as it models the most
important effects and can do without hardly available constructional details. It has been newly developed by the
Institute for Solar Energy Research Hamelin (ISFH).
The required input parameters are based on laboratory measurements of two typical PVT collectors carried out
at appropriate test facilities by the project partner TÜV Rheinland. Data of these collectors was chosen because
they cover the whole range of thermal efficiency factors. The thermal efficiency characteristic of both collectors
with a wind velocity of 2 m/s is shown in figure 1. In this report the designated "LTC" PVT collector is
characterized with a 5 cm layer of rear thermal insulation (LTC = Low Thermal Conductivity to the
environment) and the "HTC" PVT collector has no insulation (HTC = High Thermal Conductivity to the
environment). For the simulation of these two collectors the three above-mentioned system circuits were
modeled.

Fig. 1: thermal performance characteristics of HTC and LTC collectors from experimental tests at TÜV Rheinland

The appropriate modeling of covered PVT collectors proves to be more difficult. The eligible TRNSYS Type
50 as well as models of the other possible simulation tool of MATLAB®/Simulink® show inappropriate
limitations. A major problem is that all known models assume that the PV cell temperature is equal to the
absorber temperature. It was found that neither a model nor a theoretical approach considers that the cells are in
or directly under the glass cover as it is the case for the majority of the few commercially marketed covered
PVT collectors. Also, none of the few manufacturers of covered PVT collectors was willing to provide a test
prototype in order to clarify outstanding issues concerning modeling and validation.
Against this background, the presented simulation results concentrate on the different system types with
uncovered PVT collectors. Only for the simplest system PVT + boiler (or heat pump) in parallel connection, a
plausibility check using default values of covered PVT collectors was simulated (with TRNSYS Type 203) and
compared with the simulation results of an uncovered PVT collector.
3.2. Boundaries and remaining modules
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Suitable TRNSYS models were selected and appropriately configured for other required components, such as
the model of a heat pump (Type 401) and a single geothermal probe (Type 451). The parameterization of the
heat pump type was based on real measured characteristic curves of a typical commercial heat pump. The
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design of the geothermal probe was performed according to VDI 4640 and the parameterization based on the
Task 44 / HPP Annex 38 of the Solar Heating and Cooling Program of the International Energy Agency IEA.
Boundary conditions, such as weather data and load profiles are based on the standard DIN EN 12977-2:2012
“Test methods for solar water heaters and combisystems”. The standard specifies the weather records for the
locations of Athens, Davos, Stockholm and Würzburg and the associated room heating and domestic hot water
profiles of a characteristic new single-family house. The locations represent different European climate zones
(Northern, Central and Southern Europe and mountain regions). When checking the weather records for Athens
and Stockholm with the associated load profiles of room heating some unrealistic correlations have been
detected. Thus, simulations refer for the most part to the locations of Davos and Würzburg.
4. Characteristic operating conditions and yield forecasts of PVT modules
The findings aim at pointing out, first, the range of operating conditions for PVT modules and secondly,
exemplary yield and efficiency forecasts with respect on the modules specific type of system integration. Based
on these results, important conclusions for new test procedures and possible impacts on future standardization
of PVT collectors can be derived. Furthermore, further potential for development in integration and control of
systems with PVT collectors can be revealed.
It was found that both operating conditions and thermal energy yields depend significantly on system
configuration (without / with heat pump or geothermal probe), collector design (with / without rear insulation
(HTC / LTC)) and boundary conditions with regard to location, design and control of the system. The presented
results in this paper concentrate mainly on the system P/S (PVT + heat pump in parallel and serial connection)
as it appeared to be the most efficient way to integrate uncovered PVT collectors in a system at a location like
Würzburg (Central Europe).
4.1. Generic parallel system (P) with conventional backup or heat pump
The system P (PVT + boiler or heat pump in parallel connection, see Figure 2) was simulated for the location in
Würzburg. For parallel connection of an uncovered PVT collector to a buffer, the solar radiation is the ultimate
reference variable for the collector operation. Therefore, the operation is similar to a "classic solar thermal
system" with covered collectors. However, the thermal yields of 5 to 30 m2 uncovered PVT collectors range
from 10 to 45 kWh/m²a and are far too low due to high heat losses. Under the climatic conditions of this
location the uncovered PVT collector rarely achieves the required collector temperatures for the buffer
charging. The annual electrical energy yields are almost independent of collector type and collector surface
about 140 kWh/m²a.
The use of covered PVT collectors instead of uncovered ones is certainly more reasonable for this system
configuration. The simulation results with a covered PVT collector show plausible values from 260 to 450
kWh/m2a, even if the results should be handled with care as the used PVT model (TRNSYS Type 203) is not
validated for covered PVT collectors.

Fig. 2: hydraulic diagram of system P: PVT + boiler or heat pump in parallel connection (CW=cold water, DHW=domestic hot
water)
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4.2. Generic parallel/serial system (P/S) with heat pump
For the system P/S (PVT + heat pump in parallel and serial connection, see Figure 3) simulations were carried
out for all four locations. The collector area (5-30 m2) and the collector type were varied. In addition, some
simulations were performed without using the thermal collector component to detect the influence on the
electricity production.

Fig. 3: hydraulic diagram of system P/S: PVT + heat pump in parallel and serial connection (CW=cold water, DHW=domestic hot
water)

In serial connection with a heat pump, the PVT collectors work with a high proportion as flat-plate absorbers.
The dominating variable for thermal use is the heat demand of the heat pump. The PVT collector serves
essentially as a heat source for the heat pump. The direct input into the solar part of the buffer is comparatively
low. In contrast to a classical solar thermal system and the aforementioned system P, the radiation plays only a
minor role in times when the collector delivers useful heat. The radiation is only important when the buffer is
directly charged by the PVT collector.
Based on real PVT systems, the mean absorber temperature of the collectors was limited in the simulation to
0°C (protection against ice formation). At the location of Würzburg a major proportion and at the locations
Davos and Stockholm an even predominant proportion of the heating has to be provided by an electrical backup
heating element. By operating below freezing (no limitation of absorber temperature) the operation time of the
heating element is considerably reduced. Thus, the operation of a PVT collector below freezing has in this
system configuration a significant impact on the thermal collector yield and offers potential for optimization of
the entire system. However, the simulation results of this operation only have limited validity because the
physical effects of ice formation on the collector are not modeled at all. For the southern European location
Athens, the simulations show high thermal collector yields even without an operating of the collector below
freezing. The proportion of the heating element is in this case very low.
During operation of the PVT collectors, the absorber temperatures cluster around two characteristic points of
accumulation. These are both dependent on the location as well as on the operation mode (with or without
limitation of absorber temperature). One point of accumulation arises due to operation with the heat pump and
the other due to direct buffer charging by the PVT collectors. In figure 4 these characteristic points of
accumulation are demonstrated for the locations Würzburg and Athens. For the location Würzburg with an
operation limited above freezing (see red line) there is a peak from 0 to 2°C with exponential decreasing in
direction of higher temperatures. The reason therefore is the thermal limitation. As soon as the limitation is
reached the pump of the collector cycle is switched off. Then the collectors heat up again so that the pump
switches on and the absorber temperature cools down again in the range of 0 to 2°C. This can be avoided by an
operation below freezing. Then the minimum absorber temperature reaches -18°C in the case of Würzburg (see
blue line). Thus, the operating time and the heat power absorbed by the collectors due to higher temperature
differences towards the air are increasing. For the location Athens the maximum temperature is around 8°C and
falls evenly on both sides off. The second maximum point is compared to Würzburg higher at around 40°C. The
overall range of mean absorber temperatures vary from -24°C (location Davos, LTC collector, operation below
freezing) to 64°C (location Würzburg, stagnation temperature).
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Fig. 4: time of simulated mean absorber temperature during operation of HTC collector for different locations and operation
modes (collector area = 15m2)

The annual thermal energy yields vary strongly. The biggest factors in this case are the controlling, the system
configuration, the collector area (with respect to the heat load), the collector design and finally the climatic
conditions. The range of specific real collector yields vary from 83 (30m²-LTC collector, location Stockholm)
to 1244 kWh/m²a (5m²-HTC collector, location Athens). This demonstrates very clearly that the evaluation of
the thermal performance of a PVT collector has to be linked to clearly defined standards.
The electrical energy yields depend mainly on climate conditions (outdoor temperature and radiation) and
increase in proportion to the collector area. The cooling of PV cells leads only to a slight improvement. In case
of the HTC collector operating without absorber, the annual electrical yield decreases at the two locations in
Würzburg and Athens by 0.4%, in Davos by 0.3%. For the LTC collector the reductions in case of no cooling
are larger: in Würzburg and Athens by 2.1% and in Davos by 1.7%. This is much less than often
communicated. In brochures you can often find values of up to 30%.
In contrast to the PV yields, the annual PV efficiency is not depending on the collector area. The main factor is
here the outdoor temperature. It ranges from 11.1 % (location Athens) to 12.0 % (Location Davos). Even if the
variation of the heat demand was not subject of this study it is expected that especially the heat demand in
summer is a further factor which affects the PV efficiency significantly. For higher heat demand in summer, for
example due to higher hot water consumption (hotels, swimming pool, ...), the PVT collectors would
particularly at high radiation be more chilled, along with an increase of the annual PV efficiency.
Figures 5 and 6 show exemplarily the previously mentioned results. In these figures, monthly values of energy
and PV efficiencies are visualized for the locations Würzburg (see figure 5) and Athens (see figure 6) operating
with the HTC collector type above freezing and using a collector area of 15m2. The most conspicuous for this
system configuration is the characteristic course of the useful heat gains of the collector. In both cases the
useful collector heat (see dark brown bar) is higher in winter than in summer as the collectors serve essentially
as a heat source for the heat pump. The buffer loading by PVT collectors just occurs rarely in summer (see light
brown bar). As mentioned before the solar global radiation (see yellow bar) has only a minor role and is even
sometimes below the useful heat gains of the collector. As the PV production mostly depends on radiation, the
course of PV production (see green bar) throughout the year is more constant in Athens than in Würzburg.
Finally, the figures show that there is no significant change of PV efficiency due to the cooling effect of the
absorbers. In both cases the values of the blue line (without thermal use) are only slightly below the red line
(with thermal use).
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Fig. 5: monthly values for the location Würzburg with HTC collector (System P/S, operating above freezing, collector area =
15m2)

Fig. 6: monthly values for the location Athens with HTC collector (System P/S, operating above freezing, collector area = 15m 2)
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The Seasonal Performance Factor (SPF = heat delivery / (electricity consumption excluding pumps – electricity
production)) of the entire system increases significantly as the absorber surface rises. The main reason for this
is that the power generation rises and additionally the power consumption of heat pump and heating element is
reduced with increasing surface. For the locations Davos and Stockholm and an operation with limitation of
absorber temperature no SPF greater than 3 could be achieved within the largest simulated collector area of 30
m². For the location Würzburg SPFs greater than 3 were only achieved at a collector area of 20 m² (HTC) or 30
m² (LTC). For the location Athens a collector surface of 5m² (HTC) is already sufficient to achieve SPFs
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greater than 3. In this case a PVT collector surface of about 18 m² (HTC) is needed for a balanced annual
overall energy balance: The electrical power generation is then equal to the consumption. Larger PVT surfaces
generate excess electricity. SPF-values can be improved significantly without temperature limitation. In the
example of the location Würzburg and a collector surface of 15 m2 (HTC) the SPF is increased from 2.3 to 3.8.
Concerning this system configuration no advantage for the LTC collector type is recognizable. In winter, this
system reaches its limits particularly with the LTC type due to the low air temperatures when operating above
freezing (high proportion of electric backup heater). In figure 7 one can see that the useful heat of the collector
throughout the year is far too low. The results speak rather in favor of using a PVT collector that is thermally
well adapted to its environment (HTC type).

Fig. 7: monthly values for the location Würzburg with LTC collector (System P/S, operating above freezing, collector area =
15m2)

4.3. Generic parallel/serial/regenerative system (P/S/R) with heat pump and geothermal regeneration
For the system P/S/R (PVT + heat pump + geothermal probe in parallel and serial connection, see figure 8)
simulations were performed for the location Würzburg. The collector area (5-30m2) and collector type were
varied. The results show that the PVT collector operates mainly as heat source to regenerate the ground. For
this reason relatively high specific collector yields from 316 to 800 kWh/m2a were achieved with the HTC
collector type. Even if there is a slight saving in electrical energy mainly because of an increased PV
production, the regeneration mode causes additional power consumption because of the increased operation of
the collector pump. As this can hardly be compensated by the gained savings, the geothermal regeneration can
be viewed as unfavorable for this system configuration.
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Fig. 8: hydraulic diagram of system P/S/R: PVT + heat pump + geothermal probe in parallel and serial connection (CW=cold
water, DHW=domestic hot water)

This assessment is consistent with results from the Task 44 and other investigations. Thus, systems with
uncovered collectors and regeneration of a single probe didn’t lead to an increased SPF compared to systems
without collectors and well dimensioned geothermal probe (Haller and Frank, 2014). In undersized probes and
probe fields, however, the long-term cooling of the ground and the mutual interference of the probes can be
avoided (Pärisch et al., 2014; Bertram et al., 2011). A slight improvement of system efficiency can also be
achieved in the case of compact ground heat exchangers (Ochs et al., 2014).
5. Conclusions and their impact on test procedures and standards
From market research and simulation results important conclusions for new test procedures and possible
impacts on future standardization of PVT collectors could be provided. It could also be shown that there is
further potential for development in integration and control of systems with PVT collectors. At this point, basic
tests on real systems are still necessary.
The vast majority of PVT products can be found in uncovered collectors with and without rear thermal
insulation. For these products the necessary testing procedures should be set up with the top priority to ensure a
better introduction on the market. Some minimum specifications mainly concerning data sheet specifications
and the design features should be set up for the product information and included in the certification. Moreover,
it turned out that with respect to the design and function of PVT collectors a more precise language regime
should be defined for both, the field of standardization as well as for funding guidelines.
By means of simulations operation conditions and yields of uncovered collectors could be identified in the
course of the year with respect on their specific type of system integration. It was found that both operating
conditions and thermal energy yields depend significantly on system configuration (without / with heat pump or
geothermal probe), collector design (with / without rear insulation (HTC / LTC)) and boundary conditions with
regard to location, design and control of the system.
The system P/S (PVT + heat pump in parallel and serial connection) in combination with a HTC collector type
turned out to be the most efficient and promising way to integrate uncovered PVT collectors in a system at a
location like Würzburg. As the PVT collector serves essentially as a heat source for the heat pump (and is thus
independent of solar radiation), the useful heat gains of the collectors occurs at the same time as heat is needed
in winter. The rear insulation of the PVT collector is in terms of best possible heat absorption from ambient air
rather obstructive for such a system configuration.
By operating below freezing the thermal collector yield can be considerably increased and offers potential for
optimization of the entire system. The lower temperature range with sub-zero temperatures during the thermal
operation (= heat extraction from the collector) is for solar thermal collectors atypical. It has therefore to be
checked to what extent an additional material stress is for example caused by condensation and ice formation.
As such a continuous operation below freezing is quite realistic, it should be considered in new PVT test
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procedures.
The points of accumulation of mean absorber temperatures depend mainly on system configuration, location
and system control. From these points of accumulation typical absorber temperatures can be derived and taken
into account in new test procedures.
Electrical yields depend mainly on climate conditions and only marginally on system configuration. The
cooling of PV cells leads only to a slight improvement.
In contrast, the thermal yields vary very strongly and depend on many factors. It is therefore important that the
evaluation of the thermal performance of a PVT collector has to be linked to clearly defined standards. These
requirements must be defined in the standardization. The same applies also for future funding conditions. In the
end, arises due to the spectrum of possible applications and the high range of resulting yields of useful collector
heat the question, whether the specific thermal yields of a collector may be a suitable evaluation criterion for
the overall objective of energy conservation. It would be more appropriate to consider the entire system under
the respective boundary conditions and to use the Seasonal Performance Factor as an additional quality
criterion.
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Abstract
New uncovered photovoltaic-thermal (PV-T) collectors were developed and tested to produce electricity,
chilled and hot water. The use of uncovered PV-T collectors has already been investigated for heating
applications. However uncovered PV-T collectors are also interesting for radiative cooling applications. This
concept was already demonstrated in two plus energy houses that participated in the Solar Decathlon Europe
competition. The working principle of radiative cooling is to use the radiative heat loss of the collector top
surface to cool down a fluid which is then used to air-condition a building
This paper focuses on the collector design characteristics and their performances for radiative cooling and
heating applications. The procedure for the performance characterization is inspired from the quasi dynamic
test method for uncovered thermal collector of the new EN ISO 9806:2014. For the identification of the
collector parameters GenOpt has been coupled with TRNSYS. These coefficients are then used to establish the
thermal efficiency curves for heating and cooling applications: the results of three different PV-T collector
designs are compared between each other and to the performance of an uncovered solar collector.
Key-words: photovoltaic-thermal collectors, hybrid collectors, solar heating, renewable cooling, efficiency
curves.

1. Introduction
Radiative cooling technologies for building application have been investigated for many years. Its principle is
based on long-wave radiation heat transfer that is driven by the surface temperature difference between two
bodies. On clear summer nights the difference between the sky temperature and the ambient temperature can
range between 20 and 30 K (Bliss, 1961). Consequently, roof areas can be cooled below the ambient air
temperature on conditions that the radiative heat losses of the roof toward the sky are maximized and therefore
can be used to cool down a building.
Nevertheless, roof areas are in many cases used for the production of electricity with photovoltaic (PV)
collectors. This conflict can be resolved by a combination of the two functions - electricity and thermal energy
production - into one module, called a photovoltaic-thermal (PV-T) collector or hybrid collector.
PV-T collectors were developed and installed in two low-energy demonstration buildings that participated inthe
Solar Decathlon Europe competition: “home+” in 2010 and “Ecolar” in 2012. Simulation results show that 43%
of the cooling load (location Madrid) of home+ can be covered by these PV-T collectors with measured mean
specific cooling powers between 40 and 65 W/m² depending on the temperature level (Eicker and Dalibard,
2011).
In addition to providing chilled water for air-conditioning, these PV-T collectors can be used during daytime to
generate electrical power and support a domestic hot water system and or a low temperature heating system.
Also, the PV-cells are cooled increasing the PV-cells efficiency. This way, valuable surface areas of the
building envelope can be used two- or threefold. This new kind of collectors can play a major role on reducing
the primary energy consumption of buildings.
According to the IEA SHC Task 35, PV-T collector systems can be distinguished in four different categories;
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flat-plate air collectors, flat-plate liquid collectors, concentrating PV-T collectors and ventilated facade
integrated PV-modules (Hansen and Sorensen, 2006). Depending on the application, water-based flat plate
collectors can be grouped furthermore into unglazed and glazed (covered) collectors. Unglazed collectors are
more suitable for night time radiative cooling and low temperature heating, while glazed collectors are more
suitable for domestic hot water production and space heating. Glazed PV-T collectors have a reduced PV
efficiency since the fluid temperature is higher because the top cover which reduces the long wave radiative
heat transfer and convection losses. However, this leads to higher stagnation temperature and thus lower
electrical efficiency since the efficiency of PV-cells decreases up to 0,5% per 1K temperature rise (Weller et al.,
2009). To prevent the decrease of the PV-cells efficiency, the collector must be cooled down constantly by a
fluid, which means that the system needs a consumer load to discharge the heat. The glass cover also induces
higher optical losses.
Until now 27 manufactures have been identified within the market analysis to produce unglazed PV-T liquid
collectors with or without thermal insulation and using different technical solutions. Some manufacturers
produce also only an absorber that can be mounted on the back of a PV-Module as a retrofit. The producers of
covered PV-T collectors are not so numerous; only 5 manufacturers could be identified.
The constructive aspects of PV-T collectors that have an impact on their thermal performance are mainly the
thermal bond between the PV module and the thermal absorber and the thermal resistance of the PV module
itself which are dependent of the design and the manufacturing possibilities.
There are different possibilities to connect these two parts: lamination, pressing and gluing for example. For
high thermal performances, this connection should be ensured on the largest area possible, thus a direct
lamination of the PV module on the absorber seems to be the best options till now. The contact area is then
maximized and the thermal resistance of the bond is minimized since lamination requires no additional
material. However this technic is not yet a standard, mainly because of the lack of suitable materials with the
right properties and lack of experience on this field. One of the most critical properties is the thermal expansion
coefficient of the PV module and thermal absorber. If the dilatation of the different material used are too
different, inflexible joining technics such as gluing and lamination causes mechanical stress on the bond leading
to its destruction when the collector experience big temperature variation. Consequently, the connection has to
be flexible enough to balance the upcoming dilatation of the chosen materials in addition to a small thermal
resistance. Besides the thermal performance there are other important aspects such as costs, durability and
recyclability that go along with a new collector design.
Furthermore the building integration of uncovered collectors also has a considerable impact on the performance
e.g. the better the view factor to sky is, the better the thermal performances for night radiative cooling are.
Backside insulation or an air gap between the module and the roof/wall are further aspects, depending on the
application these constructive issues are convenient for low temperature heating and radiative cooling systems.
The electrical performance depends on the same aspects as for simple PV modules with the potential to increase
the output through the cooling of the module during daytimes.
This paper focuses on the performance characterization of such collectors and the comparison of four different
designs. First, the different PV-T collector designs will be presented, and then the means and method of the
experimental set up. Finally the tests results will be presented and discussed.
2. Design Characteristics of PV-T collectors for radiative cooling applications
Uncovered flat plate collectors seem to be a pertinent collector design for radiative cooling applications since
they offer large areas oriented to the sky while the top cover of glazed/covered collectors reduces the radiative
heat transfer coefficient of the absorber. However the performances of such collectors for heating are very low
at higher temperature levels. The heat transfer medium can be either water or air based. Water based systems
seem to offer more advantageous, since the piping is more compact making building integration easier, and the
heat capacity of the fluid is higher thus reduces the amount of work needed to pump the fluid.
There are many possibilities of PV cells and absorber combinations: these go from laminated PV modules with
crystalline silicon cells to thin film modules, both in combination with normal absorber plates with harp or
serpentine piping to holohedral plastic or metal absorbers. The presented collectors within this paper are only
constructed with a holohedral polypropylene absorber. Because of the high difference between the dilatation
coefficient of the polypropylene absorber and the PV modules used, the connection techniques of all these
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presented prototypes are pressed or clamped on the back side of a silicon PV module.
Fig.1 presents the four collector’s designs under investigation:
x

Collector A is an uncovered polypropylene holohedral thermal absorber without PV, this collector is used
as a reference collector for the comparison with collector type B, C and D,

x

Collector B uses the same polypropylene absorber and a glass-PVB laminated PV module, both are
pressed together within the frame,

x

Collector C is of similar design as Collector B with the difference that between the absorber and the PVmodule is an air gap,

x

Collector D is composed of a glass-glass laminated PV module and the polypropylene absorber pressed
together with aluminum U-profiles in diagonal, providing more contact zones. This collector was designed
and implemented in the “Ecolar” building (HTWG, 2012). Fig. 2 presents the back side of Collector D.

Fig. 1: Design Scheme of the investigated PV-T collectors A-D

Fig. 2: Bottom view of Collector D (HTWG, 2012)

3. Test stand presentation
In order to measure the performance of the different investigated PV-T designs, an outdoor test stand was built
on which up to five PV-T collectors can be tested simultaneously under dynamic conditions. Besides the
obvious time gain, the main advantage of testing several collectors at the same time is that a direct comparison
of the collector’s performances is possible.
The thermal power output of the collectors is calculated from the measured volumetric flow rate and the
temperature difference between the inlet and outlet of the collector. The wind speed and the global irradiation
are measured in the collector plan. Finally the horizontal diffuse radiation is also collected. Fig. 3 presents
views of the test stand and the inclination possibilities. The inlet temperature is controlled by the mean of a
reversible chiller capable of maintaining the set temperature within ± 0.2 K. This device has also the
capabilities to regulate the inlet temperature according to the ambient temperature.

Fig. 3: Views of the PV-T characterization test stand

Tab. 1 presents the instrumentation and their measurement uncertainty. The temperature sensors are PT100 with
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a standard uncertainty at 20°C of 0.2 °C. The flow meters are magnetic inductive sensors with a standard
uncertainty of 1% of the measured value. Cup anemometers were used, with an associated standard uncertainty
of 0.3 m/s. The pyranometer used to measure the global solar irradiance in the collector plan have an expanded
uncertainty of 1%. The horizontal diffuse radiation is measured with a shaded pyranometer, with an expanded
uncertainty of 1.4%. The long wave irradiance is measured with a pyrgeometer with an expanded uncertainty of
4.5%. All the measurements are logged every 10s using an Ahlborn Almemo 5590-2 data logger and
LabVIEW.
Tab. 1: Description, range and uncertainties of the installed instrumentation

Measured value

Sensor

Range

Uncertainty

Fluid temperature

Pt100 1/3 class B

-

0,1+0,005xT

Volumetric Flow

Magnetic inductive flow sensor SIKA VMZ

0.25 – 5 l/min

± 1%

Global Solar Irradiance

Pyranometer Huskeflux SR20

-

± 1%

Diffuse Solar Irradiance

Pyranometer Kipp&Zonen CMP21

Wind speed

Cup Anemometer

0 – 10 m/s

±0.3 m/s

Long wave irradiance

Pyrgeometer Huskeflux IR20

-

4.5%

± 1.4%

Fig. 4 presents the hydraulic scheme of the test stand and shows the location of the sensors.

Fig.4: Hydraulic schema of the PVT test stand

4. Test period and procedure for the collector parameter identification
In June 2014 the new International Standard EN ISO 9806:2013: “Solar energy. Solar thermal collectors. Test
methods” was published. This standard cancels and replaces the editions EN 12975-2:2006, ISO 9806-1:1994,
ISO 9806-2:1995, and ISO 9806-3:1995, which have been technically revised. This international standard
includes test methods for the thermal performance characterization of fluid heating collectors and it is also
applicable to hybrid collectors. The test stand presented in the previous chapter is an outdoor test stand,
therefore the procedure for the collector performance test is inspired form the quasi dynamic method (QDT)
presented in the International Standard EN ISO 9806:2013.
4.1 PVT collector model
Type 203, developed at the Institute for Solar Energy Research Hameln (ISFH) (Stegmann and Bertram, 2011,
Bertram and Stegmann, 2011), simulates an unglazed photovoltaic-thermal collector not only for heat and
electricity production but also for the radiative cooling application. The energy balance for the thermal part of
the PV-T collector model of type 203 is given by eq. 1. The electrical part is modelled according to the EN
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60904 and the thermal part according the EN 12975. Different calculation modes are available depending on
the number of known parameter and inputs.
ܿ

݀ܶ
ൌ ݍሶ ே െ ܧߟ כ ሺͳ െ ܾ௨ ݑሻ  ሺܾଵ  ܾଶ ݑሻሺܶ െ ܶ ሻ
݀ݐ

(eq. 1)

Where:
x

ܿ (kJ/m2 K) is the effective collector heat capacity,

x

ܶ and ܶ (°C) are the mean fluid temperature and the ambient temperature,

x

୬(  כW/m2) is the net incident angle-corrected irradiance given by :
ܧ כൌ ܧ ቆ݇ ሺߠሻ ቆͳ െ

ܩௗ
ܩௗ
ቇ  ݇ௗ ቇ
ܩ
ܩ

(eq. 2)

With ݇ the incident angle modifier (IAM) coefficient for beam radiation, ݇ௗ the IAM coefficient for
diffuse radiation, ܩ and ܩௗ are respectively the global and diffuse solar irradiance. ܧ is the net
irradiance and is given in equation eq. 3,
ߝ
ସ
ܧ ൌ ܩ  ቀ ቁ ߪ൫ܶ௦௬
െ ܶସ ൯
ߙ ௦

(eq. 3)

x

ߟ (-) is the conversion factor,

x

( ݑm/s) is the wind velocity,

x

ܾ௨ (s/m) is the wind dependence factor for ߟ ,

x

ܾଵ (W/m2 K) is the heat loss coefficient,

x

ܾଶ (J/m3 K) is the wind dependence factor for ܾଵ ,

x

ݍሶ ே (W/m2 ) is the specific thermal collector output power and can also be written as a function of the
fluid mass flow ݉ሶ(kg/s ), specific heat capacity ܿ (J/kg K), inlet and outlet temperature ܶ and ܶ (°C)
and the gross collector aperture ( ܣm²) is given by:
ݍሶ ே ൌ

݉ሶܿሺܶ െ ܶ ሻ
ܣ

(eq. 4)

4.2 Test period
The temperature control unit at the test stand (see Fig. 4) has the possibility to control the inlet temperature as a
function of the ambient temperature in the range of ±30 °C. For the collector parameter identification three days
with different fluid inlet temperatures where used (a) inlet temperature closed to ambient temperature, (b) inlet
temperature = ambient temperature + 7 °C and, (c) inlet temperature = ambient temperature + 15 °C.
Fig. 5 shows the measured weather conditions for the ambient and sky temperature and the global radiation for
the three days. The figure shows that the global radiation has been fluctuating during the test period. Fischer et
al. (2004) compared the steady-state testing method to the quasi-dynamic method, the major difference is that
the test data for the quasi-dynamic method can be collected during the whole day. He showed that for days with
variable irradiance the time period between 9 am and 4 pm can be used for the analysis. The mean, minimum,
maximum and the standard deviation of the weather conditions and the temperature difference during the test
period are listed in table 2. The measured data represents a useful range of measured data for this kind of
collectors for the analysis.
The typical range for the difference between the average fluid temperature and the ambient temperature (Tm Ta) for uncovered and uninsulated collectors can reach 20 - 25 K. Therefore the whole range of the temperature
difference should be represented in the data.
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Fig. 5: Measured ambient temperature, sky temperature and the global radiation for the three test days
Tab. 2: Conditions during the measurement phase

Weather station data
Mean

Min.

Max.

Standard
deviation

Ambient temperature in °C

23,9

20,6

27,6

1,93

Wind speed in m/s

1,16

0,07

5,03

0,78

Radiation in W/m²

593

41

1061

277

Sky temperature in °C

10,8

4,7

21,7

4,8

PVT test stand data
(Tm – Ta) in °C for collector type A

8,6

0,7

17,1

5,6

(Tm – Ta) in °C for collector type B

7,9

0,6

15,9

5,7

(Tm – Ta) in °C for collector type C

7,7

0,7

15,6

5,5

(Tm – Ta) in °C for collector type D

8,1

0,7

16,2

5,7

4.3 Collector parameter identification process
For the identification of the collector parameters the Multi-Start GPS Algorithm (GPSHookeJeeves), has been
implemented in GenOpt and coupled with TRNSYS. Therefore the output of the fluid outlet temperature from
TRNSYS collector model Type 203 was fitted against the measured data. The aim was to find a parameter set
which has the lowest deviation between the modelled and simulated output (eq. 5).


 ܮൌ ሺܶ௦ǡ െ ܶǡ ሻଶ

(eq. 5)

ୀଵ

With :
x

 ܮis the sum of squared errors of the temperature difference

x

ܶ௦ǡ is the simulated fluid outlet temperature

x

ܶǡ is the measured fluid outlet temperature

Fig. 6 shows the comparison between measured and simulated power output for the different collectors. For this
comparison the whole data set (day and night) was considered, the negative values represent the night data
where the fluid was cooled down. Tab. 3 shows the mean values and the standard deviation for the temperature
difference and the collector power output between the calculated values from the model and the measurement.
Collector A and C have the lowest difference between modeled and measured values. The results for collector
B have the highest difference of all collectors, especially at night time where the collector is producing chilled
water. Table 4 summarizes the calculated collector parameters, as expected has collector A the highest
efficiency from all collectors. Collector C with the air gap between the PV module and the thermal collector has
the lowest efficiency.
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Fig. 6: Comparison between measured and simulated power output for all four collector types
Tab. 3: Standard deviation between the modelled and measured data
for the return temperature and power output of the collectors

mean values for
dT

Standard
deviation for dT

mean values for
dQ

Standard
deviation for dQ

Collector type A

0,06

0,41

9,9

57,6

Collector type B

0,24

0,30

35,6

41,6

Collector type C

0,01

0,19

2,2

28,9

Collector type D

0,11

0,24

16,5

33,3

Tab. 4: (Simulation) Identified Parameter for the analysed PVT modules

Type A

Type B

Type C

Type D

Units

Conversion factor ࣁ

0,81

0,43

0,25

0,38

[-]

Collector heat loss coefficient ࢈

18,1

7,23

15,17

7,67

[W/m2 K]

࢈ wind dependence factor ࢈

5,18

7,06

4,87

2,86

[J/m3 K]

ࣁ wind dependence factor ࢈࢛

0,017

0,014

0,005

0,008

[s/m]

Effective collector heat capacity ࢉࢋࢌࢌ

26

41

24

38

[kJ/m2 K]

Emmitance aborptance ratio ሺࢿΤࢻሻࢇ࢈࢙

0,52

0,99

0,89

0,99

[-]

5. Results and discussion
4.4 Efficiency curves for heating application
In order to compare the different collectors between each other, the efficiency of the collectors needs to be
established over a wide range of weather conditions and applications. One of the most efficient method is to
plot the thermal efficiencies of the different collectors versus the temperature difference between the mean fluid
temperature ܶ and the ambient temperatureܶ for a given solar irradiance, wind velocity, sky and ambient
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temperature. By assuming steady state conditions, the collector heat flux can be derived from equation eq. 1 and
is given in eq. 6.
ݍሶ ே ൌ ܧߟ כ ሺͳ െ ܾ௨ ݑሻ െ ሺܾଵ  ܾଶ ݑሻሺܶ െ ܶ ሻ

(eq.6)

For normal beam radiation, the incidence angle modifier is equal to 1, ܧ כis then equal to the net irradiance ܧ
given in eq. 3, if the IAM coefficient for diffuse radiation is neglected. Finally the efficiency is expressed as the
ratio of the heat flux over the global solar irradiance:
ߟு ൌ

ݍሶ ே
ܩ

(eq.7)

Fig. 7 shows the efficiency curves for the four collectors for a global solar irradiance at different global solar
irradiance (800W/m² on the left and 300 W/m² on the right). The wind velocity, the ambient temperature and
the sky temperature are constant and respectively equal to 2 m/s, 20°C and 5°C. Because Collector A has the
lowest thermal resistance between the front surface and the fluid (no PV-module), it performs the best over the
whole range of temperature difference and for both irradiance. Compared to the other collectors, collector D
obtains a lower slope than the other collectors which can be explain by the fact that the backside of the absorber
is mostly shielded from the wind and because of a higher thermal resistance of the PVT module induces by its
glass-glass construction.
Every PV-T modules (B C and D) show a lower efficiency when the temperature difference is equal to zero,
which means that the bonding between the PV module and the polypropylene absorber is crucial, in order to
obtain a thermally efficient PV-T collector.
For under ambient temperature applications, none of the PV-T collectors has a better efficiency than collector A
and they seem to be performing identically passed a certain temperature difference. The air gap of Collector C
is a clear disadvantage when the solar irradiance is important. However as shown in Fig. 7 left, for low solar
irradiance the performance difference is less important, but the heat flux output of such collector at low
irradiance is small.

Fig. 7: Efficiency Curves for heating application at different weather conditions.

4.4 Efficiency curve for radiative cooling application
In the same way as previously, the efficiency curve for radiative cooling application can derived for equation
eq. 1. In this case the heat flux is expressed the same way as in equation eq. 6. The net irradiance ܧ כis derived
from equation eq.3, however since the global radiation is zero, ܧ is equal to the net long wave irradianceܧǡ
expressed as the factor of the long wave irradiance ܧ given in eq. 7 and emittance and absorptance ratio
ሺߝ Τߙ ሻ௦ of the absorber :
ସ
ܧ ൌ ߪ൫ܶ௦௬
െ ܶସ ൯

ߝ
ܧǡ ൌ ቀ ቁ ܧ 
ߙ ௦

(eq. 7)
(eq. 8)
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As the net long wave radiation is the maximum available resource for nighttime cooling application, the
efficiency in this case is expressed as followed:
ߟ ൌ

ݍሶ ே
ܧ

(eq. 9)

Fig. 8 shows the efficiency curves for cooling application for constant wind velocity, ambient temperature and
sky temperature respectively equal to 2 m/s, 20°C and 5°C. In contrast to the heating application, efficiency
curves for cooling application increases with the temperature difference between the mean fluid temperature
and the ambient temperature.
The efficiencies of collectors A, B and D are similar for a temperature difference close to zero. According to
this result two factors are important for radiative cooling the absorber/PV-module bonding and the emittance
absorptance ratio of the collector. Collector A has the lowest thermal resistance between fluid and the ambient,
however its emittance absorptance ratio is lower compared to the PV-T modules B and D. That could explain
the close value of these collector’s efficiencies at ܶ െ ܶ equal to zero. Collector C does not perform as well
as the other for low and negative temperature differences because of the air gap between the absorber and the
PV module which reduces the radiative heat loses toward the sky of the collectors. However, as the temperature
difference increases, the convective part of the heat loses grows and the efficiency of collector C is closer to the
efficiencies of collector A and B and higher than the efficiency of collector C. As for heating application, the
small slope of collector C is explained by the wind dependency coefficient of the heat loss coefficient (ܾଶ )
which is lower compared to the order collectors as shown in Tab. 4.
Finally this figure shows that cooling a fluid under the ambient temperature leads to low efficiency: All of the
collectors have efficiencies lower than 0.5 as well as low heat fluxes. A these ambient and sky temperatures, the
long wave irradiance is -79 W/m² resulting in heat fluxes lower than -40 W/m².

Fig. 8: Efficiency Curves for radiative cooling application at different weather conditions

6. Conclusion
The thermal performances of three different uncovered PV-T collectors were investigated for heating and
radiative cooling applications and compared to an uncovered solar collector (collector A). All collectors uses
the same holohedral polypropylene absorber, the bonding technic between the absorber and the PV module is
however different. The experimental measurements at the outdoor test stand were performed under dynamic
conditions. The measurements were then used to identify the collector parameters of the PV-T TRNSYS model
type 203. The efficiency curves of the collector were then established using these parameters. Good matches
between the modeled and measured data were obtained for the collectors A, C and D. Collector B has the
highest difference from the measurement, expecially at night time. The comparison of the efficiencies shows
that for heating applications with uncovered PV-T collectors the bonding between the absorber and the PV
module is crucial. However for radiative cooling, two factors are important first the absorber PV-module
bonding and second the emittance absorption ratio of the collector.
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Abstract
A low cost solar collector was developed by using polymeric components as opposed to metal and glass
components of traditional solar collectors. In order to utilize polymers for the absorber of the solar collector,
Carbon Nanotubes (CNT) has been added as a filler to improve the thermal conductivity and the solar
absorptivity of polymers. The solar collector was designed as a multi-layer construction with considering the
economic manufacturing. Through the mathematical heat transfer analysis, the performance and
characteristics of the designed solar collector have been estimated. Furthermore, the prototypes of the
proposed system were built and tested at a state-of-the-art solar simulator facility to evaluate the actual
performance of the developed solar collector. The cost-effective polymer-CNT solar collector, which
achieved efficiency as much as that of a conventional glazed flat plate solar panel, has been successfully
developed.
Key-words: Renewable energy, Flat plate, Heat transfer analysis, Efficiency, Cost-effective, Prototype

1. Introduction
Renewable energy has been being firstly considered for a sustainable energy future. The exploration for a
sustainable way to use energy has been increasingly required due to fossil fuel price increase, climate change
and the associated adverse environmental impact. Solar energy can play a significant role to substitute nonrenewable energy sources. Solar water heating systems (SWHS), which are one type of valuable and feasible
solar energy devices, are very common systems, extensively used in many countries. SWHS offer an
opportunity to reduce carbon dioxide (CO2) emissions from homes and buildings and contribute to the UK
Government’s target of generating 15% of the UK’s energy supplies from renewable sources by 2020
(DECC, 2012)
Conventional flat plate solar collectors have been using a metal absorber plate and glass cover to transform
solar energy into heat. In this collector, the incident solar energy is converted into heat and transmitted to a
transfer medium, such as water. In the design of solar collector components, the transparent covers and the
radiation absorber should have more attention. Glass is quite a common choice as a cover for solar thermal
devices since it absorbs almost the infrared radiation (IR) re-emitted by the absorber plate. The use of a glass
cover has two major disadvantages: its high installation cost and its fragility both during transportation and in
service. Typically, the absorber of metals, which have large heat conductivities, is painted with black, solar
selective paint to improve collector efficiency, and then it causes an extra cost. However, the total weight and
cost of the traditional solar collector is significant due to the high densities and values of metals and glass.
Therefore, the use of plastic polymers has been recommended because of their low weight and good
resistance against shocks (Dorfling et al., 2010; Tsilingiris, 1999; Wijeysundera and Iqbal, 1991).
According to the demand of cost-effective renewable energy sources, polymers have been investigated as an
alternative material for the absorbers and covers. The significant potential of polymer materials for the
design and mass fabrication of low cost solar collectors has been shown (Dorfling et al., 2010; Tsilingiris,
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1999; Avraham et al., 2002; Abtahi, 1993). The extensive use of recyclable polymer solar collectors in
assembly through on or a few extrusions allows not only a significant cost reduction of the solar water
heating systems, but can also minimize the associated installation plumbing.
An economic solar collector was developed by using polymeric components of the transparent cover and the
solar radiation absorber. The solar collector was designed as a multi-layer construction with considering the
economic manufacturing and selecting an effective material. Through the mathematical heat transfer
analysis, the performance and characteristics of the solar collector have been estimated. Furthermore, the
prototypes of the proposed system were built and tested at a state-of-the-art solar simulator facility to
evaluate the actual performance of the developed solar collector. Finally the design of production model was
introduced.
2. Collector design and construction of prototypes
The major disadvantage of using polymer materials in collector absorber is their low thermal conductivity as
compared to metal absorbers. In order to increase of thermal conductance, heat transfer paths between the
absorbing surface and the heat transfer fluid have been maintained as short as possible. Therefore, the current
widespread design trend of polymer absorbers is to maintain maximum contact between the absorbing
surface and the heat transfer fluid using as thin layer of polymer as possible for the absorber plates
(Tsilingiris, 1999).
The addition of fillers is a way to improve the low thermal conductivity of polymers (in the range of 0.1 to
0.5 W/m∙K). However, the addition of large amounts of filler material changes the mechanical properties of
the polymer, possibly making it unsuitable for the application. Carbon Nanotubes (CNT) have very high
thermal conductivity (2000 – 6000 W/m∙K) and a super aspect ratio so allowing good percolation at low
concentrations (Tripanagnostopulos et al., 2000; Mark, 2007). The samples of difference polymers, such as
polycarbonate, polypropylene, polyvinyl chloride and polyethylene, with several configurations (0%, 2% and
4% CNT concentration by mass) have been produced. 2% CNT impregnated polycarbonate was selected as a
material of the absorber of the solar collector, since it would have significantly improved thermal
conductivity and a higher absorbance of solar radiation, while still retaining adequate mechanical properties
based on the results of the radiation absorption, tensile and impact tests.
The solar collector was designed as a multi-layer structure consisting of three main polymer layers; (1) An
optically transparent layer of plastic glazing above an air gap, (2) A layer of radiation absorbing
polymer+CNT separating the air gap above from the water below, (3) A layer of polymer+CNT below the
water, with polyurethane foam underneath. In order to absorb the rest of solar energy, which would still
reach the lower surface of the water channel, and increase the total heat gain of the collector, another
PC+CNT layer has been used for the lower layer of the water channel on top of insulation foam.
A good dispersion of the CNT into the polymer can be achieved by the use of a master batch of CNT
impregnated polymer. Whereas the virgin polycarbonate sheet was transparent in appearance, the 2% CNT
impregnated polycarbonate was a solid black color and completely opaque. The first prototype solar collector
was constructed as a sample with dimensions of 500 × 500 mm (shown in Fig. 1a). Thermocouples were
placed at several points on the surface of the absorber to measure the temperature distribution.

(a)

(b)

Fig. 1: The prototypes of the proposed PC+CNT solar collector: the first (a) and the second (b)

389

Kim et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

The detrimental performance effects in the first prototype test have been well observed and analyzed.
Thereafter the improved second prototype has been constructed (Fig. 1b); with the aim of reducing the edge
effect, the size of the second collector was increased to 1500 × 500 mm. The smooth reflective finish of the
CNT impregnated polycarbonate sheet was abraded to reduce the reflectivity on its upper surface. Trapped
air had been identified as an issue in the first test, with a potential negative impact on the performance. The
mounting for the solar collector was redesigned to include a fixed inclination of 0.8 degrees. The inclination
of the collector would encourage any air bubbles in the circulating fluid to accumulate in the uppermost
manifold and prevent air pockets from gathering underneath the solar absorbing panel. The manifolds were
adapted to incorporate automatic air eliminator vents that would allow any accumulating air from the
circulating fluid to be vented out. Finally, the collector was encased in a wooden frame to ensure protection
for the prototype and provide adequate structural rigidity to prevent flexing during transportation and
installation.
3. Heat Transfer analysis
3.1. Heat transfer modeling
This section describes a mathematical heat transfer model that estimates the effect of key design parameters
on the performance of the proposed solar collector. A steady state, one-dimensional heat transfer that solves
the coupled radiative and convective energy balances at the solar absorbing layers in the solar collector was
considered. The schematic diagram of the heat transfer in the solar collector was shown in Fig. 2. In the heat
transfer analysis, uniform constant temperature of each layer was assumed. For the air between layer 1 and 2
in Fig. 2, the constant properties of ideal gas air at the mean temperature of these two layers were used. The
surrounding temperature (T surr) for the radiation and the ambient temperature (Ta) for the convection were
assumed to be identical due to the test environment where the indoor temperature was not varied much. By
ignoring the wind chill effect, the top surface temperature of the solar collector was assumed to be same to
the ambient temperature (T1 = Ta).
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,T
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3
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Fig. 2: The net heat transfer in the solar collector

The amounts of the absorbed heat in the second and third layers (upper and lower boundary of the heat
transfer fluid, water) were determined by the optical properties of the material.
q2,absor

D 2W1Gsolar

and

q3,absor

D 3W 2W 1Gsolar

(eq. 1)

where W1 and W2 were the transmissivities of the first (PC) layer and the second (PC+CNT) layer, D2 and D3
were the absorptivities of the second and third (PC+CNT) layers (here, D2 = D3 because of the same material)
and Gsolar was a given solar radiation intensity. Therefore, the maximum absorbable heat ( q2, absor  q3, absor ) in
the solar collector was determined by only the optical properties of the absorber material. In order to gain
more solar heat in the collector, higher absorptivity of the absorbing layer was required.
There was heat loss from the absorbing layer due to the temperature difference between T 1 and T2. The heat
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loss from the absorber was represented by the two mechanisms of radiation and natural convection. The heat
loss by radiation was calculated by Stefan’s law which was comprised of the temperatures and emissivities of
two parallel plates.

q2, rad

V T24  T14
1

H2



1

(eq. 2)

1

H1

The second heat loss was caused by the natural convection due to the temperature difference between the two
layers of the air gap. It was determined by the thermodynamic properties of the air ( kair , Q air , Pr ) and the
geometric parameter, the air gap height, H1.
q2,conv

kair Nu

T2  T1
H1

(eq. 3)
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The net heat gain at the second layer (layer 2 in Fig. 2) was able to be obtained by the heat balance:
q2, net

q2, absor  q2, rad  q2,conv

qtotal

q2, net  q3, absor

q2, absor  q2, rad  q2,conv  q3, absor

(eq. 4)
f (T1,T2 , H1, properties )

f (T2 )

(eq. 5)

Finally, the total net heat gain of the solar collector was the sum of the net heat gain of layer 2 and the
absorbed heat of layer 3. As shown in above formulas, this total net heat gain was determined by the
temperatures of the layers, thermodynamic and optical properties of the air and materials, and the geometric
dimension. When the top layer temperature (T1 = Ta) and the dimension (H1) were given and the properties
were assumed (air as an ideal gas and the material properties as given in Table 1), the total heat gain was
determined by the temperature (T 2) of the second layer (upper PC+CNT layer) only. For given dimensions
and properties, the total heat gain of the solar collector was ideally maximized when the temperature of the
absorbing layer (T2) was the same as the top layer temperature (T 1); no heat loss from layer 2 to layer 1, no
heat remained at the absorbing layer, and therefore all the absorbed heat was transferred to the water. When
the total absorbed heat was transferred to the water, the water temperature was increased through the solar
collector (Tout > Tin). The outlet water temperature could be calculated by the energy conservation.
qtotal

? qtotal

 c p (Tout  Tin ) / As
m

 c p (Tout  Tin ) / As
m

q2, net  q3, absor
 f (T2 )

g (Tout )

g (Tout )

(eq. 6)
(eq. 7)

However, once the heat balance equation was concluded, two unknown temperatures (T 2 and Tout) and the
fourth power of temperature ( T2 ) in radiation made it difficult to solve directly. The temperatures of the
4

absorbing layer (T2) and the water outlet (Tout) were calculated iteratively. The iterative computation
procedure was depicted in the diagram in Fig. 3. For a given water inlet temperature (Tin), the water outlet
temperature (Tout) was initially estimated and then the total heat transfer rate (q total) was calculated from the
water temperature rise. The temperature of the absorbing layer (T 2) was determined to satisfy the heat
balance; the total absorbed heat, f(T2), should be equal to the transferred heat, g(Tout), under the restrictive
condition of (T2 > Tout). If the transferred heat, g(Tout), was greater than the absorbed heat, f(T2), then the
water outlet temperature (T out) was reduced and T2 was determined to meet the heat balance. Iteratively T 2
was calculated with decreasing T out until satisfying f(T2) = g(Tout) and T2 > Tout.
In order to calculate the heat transfer rate in the solar collector, the base optical properties of the proposed
material, PC+CNT, were assumed as shown in Table 1, based on the typical properties of the polycarbonate
and the estimation from the first prototype measurement. Heat transfer analysis was firstly performed with
the assumed base properties. The given solar intensity was assumed as 835 W/m2 in the heat transfer
analysis.
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Specify dimension (H1), operating conditions (Gsolar, Ta, Tin),
material properties (D, W)

Initialise temperature, Tout

Compute qtotal = g(Tout)

Set new Tout

Determine temperature, T2, (T2 > Tout)
Compute qtotal = f(T2)

|f(T2) – g(Tout)| < Tolera
Tolerance

No

Yes

End

Fig. 3: The flow chart for nonlinear iterative calculation

Tab. 1: The assumptions of the optical properties of the materials of the solar collector

Optical properties
Solar transmittance, W1
Infrared emissivity, H1
Solar absorbance, D2
Solar transmittance, W2
Infrared emissivity, H2
Solar absorbance, D3

PC glazing layer
PC+CNT upper layer
PC+CNT lower layer

Base values
0.85
0.5
0.4
0.4
0.5
0.4

Tab. 2: Estimated base temperatures and efficiency of the CNT collector

qtotal(W/m2)
T2 (°C)
to water
20
20
24.2
373
25.4
20
25
29.0
355
29.2
20
30
33.7
328
34.8
20
35
38.4
302
39.4
(for 0.5m × 0.5m panel with the base property value, D2 = 0.4, in Table 1)
Ta (°C)

Tin (°C)

Tout (°C)

Efficiency
0.447
0.425
0.393
0.361

Tab. 3: Estimated higher temperatures and efficiency of the CNT collector

qtotal(W/m2)
T2 (°C)
to water
20
20
25.9
524
27.1
20
25
30.7
506
30.9
20
30
35.4
479
36.4
20
35
40.1
453
40.3
(for 0.5m × 0.5m panel with the higher property value, D2 = 0.56, in Table 1)
Ta (°C)
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Tin (°C)

Tout (°C)

Efficiency
0.627
0.606
0.574
0.542

Higher
0.85
0.5
0.56
0.4
0.5
0.56
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3.2. Estimation of the relation between absorptivity and efficiency of the solar collector
The most important points in the design of solar collector should be the efficiency of the collector and the
available water outlet temperature. Using the heat transfer analysis, the available water outlet temperature of
the solar collector was estimated. For the given dimensions used in the first prototype, the base properties
given in Table 1 and the operating conditions of T a = Tin = 20 °C, the achievable water outlet temperature
and efficiency of the solar collector were calculated and presented in Table 2. The maximum water
temperature rise and efficiency were 4.2 °C and 0.447, respectively. The estimated efficiencies were
compared with the first prototype measurement and the reference of a conventional glazed flat plate solar
collector with moderately selective black paint absorber in Fig. 4. The maximum efficiency with the base
properties (HT 1 in Fig. 4) was much lower than the reference value. In order to achieve a comparable
efficiency with the reference value, a higher solar absorptivity of the material was required. To achieve
efficiency as high as the reference, the required solar absorptivity of the material, PC+CNT, was estimated.
The required higher properties are also provided in Table 1. The higher water outlet temperature and
efficiency achieved with the higher absorptivity value of D2 = 0.56 under the same dimensions and operating
conditions were estimated and shown in Table 3. The maximum efficiency was around 0.63 with D2 = 0.56.
The higher efficiency (HT 2 in Fig. 4) was also compared with the reference. Nevertheless the available
water outlet temperature was still relatively low, because the total heat gain is small due to the small size of
the panel.
0.7

Efficiency, K

0.6

0.5
0.4

Reference

0.3

Test 1 (PC+CNT)
HT1 (absor=0.4)

0.2

HT2 (absor=0.56)

0.1
0
0

0.02

0.04

0.06

0.08

0.1

Solar thermal condition (Tin - Tamb / Isolar)
Fig. 4: The efficiency of the solar collector with different absorptivities (0.5×0.5 panel)
Tab. 4: Estimated temperatures and efficiency of the CNT collector with a larger size

qtotal(W/m2)
T2 (°C)
to water
20
20
479
36.4
36.2
20
25
453
40.3
40.3
20
30
417
44.4
44.1
20
35
384
48.2
48.0
(for 0.5m × 1.5m panel with the higher property value, D2 = 0.56, in Table 1)
Ta (°C)

Tin (°C)

Tout (°C)

Efficiency
0.574
0.542
0.499
0.461

3.3. Effect of the size of the solar panel
For the given values of the material properties and the collector dimensions, the maximum achievable outlet
temperatures of the water were estimated. As a result, the temperature of the water outlet was limited by the
total heat gain which was depending on the optical properties of the material as well as the size of the solar
collector. In order to increase the available water temperature of the solar collector under the fixed material
properties, the size of the collector needed to be increased. In order to see the effect of the panel size, the
outlet temperature of the water was calculated for a solar panel that was three times longer than the first
prototype. The predicted results are provided in Table 4.
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The maximum temperature increment was around 16 °C. As a result, the hot water over 60 °C could be
achieved through the sequential connection of three solar collectors. The effect of the panel size on the
efficiency of the solar collector was shown in Fig. 5. The efficiency of the larger panel (HT3 in Fig. 5) was
lower than that of the smaller panel, which was attributed to the increased average temperatures of the water
and absorbing layer resulting in larger heat losses.
0.7

Efficiency, K

0.6
0.5
0.4

Reference

0.3

HT2 (0.5x0.5)

0.2

HT3 (0.5x1.5)

0.1
0
0

0.02

0.04

0.06

0.08

0.1

Solar thermal condition (Tin - Tamb / Isolar)
Fig. 5: The efficiencies of the solar collector with different sizes (D
D2 = 0.56)

4. Tests results and analysis
The prototype solar collectors were tested at University of Ulster using a state of the art solar rig. The testing
at a solar simulator facility was conducted under the specified constant solar flux and water flow rate. The
initial water temperature was set at 20 °C and increased by 5 °C intervals once steady state conditions were
attained. The temperatures of ambient, water in and out, and the several points on the absorber surface were
recorded.
4.1. Effect of the inclusion of Carbon Nanotubes (CNT)
In the first test, two prototype solar collector panels; one of only standard polycarbonate sheeting with no
CNT included and the other of CNT included in the absorbing layers, were simultaneously tested to evaluate
the performance improvement of the solar collector by the addition of the CNT. For the PC+CNT collector,
the water temperature increase between inlet and outlet was obvious, whereas the PC collector showed heat
loss rather than heat gain through the collector as the water inlet temperature increased. During the test the
accumulation of air within the PC panel was observed, the inconsistent temperature distribution was
attributed to the dispersed entrapped air which resulted in uneven heat transfer to the water flow over the
absorber layer of the PC collector. However, for the PC+CNT collector the temperature distributions showed
a consistent and reasonable trend; lower surface temperature around the water inlet region and higher surface
temperature near the water outlet area. Finally, the efficiency of the PC+CNT collector was more than 2.5
times higher than that of the only PC collector (see Fig. 6).
4.2. Solar absorptivity, D2, of the PC+CNT layer and the heat transfer rate estimation
By using the measured temperatures, the optical properties of the PC+CNT layer could be estimated. The
measured ambient (Ta), water inlet (Tin), and water outlet (Tout) temperatures of the first CNT collector are
listed in Table 5. The total amount of heat transferred to the water (4 th column in Table 5) can be calculated
with the measured water temperature variations considering conservation of energy;
The total amount of heat transferred to the water should be identical with the net heat gain by the absorbing
layers under the assumption of no heat loss between the absorbing layers and water. The total (net) heat gain
of the absorbing layers can be obtained by the subtraction of the heat losses from the upper absorbing layer
by radiation and natural convection from the solar energy absorbed in both the upper and lower layers of the
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water channel (eq. 5). The total heat transfer rate is a function of the temperatures of the layers, the optical
properties (e.g. solar absorptivity, D, and transmissivity, W, of the layers), and the geometric parameters (e.g.
the height of the air gap, H1). By using the measured temperatures and the known dimensions of the
collector, some of the optical properties of the absorbing layer can be estimated. The averaged value of the
measured surface temperatures on the absorbing layer (T 2 in Table 5) is also computed for this estimation.
The primary interest must be on the absorptivity of the solar absorption layer. Under the assumptions of the
base properties (see Table 1), the solar absorptivity (D2) of the PC+CNT layer was calculated by using the
obtained total heat flux and the averaged surface temperature (T 2) and listed in Table 5. Finally, the solar
radiation absorptivity of the PC+CNT layer was determined to be around 0.33 which is more than three times
of the polycarbonate absorptivity (typically, 0.09). It is consistent with the measured efficiencies of two solar
collectors in the first test as shown in Fig. 6. Therefore, the inclusion of CNT significantly improved the
solar absorption of the polycarbonate as expected.

Tab. 5: Measured temperatures and heat transfer of the first PC+CNT collector

Ta (°C)

Tin (°C)

Tout (°C)

19.44
20.73
20.61
21.13

21.64
25.57
29.33
33.34

25.08
28.23
31.97
35.63

qtotal (W/m2)
to water
305.38
236.14
234.36
203.29

T2 (°C)

D2

30.85
34.91
38.94

0.358
0.308
0.328

qtotal (W/m2)
for D2 = 0.4
347
328
306

Heat loss
13%
28%
24%

0.7

Efficiency, K

0.6
0.5

Reference

0.4

Test 1 (PC)

0.3

Test 1 (PC+CNT)
Test 2

0.2

HT1 (absor=0.4)

0.1

HT2 (absor=0.56)

0
0

0.02

0.04

0.06

0.08

0.1

Solar thermal condition (Tin - Tamb / Isolar)
Fig. 6: The tested and estimated efficiencies of the solar collectors

Due to the entrapped air and relatively small size of panel, the heat absorbed into the PC+CNT layer was not
able to be fully transferred to the water. Taking account of this detrimental effect, the actual solar
absorptivity of the PC+CNT layer would be higher than 0.33. The maximum amount of heat gain with the
assumed solar radiation absorptivity of 0.4 was estimated (without heat loss) and given in Table 5. By
comparing between the actually obtained total heat flux and the ideal estimation with D2 = 0.4, the estimation
of the heat losses due to the entrapped air, leakages and edge effects would be more than 25% (Table 5).
Thereafter, the second test of the improved prototype (1500 × 500 mm) was conducted at a series of
increasing inlet temperatures while measuring the energy absorption of the collector. The result showed the
performance of the second PC+CNT collector was significantly higher than that of the collectors in the first
test (Fig. 6). The developed PC+CNT solar collector performed equivalently to the reference of the
conventional glazed flat plate solar collector with moderately selective black paint absorber. Eventually, the
polymer-carbon nanotubes based solar collector which has a comparable efficiency with a conventional solar
collector has been successfully developed.
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4.3. Design of production model
The fabricated prototypes units had limitations in both structural strength and aesthetics due to the need to
use readily available polymer sheeting and sections in the construction. However, the investment in tooling
associated with a volume production model allows more freedom in the design to achieve a more aesthetic
product, reduced joints, simplified manufacture and a more rigid assembly. When polycarbonate material is
exposed to water at elevated temperature (more than 60 °C) for a sustained period of time, it can experience
degradation of mechanical properties due to hydrolysis. Due to the risk of hydrolysis of polycarbonate
occurring in this particular application, other polymer materials were considered for the construction of the
water channel section in the production model. The two most promising alternative materials were
polypropylene and polyamide, which can be glass filled to produce a stronger composite material. The use of
glass filled polyamide in contact with hot water under pressure is common in the automotive industry.
The basic design concept is to make a polymer solar collector of acceptable efficiency with as few parts as
possible, which is serviceably light and easy to install. Importantly, the production unit should minimize the
number of joints in order to reduce risks of leak and minimize production costs. Finally, the overall assembly
requires two special extruded components; the water cavity and the outer insulation cover. It requires one
special injection moulded component - the end cap, and one formed component – the pipe cover. Other
components are standard sheets or proprietary components that can be sourced from existing suppliers. The
design therefore minimises the investment in tooling, achieves a simple assembly process and has only two
joints in each panel that need to be of a water tight standard. The estimated cost of the production model is
around £80 per square meter based on current market prices of materials and fabrication. It is two times less
than that of the conventional flat plate solar collectors, £150 – £230 per square meter.
5. Conclusion
The polymer-carbon nanotubes based solar collector was designed as a multi-layer structure with considering
the cost-effective manufacturing. Through the mathematical heat transfer analysis, the performance and
characteristics of the solar collector have been estimated. The prototypes of the proposed system were built
and tested at a state-of-the-art solar simulator facility to evaluate the actual performance of the developed
solar collector. The inclusion of CNT improved around three times the solar absorption of the polycarbonate.
The efficiency of the second (improved) prototype reached equivalently the practical maximum of this type
(a glazed flat plate) of solar collector. Eventually, the cost-effective polymer-CNT based solar collector,
which achieved similar efficiency compared to the conventional glazed flat plate solar panel, will be able to
be developed with two times less cost.
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Summary
Cost reduction of solar thermal systems is crucial for a broad, worldwide implementation of this technology.
Looking at the collector costs, the absorber takes the biggest portion. There are two possibilities to minimize
these costs: reduce material costs or reduce production costs (or both). In this paper, two approaches are
presented, both with the goal of reducing material costs and production costs: low priced steel replaces
copper and/or aluminum, and sheet metal forming technologies, well suited for mass production, replace
production by welding of pipe and absorber sheet. The connections of these so-called integrated absorbers as
well as the internal pressure resistance with low sheet metal thicknesses were identified as being the most
important challenges. Another important issue is the coating of ready-formed, piece-good absorbers and the
protection against corrosion. Assuming that these questions can be solved first economical calculations
revealed for a not yet optimized process competitive costs as soon as 200 000 absorbers per year are reached.
Keywords: Cost reduction, steel absorber, integrated absorber, production technology

1. Introduction
As an alternative solar thermal absorber material to copper and aluminum steel has been in the focus of
several research projects. The positive properties of steel, such as good formability, high elastic modulus,
high temperature resistance, high availability, easy recycling, low cost as well as the existence of a broad
practical knowledge in steel treatment, were the reason for this interest. The comparatively low thermal
conductivity can be compensated by a proper design as demonstrated in the following motivation paragraph.
Another property is the comparatively low thermal expansion coefficient, which makes it interesting for
photovoltaic-thermal collectors (PVT), where the thermal heat removal construction is directly connected to
the PV panel which must not break because of different thermal expansion coefficients. Absorbers of
stainless steel can be found in the market in the form of pillow absorbers or as heat removal constructions of
a PVT collector whereas absorbers from steel type DC 01 have not reached the market yet. The hope is to
exploit a considerable cost reduction potential for solar thermal absorbers using mass production
technologies combined with steel as absorber material. Both require rethinking of the absorber production
and a careful review of the requirements. Below, critical points for steel absorbers produced by sheet metal
forming are discussed. Relevant topics are jointing of two sheet metals, forming of sheet metal, connection to
piping system, internal pressure resistance, coating, and corrosion. Many of the discussed points apply
generally to integrated absorbers – where absorber and channel form a unit – and are not limited to steel
DC01, which is nevertheless in the focus of this paper. Two possible production process chains in two
different research projects have been examined and are the source of examples of every critical point. The
general process chain for both approaches is shown in Fig. 1. Throughout this paper, the term “absorber” is
defined as the fluid-carrying structure that conducts and transfers the heat generated from the absorbed solar
radiation to the heat transfer fluid including connection possibilities to a piping system.
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Fig. 1: Schematic process chain of collectors with integrated absorbers indicating the two production processes discussed in this
paper.

2. Motivation
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Replacing the thermally well-conducting materials copper (thermal conductivity k = 401 Wm-1K-1) or
aluminum (k = 236 Wm-1K-1) with the comparatively bad thermal conductor steel (k = 48 Wm-1K-1), one has to
answer the question if this conflicts with the interest in a good thermal efficiency of the whole collector. The
influence of the absorber on the thermal efficiency of the whole collector can be characterized by the
collector efficiency factor F’. Having a measured efficiency curve and knowing the effective transmittanceabsorptance product (WD eff from the optical properties of the glass cover and the absorber, F’ can be
calculated fromK0 = F’(WD eff with K0 being the measured efficiency at the point where the mean fluid
temperature equals the ambient temperature. Another possibility to obtain F’ are analytical formulas based
on (Duffie and Beckman 2006). Good absorbers in a typical collector casing have values for F’ of about
95 %. In Fig. 2, F’ was calculated for 10, 20, 30 and 40 channels for an absorber width of 950 mm with the
material steel DC 01 for different thicknesses of sheet metal for a cross section that is typical for integrated
absorbers. The mass of one square meter of absorber is also given for the considered sheet metal thicknesses
on the right axis of this diagram. The F’ calculation was based on (Hermann et al. 2011), where extensions
for non-circular cross sections for the equation in (Duffie and Beckman 2006) are described. In the case of
10 channels, which is a common number of channels for conventional absorbers, F’ can already be quite low
with 91 % (with a sheet thickness of 0.4 mm). Going to lower channel distances, i. e., more channels per
absorber width, very good values of over 98 % can be achieved. Sticking to the commonly used production
technologies where the piping and the absorber plane are jointed mostly by welding, every extra channel
means two extra bends (meander) or connections to header pipes (harp) and an extra pipe, which also has to
be connected to the absorber sheet. This means extra costs, and so the cost savings due to material
replacement decrease or are even fully compensated. To achieve a considerable cost reduction with no
compromise in thermal efficiency, other production technologies such as sheet metal forming offer new
possibilities especially for the material steel. These production technologies allow almost any channel design
and offer good possibilities for highly automated processes.

0
1,2

Thickness of sheet metal [mm]
Fig. 2: Collector efficiency factor F‘ as a function of thickness of sheet metal for 10, 20, 30, and 40 channels on 950 mm absorber
width with the material steel DC 01 (left axis), assumed heat loss coefficient UL = 3.5 Wm-²K-1. The green dotted line indicates
the mass of a square meter of steel absorber with different sheet metal thicknesses (right axis). At the bottom, left, the cross
section of the example channel on which the F’ calculations are based is shown.
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3. Produced sample absorbers
Process 1: Within the framework of the SAPRES project, the process chain used for the production of
radiators was adapted to the production of solar thermal absorbers (Koch et al. 2013). A toggle lever press is
used to press half-shells which are jointed afterwards. A ready-made absorber without coating can be seen in
Fig. 3. Within this production chain, the length of the absorber using the same headers can easily be varied
by different programming of the press.

Fig. 3: 2-m² steel absorber with harp design (back side) produced by pressing half-shells and a downstream welding process
without coating.

Process 2: Another process chain was examined during the STAHLABS project (Koch et al. 2012;
Steinbach et al. 2012). Within this approach, the channel design is printed with a separating ink on a metal
sheet and then roll-bonded to another sheet. Afterwards, the panels are inflated with a water-oil-emulsion
under high pressure and formed in a mold containing the channel design. A 2-m² sample absorber was
produced of seven small panels with FracTherm® channel design (see Fig. 4) and a spectrally selective
coating was applied by Fraunhofer ISE. Incorporating it into a commercially available framing, a higher
value of F’ compared to the commercial reference absorber in the same framing could be calculated from the
efficiency measurement as described in the motivation section.

Fig. 4: 2-m² modular steel absorber with FracTherm® channel design produced by partial cold roll bonding and hydroforming
with a spectrally selective coating.
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4. Jointing of two sheet metals
Forming channels with sheet metal always requires two sheets which have to be jointed. There are two
approaches to joint the two sheets: after or before the channel forming process.
Jointing after forming: Within process 1, two formed half-shells or one half-shell and a plane sheet are
seam welded at the edges to assure fluid tightness and resistance spot welded between the channels to avoid
inflating. This welding process combination was adapted from radiator manufacturing. Radiators have
usually a sheet thickness of 1-1.15 mm whereas the aim for a solar collector would be lower sheet
thicknesses. Lower sheet thicknesses require an adaption of the welding process. In SAPRES, even with
clamping throughout the welding process, a convex bending could not completely be avoided.
As an alternative jointing method for steel half shells, laser welding is a good option. The investment is
higher than for the chosen technology, but it has advantages in process velocity and automation. Also the
possibility of the use of adhesives was theoretically examined. It was found that for tensile load, large
contact areas have to be provided for, and peel stress should absolutely be avoided. Additionally, most
adhesives tend to creep under long-term stress, and their tensile strength is extremely temperature-dependent.
As both peel stress and long-term pressure stress occur within the operation at high temperatures, adhesives
were assessed as critical. Additionally tension tests were conducted and showed sufficient tension stability
with a minimum adhesive width of 25 mm. As the width between the channels in the produced absorber is
only 10 mm, the adhesive solution was no longer followed. Changing the channel design could be an option
for the tension load, but would not solve problems with occurring peel stress and long-term temperature
stress.
Jointing before forming: If the sheets are jointed before forming, processes like partial cold roll bonding
and subsequent hydroforming as described in Fig. 5 can be used. In this case, the two sheets are jointed over
the area of the whole absorber reduced by the area for the channels. Similar processes are well mastered for
aluminum, like in heat exchangers for refrigerators or also for solar thermal absorbers, as shown in (Hermann
2011). In (Kleiner 2007) it was shown that this process chain is feasible for steel. Within process 2, the
jointing of a hybrid material consisting of two thin copper layers and the supporting steel layer in between
was examined. The initial idea was to have a constructional protection against corrosion in the channel and
on the back as well as a substrate well suited for a spectrally selective coating on the front. It was found that,
in contrast to laboratory conditions, the peel strength between copper and copper (Fig. 6, left) was not
sufficient in the industrial process. Therefore, it was decided to switch to plain steel combined with the
hybrid material copper-steel-copper (Fig. 6, right).

Fig. 5: Process chain used in process 2: cold roll bonding and hydroforming.
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1 mm
Fig. 6: Photomicrographs from a cross section of a demonstrator channel, left: copper-steel-copper/copper-steel-copper, right:
copper-steel-copper/steel.

5. Forming of sheet metal
The different possibilities of arranging the forming and jointing process have also an impact on the forming
process. If the sheet metal is formed before jointing, also sequential forming processes like the combination
of embossing and stretch forming used in process 1 and illustrated in Fig. 7 can be used. Sequential forming
processes need less press power and so the presses can be smaller. Also hydroforming can be an option for
half-shells.
Forming the sheet metal after the jointing can be done by hydroforming as described in Fig. 5. In this case
the jointed sheet metals are inflated with a water-oil emulsion, and a mold gives the shape. Another
possibility is a free forming process or using only a plane counter tool that limits a free forming process (e. g.
done with pressurized air in the roll-bond process of aluminum panels). A completely free forming process
has the advantage of having automatically the optimal form for internal pressure load, but it might be
difficult to be carried out with different channel widths.
However, for most forming processes, expensive tools and strong presses are needed. To save developing
costs, FEM simulations for forming processes are widely used and can provide useful information about the
forming limits even for thin metal sheets (see Fig. 10, left).

Fig. 7: Different modes of tool using a combination of embossing and stretch forming like in process 1 schematically.

6. Connection to piping system
Every connection type is required to be fluid-tight, economically favorable, and feasible for mass production.
Additionally, the pressure drop of the whole fitting should be as low as possible. If the starting substance is a
sheet metal, no circular channel cross sections are possible, and only channel cross sections similar to the
five sketches on the right in Fig. 8 are producible.
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Fig. 8: Different potential cross sections of absorber channels (principle sketches).

As every bend causes pressure loss, the most favorable connection solution disturbs the fluid flow as little as
possible and forms a smooth transition from the absorber header channels to the circular piping system. For
process 2, one solution was found with hydroformed connection bushes which were soft-soldered to
absorber modules (Fig. 9).

Connection bushes

Absorber segments
Fig. 9: Left: Principle of the connection of the segments via bushes, middle top: Normal bush, middle bottom: connection bush
to circular piping system, right: normal bush connected to one absorber segment before soft-soldering.

Another solution would be to enter the channel structure perpendicularly to the sheet plane. This creates a
higher pressure loss for the connection but might require a lower production precision and, for this reason
has advantages in the reliability and costs of the production process. Within process 1, the continuous roll
seam at the edges did not permit a connection like in process 2, and so an example of this normal connection
solution had to be found. In order not to disturb the fluid flow too much, solutions like in Fig. 10 were
examined by FEM simulation by a subcontractor. In the first approach, no producible solution could be
found. Two samples with different connections using both a header pipe parallel to the header channel within
the absorber structure were produced (Fig. 11). Measurements on both samples indicate a significantly lower
pressure loss for the solution on the right. Nevertheless, with regard to production feasibility the connection
as shown in Fig. 11 left was produced for the 2-m²-absorber. In this case, the technology for radiator
connections was adapted. The fluid flow is bent twice by 90° and has to pass through a spacer which is
necessary as counterpart for the butt-welded tube.

Fig. 10: CAD studies of connection possibilities for one-side-flat absorbers and FEM simulation of the forming process (Source:
DTE Werkzeugtechnik GmbH & Co. KG).
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Fig. 11: Sample absorbers with connection normal to absorber plane. Left: using technology from radiator manufacturing with
drawing of cross section below, right: using a non-standard solution without spacer.

7. Internal pressure resistance
To save material and costs, most developments of integrated absorbers – regardless of the material – aim at
the lowest possible sheet thickness. One technical limit of the sheet thickness – and the whole absorber - is
the internal pressure resistance. So the questions are: What is the must-have pressure resistance? What is a
nice-to-have pressure resistance, and why and when is it nice to have? There is no official requirement of a
maximum internal pressure resistance. The standard EN 12975-2 requires a test with 1.5 times the pressure
resistance specified by the manufacturer. However, most manufacturers offer absorbers with a maximum
pressure of 10 bar, some with 6 bar. There are also absorbers in the market that are allowed for only 3 bar.
So, what are the reasons for these specific limits? First of all, in the conventional fin-and-tube construction,
with its separation of the function ‘fluid transportation’ and ‘heat absorbing and conducting’, it is no problem
to withstand 10 bar. Circular tubes are the best in terms of internal pressure resistance. Are 10 bars
technically needed? Usually the system pressure is much lower (2-3 bar), limited by the safety valves. As
long as the collectors are placed on the roof, no additional hydrostatic pressure has to be provided for.
Placing the collectors on the façade, the building height has to be considered, and approximately 1 bar
hydrostatic pressure for every 10 meters has to be added if there is no additional heat exchanger provided for.
So, with an appropriate system design, there is no problem using absorbers with a maximum pressure
resistance of 3 bar, tested with 4.5 bar. So withstanding 4.5 bar is considered to be an essential requirement
for pressurized systems, everything above allows more degrees of freedom in system design. For nonpressurized systems even lower values for the internal pressure resistance may be accepted. The evaporation
point of the heat transfer fluid in non-pressurized systems is, of course, lower. Hence the operation of these
systems is limited to lower temperatures. Critical locations for the internal pressure resistance are typically
the notches on very big channels where the two sheet metals are jointed (Fig. 10, right), large non-circular
channels (Fig. 12, left), the connections to the piping system (Fig. 12, middle), or, generally, the jointing of
the two sheets (Fig. 12, right).

Fig. 12: Left: sample from process 1 after a pressure test, middle: connection detail from process 2, right: detail with badly
welded absorber edge from process 2.
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8. Coating
Aiming at high efficiency absorbers, a spectrally selective coating is necessary. One question for sheet metal
forming processes is if coil coated materials can be used or if the absorber has to be coated as piece-good
after the forming and jointing process. To examine the first solution, two commercially available coated
products were formed with the production technology of process 1, and the absorptance D$0 as well as the
emittance HqCwere measured and listed in Table 1. While the forming process has almost no effect on
D$0HqC increased significantly. So, for the production technology of process 1 a piece-good coating of
the ready-made absorber seems to be favorable.
Table 1: Comparison of the optical properties of formed and not formed metal sheets, manufacturer information: http://alanodsolar.com (retrieved: 07.08.13).

Absorptance D$0
Coating

Emittance HqC

Manufacturer
information

After
forming
process

Manufacturer
information

After
forming
process

Mirosol® TS,
Manufacturer: Alanod

Solar paint

0.9 r 0.02

0.92

0.2 r 0.03

0.30

Mirotherm®,
Manufacturer: Alanod

PVD

0.95 r 0.01

0.95

0.05 r 0.02

0.16

Regarding the quality of the coating, first sputtered absorber coatings on the industrial prototype machine at
Fraunhofer ISE already showed very high results for the absorptance D$0of94.0r1 % and further
improvable emittance HqC values of 12.8 ± 2 %. To protect the whole absorber against corrosion, a
previous anti-corrosion coating may be necessary. For this case, the absorber coating was sputtered onto a
powder-coated formed sample, too. Very high absorptance D$0values of94.0r1 % and very low
emittance HqC values of 5.0-6.0 ± 2 % were obtained.
Up to now there is only one supplier of spectrally selective coatings of piece goods in the market. Another
option could be a spectrally selective galvanic coating. Even though it is theoretically feasible, so far there is
no commercial supplier of spectrally selective galvanic coatings for plain steel. Only for stainless steel, such
coatings are commercially available. Aiming at lower efficiencies and temperature levels, also solar paints
might be an option.
9. Corrosion
When using steel DC 01 as absorber material, internal as well as external corrosion must be considered. For
the piping system of solar thermal systems, steel pipes according to DIN 2448 can be used. As steel pipes
require more effort for the installation, they are only economically favourable for big pipe diameters in large
solar fields compared to copper pipes (Stieglitz and Heinzel 2012). Examinations of corrosion on steel pipes
in solar thermal systems after long-term use do not indicate problems, neither with internal corrosion nor
with external corrosion, as long as contact corrosion at the direct connection of steel with a more noble
material is avoided (Peuser et al. 2001). With appropriate ventilation and the correct solar fluid the internal
corrosion of steel absorbers is hence assumed not to be critical. For the time between production and
installation, flush rust may be a problem and precautions have to be taken.
Internal corrosion: As critical points for a starting corrosion, in process 1, the gaps between the channels,
that are kept together only via welded spots, were identified. Testing internal corrosion in contact with solar
fluid, existing tests for solar fluids can provide insights. Besides test methods based on ASTM D 1384, a new
test method, that is currently in the standardization process (Hartmann 2012), exists for solar fluids. While in
ASTM D 1384, metals and alloys are immersed in an aerated fluid for 14 days at +88 °C, this new test
method aims at representing the occurring situation in a solar system more realistically in a closed loop
simulation comprising also stagnation. A steel sample from a radiator with a roll seam and spot weld
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between the channels was exposed to this test procedure at the test facility of the subcontractor FQZ
Oderbrücke gGmbH and grinding marks were afterwards visually examined for corrosion. No corrosion
could be found. However, this does not imply that there is no danger for internal corrosion. Long-term
operation tests of steel absorbers could reveal new insights.
External corrosion: Absorbers made from DC 01 steel need protection against external corrosion. This can
be done with powder coatings like for radiators or different coating processes.

Fig. 13: Left: Sample after a corrosion test at FQZ Oderbrücke gGmbH. The red lines indicate the cuts where grinding marks
were prepared and visually examined for corrosion, right: prepared grinding marks.

10. Economic considerations
Comparing only aluminum and steel and looking at the pure material price, even though the material price
per ton of steel DC01 is about one third of the price of aluminum, it is not obvious that a steel solution is
economically favorable. This depends a lot on the sheet metal thicknesses that can be produced. Comparing
identical sheet thicknesses for aluminum and steel, it is found that aluminum is even slightly more economic
as it has a very low density. So, to gain an economic advantage, lower sheet thicknesses need to be provided
for. As the elastic modulus of steel is about three times higher than that of aluminum, this is theoretically
possible. To compare possible absorber prices, one has to take into account the whole production process.
For process 2, an economic evaluation for an absorber made of plain steel segments considering the whole
process chain including all machinery, labor, and material costs was conducted. Machine utilization was
partially included over the year. For the not yet optimized process chain, the outcome of that calculation was
equality in costs compared to the process chain of a standard harp absorber as soon as 200, 000 absorbers per
year are reached. The cost saving potential is considered to be higher as the new production chain is not yet
industrially practiced. A further reduction of the sheet thickness from the actual 1 mm total thickness is
considered to be feasible without losing sufficient internal pressure resistance. This would also lead to
considerable cost reductions.
11. Conclusion
In this paper, it could be shown that steel is a promising material for solar thermal absorbers, especially
combined with sheet metal forming production technologies well suited for mass production. Two different
process chains were examined in two different research projects. Critical points such as jointing of two sheet
metals, forming of sheet metal, connection to piping system, internal pressure resistance, coating, corrosion
as well as economics were identified. Each critical point was theoretically analyzed, the requirements were
reviewed and examples from the examined projects were given. In view of the aim of saving costs, the
thickness of the sheet metal is crucial. Using thin sheets the forming processes become less flexible, and the
welding processes for the jointing of two sheet metals as well as for the inclusion of the connection to the
piping system require a very precise temperature control and therefore need to be adapted. The thinner the
sheet metal, the more difficult it is to achieve a high internal pressure resistance. Thin steel sheets are also
more sensitive to corrosion. Another question concerns the connections: Can a connection with a smooth
transition from the piping system to the absorber with low pressure loss, as produced in process 2, reliably
be mastered within the industrial production process? If these challenges are mastered, steel absorbers in
mass production have the potential to reduce the absorber costs significantly, especially for high production
volumes. As sheet-metal-formed steel absorbers are more rigid than standard fin-and-tube absorbers and
have lower thermal expansion than the also rigid sheet metal formed aluminum absorbers, they can be a
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promising option for the heat removal construction of PVT collectors. Using sequential forming processes,
even flexible absorber lengths can easily be achieved in the mass production, which makes it attractive to
architects and building planners.
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NUMERICAL INVESTIGATION ON HEAT TRANSFER,
FLUID DISTRIBUTION AND SOLID STRESS TO A NEW TYPE OF
SOLAR FLAT PLATE COLLECTOR
Pascal Leibbrandt, Thomas Schabbach
Institut für Regenerative Energietechnik, University of Applied Sciences Nordhausen (Germany)

Summary
For a new type of solar flat-plate collector, which is composed of planar glass plates, some of the first results
of development are illustrated. In the first part of this paper the new type of flat-plate collector is introduced.
A brief description of operation, heat transfer processes and radiation conversion is given. Furthermore, the
advantages and disadvantages of the development in comparison to a standard flat-plate collector are
discussed. In the second part simulations on heat transfer, fluid distribution and solid stress are illustrated. By
using CFD (computational fluid dynamics) the aim of these first studies is to compare them to the results
obtained from analytical solutions as well as an assessment of the feasibility of the concept.
Keywords: glass-collector, flat-plate collector, heat transfer, fluid distribution, solid stress

1. Introduction
Due to the stagnation of the market for solar thermal collectors in Germany since 2008 efforts are required to
reduce high specific system costs ensuring the competitiveness of solar thermal systems in the future. The
energy demand in Germany is due to the consumption in the heating sector over 50%. The goals of energy
and climate policy can only be achieved if also solutions in the heating sector are implemented from now on.
The potential of renewable energies can only be exploited if a massive build-up of new solar thermal systems
is executed.
As part of the proposed research project “Nurglaskollektor” (abbreviated Nugla – means “just glass”) a
collector shall be developed which is composed primarily of glass, with the advantage of lower production
costs.
The use of aluminum and / or copper in the absorbers increases the material- and manufacturing costs for
collectors according to actual manufacturing processes. The welding and soldering of the absorber tubes and
the fluid tubes is expensive with respect to the production and investment for machinery. In contrast, the
Nugla collector, can be easily manufactured in an automated process. The process of manufacturing is
similar to the insulating glass production. Therefore, production costs should be reduced by about 20%
compared to standard flat plate collectors. The Nugla collector will have a maximum height of about 50mm,
thus enabling simplified installation and connection. So, advanced application fields for solar collectors
(especially in facade) are possible. Another advantage is the simplified recycling because of the construction
of the collector.
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2. Construction and operation
The glass collector consists of four planar glass plates which are glued and sealed by a frame and a fluidflow structure. As shown in fig. 1, the heat-transfer medium passes directly through the disk-space between
the glasses (30) and (50). Coatings on the glass surfaces ensure optimal radiation absorption in the fluid layer
and minimize the radiation losses due to reflection and emission.
coating (11) – AR

frame (90)
bonding (81)
inlet
structure (43a)

inlet (41)
outlet (42)
sealing (82)

glass (10)

coating (13) – AR

gas (20)

coating (31) – low e

glass (30)
fluid (40)

fluidstructure (43)

glass (50)

coating (53a) – absorption

gas (60)

coating (53b) – low e

glass (70)

Fig. 1: Construction of the glass-collector with 4 planar glass plates, frame and coatings

The photothermal conversion is accomplished by a simple non-selective absorption layer (53a) that is located
below the glass plate (50). The absorption layer (53a) is completed at the bottom by a opaque low-e layer
(53b) having a low emission coefficient in the long wavelength of the radiative spectrum. The absorption
layer acts upwards, the low-e layer downwards. This geometric arrangement makes the use of expensive
selective coatings unnecessary. The arrangement of the functional layers (13), (31), (53a) and (53b) in the
gas-filled space between the glass plates optimally protects them against environmental influence and
condensation. The plane-parallel glass plates are sealed with sealings, such as polyisobutylene (82) for
example, bonded with a 2-component silicone (81) and held in a form by an external aluminum frame (90).
The heat transfer medium flows through a connecting port in the centrally located inlet of the collector (41)
and leaves the collector on the opposite outlet (42). Through a fluid distribution device or inlet structure
(43a), the heat transfer fluid is distributed on the collector width. An areal fluid-flow structure (43) forces the
heat transfer fluid to a full-scale volumetric flow through the collector and thus optimize the heat transfer
between the fluid and the wall.
For the assessment of the collector's efficiency a multi-dimensional stationary thermal model was created in
the run-up. The resulting energy balances by modeling 34 temperature-knots are solved iteratively. The
results are illustrated by the collector curves in fig. 2.

Fig. 2: Collector curves of standard collectors and the glass collector

In addition to the performance of the collector, among other things, the loads and stresses on the glasses
should be estimated.
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3. Numerical Investigation
To estimate the collector characteristics, fundamental numerical simulations are performed with CFDsoftware (CD-adapco, 2014). The software STAR-CCM+ by CD-adapco constitutes a complete simulation
topology for numerical fluid mechanics, mechanical stress, heat transfer, turbulence and many more. Base on
CAD to mesh via solution to post-processing and analysis, it is a complete simulation- and optimization tool.
First results relate to the investigation of the heat transfer in the gas layers (20) and (60), the fluid distribution
in the fluid layer (40) and to the material stresses and deformation in the glasses according to a pressure
change and/or external loads.
The simulation of heat transfer and fluid flow with CFD is based on the solution of coupled partial
differential equations. The differential equations are solved iteratively by discretizing geometry in volume
elements using the finite volume method. For combined calculation of forces and stress distributions, the
finite element method is applied.
In the next sections, the heat transfer in the gas layers is discussed in greater detail, which is characterized by
free convection. Especially the boundary layer behavior and modeling of the flow in this case lead to
problems. The approaches and solutions for fluid distribution and stress analysis are briefly introduced.
3.1. Heat Transfer
The problem-setting of the heat transfer in thin gas layers with large aspect ratios is illustrated in fig. 3.
Experimental correlations (Hollands, 1976) are based on temperatures of T1 = 80°F (26.7°C), T2 = 60°F
(15.5°C) and angles of incidence between ߮ = 0 and 70°. A length of L = 560mm and the disk spacing of s =
12.7mm are underlying. For representations of gas flows in solar collectors, the angular range is sufficient.
The maximum collector temperatures, however, are much higher and the spread may be significantly greater
in high-performance solar collectors.
To check on the one hand whether the correlation by Hollands applies also to the gas flows in the new glass
collector and on the other hand if CFD-simulations can be used to optimize convective heat losses, it is
necessary to compare the results. In later steps the heat losses of the collector should be minimized by
optimizing the glass spacing and the gas fillings.

s
T2
T1
L

y
g

x
Fig. 3: Problem and geometry definition of free convective flow

The heat transfer by free convection in the gas layers was investigated by numerical simulations and
comparison against experimental data (Hollands, 1976). Eq. 1 shows the correlation, which fits to the
experimental data with a deviation of about 5%. The [X]+ means, that only positive values of the term [X] are
used, zero should be used if the term is negative (Hollands, 1976).
ܰ ݑൌ ͳ  ͳǤͶͶ ͳ െ

ሾሺͳǤͺ߮ሻሿଵǤ ή ͳͲͺ
ͳͲͺ ା
ܴܽ ή  ߮ ଵȀଷ
൨ ቆͳ െ
ቇ  ቈ൬
൰ െ ͳ
ܴܽ ή  ߮
ͷͺ͵Ͳ
ܴܽ ή  ߮

ା

(eq. 1)

In eq. 1 the Ra-Number is used, which is defined in this case as
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ܴܽ ൌ  ݎܩή ܲ ݎൌ

݃ ή ߚ ή ȟܶ  ݏ ڄଷ 
ߥܽڄ

(eq. 2)

Where g is the acceleration of gravity, ߚ the coefficient of thermal expansion, ߥ the kinematic viscosity, a the
thermal diffusivity, ȟܶ the temperature difference between the plates and s the characteristic length (here the
plate spacing)
Based on a simplified test-geometry as shown in fig. 3, the basic settings with respect to the discretization
and the physical properties were examined. Thus, it was found that not only the discretization, the selection
of the turbulence model and the boundary conditions but also the size of the gas volume are significant
impacts on the simulation results. With simple settings and inappropriate boundary conditions the simulation
results with respect to the heat transfer differ from the experimental data up to 15%. Comparable results also
provided by the analysis of (Föste, 2013). An originally suspected reason are the different boundary
conditions (temperature range 50-70°C) compared with the experimental results according to Hollands (1526°C).
It could be shown that different boundary conditions lead to significant differences in the numerical model.
In the following project steps these differences will be precisely analyzed and corrected. Not least, the
experimental setup in (Hollands, 1976) deviates to the application field of solar thermal energy. For
validation of the CFD-software studies are pursued by using the original boundary conditions according to
(Hollands, 1976).
Fig. 4 shows some scalar temperature scenes for a heated gas volume from below for different angles of
inclination. Convection rolls which arise under certain boundary conditions are visible.

Fig. 4: Scalar Scenes Temperature for different inclination angles

Due to the high deviations between experimental data (Föste, 2013) and simulation results, a discretization
convergence study was made. In this case the discretization density of the geometry is increased until there
were no changes in the simulation results shown. Typically the base size of the discretization is halved each
step. The base size here is the side length of a finite volume element. Further it should be noted that the
discretization is based only on simple two-dimensional square elements without boundary layer
discretization. The heat transfer for the test case was calculated by using (eq. 1) with s = 10mm, L = 200mm,
߮= 45°, T1 = 70°C and T2 = 50°C, to
ܰ ݑή ݇
(eq. 3)
 ڄȟܶ
ݏ
The results of the convergence study are shown in tab. 1. It is obvious that a refinement of the network also
leads to an increase in cell number and simulation time. A compromise has to be found between the
computational effort and the expected accuracy of the results. A distinct approach of the transferred heat flux
to the experimental results is unfortunately not visible even with a reduction to 1/16 of the original base size.
The simulation time has, however, increased by a factor of 6000. This computational cost does not justify the
minimal closer result.
ܳሶ ൌ  ܣή

Tab. 1: Results of the discretization convergence study in contrast to experimental results
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Base Size

Volume Cells

CPU Time

Heat Transfer

Deviation of

in h

in W

Heat Transfer in %

in mm
-

-

-

11.23 (Experimental)

-

1.0

2,000

0.026

12.450

+ 10.86

0.5

8,000

0.420

12.300

+ 9.53

0.25

32,000

1.445

12.270

+ 9.26

0.125

128,000

19.830

12.252

+ 9.10

0.0625

512,000

164.700

12.250

+ 9.08

Visible, however, is that even coarse discretization’s enable the estimation of the heat loss rate sufficiently.
This in turn allows a viable simulation time with good accuracy.
It is assumed that the deviation of the results is not just based on a coarse discretization, as described above,
but in the absence of boundary layer discretization. The thermal boundary layer is very important for the
formation of the convective heat transfer. By the static friction condition of the wall inside the thermal
boundary layer a heat transfer takes place, which is characterized essentially by heat conduction. The
boundary layer consists of a wall layer and an overlying defective layer in which heat conduction and
convection occur together. Only at the end of the defective layer a sufficient flow velocity exists, so that
convection appears.
The modeling of the thermal boundary layer is carried out under the assumption that the transmitted heat
flow by free convection must correspond to the heat flow by conduction of heat in the boundary layer.
Specifications of the thermal boundary layer are shown in fig. 5. It is
߲ܶ
݄  ڄቀܶଵ െ ܶ൫ݏൗʹ൯ቁ ൌ ݇ ᇱ ฬ
߲ݕ

(eq. 4)

௬ ᇲ ୀ

By using eq. 4, the thermal boundary layer thickness ߜ் can be written as:
ߜ் ൎ ߲ݕԢ ൌ 

݇
݄

(eq. 5)

In the used CFD program, the boundary layer thickness can be modeled by defining so called “Prism
Layers”. In this case the boundary layer thickness is donated as Prism Layer Thickness (ߜ T = PLT).

L

x'

T y'

y'

T

y

T1

s

x
T
PL

2

Fig. 5: Definition of Thermal Boundary Layer Thickness

In the following simulation results, two different discretization methods are compared. As shown in fig. 6,
simple meshers compared with meshers including a boundary layer resolution. To compare the results the

411

Pascal Leibbrandt / EuroSun 2014 / ISES Conference Proceedings (2014)

base size and the settings of the boundary layer can be varied.

PLM A, B

PLM 1, 2, 3 and 4

L

L

Boundary Layer

T2

T2

y

x

s

s

x

T1
BS

BS

BS

BS

T1

T
PL

T
PL

y

T
PL

T
PL

Fig. 6: Mesh types. Mesher PLM A, B (left). Mesher PLM1 – PLM4 with Boundary Layers (right)

As shown in tab. 2, the basic cell size and the boundary layer thickness were changed. The other variables
remain unchanged. The number of Prism Layers describes how many layers are used to model the boundary
layer. The Prism Layer Stretching corresponds to the ratio of the boundary layer thicknesses with the next
boundary layer.
Tab. 2: Definition of Mesh Types and Mesh Results

Mesh Name

PLM A

PLM B

PLM1

PLM2

PLM4

PLM3

Base Size (BS)

1.0 mm

2.0 mm

1.0 mm

2.0 mm

1.0 mm

2.0 mm

Prism Layer
Thickness (PLT)

0.0 mm

0.0 mm

2.0 mm

2.0 mm

1.0 mm

1.0 mm

Number of Prism Layers

0

0

5

5

5

5

Prism Layer Stretching

-

-

1.5

1.5

1.5

1.5

2,501,612

319,031

4,669,643

986,741

4,885,740

997,192

~ 343 h

~ 48 h

~ 392 h

~ 104 h

~ 396 h

~ 85 h

Resulting Cells
Accumulated
Simulation Time

It can be seen that not only the number of cells, but also the simulation time, significantly depend on the
choice of the basic size, but do not depend on the choice of Prism Layer Thickness (PLT).
For validation of the discretization (PLM A/B and PLM1 to PLM4) the simulations were carried out again
modelling free convection. Notwithstanding the boundary conditions above the experimental design after
(Hollands, 1976) was replicated using 3D simulations. The geometry data and boundary conditions are listed
below.
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angle of incidence:

߮ = 15…75° (30°, 45°, 60° simulated)
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plate distance:
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l x b = 560x610mm (0.34m2)

x

temperature bottom:
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temperature top:
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With the boundary conditions shown above, the heat transfer coefficient is between ݇ = 1.95 and 2.24
W/m²/K and so the boundary layer thickness is between 11.1 and 12.7mm.
This means that the flow is a pure boundary layer flow. Therefore, the boundary layer discretization has a
significant impact on the simulation results. In addition, it is clear that the boundary layer thickness for the
given parameter range of solar collectors varies.
ߜ் ൌ ሺܶଵ ǡ ܶଶ ǡ ȟܶǡ ߮ǡ ܮǡ ݏሻ

(eq. 6)

Therefore different discretization settings should be made for simulations of the convective heat flows. Fig. 7
shows the influence of the discretization on the simulation result. The heat transfer is under- or overestimated
depending on the cell size and the boundary layer thickness. PLM A and B is not shown because the results
deviate too far from the experimental data.

Fig. 7: Results in heat transfer for different discretization parameters

The tendency shows that the heat flow in the right order of magnitude can be predicted with CFDsimulations. The problem is the underestimation of the heat transfer for angles above 45° and the error,
which is still to high, compared to the experimental correlation. Also needs to be clarified whether the
formation of convection rolls in three-dimensional simulations leads to local changes in the boundary layer
thickness and to what extent that affects the transferred heat flow.
The residual convergence of the simulations should be improved, too. As fig. 8 shows, the residuals seem to
converge sufficiently after 10,000 iterations. The contemplation of the evaluated heat flows, however, shows
a fluctuation of +/-5%.

Fig. 8: Results in heat transfer for different discretization parameters

The goal of further numerical and experimental studies is thus the better adaptation of the simulation results
to measured data. Based on the following study the existing correlations for free convection in closed gas
layers should be adapted. So, the convective heat losses in solar thermal collectors can be modeled and
minimized.
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3.2. Fluid Distribution
Starting from a circular cross-section (use of standard connection elements) the heat transfer fluid should
form a full volumetric flow through the fluid layer (40). A fluid flow structure ensures that after the flow
distribution at the collector inlet is full volumetric. A compound of the fluid flow structure with the glasses
(20) and (30) is realized, which increases the stiffness of the collector and so it’s mechanical stability.
Fig. 9 shows the fluid volume in top view. The x-direction indicates the direction of flow, and the y-axis the
collector width, the layer height is shown in the z-direction. The simulations were carried out with reduced
dimensions. The collector area is 1412x707mm (approx. 1m2), which will be the size of a later prototype.
With the prototype, the fluid distribution will be examined by optical measurement methods.

Fig. 9: Fluid layer in top view

As shown in fig. 9, modeling can be simplified in addition to the reduction to 2D simulations. So a symmetry
condition is applied. The simulations were only performed for half the width of the fluid layer and then
mirrored in the post-processing. For the inlet (left) face velocity and temperature have been predefined. For
all walls, the static friction condition is set, the outlet pressure and temperature were determined. The
simplification to a 2D simulation is set up because of the simulation time and to estimate the fluid
distribution in a fast way. A real flow in the fluid layer will show a different behavior because of the
boundary layer characteristics. In addition, not only the fluid distribution but also the heat transfer will be
examined in later simulations.
As an evaluation criterion for the distribution of the full volumetric flow through the collector width in the
flow direction, the area-weighted standard deviation of the flow velocity SSDu was used. Af is the discrete
cell surface, ݑത is the flow velocity averaged over the flow cross section.
ଶ

ܵܵܦ௨ ൌ ඨ

σ൫ݑ െ ݑത ൯ ܣ
σ ܣ

(eq. 7)

In first 2D simulations different inlet structures are compared in terms of perfect volumetric flow and
pressure loss. In later 3D simulations the heat transfer by forced convection will be evaluated as well as other
criteria, too. Fig. 10 shows some of the first constructions for the in- and outlet geometry and the resulting
fluid distribution.
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Fig. 10: Fluid distribution of the first versions

By using a grid structure after the collector inlet (V06, simple grid at the inlet) a much more uniform flow is
achieved, an additional grid structure at the outlet (V06_1, simple grid at the inlet and outlet), however, does
not improve the result in contrast to expectations. The flow distribution in fig. 10 on the right shows that in
the center and in the side area there are still significant differences in velocity.
The improvement of the fluid distribution is done in the next steps by further comparison of alternatives (see
fig. 11) and the checking of the pressure losses of the versions. Finally, the flow velocities across the
collector width (y-direction) need to be modeled and tested by adjusting the pressure drop in the individual
flow paths (x-direction).

5x40 mm
s=5mm

50 mm

Version 06_10

50 mm

5x40 mm
s=5mm

Version 07_01

50 mm

Version 07

5x40 mm
s=10mm

50 mm

50 mm

5x40 mm
s=5mm

30 mm

Version 06

50 mm

5x40 mm
s=10mm

50 mm

Version 04

Version 08

Fig. 11: Other versions for fluid distribution
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3.3. Solid Stress
Starting from the calculation in the thermal model - due to internal and external loads - deformations of the
glass can be expected. This makes an investigation on mechanical loads on the collector components
necessary. The results shown below are not based on classical FEM simulations; instead the forces acting in
the components were determined from the CFD simulations on the basis of pressure effects. In this way
statements about deformations and mechanical stresses can be made.
In addition to the mechanical stresses and the bending of the glasses were analyzed by using defined loads.
For this purpose, a glass plate with dimensions of 707x1412x2.4mm (W x L x T) was fixed to the side
surfaces. From below a pressure of 2.0 bar (0.2 MPa) was applied.
Fig. 12 shows the results of this highly simplified structural analysis. It can be figured out that the stresses on
the long side of the glass is 137MPa - the permissible stress for float glass, however, is only 18MPa in safety
glass up to 45MPa. Under the given assumptions, the glass would break. The maximum deformations in the
middle of the glass reach a value of about 10 mm.

Fig. 12: Stress equivalent (left) and displacement (right) on a glass plate under a pressure of 2.0 bar

4. Outlook
In the next project parts the optimization of the in- and outlet geometry, the development of a fluid-flowstructure regarding heat transfer and pressure drop and the heat transfer in the gas layers (3D simulations) are
scheduled. The assembly (distance, thickness) and functional coatings (AR, low-e, absorption) of the glass
plates are examined by use of ray tracing and CFD. With a thermal model the heat losses of the edge seal, the
thermal loads on glass, sealants and adhesives are modeled. Structural analysis will be done to investigate the
effects of other loads (wind, snow, hail).
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Abstract
Photovoltaic-thermal (PVT) collectors are hybrid collectors which make, in principle, optimal use of the
solar resource by co-generating electricity and heat in a single module. The development of innovative PVT
concepts is based on a deep understanding of the interplay between design and materials, performance
coefficients, and finally the thermal and electrical energy yield. Amongst others, the energy yield is
influenced by the low emissivity (Low-E) coating, thermal insulation, and the thermal coupling of absorber
and fluid characterized by the collector efficiency factor F’. In this paper, a modelling approach is presented
which describes the interplay between optical properties of Low-E coatings, overall heat losses and F’. In
analyzing seven different Low-E coatings, the complex interdependence of these three factors becomes clear.
A further highlight will be put on the thermal coupling of the fluid to the absorber and its influence on F’. In
addition, system simulations for a combi system are carried out to analyze the annual electricity and thermal
yields.
Keywords: photovoltaic-thermal collector, collector model, Low-E coating, system simulations

1. Introduction

Solar cell convert solar radiation into electricity by making use of the photovoltaic effect. Owing to the
physical limitations of conventional solar cells, less than 20 % of the incoming radiation is converted into
electricity while the major share is transformed into waste heat. PVT collectors make use of this waste
energy by transferring heat from the solar cell to a fluid. Thus the solar cell functions as the absorber, which
is thermally coupled to a heat removal construction, e.g. a metal sheet-tube fluid heater.
Currently, the market is dominated by unglazed PVT collectors, where the focus lies on the generation of
electricity while heat is delivered at low temperatures. Their field of application is therefore limited to water
preheating or coupling to heat pumps. Glazed PVT collectors have their focus on the generation of heat at
higher temperatures, while the electrical yields are slightly lower because of an extra cover and higher
operating temperatures which reduce the PV efficiency. Concentrated PVT collectors are able to deliver heat
at even higher temperatures. The setup of a typical glazed liquid flat-plate water PVT collector is shown in
Fig. 1.

Fig. 1: Schematic setup of a glazed liquid PVT collector with (a) glass cover, (b) air layer, (c) PV module, (d) metal sheet, (e)
metal tubes, (f) thermal insulation, (g) frame, (h) PV module glass, (i) EVA layer, (j) solar cell, (k) Tedlar layer + adhesive
(Dupeyrat 2010).

Zondag et al. (2008) see the greatest market potential for glazed liquid PVT collectors for domestic hot
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water, possibly combined with space heating. Next to commercial and certification issues, high stagnation
temperatures and relatively low efficiency are the limiting factors on the technical side. For the development
of innovative glazed liquid PVT collector concepts, collector models and system simulations are essential to
investigate new collector design and materials, operating temperatures and energy yields. In this paper, an
integral modelling approach is presented. By means of two examples – Low-E coatings and the collector
efficiency factor F’ – modelling results from design studies for glazed liquid PVT collectors are presented.

2. Integral Modelling Approach
The goal of the integral modelling approach is the analysis of the influence of design parameters on
performance coefficients and energy yields. With this approach, new PVT collector concepts can be analyzed
and optimized by varying single design parameters or the entire collector design. The approach is divided
into two stages: In the first stage, characteristic performance coefficients are calculated from optical and
thermal design parameters using a PVT collector model. In the second stage, these performance coefficients
are used in a system simulation environment to calculate annual energy yields for typical applications. As
depicted in Fig. 2, optics, thermal insulation and the thermal coupling of absorber and fluid are strongly
interconnected. As most heat transfer coefficients are temperature dependent, a change of one design
parameter affects most other performance coefficients. This integral modelling approach helps to understand
the interplay of design parameters and develop technically and economically optimized PVT collectors.
Optics

Transmittance PV
Transmittance &
Absorptance ST

ࣁࡿࢀ

Electrical Yield

Thermal Yield

ሺ࣎ࢻሻࢋࢌࢌ
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ࣁ
ࢇ
ࢇ
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ࢁ࢈࢙ࡲ࢛ࢊ

ࡲԢ

Design
Parameters

Collector
Model

Performance
coefficients

System
Simulations

Energy Yield

Fig. 2: Integral modelling approach covering the chain from design parameters to performance coefficients and energy yields.

The collector model is a steady-state 1D thermal resistance network which is implemented in an objectorientated simulation framework. Fig. 3 depicts the nodal model according to Helmers and Kramer (2013):
The incoming radiation is first reduced by optical losses; the remaining radiation ܲ௦ reaches the absorber
and is then split into electricityܲ , useful thermal energyܳሶ௨௦௨ , and thermal lossesܳሶ௦௦ . The energy
balance of the collector reads as follows:
 ܩൌ ܲை௧௦௦௦  ܲ௦ ൌ ܲை௧௦௦௦   ܲ  ܳሶ௨௦௨  ܳሶ௦௦

(eq. 1)

The electricity output ܲ decreases linearly with the cell temperatures and is calculated with the extension by
Florschuetz (1979), where ߟ is the instantaneous electrical efficiency, ߟௌ் the electrical efficiency under
standard testing conditions, ߚ the relative temperature coefficient of the electrical efficiency and ܶ the
reference testing temperature:
ܲ ൌ ߟܩ ൌ ߟܩௌ் ሺͳ െ ߚ൫ܶ௦ െ ܶ ൯ሻ

(eq. 2)

The heat transfer coefficients ܷ௦௦ and ܷ௦ி௨ௗ are both dependent on temperature and modelled using a
network of empirical and analytical thermal resistances for each heat transfer phenomenon occurring inside
the collector. The detailed description of the underlying formulas lies beyond the scope of this paper and can

418

Manuel Lämmle / EuroSun 2014 / ISES Conference Proceedings (2014)

be found in secondary literature such as Zondag et al. (2002), Matuska (2009) and Dupeyrat (2011).
ܶ௧

ࡼࡻ࢚ࢉࢇࡸ࢙࢙ࢋ࢙

ࡳ

 

ͳȀܷ௦௦
ࡼࢇ࢈࢙

ܶ௦

ͳȀܷ௦ி௨ௗ

ࡽሶࡸ࢙࢙

ࡼࢋ

ࡽሶ࢛࢙ࢋࢌ࢛

ܶ௨ௗǡ
Fig. 3: Energy balance of a PVT collector for a one-dimensional collector model according to Helmers and Kramer (2013).

The collector model is run with varying fluid temperatures. Then, the characteristic performance
coefficientsߟ , ܽଵ , ܽଶ are extracted with statistical curve fitting using the least square method to obtain an
instantaneous efficiency curve according to the international standard ISO 9806:2013(E) :
ߟൌ

ܳሶ௨௦௨
୪୳୧ୢǡ୫ୣୟ୬ െ ୟ୫ୠ୧ୣ୬୲
ሺ୪୳୧ୢǡ୫ୣୟ୬ െ ୟ୫ୠ୧ୣ୬୲ ሻଶ
ൌ ߟ െ ܽଵ
െ ܽଶ
ܣܩ௧௨
ܩ
ܩ

(eq. 3)

with the conversion factor ߟ
ߟ ൌ  ܨᇱ ܭఏ ሺ߬ߙሻ

(eq. 4)

where ܭఏ is the incidence angle modifier and ሺ߬ߙሻ the effective transmittance-absorptance product.
System simulations are carried out in TRNSYS using the reference heating system of Task 32 defined by
Heimrath and Haller (2007). The reference building consists of a two-story single family house with a
specific heating load of 60 kWh/m²a and a domestic hot water demand of 175 l/day located in Würzburg,
Germany. The aperture area of the PVT collector field amounts to 12 m². A stratified storage tank with a
volume of 900 l is used. Regarding the PVT collector, available TRNSYS types are not sufficient as the
dependence of the electrical yield on the mean absorber temperature is not well implemented in these types.
Instead, the solar thermal collector Type 832 (Haller et al. 2012) is coupled to a custom PV type. Type 832 is
run in CMode 2, where the absorber and the fluid nodes are coupled via the heat transfer coefficient
ܷ௦ி௨ௗ . Performance coefficients obtained with the collector model in MPP (maximum power point) mode
are employed. Regarding the electricity yield, the temperature of the absorber node is used for the calculation
of the instantaneous PV efficiency ߟ using eq. 2. In the event of stagnation, empirical formulas for the
absorber temperature are applied, since an extrapolation of the efficiency curve would lead to an
underestimation of the stagnation temperature. As an indicator for the thermal performance, the extended
fractional energy savings ݂௦௩ǡ௫௧ quantify the percentage of saved primary energy including parasitic
electricity consumption. Additionally the specific thermal and electrical yields of the PVT collector are
specified, which are fed into the thermal storage and public electricity grid, respectively.
3. Design Study regarding Low-E Coatings
In order to increase the thermal performance of PVT collectors, thermal losses need to be reduced. One
approach is based on spectrally selective Low-E coatings which have a high reflectance in the infrared
spectrum similar to absorber coatings for solar thermal collectors but with high transmittance instead of high
absorptance in the visible spectrum. The spectral selectivity can be achieved by applying a layer stack
composed of a thin transparent metal (e.g. silver) combined with transparent oxides or by using transparent
conductive metal oxides (e.g. indium tin oxide or doped zinc oxide). The desired environmental stability can
be achieved by the suitable choice of layer materials, layer stack, and production process (Giovanetti et al.
2014).
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For the scope of this design study, four commercial Low-E coatings, one in-house development of
Fraunhofer ISE, and one PV module glass without Low-E are selected. They represent the whole range from
very low emittance (H = 0.08 at 100 °C) to high emittance ( H = 1). For all six configurations, reflectance and
emittance are measured in-house with a spectral reflectometer using an Ulbricht sphere. The measured
spectra are weighted with the AM 1.5 spectrum and spectral response for PV efficiency, AM 1.5 for thermal
efficiency, and the black body radiation at 100 °C for emittance. Furthermore, multiple reflections,
suppressed backside reflections, and the absorptance of PV cells are taken into consideration. Thus, the
electrical PV efficiency ߟௌ் and the effective transmittance-absorptance product ሺ߬ߙሻ are derived for
each configuration.
Inside the PVT collector, the Low-E coating is located at position 3 on top of the PV module glass. With the
Low-E coating at position 2, i.e. inner side of the front cover, radiative losses are identical. However, owing
to the finite absorptance of Low-E coatings in the range of ߙெଵǤହ ൌ ͲǤͲ െ ͲǤͳʹ, this absorbed energy can
thus be transferred to the fluid resulting in an enhanced ሺ߬ߙሻ . Regarding the front glass cover, a 3.2 mm
low-iron glass with double-sided anti-reflective coating with a transmittance of ߬ெଵǤହ =0.96 is used. The
collector is well insulated with a moderate coupling of absorber to the fluid withܷ௦ி௨ௗ ൌ Ͳ

ௐ
మ 

(compare section 4 for an interpretation of this value).
While optimizing thermal performance, Low-E coatings go at the expense of electrical performance because
of higher reflectance and absorptance: The employed PV module has a certified efficiency of ߟௌ் ൌ ͳͷǤͻΨ
under standard testing conditions (STC). Through the presence of the front glass, the module efficiency is
reduced by ͵Ψ ; through the application of Low-E coatings, the module efficiency is further reduced by
ͷ െ ͳ͵Ψ resulting in an electrical efficiency of the PVT collector ofߟௌ் ൌ ͳ͵ǤͶȂ ͳͶǤΨ. The
efficiency curves for five PVT collectors with Low-E coatings (ߝ=0.08 – ߝ=0.4) and one with standard PV
module glass (ߝ=1) are shown in Fig. 4.
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Fig. 4: Thermal and electrical efficiency curves for six PVT collectors with various Low-E coatings in MPP mode at
G=1000 W/m² and uwind=3 m/s relative to aperture area.

The inclination of the efficiency curves is determined by the overall heat loss coefficient ܷ௦௦ . For the PVT
collector without Low-E coating, the overall heat losses comprise radiation between the glass panes (63 %),
convection in the air layer (25 %), back (10 %) and edge losses (3 %) at ܶ௨ௗ െ ܶ௧ ൌ ͷͲܭ. The
radiative losses are reduced significantly by Low-E coatings resulting in a lower inclination of the efficiency
curve (compare Fig. 7). Regarding the conversion factor ߟ , an interesting effect is observed: With lower
emittance,ሺ߬ߙሻ decreases due to optical losses. At the same time, ܷ௦௦ decreases owing to less radiative
losses. As a consequence, ܨǯ increases (compare eq. 5). Therefore, there exists an optimum with regards to
the conversion factorߟ, which is achieved for the given PVT collector configurations by Low-E coating
ߝ ൌ ͲǤͳͺ. The influence of the obtained thermal and electrical performance coefficients on the annual energy
yield is shown in Fig. 5.
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Fig. 5: Thermal and electrical yield for six modeled PVT collectors and a reference case with a solar thermal collector and PV
module side-by-side. Specific yields are expressed relative to an aperture area of 12 m².

The maximum thermal yield is achieved by Low-E coating ߝ ൌ ͲǤͳͷ with a specific thermal yield of
332 kWh/m²a and thus only 7 % less than a standard solar thermal flat plate collector with a spectrally
selective absorber coating. The reduction of available radiation due to electricity production is for one part
compensated by a double AR coated front cover instead of a standard front cover. For the other part, the
extracted electricity serves as a heat sink resulting in lower absorber temperatures and therefore lower
thermal losses compared to the operation in the open circuit mode. As expected, the maximum electrical
yield is achieved by the PVT collector without Low-E coating with a specific electrical yield of
121 kWh/m²a and thus only 12.8 % less than a standard PV module. The reduced electrical output is caused
in equal parts by elevated operating temperatures (6.4 %) and deteriorated optics (6.4 %).
Depending on the weighting of thermal to electrical yield, one can select the optimal Low-E coating. Up to a
weight of electricity to heat of 3:1, Low-E coating ߝ ൌ ͲǤͳͺ is favored; for a weight of 4:1 Low-E coating
ߝ ൌ ͲǤͶ. For higher weights, no Low-E coating (ߝ ൌ ͳሻdelivers the optimal configuration. For comparison
purposes, the new European building directive according to DIN EN 15603:2013-05 provides a weight of
2.31:1, which favors Low-E coating ߝ ൌ ͲǤͳͺ. This analysis is highly sensitive towards the system the PVT
collector is integrated into. Depending on the demand and climate specifications regarding fluid temperatures
and seasonal profile, other types of PVT collector might be favorable than the optimal collector for a combi
system in Western Europe. The context of system, application and heat demand is therefore centrally
important for the decision in favor of Low-E coatings, or even glazed, unglazed, or concentrating PVT
collectors.
4. Design Study regarding F’
The collector efficiency factor ܨԢ is no design parameter such as Low-E coatings or tube spacing, but a
measure obtained from performance measurements at the operating point ܶ௨ௗǡ െ ܶ௧ = 0. There,
the mean fluid temperature is kept at the ambient temperature while the absorber temperature lies higher,
depending on the thermal coupling of absorber to the fluid. This is why even at the so called “optical
efficiency” or “zero-loss efficiency” ߟ significant thermal losses to the ambient occur 1. Duffie and Beckman
(2013) define  ܨᇱ as the ratio of the actual useful energy gain to the useful gain that would result if the
collector absorbing surface had been at the local fluid temperature. For most geometries, this definition can
be interpreted as the ratio of ܷ to ܷ௦௦ , where ܷ is the heat loss coefficient from fluid to ambient. As
1

In fact, even when the absorber temperature equals the ambient temperature, radiative heat exchange from
the absorber to the colder sky temperature takes place. This phenomenon is technically used in night cooling
with unglazed collectors.
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illustrated in Fig. 3, ͳȀܷ represents a series connection of the two thermal resistances

ଵ
௦ி௨ௗ

and

ଵ
ಽೞೞ

(compare eq. 5) leading to the formulation of  ܨᇱ as in eq. 5:
ᇱ

 ܨൌ

బ
ಽೞೞ

ൌ



భ
భ
ା
൨
ೆಲ್ೞಷೠ ೆಽೞೞ

ಽೞೞ

షభ

ൌ

(eq. 5)

ଵ
ೆಽೞೞ
ೆಲ್ೞಷೠ

ଵା

As demonstrated above, the definition of ܨԢ is rather unintuitive, especially with regard to the non-linearity
and temperature dependence of ܷ௦௦ . Therefore, the heat transfer coefficient ܷ௦ி௨ௗ is used instead to
quantify the thermal coupling of absorber to fluid. ܷ௦ி௨ௗ is a variable solely influenced by design
parameters such as tube spacing, tube diameter, thickness of absorber plate, and fluid flow and is
independent from ܷ௦௦ .
For sheet-and-tube absorbers, analytical approaches for the calculation of ܷ௦ி௨ௗ and  ܨᇱ are described
extensively in Duffie and Beckman (2013). In PVT collectors, the absorbing structure is made up by solar
cells, which are coupled to the fluid by several layers of different materials, thicknesses, and thermal
conductivities resulting in two-dimensional heat fluxes from absorber to fluid. Therefore the heat transfer
coefficient ܷ௦ி௨ௗ is assessed with a 2D finite element approach (compare Koch et. al (2012) and
Góngora-Gallardo et al. (2013)). Using realistic boundary conditions, ܷ௦ி௨ௗ can be evaluated with eq. 6,
where ݍሶ ௨௦௨ is the specific heat flux from absorber to the fluid.
ܷ௦ி௨ௗ ൌ ݍሶ ௨௦௨ ሺܶ௦ǡ െ ܶ௨ௗǡ ሻ

(eq. 6)

The 2D model and resulting temperature distribution is shown in Fig. 6 for a tube distance of 110 mm, tube
diameter of 10 mm and ߙ௨ௗ ൌ ͵ͲͲܹȀ݉; ܭleading to ܷ௦ி௨ௗ ൌ ͲܹȀ݉;ܭ.

306

310

313

Temperature [K]
Fig. 6: 2D finite element model for an absorber segment with temperature distribution and isotherms at οࢀ ൌ ࡷ.

In this design study, the thermal coupling between absorber and fluid is varied between
ܷ௦ி௨ௗ ൌ ʹͲܹȀ݉; ܭfor poor thermal coupling and ܷ௦ி௨ௗ ൌ ͳʹͲܹȀ݉;ܭfor good thermal coupling.
A more comprehensive interpretation of these values delivers the notion that the poor case represents a tube
spacing of 170 mm and the good case a tube spacing of 55 mm. Using absorbers, where the fluid contacts the
entire surface, such as roll bond absorbers or rectangular ducts, even higher heat transfer coefficients can be
achieved. The six input values of ܷ௦ி௨ௗ are used as givens in the collector model. There, a sophisticated
thermal resistance network is solved iteratively until the energy balance for the temperature dependent
thermal resistances converges. The overall heat loss coefficientܷ௦௦ strongly depends on the absorber
temperature as shown in Fig. 7. The heat loss rate at ܶ௦ ൌ ܶ௧ results from the temperature of the
front cover being lower than ambient temperature, owing to radiative losses to the cold sky. Therefore, ܷ௦௦
goes to infinity at that point. A minimum is reached for ܷ௦௦ at οܶ ൌ ͳͺܭ. Beyond that point, ܷ௦௦ grows,
owing to the non-linearity of radiation and temperature dependent fluid and solid properties.
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Fig. 7: Overall heat loss coefficient ࢁࡸ࢙࢙ as function of the temperature difference between absorber and ambient,
for a PVT collector with Low-E coating H  at G=1000 W/m² and uwind=3 m/s.

The heat transfer coefficient between absorber and fluid ܷ௦ி௨ௗ strongly influences the absorber
temperature, which on the other hand determines ܷ௦௦ . At ο ൌ Ͳ, the difference between absorber and
fluid temperature amounts to 32 K for the poor case and merely 2 K for the good case. Taking into
consideration that elevated absorber temperatures reduce the electrical efficiency, one realizes the
importance of a good thermal contact. The resulting thermal and electrical efficiency curves for the PVT
collector with Low-E coating ߝ ൌ ͲǤͳͺ are plotted in Fig. 8. With given ሺ߬ߙሻ and ܭఏ , the corresponding
 ܨᇱ is derived from eq. 5.
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Fig. 8: Thermal and electrical efficiency curves for six PVT collectors with H  and varying thermal coupling
in MPP mode at G=1000 W/m² and uwind=3 m/s relative to aperture area.

The resulting collector efficiency factor  ܨᇱ varies between 0.82 (ܷ௦ி௨ௗ ൌ ʹͲܹȀ݉; )ܭand 0.96
(ܷ௦ி௨ௗ ൌ ͳʹͲܹȀ݉;)ܭ. Stagnation temperatures are independent from thermal coupling, which is
logical considering that heat flux and thus temperature difference from absorber to fluid equal zero at this
point. For ܷ௦ி௨ௗ > 60 W/m²K, no substantial improvements regarding efficiency and ܨǯ can be observed.
For PVT collectors with higher thermal losses, a good thermal coupling becomes more and more important.
Because of the dependence of  ܨᇱ from ܷ௦௦ ,  ܨᇱ decreases considerably for higher thermal losses as shown in
Tab. 1 at the example of six different PVT collector configurations. Without the use of Low-E, ܨǯdrops from
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0.96 to 0.92 for ܷ௦ி௨ௗ ൌ ͳʹͲܹȀ݉;ܭ. In the case of a poor thermal coupling (ܷ௦ி௨ௗ ൌ ʹͲܹȀ݉;ܭሻ,
ܨԢ even decreases from 0.82 to 0.72. Unglazed PVT collectors have significantly higher convective losses
because of the absence of a front cover. For these types of collectors, ܷ௦௦ typically amounts to 20 – 30
W/m²K and thus 4 - 5 times higher than for glazed PVT collectors with Low-E: The same absorber design
for good thermal coupling (ܷ௦ி௨ௗ ൌ ͳʹͲܹȀ݉; )ܭresults in a significant reduction of ܨԢ to 0.78. In the
case of poor thermal coupling (ܷ௦ி௨ௗ ൌ ʹͲܹȀ݉;)ܭ,  ܨᇱ drops to 0.49. This illustrates why not only the
thermal coupling but rather the ratio ofܷ௦௦ to ܷ௦ி௨ௗ is the crucial factor for a high collector efficiency
factor ܨԢ.
Tab. 1: ULoss and resulting ࡲǯ for different PVT collector configurations at the operating conditions
οࢀ ൌ ࡷ(Tfluid=Tambient=25 °C), G=1000 W/m², and uwind=3 m/s.
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The results of system simulations are shown in Fig. 9. Improving  ܨᇱ from 0.82 to 0.96 results in an increase
of 3.1 % in thermal yield or likewise an increase of the extended fractional energy savings from ݂௦௩ǡ௫௧ ൌ
ʹǤʹΨ to ݂௦௩ǡ௫௧ ൌ ʹͺǤͳΨ. The electrical yield increases by 2.3 % at the same time. With  ܨᇱ  ͲǤͻ or
ܷ௦ி௨ௗ  ͶͲܹȀ݉; ܭrespectively, good results for both thermal and electrical yields can be realized for
PVT collectors with Low-E coatings. An improvement of the thermal contact beyond this point leads to a
further increase of only 1.3 % for thermal yield or 1.0 % for electrical yield, respectively.
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Fig. 9: Thermal and electrical yield for six modeled PVT collectors systems with reference scenario F’=0.92. Specific yields are
expressed relative to an aperture area of 12 m².

To conclude, a good thermal contact between absorber and fluid is important for both electrical and thermal
efficiency. Electrical and thermal yield benefit in the same way from a good thermal coupling, which is why
the optimization of ܨԢ is a mere economical question. In the end, the decision towards a good thermal contact
needs to be made on basis of higher yield vs. high material usage, production cost and pressure drop of the
collector.
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5.

Conclusion and Outlook

The presented integral modelling approach is a suitable tool for the development and optimization of new
PVT collector designs. For these collectors, electrical and thermal performances are closely interconnected:
both optical and thermal design parameters influence the performance parameters on the electrical and
thermal side. With the collector model, these interdependencies are modelled by solving energy balances in a
thermal resistance network. During operation, the electrical and thermal outputs are also closely
interconnected: PV reduces the available solar radiation while operation temperatures inside the PVT
collector determine the instant electrical efficiency. With system simulations these relationships are modelled
for a domestic combi system. Under any circumstances, the results of the design optimization strongly
depend on the underlying system. Thermal and electrical supply of the PVT collector need to be matched to
the thermal and electrical demand of the PVT system for highest yields. The presented modelling approach
allows such a system orientated approach of component development.
By means of the examples of Low-E coatings and F’ a design study for glazed PVT collectors is carried out.
Low-E coatings enhance the thermal performance by reducing radiative losses. At the same time,
transmittance of solar radiation is reduced for the PV module. The choice for a Low-E coating is therefore a
trade-off between electrical and thermal output. In contrast, the thermal coupling of absorber to fluid is a
win-win for both thermal and electrical performance. As the collector efficiency factor ܨԢ is strongly
dependent on thermal losses, the heat transfer coefficient ܷ௦ி௨ௗ is used as the critical design parameter,
instead.
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Abstract
High temperature resistant polysiloxane gel has been tested for unglazed and glazed solar PVT collector
prototypes as a lamination compound. Unglazed and glazed PVT collector prototype with polysiloxane
laminate have been compared with state-of-art PVT collectors (based on EVA compound) available on the
market. The comparison has confirmed an excellent performance of the polysiloxane gel in terms of optical
transparency and heat transfer.

1. Introduction
Solar photovoltaic-thermal (PVT) liquid collectors represent a new technology on the market which combines
the electricity and heat generation from the same receiving surface in one device. The hybrid PVT collectors
provide both heat and electricity, while the heat generation is several times higher than the electricity. Because
of mature and cheap PV manufacturing process the PVT collectors available on the market are based on
standard PV laminates from ethylene-vinyl-acetate (EVA) compound. One of the main drawback of EVA
copolymer as an encapsulant of PV cells for PVT collectors is its corrosiveness, especially under high
temperature exposition (Parretta et al., 2005). Application of EVA laminate restricts the permanent exposition
of PVT absorber to temperatures above 90 °C. It has been proved that the long-term thermal load at such
temperature levels results decomposition of EVA to acetic acid which causes the corrosion of PV cells contacts,
delamination and also degradation of the encapsulation layer transparency (Zondag and Van Helden, 2002;
Zondag 2008, Poulek et al., 2012). Because the stagnation temperature in glazed solar collectors could reach
120 to 180 °C the hybrid PVT collectors based on EVA are mainly offered as the unglazed ones so far.
Silicone polymers (polysiloxanes) are more suitable candidates for application as PV encapsulant for PVT
collectors. Polysiloxane gel offers several important advantages like large range of operation temperature
(from -60 to +250 °C), high transparency for solar radiation (even higher compared to EVA in solar wavelength
region), compensation of thermal dilatation stresses due to low modulus of elasticity (permanent gel), high
physical adhesion to semiconductors, glass and most other materials without use of sub-layers and good heat
transfer from PV to heat exchanger due to higher thermal conductivity (Poulek et al., 2012). Polysiloxane
laminate thus opens the application potential especially for glazed PVT collectors development. Silicone gel
encapsulation machine available at University Centre for Energy Efficient Buildings (Czech Technical
University, CTU) enables to fabricate the solar PVT collector prototypes. The encapsulation technology is
based on low vacuum dosing of the gel into the gap between glass pane and flat heat exchanger with immersed
strings of PV cells. The encapsulation process is carried out at room temperature. This fact brings a clear
advantage for future production.
2. Solar PVT collectors with polysiloxane compound
Two types of solar PVT collectors has been fabricated for the thermal performance testing. Unglazed PVT
absorbers has been used to prove the technology of encapsulation and to confirm the suitability of polysiloxane
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gel compound from the aspect of transparency and heat transfer. However, the glazed PVT collector is the
target solar component to be developed and which has the economical potential. Recent study (Matuska, 2013)
has revealed that unglazed PVT collectors cannot economically compete with combination of photovoltaic and
photothermal collectors for usual residential applications. Poor thermal performance of unglazed PVT
collectors for domestic hot water preparation has resulted in negative market price of the unglazed PVT
collectors to make the system competitive.
The main investigated parameter of solar PVT collectors was the thermal efficiency to prove high heat removal
of heat from solar PV cells and low heat loss of the presented concepts for glazed PVT collector. Strong accent
of the investigation has been put also to simplicity of the PVT collector design and fabrication (reduced number
of elements to compose the PVT collector).
2.1. Unglazed PVT collectors (absorbers)
Solar PVT absorber (CTU prototype) has been fabricated from low-iron solar glazing (thickness 4 mm),
polycrystalline PV cell strings and blackened flat heat exchanger with use of the polysiloxane gel lamination
technology. Heat exchanger made from 1 mm thick channel structure welded to 2 mm thick flat iron sheet as
a face surface for laminate has been used. Total thickness of the polysiloxane gel laminate is approximately
1 mm. Solar aperture area of the PVT absorber prototype was 0.96 m2. In total 6 x 8 polycrystalline PV cells
at size 125 x 125 mm have been used and the aperture area has been filled for 78 %.
State-of-art unglazed PVT collector based also on polycrystalline PV cells has been used as a reference for the
comparison. The state-of-art PVT absorber has been produced by commercial company from the laminate of
3 mm thick solar glazing and 2 mm thick iron sheet with encapsulated PV cells in EVA compound in between.
Thickness of each EVA layer (upper, lower) is approx.. 0.6 mm. The shaped structure from 1 mm iron sheet
has been bonded to back side of the iron laminate to create the channel flow structure. Aperture area of the
state-of-art collector was 1.22 m2. In total 6 x 8 polycrystalline PV cells at size 156 x 156 mm have been used
and the aperture area has been filled for 96 %.

Fig. 1: Layout of the investigated solar PVT absorbers: state-of-art (lower), developed prototype (upper)

Both compared PVT absorbers are almost fully wetted ones and equivalent from the aspect of the heat transfer
(2 mm thick iron sheet with a very short distance between the channels). The layout of both PVT absorbers
design is shown in Figure 1.
2.2. Glazed PVT collectors
Two concepts of glazed PVT collectors have been developed. First prototype of nonselective PVT glazed
collector has been derived from the unglazed PVT absorber immersed into standard aluminium frame box for
flat-plate solar collectors with 40 mm of mineral wool insulation at the back side. The edge side has been left
without insulation due to complicated immersion of PVT absorber into available collector frame box.
Additional low-iron solar glazing 4 mm thick has been used as a collector cover in a distance approx.. 22 mm
from the absorber (see Figure 2, upper layout). Aperture area of the glazed nonselective PVT collector
prototype was 1.02 m2. Layout of PV cells at absorber has been identical with unglazed PVT collector (CTU
prototype).
For next prototypes, a new concept of solar collectors has been introduced. Double glazing with a gap between
glass panes 20 mm filled with argon has been used for encapsulation of PV cells with the iron heat exchanger
by polysiloxane gel (see Figure 2, lower layout). Spectrally selective PVT collector has been fabricated from
double glazing with a coating with low-emissivity in the infrared part of spectrum. Today low-e coatings have
high transparency for visible range but unfortunately significantly reduced transmittance for near infrared
region of solar radiation. First prototype of glazed selective PVT collector has been made with commercially
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available low-e coating without optimization of emissivity and transparency. Fully wetted heat exchanger
common to other concept has been used. Aperture area of the glazed selective PVT collector was 0.67 m2. In
total only 4 x 6 polycrystalline PV cells at size 156 x 156 mm have been used due to given size of absorber.
Aperture area has been filled for 87 %. Absorber has been insulated by 40 mm of mineral wool on the back
and 10 mm of EPDM foam at the edge side and put into wooden frame.

Fig. 2: Layout of the investigated glazed PVT collectors: developed prototypes – nonselective (upper), selective (lower)

3. Testing and results
3.1. Unglazed PVT collectors (absorbers)
Solar unglazed PVT collectors have been tested in outdoor conditions at Faculty of Mechanial Engineering,
Czech technical University in Prague (see Figure 3). Tests have been performed in accordance with EN 12975
for open circuit mode (thermal performance test, without use of electricity from PV cells). Figure 4 shows the
thermal efficiency characteristics for low and high velocity of ambient air.
Despite the equivalent design of PVT collector absorber (fully-wetted absorber, polycrystalline PV cells), the
developed PVT absorber prototype has shown significantly higher zero-loss efficiency F’D. Under assumption
of identical absorption coefficient for PV polycrystalline cells in both PVT absorbers, it is evident that
efficiency factor F‘ of the absorber (ability to transfer the heat from PV cell to fluid) is significantly higher for
the developed CTU absorber prototype than for the reference state-of-art alternative.
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Fig. 3: Tested solar PVT absorbers: state-of-art (left), developed CTU prototype (right)
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Fig. 4: Thermal efficiency characteristics for the unglazed PVT collectors (blue: developed at CTU, grey: state-of-art on the
market) resulted from outdoor testing at different wind velocity levels

3.2. Glazed PVT collectors
Glazed solar PVT collector prototypes have been tested in outdoor conditions (Faculty of Mechanical
Engineering, Czech Technical University in Prague) and under conditions of artificial sun at University Centre
for Energy Efficient Buildings in Bustehrad (see Figure 5). Tests have been performed in accordance with EN
12975 for the open circuit mode.
Figure 6 shows the comparison of thermal performance characteristics for glazed PVT prototypes with siloxane
gel lamination (selective, nonselective), state-or-art glazed PVT collector with EVA lamination and state-ofart solar photothermal (PT) selective collector. All characteristics resulted from the experimental testing.
Comparison has confirmed the excellent properties pf polysiloxane gel encapsulation. High zero-loss
efficiency for nonselective alternative of PVT prototype indicates the good heat transfer from PV absorber into
heat transfer liquid and high transparency of the polysiloxane layer. On the other side, the high radiative heat
loss reduces the thermal performance of the nonselective PVT collector at high temperatures.
Results for selective PVT collector prototype have confirmed the assumption of the high reflection losses in
the near infrared radiation region due to the low-e coating applied to absorber laminate glass. In any case, the
results revealed the area for further improvements of the glazed PVT collector. Main effort should be now
concentrated on optimized low-e coating with a very high solar transmittance and low emissivity for infrared
region beyond the wavelength value 3 Pm.
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Fig. 5: Glazed nonselective PVT collector at outdoor testing, glazed selective PVT collector at indoor testing
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Fig. 6: Comparison of thermal efficiency characteristics for developed glazed PVT prototypes and state-of-art collectors
available on the market, characteristics resulted from testing

4. Conclusion
Experimental work on first prototypes of unglazed and glazed PVT collectors has confirmed the excellent
optical and thermal performance features of polysiloxane laminate application for solar PVT absorbers. Further
improvements should be done in glazed PVT collector design. Application of laminate glazing with a spectrally
selective coating highly transparent in the whole solar region but with a low infrared emissivity above 3 Pm
could reduce the radiation heat loss and improve thermal properties of the glazed PVT collector. Such advanced
spectrally selective PVT collector remains as a subject of further development.
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Abstract
Solar thermal collectors for buildings have traditionally used either a flat panel or evacuated tube design. A
high vacuum (<1 Pa) can eliminate heat loss via gas conduction effects, thereby increasing efficiency in cold
climates or in applications requiring elevated delivery temperatures e.g. for process heat. Combining the
two established technologies, an evacuated flat panel design would be more architecturally elegant than
tubular collectors and have a better fill factor, yet be thinner and more efficient than conventional flat panels.
Beyond the efficiency gains from vacuum insulation, the collector design aims to limit temperature nonuniformity (with its increased radiative losses) by achieving homogeneous flow across micro-channels within
the plate. A design methodology has been adopted that optimises the channel hydraulic diameter in terms of
plate-to-fluid temperature difference and power required to pump the fluid. Two collectors (aluminium,
stainless steel) have been designed and fabricated, with machined plates and laser-welded joints.
Keywords: Solar collector, thermal, vacuum, flat panel, heat transfer, heat recovery factor, optimisation,
laminar flow, micro-channel, pressure drop, pumping power, thermal expansion, laser weld.

1. Introduction
Conventional solar collectors use either a “flat panel” design or an “evacuated tube” design. The former is
convenient to use but suffers from heat losses through its internal filling gas (usually air); the latter uses a
vacuum insulation gap to avoid conduction and convection losses, but can suffer from a poor fill factor in
terms of the fraction of the available area covered by the heat-absorbing surface.
Current flat plate designs achieve usefully high efficiencies (>60%, Chen et al, 2012) in hot locations with
high insolation and with selective emissivity coatings to reduce radiative losses. At higher and colder
latitudes or with a higher temperature requirement for process heating the combination of lower irradiance
and higher heat loss will lead to reduced efficiency unless heat losses can be further reduced. Heat losses
from the plate could be reduced by using a double-glazed cover but this would lead to increased reflection
losses and panel weight; vacuum insulation has the potential for higher efficiencies and lighter weight (Benz
& Beikircher 1999).
Many workers have studied the optimisation of flat panel collectors. Bracamonte (2013) found that for solar
air heaters, the optimal plate shape was a function of Mach number. Eisenmann (2004) optimised plate
geometry in terms of metal content. Jones (1987) calculated heat removal factors as a function of Peclet
number. Chen (2012) measured the effect of varying flow rate on the efficiency. Do Ango et al (2013)
studied the effects of air gap, flow rate and plate length on the efficiency of a polymer flat plate. Sharma
(2011) recognised that “the optimal dimensions of the minichannel are governed by a balance between the
gain in the heat transfer rate and the increase in the pressure drop” but did not explicitly calculate an
optimum dimension. Farahat (2009) calculated the exergy efficiency of a flat plate collector as a function of
pipe diameter and flow rate. Hegazy (1996, 1999) calculated the optimum channel depth, to maximise heat
gain for a given pumping power, for turbulent flow in a solar air heater; the present work reaches an
equivalent result for laminar flow of a fluid. Mansour (2013) built a mini-channel plate with improved
performance relative to a conventional design, albeit with increased pressure drop.
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In the current conceptual design (Henshall, 2014), a high vacuum enclosure eliminates gas conduction and
convection losses; since there is no gas conduction, the collector spacing between collector and cover glass
can be made small (<1cm) without increasing the losses, thereby allowing a slim and architecturally
attractive format (see also Fiaschi & Bertolli (2012), who investigated solar roofs with esthetic appeal, and
Motte et al (2013) who patented a slim solar collector for building integration without visual impact). This
paper describes the design and manufacture of a micro-channel collector plate suitable for use in such a
vacuum enclosure and for testing under vacuum conditions in a solar simulator. Its role is to investigate the
possibilities, benefits and limitations of a micro-channel design in the context of a thin flat panel collector; it
will in due course be compared with alternative designs based on hydro-formed or extruded sheets.
2. Nomenclature
a, b

Ac

Dh

breadth of collector plate
fluid specific heat capacity
channel hydraulic diameter

f

Fanning friction factor

FR

heat recovery factor

GT

total (beam & diffuse) irradiance from Sun

h

Nucf

glass to air external heat transfer coefficient
thermal conductivity (fluid)
passage length
total mass flow rate
Nusselt number for laminar flow, constant heat flux boundary

P

pitch of circular passages

Po

Poiseuille number, f

Qu

rate of heat extraction by fluid

R

Ta

hydraulic diameter to pitch ratio for circular passages
Reynolds number
solar power absorbed by the collector, per square metre
ambient temperature

Ti

fluid temperature at inlet to collector

To

fluid temperature at outlet from collector

Tpm

collector plate mean surface temperature

'T

the optimisation target to be minimised , 'T Tpm  Ti

'T f

temperature rise of fluid (mean along passage)

'Th

temperature difference driving convective heat transfer

UL

overall collector heat loss coefficient

Wp

fluid pumping power (frictional dissipation through the collector) W/m2

P

fluid dynamic viscosity

U

fluid density

B

c

k
L

m

Re

S
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Rectangular passage width and depth
collector top surface area, Ac LB

Po
Re
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Ki

Efficiency defined as a function of inlet temperature

WD

Effective transmittance-absorptance product

3. Thermo-fluid design of flow passages
3.1. Introduction
For simplicity we have adopted the terminology defined by Duffie & Beckman (1991):
A heat loss coefficient

Qu

U L is defined in terms of the absorbed heat S and the plate mean temperature Tpm

Ac ª¬ S  U L Tpm  Ta º¼

(eq.1)

This heat output is less than if the whole plate were held at the fluid inlet temperature Ti ; this effect is
described in the Hottel-Whillier-Bliss equation by a heat recovery factor

Qu

FR Ac ª¬ S  U L Ti  Ta º¼

FR :

(eq.2)

More generally, one can define a collector efficiency:

Ki

Qu
Ac GT

U T T º
ª
FR « WD  L i a »
GT
¬
¼

(eq.3)

To maximise the efficiency one must first maximise

WD and minimise U L . Measures to achieve this

include the use of a high clarity glass such as Pilkington’s OptiWhite™, possibly with anti-reflection
coatings; a selective coating (high absorptance at short wavelengths, low emittance at long wavelengths)
such as black chrome and a high vacuum to eliminate gas conduction. Gas pressures below 100 Pa start to
eliminate convection; pressures below 0.1 Pa eliminate conduction too, for a typical glass-collector spacing
(Figure 1).
2

Ta=20 degC, Sun 1000 W/m , air h = 5, rear 50mm foam, 8 mm gap, 35q
1
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Figure 1. Predicted efficiencies for flat plate collectors as a function of internal air pressure. (Formulae from
Duffie&Beckman 1991; conductivity from Beikircher et al 1996).

The vacuum-insulated panel has significantly lower heat loss coefficients than a conventional flat panel
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(Figure 2):
2
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Figure 2. Predictions from Figure 1 expressed as an overall heat loss coefficient.

The second consideration is to maximise the heat recovery factor FR by minimising the difference between
the fluid inlet temperature Ti and the mean plate temperature Tpm . To this end one should ideally:
x

use a high flow rate, such that the fluid temperature rise is small;

x minimise the spacing between flow channels and use a thick plate made of high conductivity
material, such that the plate temperature varies little in the transverse direction;
x

minimise the channel hydraulic diameter to provide high heat transfer coefficients

In practice, a designer must choose how much pumping power is affordable for circulating the fluid and then
identify an optimum combination of channel diameter and flow rate subject to this constraint.
When deciding how much pumping power is appropriate, one might decide to add a small PV panel (perhaps
1% of the thermal collector area) to provide power for an electric pump. A typical PV panel might generate
a peak of 150W/m2; driving a 50% efficient electric pump, 0.01 m2 PV cells could meet a peak pumping
power requirement of 0.75 W for a 1 m2 thermal collector. More usefully one might consider the daily
average energy: in temperate latitudes a PV panel might average 600Wh/m2/day, so 0.01 m2 (again with 50%
pump efficiency, neglecting any losses from batteries and electronics) could deliver 0.25W to the fluid over
12 hours of daylight. (The electrical power dissipated through friction of course adds to the apparent heat
collected, though the effect is relatively insignificant at these power levels).
One may conclude that pumping power requirements (per square metre of collector) in the range Wp = 0.1 to
1 W/m2 are of most interest.

3.2 Calculation of pumping power effects
For calculation purposes, the microchannel plate with rectangular channels is considered to be equivalent to a
Dh
virtual plate of length L with circular passages of hydraulic diameter Dh and size to pitch ratio R
P
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Dh

P

L
Figure 3. Definition of collector geometry parameters.

One may design a cooling system by first identifying a suitable hydraulic diameter and number of circular
holes, then considering the equivalent dimensions and number of passages for the desired non-circular crosssection, which might be rectangular or a hydroformed shape. The circular hole assumption will model the
pressure drop and fluid to metal temperature difference correctly provided one uses a friction coefficient f
and Nusselt number

Nucf appropriate for the actual passage cross-section.

2

is equivalent in terms of flow area and perimeter to square-section passages having width =
S
0.5×pitch and has been used for all graphs here.
R

Assuming laminar flow with friction coefficient f
m

§ U BDh1.5 · 2S RWp
¨
¸
PoP
© 4 ¹

Po
, it can be shown that the total mass flow rate is
Re

(eq.4)

For fully developed laminar flow with a constant heat flux boundary condition, the Nusselt number is
expected to be a constant,

Nucf (all conditions plotted here have Re < 2000).

Typically for a square section duct Nucf | 3.612 (Kakaç 1987) and Po 14.226 (Lorenzini 2009); these
values are used for all graphs in this paper. Once an initial design has been identified, the calculations can
of course easily be repeated with entry length-specific friction factors and Nusselt numbers.

The cooling design aims to minimise the plate heat loss that arises when the plate is “hotter than it needs to
be”. The difference between the fluid inlet temperature and the mean plate temperature, 'T Tpm  Ti , must
be minimised for a given pumping power.

'T has two components, the mean temperature rise of the fluid along the channels plus the temperature
difference driving the convective heat transfer

'T

§ To  Ti ·
¨ 2 ¸  'Th
©
¹

'T f  'Th

(eq.5)

This unwanted temperature difference can be expressed in terms of fluid properties, pumping power and
plate length:
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'T

ª§ 2 L ·
§
· º
PoP
1
S «¨
Dh1.5  ¨
¸¸ Dh »
¸
¨
«¬© U c ¹ 2S RWp
© S kNucf R ¹ »¼

(eq.6)

One can see that reducing the passage size will reduce 'Th (because the heat transfer coefficient increases)
but, for a constant WP , reduce the mass flow rate and increase 'T f . For any chosen R and W p there will be
an optimum Dh for a given fluid that balances these two effects to minimise 'T (Figure 4).
Paratherm MR at 120qC, S=750W/m2, L = 1m
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Figure 4. Effect of passage hydraulic diameter on 'T .
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Figure 5. Effect of hydraulic diameter on heat recovery factor FR.

Figure 5 shows the curves from Figure 4 plotted as heat recovery factor rather than temperature difference;
The evacuated collector design typically achieves U L 1 W/m2 K , considerably lower than a conventional
gas-filled flat panel with U L
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rate.

One can achieve similar 'T over a range of designs of differing length by selecting Wp v L2 (i.e. a constant
WP
value); if the plate length is increased (by itself) or the pumping power is reduced then the optimum
L2
passage size will increase. For a given W p , 'T can be reduced by choosing a design with small L, for

instance a rectangular plate could have the passages running across the plate rather than along it. This is
similar to the concept of connecting multiple solar collectors in parallel rather than in series: it maximises the
total passage cross-section area as well as minimising the passage length, thereby (for some total mass flow
rate) reducing the fluid velocity and pressure drop.
In practice the design of inlet manifolds to achieve uniform flow partition between passages will be easier
with large L and small B than vice-versa; conversely a plate with many short passages would have enhanced
heat transfer due to entry length affects. Practical considerations such as ease of manufacture or the size of
manifolds and pipework necessary to ensure uniform flow distribution between passages may also dictate the
use of smaller or larger hydraulic diameters. The temperature curves (Figure 4) have broad minima so this
can be accomplished with little loss of performance.
It can also be seen from equation 6 that 'T decreases as R increases: one should choose a geometry with the
largest sensible value for R (many passages, with thin ribs between them).

4. Plate design.
Figure 5 shows that optimal values of hydraulic diameter lie in the range 1.6 to 2.4 mm for pumping powers
between 1 and 0.1 W/m2 when using Paratherm MR in a 1 m long plate; for Tyfocor-LS at 70 and 100°C the
equivalent is 1.6 to 3.2 mm. The test plate is relatively small (200 mm long) but it was designed to test
design features at a scale useful in a full-size panel rather than being optimised as a small panel in its own
right.
One of the aims of this project was to assess the benefits of a microchannel plate in terms of thinness
(leading to an architecturally elegant product) with fine passages achieving high heat transfer coefficients at
low flow rates. A passage size of 1.6 × 1.6 mm was chosen as being large enough to machine and weld
easily and close to the optimum dimensions for a range of fluids and flow rates.

Manifold design
Inlet and outlet manifolds for the micro-channel plate were designed to give a “Z” flow path, with prescribed
pressure-drop profiles following Tondeur [2011] to achieve the same flow rate in each channel, Figure 6.
The required profiles were NC milled into the ends of the micro-channel plate, Figure 7.
Manifold contraction profile
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Figure 6. Manifold taper profiles to achieve uniform flow distribution between passages.

The through-holes visible in the image below are for support pins that resist atmospheric pressure and hold
the glass panes apart (Henshall et al, 2014). Two plates were constructed (Figure 8): one in stainless steel,
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one in aluminium, to assess the suitability of laser welding these materials for vacuum solar collectors.

Figure 7: CAD rendering showing plate internal details.
The pipe at 45° was required to provide welding access
to a manifold joint.

Figure 8. Stainless steel collector after laser welding.
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Helium leak testing of the aluminium plate (6082 plate with 1050 lid) revealed numerous leaks from microcracks in the welds; the leaks persisted even after re-welding several of the joints. The 304 stainless plate
however only had a few leaks and these were easily fixed; it has proved itself vacuum-tight over a period of
several days (limited only by out-gassing of the test facility). The welding of these one-off prototypes was
performed manually using a pulsed laser but in a production environment with suitable jigs a stainless
collector could be rapidly welded using a continuous laser.

Mechanical design
A flat plate collector can be designed with its inlet and outlet pipes either passing through an “edge seal”
between the front and back glass covers or with the collector sitting inside a metal tray with a single glass
cover. The current plate was designed for the former configuration, with tubes passing through an edge seal.
The collector is typically hotter than its enclosure; possibly much hotter, in a worse case condition with no
flow. Selective coatings with low emittance lead to high stagnation temperatures; the use of a vacuum
enclosure also raises the stagnation temperature, since then heat can only be lost via radiation and (to a small
extent) conduction along the pipework. The need to preserve a high vacuum throughout the service life
suggests that thermal stresses at the pipe to enclosure joint should be minimised as far as possible.
It is undesirable for the weight of the plate to be taken by the pipework when the panel is inclined from the
horizontal, e.g. on a roof. One solution to this is for any side-forces on the panel to be taken by one of the
pillars; the plate can rotate about this point (C in Figure 9), if need be, to accommodate non-uniform thermal
expansion.

D

C

E

Figure 9. Conceptual design of inlet and outlet tubes as a linkage to provide flexibility for thermal expansion.

The pipework provides a little flexibility.
(a) The flow and return pipes close together, such that isothermal expansion of an unrestrained collector
assembly would lead to only a small increase in pipe spacing and
(b) The pipework forms a linkage with at least four elements (enclosure, pipe, pipe, plate, Figure 9) so that
expansion can be accommodated via transverse flexure of small-bore tubing instead of axial strain:
x ABC is a 3-bar linkage (plate is free to rotate about central pin C due to expansion of AB or BC; the
pipes can flex).
x

CDEF is a 4-bar linkage (allows the plate to rotate slightly).
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5. Conclusions
A method has been developed for identifying an optimum passage size for a flat plate collector based on a
pumping power limit and for assessing the reduction in heat output, for any given passage size and pumping
power, relative to an ideal plate help uniformly at the fluid inlet temperature. The intake and outlet
manifolds were designed with a prescribed cross-section to achieve uniform flow distribution between
passages.
One feature essential for a vacuum-insulated flat plate is the provision of through holes for the glass support
pillars. Two prototype plates were manufactured, complete with an array of through holes, to demonstrate
the possibility of welding such features; the stainless plate had much better vacuum sealing than the
aluminium one. Experimental testing is in progress and will provide a datum standard against which further
plate designs can be compared and evaluated.
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Abstract
There is a great unexploited potential for process heat applications in the medium temperature range (80250ºC). In this temperature range, the so-called tracking receiver, stationary reflector designs can reach high
efficiencies (Gordon and International Solar Energy Society, 2001). Fixed Mirror Solar Concentrator
(FMSC) design emerged in the seventies as an effort to reduce electricity production costs in solar thermal
power plants (Russell et al., 1974). The reflector of the FMSC is composed by flat mirrors and remains static
while the receiver is moving on a circle path. Replacing the flat mirrors by curved mirrors has the advantage
of reaching higher concentrations, and this design has been called as Curved Slats Fixed Mirror Solar
Concentrator (CSFMSC). In this communication an optical and thermal comparison between FMSC and
CSFMSC is exposed based on recent investigations supported by ray-tracing tools. The local flux
concentration, the incidence angle modifier (IAM) curves, and the IAM factorization are compared for both
geometries. Finally the comparison between the annual thermal efficiency at 200ºC for both geometries is
exposed.
key-words: FMSC, CSFMSC, Fixed Mirror Solar Concentrator
1. Introduction
The FMSC consists of an arrangement of flat mirrors, with their respective central lines positioned along a
circular path and oriented such that the rays reflected by the central points of the mirrors intersect at a point
on the same base circle. It can be easily shown that for any incident angle, the reflected rays of the central
lines of the mirrors will always intersect at a unique focus on the base circle and, therefore, it would be
possible to track the sun simply by positioning the receiver at a certain angle over the circle path without
moving the reflector, see Fig.1a. The FMSC design with curved mirrors has been called in the literature as
CSFMSC (Balasubramanian and Sankarasubramanian, 1993) and consists of replacing the flat mirrors by
curved mirrors in order to concentrate the sunlight in a single line (theoretical design) for normal incidence,
see Fig. 1b.
For a recent study about a real implementation of a FMSC prototype see (Pujol-Nadal and Martínez-Moll,
2014b), and for a CSFMSC prototype see (Sallaberry et al., 2014). This technology has been patented by the
Spanish company Tecnologia Solar Concentradora SL, www.tsc-concentra.com, (Martinez Moll et al.,
2009b,Martinez Moll et al., 2009a)
In this communication a comparison between these two geometries has been conducted based on the optical
and thermal analysis presented in previous studies (Pujol Nadal and Martínez Moll, 2012,Pujol Nadal and
Martínez Moll, 2013,Pujol-Nadal et al., 2014,Pujol-Nadal and Martínez-Moll, 2014a).
The FMSC geometry is defined by three parameters, and the cases studied are the allowed combinations of
the following values:
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x

Number of flat mirrors composing the reflector: N=5, 7, …, 51

x

Focus to width ratio: F/W=1.0, 1.25, …, 3.0

x

Intercept factor, defined as the fraction of the reflected radiation that is incident on the absorbing
surface of the receiver (is related to the size of the receiver): γ=0.92, 0.94, 0.96, 0.98

On the other hand, the CSFMSC geometry is defined by three parameters too, and the cases studied are the
allowed combinations of the following values:
x

Number of parabolic mirrors composing the reflector: N=1, 3, 5, 7

x

Focus to width ratio: F/W=1.0, 1.25, …, 3.0

x

Aperture concentration ratio, is the ratio of the reflector aperture size to the receiver aperture size:
Ca=3, 4, 5, 18, 20, …, 30

Fig. 1: (a) Optical principle of the FMSC. The receiver is moving in a circular path on the generating circle. The
generating circle has a radius R, the focal length is F=2R, and the receiver is positioned by the θf angle. The position
angle of the receiver is the double of the transversal incidence angle (θf=2θt). The reflector width is W. In this case
N=11 mirrors and F/W=1.5. (b) Optical principle of the CSFMSC. The receiver has the same trajectory than the
FMSC, in normal incidence all rays are focused on a single focus line. In this case N=3 mirrors and F/W=1.0.

2. Optical comparison
In this section an optical comparison between FMSC and CSFMSC geometries is presented highlighting on
the radiation distribution on the absorber, the transverse and longitudinal IAM, and the IAM factorization
results. All the calculation has been conducted using a ray-tracing program developed by the authors and
exposed in (Pujol Nadal and Martínez Moll, 2012). For more details about the physical properties and the
materials assumed in both geometries see the references (Pujol Nadal and Martínez Moll, 2012,Pujol Nadal
and Martínez Moll, 2013).
2.1. Radiation distribution on the absorber
The local flux concentration ratio has been calculated for the following cases:
x

FMSC: N=13, F/W=1.75, γ=0.98

x

CSFMSC: N=1, F/W=1.75, Ca=8

These cases are selected because are some of the most efficient designs, as it is shown in the Section 3. In the
Fig. 2 the local flux concentration ratio for the selected geometries is shown. Comparing both results it can
be seen that the Curved-Mirrors achieve a local flux concentration of 20 in front of 9 of the other case. About
the optical efficiency, it can be observed how the CSFMSC reach higher efficiencies when the transversal
angle increases, while in the Flat-Mirrors case, the optical efficiency drops when the transversal incidence
angle increases. This is due to the rays that are intercepted on the steps and that therefore do not reach the
receiver.
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It can be observed that the local flux concentration of the CSFMSC case is asymmetric when the transversal
incidence angle increases (part of the energy is lost on one side of the receiver). Meanwhile in the FlatMirrors case the flux concentration on the receiver is quite symmetric and fewer losses are detected in the
tails of the radiation distribution.

Fig. 2: Local distribution of the radiation on the receiver for two selected cases.

2.2 Optical efficiency at normal incidence
The optical efficiency at normal incidence has been calculated and exposed in the Fig. 3 for three selected
cases of both geometries. It can be observed that the optical efficiency for the FMSC geometry is
independent of the number of mirrors, meanwhile the optical efficiency for CSFMSC designs decreases
when the aperture concentration increases. This is due to the fact that receiver is too small to intercept all the
rays reflected by the mirror. It can be noted that for concentration factors lower than 14 the CSFMSC reaches
higher optical efficiencies than the FMSC designs, because with the parabolic design there are no ray
interferences with the reflector steps.

Fig. 3: Optical efficiency at normal incidence as a function of the number of mirrors for the FMSC, and as a function of the
aperture concentration for the CSFMSC.

2.3 Transverse and longitudinal IAM
The transverse and longitudinal IAM for selected cases of Curved-Mirrors and Flat-Mirrors designs are
shown in Fig. 4. The transverse IAM is shown in Fig. 4a, and the longitudinal in Fig. 4b. For the Flat-Mirrors
designs it can be seen that by increasing the number of mirrors, the transversal IAM decreases, which is due
to the fact that increasing N increases the number of steps of the concentrator and therefore the probability
that the rays are intercepted on the steps and do not reach the receiver. For the CSFMSC, the results show
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that increasing the concentration causes the transversal IAM to decrease, which is due to the fact that
increasing the aperture concentration Ca decreases the size of the receiver, and therefore a portion of the
reflected radiation does not reach the receiver. Note also that in some cases the curve takes a value that is
greater than 1; this is because some of the radiation goes directly to the receiver without being reflected by
the mirror and, thus, more energy can be captured than reaches the reflector aperture.
About the longitudinal IAM and for the Flat-Mirrors designs, it can be seen that increasing the number of
mirrors also produces a reduction in the longitudinal IAM values, see Fig. 4b. This is meanly because when
N decreases the size of the receiver increases and a large receiver captures more energy that comes directly
from the sun without being reflected by the mirrors. For the CSFMSC designs a similar behaviour can be
seen, an increasing of Ca produces a reduction in the longitudinal IAM values. This is because an increase in
Ca causes the size of the receiver to decrease, and a smaller receiver captures less energy.
It can also be noted that the CSFMSC is more sensitive to variations of Ca than the FMSC to variations in N.

Fig. 4: (a) Transverse IAM curves and (b) Longitudinal IAM curves

2.4 IAM factorization
For the FMSC and CSFMSC theoretical designs in (Pujol Nadal and Martínez Moll, 2012,Pujol Nadal and
Martínez Moll, 2013) it was shown that the IAM can be factorized in a similar way to the CPC collectors by
the product of the transverse and longitudinal IAM, K(θT,θL)≈K(θT,0)K(0,θL)f(θT,θL), where f(θT,θL) is a
function that takes into account the longitudinal end losses. On the other hand the real IAM value K(θT,θL)
has been calculated with the ray-tracing program in order to compare with the approximation via
factorization. The Root Mean Square Error (RMSE) has been determined for each design using the following
equation:

RMSE
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In eq. (2) the θi angle is the incident angle, and the function f(θT,θL) that takes into account the longitudinal
end losses is:
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where L is the length of the concentrator in the longitudinal dimension (L=10 m) and θt,LIM is the transversal
incidence angle when the intersection between the receiver and the reflector occurs. For more details about
the Eq.(3) see the references cited above.
In Figs. 5a-b the RMSE has been calculated for both geometries. It can be observe that the RMSE values are
similar for both designs, although Curved-Mirrors designs presents lower values when Ca=7-9.

Fig. 5: RMSE in the calculation of the energy collected from direct radiation if K~K(θt,0)K(0,θl)f(θt,θl) is used instead of value
obtained by ray-tracing program K(θt,θl).

3. Thermal comparison
The annual thermal efficiency at an average working temperature of 200ºC has been calculated. The
locations considered have been: Cairo, Palma de Mallorca and Munich. For more details about the procedure
see (Pujol-Nadal et al., 2014,Pujol-Nadal and Martínez-Moll, 2014a). The average thermal efficiency in NS
and EW orientation for the three locations considered is exposed in Fig. 6. It can be observed that the
CSFMSC design reaches higher efficiencies than the Flat-Mirrors design, but is quite sensitive to the
aperture concentration ratio. The best design is composed by one parabolic mirror, F/W= 2.0, and Ca=7-8.

Fig. 6: Average values of the thermal efficiency in NS and EW orientation for the three locations considered (Cairo, Palma de
Mallorca and Munich).
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4. Conclusions

Fixed-Mirror designs have a great potential for solar heating in the medium temperature range. These
geometries emerged respectively in the seventies and the nineties. In this communication a comparison
between them is presented for the first time based on recent studies supported by 3D ray-tracing simulations.
The CSFMSC designs present better optical and thermal behavior compared to FMSC designs for the
selected design parameters. The CSFMSC composed by only one parabolic mirror has a simpler design than
the stepped geometry of the FMSC, and has a higher annual energy yield. Hence it can be conclude that a
Fixed-Mirror solar concentrator composed by one parabolic mirror is the best design that can be constructed
of the geometries analyzed.
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Abstract
Several physical mechanisms including conduction, convection, diffusion and radiation are involved when
modelling heat transfer in a solar collector. A lab scale compound parabolic concentrator collector model
was first analysed by particle image velocimetry (PIV) and local temperature probes for various tilt angles of
the setup and different absorber tube temperatures to provide a base for comparison to computational fluid
dynamics (CFD) results. To be able to separate the occurring effects no incoming radiation was used for the
measurements: To drive the convective flow inside the CPC, the absorber temperature was fixed to a
constant temperature instead. The Navier Stokes equations have been solved on 2D and 3D meshes using
steady and transient solutions: for a detailed reproduction of the experimentally observed natural convection
currents transient 3D approaches are required – if only overall temperatures, approximate velocity ranges and
heat fluxes are of primary interest, computationally cheap two dimensional steady approaches can be
facilitated. These simulations can also be used for a fast assessment of efficiency curves in various scenarios.
Ray-tracing is utilized to describe the solar radiation patterns and investigate the influence of distributed
energy sources on tube and mirror.
Keywords: CPC collector, Ray-tracing, Particle Image Velocimetry (PIV), Computational Fluid Dynamics
(CFD), heat transfer mechanisms, solar radiation
1. Introduction
Hot absorber surface-areas being an important source of heat loss can be significantly reduced by introducing
the concept of parabolic solar concentrators, which however have to be tracked to stay in the focus of the
incoming solar radiation. Presenting moderate concentration ratios, CPCs - Compound Parabolic
Concentrators (Buttinger et. al., 2010; Horta et al., 2012) combine some of the advantages of the stationary
solar collector with the reduced hot absorber surface due to the concentration of solar radiation. CPCs show
an acceptance angle for the incoming solar radiation and thus have not to be tracked. Heat transfer
mechanisms can be partly described by empirical correlations (Singh and Eames, 2011) and natural
convection currents in CPCs prompted noticeable interest (Horta et al., 2012, ; Eames and Norton, 2010,
Khonkar et. al. (1995), Chew et. al., 1989 and Abdel-Khalik and Randell, 1978).
In this contribution we will compare numerical simulations (CFD) with results from particle image
velocimetry (PIV) and local temperature measurements and extend previous studies (Reichl et. al., 2013)
with ray-tracing techniques. For this purpose a lab scale compound parabolic concentrator collector model
was analysed by particle image velocimetry (PIV) and local temperature probes for various absorber tube
temperatures and tilt angles. For these measurements, no incoming radiation was used: instead, the absorber
temperature was fixed to a constant temperature to drive the convective flow inside the CPC. A similar setup
was analysed using computational fluid dynamics (CFD). The resulting flow patterns, velocity magnitudes
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and temperatures are driven by the important heat transfer mechanisms: conduction, convection and
(internal) radiation. Transient calculations in 3D are required for a detailed reproduction of the natural
convection currents. Being computationally cheaper - steady simulations in 2D lead to a reasonable overall
agreement. The individual heat transfer mechanisms can be separated and the possible level of detail for a
numerical CPC assessment is demonstrated. To investigate the influence of distributed energy sources on
tube and mirror, ray-tracing techniques have been employed in the simulations for the CPC geometry.
Section 2 will introduce both, a real CPC geometry and the lab scale geometry used for the comparative
work. Here, we will also give an overview on the PIV measurements. Ray tracing will be described in
section 3 applying the method for numerical assisted absorber tube positioning and tube-mirror contact area
design. Furthermore, ray-tracing is a perfect visualization technique to assess the optical behaviour of a CPC.
The numerical methods for heat transfer and fluid flow are introduced in section 4 and results for the flow
patterns are compared to experimentally acquired data from the PIV measurements. In section 5 we will
show the capability of the numerical methodology to clearly separate the different heat transfer mechanisms.
In section 6 we will then use the CFD technique to calculate collector efficiencies for various scenarios
including inert gas filling and the dependence on gravity and cavity pressure. Concluding remarks will be
given in section 7.
2. Geometrical Setup and Experimental Methods
Particle Image Velocimetry (PIV) is used to visualize and quantify the typical flow patterns inside the CPC
geometries. This methodology was applied to both a real sized collector (see section 2.1) and a lab scale
collector (see section 2.2).
2.1. Real Geometry
Figure 1 (left) shows a PIV setup applied to a real sized collector in the solar simulator of AIT – the resulting
seeding patterns visualizing the flow field are given in figure 1 (right). The images taken by the camera show
strong reflections and also mirror images can be seen on the left and right lower corners of the image. These
effects have to be treated accordingly in the data analysis.

Fig. 1: (left) PIV setup mounted in front of a CPC collector in the solar simulator of AIT. (right) typical flow pattern visualized
with proper seeding.

Whereas the PIV method has only been applied in the indoor test rig (see figure 1 (left)) for security reasons,
collector efficiency measurements can also be performed on the outdoor tracker (see figure 2).
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Fig. 2: Real geometry placed on the tracker for measurement of collector efficiency

2.2. Lab scale setup
A sketch in figure 3 illustrates the major components of the lab scale setup consisting of a double pulsed
laser producing a laser light sheet and a camera capable of recording dual frames in short time intervals.
Furthermore, temperature probes are mounted on the glass and mirror surfaces (see also figure 9 for
temperature probe positions on the mirror (M) and on the glass (G)) to capture the local temperature
variations.

Fig. 3: Experimental setup and geometry; image of the PIV setup showing the lab scale CPC which can be tilted (45° setup
shown here), the camera with camera axis (red arrow), the laser with laser light sheet plane (symbolized by two green arrows)
perpendicular to the camera axis and the 3-axis traversing system for exact positioning of camera and laser; insert: cut
through the lab scale CPC showing isolation (red), mirror, glass and tube

Whereas temperature data is readily available (for a comparison to numerical data see Reichl et. al. (2013)), a
careful analysis had to be performed for the post processing of the PIV data. The cavity of the CPC is filled
with a seeding, which follows the convective flow patterns triggered by the hot tube. Visualizing the
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convective flow requires the choice of proper seeding and stabilization times to extract the governing
convective patterns. A resulting flow pattern extracted out of a PIV series using data analysis based on cross
correlation is shown in picture 7 right and discussed in section 4. The design for the truncated CPC initially
was made for an absorber tube directly placed on the involute tip of the mirror. However, to avoid excessive
thermal conduction between the absorber tube and the mirror, the tube was shifted upwards without changing
the mirror geometry (see figure 3, insert). This of course changes the optical behaviour of the CPC.
Therefore, ray-tracing techniques have been used to assess the changes (see figure 5) introduced.
3. Raytracing
Using the calculation methods of non-imaging optics (see for example Winston and Minano, 2005) and
standard ray tracing techniques the optical design of a CPC collector (see e.g. Rabl (1976)) is
straightforward. In this work, an in-house developed ray tracer (Kubicek et al. (2010), Popovac et al. (2010))
is used to visualize the ray distribution in CPC collectors. For a CPC geometry with a tube and fin absorber
setup, figure 4 shows examples of typical ray families differing in the number of reflections and their way
through the cavity.

Fig. 4: Visualization of ray tracing results for an incoming ray angle of 45°. In the setup shown here, the receiver tube is
positioned in the vicinity of the covering glass and connected to a vertical fin gathering the rays. Several types of rays can be
distinguished [1]-[6] differing in the number of reflections and their way through the cavity. The slight dual refraction in the
glass and some reflections are not shown for simplicity

Not all rays (e.g. [1] and [5]) can be captured by the absorber in this setup: To avoid heat conduction, a
distance has to be kept between tube-glass and fin-mirror. Solar rays are lost (e.g. [1*] and [5*] through these
gaps and thus do not contribute to the absorbed energy on the absorber. The ray tracing technique is –
besides providing source terms for the CFD calculations – therefore a valuable tool for optimizing the cavity
design of a CPC. In contrast to the tube-fin setup shown in figure 4, the setup used for comparing numerical
(CFD) to experimental (PIV) data in the following section 4 is based on a truncated CPC design. For this
setup without fin, ray tracing was used to quantify the sensitivity of the efficiency when moving the tube
closer to the mirror (see figure 5) and to evaluate different local designs in the gap area between tube and
mirror (see figure 6).
A larger distance between tube and mirror is preferable from a thermodynamically point of view, as heat
conduction from the hot tube to the mirror leading to enhanced heat losses due to conduction should be
avoided. Enlarging this gap, however, more rays are lost in this design thus reducing the efficiency. The
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results given in figure 5 are based on reflectivity and absorptivity values set to 95% and show the
dependency of the efficiency and a shift in acceptance angle when changing the tube – mirror distance – the
outer geometry remains unchanged for these calculations. The changes in the acceptance angle by moving
the tube in figure 5 are due to the fact, that the outer geometry of the CPC used for the shown ray tracing
analysis has not been specifically designed for the presented varying absorber positions. A CPC, however,
can be designed to include a gap between the absorber tube and the involute tip – this is done by using a
virtual absorber based design. In that case, the outer geometry would be changed to account for the tube
position. Thus, shifting the tube in the current design is equivalent to using the CPC outside its design
conditions, which leads to the differences in efficiency compared to what would be expected for the ideal
CPC.

Fig. 5: Efficiency results based on ray tracing techniques for a typical CPC geometry while moving the absorber tube away
from the mirror. The x-axis shows the angle of the incident rays. The different curves correspond to displacements of -3 (light
blue), -2 (violet), -1 (dark blue), 0 (green), +1 mm (red) from the ideal position. The wavy-like curves are caused by using a
restricted amount of rays; The diameter of the tube is 15 mm, reflectivity and absorptivity coefficients are 0.95.

Several designs of the contact area have been additionally tested by ray-tracing and their effect on efficiency
is shown in figure 6 for visualization. While all designs show the same acceptance angle of approximately
20°, the zero angle efficiency is affected by the local design of the tube-mirror contact area.

Fig. 6: Ray tracing results for different variants of the design of the tube-mirror contact area. The results have been calculated
using an untruncated CPC geometry. The geometries on the right side from top to bottom correspond to the curve colours: red
(top), green (mid), blue (bottom). Again, the x-axis shows the angle of incident rays. In these calculations a non-truncated CPC
with an acceptance angle of 20° was used, reflectivity and absorptivity have been set to 100% and the tube absorber diameter
is 15 mm.
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Apart from visualization, quantitative analysis of ray tracing calculations provide the energy source terms
necessary for complete coupled CFD simulations, which can provide tube water outlet temperatures solely
based on geometry, material properties, incoming solar radiation, tube water inlet temperature and mass flow
rate.
4. Numerical Method and Comparison to the experimental results
CFD has been applied both in 2D and 3D using steady and transient Navier Stokes solution techniques
(ANSYS Fluent (ANSYS (2013))). The internal radiation effects have been captured by ‘surface2surface’
models. Heat conduction was made possible in all solid areas including mirror, tube, glass and mounting
metals by introducing the necessary resolution in the numerical grids. The boundary conditions were chosen
to mimic the lab scale experimental setup introduced in section 2.2: no incoming radiation was used and the
tube temperature was kept at a fixed temperature. For a tilt angle of 45° figure 7 shows a comparison of
typical flow patterns extracted from CFD (3D transient approach, left side) and PIV (right side).
A circulating flow (starting from the hot tube moving clockwise around the cavity along the (left) mirror (red
up arrow), the glass and closing the loop on the opposite (right) mirror wall (blue down arrow)) can be seen.
The yellow circle (top) marks an area where a small recirculation zone exists which is captured both in the
experimental data (left figure 7) and in the numerical analogy (right figure 7). The blue circle (bottom) marks
an area in the simulation which cannot be compared to experiment due to the lack of data in the optical
shadow of the tube.

Fig. 7: Comparison of CFD (left) to PIV (right) – important flow features and velocity magnitudes (in-plane velocity
magnitude in grey scale) are in good agreement. The velocity ranges from 0 to 10 cm/s.

Being computationally cheap, steady simulations in 2D lead to a reasonable overall agreement. Transient
calculations in 3D, however, are required for a detailed reproduction of the natural convection currents (see
Reichl et.al. for an elaborate discussion including temperature field comparisons for this setup).
The flow patterns and their stability largely depend on the tilt angle of the setup leading to a (unsteady)
symmetric double circulation when no tilt is in place (similar to the patterns shown in figure 1 right). Figure
8 shows comparisons between CFD and PIV data for various tilt angles. The recirculation zone is increased
in the numerical work in comparison to the PIV data, as the calculations have been performed in the faster
2D mode.
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Fig. 8: Comparison of numerical CFD (upper row) to experimental PIV (lower row) contour plots of the in plane velocity
magnitude for different angles of inclination. The gravitational force is always acting from top to bottom. Two dimensional
simulations are not capable of reproducing all features of the flow especially at low inclination angles and in the areas of
pronounced recirculation (range of in plane velocity magnitude approximately 0 – 0.1 m/s).

5. Separation of Heat Transfer Mechanisms
Separation of the individual heat transfer mechanisms (conduction, diffusion, convection and radiation) is
possible by carefully analysing CFD simulations. Detailed heat flux distributions and local temperatures can
be extracted. In most situations, only global parameters can be compared due to the lack of experimental
data.

Fig. 9: Analysis of the different heat loss paths. They can be separated into the different heat transfer mechanisms (radiation,
convection, conduction) – values are given in Table 1. The blue arrow [A] indicate the heat flux into the cavity (white region),
the blue arrow [a] indicates the heat flux into the insulation (dark grey region).
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For a 45°-tilted CPC (typical flow patterns can be seen in figure 8) a detailed heat flux analysis is
shown in figure 9 and the corresponding temperature and heat flux values are given in table 1. Like
the experiments shown in section 2, the tube is kept at a fixed temperature (79.2°C). At the tube the
introduced heat flux is 100%. This energy is distributed to the outer walls (outer loop [1]-[6])
following the different heat transfer mechanisms (including radiation, conduction and convection).
At the outer walls the energy is transferred to the surroundings via convection (conv.) and radiation
(rad.). In the cavity (inner loop [A]-[C]) the ratio between radiation and convection heavily
depends on the absorber emissivity. In this case, 62% of the total heat flux, which is introduced
through the absorber tube into the cavity, is transferred to the glazing [C], 84% of this energy being
transported by means of convection. In the insulation, heat conduction is the only available means
of heat transfer (loop [a]-[c]). The heat is carried from the mirror to the outer walls and the glass.

Tab. 1: Temperatures and distribution of the heat transfer to its convective and radiative part. [1]-[6] form the outer loop
which gives a total heat transfer of 100% provided by the tube. [A]-[C] form the inner heat transfer in the cavity, [a]-[c] the
heat transfer in the insulation solid. Convective part (column 3) and radiative part (column 4) always sum up to the total heat
transfer (column 2). The temperatures are the surface averaged mean temperatures of the corresponding part.

Temperature

total heat transfer

convective part

radiative part

[°C]

[%]

[%]

[%]

[1]

29.1

0.42

0.22

0.20

[2]

33.0

73

39

34

[3]

28.9

0.37

0.20

0.17

[4]

28.3

7.8

4.1

3.7

[5]

28.2

9.9

5.2

4.7

[6]

28.4

8.8

4.6

4.2

[A]

79.2

100

13.7

86.3

[B]

43.8

38.4

3.7

34.7

[C]

33.0

61.6

10.0

51.6

[a]

-

38.4

-

-

[b]

-

12.7

-

-

[c]

-

25.7

-

-

6. Efficiencies in different simulation scenarios
The developed CFD methodology was used to study several important scenarios. For these simulations the
fast 2D steady calculation variant has been deployed, its applicability shown and discussed previously
(Reichl et. al. (2013)). Efficiency curves are shown in figure 10 for several scenarios: introduction of
temperature dependent material parameters, effects of radiation and gravity, reduced air pressure and filling
the collector with an inert gas. All scenarios are compared to a reference setup.
The area of an ambient to tube temperature difference of 150°C is magnified in the insert of figure 10. The
reachable efficiency largely depends on the scenario: Using fixed values at room temperature for the
important material parameters (+) overestimate the efficiency as the introduction of temperature dependent
material parameters (X) lead to slightly lower values of the efficiency. Zero gravity (, ) and calculations
without radiation (o) are only of theoretical interest. Evacuation down to p = 10 mbar (¡) of the absorber
leads to the best efficiency followed by the filling with argon ().
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Fig. 10: Simulation results for the efficiencies for different scenarios: reference (+), temperature dependent material
), argon filled and zero gravity (), p=10 mbar (¡). The x-axis
shows the temperature difference between absorber and ambient; the y-axis shows the reached efficiency. The red line in the
insert marks a temperature difference of 150°C. The orange lines indicate the important scenarios.

7. Conclusions
In this contribution we show the application of several experimental and numerical methodologies to the
field of CPC collectors. Laser optical flow measurement techniques on both a real sized CPC and a lab scale
setup have been performed. The flow patterns acquired by PIV are compared to CFD simulations for
different tilt angles. 3D transient calculations are capable of reproducing all relevant flow features. The
simulation techniques can be used to separate the individual heat transfer mechanisms, which are
demonstrated for a reference setup showing the high level of detail available. Ray tracing techniques have
been employed for the CPC geometry. This method can be used to quantify the energy source terms for the
CFD simulations and to evaluate different mirror–tube arrangements and tube-mirror gap designs. Together
with the heat transfer analysis provided by CFD these tools can be used to balance heat loss based on heat
conduction and efficiency decrease due to loss of incoming rays. CFD methods can also be used to calculate
efficiency curves for various material parameters, heat transfer coefficients, inert gas fillings and reduced
pressures, which consequently make the introduced numerical methods a valuable tool set for collector
design and prototype development.
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Summary
The objective of the research is the utilisation of adhesive bonding technologies in the manufacturing process
of solar flat plate collectors. To achieve a higher degree of automation as well as to open new paths for
innovative collector designs, an approach based on the production of insulated glazing units (IGU) was
considered. The adaption of this production technique for solar collectors with a fully adhesive edge bond is
presented from the theoretical approach to its application. The technology was applied in several collector
samples.
Keywords: Solar collector, Edge bond, Gas-filled, Production

1. Introduction

Solar Thermal Energy
Generation [GWha-1]

In 2010, the German Federal Ministry for the Environment, Nature conservation and Nuclear Safety (FME)
presented a report on the future utilisation of solar thermal heat. Until 2030 more than 30 GWh per annum
will be generated by solar thermal systems in Germany. In contrast, 2010 only 5 GWh•a-1 were produced by
solar collectors. However, this view is also shared by others. The German Solar Industry Association (GSIA
2013) developed a road map including different scenarios (Fig. 1).
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Fig. 1: Predicted expansion of solar thermal collectors till the year 2030 (FME 2010, GSIA 2013)

According to these studies, in the medium term, the European collector producers will be confronted with
increasing sales and an increasing competition from Middle East, Asia and South America. To tackle this
challenge, great potential is seen in a more standardised and automated production process.
However, comprehensive industry analyses with respect to mass production show a suboptimal current
collector production. To overcome this and manage the changeover to industrialised collector production,
novel production techniques and new collector designs that are suitable for high volume automated
production need to be evaluated. Against this backdrop, a great potential is seen in modern adhesive
technologies - providing a considerable degree of production flexibility and a high automation level.
Consequently, the development of both a new solar collector and its production process should be carried out
in parallel. New production techniques and materials should be analysed to allow the production of
innovative collector designs.
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The conducted work is divided into two major aspects – the adaption of an insulated glazing unit (IGU)
production technique for solar collectors and the research on a new collector design. The main focus of this
paper, however, is on the adapted production technique.
2. Background and Motivation
In 2008, a market survey on the current state of the collector production was conducted for the German Solar
Thermal Technology Platform (Müller and Zörner, 2008). By means of established appraisal criteria, the
situation of the assembly of flat plate solar collectors was investigated. As a result of the analysis, it turned
out that most collector producers are running a workshop operation instead of a mass production system. By
judging the manufacturer sales figures, it was concluded that some collector producers are on the threshold to
‘serial production’ (Fig. 2).

Present
situation of
the collector
producer

Fig. 2: Current situation in the collector production in Germany

It was emphasised that collector producers tend to simply duplicate a single collector assembly line to
increase production capacity. However, Müller and Zörner query whether a collector production at an
industrial scale is feasible with the current production technique.
In a further study Müller and Zörner (2010) enhanced the original study by including collector producers
from Austria. The main focus of their analysis was the assessment of the automation level of 8 different
collector manufacturers. To evaluate the collector assembly, the production process was divided in to the
main work steps:
x

Cleaning of the glass cover,

x

Assembly of the frame,

x

Assembly of the back plate,

x

Assembly of the absorber and insulation,

x

Application of the adhesive,

x

Assembly of the glass cover,

x

Curing of the adhesive.

Finally, the automation grade for each work step was analysed and compiled in a matrix. Even though, there
are some automated sections, such as the adhesive application, the evaluation shows there is no fully
automated produced collector. Furthermore, there is no common strategy among the manufacturers to
standardise production of the same product type. For example, the assembly of the back plate may be done
manually, semi-automatically, automatically or not at all (if a tray is used). In summary, there is no dominant
strategy in the production of solar collectors. Although some of the producers in the survey are among the
largest 3 collector producers in Europe, none of them is producing collectors on a fully automated assembly
line (Fig. 3).
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Fig. 3: Overview of the automation level of German and Austrian collector producers (Müller and Zörner 2010)

The reasons for this situation in the solar thermal industry are manifold and can be found among others in its
history. In the 1980s, the first solar collectors were hand made in very low quantities. During the following
decades, solar collector sales increased but the basic design of a flat plate solar collector did not change
much. Müller and Zörner query therefore whether the current collector design is suitable for production at an
industrial scale at all. Another reason for the patchy production situation is the unsteady European market.
Since this work is focussed on technical aspects of collectors and their production, this circumstance is not
further discussed in this paper.
In 2012, Berner published an overview of the situation in the German solar thermal industry. Absorber
production was found to be a highly automated process whereas the assembly of the solar collector was
found rather difficult to automate due to its design. According to Berner, the reason is the current collector
design. Berner also claims that a higher degree of automation limits the producer flexibility.
For a better understanding of this situation a conventional flat plate solar collector production line is
described more in detail. Fig. 4 shows the typical production process of a frame collector.

Fig. 4: The major steps of a flat plate collector production

As first step a worker positions the frame profiles (1) on a rotatable assembly bench (2). To join the frame
parts and for extra stability, angle pieces are put into the corners of the frame. The frame is rotated into the
automated production area. A robot picks up the back plate (3) and moves it to the gluing station (4) where
an adhesive bead is applied. Subsequently, the robot assembles the back plate and the frame. The frame is
clinched (5) and is put down on a roller conveyor. At the next station (6) a worker manually inserts the side
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wall and back insulation in the casing. Before the absorber is manually inserted, the insulation is suctioned to
avoid pollution on the absorber surface. The next step is the mounting of the glazing (7) by a linear robot. At
station (9) the collector is equipped with glazing ledges by a worker. Then the glazing ledges are fixed on the
collector frame (10). Finally, the collector is packed and palletised (11).
The cycle time for a conventional framed collector on this production is about 10 minutes. Altogether, 6
people work at the production line.
There are some considerable advantages of this production method for the manufacturer. Given in the nature
of the frame design, a wide range of collector dimensions can be produced on the same production line. Most
manufacturers are producing at least 2 different collector types on the same production line. The low
overhead costs allow a matched production according to the current market demand. This is because the
biggest share of the production costs are held by personnel costs. Finally, a highly automated production line
causes higher capital costs than a line as described in the example. However, taking the predicted growing
collector market into account, the costs of a highly automated production line could be quickly amortised.
To meet the expectations of the manufacturers regarding a flexible and automated production, which is
inevitable when designing a successful product, certain aspects need to be considered. A new production
technology needs to be at least as flexible as the current technique. At the same time the automation degree
needs to be higher, scalable and expandable.
A great potential is seen in the use of adhesives to improve both the automation level and the collector design
(Epp and Berner 2010; Berner 2012). Adhesive technology is rapidly developing and is already well
established in many sectors, such as the glazing industry. Most collector manufacturers use adhesives for the
joints between the frame and back plate. Berner (2012) found adhesive technology to be the most frequently
used method of joining the collector frame parts. In fact, more than half of all the collectors sold in Germany
have glazing bonded onto to the frame by adhesives. In 2008 more than 62 % of the producers were still
using mechanical bonding methods, such as clinching. Some collector producers are using fixing ledges in
addition to adhesives to fix the glazing to the frame. This is actually not necessary but is a result of a product
recall by a manufacturer in 2008 after the glazing came off the frame. The use of adhesives in collector
production has several advantages. Beside the suitability for automation of adhesive techniques, components
such as the upper sealant, cover strips and aluminium profiles can be saved and, thus, costs are reduced.
However, compared to other industry sectors the adhesive technology for solar thermal applications is still in
its infancy.
3. Proposed collector production method
In the glazing industry, especially for insulated glazing units, highly automated production processes paired
with heavy-duty adhesive technology are a common standard. In order to achieve higher degree of
automation in solar collector production as well as opening new paths for innovative collector designs, an
approach based on the manufacture of IGU should be considered.
Since the introduction of insulated glazing, adhesive bonding techniques have been used to connect two or
more glass panes. During the beginning of IGU production, metallic spacers have been used (Fig. . 5) to keep
the panes at a fixed distance. Even though the production process of using metallic spacers is highly
automated, there is a lack of flexibility in dimensions. More importantly, a considerable effort in the
machinery set-up time is required as the spacers are assembled in an upstream operation. This makes
matched production of different glass sizes problematic if idle periods are to be avoided. In the last decade a
production technique replaced the metallic spacers by a fully adhesive edge bond. Using this technique, a
mixed production of different IGU versions is feasible without idle periods or upstream operations. The
structure of an IGU with a fully adhesive edge bond is shown in Fig. 5.
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Fig. 5: Comparison of an IGU with a metallic spacer and an elastic fully adhesive edge bond

In contrast to solar collector production, an IGU assembly line is continuously automated. This results in
cycle times for an IGU of less than 60 s. The high process speed is a result of the degree of automation, the
high speed of the adhesive applicator and the removal of upstream operations. Fig. 6 shows an example of a
line for insulated glazing units with a fully adhesive edge bond.

Fig. 6: Layout of the adapted production line

During the work, several physical models were built on a pilot plant to point out the feasibility of the
approach. The layout of the collector is shown in Fig. 7.
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Fig. 7: Cross section of the proposed collector design

Below the production process is described in brief:
Tests showed that the absorber cannot be moved on the pilot plant production line without a jig. The reason
to this is the fragile structure of a sheet-pipe absorber which does not allow a precise adhesive application.
Therefore, a special jig was used to stabilize the absorber during the production process. At first, the absorber
in its jig is put on a conveyor belt by a worker or robot. An airstream keeps a steady distance between the
collector component (glazing or absorber) and the production line wall enabling a frictionless transport. The
absorber is transferred to the inspection station. After the visual inspection the absorber stops at the first
adhesive applicator. The dimensions of the absorber are automatically taken before the glass gets to the
primary sealing station. A robot applies the primary sealing in the pre-set design with movement speeds of
up to 30 cm•s-1. Due to the computer numerical controlled adhesive application, a very high and repeatable
quality is assured at a very low application time (Fig. 8).

Fig. 8: Application of the primary sealing on a sheet-pipe absorber

At this stage the glazing is already washed and checked at the visual inspection. Both components are
transferred to the press without idle periods. The glass and the absorber are simultaneously assembled and
gas filled in the press. The final assembly step is the application of the secondary sealing adding the
mechanical rigidity. After that, the adhesive needs to cure. The curing times are adjustable to the production
speed. The cycle time depends on the automation level of the production. However, a cycle time of less than
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60 s for the absorber-glazing-module is intended.
The bonded absorber-glazing-module is then ready to be joined with an insulated back plate. Alternatively,
the module can be put in a conventional frame or tray.
4. Proposed collector design
An all-round adhesive supported absorber has several technical advantages over more conventional designs.
In this approach, the cavity between absorber and glazing is hermetically sealed which gives the collector
significant assets over more conventional collectors. Unlike unsealed collector designs, environmental
contaminants such as moisture and dust have no negative effects on the absorber surface of the proposed
design. The residual moisture in the hermetically sealed interspace is removed by the primary sealing which
contains a desiccant material. Ultimately, this leads to less degradation on a coated glazing or the absorber
surface.
Even more important, the interspace is filled with an inert gas (Argon or Krypton) during the assembly of the
collector. The gas filled interspace is a promising approach to enhance the thermal efficiency of the collector
as the convective heat loss is significantly reduced in contrast to unsealed collectors (Fig. 9).

Fig. 9: Convective heat loss coefficient depending on the gap size according to Hollands’ convection theory

Beyond that, a gas filled solar collector assembled at ambient pressure can be designed without any
additional hardware, such as a perpendicular (e.g. honeycomb insulation) or parallel absorber structure (e.g.
double glazing). However, the disadvantage of a sealed interspace is the absorber deflection during collector
operation. This is caused by the pressure change in the cavity, the thermal deformation of the absorber and
the all-round supported absorber. As the absorber is less rigid than the glazing and facing the highest loads,
the absorber experiences the largest deformation. To keep the collector design simple, neither an interspace
pressure below ambient pressure nor an additional expansion tank were considered in this research.
5. Outcome
The conducted research presents new knowledge on the use of adhesive technologies for solar flat-plate
collectors. Both the collector manufacturing process and the collector design were considered in this work. It
was shown that an existing and highly automated IGU production process can be modified and adapted to
produce solar collectors. Throughout the research different series of prototypes were produced on the pilot
plant production line. Based on the new production technique a new collector design approach was made
feasible. The very first samples were designed as a frameless solar collector stabilised only by using the
described adhesive technology. For these models full aluminium sheet-pipe absorbers (TPS-P1-AlAl) were
used with a distance between absorber and glazing of less than 11 mm. However, these first samples were
beyond the expectations based on simulation results. The reason to this was the very high absorber deflection
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during collector operation. The collision of absorber and glazing magnified the front heat loss and, thus,
lowered the thermal efficiency of the collector significantly. Throughout the research programme, several
more samples with different properties were produced, such as a roll-bond absorber. The later models
showed a very decent performance (Fig. 10). The parameters of the collectors are compiled in Tab. 1.
Fig. 10: Thermal efficiency of 2 prototypes and 2 conventional collectors

Tab. 1: Compilation of the collector parameters (authors own measured data)

Parameter

TPS-P1-AlAl

TPS-P2-AlCu

Reference_1

Reference_2

Unit

η0

0.782

0.821

0.832

0.787

-

a1

3.215

3.059

4.060

3.737

Wm-2K-1

a2

0.023

0.011

0.010

0.010

Wm-2K-2

Absorber material

Aluminium

Aluminium

Copper

Copper

-

Piping material

Aluminium

Copper

Copper

Copper

-

Absorber type

Harp

Double-Harp

Double-Meander

Double-Harp

Aperture

1.9

1.9

2.1

1.9

m²

Sealed interspace

Yes

Yes

Yes

No

-

Gas

Argon

Argon

Argon

-

-

6. Outlook
At present the different samples are undergoing thoroughly testing at the institute’s own outdoor testing rig.
In this context, the temperature loads on the adhesive edge bond and the temperature distribution on the
absorber respectively glazing are recorded. Beyond that, the deflection of the absorber is recorded via
position sensors which are mounted on the backside of the absorber. Ultimately, this data will be used for a
further validation of the simulation. Parallel to this, the final simulation is in progress to identify the most
suitable absorber parameters, such as absorber material usage or gap size.
As a final step a comprehensive lifetime prediction of the adhesive as well as on the absorber itself needs to
be conducted. This is crucial as the components suffer from a thermal and mechanical load during a collector
lifetime of more than 20 years.
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Abstract
The characterization of the precision of a solar tracker used in solar thermal collectors is not currently
standardized. Nowadays, existing testing standards consider a solar tracker as part of the solar collector and
do not take into account the tracking precision, without any kind of tracking characterization or checking.
This paper is focused on the estimation of tracking errors using a direct procedure to estimate the maximum
tracking angular deviations of a solar tracker. First, a testing procedure of a solar tracker has been defined.
Secondly, the real tracking error of a low-cost 2-axis solar tracker has been measured with a simple method
using a digital inclinometer. The direct characterization of the elevation of a solar tracker in one axis has
been compared to the solar elevation, in order to estimate the angular deviation of the tracker in one angle.
Finally, the statistical distribution of the tracking error has been calculated and compared to the acceptance
angle of medium temperature concentrators to check if its precision is enough for its optics. The
measurement repeatability was checked of ± 0.05°. The maximum instantaneous error of elevation for this
tracker was more than 3º but in general was within ±2º. The accuracy of the tracking considering no
positioning error was within ±0.6º. The acceptance angle of different solar concentrators has been compared
to the solar tracking accuracy. It has been conclude that the medium temperature collectors studied were
adequate with this solar tracker.
Keywords: One-axis tracking; elevation characterization; testing procedure

1. Introduction
There are different methods to characterize the solar tracker elevation. To check the aligning of solar tracker
and control it, some sensor produces an electronic output signals. The first sensor of this type was introduced
by Greene and Tan (1988). This system was composed of several photodiodes and CCD device which
managed to quantify the movement of the image in two axes. Huang and Sun (1996) showed a solar sensor
device consisting of two photovoltaic cells separated by a shade wall between them. If it causes a mismatch,
then the shadow cast on a PV cell results in a reset command guidance system. Oliveira (2008) presented a
device composed of a phototransistor coupled to a shading structure. Davis et al. (2009) filed a marketable
device. This instrument was a high-resolution sensor using images processing treatment. Minor and Garcia
(2010) presented a solar tracking system based on a WebCam using an image processing. This device was
able to measure the tracking with an accuracy of 0.1°.
This paper analyzes whether a low cost solar tracker in 2-axis is precise enough for some medium
temperature solar thermal concentrators. In this experimental study, a direct measurement of a solar tracker is
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performed using a digital level to measure their inclinations. Then, this measurement is compared to the solar
elevation. Finally, the average and probability distribution of tracking errors have been calculated.
2. Materials
2.1. Solar tracker and digital level
The solar tracker, tested in this study, is a brand name Feina model SF09 (See Figs. 1 for a general view of
the solar tracker and Fig. 2 for a view of the motor gauges).

Figure 1: Picture of the whole solar tracker for collector testing.

Elevation motor gauge

Azimuth motor gauge

Figure 2: motors of solar tracker (a) Motors (b) electronic control

This solar tracker is a 2-axis tracker with low precision used for photovoltaic plants with no concentration. It
is a cheap (~1000€) solar tracker in the Spanish market (for more information about the solar tracker visit
www.feina.es). In CENER, it had been adapted for solar thermal collectors testing for which a precision of
±2º is required. A metallic structure had been added on the tracker for the solar collector mounting and the
testing sensor collocation (See Fig. 1).
The equipment used to measure the tilt of the solar tracker was a digital inclinometer brand name Mitutoyo
model PRO 3600 with connection RS-232C for communication (See Fig. 3).
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Figure 3: Picture of the Digital Protractor

According to manufacturer characteristics, the resolution is of ±0.01° (from 0° to 9.99°) and of ±0.1° (from
10° to 90°). The accuracy is ±0.05° (from 0° to 10°), ±0.1° (from 80° to 90°) and ±0.2° (from 10° to 80°).
Using the connection RS-232C, the resolution is of ±0.01° from 0 to 90º.

0.15
0.10
0.00

0.05

elevation [º]

0.20

0.25

0.30

The repeatability of the measurement was checked on a fixed stable table in order to estimate the precision of
the measurement. An offset in the measurements was observed of 0.15º during a period of 30 min. The
repeatability was checked of ± 0.05° (See Fig 4) and the standard deviation was smaller than 0.015º.

0

1000

2000

3000

4000

data

Figure 4: Measurement of the inclinometer on the fixed table

2.2. Solar concentrators
The solar concentrators studied in this paper were selected from a review of the main parabolic through
collector (PTC) (Fernandez-García et al 2010) in order to match solar tracker precision up to ±2º. Three
parabolic through collectors (PTC) with a linear receiver tube placed on the focal line of the reflector
parabola were selected. The dimensions have been summarized in Table 1. Those concentrators are linear,
the receiver tube is located on a focal line, so they would only need a single-axis tracker, but the study
compares them with the tracker available.
Tab. 1: Dimensions and properties of solar concentrators

Compagny

Solitem

Solar Kinetics Inc

IST

PPTC 1800

T-700

PT1

Aperture area (m )

9.162

77.96

14.03

Aperture width (m)

1.8

2.13

2.3

Length (m)

5.09

36.6

6.1

Acceptance angle (º)

2.09

2.22

2.41

Geometric concentration ratio

15.08

16.42

14.36

Model
2
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3. Methodology
3.1. Tracker elevation accuracy estimation
The digital level was located on one arm of a solar tracker by a plastic flanges in order to fix the
perpendicular level to the horizontal axis (See Fig. 3).

Figure 3: Location of the Digital Protractor

A connection to a PC was done by a 20 meters cable RS, the digital level output is recorded every 0.5
seconds and the average data are calculated every 5 seconds.
In each test the solar tracker was configured introducing the timeset with a precision of one second and the
solar elevation and azimuth angles were theoretically calculated. Then, the motors were moved by a manual
mode until the solar tracker was is oriented to the correct positions. A shade stick with a ±1º precision was
used, in order to leave the solar tracker, for the initial position, at the normal of the sun direction. This stick
projects a shadow on the white screen if the solar radiation is not perfectly perpendicular to the solar tracker,
and some circles indicate the angular error every 1º up to 10º (See Fig. 4).

Shade stick to adjust the
correct orientation of the
solar tracker, with
incidences angles range
up to 10º.

Shade stick with
incidences angles
up to 60º.
Figure 4: Shade stick to calibrate solar tracker

Once the tracker is correctly oriented, the tracker is set on an automatic tracking mode. The correct elevation
at the initial point is finally checked with the theoretical solar elevation calculated and compared with the
digital inclinometer measurement.
The tracking error Δαtrack is calculated from the tracker inclination measured by the digital inclinometer
αINCLI and from the solar elevation αS calculated using the Blanco et al. (2001) algorithm as described in the
equation 1.

Δαtrack = αINCL − (90−αS )
472
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Fig. 5 shows an example of the measurement of the digital inclinometer. The angle to be compare to the solar
elevation is 90-αS because the tracker is perpendicular to the solar direction.

Figure 5: Exemple of solar elevation and inclinometer measurement comparison

4. Results and discussion
4.1. Tracker elevation accuracy estimation
The results of the measurement are presented in Fig. 6. A clear difference is observed between the morning
and the afternoon. This difference could be caused by the time synchronization of the tracker or some
azimuth deviation of the solar tracker. This measurement pattern is not always equal because the initial solar
tracker position and its clock were adjusted differently every day, so those possible errors vary from day to
day

(a)

(b)
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(c)

(d)

Figure 6: Inclination measurement error on solar tracker: (a) 22/07/2013 (b) 23/07/2013 (c) 24/07/2013 and (d) 29/07/2013

The mean value of the tracking deviation Δαtrack during the whole 4 testing days is 0.38º, with a minimum
value of -2.12º and a maximum value of 3.16º and, out of extreme values, the tracking deviation in elevation
is within ±2º, even less (See Fig. 7a). The standard deviation of the tracking deviation is 0.60º.
But as the deviation tendency varies throughout the day, due to azimuth error or clock imperfect
synchronization of the solar tracker control, a correction is applied in order to analyze only the oscillation of
the solar tracker without those effects. The mean value of the instantaneous tracking deviation Δαtrack was
calculated every 30 mina, Δαtrack_m. Then, the instantaneous tracking error was corrected by subtracting the
mean value such as: Δαtrack_cor = Δαtrack -Δαtrack_m.
The results of this correction are presented in Fig. 7.

(a)
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(c)

(d)

Figure 7: Corrected inclination measurement on solar tracker: (a) 22/07/2013 (b) 23/07/2013 (c) 24/07/2013 and (d) 29/07/2013

The mean value of the corrected tracking deviation Δαtrack_cor during the whole 4 testing days is almost 0º (1.23 10-18 which was expected as already corrected over the 30 min interval). The minimum value obtained
was -0.60º and maximum value was 0.63º (See Fig. 7). The standard deviation of the tracking deviation
Δαtrack_cor is 0.21º. The corrected tracking deviation in elevation is within ±0.6º.
Fig. 8 shows the distribution of the tracking deviation with and without the correction.

(a)

(b)

Figure 8: histogram error frequency of the tracking error (a) not corrected value (b) corrected value every 30 min.

The distribution of the net tracking deviation is not normal Δαtrack and has two different tendencies: a
negative and a positive one. The distribution of the correct tracking deviation Δαtrack_cor seems like a
Gaussian distribution (Fig. 8b).
5. Conclusions
The tracking elevation deviation measured along 4 testing days using a digital inclinometer is presented in
this paper. The mean tracking deviation was of 0.38º and the maximum tracking deviation was of 3.16º. Most
of the time, the tracking deviation in elevation is within ±2º. But considering an offset error due to the solar
tracker orientation or clock control, a correction was calculated to correct the tracker precision over 30 min
period. The corrected tracking deviation in elevation, the oscillation tracking, is within ±0.6º
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When comparing with the acceptance angle of different solar concentrators, we can consider that this solar
tracker could be used with the medium temperature collectors Solitem, Solar Kinetics Inc or IST (see Table
1).
In order to improve the precision of a low cost solar tracker, a correction could be implemented on the
tracking algorithm to compensate the systematic errors observed. Thus, the results could be improved by a
third, reducing the tracking error from ±2º to ±0.6º as seen in this paper.
In future studies, the orientation of the solar tracker will be also checked, and the optical losses of the
concentrator due to the tracking deviation will be calculated, to see the impact of this tracking deviation on
the collector production.
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Summary
In this research, the optical and thermal behavior of a Compact Linear Fresnel Receiver is studied with the
aid of Computational Fluid Dynamics (CFD) and ray tracing methods respectively. This study aims at
developing a new type of Linear Fresnel Collector (LFC) with azimuth angle tracking system. The optical
analysis is performed using TracePro, a mature ray-tracing tool, in which the optical performance of the
reflectors and receiver are simulated in order to obtain the optimum geometry along with the heat flux
distribution on the receiver surfaces. The result of the optical analysis is used as a boundary condition for
CFD modeling where the receiver located in the air stream is modeled in ANSYS Fluent. The main
objectives of the thermal analysis are, firstly, to study the heat loss rate from the receiver at different
absorber temperatures, and secondly, to determine the stagnation temperature under no-flow condition as an
important factor contributed to thermal expansion and durability of the materials used. Further optimization
is performed through examining the impact of the inner pressure and type of the gas content including air,
argon and nitrogen over stratification and heat dissipation mechanism. The results indicate that a wellstablished stratification is achievable even in the atmospheric air-filled cavity. Once the conductive and
convective losses are efficiently suppressed in a well-insulated receiver with a proper inner stratification
state, the radiative part becomes dominant by allocating 82% of the overall heat loss. This study highlights
the importance of reducing the long-wave radiative losses from the receiver to the surrounding to achieve
high performance.
Keywords: computational fluid dynamics (CFD), concentrating solar power (CSP), heat transfer, linear
Fresnel collector, solar thermal, thermal analysis, optical analysis
1. Introduction
Concentrating solar power (CSP) is a mature technology widely used as a reliable alternative to traditional
methods that are currently used to provide high pressure and temperature for power blocks. A lot of efforts
have been made across the world to make CSP technology more dependable and competitive in the energy
market in terms of capacity, dispatchability, and initial / running costs. CSP technologies can be categorized
into two main groups: point focusing and line focusing. Point focusing solar CSP technologies, including
solar tower and solar dish, need to use two-axis tracking that makes them comparatively more complicated
and expensive than other CSP technologies. In contrast, line focusing solar CSP technologies, Parabolic
Trough and LFC in particular, with lower operation temperature and one-axis tracking are becoming more
popular, particularly in developing countries, due to high potential for cost reduction as well as ease of
manufacturing, installation and maintenance. Conventional LFC systems consist of a heliostat field equipped
with one axis tracking, which reflects solar irradiation onto a stationary linear receiver positioned in the
longitudinal symmetry axis of the solar array.
2. Background
This research was performed as a part of an R&D program for csem-uae (Swiss Center for Electronics and
Micro technology in the United Arab Emirates) concept so-called “Solar Island” with a novel azimuth angle
tracking mechanism. Solar Island is a large circular platform with rotational mechanism on a planar surface.
In this tracking method, as shown in Fig.1, the mirror array and receiver are fixed on a circular structure with
rotational mechanism capable of accurately tracking the sun's azimuth angle so that the azimuth angle (β in
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Fig.1) is always kept nearly zero. Here, the whole platform, including the collector array, rotates horizontally
to track the sun’s azimuth movement contrary to conventional LFCs, in which tracking is done separately by
each row of the mirror array. Thanks to this technique, the number of the moving parts are reduced to one
circular disk that can lower initial and operation costs. Using fixed / narrow mirrors in this concept can also

sun
(a) Ideal source
Altitude angle: 90,60,30,20º

(b) Sun source
Altitude angle: 90º

(c) Sun source
Altitude angle: 60º

(d) Sun source
Altitude angle: 45º

(e) Sun source
Altitude angle: 30º

(f) Sun source
Altitude angle: 20º

:altitude angle
:azimuth angle
:zenith angle

absorber

flat mirrors

provide more flexibility and cost effectiveness than other LFC counterparts.
Fig.1: Azimuth angle tracking concept

Fig.2: Subtense angle effect on a DN100 absorber

3. Optical Analysis
The optical analysis consists of modelling the sun as an optical source as well as optical components such as
the mirror array and receiver at different altitude angles of the sun. The optical study is performed using
TracePro software as a well-proved ray tracing program widely used for the optical analysis in which the socalled “Generalized Ray Tracing” technique is used for ray tracing. In TracePro, individual rays can be
subject to absorption, reflection, refraction, diffraction and scatter at each intersection. Moreover, the
subtense angle effect of the sun is considered in the analysis. In this case, a solar beam with an angular
profile equal to that measured for the sun rays is defined in TracePro (Lambda, 2012). The optical
characteristics of the csem-uae prototype are shown in Tab.1 in which the absorber tube is located 4 m
vertically above the mirrors on the symmetric plane.
Tab.1: csem-uae prototype optical characteristic

Aperture width [m]
Aperture (mirror) length [m]
Receiver length [m]
Height of receiver [m]

3.77
7.72
13.5
4
Varying from inner to outer mirrors:
Width of mirrors [mm]
53, 51, 49, 47, 45
Number of mirrors [-]
59 on either side
2
Solar reflective area (effective mirror area) [m ]
44.1
Mirror area / Aperture area [-]
76 %
Inclination angles of the first and the last mirrors 2.81 - 21.64
[°]
The solar rays are received on the ground in a cone with the tip angle of 32', due to the subtense angle effect
of the sun which remains the same for the reflected rays from a perfect mirror surface (Duffie & Beckman,
1991). Depending on the trajectory distance between each row of the mirrors and the corresponding hit
points on the absorber, the subtense angle diverging effect could be significant and should be taken into
account in the optical analysis.
In the Solar Island, only the azimuth angle is tracked through rotating the circular platform. Depending on
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the altitude angle, measurable as the height of the sun, the impinged points of the reflected rays from the
mirror field are shifted further along the absorber longitudinal axis. This in turn means a longer travel
distance between the mirror and the absorber and consequently a greater divergence effect. The condition
steadily deteriorates for mirrors farther from the module center. As a result, the optical concentration ratio is
diminished as a larger absorber is required to collect the reflected radiation for a specific mirror array
configuration.
In order to study the subtense angle effect, two light sources are defined in TracePro: ideal source and sun
source. In the ideal source unlike the sun source, the angular profile of the sun is not taken into account in the
optical analysis, hence as it can be seen in Fig.2a for a DN100 absorber, the results are independent from the
altitude angle. The results for the sun source are also shown in Fig.2b to Fig.2.f. It can be seen that the
impinged area is steadily growing by sinking the altitude angle so that the rays cannot be entirely
concentrated on the absorber at the angle of 30° and lower.
The concentration ratio can be simply defined as the ratio of the aperture area to the area of the receiver
(Duffie & Beckman, 1991). In linear Fresnel collectors, the aperture area is the total glass area of the primary
reflectors (Weiss & Rommel, 2008). Here, the receiver area, calculated based on the impinged area on the
absorber at different altitude angles, will be used for calculating the average heat flux intensity. So, we have:
Aperture area Total primary reflector area
(eq.1)
Concentration ratio=
=
Receiver area Impinged area on absorber
The total primary reflector area in the csem-uae prototype is 44.1 m2 and the direct beam intensities at
different altitude angles are considered for 16th June in Ras al-Khaimah in the UAE.
3.1 Optical Analysis for 2×DN50 Cavity Receiver with Actual Properties
Fig.3 shows the geometry and dimension of the 2×DN50 configuration. The outer diameter and wall
thickness of the tubes are considered according to ASTM–A53 standard for SCH40 steel tubes. The
insulation thickness, the hatched area in Fig.3, is initially assumed 50 mm, although it does not contribute to
the optical analysis. The optical properties of the materials contributed in the optical performance are
assumed as follows:
Flat mirrors: The reflection coefficient of the mirrors is provided by the manufacturer equal to 93%-94%
according to the ISO9050 standard. However, since it was not possible to match the manufacture data with
TracePro input parameters, the standard mirror with the closest reflection coefficient was chosen in TracePro
with 0.05 and 0.948 absorption and specular reflection respectively.
Selective coating: The absorber tubes and inner parts of the cavity are covered with Black Chrome known as
a well-proven selective coating material for medium and high temperature CSP applications (Forristall,
2003).
Underneath transparent cover: SCHOTT BOROFLOAT® 33 glass is used for the underneath cover due to
its high transmittance, low thermal expansion and proper thermal shock resistance. Moreover, it has a lower
density than the conventional soda-lime float glass and can withstand temperatures up to 450 °C (Schott,
2012). The glass thickness is assumed 5 mm in the optical analysis and the absorption coefficient of the glass

is 0.02 (Forristall, 2003). The gap between the absorber tubes and the glazing is around eight millimeters
(Fig.3).
Fig. 3: 2×DN50 case configuration (unit: mm)

Fig.4: Heat loss mechanism in a cavity receiver

The optical results are shown in Tab.2 and Fig.5. The heat fluxes given in Tab.2 are calculated based on the
impinged area at the corresponding altitude angle. Further optical analyses were carried out for some other
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alternatives with secondary reflectors inside the cavity but with the same mirror array setup. However, only a
minor improvement in the optical performance was practiced owing to negligible participation of the
secondary mirrors even at low altitude angles.
Tab.2: Actual power on inner surfaces of cavity

Altitude
angle

90°
60°
45°
30°

Power on inner surfaces[W]
Top Side-1 Side-2

0.06
0.52
5.05
56.34

20.83
18.52
16.03
19.32

19.80
17.41
14.52
19.08

T-1

T-2

10656
8253
5688.4
2752

10596
8190.1
5633.7
2729.8

Total
power[W]

Heat
flux[W/m2]
T-1
T-2

21292.6 14562 14480
16479.5 11278 11192
11357.7 7773 7699
5576.5 3761 3730

Layout
Top
Side-1

Side-2

T-1

T-2

Optical efficiency is an important parameter to evaluate solar collector performance. The optical efficiency
and concentration ratio along with the available power on the aperture and absorber surfaces are compared in
Tab.3 for different altitude angles and their corresponding beam radiations. It can be seen that the optical
efficiency drops significantly at low altitude angles because of larger incident angles on the mirrors and the
absorber surfaces.
Tab.3: Comparison of optical efficiency, concentration ratio and actual power on the absorber tubes

Altitude Beam radiation on Total power on aperture Actual power on
Optical
Concentration
angle aperture area [W/m2]
(mirror) area [W]
absorber tubes [W] efficiency [-]
ratio [-]

90°
60°
45°
30°

546
488
411
285

24056
21501
18108
12557

21252
16443.1
11322.1
5481.8

88.3%
76.5%
62.5%
43.6%

29.7
27.8
24.2
15.9

It should be pointed out that the absorption coefficient of the air between the mirror array and the receiver is
assumed to be zero. In other words, no optical loss between the mirror and absorber is taken into account.
However, in practice, part of the direct irradiance is absorbed and scattered by dust and humidity in the air.
Therefore, the values given in Tab.3 must be considered as the maximum attainable power on the absorber
tubes.

Altitude angle 90°

Altitude angle 90°

Altitude angle 60°

Altitude angle 60°

Altitude angle 45°

Altitude angle 45°

Altitude angle 30°

Altitude angle 30°

Fig.5: Optical results visualization for 2×DN50 configuration, short-wave irradiance form mirror array to receiver (left) and
long-wave irradiance from optical components (right) at altitude angles: 90°, 60°, 45°, and 30°
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4. Heat Loss Model
Heat loss mechanism from cavity receivers is complex and difficult to be analyzed by conventional heat
transfer methods. The CFD method is implemented firstly to study the heat loss rate at different absorber
temperature, and secondly to determine the stagnation temperature under no-flow condition. Further
optimization will be performed through parametric study over different inner pressure and gas content
including air, argon and nitrogen. Fig.4 illustrates the heat loss mechanism in a cavity receiver where natural
convection and radiation losses inside the cavity are coupled with conduction through the glass and
insulation along with the forced convection from the envelope to the surrounding.
4.1 Geometry and Meshing
Fig.6 shows an overall view of the mesh with a conical far-field inlet boundary and the receiver inside. The
far-field boundary is extended behind the object far enough to ensure that the turbulence effect caused by the
receiver is not dragged into the far-field boundary. The skewness of the mesh is kept below 0.6 in all regions.

Fig.6: Mesh pattern around (left) and inside (right) of the cavity

4.2 Material Properties
Thermal properties: The specification of the materials is illustrated in Fig.7. The inner and outer surfaces of
the cavity are made of aluminum sheet with a thickness of 2 mm. For the underneath transparent cover,
SCHOTT BOROFLOAT® 33 glass is used. For the insulation in the upper part of the cavity, a novel
insulation material for CSP applications, developed by Microtherm®, is used with a low and almost constant
conductivity of 0.0227 W/m.K over a wide range of temperatures (Microtherm®, 2011).
Radiative properties: The Discrete Ordinates (DO) radiative model is used in which the optical properties
such as absorption coefficient and scattering coefficient are required to calculate the radiative heat loss. The
absorption coefficient is defined as the net absorbed intensity of radiation when light traverses within the
material which is dependent on the optical characteristic of the material and the path length. The intensity of
the transmitted radiation is decreasing continuously by the increase of the traversal path. The absorption
coefficient can be calculated by the following correlation (Callister, Jr & Rethwisch, 2010):

E

1 § Ic ·
 ln ¨ T ¸
x © I Oc ¹

(eq.2)

Where β is the absorption coefficient in 1/mm and I'T is the intensity of the non-reflected incident radiation
on the surface. I'O is the intensity of non-absorbed radiation after traversing distance x (mm) inside the
material. The distance parameter x is measured from the incident surface into the material (Callister, Jr &
Rethwisch, 2010). In addition, the absorption coefficient varies with the wavelength of the incident radiation;
however in the current study, it is assumed to be constant. A large β value should be considered for metals as
solid and opaque materials so that the radiation energy can penetrate only a few hundred angstroms at the
most. The absorption coefficient is set at 10,000 for both the absorber tubes and cavity inner surfaces to
ensure that the radiation is attenuated within a very short distance (1/10,000 m = 100 μm) in the material
(Shin Yee, 2006).
Air is a mixture of gases, mainly nitrogen and oxygen in addition to a little amount of other gases, which
show no absorption band in the wavelength region of importance to radiant heat transfer. Nevertheless,
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humidity and small particles inside the air increase the absorption coefficient in real condition. In this study,
it is assumed that the cavity is charged by clean and dry air or other inert gases as it is necessary to protect
the selective coating material and other inner compartments. Accordingly, the absorption coefficient of the
gas content is considered to be zero in the radiant analysis. The absorption coefficient of the glass is assumed
equal to 1.01E-4 (1/mm) (Callister, Jr & Rethwisch, 2010).
Solver setting: The density-based steady-state solver is used to solve the governing equations of momentum,
mass, and energy conservations as well as turbulence kinetic energy equation sequentially alongside. In order

to study the natural convection inside the cavity, the gravitational acceleration should be included in the
calculations. The viscous model is RNG k-ε, and the radiation model is the DO model, which works across
the full range of optical thickness but with a higher demand on the computational resources (Fluent, 2011).
Fig.7: Material properties

Boundary conditions: In all CFD cases, the wind is blowing at a constant speed of 5 m/s – design criterion
to study stratification when the heat loss rate is relatively high– from left to right normal to longitudinal axis
of the receiver. The cavity inner gas content and pressure are patched differently in ANSYS Fluent in order
to perform the parametric studies over these parameters. Each tube is virtually divided into two parts: upper
half and bottom half. To study the stagnation temperature, the heat flux obtained from the optical analysis is
introduced only at the bottom half of the tubes whereas to determine the heat loss rate, the absorber
temperature is assumed to be uniform. The highest attainable stagnation temperature is considered for an
altitude angle of 90° and air is treated as an ideal gas in the CFD model.
4.2 CFD Results
Velocity contours visualization: As Fig.8 illustrates, the mesh size is appropriate to detect the boundary
layer and separation at the upper and lower edges of the trapezoid. Moreover, no uniform natural convection
is observable and spots with relative higher velocities are merely seen locally in a small region between the

sides of the trapezoid and the absorber tubes.
Fig.8: Contours of velocity magnitude around (left) and inside (right) of the cavity filled with atmospheric air, 90° altitude angle
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Temperature contours visualization: Contours of static temperature and radiation temperature are
illustrated in Fig.9 when the absorber is at the design temperature equal to 212 °C. According to the results,
the insulation thickness (50 mm) is adequate to provide a proper thermal resistance between the inner and
outer surfaces of the cavity. Furthermore, the stratification condition is recognizable inside the cavity at the
atmospheric pressure from the highest temperature in the spots adjacent to the absorber tubes to the lowest
one in the regions close to the glass at the bottom. The results are in agreement with the results of velocity
contours (Fig.8) presented before that shows almost still air with local velocity gradients in few spots. The
stratification condition ensures natural convection alleviation inside the cavity. Besides, the temperature
variation on the inner and outer surfaces of the glazing, illustrated in Fig 10, confirms the sufficient gap (8
mm) between the glass and hot surfaces of the absorber to protect the glazing from high temperatures.

Glazing temperature [°C]

Fig.9: Contours of static temperature (left) and radiative temperature (right) for the cavity filled with atmospheric air, 90°

altitude angle
x position from center of glazing [mm]
Fig.10: Static temperature distribution on inner and outer surfaces of the glazing, Tabsorber=212 °C
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Fig.11: Heat loss rate vs. absorber temperature

Fig.12: Heat loss rate vs. pressure, Tabsorber=212 °C

800

Heat loss rate vs. absorber temperature: The heat loss per unit length of the receiver is studied for the
atmospheric cavity charged with air when the absorber temperature varies within the range 50 to 400 °C.
Using an efficient insulation material gives rise to a comparatively small participation of the mixed
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conduction-convection losses over a wide range of absorber temperatures; consequently as Fig.11 offers, the
overall trend of heat loss is mainly imposed by the radiation loss.
Heat loss rate vs. inner pressure: The sensitivity analysis is performed over inner pressure of the cavity
when the absorber temperature is fixed at 212 °C. Considering the results in Fig.12 highlights that only 6%
reduction is achieved over a wide range of inner air pressure from 0.01 to 760 torr (1 atm = 760 torr). This
finding is also consistent with the observed stratified condition at the atmospheric pressure. Moreover,
reducing the inner pressure is expected to have a large impact on diminishing natural convection inside the
cavity that is already sufficiently achieved even at the atmospheric pressure. Thus, there is no need to use
durable airtight materials that are indispensable to maintain semi-vacuum inner pressure.
Heat loss rate vs. absorber temperature in the cavity filled with atmospheric inert gas: Fig.13 compares
the heat loss rate of air with some inert gases namely argon and nitrogen within the temperature range from
100 to 300 °C. Comparing the results in Tab.4 shows a slight decrease of 6% in the overall heat loss rate for
argon than of air, which can be explained by lower conductivity of argon under stratification together with
lower local velocities in the cavity. As discussed earlier, the radiation still remains the dominant heat loss
mechanism with minor changes in all cases.
Tab.4: Comparison of heat loss rate for air, argon, and nitrogen, Tabsorber=212 °C

Cavity
Glass Temp. [°C] Velocity [cm/s] Total heat loss Radiative heat Radiation
Gas Content Max.
rate [W/m] loss rate [W/m] portion [%]
Min. Max. Min.

Air
Argon
Nitrogen

43.76
40.98
43.32

33.50 0.62 2.17E-03
29.85 0.56 3.02E-03
29.91 0.13 6.34E-04

516.2
486.4
489.2

418.6
400.2
400.5

81.1
82.3
81.9

Stagnation temperature: The results for absorber and glazing temperatures at stagnation are shown in
Fig.14 for the altitude angle 90°, where the inner pressure varies from 0.01 to 760 torr. A minor temperature
drop is detected from 810 °C at the atmospheric pressure to 804 °C at the lowest studied pressure. It is
concluded that the stagnation temperature dependency on inner pressure is not significant. This can be
explained by the dominant effect of the radiation loss in the current model, which is almost independent from
Air- Overall
Air- Radiation
Air- Convection & Conduction
Argon- Overall
Argon- Radiation
Argon- Convection & Conduction
Nitrogen- Overall
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Nitrogen- Convection & Conduction
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the inner pressure.
Fig.13: Heat loss rate vs. absorber temperature

Fig.14: Stagnation temperature vs. cavity inner

pressure

4.3 Non-Glazed and Increased-Depth Configurations
Two more cases: Non-glazed and Increased-depth, are modeled to ascertain and compare the strength of the
main contributing factors on overall heat loss, namely forced convection and radiation. The geometry in the
Non-glazed case is exactly similar to the original design (Fig.3) but without the underneath glazing. In the
next case, the depth of the cavity is increased by extending the trapezoidal sides so that the incident radiation
on the first row of mirrors is not blocked by the extended sides. The additional parts are shown in red in
Fig.15. Here, the aim is to hinder the wind stream around the absorber and, hence, an improvement in
diminishing the convective heat loss compared to non-glazed case is expected at a lower cost.
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4.4 Comparison:
Conductive and convective heat loss rate: The results are illustrated in Fig.16, the first studied case gives
significantly lower heat loss with slight growth over a wide range of temperature proving the effectiveness of
using the glazing and insulation in suppressing convection and conduction losses. Furthermore, an
improvement is also apparent in the Increased-depth case compared to the Non-glazed one due to lower air
velocities around the absorber.
Radiative heat loss rate: As Fig.17 illustrates, the radiation losses in the two first cases are comparable as
the geometry and consequently the shape factor is nearly the same due to the fact that the glass is optically
transparent with small absorption / reflection coefficients. However, the third case with an increased depth
has lower radiation heat loss as the extended surfaces hinder the radiation to the surrounding, albeit the
difference becomes negligible at low operating temperatures.
Overall heat loss rate: The results for overall heat loss rate have been compared in Fig.18 which present
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dominantly lower values for the glazed case as predicted.
Fig. 15: Increased-depth case configuration (unit: mm)

Fig.16: Conductive / convective loss vs. absorber temperature

Fig.17: Radiative heat loss rate vs. absorber temperature

Fig.18: Overall heat loss rate vs. absorber temperature

5. Conclusion
According to the results, an eight millimeter gap between the absorber and underneath glazing is adequate to
protect it from the high temperature of the absorber (450°C and above) that might be reached at low flow
rates prior to complete stagnation. Moreover, the insulation thickness is sufficient to create proper thermal
resistance at the maximum operating temperature (212 °C). Studying the velocity contour in conjunction
with the non-radiative heat dissipation behavior within the studied inner pressure range (0.01 to 760 torr)
proves that a well-stablished stratification is achievable even in the atmospheric air-filled cavity. This being
due to the fact that the absorber tubes act as a hindrance against natural convection so long as their cross
sectional area is large compared to the inner gross area of the cavity. As a result of diminishing the
5000

Glazed
Non-glazed
Increased-depth

Overall heat loss per unit length [W/m]

Radiative heat loss per unit length [W/m]

2000

1500

1000

500

Glazed
Non-glazed
Increased-depth
4000

3000

2000

1000

0

0
50

100

150

200

250

300

Absorber temperature [°C]

350

400

50

100

150

200

250

300

350

400

Absorber temperature [°C]

485

Alireza Shantia / EuroSun 2014 / ISES Conference Proceedings (2014)

conduction and convection losses in the model, the secondary radiation loss part (long wavelengths) from the
inner parts of the cavity becomes dominant by allocating 82% of the overall heat loss. This study highlights
the importance of reducing the long-wave radiative loss from the receiver to the surrounding to achieve high
performance. The influence of the radiative part becomes dominant when the conductive and convective
losses are efficiently suppressed in a well-insulated receiver with a proper inner stratification state. The
solution might lie in using more efficient selective coating materials, with higher absorption and lower
emissivity factors, along with employing advanced transparent coating materials on the glazing to reflect
back the long wavelengths to the cavity. However, further study is needed to assess the efficacy of each
method depending upon the properties of the materials used.
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Summary
Typically the maximum fluid outlet temperature of a solar photovoltaic/thermal PVT collector is limited by
the maximum operating temperature of the silicon PV cells. Spectral beam splitting has been demonstrated as
a means of decoupling the thermal absorber from the PV cells, allowing thermal energy outputs in excess of
the optimal PV cell operating temperatures. The current work describes the thermal performance analysis of
a concentrating hybrid beam splitting PVT system designed to operate on linear concentrators and generate
high-grade thermal output up to 150ͼC together with a secondary low-grade thermal output at around 6ͲͼC.
Computational heat transfer simulations were conducted at various operating conditions in order to explore
the heat loss and thermal efficiency of the hybrid receiver. PV cell temperatures were shown to remain below
75ͼC under worst case scenarios. Hot stream thermal efficiencies of around 50% were demonstrated under
typical ambient operating conditions. The effects of convective heat loss were shown to significantly degrade
the thermal efficiency.
Key words: Hybrid PVT, Spectral beam splitting, Concentrating, Heat transfer, Modelling

1. Introduction
Silicon PV cells have typical electrical conversion efficiency in the range of 15-25%, with the balance of the
incident solar energy either reflected or dissipated within the Silicon cells in the form of heat. Solar
photovoltaic/thermal (PVT) collectors are capable of simultaneously generating electricity and thermal
energy on the same collector. Typically thermal energy is extracted from the waste heat generated in the
photovoltaic cell during the electrical conversion process.
In their simplest form PVT collectors consist of a fluid channel (air or water) flowing adjacent to the PV cell.
Heat generated within the PV cell is transferred to the fluid and is carried away to be used for domestic hot
water (eg. Chow et al. (2006),Dupeyrat et al. (2011)) or space heating (eg. Fraisse et al. (2007). In addition to
absorbing heat which would otherwise be lost, the fluid also serves to lower the PV cell temperature.
However the use of the fluid to cool the cells fundamentally conflicts with the desire to achieve high fluid
temperatures, as the electrical conversion efficiency of the PV cells is negatively impacted with elevated
temperatures.
Spectral beam splitting can be used to thermally decouple the fluid stream from the PV cells. In this
approach the solar spectrum is decomposed into different spectral bands. The most suitable spectral band of
light for photovoltaic conversion is directed to high efficiency silicon solar cells and the rest of the spectrum
is absorbed as heat in a thermal receiver. By splitting the incident radiation in this way the solar cells and the
thermal receiver can be thermally decoupled from each other. This allows the temperature of the thermal
output to increase independently of the cell temperature e.g. the thermal output can be above 150 oC whereas
the cell temperature is kept well below 80oC.
A number of different techniques have been proposed to achieve spectral beam splitting including; selective
absorption (Chendo et al., 1987) and wave interference filtering (Peters et al., 2010). The current work
describes the thermal performance analysis of a novel hybrid beam splitting PVT collector which uses a
volumetric absorption method to split the incident radiation.
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2. Concentrating Hybrid PVT Design
A new design for a spectrally splitting PVT hybrid receiver for linear solar concentrators has been
developed. This receiver can be optimised for both parabolic troughs and Fresnel concentrators, however the
specific dimensions and thermal performance results presented in this paper apply to the receiver installed at
the focal region of the NEP Solar Polytrough 1200, parabolic trough collector (see Tab. 1). A general
schematic of the hybrid receiver is shown in Figure 1. Concentrated radiation is directed onto the base of the
borosilicate glass thermal receiver tube. A heat transfer fluid (Propylene glycol) flowing within
volumetrically absorbs the infrared band of the spectrum (λ > 1100nm) efficiently and transmits wavelengths
below 1100nm. A 2mm thick, 25mm wide, coloured glass filter aligned horizontally across the middle of the
thermal receiver tube acts as a high pass filter, absorbing wavelengths in UV-Vis range up to a desired cutoff wavelength (λ1) and transmitting wavelengths longer than this value. The determination of the width of
the filter was based on flux mapping measurements performed using a radiometry method developed by the
authors on the 1.2m aperture width parabolic collector (Mojiri et al., 2014a). A slightly wider filter than the
measured width of the flux distribution (≈ 22mm) was used to allow all light to be collected by the receiver
in the presence of slight collector alignment errors. The energy absorbed in the liquid and the coloured glass
filter, which then transfers into the liquid, raising its temperature independently of the cell temperature.

Fig. 1 General schematic of the hybrid beam splitting PVT collector

The remaining wavelengths, between λ1 and 1100nm, are transmitted to the silicon cells, which are mounted
into an aluminium extrusion with an integrated cooling channel. For light with wavelengths in this range the
silicon cells exhibit improved electrical conversion efficiency (approx. 30%, with respect to the total solar
energy available within this band) when compared to broad spectrum irradiance. The space between the
thermal receiver tube and the silicon PV cells is filled with transparent silicone, which optically couples the
cells with the borosilicate tube and limits reflective losses. In addition it also adds some thermal resistance
between the tube and the silicon cells.
Thin alanod reflective sheets mounted to the internal wall of the aluminium extrusion and aligned parallel to
the collector normal direct the light waves that are transmitted through the thermal receiver tube to the PV
cells. A small gap (≈ 0.5mm) is maintained between the outer diameter of the absorber tube and the alanod
mirrors in order to break the thermal conduction pathway, whilst minimising optical losses.
The receiver is designed with a nominal outlet temperature from the thermal receiver (hot stream) of 150ͼC,
with an outlet temperature of 60ͼC from the secondary PV cell cooling channel. The high temperature output
from the hybrid collector is intended to be coupled to a solar air conditioning system, while the low grade
thermal output from the PV cooling channel can be either used for domestic hot water or as pre-heat for the
hot fluid stream. This combination of outputs will create an efficient, building solar energy solution,

488

Cameron Stanley / EuroSun 2014 / ISES Conference Proceedings (2014)

integrated into a single package.
3. Computational model and solution method
Numerical heat transfer modeling for a range of operating conditions was conducted using ANSYS CFX
version 14.5. Structured quadrilateral mesh was used wherever the geometry permitted, with unstructured
tetrahedral mesh elements used for regions with curvilinear shape. To dramatically reduce computational
time and allow for many more operational points to be simulated both liquid streams within the hybrid
receiver were not modeled. Instead, heat transfer between the fluid regions and the adjacent solids was
modeled using convective heat transfer boundary conditions; both for the interior fluid channels, and the
exterior ambient conditions (see section b below).
The fraction of thermal energy absorbed and transmitted by the various elements in the receiver were
assumed from optical ray trace modeling presented by (Mojiri et al., 2014b). Tab. 1 presents a summary of
the solar flux inputs to the various components of the receiver. Assuming a coloured filter with an ideal cut
off frequency of λ1 = 700nm, approximately 30% of the incident radiation was directed to the silicon PV
cells, while the remaining 70% of the energy was absorbed within the thermal receiver. Two different values
of direct normal radiation were considered: 650 W/m2 and 900 W/m2.
Tab. 1 Radiation flux inputs determined from optical ray trace modeling reported by Mojiri et al. (2014b)

Parameter
Collector aperture
Collector length
Normal direct radiation
Coloured filter cut-off frequency
Total incident power
Fraction of energy > 1100nm
Fraction of energy < 700nm
Fraction of energy 700 ≤ λ ≤ 1100nm
PV conversion efficiency
Electrical power output
Heat generated in PV Cell

Quantity
1.2 m
2.0 m
650 W/m2, 900 W/m2
700 nm
1560 W, 2160 W
25 % (390 W, 460 W)
45 % (702 W, 972 W)
30 % (468 W, 648 W)
30 %
9 % (140.4 W, 194.4 W)
21 % (327.6 W, 453.6 W)

A constant nominal thermal channel and cooling channel flow rate of 5 L/min and 2.5L/min respectively
were used for all cases. It is expected that the thermal absorption within the beam splitting receiver will be
complex. The boundary layer of the propylene glycol flowing adjacent to the front of the thermal absorber
tube will volumetrically absorb the infrared wavelengths (λ > 1100nm). Also, the heat absorbed within the
filter will be transferred to the fluid streams above and below the filter. This non uniform heat absorption is
likely to result is a slightly higher heat addition to the flow beneath the filter than to the fluid stream above it.
A simplifying estimation of this complex flux situation is to assume that the total heat addition occurs
uniformly throughout the fluid stream volumes. The filter and fluid streams can then be removed from the
simulation. Instead, heat transfer between the fluid regions and the adjacent solids was modeled using
convective heat transfer boundary conditions; both for the interior fluid channels, and the exterior ambient
conditions. Variation in fluid properties with temperature were accounted for and adjustments to the Re and
Nu were made accordingly.
An electrical conversion of 30% has been used for the silicon PV cells. The fraction of the solar flux
transmitted to the PV cells which could not be converted to electricity was assumed to be dissipated as heat
and modeled as a volumetric heat source in the computational model. Variations of the PV cell efficiency as
a function of the PV cell temperature was not considered in the iterative solution procedure.
a.

Iterative Solution Procedure

As the bulk mean fluid temperature, ܶ ൌ ሺܶ  ܶ௨௧ ሻΤʹ, was used as a convective heat transfer boundary
condition, and the fluid outlet temperature,ܶ௨௧ , is a function of the heat transfer within the receiver, an
iterative solution procedure was required.
The heat transfer coefficient for each stream was determined using the appropriate correlations (section b) at

489

Cameron Stanley / EuroSun 2014 / ISES Conference Proceedings (2014)

the Reynolds number, Re, and Prandtl number calculated at the bulk mean fluid temperatures. For an initial
approximation ܶ was determined using an energy balance on each fluid control volume, assuming the heat
transfer at the fluid-solid boundary of the channel wall, ܳ௦௦ , was zero;
ܳ െ  ܳ௦௦ ൌ ݉ሶܥ ሺܶ௨௧ െ ܶ ሻǤ

eq (1)

ܳ is constant and a function of the optical properties of the liquid and the radiative flux. These input
parameters were then used to run the model in ANSYS. On convergence of the solution to a RMS residual
error of 1x10-7, the heat transfer at the fluid-solid boundary,ܳ௦௦ , is determined. A new bulk mean fluid
temperature is then determined by accounting for the heat transfer through the fluid channel wall. This
iterative procedure was repeated until the residual error in the temperature wall condition for both the hot and
cold streams was less than 0.01ͼC. Variations in the heat transfer coefficient due to changes in Re and Pr
arising from the slight variation in the bulk mean fluid temperature between subsequent iterations was not
considered.
Tab. 2 presents a summary of the fluid conditions considered in this study. For all inlet fluid temperatures
considered the cooling stream flow was turbulent, however, the hot stream flow regime was highly
dependent on the fluid temperature. Laminar, transitional and turbulent flow regimes were all covered.
Convective heat transfer correlations for the hot channel and all external flows were based on hydraulic
diameters. External wind velocities ranging from 2-10m/s were considered, which are typical of those
encountered by NEP Solar’s parabolic trough collectors during field operations. Reference dimension of the
receiver are shown in Fig. 2 below.
Tab. 2 Flow Conditions

Parameter
Fluid
Volume flow rate, ܸሶ
Reynolds number, ܴ݁
Prandtl number, ܲݎ
Specific heat, c
Thermal conductivity, k
Density, ߩ
Inlet temperature ܶ
Ambient air temperature, ܶஶ
Air velocity, ܸ௪
b.

[L.min-1]
[J.kg-1.K-1]
[W.m-1.K-1]
[kg.m-3]
[ºC]
[ºC]
[m.s-1]

Hot Fluid
Cooling Fluid
Propylene Glycol
Water
5
2.5
69 – 3680
4595 – 9732
16.2 – 700
2.98 – 7.01
2458 – 3244
4183 – 4185
0.19 – 0.2
0.60 – 0.65
929 – 1037
983 – 998
20, 50, 80, 110, 130, 150
20, 40, 60
15, 25, 35
2, 5, 10

Heat Transfer Correlations for Fluid Streams

For fully developed turbulent flow conditions ܰ ݑwas determined using the well-known Gnielinski
correlation for forced convection in turbulent pipe flow (Gnielinski, 2010):
ܰݑ ൌ 

ሺ݂Τͺሻܴ݁ܲݎ
ൣͳ  ሺ݀ Τ݈ ሻଶȀଷ ൧
ͳ  ͳʹǤሺ݂ΤͺሻଵΤଶ ሺܲ ݎଶΤଷ െ ͳሻ

eq (2)

where ݂ is the friction factor which can be determined, for smooth tubes, using the Konakov correlation; 
݂ ൌ  ሺͳǤͺ ଵ ܴ݁ െ ͳǤͷሻିଶ . Equation 2 is valid for ͲǤͳ  ܲ ݎ ͳͲͲͲ and ͳͲସ  ܴ݁  ͳͲ .
For laminar flow entering the thermal receiver channel a boundary layer transformation must occur as the
flow is split into two streams by the filter, which bisects the cylindrical tube. At this point the flow begins to
be heated by the solar flux, assumed to be constant along the length of the receiver. For hydrodynamic and
thermally developing laminar flow subject to constant heat flux equations suitable for all tube length can be
obtained from
ଷ

ଵȀଷ

ଷ
ଷ
ܰݑǡ ൌ ቄܰݑǡǡଵ
 ͲǤଷ   ൫ܰݑǡǡଶ െ ͲǤ൯  ܰݑǡǡଷ
ቅ

eq (3)

where the asymptotes for the mean Nusselt number in a pipe of length ݈ and internal diameter ݀ are
ܰݑǡǡଵ ൌ ͶǤ͵Ͷ
for low values of ܴ݁ܲ݀ ݎ Τ݈ and
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ܰݑǡǡଶ ൌ ͳǤͻͷ͵ሺܴ݁ܲ݀ ݎ Τ݈ ሻଵȀଷ

eq (5)

for high values of ܴ݁ܲ݀ ݎ Τ݈ . ܰݑǡǡଷ is a term used to adjust the correlation to account for the simultaneous
hydrodynamic and thermal development and is expressed as
ܰݑǡǡଷ ൌ ͲǤͻʹͶሺܲݎሻଵȀଷ ሺܴ݁ ݀ Τ݈ ሻଵȀଶ .

eq (6)

For flow in the transition region an interpolation method is used which applies an “intermittency factor” ߛ to
account for the temporal sequences observed in the flow. Here ߛ ൌ ͳ if the flow is turbulent permanently and
ߛ ൌ Ͳ if the flow is permanently laminar. Using this approach Gnielinski proposed an equation to describe
the Nusselt number correlation between permanent laminar and turbulent flow
ܰ ݑൌ ሺͳ െ ߛሻܰݑǡଶଷ  ߛܰݑ௧௨ǡଵర

eq (7)

where ߛ is given by
ߛ ൌ

ோିଶଷ

,

ଵర ିଶଷ

and Ͳ  ߛ  ͳ.

eq (8)

ܰݑǡǡଶଷ is the Nusselt number at ܴ݁ ൌ ʹ͵ͲͲ calculated using equation 3, which can be expressed as
ଷ

ଵȀଷ

ଷ
ܰݑǡǡଶଷ ൌ ቄͺ͵Ǥ͵ʹ   ൫ܰݑǡǡଶǡଶଷ െ ͲǤ൯  ܰݑǡǡଷǡଶଷ
ቅ

eq (9)

with
ܰݑǡǡଶଷ ൌ ͳǤͻͷ͵ሺʹ͵ͲͲܲ݀ ݎ Τ݈ ሻଵȀଷ

eq (10)

and
ܰݑǡǡଷ ൌ ͲǤͻʹͶሺܲݎሻଵȀଷ ሺʹ͵ͲͲ ݀ Τ݈ ሻଵȀଶ .

eq (11)

The fully developed turbulent Nusselt number correlation is determined from equation 1 at ܴ݁ ൌ  ͳͲସ
ሺͲǤͲ͵ͲͺΤͺሻͳͲସ ܲݎ
eq (12)
ൣͳ  ሺ݀ Τ݈ ሻଶȀଷ ൧
ͳ  ͳʹǤሺͲǤͲ͵ͲͺΤͺሻଵΤଶ ሺܲ ݎଶΤଷ െ ͳሻ
External heat transfer coefficients accounted for heat loss via convection and radiation. To evaluate the
influence of wind velocity on the heat transfer within the collector, forced convection heat transfer
coefficients were estimated using heat transfer correlations for external flow across a tube (Zukauskas,
1972):
ܰݑǡଵర ൌ 

ܰݑ ൌ ͲǤͺ͵ܴ݁ Ǥସ ܲ ݎଵΤଷ

for

ܴ݁ ൌ ͶͲ െ ͶǡͲͲͲ

ܰݑ ൌ ͲǤͳͻ͵ܴ݁ Ǥଵ଼ ܲ ݎଵΤଷ

for

ܴ݁ ൌ ͶǡͲͲͲ െ ͶͲǡͲͲͲǤ

eq (13)

The Reynolds number used for the glass tube surface was based on the external diameter, whereas the Re
value for the outside of the rectangular insulation was based on a hydraulic diameter.
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4. Results
Fig. 3 shows temperature contours within the receiver for thermal channel inlet temperature of ܶ௧ǡ ൌ
ͳͷͲԨ, cold channel inlet temperature ܶௗǡ ൌ ͲԨ and ambient air temperature ܶஶ ൌ ͳͷԨ. Heat
conducted into the alanod mirrors is evident from the reduced wall temperatures in the region where the
alanod meets the thermal channel. Although energy lost from the high temperature channel in this fashion is
not collected in the form of high-grade heat, it is conducted through the alanod and aluminium extrusion and
collected by the water in the cooling channel. The effects of this on the receiver efficiency are discussed in
detail in section b. The temperature contours are presented here are typical in trend to those observed for all
conditions.
5mm

11.5mm

24mm
16mm

5mm
25.2mm
28mm
42.4mm

Fig. 2 Dimensions of hybrid receiver

a.

Fig. 3 Temperature contours for ࢀࢎ࢚ǡ ൌ
Ԩ, ࢀࢉࢊǡ ൌ Ԩ, ࢀஶ ൌ Ԩ

Variation of PV cell temperature

Fig. 4 below shows variations of average PV cell temperature, ܶ , plotted against hot channel bulk mean
fluid temperature, ܶǡ for radiant flux values of 650 W/m2 and 900 W/m2. For the range of conditions
modeled PV cell temperatures were between 40ͼC and 92.5ͼC. The temperature of the cell increases linearly
with increasing cooling stream temperatures. This is an expected result given the low thermal resistance
inherent between the silicon cells and the cooling stream. It can also be seen in Fig. 4 that the PV cell
temperature increases linearly with the hot stream fluid temperature. However, the very gradual slope in the
curve of ܶ versus ܶǡ indicates the effective decoupling of the PV cells from the hot fluid stream. For
instance, a rise of 130ͼC in the hot stream bulk fluid temperature (from 22ͼC to 152ͼC) results in a rise in the
average PV cell temperature of 16ͼC.
It should be noted that no contact resistance has been modeled between the PV cells and aluminium
extrusion. The back-contact PV cells incorporate a complex electrode structure which would be expected to
introduce contact resistance, which would increase the cell operating temperatures. Additionally, the
electrical conversion efficiency of the silicon cells will fall with increasing temperature. This will in turn
result in an increase in the heat generated within the cells, which would affect the linearity of the trends
observed in Fig. 4.
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Fig. 4 Variation of average PV cell temperature with hot channel bulk mean fluid temperature

b.

Hybrid Receiver Thermal Efficiency

ƞth

Fig. 5, Fig. 6 and Fig. 7 present curves of hot channel thermal efficiency for cooling channel inlet
temperatures of 20ºC, 40ºC and 60ºC respectively. Here the efficiency is with respect to the fraction of
energy which is ideally intended for absorption in the thermal receiver (see Tab. 1).
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Fig. 5 Collector efficiency curve for ࢀࢉࢊǡ ൌ Ԩ
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Fig. 6 Collector efficiency curve for ࢀࢉࢊǡ ൌ Ԩ
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Fig. 7 Collector efficiency curve for ࢀࢉࢊǡ ൌ Ԩ

ƞth

It is immediately obvious that there is scatter in the efficiency curves, which is not typically expected in
computational results. This scatter is caused by the strong influence of the convective heat loss from the glass
thermal receiver tube with variations in ambient air temperature. To illustrate this point Fig. 8 shows the
variation in thermal efficiency for a constant wind velocity of 2m/s and constant ܶௗǡ ൌ ʹͲԨǤ
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Fig. 8 Collector thermal efficiency for ࢀࢉࢊǡ ൌ Ԩ, ࢂ࢝ࢊ ൌ Ȁ࢙ for various ࢀஶ

Additional to the thermal energy extracted from the hot stream, the beam splitting hybrid receiver also
collects the dissipated energy within the PV cell in the cooling stream. Although this energy is low grade
energy it can still be used for either domestic hot water or space heating. Fig. 9 shows an example of the
energy extracted from the hot channel, the cooling channel and the PV cell for various hot stream bulk mean
fluid temperatures, ܶ ൌ ʹͷԨ, for a cooling channel inlet temperatures of ܶௗǡ ൌ ͲԨ. It can be seen
that as the bulk mean fluid temperature in the hot channel increases there is a reduction in the energy
extracted by the hot stream. This is caused by the increased heat loss from the glass tube. However for the
constant wind velocity and ambient air temperature conditions plotted in Fig. 9 the ratio of the heat loss to
the ambient compared to the heat that is conducted towards the PV cells and cooling channel remains
essentially constant. For this reason we see a corresponding gain in the heat energy collected in the cooling
stream. Including the efficiency reduction in the PV cell with increase in temperature would affect this
relationship. However, the overriding feature of the collector is that energy lost from the high temperature
fluid stream is partially collected from the cooling stream.
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Fig. 9 Energy extraction from the hybrid receiver for G = 900 W/m2, ࢀࢉࢊǡ ൌ Ԩ2, ࢂ࢝ࢊ ൌ Ȁ࢙ , and ࢀࢇ࢈ ൌ Ԩ

Numerous approaches have been used to report the overall system performance of PVT solar collectors.
Some researchers have used the concept of a total system efficiency ߟ , which is the direct sum of the
thermal efficieny, ߟ௧ and the electrical efficiency, ߟ (eg. Bhargava et al. (1991), Bergene and Løvvik
(1995)). Other studies have scaled the electrical efficiency of the receiver using a power generation factor in
an attempt account for the high-grade energy of the electricity output (eg. Tiwari et al. (2006), He et al.
(2006)). Additionally exergy analyses are often used to evaluate the total energy conversion performance.
The primary objective of the current work was to investigate the thermal performance of the receiver, with
particular attention on the high-grade thermal energy. Despite this, with reference to Fig. 9, it can be seen
that applying the simplified total system approach referred to above, total system efficiencies in excess of
85% are capable. However, this value significantly under values the high grade thermal energy component of
the collector. Future work will focus on addressing the limitations of this work, include the influence of PV
efficiency temperature dependence and provide a thorough exergy analysis and provide an energy payback
period assessment. Further to this the ability to tune the cut-off frequencies for the thermal absorber to
customize the thermal and electrical outputs will also be addressed.
5. Conclusion
A hybrid beam splitting PVT collector has been designed for installation on linear concentrators, such as the
NEP Solar Polytrough 1200. The high temperature heat exchange fluid, propylene glycol, volumetrically
absorbs the long wavelength solar radiation (λ > 1100nm). A coloured filter contained within the propylene
glycol acts as a high pass filter absorbing energy below λ < 700nm and transmitting the remainder of the
spectrum to high efficiency, back contact silicon PV cells. A cooling channel on the back of the PV cells is
designed to collect heat dissipated in the cells in the conventional PVT collector fashion.
Computational heat transfer modeling has been conducted on the receiver for a range of incident flux, fluid
and ambient conditions. Results indicate the high temperature thermal outputs above 150ºC are capable
together with cooling channel outputs of 60ºC. PV cell temperatures were shown to be increase linearly with
both cooling channel and hot channel fluid temperature. However, for every degree in average PV cell
temperature the hot channel was shown to increase approximately 8 ºC. This indicates that the hot channel is
effectively decoupled from the PV cells
Hot channel thermal efficiency was seen to be strongly correlated with the ambient wind velocity, as the high
temperature walls of the thermal receiver tube are exposed to the wind. Despite this limitation, hot channel
thermal efficiencies greater than 50% are capable, together with simplified system efficiencies of greater
than 85%. These results demonstrate the hybrid beam splitting PVT receiver is a highly efficient solar energy
solution with huge potential to meet building energy demands.
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Summary
The goal of several projects in Europe is to develop and design collectors made out of polymers. A main
boundary condition for such polymer collectors is the possibility to use as cheap as possible polymer
material, which can typically withstand temperatures only up to about 90°C. Therefore solutions for limiting
the temperatures during stagnation are looked for. One possible solution is a collector with integrated
thermosiphon cooling, which limits the temperature during stagnation, but also allows the design of a
collector with highest possible efficiency during operation. For supporting the development work a
calculation tool is under development. It is a 1-D model which calculates all heat flows within a collector for
a finite number of elements along the manifolds and strips in the absorber resulting in a theoretical efficiency
curve. Actually the tool is validated against collector test certificates and can be used for parametric studies
changing geometry and materials of the collector. This paper presents the validation results compared to a
tested collector and some parametric studies. The possible influence of simulations on the design process is
emphasized.
Keywords: Solar Thermal, Solar Collector, Polymer Collectors, Collector Efficiency, Simulation Tool

1. Introduction
The development of cost efficient polymer collectors is strongly depending on the possibility to use low-cost
polymer material, which typically has temperature limitations of about 90 to 95 °C. Good flat plate polymer
collectors reach stagnation temperatures of at least 160 °C.

Fig. 1: Principle of the thermosiphon cooling concept of a flat plate collector
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One proposed solution is to design a best possible collector for operation and to integrate a thermosiphon
cooling element for stagnation periods which is intrinsically save and keeps the temperature within
acceptable limits. This concept enables highest possible collector efficiency and also the possibility to switch
on and off the collector loop at any time without evaporation of the collector fluid. Fig. 1 shows the principle
concept of the thermosiphon cooling concept. In fact it works like a solar thermal thermosiphon heating
system, but instead of the hot water tank an additional absorber is mounted on the rear and operates as a
cooler. Depending on the collector temperature and/or the operational status of the solar heating system a
special valve activates or closes the connection to the backcooler. Otherwise the collector operates as an
ordinary flat plate collector in a pumped solar heating system. This type of collector was developed within
the project SolPol (www.solpol.at) (Hintringer 2012, 2013).
2. Calculation Model
For supporting the design of this concept a calculation tool is under development (Thür, 2013, 2014). It is a
1-D model, which calculates all heat flows within a collector for a finite number of elements along the
manifolds and strips in the absorber (Fig. 2) resulting in a theoretical efficiency curve. Thanks to the
sequential calculation method the temperature along the fluid flow can be calculated in detail for each
register and used for further calculations of buoyancy forces and further on for a detailed flow distribution
inside the absorber (but not yet implemented).
The description of the collector in terms of geometric data and material properties is done by an input list
consisting of about 50 parameters. Also the parameter of ambient conditions like sky-temperature, ambient
temperature, global solar irradiation and wind speed above and under the collector can be defined. Actually
the solar irradiation is taken into account as a homogeneous radiation perpendicular to the transparent
collector cover. Also long wave radiation from transparent collector cover back to the environment is
calculated homogeneous to the sky temperature, where long wave radiation from collector casing back to the
environment is calculated homogeneous to the ambient temperature.

Fig. 2: Sequential calculation concept of the collector divided in n x m elements

Each element (Fig. 2) includes transparent cover, absorber, absorber pipe, insulation and rear cover. All heat
flows as shown in Fig. 3 are calculated by an iteration process starting with a calculated guess of initial
temperatures at all surfaces. Based on these temperatures all heat transfer coefficients for radiation,
convection and conduction are calculated. All fluid characteristics (air and collector fluid) like density, heat
capacity, viscosity, etc. are calculated with local temperature dependency.
In the next step all heat flows are calculated. For the absorber sheet also in detail the fin efficiency is
calculated resulting in the heat flow to the absorber pipe and further on to the fluid. Heat conductivity along
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the absorber sheet from one element to the surrounding elements is neglected. For the collector casing at the
side and the collector edges an overall, linear heat loss coefficient is determined. The heat losses therefore
are taken into account for each element in the heat balance accordingly to the share of the element area. In
the next step the new temperatures are determined and used for the next iteration loop. Actually the
difference of the fluid outlet temperature of the calculated element between two iteration loops is the criteria
for finishing the iteration loop.
This procedure is done for each element until the final fluid outlet temperature in the last manifold element is
determined. Based on the inlet temperature, the outlet temperature and the total mass flow of the complete
collector the gained heat and further the overall collector efficiency can be determined. Repeating this whole
procedure for the complete collector for increasing inlet temperatures leads in the end to the efficiency curve
of the collector.

Fig. 3: Heat flow scheme across the flat plate collector

3. Model Validation
In order to validate the calculation model a standard flat plate collector with detailed description based on a
test certificate was chosen. The reference collector is the Sunmaster SWK25 with the Test Report ITWSWT: 05COL425 (ITW-SWT, 2005) reporting the following main performance figures: conversion factor
Ș0 = 0.766, and the heat loss coefficients a1 = 3.562 W/m2K and a2 = 0.01 W/m2K2 at global solar radiation of
G = 800 W/m2. Volume flow rate of 214 l/m2h with pure water is used for both the collector test and the
theoretical calculations. Fig. 4 displays the simulation results (symbol Ÿ) compared with the measured data
of the reference collector (symbol Ŷ).
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In this example the linear heat loss coefficient of the collector edge and the collector boundary casing heat
losses is fitted by tripling the value compared to a simple calculation approach. In this simple calculation
approach only the heat conductivity through the collector side casing is calculated, neglecting any
geometrically collector edge effects or any thermal bridges of the casing. The calculation concept of the
linear heat loss coefficient still is under investigation and under development for further improvement of the
model.

Fig. 4: Validation of the calculated collector efficiency against measurements based on the tested reference collector:
Sunmaster SWK25 (Test Report ITW-SWT: 05COL425: Ș0= 0.766, a1=3.562 W/m2K, a2=0.01 W/m2K2, G = 800 W/m2)

For comparison the reference collector was also calculated with “Collector Design Program – CoDePro“
(Klein, 1992-2005), using the same input data as known from the test certificate “05COL425”. The result of
the calculation is shown in Fig 5.

Fig. 5: Calculation of the reference collector with the program CoDePro: “Experiment” equates to the reference collector
(with green line and ¸ symbols), the calculated collector equates to the black line.

500

Alexander Thür / EuroSun 2014 / ISES Conference Proceedings (2014)

4. Parameter Variation
In the following section some examples are shown how the program calculates with different parameter
variations. Mass flow and absorber material parameters were varied and are explained subsequently. In Fig. 6
the result of the comparison of different flow rates is shown. The reference collector according to the test
certificate (ITW-SWT, 2005) was measured as “high flow” with about 214 L/m2h. Alternatively the collector
was calculated as a “low flow” collector with a flow rate of only 21 L/m2h. The result shows a difference of
the collector efficiency at low temperatures of about 2 to 3 % relative, where at high temperatures the
difference is getting smaller and reaching zero close to stagnation temperature. The difference can be
explained by higher heat transfer coefficients at higher flow rates, which has decreasing influence at higher
temperatures due to significant decreasing in viscosity of the water glycol mixture.

Fig. 6: Comparison of the reference collector: high flow (symbol Ŷ) as measured vs. low flow (symbol Ÿ)

In Fig. 7 the influence of absorber material is investigated. The reference collector has a copper absorber
(conductivity = 385 W/mK) with selective coating and distance between absorber pipes of about 106 mm.
Only changing the absorber material from copper to aluminium (Fig. 7 left) with the same thickness
(conductivity = 235 W/mK) shows only little decreasing efficiency. That’s why aluminium absorbers with
slightly thicker absorber sheets are absolutely competitive on the market. But as Fig. 7 right shows, if a
polymer absorber (PP with conductivity = 0.235 W/mK) again with the same thickness and distance of
absorber pipes is used, the efficiency is unacceptable low.
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Fig. 7: Comparison of different absorber materials (left): reference collector with copper absorber (symbol Ŷ) and calculated
with aluminium absorber (symbol Ÿ); right: reference collector with copper absorber (symbol Ŷ) and calculated with polymer
absorber (symbol Ÿ)

Within the research project SolPol polymer collectors were developed, calculated and also measured at
outdoor test facilities. In Fig. 8 the polymer collector is calculated (Ș0 = 0.75, a1 = 7.9 W/m2K,
a2 = 0.033 W/m2K2) and compared with a standard flat plate collector with non-selective copper absorber
(Ș0 = 0.75, a1 = 5.4 W/m2K, a2 = 0.021 W/m2K2) marketed from Solarverein Trier in Germany as the “K16”
(Solarverein Trier, 2009). The result shows no significant difference at low temperatures which indicates
equal optical efficiency, but increasing heat losses at higher temperatures indicating potential of
improvement of the thermal quality of the collector casing. This can be explained by the fact, that the back
insulation thickness of the calculated and tested polymer collector is only 20 mm.

Fig. 8: Comparison of a polymer collector (symbol Ÿ) with a non-selective coated standard flat plate collector (symbol Ŷ)

Nevertheless, as shown in the next section, it might be possible to use this „poor“ collector in a favourite way
under specific operation conditions.
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5. Annual Simulations
The idea of the polymer collector with temperature limitation is to keep the absorber temperature below
about 90 °C in order to be able to use cheap polymer material for the absorber and the complete collector as
well. Additionally, due to the temperature limitation during stagnation the liquid in the collector does not
evaporate. This allows to start the pump again at any time also during periods of full solar irradiation. In
conventional high performance flat plate collectors the collector liquid vaporizes during stagnation with high
solar irradiation, which means that it is impossible to start the pump in this situation. This can be a
disadvantage during the day, when after hot water tapping solar energy could be used to heat the tank. In this
case the system has to wait until the solar irradiation has decreased that much that the collector liquid has
condensed again, which happens on nice days in the evening only. Only then the pump can start again.
For analyzing the potential of the temperature limited polymer collector annual simulations were performed
with (Polysun, 2014) with the following boundary conditions. A solar domestic hot water system is defined
with a daily hot water load of 200 L/day at 50 °C. The hot water storage is chosen for a “large” system with
295 liters (295L) and for a “small” system with 100 liters (100L). The maximum temperature allowed in the
tank is 65 °C.
As solar collector on the one hand side a conventional flat plate collector (FK) with the efficiency parameter
of Ș0 = 0.80; a1=3.0 W/m²K; a2 = 0.010 W/m²K² is used. For this collector the maximum temperature is
defined with 100 °C. This means that the pump is allowed to run only, if the collector temperature is below
100 °C. On the other hand a temperature limited polymer collector (OHC) with the efficiency parameter of
Ș0 = 0.77; a1 = 6.1 W/m²K; a2 = 0.007 W/m²K² is used. The solar heating system with this collector is allowed
to run the pump at any time when the hot water storage needs energy.
The calculations are performed for 3 different climates: City of Innsbruck (IBK) in central Europe (Latitude:
47° N), Athens (ATH) in Mediterranean climate (Latitude: 38° N) and Johannesburg (JOH) in South Africa
(Latitude: 27° S). The collector slope was chosen accordingly to the latitude with 45, 35 and 25 °
respectively. The annual global solar irradiation on the collector aperture area resulted in 1425 (IBK), 1709
(ATH) and 2285 kWh/m2 (JOH) respectively. In Fig. 9, 10 and 11 the results are presented in terms of solar
fraction as a function of collector area (one collector represents 2 m2 collector area).
In Innsbruck climate (Fig. 9) the result shows clearly, that the solar hot water system with the high
performing flat plate collector (FK) always reaches significant higher solar fraction. This is what is expected
typically.

Fig. 9: Solar fraction of solar hot water systems with different collector types and hot water storage volumes for climate like in
Innsbruck
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In Athens the result is not that clear anymore, as Fig. 10 shows. For the solar hot water system in
combination with the small 100 liter tank the temperature limited collector (OHC) can reach slightly higher
solar fractions than the system with the high preforming flat plate collector. With the large tank still the
system with the conventional flat plate collector (FK) is slightly better.

Fig. 10: Solar fraction of solar hot water systems with different collector types and hot water storage volumes for climate like
in Athens.

Coming closer to the equator, in Johannesburg the result is almost completely different, as Fig. 11 shows.
Especially the solar hot water system with the temperature limited collector (OHC) and the small hot water
tank (100L) reaches a significant higher solar fraction than the system with the conventional collector (FK).

Fig. 11: Solar fraction of solar hot water systems with different collector types and hot water storage volumes for climate like
in Johannesburg.
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6. Conclusions
A tool for theoretical calculation of the collector efficiency curve was developed and validated against a
reference collector with a recognized test certificate. The tool can be used for parametric studies changing
geometry and materials of the collector. Parameters changed and investigated in the study as examples are
flow rates, absorber material (copper, aluminium, polymer) and a calculation of a new developed polymer
collector in comparison to a non-selective conventional flat plate collector.
Annual simulation studies of solar hot water systems in different climates showed that a temperature limited
solar collector made out of low-cost polymer materials, which is temperature limited to below 90°C, can
perform better than a high performing selective coated flat plate collector under specific operation conditions
in regions near the equator (Latitude < 35 °).

This project is financed by the “Klima- und Energiefonds” and performed in the framework of the program
„ENERGY MISSION AUSTRIA“.

7. References
Hintringer, C., et.al., 2012. CFD basierte Bewertung eines Kunststoffkollektors. Gleisdorf Solar 2012.
Gleisdorf. Austria.
Hintringer, C., et.al, 2013. Entwicklung eines eigentemperatursicheren Kunststoffkollektors. 23. OTTI
SYMPOSIUM Thermische Solarenergie. Kloster Banz – Bad Staffelstein. Germany.
ITW-SWT, (2005), Prüfbericht 05COL425, Stuttgart: http://www.tzs.uni-stuttgart.de/abteilungen/tzs/PDFPruefberichte/05col425.pdf
Klein, S.A., (1992-2005), Energy Equation Solver – EES, Collector Design Program - CoDePro, University
of Wisconsin – Madison, USA: http://sel.me.wisc.edu/codepro/new_codepro.html
Polysun, 2014, Polysun Simulation Software Ver. 7, http://www.velasolaris.com
Solarverein Trier, (2009), The Solar Collector K16 – product information. http://www.solarvereintrier.de/index.php?id=107&L=2
Thür, A., et.al., 2013. Entwicklung eines physikalischen Kollektormodells mit eigensicherer
Temperaturbegrenzung. 23. OTTI-SYMPOSIUM Thermische Solarenergie. Kloster Banz – Bad Staffelstein.
Germany.
Thür, A., et.al., 2014. Validierung und Anwendung eines Kollektorrechenmodells zur Entwicklung eines
Kunststoffkollektors mit eigensicherer Temperaturbegrenzung. 24. Symposium Thermische Solarenergie.
Kloster Banz – Bad Staffelstein. Germany.

505

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 - 19 September 2014

Hydropower Generation by Solar Thermosyphon
1

1

1

Hiro Yoshida , Haruhiko Imada , Naoto Hagino , Naoyuki Yada
1

1

Institute for Advanced Utilization of Solar Energy, Kanagawa Institute of Technology, Atsugi (Japan)

Abstract
Solar thermosyphon (TS) consists of thermal collector, condenser (recuperater), reservoir, and heat
exchanger. The TS collects solar heat at the roof and carries it to the downstairs 4 m below the collector
without using pumps. The working medium of the TS is water. Temperature of the collected heat ranges 70
to 80 oC at the highest (low temperature heat). Hydropower generation using the TS was attempted for the
first time. At present, the observed power output was 10 -6 W in the order of magnitude for the solar
irradiation of 500 to 1400 W and the thermal coefficient was in 10 -9 level, very low. Since Carnot’s
coefficient is 0.13 for the present heat sources, there is a great margin for the future improvement. The main
reasons of such low efficiency were considered to be due to 1) lack of stability of the TS circulating flow, 2)
losses of heat and fluid flow, and 3) improper design of impellors. A mathematical model of the TS
performance was given. In the model main driving force of the TS is assumed to be the buoyancy force by
the steam bubbles. Verification of the model is under study.
Key words: Solar Thermosyphon, Water, Low Temperature Heat, Hydropower Generation
1. Introduction
If we simply place a water tank under the sunshine, we may see often that the temperature of the water in the
tank indicates 50 - 70 oC in a couple of hours. It is true in the Kanto area, Japan. We know that heat at those
temperatures (low temperature heat) is abundant and easy to collect. Utilization of the solar energy is the
worldwide issue these days. There are numerous attempts on the power generation using solar heat. In most
cases, however, the solar irradiation is collected by using the optical equipment such as mirrors and lenses in
order to focus the solar beam and to get higher temperature working medium. In such cases, the temperatures
are above 300oC (see, for example, Ma, Glatzmaier, and Kutscher, 2012) .The heated medium is used to run
the gas- or the steam-turbines. On the other hand, the solar devices utilizing low temperature heat below
100oC are relatively limited. In most cases, the solar heat is used as the heat, such as the bath, shower, floorheating and so on. The solar thermosyphon (hereafter, TS) is one of the useful devices for collecting solar
heat. The authors developed a self-circulating solar thermosyphon (Ito, Tateishi, and Miura 2007, Hagino
and Yoshida 2011, Imada, Hagino, and Yoshida 2013). The TS is a closed loop of a pipe and has a simple
structure. It collects solar heat at the roof and transports it to the ground floor, which is 4m below the
collector, without using pumps.
As far as we use the TS as a heat supplying device, its major purpose seems to be almost attained. We know
that the amount of the heat (below 100 oC) collected by the TS is enormous and the ways of the usage of the
low temperature heat has been rather limited. Thus the authors come to think of the hydropower generation
using the TS. Such idea may be profitable for the effective utilization of the low temperature heat which has
been dumped so far. In this paper we describe the first attempt of the hydropower generation by TS.
2. Experimental setup
Figure 1 shows the schematic diagram of the TS (Yoshida, Imada, and Hagino, 2014). In this figure, T1-T8
and P1-P2 are the sensor locations for the temperature and pressure. The temperature was measured by
thermocouple of K-type, whose precision was ѹ0.1 oC. The TS is a closed loop of cupper pipe with 20.2 mm
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Figure 1. Schematic diagram of solar thermosyphon with
hydropower unit.

Figure 2. Hydropower unit in TS.

inner diameter. The working fluid is water. The TS loop is kept under 10 kPa to allow boiling of water at low
temperatures, i.e. 60 – 70 oC. It consists of the solar thermal collector, the condenser (recuperater), the
reservoir, and the heat exchanger. The thermal collector is 1.98 m tall and 0.98 m wide, i.e. 1.94 m 2. Center
of the thermal collector is 4 m above the ground. When the thermal collector receives the solar irradiation,
the water contained in the collector is heated and partly boils to generate steam bubbles. The buoyancy force
of the steam bubbles is considered to be the driving force of the TS circulating flow. The circulating flow
conveys thermal energy collected by the thermal collector to the downstairs. The condenser is set to remove
the latent heat of the steam bubbles and to condense them. The condenser consists of inner and outer pipes.
The hot fluid flows in the inner pipe and the cold fluid flows in outer pipe. The condenser also acts as a
recuperater, which preheats the inlet flow to the thermal collector. Actually, however, the condensation
process in the condenser is not always complete. There are cases in which some of the bubbles seem to flow
in to the reservoir. Although the steam bubbles finally disappear in the reservoir, the excess bubbles flowing
to the reservoir often disturb the base pressure in the TS. This pressure change causes boiling temperature
change in the thermal collector. As a result, intermittent boiling (burst boiling) occurs and such boiling
incidence results in the violent oscillation of the TS circulating flow.
In the first step, we consider a hydropower generation instead of Rankin cycle. The largest difference
between the TS hydropower generation and Rankin cycle is that the former needs no compressor. The
present TS power generation system is the simplest one. The hydropower generation unit is set between the
reservoir and the heat exchanger. The generation unit is shown in Figure 2 (Yoshida, Imada, and Hagino,
2014). Precision of the electric volt measurement has not exactly evaluated yet due to the threshold voltage
of the diodes in the rectification circuit. The true wattage must be somewhat higher than the measured values.
3. Mathematical model of TS flow
3.1. Driving Force
Since the contribution of the density change of water to the buoyancy force is negligibly small, the driving
force of the TS circulation, Fb, is assumed as the buoyancy force by the steam bubbles. The driving
mechanism of the TS may resemble that of the air-lift pump (JSME Handbook, 1986). The buoyancy force is
given as:

§ U'
·
F b gM h F ¨¨
 1¸¸
© U'' ¹

(1)
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, where g, Mh, F, U’, and U’’ are the acceleration of gravity, the mass contained in the thermal collector
section, dryness of the fluid, density of liquid water in the thermal collector, and density of gaseous steam,
respectively. The dryness is defined as the mass ratio of the steam to the density of the gas-liquid mixture. In
some experiments, the Fis common but the background pressure is different. In those cases, U’’should be
modified according to the pressure to represent the buoyancy force correctly.
The dryness F is correlated with the heat input (the solar irradiation) Q:

(2)
Q m C ' 'T  Cl F
, where m, C’, Cl, and 'T are the mass flow rate, specific heat of water, the latent heat of evaporation, and the
temperature difference between the outlet and the inlet temperatures of the medium, respectively. Thus the
driving force Fb is given as a function of the Q:

§ gM h
F b ¨¨
© Cl

·§ U '
·§ Q
·
¸¸¨¨
 1¸¸¨  C ' 'T ¸
¹
¹© U ' ' ¹© m

(3)

3.2. Equation of Motion
According to the results in the laboratory experiment, the entire flow behavior of the TS is empirically
supposed to be governed by the following equation:

M

du
F b  Ru
dt

(4)

, where M, u, t, and R are the total mass of water contained in the TS, the velocity, the time, and a factor of
resistance, respectively. The u and R in eq.(4) are considered as the averaged values for the whole TS. In the
laminar pipe flow, the flow resistance is proportional to the u (Bird, Stewart, and Lightfoot, 1960), i.e.

Ru | A'p

§ 64 ·§ L ·§ 1
·
A¨ ¸¨ ¸¨ Uu 2 ¸
© Re ¹© D ¹© 2
¹

8SQLUu

(5)

, where A is the averaged cross section, 'p is the total pressure loss, Re is Reynolds number defined by Du/Q,
L is the total pipe length, D is the averaged diameter of the pipe, Q is the kinematic viscosity, and U is the
density of the medium. Eq.(4) can be solved analytically under the initial condition of u=0 at t=0:

ª
§ R ·º
u uf «1  exp ¨  t ¸», uf
© M ¹¼
¬

Fb
R

(6)

, where uf is the final velocity. The mass flow rate m is given as:

m

AUu | AUuf | Fb

(7)

, where A andUare the averaged cross sectional area of the pipe and the density of the medium.
3.3 Power
Referring to eqs.(3) and (6), the power Pw of the TS is roughly estimated as

Pw | uf Fb v Q

  

(8)

Equation (8) is not necessarily exact, but it suggests a possible trend of Pw as a function of Q i.e. Pw tends to
increase as Q increases. Equations (7) and (8) and suggests
(9)
mvQ
The mathematical model was considered based on our experience in the series of laboratory experiments
(Hagino and Yoshida, 2011, 2012). Verification of the model is under study.
4. Experimental results

6RODULUUDGLDWLRQDQGLQGXFHGIORZ
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Figure 3 Solar irradiation at Nov 5, 2013.

Figure 5 Output voltage on the same day.

Figure 7 Hydropower output vs mass flow rate.

Figure 4 Mass flow rate on the same day.

Figure 6 Mass flow rate vs solar irradiation.

Figure 8 Hydropower output vs solar irradiation.
Dotted line shows a trend of maximum power output
drawn empirically.

Figure 3 shows a trace of the solar irradiation intensity on November 5, 2013. In Atsugi area Japan, the
maximum irradiation intensity is not beyond 1000 W/m2 though a year. The spikes in the afternoon are due to
shades of clouds and the artificial obstacles. The corresponding mass flow rate is shown in Fig.4. Except the
period of 12noon to 13:30pm, sever oscillatory flow occurs in the TS. This phenomenon of instability is
considered to be due to the burst boiling at the thermal collector (Imada, Hagino, and Yoshida, 2013). The
burst boiling is brought by the remarkable fluctuation of the background pressure, which is caused by the
lack of condensation ability of the condenser. That is, the solar irradiation causes boiling in the collector. The
steam bubbles by the boiling need to be properly condensed. Otherwise, excess bubbles increase the
background pressure in the TS and the boiling temperature changes. It is understood now the proper design
of the condenser and the reservoir can overcome such instability.
Figure 5 shows the voltage of the hydropower generation. The voltage output can be perceived in the period
except noon and 13:30pm. In the period of noon to 13:30pm, the mass flow rate seems to be under a
threshold level for the power generation. Figure 6 shows the mass flow rate as a function of the solar
irradiation. The TS starts to circulate when the irradiation is over 500 W. Figure 7 shows the hydropower
generation as a function of the mass flow rate. The threshold value of the power generation is above 20 – 30
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g/s. Although the power output is very small at this stage of the research, this is the first attempt of the power
generation using the solar thermosyphon. It should be emphasized that the temperatures of heat source and
sink are 70 and 25 oC, respectively. Figure 8 shows the hydropower generation as a function of the solar
irradiation. The power can be detective for the mass flow rate above 0.03kg/s.

7KHUPDOFRHIILFLHQW
Carnot’s coefficient of the TS is calculated as 0.13 for the temperatures of 70 oC (heat source) and 25 oC
(heat sink). On the other hand, the actual coefficient is calculated as the order of 10 -9, extremely low. The
main reasons of this are considered to be due to 1) lack of stability of the TS circulating flow, 2) losses of
heat and fluid flow, and 3) improper design of impellors.
5. Conclusions
Hydropower generation using the self-circulating solar thermosyphon was first attempted for the temperature
range of 25 – 70 oC, i.e. low temperature heat. At present, the thermal coefficient for the power generation is
extremely low. Comparing to the Carnot’s coefficient (theoretical maximum), however, there is a great
margin for the further improvement of the hydropower generation by the solar thermosyphon. Reminding
that the yearly averaged coefficient of the photovoltaic cell is 7 % (Chen and Riffat, 2011), we may say that
the present generation system with 0.1 % coefficient, i.e. roughly 1/10 of the yearly averaged coefficient of
the PV cell, still seems to be meaningful. The present research was supported by the special fund of KAIT.
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Appendix: NOMENCLATURE
Symbols
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Notes

Units

A

cross section of pipe

m2

C’

specific heat of water

Jkg-1 K-1

Cl

latent heat of evaporation

Jkg-1

D

inner diameter of thermosyphon pipe

m

Fb

buoyancy force by boiling bubbles

N

g
L
m

gravitational acceleration
total length of pipe, eq.(5)
mass flow rate

ms-2
m
kgs-1
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M
Mh
Q
Pw
R
Re
'T
t
u
uf

F
U, U’, U’’

total mass of water contained in thermosyphon
kg
mass of water contained in heating section
kg
heat input at heating section
Js-1
power generated by thermosyphon
Js-1
coefficient of flow resistance, eqs.(4), (5), (6)
Nms-1
-1
non-dimensional
Reynolds number, uDQ
difference between outlet and inlet temperatures of heating section
K
time, eqs.(4), (6)
s
flow velocity
ms-1
final velocity defined by eq.(6)
ms-1
dryness in heating section
non-dimensional
density,’ and ’’ indicate densities of water and steam, respectively
kgm-3
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Abstract
European trends push towards the smart integration of renewables in building components guaranteeing robust
and plug & play solutions. This approach seems particularly favorable for the retrofit sector, where,
nevertheless, there is still a big lack of this kind of products. In this direction, a solar cooling “double
integrated” system has been designed and assessed. A solution has been developed to directly integrate a triple
state absorption module - with LiCl and water as working couple - in a Sydney type vacuum tube solar collector
(Hallström et al. 2014). Secondly, a system layout for integrating this component in a metal-glass curtain wall
has been defined. The result is a fully integrated solar active façade module directly generating and distributing
heating and cooling to the indoor environment. Sorption collectors with air-based heat transfer have been
modeled and simulated in order to depict components and overall system performance figures needed for the
prototype integration in the building system. A TRNSYS model, based on validated components, has been
parametrically run and simulation results analyzed. Results highlight a quantitative and qualitative analysis of
potentials and limits of this double integrated (façade and solar collector) cooling technology.
Key-words: solar cooling, building integration, sorption collector.

1. Introduction
As described in (Hallström, et al. 2014), the patented triple state absorption module - with LiCl and water as
working couple- is based on a batch process similar to adsorption and occurs in a sealed glass tube under
vacuum. Besides the absorption module, one major innovation comes from the way this technology is
integrated into a complete solar cooling system. By linking the heat source (sun power through the collector
absorber) directly with the sorption material, the system is greatly simplified. Instead of pumping hot water
from a solar collector, the sorption units are integrated into the solar collector and hence heated directly by the
solar irradiation. Each sorption unit can be conceptually divided in two parts: the reactor and the
condenser/evaporator. A variable number of units are then connected by one heat exchanger at the reactor and
one other at the condenser/evaporator sides. Since solar irradiation is only available during the day, day time
is naturally reserved for desorption: salt solution desorbs in the reactor with simultaneous heat rejection at the
condenser; when irradiation stops, absorption can run with cooling effect at the evaporator and heat rejection
at the reactor. Hence. de- and absorption times are depending on the presence of direct solar radiation and
therefore on the façade orientation.
The concept has already been proven for an integrated flat plate sorption collector for roof installations in the
EU LIFE11 ENV/SE/838 SUNCOOL project as reported in (Blackman, et al., 2014) and (Hallström, et al.,
2014). The dynamic interaction with the building energy system as a whole and further developments of the
prototype aim at decreasing system complexity, lowering costs and increasing performance. Hence, these
activities have been taken over within EU FP7 Inspire project (www.fp7inspire.eu) in order to integrate
sorption modules in a vacuum tube collector and the overall component in the opaque part of a standard metalglass façade module. Two main layout concepts have been developed for the façade integrated collector, one
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using liquid (water or water/glycol) and one air as heat transfer medium. Similar for both concepts are the
thermal processes within the tubes and the main operation cycles. On the contrary, main differences between
the two concepts are in how the energy is transferred from the sorption modules to the heat transfer medium
and to the indoor air and how the collector interacts with the building heating and cooling system. Air-based
concept seems to be more promising because of the following reasons among others. Firstly, the overall
aeraulic system is less complex than a hydraulic layout - for example, there is no need for a dry cooler for heat
rejection or for a water-water heat exchanger for power distribution to the indoor ambient. Then, all
components are independent from the other building services: it needs just electric power connection and no
valves for the coupling to the existing energy system. Finally, the design of the internal heat exchangers is
simpler. A graphic layout of the air based sorption collector is illustrated in Fig. 1.

Fig. 1: Graphic layout of the complete air-based sorption collector

Cellular metal-glass curtain walls for the retrofit of existing building are an interesting field of application of
the sorption collector technology. Firstly, this façade typology is mainly prefabricated offering good possibility
of integration of other components directly in the production line. Hence, the façade integrated sorption solar
collector can offer a “plug and play” and turnkey solution. Secondly, in the field of retrofit, old curtain walls
can be removed and replaced with new ones with relative simplicity. Furthermore, cooling and electric loads
are usually relevant also in cold climate. Finally, in tertiary office buildings’ the degree of penetration of
sustainable retrofit seems to be higher (Itard, et al., 2008).
The work here presented investigates the energy performance of a façade integrated air-based sorption collector
for the retrofit of existing office buildings. It provides performance data for the system integrated with a
building room showing the directions for further developments and analyses to be done as next steps.
2. Methods
2.1 Air-based sorption collector description
The air-based sorption collector operation principles are the same as for the water-based system and are well
explained in (Hallström, et al. 2014) and (Füldner, et al., 2013). A first air-based prototype has been developed
and built in order to verify its performances. It is composed by four sorption tubes, each one integrated in a
custom made evacuated Sydney type vacuum tube and wrapped in a folded aluminium sheet heat exchanger
on both the reactor and condenser/evaporator side. The reflectors have been specifically designed for this
application in order to maximise the optical efficiency of the collector.
The prototype has been tested in lab under controlled boundary conditions and its operation verified and
characterised from an energy and fluid dynamic point of view. Some of the results from the measurements are
shown in Fig. 2. The test results have been used to verify the design assumptions made and to calibrate a
dynamic TRNSYS model which is similar to the one described in Hallström, et al. 2014.
To be competitive from a design point of view, the façade integrated sorption collector has to be composed by
the easiest configuration of electric, aeraulic and hydraulic components in order to reduce the electric parasitic
consumption, the installation and maintenance efforts. A possible aeraulic layout is shown in Fig. 3. The system
is based on standard aeraulic components: two constant speed fans and eight controlled dampers. This
configuration allows all possible heat exchanges among reactor, condenser/evaporator, indoor and outdoor
environments. Hence, for example, heat rejection could be realized using either indoor or outdoor air depending
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on the available temperatures and season.

Fig. 2: Energies, powers and heating and cooling efficiency for the 10 dynamic test measurements.
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Fig. 3: Conceptual sketch of the air-based sorption collector aeraulic layout

2.2 Reference façade and room
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The sorption collector has been then further developed for its integration in a curtain wall serving an office
building. The curtain wall considered is a cellular metal-glass double skin façade module (1.5 m width and 3
m height) with opaque parts below and above the transparent one. The glazed part is composed by an internal
double glazing, about 0.2 m of air cavity and an external single glazing. The upper part of the cavity hosts a
small fan for the façade ventilation and for the retractable shading system (standard venetian blinds). The
reference curtain wall has a transparent to total areas ratio of about 2/3, following the most common
architectural trends of office building. The sorption collector is integrated in the lower opaque area, in a depth
of circa 0.3 m with a 8 mm single glazing covering frontally the collector for safety reasons and giving the
façade the one single plane appearance. The upper opaque part cannot be exploited as active surface in the
current version of the façade module and therefore it has been considered neither for the sorption collector nor
for the building physic calculation. Hence, the façade module can be simplified as in Fig. 4.

Sorption
collector

1.5 m
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Fig. 4: Simplified sketches of the façade and of the sorption collector integration

The aeraulic layout proposed in the previous paragraph has still to be designed in detail and therefore is not
represented in Fig. 4.
An office of 6 m depth and 4.5 m wide with three workers has been considered as reference room. It is equipped
with one fancoil acting as backup, connected with the building energy system. Moreover, the room has a
primary ventilation system assuring the needed hygienic air changes.
2.3 Façade integrated sorption collector model description
The overall system model has been done in TRNSYS 17, joining together different sub-models following the
real components layout. Type 56 is used as building model. At the current step of the study, the mechanically
ventilated double skin façade has been simplified to a single skin that is also only non-adiabatic surface. This
simplification is realistic considering a general office room at an intermediate floor of a tertiary building: the
more floors the building have, the closer thermal behavior to the model the room will show. The façade
construction follows the specification of standard curtain walls: double glazing system (U-value of 1.1 W/m²K
and g-value of 0.5), external movable shading (߬ = 0.15, ߙ = 0.35, ߩ = 0.5) and highly insulated spandrel
with external opaque glazing (U-value of about 0.3 W/m²K). The other main building model boundary
conditions are summarized in Tab. 1 and Tab. 2.
Tab. 1: Summary of the main room geometry boundary conditions

Unit of measure

Value

Office area

[m²]

27

Office air volume

[m³]

81

Nr of façade module

[mod]

3

Nr of adiabatic
surfaces

[nr surf]

5

Fac1

Fac2

Fac3

Adiabatic
surface

6m

Parameter

4.5 m
Fan Coil

Internal brick walls, floating floor and suspended ceiling are set in the model. More detailed information about
the room simulation boundary conditions are provided in (Di Pasquale et al., 2014).
Tab. 2: Room model boundary conditions

Parameter

Unit of measure

Value

Nr workers

[worker]

3

Fresh air changes per person

[m³/s/p]

0.011

External air infiltration

[1/h]

0.15

Appliances electric load

[W/m²]

16

Lighting electric load

[W/m²]

12.5

Heating set point (hysteresis)

[°C]

21 (-1)

Cooling set point (hysteresis)

[°C]

25 (+1)

The building model is intended to be enough general to represent a common office room. It has not been
validated against measured values, even if cooling and heating energy demands are in line with the results in
(Di Pasquale, et al., 2014).
The sorption collector is modelled with type 827 (Hallström, et al. 2014) for the sorption tube and type 832
(Haller, 2012) for the optical transmission of solar irradiation. Type 827 gives as output the whole set of
collector temperatures and powers. These values are needed to couple the sorption collector and the building
model. The room spandrel is dynamically coupled to the sorption collector back temperature. On the contrary,
the influence of the indoor air temperature on the sorption collector performance has not been modeled under
the reasonable assumption of low heat fluxes due to the thick insulation layer on the collector back. The façade
integrated sorption collector has an aperture area (coincident with the reactor side of the collector) of 0.89 m²
per façade module. External glazed cover, Sydney tubes and reflectors optical performances have been
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calculated using ray tracing method during the design phase providing the longitudinal and transversal IAM
for the façade integrated sorption collector configuration.
Fans, dampers and ducts of the aeraulic layout are simulated with standard component from the TRNSYS (base
and TESS) libraries. Hygrometric air properties at the collector inlet and outlet are calculated. Fans power has
been calculated starting from the hypotheses of a constant fan electric efficiency of 13%. This value has been
derived from the datasheet of a commercial axial fan. From the efficiency, the actual consumption for different
pressure drops and mass flow rates can be calculated as ݍሶ = ݂݂݁ ή ݍ
ሶ (eq. 1). The pressure drop-mass
flow rate curve was available thanks to the lab measurements. In order to achieve a good difference of
temperature, mass flow rate is set to 30 kg/h/m²ap. Hence, the calculated electric power consumption are 1.74
W/m²ap and 4.86 W/m²ap respectively for the RE and CE fans.
Weather data used in simulations are taken from Meteonorm, with statistical data for the period 1986-2005 for
global radiation and 2000-2009 for temperature, humidity, precipitation and wind speed.
The main model limitation are therefore: mechanically ventilated DSF is simplified into a single skin with
double glass and external shading system; the thermal influence of the room indoor air on the sorption collector
behavior is neglected; the air hygrometric properties are calculated, but the condenser outlet air temperature is
not adjusted in case of condensation meaning that the sorption collector act only on the sensible heat transfer.
2.4 Sorption collector model calibration
The testing of the prototype collector has been performed in a solar simulator at the Fraunhofer Institute Solar
Energy Systems (ISE) in Freiburg. The collector was set up perpendicular to the solar lamps and connected to
air inlet and outlet on both reactor and condenser/evaporator side. Four different types of steady state
measurements have been used to calculate the optical efficiency as well as all thermal loss coefficient of the
model, i.e. reactor tube losses, reactor manifold losses, C/E manifold losses, and internal losses. Among the
steady state measurements were conventional stagnation tests at 600 and 800 Wm-2 respectively. For fitting
the dynamic behaviour of the sorption modules an additional 10 dynamic cycle tests of desorption/absorption
with varying solar intensity, flows and inlet temperatures were performed. An exemplary result of model
calibration is shown in Fig. 5. As can be seen the agreement between experimental and simulated results is
very good.

Fig. 5: Fitting of model to dynamic test measurements with 600Wm-2 intensity and ambient inlet temperatures.

2.5 Control strategy
Control strategies are based on controllers (mainly signal out of hysteresis) combined among them in control
schemes: each scheme defines which component has to be turned on or off. The whole control depends on the
following variables which can be also easily measured in a real application.
x The indoor temperature: it defines whether the indoor environment needs heating or cooling or if it is
in heating or cooling drift conditions.
x The incident direct radiation: it determines whether the solar direct radiation is impinging on the
collector plane and therefore whether it is possible to allow desorption, absorption, or heating from the
reactor absorber as a standard collector.
x The reactor absorber temperature: it allows controlling the desorption and absorption phases’ starts at
a sufficient high and low temperature respectively.
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x The heat rejection temperature difference and the power distribution temperature difference: these two
temperature differences stop cooling or heating distribution when the value is below defined set points.
From these controllers, the following control schemes - referring only to the sorption collectors devices - are
generated.
x Absorption phase with cooling power generation from the evaporator and heat rejection at the reactor:
CE and reactor fans are both started. CE dampers are set in order to take indoor air and distribute the cooled
air to the indoor environment. Air flowing through the reactor dampers is taken and rejected from/to the
outside. Signal is 1 if there is cooling demand, no direct sunshine on the collector plane, a sufficiently low
reactor absorber temperature and if the inlet air is lower than the indoor air.
x Desorption phase: solar radiation is absorbed at the rector and heat has to be rejected at the condenser.
Hence, condenser fan starts and outside air is used. Signal is 1 if there is no heating demand, direct sunshine
on the collector plane and a sufficiently high reactor absorber temperature.
2.6 Parametric runs and performance indicators
Parametric analyses have been performed changing the climatic location (Stockholm, Stuttgart, Rome) and,
the façade orientation (East, South, West), getting sorption collector energy performances and its impacts on
the target office room. All other simulation parameters are kept constant through the parametric runs and are
calculated from the current prototype measurements as described above.
Simulations results have been compared in terms of standard indicators such as Electric Efficiency Ratio
(EER), Solar Fraction (SF), cooling efficiency (ߟ ), Energy Index (EnIND) and Losses rate (SULOSS),
calculated at daily, weekly, monthly and yearly scales with the equation 2, 3, 4 and 5.
ܴܧܧ =  Qሶ ௌ_ ൗ Qሶ ௌ_௧ (eq. 2), ܵܨ =  Qሶ ௌ_ ൗ Qሶ ௗ (eq. 3),
ߟ =  Qሶ ௌ_ ൗ Qሶ ௌ_௦ (eq. 4),   = ܦܰܫ݊ܧQሶ ௌ_ ൗA (eq. 5).
Qሶ ௌ_ is the sorption collector sensible cooling power calculated as the sensible heat flux removed from the
air passing through the collector; Qሶ ௌ_௧ is the electric power consumption needed for the sorption
collector’ fans and used to generate cooling (both desorption and absorption phases); Qሶ ௗ is the room
sensible heating demand; Q ௌ_௦ is the global solar power available at the collector aperture surface during
desorption times and A is the collector aperture area.
3. Results
Typical operation cycles in cooling mode are shown in Fig. 6. Negative power and energy values indicate
cooling. While the direct radiation is impinging the collector plane (roughly from 9 am to 18 pm for a south
oriented façade in summer), the reactor absorber reaches the temperature needed to start desorption and the
condenser rejects heat at about 40°C to the external environment with a power exchange of about 0.3 kW.
Concentration of solute in the CE increases up to almost 1 (minimum cannot be below 0.4). Indoor air
temperature is kept within the set point hysteresis thanks to the fancoil. At the point when direct solar radiation
is zero and reactor absorber temperature is decreased below 50°C, the cooling generation starts in the CE.
Fresh air between 10°C – 15°C is delivered into the room, cooling down the indoor air at a power of about 0.3
kW. In parallel, heat rejection occurs in the reactor with an outlet air temperature peak of about 40°C down to
30°C at the end of the absorption cycle. Absorption lasts for a number of hours depending on the charge rate
(up to 7), during which the CE discharges the accumulated power keeping the indoor air between the desired
set points. West cases show the less favorable behavior: desorption and therefore absorption start later in the
day: cooling loads decrease in the late afternoon when the sorption collector lowers the indoor temperature
below the minimum allowed temperature causing a stop in the absorption even if some more cooling power
could be still distributed.
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Fig. 6: Late September in Rome for a south oriented façade.

One of the best cases, among the simulated ones, is shown in Fig. 7 in terms of monthly values during the year.
For a East oriented façade in Rome, the sorption collector cooling production reaches its maximum value in
summer (June) with values of about -50 kWh/m2 for qcool. ߟ trend shows a quite constant value around
20% from February to October. SFcool is above 50% in several months of the mid-season and cold seasons;
EERcool is below 10, between 3 and 8 with its maximum in April and its minimum in December.

Fig. 7: Yearly trend of monthly values of energy and main performance indicator for east façade orientation in Rome.

Taking Rome as an example, for the three façade integrated sorption collectors, the cooling power delivered
to the indoor ambient has two peaks of frequency, one at about -0.2-0.3 kW and one close to -0.1 kW
(representing the final delivery phase during which the remaining charge is really low). Interesting to be
noticed is that South and West are performing better than East in terms of power with about 0.1 kW more in
the frequency distribution peaks, even if the latter has a greater number of time step of cooling distribution
with power <0 kW. South oriented collectors generate the highest cooling powers with values around -0.5 kW.

Fig. 8: Frequency and cumulated frequency distribution for the cooling power generated by the sorption collector for the three
orientations in Rome. Negative power values indicates cooling.
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Tab. 3 reports the yearly performance values for energies and performance indexes for all climates and
orientations. SFcool are above 30% for Stockholm, between 23% and 33% in Stuttgart and between 21% and
27% in Rome, with East having always the greater values. EERcool are between 5 and 8 and ߟ between
11% and 20%.
Tab. 3: Yearly performances of the façade integrated sorption collector. Negative energy values indicates cooling.

Stockholm

Stuttgart

Rome

BUI_qcool

qcool

SFcool

EERcool

ࣁࢉ

EnIND

[kWh/y]

[kWh/y]

[%]

[-]

[%]

[kWh/m²ap/y]

East

-411

-164

40

6.9

19

61.0

South

-489

-159

32

5.6

11

59.2

West

-377

-118

31

6.4

14

44.2

East

-488

-160

33

6.4

20

59.6

South

-626

-146

23

5.1

11

54.5

West

-488

-135

28

6.9

16

50.4

East

-1114

-300

27

6.8

18

112.1

South

-1330

-285

21

6.0

12

106.4

West

-1070

-291

27

7.9

20

108.5

4. Discussion
Fig. 6 shows how the cooling distribution from the sorption collector helps in reducing the indoor air
temperature (and hence also the energy demand from non-renewable sources). SC cooling can occur during
the afternoon, evening and night respectively for East, South and West oriented façades as determined by the
control strategy. Values of more than 50% of SFcool for certain months (e.g. East façade in Rome, February
and October) can be reached even with only three small collectors; the yearly values are in the range of 30%
for East and West façades. Lower performances for south façade in Rome are due to high incidence angles in
summer. This solar cooling is yet delivered at too low electrical energy efficiency (EERcool) mainly due to
the high pressure drop at the CE (Fig. 7). For a second prototype the heat exchanger will be adapted to lower
the pressure drop, which will allow for much higher values of EERcool >10.
Fig. 8 highlights that East oriented façades are the least performing in terms of cooling output power peaks but
better performing in terms of energy: hence, besides a good state of charge (good insolation values in the
morning), the whole energy stored can be distributed during the room cooling peak loads (midday and
afternoon). The lower cooling powers are due to higher heat rejection temperatures during midday and
afternoon. West is performing at lower levels in cold climates, improving its performances for hot climate. In
fact, West oriented sorption collectors often have remaining charge when the indoor air temperature is already
low enough and the cooling delivery has to stop to prevent overcooling. With an optimized control strategy
this remaining charge could potentially be used again in the morning and so boost the efficiency slightly.
ߟ is calculated dividing the sorption collector output cooling energy by the total solar energy on the sorption
collector plane calculated only when desorption occurs. This gives values of ߟ coherent with the ones
calculated in the tests. It has to be noticed that during absorption the total solar radiation on the façade plane
is only diffuse but not negligible. Moreover, optical losses plays an important role in determining ߟ due to
the presence of the external glazing cover which cut solar radiation contribution for high incidence angles
(summer seasons).
5. Conclusions
The integrated sorption façade collector can dramatically simplify thermally driven solar cooling systems by
providing a cost effective “plug and play” system solution for the retrofit market without the need for heat
rejection units, storages, heat transfer fluid or plumbing. ߟ is comparable to simulated and monitored
values for roof based systems with the same sorption technology as reported in (Hallström, et al. 2014) and
(Blackman, et al. 2014). Solar fractions are high considering the small aperture area available (2.67 m²). The
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cooling energy index, however, is significantly lower than roof based systems mainly due to lower insolation
on a vertical plane. Yearly electrical efficiencies as well are below the level of the roof top installation because
the CE heat exchanger has still to be optimized. Part of the cost increase of the lower cooling energy index can
be compensated by the larger center-center distance between the sorption tubes (and hence fewer tubes per
unit area), but then sorption tubes of the same length as the roof based concept must be used and not the shorter
custom made version manufactured for the current prototype. In general, overall performances are promising
and encourage the implementation into real buildings.
Future improvements on the prototype before the demonstration are needed, starting from increasing optical
efficiency more than decreasing thermal losses. Letting more solar radiation reaching the absorber surface
would lead to better performances in terms of ߟ . Pressure drops, especially at the CE heat exchanger, can
be improved leading to lower fan electric consumption and therefore to higher values of EERcool. The layout
for fans and dampers has to be further assessed in terms of fully decentralized or semi-centralized devices
(façade modules in parallel) for the system upscaling. From the modeling point of view, heat pump heating
mode, latent cooling and more detailed building physics calculations will be implemented (sorption collector
and DSF interaction, indoor comfort evaluation, air patterns impacts). Control strategies and main driving
parameters (e.g. mass flow rates) optimization could give useful inputs for further improvements of the
operation phase. A cost-benefit analysis is needed to assess the technology impact on office building retrofit
market.
The façade solar cooling system has an interesting potential also for providing additional free cooling and air
renovation in combination with active heating/cooling. This is possible during absorption by opening the
dampers with a phase shift so that cooler outdoor air is further cooled in the CE and blown into the room, while
extracting warmer indoor air to the outside through the reactor as means for heat rejection. This would of
course only make sense during times when outdoor temperatures are lower than indoor temperatures or when
fresh air is needed. The potential could quite easily be determined through simulation.
6. Acknowledgement
The research leading to these results has received funding from the European Union’s Seventh Programme for
research, technological development and demonstration under grant agreement No. 314461 –iNSPiRe. The
European Union is not liable for any use that may be made of the information contained in this document
which is merely representing the authors view. Moreover, the authors wish to express their gratitude to Swedish
Research Council Formas for the financial support to the research leading to the results presented and to the
many employees of ClimateWell AB, Fraunhofer ISE and Eurac collaborating in these projects.
7. Nomenclature
Quantity

Symbol

Sorption Collector Façade integrated

SCF

Sorption Collector

SC

Reactor

RE

Condenser/Evaporator

CE

Simulated

_Sim

Measured

_Mes

Quantity

Symbol

Unit

Reactor absorber temperature

Treabs

°C

Condenser/evaporator absorber temperature

Tceabs

°C

Reactor outlet air temperature

Trxo

°C

Condenser/evaporator outlet air temperature

Tcxo

°C

Indoor ambient temperature

Tind

°C

Outdoor ambient temperature

Tamb

°C
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Heat and heat flux exchanged across the reactor

Qrx, qrx

kWh, kW

Heat and heat flux exchanged across the reactor

Qcx, qcx

kWh, kW

Global solar energy and power radiation on the collector aperture surface

Qsol, qsol

kWh, kW

Power supplied from the fancoil to indoor air

qfcu

kW

Cooling energy index

EnINDcool

kWh/m²

Room cooling demand

BUI_qcool

kWh/y

Sorption collector cooling energy production

qcool

kWh/y

Sorption collector heating energy production

qheat

kWh/y

Electric Efficiency Ratio in cooling

EERcool

-

Solar Fraction of cooling

SFcool

-

Solar thermal efficiency (total cooling / total insolation)

Etacool

-

Average mass fraction of solute in reactor

xSol

-

Schedule of worker presence in the office

SchOcc

-

Glazing thermal transmittance

U-value

W/m²K

Glazing solar energy transmittance

g-value

-

Glazing transmittance, absorptance and reflectance

ĲĮȡ

-
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Abstract
Producing cost-competitive small and medium-sized solar cooling systems is currently a significant challenge.
Due to system complexity, extensive engineering, design and equipment costs; the installation costs of solar
thermal cooling systems are prohibitively high. In efforts to overcome these limitations, a novel sorption heat
pump module has been developed and directly integrated into a solar thermal collector. The module comprises
a fully encapsulated sorption tube containing hygroscopic salt sorbent and water as a refrigerant, sealed under
vacuum with no moving parts. A 5.6m2 aperture area outdoor laboratory-scale system of sorption module
integrated solar collectors was installed in Stockholm, Sweden and evaluated under constant re-cooling and
chilled fluid return temperatures in order to assess collector performance. Measured average solar cooling COP
was 0.19 with average cooling powers between 120 and 200 Wm-2 collector aperture area. It was observed that
average collector cooling power is constant at daily insolation levels above 3.6 kWhm-2 with the cooling energy
produced being proportional to solar insolation. For full evaluation of an integrated sorption collector solar
heating and cooling system, under the umbrella of a European Union project for technological innovation, a 180
m2 large-scale demonstration system has been installed in Karlstad, Sweden. Results from the installation
commissioned in summer 2014 with non-optimised control strategies showed average electrical COP of 10.6
and average cooling powers between 140 and 250 Wm-2 collector aperture area. Optimisation of control
strategies, heat transfer fluid flows through the collectors and electrical COP will be carried out in autumn
2014.
Keywords: solar cooling, absorption, integrated sorption collector, sorption heat pump

1. Introduction
Solar thermal cooling has difficulty emerging as an economically viable solution for small-scale systems
mainly due to high investment costs and system complexity (Henning, 2007). Strategic R&D requirements for
increased market penetration of solar thermal cooling by 2020 should provide for small and medium- sized
solar thermal cooling kits with ‘plug-and-play’ functionality. Additionally, high integration of solar thermal
systems for both cooling (in the summer) and heating (in the winter) would increase year-round usage and
therefore reduce overall system payback time. Enhanced control strategies and improved hydraulic concepts
leading to electrical coefficients of performance (COP el) > 10 and augmented cost-performance relations are all
seen as necessities to future growth of the solar heating and cooling sector (Stryi-Hipp et al., 2012). The COPel
is heavily dependent on system complexity, with the main competitive feature of a solar cooling system
compared to a conventional compressor based system being the reduction in electricity consumption (Hallström
et. al. 2014). A sorption integrated solar thermal collector has been developed in efforts to address the
aforementioned market penetration limitations of solar thermal cooling systems.

1.1 Sorption Integrated Collector
The sorption integrated solar thermal collector is made up of 8 modules connected in series via their respective
heat exchangers. The sorption module is a tubular heat pump that comprises two cylindrical parts; a reactor
which contains the hygroscopic salt lithium chloride and a condenser/evaporator (C/E) which contains water as
a refrigerant. The latter component may act as either condenser or evaporator depending on the flow direction
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of the refrigerant vapour within the module. The reactor is covered by a metallic solar absorber heat exchanger;
with a selective surface coating on the upper side and pipes for heat transfer fluid flow on the lower side. The
condenser/evaporator has a jacket heat exchanger to allow for heat transfer to and from a fluid in contact with
its surface. During the day, the absorber and thus the reactor of the sorption module are heated by solar
radiation while the condenser is shaded from the sun and cooled by a re-cooling fluid. There is no circulation of
fluid in the solar absorber heat exchanger during the day (in summer). When the absorber temperature reaches
the required level to provide the requisite pressure difference between reactor and condenser/evaporator,
desorption begins, and refrigerant vapour evaporates from the salt in the reactor and condenses in the
condenser/evaporator. This condensation heat is transported away by the re-cooling fluid and exhausted via a
heat sink (dry cooler/ground source heat exchanger). This process is called desorption and continues with the
drying of the salt in the reactor (i.e. strengthening of the salt solution) until radiation levels are too low to
maintain it. At sunset the reactor is cooled down via a flow of re-cooling fluid. As the reactor cools, the internal
pressure falls causing the condensed refrigerant in the condenser/evaporator (now acting as an evaporator) to
evaporate producing a chilling effect, this process is called absorption. Chilled fluid can thus be obtained
directly from the evaporator heat exchanger of the collector modules. This chilled fluid may be stored (for
daytime use) and/or serve the cooing load during the night.
The sorption modules that comprise the collectors are connected in series where the solar absorber heat
exchangers of each module are interconnected. In addition, the jacket heat exchangers of the
condenser/evaporator component of each module are connected together (Blackman and Bales, 2014).
Therefore each collector has two separate hydraulic loops, one for the reactor heat exchangers of the modules
and the other for the condenser/evaporator heat exchangers of the modules.
Reactor Loop
Return
Sorption module

C/E Loop Supply

Reactor Heat
eat
Exchang
hanger
Exchanger

Selective Surface
Absorber Coating

Condenser/
Evaporator

Reactor

Glazing(s)
Reaactor Loop
Reactor
Supply
C/E Loop
Return
Fig. 1: Left: diagram of sorption module integration into the solar thermal collector and hydraulic loop connections. The solar
absorber, with its own welded pipes, is in direct contact with the reactor of the sorption module. Right: diagram of a sorption
module.

1.2 Sorption Integrated Collector System Operation
Overall, the sorption integrated solar thermal collector system has three (3) primary modes of operation; two
modes in the summer and one in the winter. In winter, the system functions like a conventional solar thermal
installation where when solar radiation heats the collectors’ absorber to a useful temperature a pumped flow of
heat transfer fluid is commenced to capture the thermal energy for heat supply and/or storage. If the absorber
temperature falls below a useful level then the pump is stopped, terminating the flow of heat transfer fluid to the
absorber heat exchanger until sufficiently high temperatures are obtained to recommence pump operation.
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In summer, during the day, the system operates in desorption mode while at night it is shifted over into the
absorption mode where cooling is produced. In the period between desorption and absorption the absorber
needs to be cooled down from between 80 and 120°C (typical desorption level temperatures) to around 30 to
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40°C (typical absorption level temperatures), the resulting thermal energy may be recovered for domestic hot
water (DHW) production in the summer period. This intermediate phase is given the name swap and improves
overall system efficiency and cost effectiveness if DHW is required at the site of the solar heating and cooling
installation.
2. Installation Description
2.1 Laboratory-Scale Demonstration Installation
The outdoor laboratory-scale installation consists of 4 sorption collectors with total aperture area 5.6m2 with a
design cooling capacity of 1.3 kW oriented due south with an inclination angle of 40°. The collectors were
connected in parallel in two banks of two collectors each with hydraulics consisting of two loops, one for the
reactor side of the collector and one for the condenser/evaporator side of the collector, each with a separate
pump (see Figure 2). The reactor circuit has drain-back and its inlet is at the bottom of the collector while the
condenser/evaporator circuit has no drain back and inlet is at the top of the collector. Each hydraulic loop is
connected to a plate heat exchanger via a mixing valve. The plate heat exchanger’s secondary side is connected
to a 1 m3 water storage tank which is chilled to between 10 and 15°C by a ground source heat exchanger in a
borehole. Using the mixing valves for each loop, a constant temperature control strategy was employed to
provide reasonably constant re-cooling and chilled fluid inlet temperatures (± 1°C) in order to evaluate collector
performance at various temperature set points.
The installation has a simplified control system that automatically moves between the two primary modes of
operation and the intermediate swap mode on a timed basis. The installation started in desorption mode at
between 08:00 (mid-summer) and 09:00 (late summer) with desorption carried out until 18:00. Desorption was
followed by a 20 minute ‘swap’ period where the reactors of the collectors were cooled from the high
desorption temperatures to the required absorption temperature. Absorption was subsequently started at 18:20
and terminated at the point where cooling power dropped below 50W. All temperatures were measured via KType thermocouples with absorber temperatures measured in two places on each collector (one logged and one
manually spot checked) and fluid flow temperatures directly on the wall of the copper piping (under the piping
insulation). Volumetric flow rates in both reactor and condenser heat exchanger flow loops were measured by a
vortex flow sensor. Solar irradiation measurements were carried out by a Kipp&Zonen CMP10 pyranometer.
All data were recorded with a datalogger at a 1 second sample interval. Outdoor measurement and evaluation
was done for a 2 month test period (June 28 to August 28, 2013) in Stockholm, Sweden.

T3
T5

T4
T6

T2
T5

T1
T6

Fig. 2: Left: System schematic of laboratory-scale installation (temperature measurement points in green, blue and black
correspond to the system operation in desorption, absorption and swap mode respectively). Right: photograph of glazed flat plate
sorption integrated collectors in the laboratory-scale installation.
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2.2 Large-Scale Demonstration Installation
The large-scale installation consists of a solar field of 180m2 aperture area where 130 sorption collectors are
connected in parallel in 12 banks consisting of 8-13 collectors per bank. The collectors were oriented southwest with a 40° tilt and the system’s designed cooling capacity is 40kW. The principal collector loops are
identical in principle to those of the laboratory-scale demonstration; however, the loops are connected to a dry
cooler, heat storage tank and cold storage tank via a system of hydraulically separated loops of closely spaced T
connections.
The hydraulic system comprises 10 Grundfos Magna3 pumps. The loops can be described as; collector loops,
re-cooling loops, cooling loop, heating loop, cold storage loop and heat storage loop, heat supply loop and
cooling supply loop. Each loop is actuated by a pump only (i.e. no controller actuated valves) and the flow rate
of the heat transfer fluid can be adjusted by changing the head on the pumps (see Figure 3).
Cooling is delivered to the building’s centralised cooling system that consists of ‘pre-cooling’ of indoor supply
air and ‘after-cooling’ via ceiling mounted radiant cooling panels. The pre-cooling is done by 7/12°C
(supply/return) water and the after-cooling is done by 13/18°C water. In order to have the highest possible
return temperature to the collectors, the connection to the central HVAC system is made on the return of the
‘after-cooling’ circuit. At the installation site there is always a cooling demand at outdoor temperatures above
12°C where an estimated half of the cooling produced can be delivered during the night and the other half
stored for daytime use. The cold store consists of a total of 13m3 of water placed in three identical tanks.
The large-scale installation has an advanced control system in efforts to maximise the system’s electrical COP,
all pumps and fans are run stage-wise to reduce parasitic power consumption when the system is running below
full capacity. The main operational modes of the system when running during the summer are:
Desorption
The desorption mode is governed by the incident solar irradiation, the absorber temperature of the
collector field (average of 12 collectors, i.e. 1 collector per bank), the ambient temperature and the
fluid supply temperature to the condenser/evaporator loop of the collector field. The first phase of the
desorption mode occurs when the incident irradiation and absorber temperatures are sufficiently high;
flow in collector loop C is started (see Figure 3). The second phase occurs when the flow in the recooling loop is started which is triggered by a more than 8°C above ambient temperature increase in
the supply temperature of the fluid flowing in the collector loop C of the collector field. If the return
temperature from the dry cooler is more than 4°C above the ambient temperature then the third phase
of the desorption mode commences where the fans of the dry cooler start at the lowest speed. The fan
operations are staged up or down with increasing or decreasing fan speed and the number of fans in
operation depending on the re-cooling power required. This is determined by the heat transfer fluid
exit temperature from the dry cooler unit (and thus the re-cooling fluid supply temperature to the
collector field). If solar irradiation and/or the absorber temperature fall to low levels the pumps are
sequentially shut off starting with the re-cooling loop. Measurements for the control system are based
on temperature and irradiation values averaged over a period of 10 minutes to avoid erratic stop and
start operations.
Absorption
The absorption mode starts with the cool down phase (or ‘swap’) where the collector loop R pump is
started when solar irradiation is low (signifying sunset). Various security algorithms are employed to
avoid starting the flow of fluid if collector temperature is above a pre-defined level. Intrinsically
included in the cool down phase is the heat recovery phase, where, if fluid temperatures leaving the
collector field from the circulation loop R are sufficiently high (compared to the heating demand/hot
store temperatures), the thermal energy is channelled to and stored in the hot store by running the
heating loop and heat storage loop pumps. After the cool down phase the collector loop C pump starts
and the re-cooling loop pump is started in case the heating loop is unable to reject all the heat supplied
by the collector loop R. After the maximum amount of heat has been tapped the system shifts into the
heat rejection phase, in this operational phase the circulation loop and re-cooling loop pumps are run
simultaneously to remove heat from the reactor of the sorption collectors and lower the temperature to
a level where cooling can start to be delivered via the condenser/evaporator components of the
sorption collectors. As in the desorption phase the dry cooler fan operations are staged up and down
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depending on the difference between the fluid temperaure and the outdoor temperature. The final (and
longest) phase of the absorption mode is characterised by the delivery of cooling to the cold store via
the cooling loop and cold storage loop pumps which are activated simultaneously with the collector
loop C pump. Cooling delivery/storage continues until the collectors are fully absorbed (i.e. all water
from the condenser/evaporator has moved over to the reactor) or no more energy can be stored, after
which all pumps are switched off and the system shifts into stand-by waiting for the following day’s
desorption sequence.
All fluid loop temperature measurements are made by PT1000 resistance sensor probes placed directly into the
flow stream while flow rates are measured directly by the Magna pumps. In addition two high performing flow
sensors (Kamstrup and GWF) are installed to measure input and output flow on the cold tanks. Global
irradiation in the collector plane and diffuse irradiation in the horizontal plane are measured by CMP6 and
CMP3 pyranometers from Kipp & Zonen respectively. The diffuse pyranometer is shaded by a CM121B
shadow ring from Kipp & Zonen.
Electrical power consumed by the installation is measured via a power meter installed in the main system
control cabinet that measures all pumps, fans and control electronics in the installation. All data were recorded
with a datalogger at a 1 minute sample interval.

T5

T6

T1
T4

T2

T3

Fig. 3: Left - System schematic of large-scale installation showing temperature measurement points (collectors not shown). Right –
photographs of the double glazed flat plate sorption integrated collectors in the large-scale installation.

3. Experimental Results
In order to characterise the collector and system performance a set of key performance indicators were
calculated. Cooling energy delivered to the cold store (E cool), heating energy delivered to the hot store for
domestic hot water purposes (EDHW), and electrical coefficient of performance (COP el). Additionally, the solar
coefficient of performance (COPsolar) i.e., the quotient of cooling energy delivered to solar insolation on the
installation was calculated. COPsolar should not be confused with thermal COP (COP cool) which for absorption
chiller driven systems doesn’t include the efficiency of the collectors (and hot store). In the integrated sorption
collectors, thermal efficiency cannot be easily calculated since the absorption chiller is effectively in the solar
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collector and is directly exposed to solar radiation. Given that the primary goal of solar cooling systems is to
reduce electricity consumption, being able to compare the solar thermal cooling system to a conventional
electric vapour compression system is pertinent. The table below summarises the equations used to calculate the
key performance indicators.
Tab. 1: Equations used to calculate key performance parameters

ሶ ୡ୭୭୪ ൌ ୮ ሶሺଵ െ ଶ ሻ
ܳሶுௐ ൌ ܿ ݉ሶሺܶଷ െ ܶସ ሻ

[During absorption]

eq. 1

[During swap and absorption]

eq. 2

ܳሶ௦ି ൌ ܿ ݉ሶሺܶହ െ ܶ ሻ
ܳሶ௦ି ൌ ܿ ݉ሶሺܶହ െ ܶ ሻ

[During desorption]

eq. 3

[During absorption]

eq. 4
eq. 5

୲୭୲ୟ୪ ൌ hୱିୡୣ  ୡ୭୭୪  hୱିୡୣ  ுௐ
ܧ௧௧
ߟ௧௧ ൌ
ܣܪ
ܧ
ܱܲܥ௦ ൌ
ܣܪ
ୡ୭୭୪
  ൌ

ܳሶ
 ݔ݁݀݊ܫݎ݁ݓ݈ܲ݃݊݅ܥൌ
ܣ
ܧ
ܱܲܥ ൌ
ܧ

eq. 6
eq. 7
eq. 8
eq. 9
eq. 10

3.1. Laboratory-Scale Installation Measurements
Over a period of 2 months, the laboratory-scale-4-collector installation was monitored and performance
measured and summarised. From the experimental data it was seen that days with total solar insolation below
3.0 kWh m-2day-1 provided less than 0.1kWh m-2day-1 of useful cooling energy so were omitted from the
performance analysis of the collectors, and this figure taken as the lower limit for collector operation.
Additionally, for insolation levels 3.6 kWh m-2day-1 and above the cooling energy delivered was proportional to
the solar insolation level and cooling power was constant at constant cooling and re-cooling temperature levels.
Tab. 2 Average system parameter values during outdoor laboratory-scale evaluation of the sorption integrated solar collectors

Parameter

Desorption

Absorption

-

25.9

24.7

12.1

-

0.09

0.07

0.07

Average Reactor HEX Supply Temperature [°C]
Average C/E HEX Supply Temperature [°C]
-1

Reactor HEX Loop Fluid Flow Rate [litre s ]
-1

Condenser/Evaporator HEX Loop Fluid Flow Rate [litre s ]

Tab.3: Measurement results of laboratory-scale solar heating and cooling system using integrated sorption collectors over a 40
day test period.

Performance Parameters
Solar Cooling COP (COPsolar)
Cooling Power Index [kW m-2]
Cooling Energy Index [kWh m-2day-1]
Daily Solar Insolation (H) [kWh m-2day-1]
Heating Energy for DHW (above 40°C) [kWh m-2day-1)]
Thermal Energy Dissipated to the Environment (Re-Cooling) [kWh m2
day-1]
Total Efficiency (ηtotal)

Max.
0.25
0.20
1.44
6.30
0.30

Min.
0.10
0.09
0.34
3.11
0.00

Ave.
0.19
0.15
0.97
4.86
0.17

4.1

1.0

2.7

1.00

0.40

0.76

3.2. Large-Scale Installation Measurements
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The large-scale installation was completed the final week of June 2014, and set to operate in the simplest mode
of its control possibilities. That is, pumps were operated at constant head and rudimentary control parameters
used for mode modulation. Desorption start radiation level was set at 300 Wm-2 and absorber temperature to
50°C, these settings were chosen based on experience from the laboratory-scale installation but still needed to
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be optimised for the current installations characteristics. The stop and start temperatures of each group of fans
for the dry cooler were taken from system simulation in TRNSYS as well as stop and start times and
temperatures for each collector loop.
Fourteen (14) days of data were obtained for non-optimised system operation from July 11 to July 24, 2014.
During this period only 110 collectors were in operation. Cooling and heating energy delivered to the hot and
cold stores were used for calculating system performance indicators.
Tab. 4: Average system parameter values during outdoor large-scale evaluation of the sorption integrated solar collectors

Parameter

Desorption

Absorption

-

26.5

33.5

13.9

-

1.97

1.93

1.93

Average Reactor HEX Supply Temperature [°C]
Average C/E HEX Supply Temperature [°C]
-1

Reactor HEX Loop Fluid Flow Rate [litre s ]
-1

Condenser/Evaporator HEX Loop Fluid Flow Rate [litre s ]

System Performance of Large-Scale Sorption Collector Installation
EDHW

Ehs-ce

Ehs-re

Ecool

Eel

Thermal Energy (kWh)

300.0
250.0
200.0
150.0
100.0
50.0
0.0

Date
Fig. 4: Daily system performance of the large-scale sorption collector installation.

Tab. 5: Measurement results for large-scale solar heating and cooling installation using integrated sorption collectors over the first
8 days of the 14 day test period.

Date

H (kWhm-2)

COPsolar

ηtotal

COPel

11/07/2014

7.1

0.20

0.70

11.7

12/07/2014

7.9

0.19

0.67

11.1

13/07/2014

2.7

0.02

0.16

13.6

14/07/2014

6.0

0.21

0.73

10.9

15/07/2014

3.0

0.07

0.32

7.8

16/07/2014

7.5

0.20

0.71

9.5

17/07/2014

6.5

0.17

0.63

11.6

18/07/2014

7.4

0.18

0.69

9.4

529

Corey Blackman / EuroSun 2014 / ISES Conference Proceedings (2014)
Tab. 6: Measurement results for large-scale solar heating and cooling installation using integrated sorption collectors over the last
6 days of a 14 day test period along with average results over the entire 14 day period (blue).

Date

H (kWhm-2)

COPsolar

ηtotal

COPel

19/07/20141

4.9

0.00

0.00

0.0

20/07/2014

7.7

0.19

0.65

7.7

21/07/2014

7.6

0.18

0.63

11.8

22/07/2014

7.5

0.17

0.62

11.8

23/07/2014

7.5

0.18

0.67

11.1

24/07/2014

6.0

0.17

0.66

11.8

Average

6.4

0.16

0.60

10.6

Tab. 7: Measurement results of large-scale solar heating and cooling system using integrated sorption collectors over the 14 day
test period.

Performance Parameters
Solar Cooling COP (COPsolar)
Cooling Power Index[kW m-2]
Cooling Energy Index[kWh m-2day-1]
Daily Solar Insolation (H) [kWh m-2day-1]
Heating Energy for DHW [kWh m-2day-1)]
Thermal Energy Dissipated to the Environment (Re-Cooling) [kWh m2
day-1]
Total Efficiency (ηtotal)
Electrical COP (COPel)

Max.
0.21
0.25
1.52
7.9
0.39

Min.
0.02
0.14
0.06
2.7
0.10

Ave.
0.17
0.19
1.16
6.7
0.21

3.60

0.25

2.87

0.73
12.6

0.16
1.7

0.63
10.6

4. Discussion
For the two demonstration systems installed, laboratory-scale and large-scale, average solar cooling COP is in
the range of 0.17 to 0.19 and electrical coefficient of performance in the range of 10 to 12. This stands well in
comparison to previous solar cooling installations. Three installations measured and examined within the
Solarthermie 2000plus with respective sizes 20, 680 and 1050kW of installed cooling power are all in the range
of 3 to 6 in electrical COP and 0.40 to 0.56 in thermal COP (COPcool) (Wiemken et. al., 2013). Comparable
results have been obtained by multiplying the average thermal COP with the average measured collector
efficiency, including losses from the hot store, for the months of June through August for the Solarthermie
installations. The results are shown in Tab. 8.
Tab. 8: Comparison of measured solar thermal cooling installations with the large-scale demonstration installation measured in
this study (blue) (Wiemken et. al., 2013).

COPcool

COPsolar

COPel

Rottweil 680 kW

Installation

0.56

0.21

5.80

Festo 1050 kW

0.43

0.17

2.95

Butzbach 20 kW

0.53

0.13

4.82

Large-scale installation 40kW

-

0.17

10.60

Large-scale installation 40kW (including cold store)

-

0.14

8.40

The losses from the hot store, in the case of the conventional solar cooling installations, were included in the
collector efficiency since they are an integral part of the solar cooling system. Similarly it can be said that the
cold store is an integral part of the sorption collector system (depending on the application) since the cooling is
delivered at night time, and consequently the losses from the cold store should also be included for fair
comparison. Doing this the COPsolar is actually lower for the integrated system whereas the COP el is still
1
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Data from July 19 not included in calculation of average values due to a control error where absorption mode was not initiated.
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significantly higher. This however seems to be in line with the conclusions of Hallström, et al. (2014) that the
main performance indicator for a sorption integrated collector system is the collector technology (i.e. the type
of solar thermal collector into which the sorption modules are integrated).Where, in this case, vacuum tube
technology were found to perform better than enhanced flat plate technology. All compared installations in the
Solarthermie 2000plus study used vacuum tube collectors whereas the large-scale installation is done with
double-glazed flat plate collectors. In addition, the heat rejection for the sorption integrated collector system is
done by a dry cooler whereas the Solarthermie installations used wet cooling towers. Considering this, the
results presented in this paper for the two measured systems with sorption integrated solar thermal collectors
are quite promising. It should be noted that for the tests carried out in this paper neither the laboratory-scale nor
the large-scale installations have optimised control strategies to balance thermal performance and electrical
performance. This therefore leaves opportunity for even greater thermal and electrical performance if pump and
fan operations can be fine-tuned depending on the operational conditions. Higher average COPs with and
without thermal storage are therefore expected after such optimisations, and this will be the principal focus of
future work.
Additionally for the large-scale installation the proportion of energy recovered for domestic hot water (EDHW)
was unexpectedly low, which is most probably due to a non-optimised time for entering the swap mode. In this
type of system if swap is started too early (before all useful solar energy is absorbed) it could sacrifice cooling
energy potential but if started too late (after the collectors have cooled significantly due to radiant losses after
sunset or an extended period of low irradiation) the recovery of thermal energy above 50°C will be diminished.
Another major operation challenge has been in the large-scale system the heat transfer fluid pressure difference
between hot collectors during the day and cold collectors during the night. The installation was commissioned
as a pressure-less system as is normal practice for drain-back systems. During desorption the air inside the
collectors heats up and expands and hence raises the pressure of the entire system. Since the plumbing is not
completely air tight, some air leaks out during the day, leading to a slight under pressure during absorption. At
night air will hence be sucked back into the system, but since the condenser/evaporator circuit is at the same
height as the reactor circuit air will consequently get sucked into this circuit as well. Air inside the
condenser/evaporator circuit hinders the flow through the collectors and leads to lower heat transfer
coefficients, elevated thermal losses and/or the stagnation of the collectors as the vapour inside the sorption
modules is not allowed to condense during desorption. A suggested solution to this problem is to separate the
two circuits by means of a heat exchanger separating the reactor circuit from the rest of the installation. Thus
leaving the pressure-less drain back system as small as possible and eliminating the risk of air from the drain
back finding its way to the dry cooler. This would give higher heat rejection temperatures during absorption,
but on the other hand ensures good heat transfer characteristics and more stable and robust performance of the
system.
On the techno-economic front, apart from the sorption modules employed in the collectors, only standard
components have been employed in both the laboratory and large-scale installations. For the large-scale
installation, equipment was dimensioned by a direct scaling up of that used for the laboratory-scale system,
along with a dry cooler being used for heat rejection. Given that cooling powers scale linearly depending on
collector aperture area component dimensioning can thus be done based on simple formulae according to the
number of collectors in the installation (i.e. total aperture area), this gives rise to the possibility of producing
‘plug-and-play’ kits for a range of system sizes with minimal engineering and special knowledge requirements
to have a well performing solar heating and cooling system.
5. Conclusions
For the two demonstration systems installed, laboratory-scale and large-scale, average solar cooling COP is in
the range of 0.17 to 0.19. This stands well in comparison to previous solar thermal cooling installations. Both of
the systems studied in this paper exhibited similar thermal performance which might suggest that system
performance isn’t delimited by system size giving rise to the possibility of producing ‘plug-and-play’ kits for a
range of system sizes with minimal engineering and special knowledge requirements to obtain a well
performing solar heating and cooling system. For the large-scale installation with non-optimised control
strategies an average electrical coefficient of performance of 10.6 (without storage) and 8.4 (with storage) were
measured. This is significantly higher than other state-of-the-art solar thermal cooling installations measured in
the Solarthermie 2000plus programme. Higher average electrical COPs with and without storage are expected
to be achievable if the system control is fully optimised. This will be the principal focus of future work.
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6. Nomenclature
HEX – Heat exchanger
C/E – Condenser/Evaporator
COPel – Electrical coefficient of performance
HVAC – Heating Ventilation and Air Conditioning
ሶ- mass flow rate of heat transfer fluid (kg/s)
A – total collector aperture area (m2)
COPcool – thermal cooling coefficient of performance (quotient of thermal energy into a thermal heat pump and
cooling energy output)
COPsolar – solar coefficient of performance
cp – specific heat capacity at constant pressure of heat transfer fluid (kJkg-1°C-1)
H – incident insolation in the plane of the collector (kWhm-2)
ሶ ୡ୭୭୪ – average cooling power delivered during absorption mode (kW)
ሶ ୦ୣୟ୲ – average thermal power recovered for DHW during swap phase and the absorption mode (kW)
ሶ ୦ୱିୡୣ – average thermal power rejected to the heat sink during the desorption mode (condensation power
dissipated) (kW)
ሶ ୦ୱି୰ୣ – average thermal power rejected to the heat sink during the absorption mode (kW)
Ecool– cooling energy during absorption phase – time integrated energy value of Qcool over the entire absorption
mode (kWh)
Eel – electrical energy consumed by the installation (kWh)
EDHW – heating energy delivered to domestic hot water - time integrated energy value of ሶ ୦ୣୟ୲ during time
period for swap phase and absorption mode (kWh)
Ehs-ce – heating energy during desorption mode - time integrated energy value of ሶ ୦ୱିୡୣ over the entire time
period for absorption (condensation energy dissipated) (kWh)
Ehs-re – heating energy during absorption mode - time integrated energy value ofሶ ୦ୱି୰ୣ (condensation energy
dissipated) (kWh)
T1 – average supply temperature to condenser/evaporator loop (°C)
T2 – average return temperature from condenser/evaporator loop (°C)
T3 – average return temperature from heat store heat exchanger (°C)
T4 – average supply temperature to the heat store heat exchanger (°C)
T5 – average supply temperature to the heat sink (°C)
T6 – average return temperature from the heat sink (°C)
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Abstract
A new and improved version of a low capacity ammonia-water absorption chiller was built and tested. This
article presents how architecture and design optimization were performed to achieve enhanced performances
compared to former prototype. The new chiller was first tested on an experimental test bench and then
connected to an actual office air-conditioning system for a real solar cooling field test. The article shows,
firstly a comparison between the former and the new chiller, secondly it presents a chiller’s starting in
nominal conditions and finally it develops chiller’s performances according to operating temperatures on the
experimental test bench. Results show better performances not only for cooling capacity and thermal COP
but also for repeatability and general stability thanks to a re-engineered control strategy.
Key-words: ammonia-water absorption chiller, design, experimental results.

1. Introduction
In order to reduce global CO2 emissions and energy consumption while the demand of air conditioning in
building rises strongly (Pons et al., 2012), the use of renewable energy becomes essential. Due to the strong
correlation between availability of solar resource and building cooling demand (Lecuona et al., 2009), this
energy seems to be one of the most interesting ways for air-conditioning. From this perspective, a prototype
of low cooling capacity (5 kW) ammonia-water absorption chiller designed for solar applications was built in
2010 (Boudéhenn et al., 2012). It was designed with only plate heat exchangers, to reduce both cost and
ammonia charge and was widely instrumented. This prototype proved the feasibility of such technology with
satisfactory thermal COP and cooling capacity. A new version of the chiller was developed in 2013 with the
following criteria: better compactness, fewer instrumentation and with design improvements. This system is
to be installed on a solar air conditioning facility instead of a commercial LiBr-H2O absorption chiller. This
paper presents the development of this second chiller, explaining its architecture and analyzing its
performances.
2. Technical choices and design
The new chiller is based on the previous one with similar features (Fig. 1). It’s composed of 6 plate heat
exchangers: the usual generator, absorber, evaporator, and condenser; a solution heat exchanger located
between rich and poor solution; and a rectification exchanger.
The flat plate heat exchanger technology was used because of its compactness; this technology allows the
reduction of fluid quantity and is supposed to be less expensive for a future industrial product.
The rectification exchanger works by partial condensation of the refrigerant with external cooling.
The subcooler, which usually sub-cools or superheats refrigerant before and after the evaporator (Boudéhenn
et al., 2012), has been removed since its effect wasn’t economically interesting.
Four tanks are used. Two of them perform liquid-vapor separation, firstly to separate ammonia vapor from
poor solution at the outlet of the generator (T2) and secondly to separate ammonia vapor from condensates at
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the rectification exchanger outlet (T3). In these two cases, the poor solution or the condensates are reinserted
into the poor solution circuit. The other two tanks are used for storage. They provide a buffer between the
condenser and the evaporator (T4) and between the absorber and the solution pump (T1). External
temperatures variations lead to the variation of rich and poor solutions concentrations and the two tanks
allow the compensation of concentration variations in the solutions according to temperatures. The tank after
the absorber stores rich solution and the tank after condenser stores ammonia. Indeed, according to
concentration of poor solution and refrigerant vapor, the cycle needs more or less ammonia and water.
Pump used to transfer solution from absorber to generator is a diaphragm pump coupled with a variable
speed motor, which enables the cooling power to vary and the machine to start gradually.
Two electronic expansion valves are used to control and regulate the chiller. The first expansion valve is
located before the evaporator and adjusts superheating at the outlet of the evaporator. Superheating is the
difference between evaporation temperature and the temperature at the outlet of the evaporator. To increase
superheating, the expansion valve must be used to reduce the refrigerant flow in order to increase the
evaporation process as well as the temperature at the outlet of the evaporator. The other control valve is
located between the solution heat exchanger and the absorber and adjusts the liquid level in the separation
tank at the outlet of the generator, comparing it to setpoint. There is an optimal position of the control valve
to maintain the level on the separation tank; it depends on solution mass flow rate and pressure drop.
The control strategy has been improved as follows: instructions on superheating value and liquid level in the
separation tank have been established and fixed in order to stabilize the chiller’s performance whatever the
operating temperatures and the two PID controllers have finely been adjusted.

Evaporator

Condenser
Refrigerant
Expansion
valve

T4

Rectifier
T3

Solution
Expansion
valve

T2
Solution heat
exchanger

T1

Absorber

Solution
pump

Generator

Fig. 1: Chiller operating diagram

The chiller is less instrumented than the former prototype because it is a pre-industrial version intended to be
coupled with a real solar cooling plant at INES (French National Institute for Solar Energy) facility (Cheze et
al., 2011). However, it is still equipped with various sensors, especially, for control strategy. The sensors are
quantified and described in Table 1.
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Tab. 1: Sensors number and measurement characteristics

Sensors type

Number

Uncertainty (+/-)

Heat transfer fluid temperature (Pt)

6

0.1K

Refrigerant temperature (TC)
(fixed on the wall)

13

0.3K

Refrigerant pressure (0-10bar and 0-25bar)

2

0.2% full scale

Liquid level (capacitive)

2

0.5%

Ammonia being a very corrosive fluid, especially with water, a close attention has been paid to all material in
contact with the fluid, using as far as possible stainless steel and EPDM or PTFE for seals and membranes.
Since this chiller is a pre-industrial version, a particular attention was paid to ensure the compactness of each
part of the chiller in order to reduce the overall size of the engine (Fig. 2).

20 cm

20 cm

Fig. 2: Pictures of the new chiller and its cover

20 cm
Fig. 3: Picture of the former prototype

Compared to the previous chiller (Fig. 3), overall inner volume has been reduced by shortening pipes,
removing instrumentation and limiting operating temperature range. The chiller has been completely
rethought and redesigned. These modifications lead to decrease ammonia charge from 2.4 kg to 1.8 kg for

535

Bonnot et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

the same cooling capacity (5 kW) and water quantity from 0.89 kg to 0.85 kg. The refrigerant charge is close
to 0.36 kg per kW, which is lower than all commercial chillers. There is no installation restriction because
the ammonia charge is less than 2.5 kg (according to NF EN 378) and therefore, the chiller can be installed
inside a building or a room without any specific safety system. The efforts made to reduce the overall size
have enabled to create a very compact chiller of 0.36 m3 weighing 106 kg.
Efforts have also been made in terms of visual aspect and usability. A work has been made on the design of
the metallic structure that covers the machine and a touch screen has been added in order to control the
chiller and to visualize its performances (Fig. 4).

Fig. 4: Touch screen to control the chiller

3. Results and comparison
As the previous one, tests were performed at INES experimental facility providing adjustable power and
temperature levels for cooling or heating on the ports of the chiller. The chiller was tested on ranges of
external temperatures and solution mass flow as shown on Table 2, and more than 80 tests in steady state
conditions were performed.
Tab. 2: Operating conditions

3.1.

Minimum

Nominal

Maximum

Temperature generator inlet

60°C

80°C

95°C

Temperature evaporator inlet

9°C

18°C

18°C

Temperature absorber-condenser inlet

23°C

27°C

33°C

Pump mass flow

45 kg/h

84 kg/h

90 kg/h

Performance enhancement

At nominal inlet conditions, first tests have shown that the thermal COP (COP th) is 0.64 and the cooling
capacity (QE) is 5.1 kW in steady-state conditions. The thermal COP is defined as the ratio between cooling
and heating power. Compared to the previous chiller, values of COPth and QE are better. This highlights the
improvement of the components, and the less scattered dots (Fig. 5) show the effect of controls
improvements.
Fig. 5 stresses that repeatability and stability on the former prototype (chiller 1) are insufficient. Indeed, for
the same inlet conditions and the same pump mass flow, chiller 1 COP values vary from 0.5 to 0.65 and its
cooling capacity values range from 3.5 kW to 4.2 kW. On the contrary, chiller 2 (new one) COP and cooling
capacity values are more coherent, reliable and repeatable thanks to the improved control strategy.
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First of all, chiller 2 values show that thermal COP does not depend on pump mass flow. Whatever the pump
mass flow, the thermal COP remains constant.
Then, chiller 2 values emphasize that cooling capacity is proportional to the pump mass flow. To be more
accurate, the cooling capacity increases linearly until 85 kg/h, but then it remains constant.
Therefore, strongly increase the pump mass flow is not required.

Fig. 5: Comparison of thermal COP and cooling capacity between the 2 chillers for nominal temperatures

3.2.

Starting of the chiller

Automated control improvement and variable pump speed allow a very fast starting. Fig. 6 shows a starting
at nominal temperature conditions with a gradual increase of pump speed from 30% to 50%.
The chiller is switched on at t = 0 min. Then, 7 minutes later, the cooling capacity reaches a value equal to
the steady-state, and after a little overshoot, the chiller stabilizes on steady state after 22 minutes.
As flow control by expansion valves is faster and has more impact with low mass flow rates, gradual
increase of pump speed reduces starting time by limiting oscillations and transient state, and prevents from
emptying tanks, which is usual at starting.

Fig 6: Starting in nominal conditions

Fig. 6 shows standard patterns occurring at starting: The first peak on generator power curve is explained by
global warm-up of the machine, and the low oscillations on all power curves are due to high variations of
expansion valves at starting before reaching a steady position.

537

Bonnot et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

3.3.

Temperature impacts

The following graphs (Fig 7, 8, 9) show thermal COP and cooling capacity evolution when operating
temperatures change. For each operating condition, the average over 15 minutes of steady state is represented
by a dot.

Fig 7: Impact of Absorber-Condenser temperature on thermal COP and cooling capacity

Fig 8: Impact of Generator temperature on thermal COP and cooling capacity

Fig 9: Impact of Evaporator temperature on thermal COP and cooling capacity
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Impacts of temperature variations are summed up in the following table (Tab. 3).
Tab. 3: Temperatures variations to improve performances

Generator
Temperature

Absorber - Condenser
Temperature

Evaporator
Temperature

To increase COPth
To increase Qevap

Absorber-Condenser temperature should be set as low as possible, and evaporator temperature as high as
possible to improve performances of the chiller, according to Carnot efficiency definition.
Generator temperature impact is the opposite for COP th and cooling capacity. The impact of the generator
temperature on the thermal COP does not follow Carnot efficiency definition trend. Indeed, thermal COP
should increase according to generator temperature and over a value, it should remain constant.
The decrease of thermal COP according to generator temperature is owed to the architecture of the machine
and its irreversibilities. The calculation of the chiller exergetic efficiency is required in order to take into
account machine’s irreversibilities. Exergetic efficiency is defined as follows (Sözen, 2001):
െܲா ቀͳ െ
ߟ௫ ൌ
ܲீ ൬ͳ െ

ܶ
ቁ
ܶ

ܶ
൰ܹ
ܶ

(eq. 1)

Absorber condenser temperature is the reference temperature (T 0).
The work of the solution pump (W) can be neglected and exergetic efficiency can be simplified as follows:
ߟ௫ ൌ

ܱܲܥ௧
ܱܲܥ௧

(eq. 2)

So, there is an optimal generator temperature which provides the maximal exergetic efficiency. Therefore,
generator temperature increase should be limited in order to maintain chiller’s efficiency.
If this temperature can be controlled, it should be set to the lowest value that allows producing the desired
cooling capacity, in order to keep the thermal COP as high as possible.
4. Conclusion and perspectives
This article presents a new and improved version of a low capacity ammonia-water absorption chiller for
solar cooling application. The objectives of compactness, low ammonia charge, reliability, repeatability and
stability led to re-engineer the control strategy, to remove instrumentation and to work on a new design
compared to the former prototype. Regarding heat exchanger technology, flat plate heat exchangers were
selected since they proved to be promising with the previous prototype.
Experimental results of the new chiller at INES test facility show better performances compared to the
former prototype. The reliability of the chiller is much more satisfying. Besides, the machine starts easily and
quickly.
Nevertheless, further optimization points have been identified, especially regarding the absorption,
desorption and rectification processes. A study on coupled heat and mass transfers during these processes is
in progress.
Now that experimental results show a good stability, the new chiller has been coupled with an actual office
air-conditioning system for a real solar cooling field test.
The installation (Fig. 10) is composed of the absorption chiller, a cold storage tank, a hot storage tank, 30 m2
flat plate solar collector field on the rooftop and a heat rejection ground loop (Chèze et al., 2011).
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Fig 10: View of operating installation

The objective is to find the same reliable results under real rather than controlled operating conditions.

5. Nomenclature
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Quantity

Symbol

Unit

Coefficient of performance

COP

Platinum resistance thermometer

Pt

Power

P

[W]

Cooling capacity

QE

[kW]

Thermocouple

TC

Temperature

T

[°C]

Reference temperature

T0

[°C]

Work of the pump

W

[W]

Efficiency

η

[-]

Subscripts

Symbol

Generator inlet

gi

Generator

G, g

Evaporator inlet

ei

Evaporator

E, e

Exergetic

ex

Absorber-condenser inlet

aci

Evaporator

evap

Thermal

th
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Abstract
This paper presents a comparison of different absorption chiller modeling methods. Models were validated
using experimental data of a single effect water-lithium bromide absorption chiller. Six of the models
considered are empirically based ones and the last considered model is a physical one (PhM). The empirical
modeling methods compared are: the adapted Gordon-Ng model (GNA), the characteristic equation model
(ΔΔT) and the adapted characteristic equation model (ΔΔT’), the multivariable polynomial model (MPR), the
artificial neural network model (ANN) and the Carnot function model (CFM). These models are used to
predict the effects of external water operating condition on cooling capacity (QE) and thermal COP (COPth).
Models parameters are calculated using a constant methodology and accuracy evaluation of each model is
done in the paper through comparisons between numerical and experimental results.
Key-words: absorption chiller, modeling methods, experimental and numerical results comparison

1. Introduction
For several years, absorption chiller numerical models have been presented in the literature this is why
complete review of them will not be presented in this paper. Among these numerical models, some are
empirically based ones, others are physical ones. The choice of a numerical model can be linked to the
precision of the numerical results, the complexity to incorporate it into simulation software, the number of
parameters to identify, the calculation time etc. Most of the time, only the external operating conditions are
known and the available number of experimental points (or manufacturer catalog data), required to identify
the parameters, is insufficient.
From these observations, this paper aims to compare several absorption chiller modeling methods. The
models will be empirically or physically based model. Each one will need a set of parameters that will be
identified using the same methodology and a first set of experimental data in steady state conditions. The
comparison between models will then be done on the second set of experimental data.
In this paper six empirically based models and one physically based model are compared. Among the
empirically based models, four are well-known methods and are well-described by Labus et al. (2013). The
original characteristic temperature function method was proposed first by Ziegler et al. (1999). The last
empirically based model (CFM) is shortly described by Le Denn et al. (2013) and will be more detailed in
this paper. The physically based model is based on thermodynamic description of absorption chillers by
Herold et al. (1996). Before the different modeling methods descriptions, the absorption chiller and the
experimental data will be presented. Finally a comparison between numerical and experimental results is
done and an accuracy analysis is proposed.
2. Absorption chiller description and experimental data
The absorption chiller used is a single effect water-lithium bromide chiller manufactured by the German
company EAW with a nominal cooling capacity of 15 kW. The nominal thermal COP specified by the
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manufacturer (EAW, 2012) is 0.71. The hydraulic specifications of this chiller are presented in Table 1.
Tab. 1: Hydraulic specifications of the 15 kW cooling capacity EAW absorption chiller (EAW, 2012)

Capacities

Inlet/outlet nominal
temperatures

Inlet min/max
temperatures

Flowrates

Pressure
losses

[kW]

[°C]

[°C]

[m3/h]

[mbars]

Evaporator

15

17 / 11

6/-

1.9

400

Generator

21

90 / 80

70 / 95

1.8

400

Absorber-Condenser

35

30 / 36

25 / 40

5

900

EAW Wegracal SE 15

Experimental data required for parameters determination of each model and for its validation have been
obtained using a test bench where the chiller was tested in steady-state conditions as part of the AbClimSol
project (Boudéhenn et al., 2010), Figure 1. The test bench is equipped with temperature sensors (uncertainty
of 0.1K on T and 0.25K on the ΔT) at the inlet and outlet of the tested component and with mass flow rate
sensors (uncertainty of 0.2% of the measured value) on each hydraulic loop.

Fig. 1: Picture of the absorption chiller connected to the INES test bench

Amongst the 35 available steady-states points, 15 points were used to identify each model parameters and 20
points for the comparison between numerical and experimental results. Table 2 presents the operating
conditions ranges on each water loop connected to the chiller.
Tab. 2: Operating condition ranges during experimental tests on each water loop connected to the chiller

Inlet temperature
Water loop

Outlet temperature

Thermal power

Min.

Max.

Min.

Max.

Min.

Max.

[°C]

[°C]

[°C]

[°C]

[kW]

[kW]

Evaporator

7.9

23.7

5.9

15.1

4.138

19.369

Generator

69.4

93.6

61.4

84.1

10.558

29.135

Absorber - Condenser

25.0

40.0

29.8

44.7

14.626

49.238

Using the 15 experimental points, parameters identifications of the different models have been done using
‘datafit’ function in Scilab1. The ‘datafit’ function is a parameters identification method based on a nonlinear
regression of measured data.
1

http://www.scilab.org/
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3. Numerical models descriptions
3.1. Adapted Gordon-Ng model
The adapted Gordon-Ng model (GNA) was proposed first by Gordon and Ng (1995) from a general
thermodynamic model for cooling devices. According to the authors, the losses due to the finite-rate mass
transfer (corresponding to the dominant irreversibility of the absorption chillers) can therefore be
approximated as temperature independent. The model was based on the external temperature of the four main
heat exchangers. Labus et al. (2013) have modified it to explain it with a single temperature source for the
absorber and condenser (eq. 1).
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According to (eq. 1), the cooling capacity can be expressed by the following equation:
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(eq. 2)

In (eq. 1) and (eq. 2), α1 and α2 are the two parameters to identify.
3.2. Characteristic temperature function and adapted characteristic temperature function models
Ziegler et al. (1999) have proposed an approximate method which is able to represent the thermal powers (on
the three hydraulic loops) as linear functions of a simple equation based on external temperatures. This
equation so-called the characteristic temperature function (ΔΔT) depends of the average temperature (eq. 3)
and supposes that the heat transfer coefficients are constant.
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(eq. 3)

R is the Dühring parameter, function of salt concentration, which can be approximated by a constant value
and can be used as a model parameter. Using (eq. 3), thermal power can be expressed as a linear function.
ܳ ൌ ܽ ή οοܶ  ܾ (eq. 4)
In (eq. 4), ax and bx are two parameters for thermal load Qx relative to the hydraulic loop X. So, for the three
hydraulic loops (evaporator, generator and absorber-condenser), 6 parameters plus the Dühring one have to
be identified.
Khün and Ziegler (2005) have shown that the predicted performance of the cooling capacity (PE) can deviate
considerably from the linear behavior, especially at high driving temperature due to the increase of the
internal losses. According to this point, an adapted characteristic temperature function (ΔΔT’) model has
been proposed according to (eq. 5).
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(eq. 5)

In (eq. 5), R1 and R2 are two parameters to identify, replacing the Dühring parameter. In the same way as
previously, the thermal power can be expressed as a linear function according to (eq. 6), where a’x and b’x
are 2 parameters to identify for each 3 thermal powers.
ܳ ൌ ܽԢ ή οοܶԢ  ܾԢ (eq. 6)
3.3. Multivariable polynomial model
Labus et al. (2013) precise that the multivariable polynomial model (MPR) is a black-box type model, and is
very effective to describe complex non-linear relationships between input and output variables, without
integrating the physical processes into the model description. The authors present a generalized second order
model according to (eq. 7).
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The other thermal powers (QG and QAC) can be described in the same way, with finally 30 parameters to
identify for the MPR model. Using QE and QG, the thermal COP can be expressed by the following equation:
ܱܲܥ௧ ൌ

ொಶ
ொಸ

(eq. 8)

3.4. Artificial neural network model
The artificial neural network models (ANN) are inspired from biological neurons and they are related to
artificial intelligence. They are black-box type models and, more precisely, they are adaptive systems which
can be trained in order to represent a particular behavior as a response to defined inputs. Labus et al. (2013)
and Hernandez et al. (2013) have specified that the most common ANN architecture applied to absorption
chillers are feed-forward neural networks trained using a back-propagation algorithm. The ANN chosen in
this work is a feed-forward neural network with bias and one hidden layer containing 6 neurons. The 3 inputs
୧୬
(vector ) are the linear normalizations of େ
ǡ ୋ୧୬ and୭୳୲ . The 2 outputs (vector y) are the linear
normalizations of QE and COPth. The activation function ɔ, used in the hidden and output layers, is the
sigmoid one (eq. 9).
ɔሺሻ ൌ

ଵ
ଵାୣష

(eq. 9)

The normalization is made in order to include each series from an interval [min; max] (defined in the table 1)
to a normalized interval [0,1; 0,9]. The following equations allow calculating outputs  ݕfrom inputs x, with
matrix b and w as parameters:
ݖଵǡ ൌ ߮൫ܾଵǡ  σଷୀଵ ݓଵǡǡ ݔ ڄ ൯݂ ݇ݎൌ ͳݐ (eq. 10)
ݕ ൌ ߮൫ܾଵǡ  σୀଵ ݓଶǡǡ ݖ ڄଵǡ ൯݂ ݇ݎൌ ͳ( ʹݐeq. 11)
Finally, QE and COPth are obtained by an inverse normalization of y from the interval [0,1 ; 0,9] to the
original interval [min ; max].
Usually 70% of data are used for training, 20% for validation and the last 10% for model testing (Labus et
al., 2013). In this study, the ANN was trained with only 40% of data and 60% were used for model testing.
3.5. Carnot function model
The Carnot function model (CFM) is shortly presented by Le Denn et al. (2013). This model is used in the
PISTACHE tool in order to calculate the performances of the sorption chiller integrated into a solar cooling
and heating plant (Siré et al., 2013 and Semmari et al., 2014). The CFM model is based on the expression of
the ideal performances of a thermodynamic machine through the use of the Carnot efficiency. The Carnot
efficiency describes the theoretical maximal efficiency, i.e. without any irreversibility, that can be reaching
by a thermodynamic cycle. For a sorption chiller, the Carnot efficiency can be expressed as a function of the
external temperatures by (eq. 12):
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Fig. 2: Experimental COPth (left) and QE (right) as functions of the Carnot efficiency for several absorption chillers
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As presented in Le Denn et al. (2013) and based on the experimental results on several absorption chillers
tested on the test bench described previously, the thermal COP and the cooling capacity can be described as a
function of the Carnot efficiency (Fig. 2).
The cooling capacity represented on the figure 2 is the normalized one (i.e. experimental cooling capacity
divided by the nominal cooling capacity) in order to allow a global representation for the different tested
chillers. The generic functions used in the figure 2 are described by the equation 13 for COPth and by the
equation 14 for QE.
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 ܳாǡ (eq. 14)

With Ȧ1, τ1, Ȧ2, τ2, COPth,0, į1, θ1, į2, θ2 and QE,0, 10 parameters to identify. Of course, the parameters of the
generic function can be identified for a single chiller, in order to obtain the maximum accuracy.
3.6. Physical model
The physical model is based on the description made by Herold et al. (1996) through the heat and mass
balances on each components of the chiller. The physical properties are available in EES1 or can be
calculated with the correlation given by Schenk (2008) and Lansing (1976).
The four main heat exchangers are modeled using the log mean temperature difference (LMTD) method or
the simple mean temperature difference versus the heat and mass balances, respectively described by (eq. 15)
to (eq. 20).
ܳ ൌ ݉ሶ ή ܥ௪ ή ൫ܶ െ ܶೠ ൯ ൌ ܷܣ ή ܦܶܯܮ ൌ ݉ሶ ή ݄௩  ݉ሶ௦ ή ݄ െ ݉ሶ௦ ή ݄௨௧ (eq. 15)
ܳீ ൌ ݉ሶீ ή ܥ௪ ή ൫ܶீ െ ܶீೠ ൯ ൌ ܷ ீܣή  ீܦܶܯܮൌ ݉ሶ ή ݄ீ௩  ݉ሶ௦ ή ݄ீ௨௧ െ ݉ሶ௦ ή ݄ீ (eq. 16)
ܳ ൌ ݉ሶ ή ܥ௪ ή ൫ܶ െ ܶ ൯ ൌ ܷܣ ή ܦܶܯܮ ൌ ݉ሶ ή ሺ݄ீ௩ െ ݄௨௧ ሻ (eq. 17)
ܳா ൌ ݉ሶா ή ܥ௪ ή ൫ܶா െ ܶா ൯ ൌ ܷܣா ή ܦܶܯܮா ൌ ݉ሶ ή ൫݄ா௨௧ െ ݄ா ൯ (eq. 18)
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Due to the fact that no phase change occurs in the solution heat exchanger (SHE), it could be described just
with the efficiency (eq. 21).
ߟௌுா ൌ

்ಸೠ ି்ೄಹಶ

்ಸೠ ି்ೠ

(eq. 21)

The solution pump work can be described by (eq. 22) and the rich solution enthalpy at the outlet of the
solution pump can be expressed by (eq. 23).
ܹ௨ ൌ

ሶೝೞ ήௗ

ೝೞ
ఎೠ ήఘಲ

݄௨ ൌ ݄௨௧ 

(eq. 22)

ௐೠ
ሶೝೞ

(eq. 23)

Finally, UAG, UAA, UAC, UAE, ȘSHE and msp are the 6 parameters to identify.
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4. Results and discussion
After parameters identification with the first 15 experimental points, the numerical results are compared to
experimental ones using the 20 others experimental points available. The figure 2 presents this comparison
for COPth and the thermal loads (QE, QG and QAC).
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Fig. 2: Comparison between numerical and experimental results for thermal powers (QE, QAC and QG) and for the thermal
coefficient of performance (COPth)
Tab. 2: Coefficient of determination for each model

CFM

GNA

ΔΔT

ΔΔT’

MPR

ANN

PhM

QE

0.943

0.841

0.961

0.984

0.972

0.976

0.991

QAC

0.909

0.211

0.945

0.978

0.978

0.967

0.991

QG

0.851

0.009

0.901

0.963

0.980

0.938

0.989

COPth

0.961

0.913

0.948

0.882

0.911

0.942

0.971

The coefficient of determination (R2) is used to quantify the quality of the prediction made by each model for
both outputs and are presented in Table 2. R2 can be calculated from the residual sum of squares and the total
sum of squares.
Except for the GNA model, the numerical results seem mainly included into a deviation lower than ±10%
compared to the experimental results. For QE, ΔΔT’, ANN and PhM models present the best R² values. For
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COPth, the best R2 coefficients are obtained for the CFM, the ΔΔT and PhM models. Considering that it is
also important to provide good numerical results for the cooling capacity and for the thermal COP of a
chiller, the best compromised can be defined using the figure 3 (left) presenting the relative error on COPth as
a function of the relative error of QE. The figure 3 (right) shows the value repartitions of the relative errors on
COPth and on QE on the whole validation points for each numerical model.
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Fig. 3: Comparison of the relative errors on COPth and QE (left) and value repartitions for both on the whole validation
points

The numerical results obtained with PhM model presents a global relative error on COPth and QE lower than
or equal to 15%. ΔΔT, ΔΔT’, MPR and ANN models give 80 at 85% of their results with a global relative
error on COPth and QE lower than or equal to 10%. 80% of the CFM model numerical results have a global
relative error lower than or equal to 20%. 30% of the GNA model numerical results have a global relative
error upper than 20%.
In order to choose the model to use, an important precision indicator is the number of parameters to
determine. In this way, among the empirically based models, the ΔΔT model with 7 parameters (or the ΔΔT’
with 8 parameters) is the best choice followed by the CFM model (10 parameters) whereas the ANN and
MPR models require respectively 38 and 30 parameters. The PhM model, with only 6 parameters, and a
global relative error lower than 15% for the whole validation points seems to be the best choice. But in order
to use it, it is necessary to implement physical properties of the solution and of the refrigerant.
5. Conclusions
In this paper, a comparison between the numerical results from different models and the experimental results
are presented. The comparison of the 6 empirical models can highlight 3 models with very good results
regarding the prediction of the thermal COP and the cooling capacity of the considered chiller. The physical
model presents the best results in steady state conditions but needs to implement the physical properties of
the working pair. Finally, in order to have numerical results with relative errors on thermal COP and cooling
capacity lower than 10%, the characteristic equation model (ΔΔT) (or the adapted characteristic equation
model (ΔΔT’)) and the Carnot function model (CFM) seems to be interesting solution due to their lower
number of parameters. For more accuracy, a physical model could be used.
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7. Appendix
Tab. 3: Parameters values of the GNA model

α1

α2

34,968054

38,120392
Tab. 4: Parameters values of the ΔΔT model

ax

bx

E

0,494804

12,026757

G

0,590091

20,488376

AC

1,0990242

32,429806
2,074388

R

Tab. 5: Parameters values of the ΔΔT’ model

a'x

b'x

E

0,5313756

3,1188152

G

0,6309722

9,9161351

AC

1,1739344

12,762381

R1

2,5687836

R2

2,0191389
Tab. 6: Parameters values of the MPR model

E

G

AC

β0

0,9691217

0,9714067

0,9751444

β1

-0,207954

-0,1146166

0,0402568

β2

0,40594

0,4482663

0,5218393

β3

0,7239341

0,7410667

0,7820739

β4

0,0020217

-0,0026566

-0,005049

β5

0,0050033

0,0060896

0,0067634

β6

-0,0125881

-0,0096777

0,020075

β7

0,003227

0,0047501

0,0071703

β8

-0,0202579

-0,019661

-0,0416137

β9

0,0080407

0,0032297

-0,0033895

Tab. 7: Parameters values of the ANN model

b1

w1

-0,2909412

0,636443

0,9082923

-1,1713704

1,2331352

-5,1690879

2,1492195

1,3085148

-0,4844268

2,4183131

-1,3133123

-1,0843617

-0,3364006

-0,0176307

-1,5496522

-2,1102209

-0,1893325

1,9443634

-2,398689

-1,1833105

0,2954697

1,8799603

0,119088

-2,0443071
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b2

w2

1,1622436

-1,3393301

2,8714234

-1,1115206

-1,6392393

-1,0345111

-2,0349952

-0,3506204

0,1109996

3,5841658

-2,0677341

-0,6952556

-2,6026828

-1,1316573

Tab. 8: Parameters values of the CFM model

Ȧ1

τ1

Ȧ2

τ2

COPth,0

-0,5642315

1,6053462

-1411,2937

0,1500182

0,6883017

į1

θ1

į2

θ2

QE,0

-275,84153

0,3136397

-28,301388

1,9538139

19,836784

Tab. 9: Parameters values of the PhM model

UAG [kW/K]

UAA [kW/K]

UAC [kW/K]

UAE [kW/K]

ȘSHE [-]

msp [kg/s]

2,6

4,66

5

4

0,7

0,284

8. Nomenclature
8.1. Symbols
b, w

ANN parameters

[-]

COPth

Thermal coefficient of performance

[-]

h

Enthalpy

[J/kg.K]

m

Mass flow rate

[kg/s]

Q

Thermal load

[kW]

R, ax, bx

Characteristic temperature function parameters

[-]

R2

Coefficient of determination

[-]

Rx, a’x, b’x

Adapted characteristic temperature function parameters

[-]

T

Temperature

[°C or K]

UA

Global heat transfer coefficient

[W/K]

W

Work

[W]

y, x

Outputs and inputs of ANN model

[-]

Ȧx, τx, COPth,0, įx, θx, QE,0 CFM parameters

[-]

ΔTlm

Mean differential temperature logarithm

[°C]

ΔΔT, ΔΔT’

Characteristic and adapted characteristic temperature function

[°C]

αx

GNA parameters

[-]

βx

MPR parameters

[-]

η

Efficiency

[-]

ϕ

Activation function of ANN model

[-]

ρ

Density

[kg/m3]

8.2. Sub-index
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A

Absorber

AC

absorber/condenser
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E

Evaporator

G

Generator

in

Input

out

Output

ps

Poor solution

pump

Solution pump

r

Refrigerant

rs

Rich solution

SHE

Solution heat exchanger

w

water
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Abstract
The challenge of an effective heat rejection is a key problem in air-conditioning design. Air-based heat
rejection systems are the most widespread technologies in cooling applications, but even though these
provide a mature technology, a better knowledge of products available on market is desirable in order to
support design phases. In this paper a market survey on more than 1300 systems has been carried out within
the activities of Task 48 of the International Energy Agency. The result has the form of a database and the
collected data have been used for conducting a technical, energetic and economic comparison. A set of
performance figures and dimensionless parameters has permitted to characterize heat transfer phenomena for
different system technologies. A crosscheck with previous literature works has guaranteed the soundness of
the outcomes.
Key-words: cooling, heat rejection, market analysis

1. Introduction
Higher indoor comfort requirements and warmer urban environment conditions have led in the last years a
significant increase of the cooling energy demand in Europe also in those locations where there was hardly
any before. Heat rejection is at the basis of any cooling process and particular attention should be paid to the
consequent great electrical energy and water usage in both electrically-driven cooling (EDC) and in
thermally-driven cooling (TDC) systems.
Different heat sinks (ground, water, sky or ambient air) can be used for rejecting the condenser heat (IEA,
2006; IEA, 2011). The choice of the heat rejection strategy is related to many reasons such as the local
availability of a heat sink and the temperature gradient along the year, installation issues or investment costs.
In most of the cases installation limits are dominant with respect to mere technical motivations. Because of
this fact, air-based heat rejection systems have become the most successful and diffuse solution worldwide
on the market, because of their flexibility and ease of installation.
Since the share of air-based cooling systems is becoming larger, the main aim of this is paper is to get a
better insight of market available system variants. The work is further motivated by the fact that no similar
activities have been carried out before. Within the IEA SHC Task 48, a market survey has been conducted on
1309 products. These have been selected from the catalogue of worldwide acknowledged manufactures of
air-based heat rejection components (23 in all) when the technical documentation was available. The
selection of manufacturers has been made by This analysis has led to the creation of a database of heat
rejection components including dry coolers DCs (979) and wet cooling towers WCTs (330) classified
according to following criteria:
x

general characteristics (brand, series model, typology, sizes, weight);

x rated performance characteristics (chilling water volume flow rate, design capacity, chilling water
temperature difference, rated air volume flow rate, rated water consumption);
x fan parameters (number of fan rows, number of fans, rotational speed, max fan electrical power, noise
level);
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x coil parameters (heat transfer surface, tubes volume, internal/external tube diameter, fin and tube
material, fin thickness and spacing, eventual accessories);
x

cost (basic cost, accessories cost, spray water system cost).

The database comprises heat rejection components from small capacities typical of residential applications to
great capacities adopted in industrial or tertiary application (Figure 1). In the next sections a synthesis of
derived graphs has been presented. It has been additionally specified in the caption the amount of data used
for deriving a given correlation.

Figure 1. Cooling power classes of the market analysis.

2. Climatic suitability of air-based heat rejection devices
One of the key information listed in the technical documentation of market available DCs and WCTs is the
chilling capacity under nominal conditions1,2. Along with these figures, many manufacturers also provide
correction factors to calculate the performance under off-design conditions. In this way, it is possible to make
a comparison between heat rejection devices whose nominal conditions are different and to analyze the
influence on the performance of each variable, such as water and air temperatures and mass flow rates. The
aim of this chapter is to evaluate the chilling capacity of DCs and WCTs under off-design conditions and to
quantify the relative energy potential under different climatic conditions.
In terms of performance figures, a cooling effectiveness ε ch can be defined for DCs and WCTs (Eq. 1) as the
ratio between the actual rejected power expressed by water temperature difference (ΔT w) and the difference
between the inlet water temperature T w,in and the sink temperature Tsink. In the case of DCs, sink temperature
corresponds to the dry bulb ambient temperature whereas in the case of WCTs wet bulb temperature should
be used.

H ch

'Tw
Tw ,in  Tsink

(eq. 1)

Additionally to this the off-design cooling ratio f can be calculated (Eq. 2). It is defined as the ratio between
the actual rejected power Qch,act and the nominal condition Qch,nom.

f

Q ch ,act
Q ch ,nom

(eq. 2)

By comparing the off-design performance of a DC and a WCT of similar capacities (about 28 kWch), the
plots of Figure 2 have been derived. Here the off-design cooling ratio f has been computed for both DC and
WCT by placing in the denominator the nominal rejected power of a DC in order to compare both
technologies under the same conditions. From here it is evident that the performance of the WCT is better
than that of the DC, both in terms of rejected thermal power and cooling effectiveness. In particular, the
difference in terms of cooling effectiveness increases when the inlet dry bulb air temperature approaches the
1

Nominal conditions for dry coolers: Tw,in=40°C, Tw,out=35°C, Tdb=25°C according to ENV1048:1995.
Nominal conditions for wet cooling towers: T w,in=95°F (35°C), Tw,out=85°F (29.4°C), Twb=78°F (25.5°C)
according to CTI STD-203:2005.
2
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inlet water temperature (40°C in this case). It is important to underline that the effectiveness of the WCT is
sensitive to a change of the relative humidity condition, in a way that the lower the relative humidity content,
the higher the effectiveness. On the contrary when the relative humidity increases, the WCT effectiveness is
very close to the dry cooler one. It can be further noticed as off-design cooling ratio and cooling
effectiveness for a dry cooler become null before reaching the physical limit temperature (40°C). To
conclude, the effectiveness trends found for the dry cooler are in agreement with the outcome of “Solarrück”
project (Solarrück, 2013).

Figure 2. Comparison between dry and wet cooling towers in terms of off-design cooling ratio and cooling effectiveness.

An additional advantage of WCTs on DCs can be expressed in terms of fan’s power savings. Because of the
lack of free-available information of fan’s electric power under off-design conditions, a validated numerical
code has been used (Romeli D., 2014). Assuming the same operation (T w,in=40°C) and environmental
boundary conditions (Tdb=25°C, RH=50%) for the two technologies, it can be appreciated from Figure 3 as
in general fan electrical consumption of DCs is booming when the outlet water temperature is approaching
dry bulb ambient temperature. For a given amount of rejected heat (left axis, blue line), WCTs are more
effective if the outlet water temperature approaches the ambient temperature, whereas no significant
improvement is noticed at higher temperature values. With this regard, the development of so-called
“hybrid” heat rejection systems represent a smart and efficient technology to achieve water and electrical
energy saving by spraying water only when needed.

Figure 3. Comparison of fan’s electric power of wet cooling towers and dry coolers under the same operation and
environmental boundary conditions.

Regarding the application of DCs and WCTs in specific climatic conditions, an analysis in terms of rejected
energy potential has been done. The energy potential represents the amount of heat that can be possibly
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rejected in different locations. Let’s consider the three cities of Rome, Montreal and Singapore, as
representative locations of the wide range of working conditions in which a DC or a WCT could operate. In
order to evaluate a realistic operation of a cooling system, the operation period has been defined during the
daytime (horizontal global solar radiation I g,h is greater than 100 W/m2) and when the ambient temperature is
higher than 20°C (see Table 1).
With inlet/outlet water temperature values of 32°C and 27°C respectively and comparing again a DC and a
WCT of similar capacities, the energy potential is shown from Figure 4 to Figure 6. Along with the energy
potential for the selected wet cooling tower (right axis, red dotted curve) and dry cooler (right axis, red solid
curve), the distribution of cooling time defined as the number of hours where a dry bulb air temperature
greater or equal to 20°C occurs, is reported (left axis, blue curve).
Table 1. Climatic parameters of reference locations.

Locations

Cooling period
(filtered), [h]

Avg. relative
humidity, [%]

Max dry bulb
temperature,
[°C]

Energy
potential – Dry
cooler, [MWh]

Energy
potential – Wet
cooling tower,
[MWh]

Rome

1521 (17.4%)

59.7

37.6

9.16

47.59

Montreal

813 (9.3%)

64.7

31.7

7.48

28.43

Singapore

3463 (39.5%)

84.0

33.7

5.37

53.98

Figure 4. Energy potential of dry cooler and wet cooling tower
for the location of Rome (inlet/outlet water temp.: 32/27 °C).

Figure 5. Energy potential of dry cooler and wet cooling tower
for the location of Montreal (inlet/outlet water temp.: 32/27
°C).
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Figure 6. Energy potential of dry cooler and wet cooling tower for the location of Singapore (inlet/outlet water temp.: 32/27 °C).

The enhancement of the amount of rejected heat from a DC compared to a WCT increases significantly and
in particular by a factor of 5 for Rome, 4 for Montreal and 10 for Singapore. The difference between the
three locations is mainly affected by the length of the cooling period (i.e. Singapore has 39.5% of the year
with potential cooling occurrence) and the relative humidity of ambient air (i.e. Rome is drier than
Singapore).
3. Technical features
3.1. Sizes
An important feature of air-based heat rejection systems during installation phases are size issues. It has
emerged that DCs and WCTs have almost the same weight-to-volume ratio (Figure 7) with a linear trend up
to 10 tons. For DCs the average weight-to-volume ratio is between 45-126 kg/m3, while for WCT is 41-101
kg/m3. For volumes above ca. 70 m3, only WCTs can be found. Figure 8 shows as, for a fixed base gross
area, WCTs are heavier (208-376 kg/m2) than dry coolers (97-185 kg/m2). This is due to piping equipment
and accessories additionally required in WCTs that make them higher than DCs.

Figure 7. Relationship between volume and weight of airbased heat rejection components (derived from 82.7% of
database data).

Figure 8. Relationship between coil surface and weight of airbased heat rejection components (derived from 82.7% of
database data).

When limitations on the available space are present (i.e. rooftops), it is important to consider the relationship
between the minimal amount of space required and the cooling power (Figure 9 and Figure 10). The cooling
power-to-volume ratio for dry coolers and wet cooling towers range between 10-40 kWch/m3 and 8-47
kWch/m3, respectively. An analogous trend is noticed when chilling cooling power is plotted as a function of
the gross area and in particular for dry coolers 13-80 kWch/m2 and for wet cooling towers 60-163 kWch/m2.
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Figure 9. Relationship between volume and cooling output
of air-based heat rejection components (derived from 82.7%
of database data).

Figure 10. Relationship between coil surface and cooling
output of air-based heat rejection components (derived from
82.7% of database data).

3.2. Thermal and electrical powers
Figure 11 shows that WCTs can reject a larger cooling power, under nominal conditions, than DCs
components. These seem to have a good linear electric power-to-cooling power relationship. On the contrary,
for wet cooling towers different linear trends can be found mostly due to the cooling tower type (open or
closed) and the fan function (induced or forced draught towers). The specific consumption values
(kWel/kWch) of dry coolers are in general higher than those of wet cooling towers. In particular, the specific
consumption for dry coolers ranges between 0.0125-0.091 kWel/kWch, while for wet cooling tower is
comprised between 0.005-0.060 kWel/kWch. Finally, wet cooling towers have been divided in induced and
forced draught towers (Figure 12). It has resulted that the consumption for the induced draught tower is
0.005-0.025 kWel/kWch and for the forced draught tower is 0.010-0.060 kWel/kWch. All these values are in
good agreement with those given in the available literature (from Eicker et al, 2012; Saidi et al., 2011 the
following average relationships have been gathered: dry coolers: 0.045 kWel/kWch; wet cooling towers: 0.018
kWel/kWch; forced: 0.02; induced. 0.007).

Figure 11. Relationship between cooling power and electric
power of air-based heat rejection components (derived from
90.1% of database data).

Figure 12. Relationship between cooling power and electric
power of wet cooling towers (derived from 98.8% of wet
cooling towers).

3.3. Mass flow rate
Another interesting point to investigate is the aspect ratio between the volumetric flow rates on the air and
water side. As shown in Figure 13, two very clear linear trends for the two heat rejection technologies can be
distinguished. The slope of trend curve is about 1.7×103 whereas for wet cooling towers is 0.49×103.
Therefore for a given chilling water flow rate, the air flow rate elaborated by a dry cooler is about 3.5 times
larger than for a wet cooling tower.
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Figure 13. Relationship between air and water volume flow rates (derived from 95.3% of database data).

3.4. Noise level
Within this specific context, noise level is defined as the weighted average of the values measured at a
distance of 10 meters. As it is shown in Figure 14, for a fixed fan electric power dry coolers produce less
noise than wet cooling towers. For both component categories, the noise level increases with the fan electric
power until a maximum noise level is reached: this is about 65 dB for dry coolers and 70 dB for wet cooling
towers.

Figure 14. Relationship between noise pressure level and fan electric consumption of air-based heat rejection components
(derived from 68.7% of database data).

4. Economic features
For the present analysis, a primary classification was draft by researching on the market the catalogue
investment costs of heat rejection devices: starting from a base cost, each manufacturer can provide other
components, some of them necessary, i.e. the electric kit, other ones facultative. In particular, four types of
accessories have been considered for the cost analysis: wiring (including all the electric components except
for the inverter), EC fans controller when the fan velocity is controlled by a highly efficient electronic
device, water spray system when the cooler can work in the hybrid mode, and the inverter.
From the collected data, the relationship between the total investment cost and the rejected cooling power
has been derived (as shown in Figure 15). For a given cooling power, the investment cost for dry coolers is
typically higher than that of wet cooling towers. In particular, the average cost per unit of rejected heat power
ranges for between 49 and 107 €/kW ch for dry coolers and between 22 and 27 €/kW ch for wet cooling towers.
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Figure 15. Trend of the investment cost with the provided
cooling power (derived from 20.3% of database data).

Figure 16. Investment cost–to-cooling power for different
manufacturers (derived from 20.3% of database data).

From Figure 15 it is evident that, while wet cooling towers present a good linear cost-to-cooling power
relationship, two different trends can be distinguished for dry coolers. This fact can be explained by
highlighting the data of Figure 15 for single manufacturers (Figure 16) and noticing that the higher trend
costs of dry coolers refer to hybrid components in which spraying water equipment is accounted for too.
5. Conclusions
A market survey on more than 1300 heat rejection components has been carried out by using free-available
documentation of worldwide manufacturers within the activities of Task 48 of the International Energy
Agency. The work has investigated technical, economical and energy related features of dry coolers (DCs)
and wet cooling towers (WCTs). The climatic suitability of both technologies has been further quantified in
terms of rejected energy potential by using off-design correction factors provided by the manufacturers and
by a validated numerical model developed by the authors.
In some cases, collected data are fragmented or even missing because of the heterogeneity of the technical
documentation of different manufacturers and therefore in some cases a clear statement has not been
possible. More information would be necessary in particular on investment costs, water usage and rated and
off-design fan electrical power.
In this work it has demonstrated how WCTs can reject higher cooling rates than DCs under the same climatic
and operation boundary conditions. The average specific consumption value for DCs amounts to 0.033
kWel/kWch whereas for WCTs is 0.017 kWel/kWch. On the contrary, WCTs are characterized by higher costs
during operation due to fresh water consumption (quantifiable between 4.3 and 7 l of water per kWh of
cooling power according to Yik et al., 2001) and during maintenance due to the control of legionella growth.
Also because of these reasons the use of WCTs has been prohibited or discouraged from local legislations
(i.e. Hong Kong or Middle-East countries).
In general humid locations are not favorable for a WCT installation since the benefit represented by latent
heat exchange diminishes when relative humidity increases. On the other hand, DCs should be carefully
considered when the outlet water temperature has to be in the range of the dry bulb ambient temperature
because of the huge fan electrical power. Therefore the use of so-called “hybrid systems” represents a smart
and efficient technology to achieve water and electrical energy savings.
Additionally because of the high weight-to-base gross area ratio and the consequent bearing and static issues,
WCTs should be carefully considered during design phases. The average value of the specific weight
amounts for WCTs to 244 kg/m2 and for DCs to 106 kg/m2.
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Abstract
There are many agriculture crops that are being cultivated in Egypt reclaimed deserts at hot arid remote areas
with lack or no electrical grid connection. Consequently, to deliver such crops at high product quality, after
harvest to the consumers, the transport storage environment need to be at appropriate temperature and
humidity levels to maintain highest product quality to the end user. Therefore for multiple crops carriage, a
transportable multi-store solar driven refrigeration system is suggested to be used. In this study, design,
modeling and performance investigation of a 15 ft3 transportable solar driven DC refrigeration system to be
utilized for postharvest handling of crops has been carried out at Alexandria, Egypt. There are two
compartments with different working temperatures of 5 and 0°C to store different types of fruits and
vegetables. The determined cooling loads for the two cold storages are 5.44 and 6.21 kW, respectively. The
required PV panel’s area for 5 and 0°C compartment are 23.6 m2 and 32 m2 Monocrystalline type. In
addition, the refrigerator EER values are 9.04 and 7.41 for the 5°C and 0°C compartments, respectively.
Key-words
Solar cooling – Refrigeration – PV – Vapor compression – Cold storage – Remote areas

1. Introduction
Due to increasing rate of using of the conventional energy sources that leads to draining the fossil fuels
resources, renewable energy sources are the good alternative to be utilized to produce energy needs in many
applications such as cooling, refrigeration and heating. Cooling and refrigeration of post-harvest crops
especially at remote areas in hot arid climates are significant, as these crops have to be delivered fresh to the
consumers. However, due to the lack of electric grid network at these remote areas, solar driven vapor
compression refrigeration system is one of suggested alternative systems. Such system need to be designed
and its performance need to be evaluated. Solar cooling system saves electrical energy by about 25-40%
when compared to an equivalent conventional water cooled refrigeration system (Afonso, 2006). Also solardriven cooling systems had a higher initial cost than convention vapor compression systems and that’s limit
the headway of these technologies. Solar vapor compression cycles had high values of coefficient of
performance (COP) compared to solar thermal systems (Abu-Zour and Riffat, 2007). The collector area of
the solar thermal system had to be more than six times larger than the corresponding solar electrical collector
field to achieve the same amount of saved primary energy (Hartmann et al., 2011). Also solar electrical
driven cooling system had much higher COP and a lower Photovoltaic (PV) footprint, however it had highest
cost depending on required COP (Otanicar et al., 2012). PV driven refrigeration systems would be the
suitable option for remote areas and the problem of varying of the rate of producing electricity with time can
be solved by using a variable speed capacity compressor (Mekhilef et al., 2013). For vapor compression
refrigeration system with input power of 1000 W, the COP is in the range from 1.1 to 3.3 at evaporator
temperature between -5 and 15°C and condenser temperature between 45 and 61°C (Kim and Ferreira,
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2008).
There are many agriculture crops that are being cultivated in Egypt reclaimed deserts at hot arid remote areas
with lack or no electrical grid connection at these remote areas. Consequently, to deliver such crops at high
product quality, after harvest to the consumers, the transport storage environment need to be at appropriate
temperature and humidity levels to maintain highest product quality to the end user. Therefore for multiple
crops carriage, a transportable multi-store solar driven refrigeration system is suggested to be used.
In this study, design and performance investigation of a 15 ft3 transportable solar driven (Direct Current) DC
refrigeration system to be utilized for postharvest handling of crops has been carried out through modeling
and simulation. There are two compartments with different working temperatures of 5 and 0°C to store
different types of fruits and vegetables. The suggested PV refrigeration crops carriage will be designed
through modeling based on the hour by hour yearly weather data of reclaimed desert areas in Alexandria,
Egypt. The refrigeration crops carriage is driven by the DC power output from PV modules. Phase Change
Materials (PCM) is utilized as thermal storage to cover the cooling demand during sunset time. The model is
used to investigate the performance of designed solar driven refrigerator crops carriage when operated at
different environmental conditions in other locations within Egypt climate with thermal storage.
2. PV Driven Refrigeration System Physical Model
In this study, transportable PV driven vapor compassion refrigeration system consists of cold storage rooms
and PV system. The gross cold storage room is a commercial 15ft3 shipping container (the main outer frame
of the cold room). It is selected to be the main crops reservation and cargo and it is divided into two equal
compartments. Each compartment has a separate vapor compression cycle which consists of DC compressor,
condenser, expansion device and evaporator. Refrigerant R134a is used as the working fluid. Moreover, its
external walls are thermally insulated by foam and a gap between the internal walls and the compartment
storage space is created and are filled by thermal energy storage material (PCM) to store the cold energy
required to cover the cooling load demand at the time were there is no or lack of solar energy. This
refrigerator is driven by PV system which consists of PV panels connected to controller which is used to
regulate output DC electrical energy of PV to be proportion to compressor input power. A schematic
diagram of the proposed system is shown in Fig. 1.
Condenser 1

Solar Radiation

E-42

Compressor 1
Thermostat 1

DC

Evaporator
Fan 1

PV Panels

Thermostat 2

Evaporator
Fan 2

T

P-107

V-21

DC
Controller Current

P-110

T

Expansion
Valve 1

PCM

P-113

Evaporator 2 at te = 0°C
Grapes
Peaches
Peas
Strawberry
Artichokes

Evaporator 1 at te = 5°C
Bean
Hot Pepper
Orange
Pomegranate

E-43

E-44

Tractor

Fig. 1: Schematic diagram of multi-store multiple crops carriage solar driven refrigeration system

Each compartment has its specific storage temperature which is 5 and 0°C, respectively. These temperatures
were identified correspondence to the real cultivated crops around Alexandria, Egypt reclaimed deserts in hot
arid remote areas. The temperature value of 5°C refrigeration compartment is designed targeting to store the
following crops product: Beas, Pepper, Orange and Pomegranate. While the compartment with temperature
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of 0°C refrigeration is designed targeting to store Grapes, Peaches, Peas, Strawberry and Artichokes. Each
compartment has its own thermostat which is set to off and on the power on compressor when each
compartment reaches its required storage temperature. Each compartment is designed to store about 2.1 ton
of fruits and vegetables. The design point input data are based on the actual working months where targeted
crops are harvested. Those crops harvest months are from March to October for the 5°C compartment and
from April to June for the 0°C compartment.
3. Mathematical Model
Being driven by solar energy, the performance of the multi-store multiple crops carriage PV solar driven
refrigeration system is affected not only by geometrical parameters of the cold storage rooms, but also by
local climatic conditions. The system is designed and modeled based on the hour by hour yearly weather data
of reclaimed desert areas in Alexandria, Egypt considering on the following design conditions: maximum
ambient dry bulb temperature of 40°C, total cold storage room area of 4.55 m * 2.44 m * 2.59 m (L * W * H)
with tractor trailer maximum speed of 80 km/h. This weather data include hourly air ambient dry bulb
temperature, relative humidity, sun angles, horizontal insolation, wind velocity and atmospheric pressure.
The whole system model is consists of integrated subcomponent systems models of the evaporator,
compressor, and PV with details of each subsystem are as follows.
3.1. Evaporator Model
As this system designed targeting storing fruits and vegetables, total refrigeration load consists of (1)
transmission load, which is heat transferred into the refrigerated space through its surface; (2) product load,
which is heat removed from and produced by products brought into and kept in the refrigerated space; (3)
internal load, which is heat produced by internal sources (e.g., lights, electric motors, and people working in
the space); (4) infiltration air load, which is heat gain associated with air entering the refrigerated space; then
safety factor is added to allow for possible discrepancies between design criteria and actual operation. This
system is modeled based on ASHRAE (2010). The total refrigeration load QT [kW] is calculated as follows:
QT =QTL +QPL +QIL +QIAL (eq. 1)
where, QTr: is the transmission heat rate gain [kW]
QPL: average product cooling load [kW]
QIL: internal load of energy rate dissipated in storage room such as lighting, fans and people etc. [kW]
QIAL: average heat gain from infiltration [kW]
3.1.1. Transmission Load
The energy balance on the evaporator walls is shown in Fig. 2. To determine the transmission load, the
outside air convection heat transfer coefficient had to be determined for moving air at ambient temperature
tamb as follow:

Fig. 2: Detailed section of the evaporator

Sensible heat gain through walls, floor, and ceiling is determined from,
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Q = UAΔt (eq. 2)
where, Q: heat gain [kW]
U: overall coefficient of heat transfer [kW/m2.K]
A: outer surface area [m2]
Δt: difference between outside air temperature and air temperature of the refrigerated space [°C]
U= 1

1

ൗh +Σxൗk+1ൗh
0
i

(eq. 3)

where, x: wall and insulation thickness [m]
k: thermal conductivity of wall and insulation material [kW/m.K]
Δt=(tamb െ  tc )+ αst IΤho (eq. 4)
where, tamb: ambient temperature [°C]
tc: compartment temperature [°C]
αst: absorbed solar radiation for outside wall material
I: solar radiation [kW/m2]
In which the heat transfer coefficient ho is determined as follows:
Reynolds number is determined at tractor trailer speed by using following equation,
Re = uT LΤν (eq. 5)
where, Re: Reynolds number
uT: tractor trailer speed [m/s]
ν: ambient air kinematic viscosity [m2/s]
L: storage room length [m]
And Prandtl number is determined as following,
Pr=μcp /k (eq. 6)
where, Pr: Prandtl number
μ: ambient air dynamic viscosity [kg/m.s]
cp: ambient air specific heat capacity [kJ/kg.K]
k: ambient air thermal conductivity [kW/m.K]
and for turbulent flow over a flat plate, Nusselt number (Nu) could be determined from following equation,
Nu = 0.0296 Re0.8 Pr1/3 (eq. 7)
also Nusselt number equal,
Nu = ho L / k (eq. 8)
where, ho: outside air convection heat transfer coefficient
Then ho could be determined.
3.1.2. Product Load
Heat that is removed from stored vegetables and fruits to reach required storing temperature for each crop
type is analyzed to obtain the total product load which determined as follows:
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QPL = q1 Τ3600n (eq. 9)
where, QPL: average product cooling load [kW]
n: allotted time [h], where allotted time is time required for heat removal from products.
where, q1: heat removed above freezing [kJ] is determined as follows:
q1 = mC1 (ti  െ tc ) (eq. 10)
where, m: mass of product [kg]
C1: specific heat of product above freezing [kJ/kg.K]
ti: initial product temperature [°C]
tc: final product temperature above freezing [°C]
3.1.3. Internal Load
Internal load QIL is all energy dissipated in storage room such as lighting, fans and people. For lighting, led
lambs is chosen as it consumes little amount of energy. Each compartment has single fan of total load of 15
W to ensure that air is circulated inside storage room.
3.1.4. Infiltration Air Load
Heat gain from infiltration air which flow directly through the door can amount to more than half the total
refrigeration load for the storage room. Heat gain through doorways from air exchange is as follows,
QIAL = qDt Df (1 െ E) (eq. 11)
where, QIAL: average heat gain from infiltration [kW]
q: sensible and latent refrigeration load for fully established flow [kW]
Dt: doorway open-time factor
Df: doorway flow factor
E: effectiveness of doorway protective device
After the load for each compartment is determined, then the total refrigeration load Q T is known. The design
calculation based on maximum ambient dry bulb temperature of 40 °C, cold storage room area of 2.28 m *
2.44 m * 2.59 m (L * W * H) for each compartment with tractor trailer maximum speed of 80 km/h shows
that the maximum required cooling load for the hottest day of the year that is on 11 June the cooling load
values are 7.4 and 7.88 kW for the two cold compartments of temperatures 5°C and 0°C, respectively. These
loads are for the conditions that each cold storage room is fully loaded instantaneously. However, in practice
this doesn’t occur to fully load each storage room with 2.1 ton of required crops and harvest it takes about
two days. Therefore, each day will be crop load with about 1050 kg (150 boxes, 7 kg each) as working hours
per day is 8 hrs. Therefore the real cooling load will be 5.44 and 6.21 kW at 5°C and 0°C compartment
respectively. Consequently, depending on the required cooling load the DC compressor is selected and
modeled.
3.2. Compressor Model
The compressor that fit the required cooling load has to be variable speed motor driven to match the variation
of solar radiation during the daytime. For the 5 and 0°C compartment, a selection of a commercially
available DC driven compressor A MASTERFLUX DC, model: ALPINE08-2750Y3. From its datasheet, it
can operate at five different speed rpm’s which are 2800, 3300, 3800, 4300 and 4800 rpm correspondence to
different evaporator temperatures and condenser temperature of 55.4°C. This compressor as a subsystem lead
to determine electrical efficiency ratio [EER] of the system that determined by,
EER=3.412 QT ΤWC (eq. 12)
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where, WC: compressor input power [kW]
from the compressor datasheet at evaporator temperaure of 5°C, the Power – Cooling capacity equation is
given as follows,
WC = ln (Qe /0.7897) Τ 0.1755 (eq. 13)
where, Qe: compressor cooling capacity [kW]
and at evaporator temperature of of 0°C, the Power – Cooling capacity equation is given as follows,
WC = 0.0396Qe 2 + 0.0791Qe + 0.8407 (eq. 14)
Thus, based on cooling load demands, the required DC compressor that would fit 5 and 0°C compartments
cooling load require input power of 2.05 and 2.86 kW respectively. Consequantaly, the required input power
to the comperssoer leads to the selection of PV modules type and the reqiured total PV area.
3.3. Photovoltaic Model
To determine the total size of PV module required to fit the compressor input power, an approximate
expression for calculating the cell temperature tCell is given by (Ross, 1980),
tCell = tAir +

NOCT-20
80

I (eq. 15)

where, tCell: cell temperature [°C]
tAir: ambient temperature [°C]
NOCT: Nominal Operating Cell Temperature provided by the PV manufacturer [°C]
I: solar radiation [mW/cm2]
Therefore PV cell efficiency ηPV could be calculated from (Tiwari and Dubey, 2009),
ηPV = ηt ൣ1 െ βRef ሺtCell െ tRef ሻ൧ (eq. 16)
Ref

where, ηtRef: module electrical efficiency at the reference temperature t ref and at solar radiation of 1000 W/m2
[%]
βRef: temperature coefficient provided by the PV manufacturer [%/°C]
then the required total PV area is determined (Nafeh, 2009),
PV area = WC ൗ(Gav * ηpv * TCF) (eq. 17)
where, PV area: total photovoltaic area [m2]
WC: average daily load of compressor [W]
Gav: average tilted solar energy input per day [W/m2]
TCF: temperature correction factor
Then determine the peak power output from the total PV modules,
PV Peak power = PV area * PSI * ηPV (eq. 18)
where, PV Peak Power: maximum output power from PV [W]
PSI: Peak solar insolation [W/m2]
Finally number of PV panels could be determined by using following equation,
No. of Panels= PV Peak PowerΤPV average output Power (eq. 19)
where, PV average output Power: PV average output peak power for each panel [W]
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Then output power of the PV is,
PV Output Power= Gav *APV *N* ηPV (eq. 20)
where, PV output Power: output power of PV [W]
APV: area of PV panel [m2]
N: number of PV panels
The PV modeling is carried out for three different types of PV panels Monocrystalline, Polycrystalline and
Thin Film with the same output peak power of 500 W for each panel. However, this peak power occur few
minutes around noon time, therfore the real average monthely output power from each PV panel is
determined from average monthely solar radiation for refrigerator working monthes for each compartment.
Tab. 1shows the mechanical and electrical specification of each PV panel type. Also total required area and
number of PV panels required.
Tab. 1: Sizing of different PV Panels

Solar Cell Type

Monocrystalline

Polycrystalline

Thin Film

Model

Clearline PV
[PV30/500]

Qsolar [QS500QLX]

ENN Solar
[EST-500]

Masdar PV
GmbH
[MPV500MXL]

Max-Power [W]

500

500

500

500

Efficiency [%]

16.7

14.9

8.76

8.69

Length [m]

2.898

2.506

2.6

2.6

Width [m]

1.173

1.34

2.2

2.2

Thickness [m]

0.082

0.02

0.045

0.034

Open Circuit Voltage [V]

79.5

75.7

286

286.1

Short Circuit Current [A]

8.5

8.68

2.86

2.74

5°C
Average PV Output Power [W]

318.24

282.34

278.46

276.21

PV Area [m²]

26.6

25.87

44.01

44.37

PV Peak Power [kW]

3.94

3.85

3.85

3.85

No. of Panels

12.39 ≈ 13 Panel

13.65 ≈ 14 Panel

13.84 ≈ 14
Panel

13.96 ≈ 14
Panel

0°C
Average PV Output Power [W]

302.6

268.49

265.17

263.06

PV Area [m²]

32.08

35.17

59.82

60.3

PV Peak Power [kW]

5.35

5.24

5.24

5.24

No. of Panels

17.7 ≈ 18 Panel

19.52 ≈ 20 Panel

19.76 ≈ 20
Panel

19.92 ≈ 20
Panel

From Tab. 1, it could be seen that Monocrystalline PV panel is the appropriate one as it has less required
total area of 26.6 and 32.08 m2 for each. This will lead to determine number of required PV panels which is
13 and 18 panels for each compartment. Consecuantly, selection of the conditioner that provide the DC
compressor the required input power at the maker defined voltage.
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4. Results of Investigation of the System Performance
The performance of the solar driven refrigerator is carried out when the two cold rooms are at 5 and 0°C,
respectivelly. The performance is presented by COP that is carried at full load on the design date of 11 June
(the hottest day in the year) at Alexanderia. The weather parameters for this date are shown in Fig. 3.a and
Fig. 3.b. The results are presented during that day. As it can seen from Fig. 3, maximum ambient temperature
is 39.6°C and tiltled solar radiation corrosponding to it is 774.82 W/m2.

(b)

(a)

Fig. 3: Alexandria daily variation of (a) ambient dry bulb temperature, (b) tilted solar radiation

4.1. Performance of 5°C Compartment
The results of the performance of the refrigerator based on the input weather data are shown in Fig. 4 where
Fig. 4.a shows variation of compressor input power, Fig. 4.b shows variation of resulted evaporator load
(summation of cooling load and PCM load), Fig. 4.c show variation of required EER and Fig. 4.d show
variation of condenser temperature. EER value obtained at ambient temperature of 39.6°C is 9.04 at cooling
load of 5.44 kW, compressor input power of 3.58 kW and higher condenser temperature obtained during the
day is 53.6°C while keeping the evaporator temperature at the design point value of 5°C.

(d)

(c)

(b)

(a)

Fig. 4: Alexandria daily variation of (a) compressor input power, (b) evaporator load, (c) COP and (d) condenser temperature
at 5°C compartment
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4.2. Performance of 0°C Compartment
The results of the performance of the system at 0°C compartment is shown in Fig. 5. EER value obtained at
ambient temperature of 39.6°C is 7.41 at cooling load of 6.21 kW, compressor input power of 3.58 kW and
higher condenser temperature obtained during the day is 50.6°C while keeping the evaporator temperature at
the design point value of 0°C.

(d)

(c)

(b)

(a)

Fig. 5: Alexandria daily variation of (a) compressor input power, (b) evaporator load, (c) COP and (d) condenser temperature
at 0°C compartment

4.3. Performance at Different Climates
The performance of this transportable solar driven refrigerator when operated at different environmental
conditions is then investigated in other locations within Egypt Climate in Cairo, Asyut and Aswan for the 5
and 0°C compartment. Tab. 2 shows the performance of refrigerator at highest temperature during 2013 year
for Cairo, Asyut and Aswan cities and number of required panels for each one.
Tab. 2: Performance of refrigerator at Alexandria, Cairo, Asyut and Aswan at 5 and 0°C

Parameter\Location

Alexandria

Cairo

Asyut

Aswan

Ambient Dry Bulb
Temperature [°C]

39.6

42.4

44.7

46.7

Corresponding Tilted
Solar Radiation
[W/m2]

774.81

657.92

660.28

633

5°C
Compressor Input
Power [kW]

3.58

3.58

3.58

3.58

Cooling Load [kW]

5.44

5.67

4.92

4.89

EER

9.04

9.05

8.96

8.95

Condenser
Temperature [°C]

53.6

56.4

58.7

60.7

PV [Monocrystalline]
Area Required [m2]

23.6

25.23

21.05

20.57

Number of Panel
Required

12.38 ≈ 13 Panel

13.88 ≈ 14 Panel

11.89 ≈ 12 Panel

11.66 ≈ 12 Panel
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0°C
Compressor Input
Power [kW]

3.58

3.58

3.58

3.58

Cooling Load [kW]

6.21

6.48

5.67

5.63

EER

7.41

7.32

7.54

7.55

Condenser
Temperature [°C]

50.6

53.4

55.7

57.7

PV [Monocrystalline]
Area Required [m2]

32.08

35.65

28.85

28.1

Number of Panel
Required

17.7 ≈ 18 Panel

21.16 ≈ 22 Panel

17.25 ≈ 18 Panel

16.77 ≈ 17 Panel

From Tab. 2 it could be seen that Cairo have the highest cooling loads among other cities, it would require
5.67 and 6.48 kW cooling load, 14 and 22 panel for each compartment respectively. While for Asyut and
Aswan, despite their higher ambient temperature, the required cooling load is lower that that’s of Alexandria
and Cairo. This is because relative humidity at Aswan and Asyut are much lower than that of Cairo and
Alexandria, this lead to decrease of cooling load which lead to decrease in number of panels required. They
both require 12 panels for 5°C compartment and Aswan require 17 panel for 0°C compartment. Also from
Tab. 2 it can be seen that the compressor input power seems to be constant but this is because at this time of
the day compressor is working at its maximum input power to achieve required load. From above Solar
driven refrigerator would be applicable and economically valuable at Asyut, Aswan and Alexandria but at
Cairo it would cost too much as it requires 14 and 22 panels and installation would be so difficult.
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Abstract
Renewable Energy Resources is being used to provide an electrical power source through using appropriate
technologies like Photovoltaic, Wind Turbine or Hybrid Technology associated with storage system to
provide the needed power during the period when these renewable energy resources are not available. There
are many agriculture crops that are being cultivated in Egypt reclaimed deserts areas. Therefore, to deliver
such crops at high product quality, after harvest to the consumers, the transport storage environment need to
be at appropriate temperature and humidity levels to maintain highest product quality to the end user. Solar
energy is being utilized to be used for cooling and refrigeration. This paper presents the state of art of solar
driven refrigeration systems that used for agriculture crops reservation. It concluded that solar driven vapor
compression refrigeration system is the most appropriate system for this application. This due to it has higher
COP than the solar thermal refrigeration systems. Moreover, its size (footprint) is smaller than other solar
driven refrigeration systems as well as it could be easily transportable. The main hindrance of this its higher
initial cost compared to other conventional driven refrigeration systems.
Key-words: Solar Refrigeration – Ejection – Absorption – Adsorption – Desiccant – Vapor Compression –
Sterling Engine
1. Introduction
Global environmental concerns and the escalating demand for energy, coupled with steady progress in
renewable energy technologies, are opening opportunities for utilization of renewable energy resources.
Renewable Energy Resources is being used to provide electrical power sources through using appropriate
technologies like Photovoltaic (PV), Wind Turbine or Hybrid Technology associated with storage system to
provide the required power during the time when these renewable energy resources are not available. The
fossil fuels are being drained, and in developing countries it represents one of heaviest load on the economic
system of the countries. Unlike fossil fuel source, solar energy is considered to be the cleanest, inexhaustible
and available energy among all renewable energy resources available till to date.
Egypt is located on the sun built and considered to be one of the world’s richest countries with solar energy.
The world’s first solar thermal power plant was built in Maadi, Egypt (1912-1913) by the inventor Frank
Shuman who was a pioneer in solar energy and this plant is shown in Fig. 1.a by (Phoebus, 1913). It worked
successfully for almost a year, but this plant was shut down completely due to the onset of World War I and
cheaper fuel prices (Kalogirou, 2009). There are many agriculture crops that are being cultivated at new
reclaimed areas in Egypt deserts. In order to deliver such crops at high product quality, after harvest, to the
consumers it’s recommended that to control its storage and transportation environment at both appropriate
temperature and humidity level to maintain highest product quality for longer time and control the
development of insects and mould (Kitinoja and Kader, 2002). Moreover, in order to transport different crops
in the same carriage, a transportable multi-store solar driven refrigeration system needed to be used.
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1. Solar Refrigeration
Solar refrigeration means when solar energy is used to produce refrigeration. It mainly consists of solar
collector panel which is used to collect solar energy and refrigeration system which is used to produce
refrigeration. Storage system could be added to store unrequited energy in it. Its type depends on solar
refrigeration technology used. There are different technologies that are being used to obtain refrigeration
from solar energy. However, the main two technologies are: (1) Solar thermal refrigeration, (2) Solar
electrical refrigeration. The suitable working application for each solar refrigeration system depending on its
working temperature is shown on Fig. 1.b from (Abdulateef et al., 2009).

(a)

(b)

Fig. 1: (a) Frank Shuman‘s first solar thermal power plant in Maadi, Egypt (Phoebus, 1913), (b) Solar cooling paths
(Abdulateef et al., 2009)

2.1. Solar Thermal Refrigeration Systems
Solar thermal refrigeration principle is to use solar energy in thermal form to drive a cooling machine. There
are many machines utilize this principle such as Ejection chillers and Sorption chillers. The Sorption chillers
are classified into Closed Sorption and Open Sorption chillers. Absorption system and Adsorption system are
considered to be a closed sorption chiller. Desiccant wheels are considered to be an open sorption system
(Ullah et al., 2013). In Ejection chillers, solar energy is collected by the solar collector then transfer to
cooling system to generate the motive fluid for an Ejection refrigeration system. A schematic diagram of this
system is shown in Fig. 2.a by (Chunnanond and Aphornratana, 2004). The ordinary refrigeration system
consists of boiler and ejector which work as compressor to compress the refrigerant. Then refrigerant enter
condenser to loss heat and then throttled by throttle valve then enter evaporator to cool cooling load. Solar
system consisted of solar collector to collect heat and transfer it to circulated working fluid. This fluid then
enter storage tank to be used when it’s required. Then this fluid is circulated to boiler to heat refrigerant
(Chunnanond and Aphornratana, 2004). Sorption refrigeration system uses physical or chemical attraction
between pairs of substances to produce refrigeration effect (Kim and Ferreira, 2008). Absorption refers to a
closed sorption system when a substance assimilates from one state into a different state. These two states
create a strong attraction to make a strong solution or mixture (Ullah et al., 2013).
The schematic diagram of solar absorption system is shown in Fig. 2.b as presented by (Hassan and
Mohamad, 2012). The refrigerant leaves evaporator to absorber to be absorbed and form a solution. Heat
provided by solar collector is used at generator to separate the refrigerant from absorbent. This group
(absorbent, pump and generator) is also used to compress the refrigerant vapor to the condenser which is
used to condensate the refrigerant. The refrigerant is then expanded to the evaporator which is used to cool
the load. Vapor refrigerant (heat) is then absorbed at the absorber and the cycle repeats. Solar cycle consist of
solar collector to collect heat and thermal storage tank to store thermal energy to be used when solar energy
is not available.
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(a)

(b)

Fig. 2: (a) Solar Ejection refrigeration system (Chunnanond and Aphornratana, 2004), (b) Components of the solar absorption
refrigeration system (Hassan and Mohamad, 2012)

Adsorption is considered to be a surface phenomenon as it doesn’t depend on volumetric phenomenon like
absorption. Adsorption involves a solid porous sorbent that attracts refrigerant molecules onto its surface and
adsorbs them (Sarbu and Sebarchievici, 2013). Desiccation refers to a sorption process where a sorbent, i.e. a
desiccant, absorbs moisture from humid air. This process is employed in open sorption cycles, which are
classified into either liquid or solid desiccant cycles depending on the phase of the desiccant used. The
schematic diagram of solar liquid desiccation system is shown in Fig. 3 as presented by (Kim and Ferreira,
2008). The liquid desiccant circulates between an absorber and a regenerator in the same way as in an
absorption system. Main difference is that the equilibrium temperature of a liquid desiccant is determined not
by the total pressure but by the partial pressure of water in the humid air to which the solution is exposed to.
A concentrated solution is sprayed at point A over the cooling coil at point B while ambient or return air at
point 1 is blown across the stream. The solution absorbs moisture from the air and it’s simultaneously cooled
down by the cooling coil. The results of this process are the cool dry air at point 2 and the diluted solution at
point C (Kim and Ferreira, 2008).
For Ejection refrigeration systems, Guo and Shen (2009), investigated the performance of a solar-driven
ejector refrigeration system using R134a as refrigerant. This system was applied to an office air conditioning
in Shanghai, China on July with cooling capacity of 6kW. The operating conditions were: generator
temperature of 85°C, evaporator temperature of 8°C and condenser temperature varying with ambient
temperature. They concluded that their system could meet the cooling load of the office building. Its average
COP from 9:00 to 17:00 was about 0.48 on a typical clear sky days. The average COP of the system at the
remaining day time was between 0.43-0.53, except at 17:00, when it drops as low as 0.29. Also this system
conserves more than 75% of electric energy when it is used to supply air conditioning during daytime for
office buildings. COP is still considered to be too low.

Fig. 3: A liquid desiccant cooling system with solar collector (Kim and Ferreira, 2008)
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Yen et al. (2013), performed analytical study on variable throttle ejector at solar vapor ejector refrigeration
system. They used commercial CFD package, FLUENT 6.3 to analyze the performance of the system.
Cooling capacity of the system was 10.5kW with R245fa as refrigerant. Operating condition of the system
was generation temperature between 90°C and 110°C, condenser temperature exceeded 35°C and evaporator
temperature between 12°C and 20°C. They concluded that an ejector with a greater throat area and larger
solar collector allows a wider operating range of generator temperatures, but may be overdesigned and
expensive. But by decreasing the throat area the operating range of the generator temperature was limited,
and the resulting system may be unable to use solar energy as a heat source. They also presented a regressive
equation that relates the optimum throat area ratio to the operating conditions temperature ranges. Their
system work properly when its operating condition was achieved.
For Sorption refrigeration systems, Afshar et al. (2012) reviewed application of solar refrigeration systems
focusing on solar adsorption, solar desiccant cooling and solar absorption refrigeration systems. They also
showed the thermodynamic analysis and COP calculating equations for each system. They didn’t discuss the
different types of solar desiccant cooling system. Also they should have carried out a modeling analysis as
they showed a thermodynamic analysis. Sarbu and Sebarchievici (2013) reviewed different solar
refrigeration and cooling technologies. They concluded that for open sorption system, liquid desiccant
system had a higher COP than the solid desiccant system. For closed sorption system, adsorption cooling
system has lower COP than absorption system but it need lower heat source temperatures than the absorption
cooling. The ejector system has a higher thermal COP but it require a higher heat source temperature than
other systems. They also were not concerned about PV solar cooling systems. Fadar et al. (2009), carried out
a numerical study adsorption refrigeration system consisting of two adsorbent beds and powered by parabolic
trough solar collector (PTC) on July at Tetouan, Morocco. Adsorbent was activated carbon and refrigerant
was ammonia. They designed a FORTRAN program to simulate the behavior of the adsorption cooling
system. Under the climatic conditions of daily solar radiation being about 14MJ per 0.8m2 (17.5MJ/m2) and
operating conditions of evaporating temperature was 0°C, condensing temperature of 30°C and heat source
temperature of 100°C. The results indicate that the system could achieve a specific cooling power of the
order of 104W/kg, a refrigeration cycle COP of 0.43, and it could produce a daily useful cooling of 2515kJ
per 0.8m2 of collector area, while its gross solar COP could reach 0.18. They didn’t give detailed
specifications and capacities of each instrument used. Ozgoren et al. (2012), investigated the performance of
a solar absorption refrigeration system with evacuated tube collector and ammonia-water solution at Adana
province in Turkey on July 29. The system consisted of solar system consisted of evacuated tube collector
which work at about 45°C and pump to circulate working fluid. Outlet temperature of ammonia from
generator was assumed to be 110°C and evaporation temperature was taken as 10°C. The cooling capacity of
the system was taken as 2.5, 3, 3.5 and 4kW to cover daily variation of heat gain with a corresponding
condenser capacity of 3.02, 3.62, 4.23 and 4.83kW. They concluded that COPcooling varies in the range of
0.243 to 0.454 while that of the heating COP heating changes from 1.243 to 1.454 during the day. COP values
depend on generator temperature as when it decreases COP decrease especially when it’s lower than 1100°C.
Evacuated tube collector area for cooling load capacity of 2.5, 3, 3.5 and 4kW was found to be 25.68, 30.82,
35.95 and 41.09m2 respectively. They determined both cooling load and heating load for the same day. They
didn’t mention when their system could work properly.
2.2. Solar Electrical Refrigeration Systems
Solar electrical refrigeration principle is to convert solar energy into electrical energy that is used to drive the
refrigeration system. The refrigeration system could be vapor compression refrigeration system or sterling
refrigeration system. Vapor compression refrigeration system is the widely used due to its higher COP. The
schematic diagram of vapor compression refrigeration system is shown in Fig. 4.a as presented by (Kim and
Ferreira, 2008). It consists of solar PV panel which convert solar energy into electrical energy (DC). This
electrical energy is then used to drive DC compressor which compress the refrigerant to condenser. This
condenser is used to cool the refrigerant. The refrigerant is then throttled through throttle valve into
evaporator to cool the load. Then refrigerant is circulated back to compressor and cycle repeats.
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(a)

(b)

Fig. 4: (a) Schematic diagram of a solar electric compression air conditioner (Kim and Ferreira, 2008), (b) Schematics of the
Sterling cycle refrigerator (Le’an et al., 2009)

Sterling refrigeration system basic principle is cyclic compression and expansion of air or other gas in a
piston cylinder arrangement that is compressed in the colder portion of the cylinder and expanded in the
hotter portion of the cylinder. The schematic diagram of Sterling refrigeration system is shown in Fig. 4.b as
presented by (Le’an et al., 2009). System of pistons and displacers is used to move the working fluid
between volume spaces with a regenerator used for thermal energy storage. The gas absorbs thermal energy
from the environment during the isothermal expansion and releases heat to the environment during the
isothermal compression process. Sterling cycle cooler designs are categorized as kinematic machines, where
the piston and displacer are mechanically linked to the drive shaft, or free-piston machines, where the piston
is coupled to the power supply by an AC linear motor and the displacer motion is driven by the gas pressure
fluctuation in the system. The cooling capacity is determined by the piston amplitude, which is proportional
to the voltage applied to the linear motor (Le’an et al., 2009; Hermes and Barbosa, 2012; Tassou et al.,
2010). It has COP close to vapor compression systems, and performs better than vapor compression cycles if
the temperature difference increases between sink and source. Moreover it can provide very low
temperatures as 10K (Kalkan et al., 2012).
For solar driven vapor compression refrigeration systems, Axaopoulos and Theodoridis (2009), designed and
experimentally tested a solar PV battery-less powered ice-maker prototype unit which could be used as a
refrigerator on 2006 and 2007 at the Technological Educational Institute of Athens, Athens, Greece. They
used a 4 DC variable speed compressor, 440Wp PV arrays, controller to connect between compressor and an
ice storage tank to store energy in. They used ice storage tank to avoid the need for batteries which are
responsible for a significant portion of the capital cost and much of the maintenance cost. Also storage tank
had the advantage of being small as its size was smaller by about 14-21% compared to a chilled water store,
and 40-48% compared to stores with eutectic salts. Its volume was about 175l and insulated with
polystyrene. A PC-based automatic data acquisition unit was used to evaluate the performance of ice-making
system. The system operated daily and the ice produced was weighed at the end of the day. They concluded
that solar-to-compressor power efficiency was about 9.2% resulting from providing easy compressor
startups, enabling operation at as low as 150W/m2 of solar irradiance, accurate maximum power tracking and
efficient power management. Also the system was capable of producing around 4.5 kg of ice at only 3kWh/
m2/ day and up to 17kg at about 7.3kWh/m2/ day. They carry out their experimental study for only 2 days
one at fall and other on spring. This system was not tested for heavy load on summer.
For compressor, Ekren et al. (2013), performed experimental analysis on a variable speed DC compressor
used in a 79l refrigerator with refrigerant R134a. The speed of DC compressor was controlled by the cabinet
temperature. Therefore they used a resistance circuit to change the speed of the DC compressor with
minimum speed of 2000rpm and maximum speed of 3500rpm. They used Python software to construct the
control algorithm for the system. They carried out the experimental analysis at four different constant speed
operation modes and ON and ON/OFF operation modes. They concluded that variable speed operation of the
DC compressor could be much more efficient than constant speed operation of the DC compressors,
especially at higher speeds. According to the analysis, variable speed operation of the DC compressor
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provided higher COP (0.380) and exergy efficiency (7.4%) than the constant speed operation at 2500, 3000
and 3500rpm but at 2000rpm it had higher COP and exergy efficiency than variable speed condition but
required temperature was reached faster at variable speed condition. This was related to lower power
consumption at the same cooling capacity. He should have used a much accurate system rather than
resistance circuit as it can break down due to rapid change in load also it might not handle the load.
Relative humidity (RH) has a big effect on the crop; as each crop has its own RH storage condition. Sobrinho
and Tuna (2013), performed an experimental analysis to evaluate the influence of air RH on the COP of a
small air conditioning system using refrigerant R-22. They used laboratory (LAMOTRIZ) test bench at Sao
Paulo, Brazil to perform their experiment. It consisted of scroll compressor with capacity of 7700W,
condensing unit with capacity of 7034.4W, evaporator unit with capacity of 7034.4W and expansion valve.
They used InduSoft software to control the supervisory system of the test bench and CATT3 (Computer
Aided Thermodynamic) software to obtain the values of specific enthalpy and specific volume of measured
data. They concluded that the cooling capacity depended mainly on the dry bulb temperature of ambient air
and the air flow through the condenser, as cooling capacity decreased with the increase of the evaporation
temperature and the condensing temperature increased with the increasing of the ambient temperature. Also
RH had influence on the heat transfer coefficient responsible for the performance of the system and the
amount of heat removed from the airflow passing through the evaporator and when RH was in range between
40-65% it did not have large variations in on COP. Therefore when RH was much higher from these values,
COP had to be modified.
Speaking of PV panel systems, Parida et al. (2011) and Tiwari et al. (2011), reviewed and discussed different
PV technologies including PV power generation, Hybrid PV generation, various light absorbing materials,
environmental aspects, storage systems, performance and reliability of PV system, sizing, distribution,
control and applications. For thin film technology Amorphous silicon, it had cell efficiencies ranged of 5-7%
and for double- and triple-junction designs, efficiency was about 8-10% and commercially available multicrystalline silicon solar cells had an efficiency around 14-19% and widely used storing electricity is
electrochemical battery storage. But Tiwari et al. (2011) were also concerned about PV thermal (PVT)
technology which was adding a conventional solar thermal system to PV module. Therefore PV module was
used to generate electricity and solar thermal system was used to produce thermal energy. They carried out
numerical model analysis and qualitative evaluation of thermal and electrical output in terms of an overall
thermal energy and exergy. From the energy payback time and energy production factor point of view, the
Copper-Indium-Gallium-Diselenide solar cells in the building integrated PV thermal (BIPVT) system was
the most suitable while from the life cycle conversion efficiency point of view the use of mono-crystalline
solar cells in the BIPVT system was the most suitable.
For Sterling refrigeration systems, Hermes and Barbos (2012), compared and tested the thermodynamic
performance of four small-capacity portable coolers in Brazil. They employ sterling and vapor compression
technologies. Tests were carried out at two different ambient temperatures 21 and 32°C using a climatized
chamber. They concluded that for the same input conditions that sterling system cooling capacity was 18.1W
at 21°C and 23W at 32°C and power consumption was 18.3W at 21°C and 30.5W at 32°C. For vapor
compression system, cooling capacity was 20.4W at 21°C and 24.3W at 32°C and power consumption was
25.7W at 21°C and 32.9W at 32°C. For overall thermodynamic efficiencies, the sterling and the
reciprocating vapor compression refrigeration systems presented similar efficiencies about 14%. They didn’t
give the capacities of each component of each system.
2.3. Solar Thermal vs. Solar Electrical Refrigeration Systems
There were a lot of researchers who were concerned about performance of solar thermal vs. solar electrical
refrigeration systems. Thermal systems represent smaller ozone depletion potential and smaller contribution
to greenhouse effects than electrically operated refrigeration plants which uses synthetic refrigerants.
Kim and Ferreira (2008), illustrate different solar thermal and electrical cooling systems available from the
energy efficiency and economic feasibility point of view. For solar electrical cooling systems, their main
system was vapor compression refrigeration system. They cited that its COP ranged from 1.1 to 3.3 at
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evaporator temperatures between -5 and 15°C and condenser temperatures between 45 and 61°C. When
Monocrystalline PV modules with 10% efficiency and variable-speed compressors were used with batteries,
the overall efficiency was about 30% when COP was 3. Also they illustrated Sterling refrigerator and
concluded that its COP was lower than that of vapor compression refrigerator for the same input. For solar
thermal cooling systems, they performed a comparison between thermo-mechanical, absorption, adsorption
and desiccant solutions systems by assuming constant solar energy input. They summarized their work in
Fig. 5 by assuming constant input of 1000W for all solar refrigeration systems. The three last columns
indicated the specific cost of PV solar panels, thermal solar collectors plus engine and the specific chiller
cost. They concluded that Solar thermal with single-effect absorption system had highest performance and
lowest required investments per kWcooling followed by the solar thermal with single-effect adsorption system
and by the solar thermal with double-effect absorption system, also they compared absorption and adsorption
in terms of performance they concluded that adsorption chillers were more expensive and bulkier than
absorption chillers and the total cost of a single-effect LiBr-water absorption system was the lowest.

Fig. 5: Performance and cost of various solar refrigeration systems (Kim and Ferreira, 2008)

Also they concluded that solar electric and thermo-mechanical systems were more expensive than thermal
sorption systems. The resulted cost shown in Fig. 5 would have been changed by now due to improvement in
these technologies. Mekhilef et al. (2013), illustrated new and feasible technologies of solar energy
applications in the agricultural sectors. They discussed the important of lowering storing temperatures of
grain to prevent invasion of insect and growing mold. Also it had a great effect on the time of storage. They
compared different technologies in the solar cooling systems; they concluded that desiccant dehumidification
was more efficient in controlling its humidity than the other technologies and solar desiccant
dehumidification system could be a suitable alternative when a large ventilation or dehumidification was
required. For PV refrigeration system they cited that to made the system functional for some application, the
problem of varying of the rate of producing electricity with time can be solved by adding devices such as
electric battery, mixed use of solar-grid-electricity or a compressor with variable-capacity. Also the price of a
solar PV panel was consider high when compared to other solar cooling systems but they informed that PV
systems and/or solar thermal system would be the suitable option for remote areas. They just gave a brief
description for each system they discussed.
Hartmann et al. (2011), presented an analytically comparison between solar thermal and solar electric
cooling and heating for small office building exposed to two different European climates (Freiburg and
Madrid) with a floor area of 309.9m2. They carried out the analytical study by using a compression chiller as
a reference system which is assumed to cover the load, solar electric cooling system on a PV-driven
compression chiller and a solar thermal system on an absorption chiller. The total cooling demand was
10818kWh/a in Freiburg and 16478kWh/a in Madrid and total heat demand was 19337kWh/a in Freiburg
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and 7288kWh/a in Madrid. The simulation resulted that PV module area was smaller five times the scale of
the thermal collector area. They concluded that for large collector areas, up to 40% (Freiburg) and 60%
(Madrid) of primary energy could be saved with the solar thermal system as well as with the solar electrical
system. The collector area of the solar thermal system had to be more than six times larger than the
corresponding solar electrical collector to achieve the same amount of saved primary energy. For their study,
solar electric system was found to be the applicable solution as the solar thermal system had larger planning
and system cost and cost of the adsorption chiller was higher. Their study was done on only small office
building. They didn’t mention if this system could be applicable for larger scale building.
Also Otanica et al. (2012), performed an analytical study on both solar electrical cooling system and solar
thermal cooling system of 17.58kW cooling focusing on economic and environmental comparison between
solar-thermal-driven and solar-PV-driven air conditioning technology. They concluded that for solar
electrical driven cooling system, it had much higher COP and a lower PV footprint that ranged between 24 to
48m2 but it had highest cost depending on required COP impact. For vapor compression refrigeration system
with a COP of 3 its cost was considered to be about $3501 and for a COP of 6 cost would be three times. For
solar thermal driven cooling system, they cited that its PV area footprint ranged between 78 and 106m2 in
2010 and they assumed that cost was constant over the time for different thermal unit used in the analysis,
but cost of solar collection was much lower as a percentage of overall cost. Also they discussed the
environmental impact of using refrigerant R-22 as its global warming potential (GWP) was about 18g
CO2/kW h of cooling and Refrigerant like R-410A had lower ozone impact but similar GWP and would not
have a drastic result on the projected equivalent carbon dioxide release over the life of the system. They were
only concerned about cost and area footprint. In another words they didn’t show how to improve these
systems.
Lazzarin (2014), performed an analytical study between PV driven compression chiller and solar thermal
driven sorption chiller with respect to overall system efficiency and its investment cost. He concluded that to
produce 1kWh cooling, PV driven compression chiller efficiency was about 12% but its COP was much
higher (4 for the water cooled and 3 for the air cooled chillers) and the specific required area was about 0.27
and 0.36 m2/kWh.day respectively for water and air cooled. For the same 1kWh cooling as product, the
specific required area for ETC (Evacuated Tube Collectors) driven double effect chillers was about 0.24
m2/kWh, ETC single effect was about 0.29m2/kWh and PTC double effect was about 0.33m2/kWh. Also he
showed an evaluation for investment cost for a daily production of 10kWhcooling for the PV and solar thermal
system and found that it was between 1900 and 2200 € per 10kWhcooling /day with the cost of PV systems just
in the middle of the thermal technologies. He cited that PV driven system was considered too expensive
with respect to the solar thermal in the past, now it is quite comparable if the system was air cooled. These
numbers are considered to be changed when these systems applied experimentally.
2. Storage Systems
The storage systems are being used to store solar energy to be used when there is a lack of it. It has the
advantage of minimizing the high cost of solar refrigeration system by doing load management. Toledo et al.
(2010), reviewed different energy storage system and their redistribution for PV system. They cited that
sodium-sulfur batteries were one of the best options for PV system. Its energy density was about three to five
times that of lead-acid battery. Also it had long useful life, high efficiency in relation to other batteries and it
require minimal space for installation but one of its biggest problems was its cost. They only discussed
batteries as energy storage system; they didn’t give any other option that could be used. Li et al. (2012),
illustrated different cold storage systems used for air conditioning application. They are classified according
to the type of storage media and the way it’s used like water storage, ice storage, phase change material
(PCM) storage and sorption storage systems. They concluded that for water storage and static ice storage
systems, they still need further study cause of efficiency and reliability of a water or aqueous solution
converting to ice crystals or ice slurry. For PCM storage, salt hydrates had serious issues of phase separation,
super cooling, and corrosion. Paraffin waxes and fatty acids were mostly chemically inert, stable and
recyclable, exhibit little or no super cooling and they show no phase separation or non-corrosive behavior but
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they had the shortcomings of low thermal conductivity and high flammability. For sorption storage system,
they concluded that the suitable and efficient working pair was water and solid/gas reaction used as the
refrigerant and sorbent. They didn’t mention the suitable cooling system that each cold storage system could
be applicable.
Kaldellis et al. (2009), illustrated analytically different types of energy storage systems like Pumped hydro
storage (PHS), Compressed air energy storage (CAES), Flywheels energy storage (FES), Battery energy
storage (BES), Flow batteries (FB), Fuel cells (FC). They carried out electricity generation cost analysis
applied to four Aegean Archipelago Islands. They concluded that sodium-sulfur batteries might be thought as
suitable for very small island cases with a peak load demand up to 600kW. For small (peak load demand up
to 5MW) and medium (peak load demand up to 35MW) sized islands PHS was found to be slightly better
than sodium-sulfur batteries for a given autonomy period of 12h, while they present a clear advantage in the
case of 24h. they were only concerned about producing electricity to be used at homes.
3. Conclusion
This study presented the state of art of solar driven refrigeration systems that is used for agriculture crops
reservation. Throughout the open literature discussed above, it’s found that Solar PV driven vapor
compression refrigeration system has advantages of: suitable for remote areas, have a relativity higher COP,
lower PV area footprint, can work for temperatures lower than 0°C, solar energy can be stored batteries in
form of electrical energy to be used when there is a lack of solar energy, and lower CO2 emission. However,
there are some considerations that had to be taken in count when considering using such system as: reduction
of performance at higher temperatures. The necessary total PV panel area of the system should be
determined to cover daily power consumption of the compressor. DC compressors should be used as it
requires low voltage and direct current supply such as 12-24 V which make it suitable for green energy
technologies. Such system has relativity high initial cost and suitability for small capacity application
While, for solar thermal driven refrigeration system, it has advantages of: relativity lower cost, suitable for
remote area, Suitable for large cooling capacity applications, doesn’t have problems of the GWP and ODP of
many refrigerants used in vapor-compression systems and requires minimal mechanical power. While, the
system disadvantages are: lower COP, higher collector area foot print, need a large space to store solar
energy (cold storage) and much more complicated in design. However, it concluded that solar driven vapor
compression refrigeration system is the most appropriate system for agriculture crops reservation. This due
to it has higher COP than the solar thermal refrigeration systems. Moreover, its size (footprint) is smaller
than other solar driven refrigeration systems as well as it could be easily transportable. The main hindrance
of this its higher initial cost compared to other conventional driven refrigeration systems.
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Abstract
The aim of the paper is to describe the thermal design of an own-developed pr-industrial absorption machine
of small capacity, single effect configuration using LiBr-H2O as working fluid and air-cooled, and then
evaluating the preliminary operational results, i.e. the performance and the cooling capacity. This chiller is
conceived for low temperature heat sources, e. g. , solar cooling or waste heat. A mathematical modelisation
under transient condtions of the single-effect LiBr-H2O - air-cooled absorption chiller has been developed.
Thisis very valuable to predict the thermal behaviour of the absorption machine and their interaction with the
other components and, therefore for defining its control strategy. Numerical results are obtained and the
validation is performed against experimental data, due to there are dependences with some empiric
parameters. The numerical model to simulate the thermal and fluid dynamical behaviour of the absorption
machine has been implemented using the NEST platform (object-oriented numerical tool).
Keywords: LiBr-H2O, air-cooled, absorption, single-effect, object-oriented, numerical simulation, transient

1. Introduction
In the last years there is a renewed interest of sorption systems due to the increasing price of the primary
energy, which leads to the more efficient distributed model of energy production. In this distributed model,
sorption systems could play an important role. Small capacity systems (less than 15 kW) could be an
interesting option in the present situation. There have been many industrial developments in the last decade
mainly in Europe, USA and China. However, up to now its implementation has been limited due to the initial
high investment. One the main reasons could be the lack of standardisation, both in the components and
systems. Based on these issues a 7 kW single-effect air-cooled absorption chiller has been thermally
designed, mounted, and ready to be tested in Terrassa (Barcelona), Spain. By using the numerical developed
platform tool several enhancements regarding the regulation and control of the device can be addressed.
2. Thermal design of the air-cooled absorption machine
2.1 Mathematical modeling
For performing the simulations, a modular object-oriented simulation platform is used (NEST), which allows
the linking between the different components (solar collectors, pump, valves, heat exchangers, etc.) of each
system. In this numerical platform each component is an object, which can be either an empirical-based
model (e. g. heat exchangers, solar collector) or a more detailed CFD calculation if necessary. With this
numerical platform, parallel computing is allowed.
A lumped parametric dynamic model based on mass, momentum and energy balances and applied to
internal components of the absorption machine (absorber, generator, condenser, evaporator and solution heat
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exchanger) has been implemented to investigate on transient behaviour of the air-cooled absorption machine
(Evola et al, 2013), (Kohlenbach P. and Ziegler F, 2008) (Farnós et al, 2014).
Moreover, thermal and mass storage in each one of the components are considered in the transient
evaluation. The pressure losses in the solution heat exchanger are evaluated by means of a resistance
coefficient, and the analysis of part-load or activation/deactivation transient operation procedures can be
carried out. Thus, the transient simulation of the absorption chiller is useful to obtain realistic information on
fast transient procedures, i.e. switch-on, switch off, by-pass or failure operations.

Fig. 1 LiBr-H2O single effect absorption cycle

Some assumptions are considered for the formulation of the process: i) temperatures, pressures and
concentrations are homogeneous inside each component, ii) pressure inside the generator is equal to the one
in the condenser, iii) fluid transport delay between two components is neglected, iv) each heat exchanger has
a constant overall heat transfer coefficient (UA), v) throttling valves are adiabatic, vi) vapour produced in the
evaporator is saturated, vii) volumetric flow conveyed by the solution pump is assumed constant and, viii)
mass transfer coefficients (k·A) are recalculated according to the conditions of the different sources.
The assumption of not considering vapor mass accumulation on vessels is in accordance with numerical
results obtained from other research (Köhlenbach and Ziegler, 2008) (Farnós et al, 2014). In the present
work, the equation system is closed using ݉ሶ = ݇ · ܥ · ܣ in order to obtain absorbed and desorbed mass;
where k (mass transfer coefficient) is difficult to obtain accurately.
Preliminary numerical results have been obtained and they have been validated with the numerical results of
a case proposed by Evola et al. (2013) and with experimental data obtained by Castro et. al. (2008) (see
section 4.1). Temperatures, pressures, concentrations, mass fluxes and power of the most significant points
of the whole absorption machine can be obtained.
2.2 Numerical implementation
Regarding numerical simulation, an adaptable in-time Runge-Kutta method has been implemented in order to
optimize the time step without reducing accuracy in an explicit method. The explicit method is capable to
adapt its time step depending on the convergence of the components (a numerical stability analysis has been
done), and on the pseudo-stationary performance of the machine. Therefore, it is important to simulate
accurately regulation and control periods when transient phenomena are very relevant. In those cases, the
time step can be reduced up to 1·10-5 seconds, while in a stabilized mode time steps can be increased until
0.1 seconds without losing accuracy.
The concentrated solution rate is obtained by adapting the expression described by Evola et al. (2013) or
Köhlenbach and Ziegler (2008) in order to overcome the possibility of emptying the desorber or the
condenser. This expression is highly dependent on the ȗwhich value is a function of piping and solution
heat exchanger. Therefore, it is important to obtain manufacturing characteristics. Moreover, ȗ is
recalculated at each time step depending on the total amount of mass substance at the vessels, which is
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permanently controlled in order to avoid emptied vessels and to analyze the thermal inertia of accumulated
terms. On the other hand, volumetric flow is set constant imposed according to solution pump characteristics.
Finally, according to Kohlenbach and Ziegler (2008a), Kohlenbach and Ziegler (2008b), and Yeung et al.
(1992) the fouling factor is also considered in the UAint and UAext expression.
3. Technical Characteristics of the air-cooled absorption machine
There are two types of heat exchangers: i) serpentine tube bundle: generator and evaporator; ii) fin and tube:
absorber and condenser. Absorption and desorption are numerically modeled taking account heat and mass
transfer in absorption phenomena (Castro et al, 2008). Evaporation and condensation phenomena are
calculated using the correlations provided in the literature by Schnabel and Wiegand (2007). In the case of
small capacity absorption chillers, flooded evaporators configuration is a very interesting option to remove
the refrigerant pumpand therefore decrease the electrical expense. However, their design implies low heat
transfer coefficients with respect falling film evaporators because normally they do not work under boiling
conditions, but under natural convection regime, due to the small temperature differences between the
primary and secondary streams (Castro et al, 2008) .
Table 1. Equipment specifications and main results of the cycle simulation for the nominal operation point

Nominal capacity
COP
Dimensions
Volume
Electricity consumption
Hot water stream
Cooling air stream
Chilled water stream

Units
kW
WDH, mm
m3
kW
ºC
ºC
ºC *

Specifications
7.0
0.7
800-800-2100
1.5
0.37 (fan)+0.25 (pump)
88
1730
35
16500
9
1200

kg/h
m3/h
kg/h

Key Issues of the chiller: Flooded evaporators, Arrangement of heat exchangers, New heat exchangers,
Valves under vacuum conditions, reduction of NPSHr, internal corrosion analysis in deep, heat and mass
transfer coefficients, and % of air permitted assuring a good heat and mass transfer.
4. Experimental validation of the LiBr-H2O small capacity air-cooled absorption machine
Experimental data have been obtained from Castro et al., 2008. In order to validate the numerical simulation
for this device, authors have considered this 2 kW air-cooled machine where it is possible to understand and
design strategies of regulation and control. This chiller has been simulated in a transient mode, and was
tested at the laboratory of the Heat and Mass Transfer Technological Center at the Polytechnical University
of Catalonia (UPC) in Terrassa (Barcelona), Spain. The research has been mainly focused on avoiding
crystallization phenomena, avoiding freezing and geometrical aspects related in the simulation.
4.1 Experimental validation of a 2 kWc air-cooled absorption machine
Regarding the original configuration of the 2kW air-cooled absorption cycle, a liquid-vapour separator tank
between condenser and evaporator, which has been considered adiabatic on the numerical modeling, is
integrated in the cycle. This is due to the falling film configuration of the evaporator. Therefore a constant
inlet mass flow is fixed.
The stabilization of the performance of the chiller has been observed at around 1200 seconds after switchingon the refrigerating system. Moreover, It can be assumed a stationary operational point of the chiller when
݉ሶabs has a very closed value of ݉ሶdes. The outlet temperature of the air at the absorber is the inlet at the
condenser.
Table 2. Main input parameters for the simulation of a 2kW LiBr-Water air-cooled absorption machine

Evaporator
Absorber
Desorber
Condenser
Solution Heat Exchanger

UAint[W/K]
6595
1553
1566
4495

UAext[W/K]
1373
1494
5200
967
575
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Next it is shown a comparison between numerical and experimental data in order to validate the
mathematical model. As it can be observed, numerical results overestimate the cooling capacity of the
chiller. It can be explained by the (UA)e where its dependence of semi-empirical information on the heat and
mass transfer coefficients brings to a range of working values. As the numerical modelisation needs a fixed
value, (UA) has been implemented on the code as fixed input data. At the same time, there are uncertainties
regarding the wettability of the evaporator. Therefore, (UA)e should be numerically reduced in order to
assure a better approximation from experimental data. It is needed an strong effort to obtain semi-empirical
values which are constant along the numerical simulation. They need to be as accurate as possible.

Fig. 2i. Experimental obtained COP Vs numerical calculated COP
calculated

Fig. 2ii. Experimental cooling capacity Vs numerical
cooling capacity

4.2 Numerical results of a 7kWc air-cooled absorption machine
In the case of the 7 kW chiller, instead of fixing the inlet values of temperature and mass flows, a virtual
solar cooling facility has been implemented in a numerical platform. Therefore, the evaporator and generator
inlet temperatures are determined by two tanks which are used as a buffer in order to avoid oscillations on
the driving temperature. Temperatures inside the tanks are controlled so that the high temperature circuit
(solar circuit) is activated only when is required (below 80ºC). Hysteresis of the tanks is considered when the
high temperature source is activated or deactivated. Moreover, there is an auxiliary circuit if solar circuit is
not available to overcome heating demand. The low temperature circuit is controlled in order to avoid
freezing at the chiller (Te<1.5ºC).

Fig. 3. Solar cooling facility

Once the mathematical modeling has been validated with experimental data from an air-cooled absorption
chiller, an example of the necessity of a good control and regulation strategy of an absorption machine is
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demonstrated below. Based on the numerical simulation, the performance of an air-cooled LiBr-H2Or
absorption machine of 7 kW of cooling capacity is clearly affected by demand.
Table 3. Thermal design of a 7kW LiBr-Water direct air-cooled absorption machine

Evaporator
Absorber
Desorber
Condenser
Solution Heat Exchanger

UAint [W/K]
2675
4262
3125
3189

UAext[W/K]
14310
3539
12866
1885
1600

Fig. 4i)Evaporator performancewith high cooling demand

Fig. 4ii)Evaporator performance
with low cooling
demand
Fig. 4 Evaporator performance in a Mediterranean climate
(Te=Te,inside vessel, Twi=Tw,i secondary flow, Two=Tw,o secondary flow, Thxe =Thx,e)

As it is described on the figures 4i and 4ii, on the same characteristic day from July in Barcelona (Spain,
Mediterranean climate), from 9 am to 11:30 am, it is shown that there is not enough cooling demand to
overcome the delivering cooling power of the machine. In that case, a cold tank, which acts as a buffer,
modulates this issue, but freezing control must be activated. If not, as it is shown in Fig. 4 ii) the temperature
at the vessel of the evaporador decreases until freezing appears, In that case, strategies as flow modulation of
secondaries or by-pass activation are reliable to overcome operation failures. If control is activated, i.e. by
pass from desorber to absorber, computational costs are increased due to convergence of parameters bring
the numerical simulation to use time steps of 10-5 seconds.
The data obtained from numerical simulation is used to manage the regulation and based in a transient
analysis (Mirzaei et al, 2011), taking into account several heat and mass transfer phenomena like
crystallization, inertia, etc., aiming to assure a good control strategy on the start-up, shut-down, nominal
conditions, etc. With this valuable information different control strategies are considered to be used using
industrial devices such as PLC, EPC, etc.
The experimental validation of the 7 kW machine is currently being carried and first operational results may
validate numerical data obtained by means of thermodynamic modeling. The experimental facility allows to
simulate several service conditions by varying the parameters of internal and external circuits, as the driving
temperature, pressure and flow rate, all abled to be recorded in real time and obtaining a first experience in
real-life. Finally, the experimental facility monitors the performance focusing on heat rejection temperature
dependency and crystallization phenomena.
4.3 Control strategies
Internal and external controls must be focused on the operation of air-cooled absorption chillers. In this work
only internal chiller processes are addressed by reviewing several control strategies present at the scientific
literature and also from the industry. External control deals with external parameters of the chiller, such as
the ones concerning low, medium and hot circuitry. Controlling hot and cooling water is one of the most
promising approaches but in air-cooled machines is highly complex, at least at the medium focus. Even
though, an optimal control of the chiller concerns on defining a good strategy for the whole system,
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including heating and cooling components (hot and cold storage, solar circuit, etc.). The principal controlled
parameters of a solar cooling system may be hot water inlet temperature and mass flow, cooling air or water
inlet temperature and mass flow and chilled water outlet temperature and mass flow. Chilled water must be
kept in certain limits to allow satisfactory operation (Kohlenbach and Ziegler, 2008b). At the same time
differential on/off operation of the external circuits should be avoided (Yeung et al, 1992; Bong et al, 1987;
Kohlenbach, 2008; Labus, 2012).
The air-cooled absorption chillers are attractive due to no use of cooling tower and associated installation is
needed. However, the key technical barrier to operate an air-cooled absorption chiller using LiBr-Water as
working fluid is crystallization because of high temperatures achieved inside the absorber which derives in a
concentrated solution. It is the main difference towards water cooled absorption chillers. As air is used as
coolant, low heat transfer characteristics must be taken into consideration because operational concentrations
of the solution are very close to the crystallization limit. Therefore, not always the evaporator temperature
can be maintained as low as it would be necessary to overcome the absorption pressure increase. LiBr begins
to crystallize when the temperature solution is reduced under the crystallization limit or when concentration
ratio is increased. A numerical control strategy has been implemented considering a wide variety of causes
which may interrupt the operation.
On the other hand, an interesting control to regulate the cooling capacity of the chiller is by varying mass
flows at the medium temperature source. It brings to deal with a high variation of the mass transfer
coefficient, which may be recalculated for each performance condition. This control is high complicate to
simulate in terms of mass transfer coefficients available data, Nevertheless, the electrical COP would be
increased and, therefore, energy savings would be greater. Several regulation strategies can be planned with
the aim of electricity consumption reduction.An other approach to regulate the cooling capacity may be
considering the variation of the mass flow of the high temperature source. Cooling capacity may be affected.
When high condensation temperature is required due to high ambient temperature (Florides, 2003) (Izquierdo
et al, 2004), high temperature at the desorber is needed, with a possible overloading power to the desorber.
Therefore, a high concentrated solution has to return to the absorber through the solution heat exchanger. On
the other hand, for condensation temperatures over 40ºC, single-stage air-cooled absorption chillers can not
be operated by single glaze flat plate collectors(McNeely, 1979) (Izquierdo et al, 2004).
Other causes which allow the creation of slush are low ambient temperature and full load (Florides et al.,
2003), electrical failure (shutdown dilution process) and when the chilled temperature is set too low (Liao
and Radermacher, 2007). The presence of non-absorbable gases (air and hydrogen) which may vary
according to the power input at the desorber (Liao and Radermacher, 2007) and their effect on the
performance of the absorption process phenomena are studied at a basic research level (Garcia-Rivera et al.,
2012) and will be discussed in future works on the performance of the air-cooled absorption prototype.
Moreover, several approaches can be found on the scientific literature as self-decrystallisation technique
(DeVuono et al, 1992) by driving high temperature secondary fluid through the solution heat exchanger. It is
only possible if high temperature drives the desorption process. Other techniques as controlling the absorbed
mass by monitoring the fluid level at the evaporator or boosting the absorber pressure have also been studied
by different authors (Zogg et al, 2005) (Xie et al, 2012). These approaches and an overview of control
strategies can be found at Labus et al. (2012), where a new Artificial Neural Network (ANN) modeling and
optimization approach is described. Another focus is to define a control strategy based on minimizing
specific costs or the price for generation of cold (Albers, 2013).
Finally a J-tube technology or by-passing the solution from the desorber to the absorber in order to avoid
crystallization is widely applied on the industry (Johnson Control, 1997) and has been numerical simulated
by the authors of the present work to prevent crystallization on the operational mode of the system. When
crystallization phenomena appears, a connection between the desorber and the absorber, which by-passes the
solution heat exchanger, is opened. Therefore, immediately the concentrated solution is diluted and its
temperature decreases, warming the low concentrated solution. At the same time, the mass flow over the
solution heat exchanger will allow to avoid crystallization at the concentrated solution which is at low
temperature.
Summarizing, regulation and control of the cycle is quiet challenging due to crystallization phenomena and
environmental temperature dependence. In fact, mass flow driven from the generator to the absorber depends
on the pressure gradient, which at the same time depends on the geometrical configuration. Therefore, it is
important the mechanical design in order to define correctly all the input parameters at the numerical
simulation. The transient numerical modelling developed will help to define the optimum control strategy.
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5. Conclusions
A mathematical model has been used to obtain preliminary results of a small capacity pre-industrial LiBrH2O air-cooled absorption machine, with the aim of defining a control strategy to avoid undesirable working
conditions. Two different air-cooled absorption machines have been integrated in a virtual laboratory and all
experimental data show that the machines are far from crystallization. However, there is a strong dependence
on the mass transfer coefficient, which may induct the desorber into a crystallization process and to an
overload at the evaporator. This can be assumed constant for a pseudo-stationary case, but in a transient
mode where control strategies are taken into consideration, must be calculated according to the specific
conditions where the chiller is working each time step. At the same time, ȗ must be defined accurately in
order to control the circulated solution and refrigerant and to avoid emptying vessels, which could interrupt
the operation of the machine. In order to avoid this phenomenon, different strategies are considered, as the
control of mass substance inside vessels (J-tube), freezing especially when the machine is operated with low
cooling demand, and the integration of a decrystallisation line for example (by-pass), etc.
A good agreement between numerical results and experimental data of a 2kW single-effect LiBr-Water aircooled machine is achieved. Discrepancies are small and can be explained as consequence of the
mathematical model dependence on semi-empirical information. Therefore, the numerical simulation of a
7kW single-effect LiBr-Water air-cooled machine has been carried out with the implemented and validated
model. Next steps are to obtain experimental data of a 7 kW air-cooled machine to compare and validate
numerical results of the model. Some uncertainties, as mass transfer coefficient or an accurate value of ȗ
which determines mass flow of the thermochemical compressor, may be defined accurately.
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NOMENCLATURE
Variables
ܳሶ
thermal flow,W
݉ሶ
mass flow rate, kg/s
COP Thermal Coefficient of Performance
NPSH Net Power Suction Heat
Greek letters
ȗ
pressure loss coefficient (-)
Subscripts and superscripts
abs
absorbed
int
internal
g
generator
e
evaporator
l
liquid
s
solution
o
outlet
num
numerical
hx
heat exchanger
lm
logarithmic mean
r
required

T
M
s

des
a
ext
v
c
i
w
exp
d
env

temperature, K
mass, kg
second

desorbed
absorber
external
vapour / gas
condenser
inlet
water
experimental
losses
environmental
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Abstract
A novel design of an internally heated tube-bundle heat and mass exchanger is presented and experimentally
examined in this paper. The main focus for the design of the regenerator was to avoid carryover of the
lithium chloride solution (LiCl-H2O) to the regenerator air-stream. Furthermore, an important aim was to
realize an improved heat and mass transfer coefficients, as well as higher chemical, physical, and thermal
stability of the construction and to reach an even wettability and maximum uniform distribution of the liquid
desiccant in the regenerator.
The presented regenerator is the core of a demonstration plant of a liquid desiccant system that will be used
for drying hay bales. The system will be installed in an agricultural domain in North Hessen, Germany. The
liquid desiccant regenerator is made of copper pipes, protected from the corrosive medium, the LiClsolution, with a thin powder coating layer. The copper tubes are covered with textile sleeves. The total
exposed surface area of the regenerator is about 4 m2. The air stream and the LiCl solution flow are arranged
in a cross flow configuration.
The regenerator is tested in the laboratory at Kassel University. Four test sequences each with three
experiments were performed by varying one of the inlet parameters in each test sequence. The moisture
removal rate is studied as a function of desiccant mass flow rate, desiccant inlet temperature, heating-water
inlet temperature and air inlet temperature. It is found that the moisture removal rate increases with
increasing desiccant flow rate, desiccant inlet temperature and heating-water inlet temperature. Also,
increasing the air inlet temperature has only a small effect on the increment of the moisture removal rate; this
raises the question about the viability of preheating the regeneration air before coming in contact with diluted
desiccant solution especially if the regenerator is internally heated.
The diluted desiccant solution could be re-concentrated by using heating water with a temperature of 50 °C.
Furthermore, an increase in the concentration of the LiCl-solution by 4% is observed when the inlet heatingwater temperature is 70 °C.
Keywords: Liquid desiccant, tube-bundle, regenerator, heat and mass exchanger, drying.

1. Introduction
The main components of an open-loop liquid desiccant system are the absorber and the regenerator. In the
absorber, moisture which is absorbed from the ambient air stream dilutes the desiccant solution. The diluted
solution is re-concentrated in the regenerator, where it is heated to increase its water vapor pressure. An
ambient air stream contacts the heated solution in the regenerator. There, water is desorbed from the
desiccant solution into the air and the solution is re-concentrated. Figure 1 shows a schematic diagram of a
solar driven liquid desiccant system for HVAC or drying applications.
In order to drive the process, i.e. the regeneration of the salt solution, low-temperature heat can be used. for
example solar energy or waste heat, etc.
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Fig. 1: Schematic diagram of a solar driven liquid desiccant system for HVAC or drying applications.

Both solid and liquid desiccant can produce dry air with dew point temperature lower than water freezingpoint, ASHRAE (2008). Because no overcooling of the process air is required, desiccant dehumidification is
particularly suitable for applications where the latent load dominates, Waugaman et al. (1993).
Although the solid desiccant is more widely applied for air-conditioning applications of commercial
buildings, accounting for two thirds of desiccant systems sold TIAX (2004), the liquid desiccant
dehumidifier demonstrates many design and performance advantages in comparison to the solid desiccant
wheel, Oberg and Goswami (1998). The regeneration temperature required for liquid desiccant is lower than
that of solid desiccant. Desiccant solution can be either heated directly outside the regenerator or internallyheated by hot water in the regenerator. It is more difficult to heat the regeneration process of a solid desiccant
inside the unit. The energy efficiency of the liquid desiccant system is thus higher than that of solid ones,
Harriman (1994). Also, the pressure drop through a liquid desiccant contactor is smaller than that through a
solid desiccant wheel and can be further reduced by the plate type contactor, Lowenstein et al. (2006).
Liquid desiccant regenerators or absorbers with packing material either in structured or random packing as
the contact medium between air and solution are so far the most studied types of heat and mass exchangers.
Reviews on the packed-bed type are reported by Oberg and Goswami (1998) and Lowenstein (2008).
Furthermore, Factor and Grossman (1980) and Lazzarin et al. (1996) cite several authors who provide an
overview of various packing materials.
Internally heated/cooled plate type heat and mass exchangers have drawn the focus since 1990s. Kipping and
Bischoff (1993) examined a plate type absorber. The absorber is made of twin wall desiccant-resistance
plastic. Good surface wetting of the plates with the salt solution is achieved by means of corona discharge
treatment of polymers. An evaporative cooled air stream is used to dissipate the heat of sorption.
Lävemann et al. (1993) and Lävemann and Peltzer (2005) investigated a plate-type absorber cooled by water
in which the process air and the salt solution were in cross-flow configuration. The liquid desiccant is
distributed via membrane tubes above the heat transfer plates. The absorber plates were covered with fleece;
capillary forces cause further spreading of the solution along the exchange surface. References to further
experimental work of absorbers with plastic sheets and coated aluminum plates are discussed by Lowenstein
(2008).
Tubular desiccant heat and mass exchangers may be divided into coiled tubing and tube bundle. The
distribution of the salt solution is carried out through nozzles or openings in a distribution system. The
surface of the tubes is used as a contact surface between air and salt solution. While in the tubes, a cooling or
heating medium removes the heat of absorption or heats the salt solution in the absorber or regenerator,
respectively. These types of absorbers and regenerators were presented by various authors. For example,
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Kipping and Bischoff carried out basic experiments on an absorber with offset pipes. The liquid desiccant
trickles down from the first pipes layer is distributed to the underlying pipes by a particular pipe arrangement
design. Further improvement of the liquid desiccant distribution and extension of the residence time of the
solution was achieved by covering the tube with a layer of non-woven polyester. The cooling of the desiccant
solution was carried out by adiabatically humidified exhaust air from the conditioned space. The cooling air
stream flows through the pipes in a cross flow configuration, Röben (1998). Also, Röben presented
experimental investigations on tube-bundle absorber installed in two arrangements. In the first absorber, the
tubes were installed vertically within a cylindrical tube. In the second absorber, the tubes were installed
horizontally in a square vessel. However, difficulties for the contact between air and the desiccant solution
were observed in the former arrangement due to greater clearance between the pipes and vessel walls by its
cylindrical shape, Röben (1998).
Khan (1998) and Khan and Sulsona (1998) studied numerically the performance of an internally cooled
dehumidifier cooled by water or refrigerant (NH3) cooled tube bundles. It was suggested to keep desiccant
flow rate as low as possible if it is possible to maintain the coils completely wet with the desiccant solution
In this work a novel internally heated bundle-type regenerator in combination with an aqueous solution of
LiCl, is examined and evaluated in terms of its regeneration performance. The copper tube-bundle is
protected from corrosion with a thin layer of powder coating. Furthermore, the tubes are coated with thin
cellulose fibers with high capillary force, Jaradat et al. (2008).
2. Description of the Investigated Regenerator
The desiccant regeneration system consists of a heat and mass exchanger made of copper pipes, protected
from corrosive medium with a thin powder coating layer. Textile sleeves are applied to the copper tubes. The
total exposed surface area of the regenerator is about 4 m2. The diluted LiCl solution is throttled over the
tubes and it trickles down by gravity, flowing along an air stream in a cross flow configuration. Hot water
flows through the copper tubes in counter flow configuration.
The regenerator consists of 22 tubes. Each tube bundle is made of copper; 5 m long, 12 mm outer diameter
and 1 mm wall thickness. The bending of the tube bundle is done with hand bending machine with a bending
radius of 24 mm. The copper tubes are coated with a thin powder coating with a layer thickness of 0.24 mm
to protect them from the corrosive medium of the LiCl solution. The powder coating used is a composition of
polyester, polyurethane, polyester-epoxy and acrylics. The coated tubes are then covered with 0.4 mm
thickness of cellulose fibers (Tencel ®). Figure 2 shows the copper tubes after bending.

Fig. 2: Bended copper tubes; before powder coating (left), after powder coating (middle) and with Tencel ® sleeves (right)

The casing of the regenerator is constructed with polycarbonate plates (area cross section 10 x 15 mm) since
polycarbonate is stable and corrosion resistant. Polycarbonate plates are adhered by dichloromethane. The
tube bundles are held in the polycarbonate housing with pressure clamps. The tube-bundles are soldered
together with an offset of 20 mm. The connections of the tube bundle are located outside the regenerator
housing. Every second tube is connected in series. Figure 3 shows the installation of the tube-bundles.
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Fig. 3: Installation of the tube-bundles

The liquid desiccant distributor consists of 21 parallel poly-methyl methacrylate (PMMA) pipes to
horizontally distribute the liquid desiccant over the textile attached to the copper tubes. 21 parallel pipes
extend outwardly from openings in the lower edge of one of the sides of the liquid desiccant manifold and
are closed from the free end. Each PMMA pipe is perforated from both sides, the double-sided hole allows
the simultaneous wetting of two tube rows. The diameter of the fine bores is 0.5 mm and the liquid desiccant
is distributed horizontally at the center of each copper pipe. Figure 4 shows a 3D assembly of the liquid
desiccant regenerator.

Fig. 4: 3D assembly of the regenerator along with the illustration of heating water and desiccant manifolds

The regenerator is insulated with 19 mm thick synthetic rubber with a thermal conductivity of k = 0.033
W/(m K). The front side of the dehumidifier was insulated with removable extruded polystyrene foam sheet
(k = 0.08 W/(m K)). The front insulation is removable, allowing for the inspection of the desiccant flow
conditions inside the box. An air diffuser was installed at the regenerator inlet to enhance the uniformity of
the air flow through the test section, although no attempts were made to directly assess the uniformity.
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3. Experimental Setup
The mass flow and temperature for all of fluid streams as well as the water mass fraction in the desiccant and
air flow streams were monitored in the test rig. Figure 5 shows an overall view of the regenerator with air,
water and desiccant handling units.
Air handling unit

Water handling unit

Desiccant handling unit
Desiccant regenerator

Fig. 5: Liquid desiccant regenerator in the pilot plant stage in the laboratory, Institute of Thermal Engineering - Kassel
University

3.1. Air channel ductwork
Depending on the desired conditions, air can be cooled, heated, dehumidified and/or humidified through an
air handling unit. Figure 6 shows a schematic diagram of the air handling unit used to bring the ambient air
to the desired setup conditions. The air handling unit used in this study consists of an air cooler with a
cooling capacity of 16.8 kW, two air heaters with a total heating capacity of 38 kW, air humidifier, steam
generator, with a capacity of 30 kg/h, two fans, air filters and dampers.

Fig. 6: Air handling unit and regenerator

3.2. Desiccant and water hydraulic system
The liquid desiccant circuit is shown in Figure 7. The desiccant circuit consists of two desiccant storage
tanks made out of plastic. The desiccant solution is drawn from the primary tank with the help of a
membrane pump. A filter with a pore size of (300 μm) is installed in the inlet suction-line in order to prevent
plugging of the small holes in the liquid desiccant distribution system from possible contaminates.
A 30 m long powder coated copper coil is integrated in the primary tank. The heating-water stream passes
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through the coil in order to preheat the desiccant solution to the desired temperature. The desiccant volume
flow rate, density and temperature are continuously monitored while passing through two coriolis flow
meters which are installed at the regenerator inlet and outlet.
The heating water flow rate and temperature is controlled by using a water handling unit. The controlled
parameters, flow rate and the temperature of heating-water, are continually monitored using a magnetoinductive flow meter and Pt100 sensors, respectively.

Fig. 7: Schematic diagram of the LiCl-solution hydraulic circuit

4. Methodology
The regenerator was tested under non-adiabatic conditions by using hot air and water streams. 12
experiments were performed in four experimental sequences. The following inlet parameters were
maintained constant for all experiments; the air volume flow rate at about 350 m3/h, the mass fraction of the
LiCl solution at about 0.36 kg/kg, the inlet air humidity ratio at about 10 g/kg and the heating water mass
flow rate at about 420 kg/h. Four test sequences were accomplished by varying one of the inlet parameters
while keeping the other parameters constant. In the test sequences I to IV, one of the following parameters;
the desiccant solution flow rate, the desiccant solution temperature, the heating-water temperature and
regeneration air temperature were varied respectively. The duration of the individual experiments was 90
minutes, starting when the inlet conditions at the regenerator entrance reached quasi steady state conditions.
The aim of the experiments is to study the effect of mentioned controllable parameters, listed in Table 1, on
the moisture removal rate from the diluted desiccant solution and on the desiccant outlet mass fraction.
Tab. 1: Controllable parameters during regenerator experiments

Test sequence

ࢂሶࡸǡ 

ࢀࡸǡ

I

II

III

IV

20
40
60
40
40
40
40
40
40
40
40
40

ࢀ࢝ࢇ࢚ࢋ࢘ǡ

40
40
40
25
40
50
40
40
40
40
40
40

ࢀࢇ࢘ǡ

ι

ι

Ȁࢎ

70
70
70
70
70
70
50
70
80
70
70
70

ι

40
40
40
40
40
40
40
40
40
28
40
50

ሶࢇ
ࡹࡾሺ
ሻ
ሶࡸ
15.7
8.6
5.8
8.6
8.6
8.6
8.6
8.6
8.7
8.6
8.6
8.6

Figure 8 shows a schematic diagram of the inlet and outlet parameters monitored. The air temperature and
relative humidity were monitored using temperature and relative humidity sensors (testo 6610) with an
accuracy of ± 1 % of relative humidity and ± 0.3 °C for temperature readings. The desiccant flow rate,
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density and temperature, were monitored using a coriolis flow meter (Promass 80I08 from Endress + Hauser)
with an accuracy of 0.15% of the measured value. Heating-water temperature and flow rate were monitored
using a magnetic inductive flow meter (OPTIFLUX 1050 from Krohne) with an accuracy of 0.5% of the
measured value. The air flow rate was measured with an ultrasonic flow meter (Prosonic flow B 200 from
Endress + Hauser) with an accuracy of 1.5% of the logged signal.

Fig. 8: Schematic diagram of the instrumentation system; controlled variables of air, desiccant and heating water

The signals from the instruments were continuously logged by the data acquisition system LabVIEW with a
time step of 10 seconds.
The mass transfer performance of the regenerator is evaluated in terms of the moisture removal rate. The
moisture removal rate, ݉ሶ௩ , is calculated by Equation 1.
݉ሶ௩ ൌ ݉ሶ Ǥ ሺ߱ǡ௨௧ െ ߱ǡ ሻ

(eq. 1)

5. Results and Discussion
The moisture removal rate from the diluted desiccant solution to the regeneration air stream ݉ሶுమை ,and
desiccant outlet mass fraction ߦௗ௦ǡ were studied as a function of the desiccant flow rate, the desiccant inlet
temperature, the heating-water flow rate and inlet temperature as shown in section 4.
The maximum value reached for ݉ሶ௩ is 5.8 kg/h, corresponding to ߦௗ௦ǡ ൌ ͵ͻǤͲΨ for high internal
heating temperature of 80 °C (test sequence III.3), whereas the maximum value for ߦௗ௦ǡ of 39.3 % for small
flow rates of the liquid desiccant (test sequence I,1).
The effect of desiccant flow rate ݉ሶௗ௦ on the moisture removal rate ݉ሶ௩ is shown in Figure 9. The air to
desiccant mass ratios were 15.7, 8.6 and 5.8, respectively. The moisture removal rate ݉ሶ௩ increases
remarkably with increasing desiccant flow rate, as long as the air flow rate provided is sufficient and the
outlet air is not saturated. Figure 10 shows the corresponding values for the reduction of the desiccant mass
fractions (ȟߦௗ௦ ), i.e. the mass fraction width for the regeneration of the desiccant solution. The higher the
mass flow rate of the desiccant ݉ሶௗ௦ for the given reference conditions, the lower the #ȟߦௗ௦ , due to the
smaller exposure time of the desiccant exchanger area. This shows that a high humidity removal width ȟߦௗ௦
can only be reached with low moisture removal rates ݉ሶ௩ for the given reference conditions in test
sequence I.
Figure 11 shows in addition the desiccant outlet temperature ܶௗ௦ǡ over the desiccant mass flow rate ݉ሶௗ௦ .
With increasing ݉ሶௗ௦ , corresponding to lower ȟߦௗ௦ , a smaller ratio of water is removed and less desorption
heat is needed per kg of desiccant solution. This leads to higher outlet temperatures ܶௗ௦ǡ for high desiccant
mass flow rates ݉ሶௗ௦ in the given configuration. Moreover, an increase of the desiccant flow rate may
improve the wetting area of the tube-bundles and thus increasing the mass transfer area.
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Fig. 9: Moisture removal rate as a function of desiccant mass
flow rate

Fig. 10: The change in the desiccant mass fraction as a
function of desiccant mass flow rate

Fig. 11: Desiccant outlet temperature as a function of desiccant mass flow rate

In the second test sequence the desiccant inlet temperatures were set to 25 °C, 40 °C, and 50 °C. The
moisture removal rate increases with increasing desiccant inlet temperature, as shown in Figure 12, due to
the higher desiccant vapor pressure and hence an increase in mass transfer potential within the regenerator.
The same effect is shown in the third test sequence, when the heating water inlet temperature was increased,
Figure 13. Figure 14 shows that a high internal heating temperature also leads to a strongly improved values
for ȟߦௗ௦ .
In the fourth test sequence the air inlet temperature was varied between 25 °C and 50 °C. As shown in Figure
15, the moisture removal rate is only affected slightly by the air inlet temperature. This effect is fairly weak
since the preheated desiccant solution has higher thermal capacity compared to the air stream, as well as the
desiccant film is continuously heated by heating-water with a temperature of 70°C.

Fig. 12: Moisture removal rate as a function of desiccant inlet
temperature
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Fig. 13: Moisture removal rate as a function of heating
water inlet temperature
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Fig. 14: The change in the desiccant mass fraction as a
function of heating water inlet temperature

Fig. 15: Moisture removal rate as a function of air inlet
temperature

6. Conclusions and Outlook
A tube-bundles type heat and mass exchanger was constructed and tested in a pilot plant stage as a liquid
desiccant regenerator. It is made of copper pipes, protected from the corrosive medium with a thin powder
coating layer. The copper tubes are covered with textile sleeves. The examined liquid desiccant regenerator
is designed and constructed with the aim to ensure higher heat and mass transfer coefficients; higher
chemical, physical, and thermal stability of the construction and to reach an even wettability and maximum
uniform distribution of the liquid desiccant on the heat and mass transfer surface in the regenerator.
The moisture removal rate increases with increasing desiccant flow rate, desiccant inlet temperature and
heating water inlet temperature. The strongest effect has the heating water temperature for the given
reference conditions. The maximum value reached was ݉ሶ௩ =5.8 kg/h. The highest outlet desiccant mass
fraction for the given reference conditions was reached with a very low desiccant flow rate. Increasing the air
inlet temperature has a small effect on the increment of the moisture removal rate for the given conditions.
This raises the question about the viability of preheating the regeneration air before coming in contact with
diluted desiccant solution especially if the regenerator is internally heated.
Further improvements in the regenerator design will be done in the near future by adjusting the installation of
the tube-bundles. The tubes will be connected in such a way that minimizes the distance between the
adjacent tubes. Furthermore, the liquid desiccant distribution system will be enhanced to ensure better and
even wettability of the textiles attached to the bundles surface. The experimental results obtained will be
compared with a finite difference model which is currently in progress in the Institute of Thermal
Engineering at Kassel University.
The present regenerator is the core of a demonstration plant of a liquid desiccant system for drying hay bales.
The system will be installed in an agricultural domain. The target of drying is to remove moisture from the
agricultural product so that it can be processed and safely stored for increased periods of time. The sorption
field plant will be used for drying hay bales; the moisture of the hay needs to be reduced to about 10% in
order to allow the storage without the risk of rotting.
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Abstract
Solar cooling technology is currently facing a very exciting challenge. Air conditioning is a large and
growing energy consumer, especially in sunny and developing countries. Worldwide efforts to develop
renewable energy solutions must address this critical cooling application. A new Generation of Solar Cooling
systems including the coupling between Photovoltaic modules and a reversible heat pump is very promising
and able to represent a cost competitive solution both reliable and efficient. To address this new generation
of solar cooling, a new IEA Solar Heating and Cooling Program Task, called Task 53 has just started for 3.5
years and will be described. This paper will first concentrate on the description of Task 53 with its objectives
and work plan then it will show the first results such as the state of the art of the new generation solar cooling
systems. Then, a virtual case study on the cost competitiveness of a PV reversible heat pump installed in
Madrid for cooling and heating will be presented, underlining that such a solution already would present a
payback time of less than 10 years in the Spanish economical today’s conditions.).

1. Introduction
Most cooling and refrigeration systems are still worldwide powered by electricity and thermally driven
cooling technologies are largely used in combination with waste heat, district heat or co-generation units but
not yet widely with solar thermal technology. Over the last decade, about one thousand installations have
been realized, mostly in the framework of research and demonstration programs.
Some years ago, the start of commercial market development has been observed in the residential sector in
Mediterranean countries (e.g. Spain) and in the office building sector in Asia (India, Singapore, China). Solar
cooling technology did not grow up as fast and as massively as expected but the technology is facing a very
exciting challenge. Mature components are available and a significant number of reference installations have
been realized worldwide. The technology has shown that significant energy savings are possible, and it has
reached a level of early market deployment.
However, the financial risk for parties involved in solar cooling business is still not clear. Solar air
conditioning being stricto sensu solar energy as the main energy driver to do air conditioning, a brand new
topic is becoming very actual in the solar cooling World: PV driven solar air conditioning systems. This new
and very promising topic is related to the direct coupling of photovoltaic and electrically driven chillers/air
conditioners (Meunier F. et al., 2013).
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2. IEA SHC Task 53 presentation
The main objective of this IEA Solar Heating and Cooling Task 53 is to assist a strong and sustainable
market development of solar cooling systems. Planned from March 2104 until June 2017, this Task focuses
on packaged solutions which will be pre-engineered systems with small capacities for the following building
types: single family houses, small multi-family buildings, offices, shops, commercial centers, factories,
hotels. All of these buildings can be grid connected or off grid in case of PV cooling and heating. The studied
cooling and heating power range are from 1 kWcooling/heating to several tens of kWcooling/heating. As for the
association between photovoltaic and reversible heat pumps or air conditioners can be made indirectly with
the presence of an electric grid, the main scope of the present Task is the direct coupling between solar and
cold production machine. However, special configurations and control strategies are considered for certain
countries, in Central Europe especially, to allow a maximized use of PV power direct for heating/cooling
even without direct coupling.

Fig 1. Principle scheme for a PV cooling concept

The Task is intended therefore to create a logical follow up of the IEA SHC work al-ready carried out by
trying to find solutions to make the solar driven heating and cooling systems at the same time cost
competitive. This major target should be reached thanks to five levels of activities:
1) Investigation on new small to medium size PV & solar thermal driven cooling and heating
systems
2) Proof of cost effectiveness of the above mentioned solar cooling & heating systems
3) Investigation on life cycle performances on energy & environmental terms (LCA)
4) Assistance for market deployment of new solar cooling & heating systems for buildings
worldwide
5) Increase of energy supply safety and influence the virtuous demand side management behaviors.
The Task 53 structure is divided into 4 subtasks and has already shown that more than 7 countries are
contributing (China, Austria, Australia, Sweden, Spain, Italy, Switzerland).

3. State of the art of the New Generation Solar Cooling and Heating systems
The first results of the Task 53 Subtask A (Components, Systems & Quality) are presented in this section by
showing the state of the art of the New Generation commercially available and close to the market systems.
Several manufacturers from Switzerland (Cosseco), France (Freecold), US (Lennox) and China (Midea) are
commercializing systems directly coupling PV and heat pumps. Besides, Climatewell (Sweden) and
Solarinvent (Italy) are close to introduce to the market very innovative solar thermal cooling systems with a
clear ambition to go for cost competitiveness.
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A complete chart presenting these products with their features, performances (PER savings, electrical
efficiency) and costs will be presented, permitting to show a clear picture of this revolutionary young and
raising market during the oral presentation. The basic principle scheme used in the new generation of
systems using PV energy can be seen in Figure 2.

Fig 2. Principle scheme for a PV cooling concept

4. PV cooling and heating case study
4.1. Hypothesis
The last part of the communication is aimed at presenting a virtual case study for a multifamily building in
Madrid (Spain) having a thermal load made of heating, cooling and domestic hot water load. It is made of 6
apartments with a total area of 540 m² to treat. This building is occupied by 18 residents (ECS consumption
up to 540 liters / day). The heating demand is of 11 kWh / m².year and the cooling one of 40 kWh / m².year
(25 kW cooling as peak load). The PV electricity is directly consumed on the production system heating /
cooling (principle scheme in Fig.3). The surplus is intended primarily to supply the system with hot water.
The remaining excess energy will be valued by self consumption inside the building. A PV + heat pump
system is modeled including 20 kWp PV modules and a reversible heat pump of 25 kWcooling capacity.

Fig 3. : PV + reversible heat pump coupling configuration and integration in the building
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4.2. Results
Calculations show an overall yearly electrical efficiency of this boosted heat pump of 7,25 with a particular
interesting value in summer period (June-September) of 10,2. This configuration, due to the Spanish
electricity price, gives a payback time of nearly 10 years, especially if the PV system is not in a feed in tariff
configuration and guarantees a full self consumption mode. This case is virtual and in particular conditions
but shows a very promising way to make solar cooling cost competitive, especially if the system is strongly
contributing to peak cooling load management (electricity capacity savings in summer peak period). A
detailed presentation of the results will be shown in the oral presentation of the present conference.
5. Conclusion
The IEA SHC Task 53 on the New Generation Solar Cooling and Heating systems has just started but already
shows that the solar cooling sector is benefitting from a new dynamics, mainly boosted by PV driven systems
and brand new products. Especially, the coupling between Photovoltaic modules and a reversible heat pump
is very promising and able to represent a cost competitive solution both reliable and efficient from the first
studies. The next works of Task 53 (http://task53.iea-shc.org/) within June 2017 will be oriented to support
the development of a strong and sustainable market for solar PV or new innovative thermal cooling systems
(Kohlenbach P. et al., 2014).
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Abstract
Within the framework of the French program called Emergence aimed at financing high quality solar heating
and cooling demonstration projects, a first solar cooling installation was designed in 2011, then installed and
monitored since the beginning of 2013. This installation is based on an innovative and energy efficient
concept to optimize solar energy valorization all year long: hybrid solar Domestic Hot Water and cooling
strategy. This installation has been fully monitored from spring 2013 until spring 2014 with cooling / DHW
production and permits to show the high interest of such strategy to combine long term quality, simplicity of
use and economical efficiency. In summer 2013, the hybrid strategy led to a very promising electrical
efficiency (or Electrical COP) of more than 12 (ratio between useful solar energy (cooling and DHW) and
electrical parasitic consumption).

1. Context
Solar thermal heating and cooling systems are usually used in tertiary buildings. For such buildings located
in Southern part of Europe where solar resource is very important in summer as well as cooling load, the
valorization of solar energy in winter and inter-seasonal periods can be an issue, especially in modern and
energy efficient buildings (Henning, 2004). In these cases, the use of solar energy through heating systems is
weak in winter and inadequate during inter-seasonal periods. Besides, domestic hot water (DHW) needs of
tertiary buildings are quite small, finally leading to a poor annual solar yield and overall electric efficiency.
In the case of the present project, a building mixing both tertiary offices and residential dwellings has been
found and equipped of a solar thermal system, allying both chilled water production in summer and
Domestic Hot Water production all year long.
2. System presentation
Basically, most of large domestic hot water systems for dwellings in southern part of Europe are sized
according to the maximum solar fraction occurring in summer time (generally 80 to 85%) leading to average
solar fraction of 20 to 30% in winter time and then average overall annual value of 50%. As a consequence,
if the solar collector field is oversized, there is a risk of overheating in summer. To tackle this overheating
risk in summer dimensioning the potential collector area, a valorization of a part of this energy for cooling is
particularly appropriate. This solution permits to increase the solar fraction and get an optimal solar yield. A
technical solution has been found for an existing block of 2 buildings linked with a micro heating and
cooling network (see Figure 1). One of the buildings is dedicated to tertiary activities while the other one is
dedicated to dwellings and for a supermarket. In winter, solar energy is used for DHW production only. In
summer, the installation will produce DHW and cool down the building simultaneously. The size of the
thermally driven chiller has been selected with caution to both satisfy DHW and chiller generator loads.
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Figure 1. Hybrid DHW/cooling strategy concept with micro district heating network

The working principle of the system is actually very simple: During winter, only domestic hot water is
produced with the energy of the sun. At this time of the year, the solar fraction will be higher than for usual
solar domestic hot water (DHW) production system, because the collector field is a bit oversized in
comparison to the DHW loads of the building.
During inter-seasonal periods, because of the relative over-sizing of the installation, the system will start to
overheat if the installation keeps producing DHW only. So the mode is switched to a combined chilled water
and DHW production at the same time, to supply the tertiary offices with chilled water for cooling, and the
dwellings with DHW.
Between these two types of buildings needing two different types of distribution, there is a micro district
heating network in order to link them.
The detailed scheme of the system is quite usual for an absorption solar cooling installation, and it is shown
on Figure 2. However there is some specificity which will be explained here.

Figure 2. Detailed scheme of the system

Because of the large size of the collector field, it was chosen to secure the installation against overheating
and freezing risks thanks to a drainback system (Mugnier et al. 2011) : in these conditions, the circuit is filled
with fluid (glycol water) and air, in a closed loop. And the collectors are automatically drained as soon as the
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solar primary pump is turned off. This technique offers a very efficient and very simple way to secure
completely the collectors against overheating and freezing.
An important specificity of this system is the 3 way valve installed after the hot buffer storage. When the
chilled water and DHW are produced simultaneously, a specific regulation of this 3 way valve permits to
control how much energy is sent to the DHW substation and how much energy is kept in the buffer storage.
So the temperature on top of the buffer storage is always close to the optimal working point of the absorption
chiller.
Another noticeable specificity in this system is the rejection heat system. Indeed, in France, legislation
against legionella is strict and leads to specific sanitary safety measures. As a consequence, when a cooling
tower or even a hybrid drycooler are used, the French regulation impose the system owner to carry on very
frequents and expensive water testing. Moreover, a simple drycooler wasn’t an option because it’s not
possible to decrease cooling water at a temperature lower than the ambient one. And finally a geothermal
field would have been very difficult to implement because the area is quite urbanized, and the chiller is
installed on the 8th floor. As a consequence an adiabatic cooler was chosen. This type of coolers permits to
cool down the cooling water below the air temperature, and doesn’t require water testing.

Figure 3. Partial view of solar collector field (double glazed flat plate collectors)

The installation’s main characteristics are listed below:
•
Targeted building: group of 2 buildings with offices, and dwellings.
•
Solar collectors: high efficiency drainable flat plate collectors, 240 m² (Fig. 3)
•
Collector field secured against overheating and freezing with a drainback technology
•
Chiller: simple effect Lithium Bromide absorption chiller, 35 kW nominal cooling capacity
•
Heat rejection: adiabatic cooler, low electric & water consumption, no risks of Legionella
•
Domestic Hot Water production: 10000 liters storage
•
Backups: conventional compression chillers for cooling and gas heaters for DHW production
3. Monitoring results
The solar system, located in South of France in Montpellier, has been working continuously from May 2012
until end of July 2014 without critical technical issues even showing remarkable performances. The
monitoring data of the system have been exploited from March 2013. This system has then acquired one full
year monitoring data which will be presented in ht next paragraphs of this paper, especially the cooling
season performances from July to August 2013.
From an energy balance approach, the monitored results on the period of these 2 months in summer 2013
show the data in Figure 4. It is giving the detail per day on the performance of the system, showing that the
cooling system have worked nearly 90% of the time in these 2 months in South of France. This information
is showing the system was very reliable during the cooling season:
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Figure 4. Energies and electrical COP for the cooling season in 2013 (July and August 2013)

It can be concluded that this solar cooling system has given very good performances on the domestic hot
water preparation as well as for the cooling period, without any technical operation issues. According to the
preliminary feasibility study (Siré et al., 2010) simulated results announced an average Electrical COP during
July and August of 14.7 while the monitored results gave a real value of 12.2. It is to note that this value
leads to a very slight discrepancy between measurements and simulation. Nevertheless, while the simulation
planned a share of DHW among the total solar production in July/August of nearly 16%, the measurements
gave a share of 75% of the total solar production. Simultaneous DHW and cooling loads permitted to the
solar energy to be fully used even if the cooling load was smaller than expected.
In summer 2014 until end of July, the solar irradiation was sensibly less than in 2013 with nearly 15% less
irradiation in Montpellier (on the average of the 2 months of June and July in 2013 and 2014). However, the
results obtained in 2013 were confirmed (proportionally to the difference of irradiation).

Figure 5. Energies and electrical COP for the 16 months monitoring (from March 2013 to July 2014)
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According to Figure 5 showing the balance for the 16 monitored months, a very good value of 20.6 is
obtained on the overall electrical efficiency of the solar system for DHW and cooling which means the
system produced 20 times more thermal energy (cooling and heating than it used electricity to run). The solar
collection was efficient thanks to the solar double glazed collectors as well as thanks to the efficient
absorption chiller (average monthly value of 0.62 for the COP) reaching a value of 674.5 kWh/m² over the
16 months which means a value of nearly 500 kWh/m².year for the useful solar yield of the system.
4. Conclusions
Even if solar DHW/cooling system concept cannot be systematically replicated, the installation is an
example of a very promising ‘hybrid’ solution permitting to mix performances, reliability and simplicity.
Solar cooling technology strongly needs to be implemented in such cases where solar energy is highlighted
with an optimum economical efficiency and a reduction of malfunctioning risks due to overheating. This
system is giving a very interesting feedback on how to integrate solar cooling technology in an existing
group of buildings showing the concept is promising but must face important integration issues.
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Abstract
The control strategy is essential for successful implementation of solar thermal cooling plants. One possible
solution is a dynamic power control of the chiller capacity - especially if part load conditions have to be
considered.
When part load is included in results and should be obtained by simulations, the model of the chiller has to
be able to give realistic results for mass flow and temperature variations of the external circuits. Such a
model was introduced for an ammonia/water chiller and was used to set up a holistic simulation model in
TRNSYS.
The system configuration is based on real cases, which show good performance during operation. First
simple control approaches indicate promising results. Compared to simple ON/OFF- control strategy 40%
primary energy can be saved by using the dynamic power control. This control strategy includes the variation
of mass flow rates of generator and recooling circuits and also the cooling tower fans with a simple linear
modulation. Further results using different strategies will be presented.
Keywords: solar cooling, control strategy, primary energy efficiency
Tab. 1: Nomenclature and subscripts

Quantity
Absorption chiller
Building
Cold backup
Cold distribution
Cooling
Cooling tower
Cooling tower ventilator
Domestic hot water
Dynamic power control
Electrical
Energy
Fan coil
Heat pump
Heating, ventilation and cooling
High temperature
Input to a system
Low temperature

Symbol
ACM
room
CB
CD
C
CT
CTvent
DHW
DPC
el
Q
FC
HP
HVAC
HT
in
LT

Quantity
Medium temperature
Non-renewable energy
Output of a system
Part Load Indicator
Primary energy conversion factor
Primary Energy Ratio
Return
Savings
Seasonal Energy Efficiency Ratio
Seasonal Performance Factor
Secondary (cold) storage
Solar fraction
Space heating
Setpoint
Supply
System
Thermal cooling

Symbol
MT
NRE
out
PLI
ε
PER
re
fsav
SEER
SPF
SS
SF
SH
set
su
sys
thC

1. Introduction
Following the building´s thermal energy demand, HVAC systems often have to operate under part load
conditions. For an improvement in primary energy efficiency of these systems hardware components and
control strategies must be designed accordingly. The control strategy accounting for part load behavior of
certain components is a crucial point.
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Regarding the primary energy efficiency of solar thermal cooling plants both the type of backup and the part
load efficiency have to be considered. While the influence of backup devices (hot or cold, e.g. natural gas
boiler or vapor compression chiller) is well understood in its basics and furthermore part of ongoing
research, different aspects of control strategies should be investigated more in depth. In this study only
configurations with cold backups are analyzed. Effects on the primary energy demand of hot backups have
been studied in (Henning et al. 2013) or (Neyer 2013).
There are two basic ways to consider part load operation. One is to use cold water storages and simple
ON/OFF-strategies. In this case load and production are separated and more or less independent, but can lead
to high standby losses and higher investments. Dynamic power control (DPC) is a second option, preferably
in case the absorption chiller (ACM) is the main and dominant cooling device. Dynamic power control
includes variable mass flow rates and/or variable temperatures at the external loops of the absorption chiller.
Main objective is to regulate the actual cooling power of the chiller in order to match the actual cooling load
of the building. The involved mass flow rates (hot and/or medium temperature (HT/MT) side and/or air of
the cooling tower (CT)) are dynamically set depending on the current cooling load, which can be indicated
through the return temperature of the chilled water circuit. Particular limits and eligibility criteria for the
appropriate choice of one of these strategies, but also different possibilities of dynamic control for different
profiles and system configurations should be investigated.
A few plants were built and are in operation using different strategies of dynamic power control. Two of
these plants were monitored, analyzed and optimized during the course of the Austrian research project
SolarCoolingOpt (SCopt 2010). Both configurations use an ammonia/water chiller (Pink chiller, type PC19).
Main system components beside the chiller are hot temperature flat plate collectors, a heat rejection unit and
a hot water tank. No cold water storage is used; the chilled water loop supplies the thermally activated
ceilings directly. If there is a change in the building cooling load, the system reacts accordingly and the
supply temperature and mass flow rate of the LT-circuit is changed respectively. Measurement data shows
that since beginning of operation the plants achieve a monthly electrical energy efficiency ratio (Seasonal
Performance Factors - SPFel) of around 6. Based on further monitoring and data analyses several
improvements were found and implemented. Now these solar thermal cooling plants work at daily SPF’s of
greater than 8 (Nocke 2014). In comparison average solar thermal cooling plants reach a SPFel from 3 to 7 or
even lower (Wiemken 2013).
Based on these practical experiences theoretical analyses are carried out in the course of the Austrian
research project solarhybrid (solarhybrid 2014). Main focuses for the optimization of thermally driven
systems are the different possibilities of control strategies using non-linear modulation and different
combinations of mass flow and temperature control. This paper focuses on the difference of ON/OFF
controlled to dynamic controlled system.
2. Modelling
To test the above mentioned ideas detailed system simulation models with different configurations regarding
the system design as well as control strategies were set up in TRNSYS (TRNSYS 17.1). Mainly standard
Types were used for the solar collector, hot/cold water storages, cooling tower, the building and controllers.
For simplification no pipes were included, the vapor compression chiller is set up as function using an SEER
of 2.8 (average value defined in IEA SHC Task 38 (Sparber et. al, 2009)) and iterative feedback controllers
were used.
The crucial component in the model is the absorption chiller. For these applications an ammonia/water
absorption chiller with small capacity (19kW cooling power) was applied. This chiller was surveyed in
detailed steady state and dynamic laboratory test. A physical model was built up and was used to create the
data base for a simplified lookup-table model (Hannl 2012). This model was implemented in TRNSYS and
was extended by dynamic and start/stop behavior of the chiller. The TRNSYS type (Type 1002) can be used
to simulate various control strategies using variable mass flow rates. The model provides the chiller’s
performance curves as a function of 6 input variables (3 temperatures and 3 mass flow rates). Including the
dynamic effects and the wide range of data (temperature and mass flow rates) realistic results can be
obtained.
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Out of simulation and monitoring data of existing plants it is known that the chilled water supply temperature
(TLTsu) is often lower than the set temperature (TLTset). That indicates that the chiller power under such
conditions is higher than necessary. This leads consequently to frequent ON/OFF switching of the chiller.
When using cold water storages the number of start and stops can be reduced using two temperature sensors
in the tank. This is already an improvement of the standard ON/OFF strategy and was implemented in the
simulations. A high frequency of ON/OFF switching actions can be avoided in systems with dynamic power
control.
The control signal for the power modification follows different linear and non-linear approaches. If TLTsu is
less than TLTset the generator (HT-) and the recooling (MT-) mass flow rates as well as the cooling tower
ventilator are reduced accordingly to the new developed Part Load Indicator (PLI). The degree of reduction
is determined by different equations, which were compared (equation 1 and 2).
ܲܫܮሺଵȀ௫ሻ ൌ
ܲܫܮሺሻ ൌ

ଵ
்ಽೞ ି்ಽೞೠାଵ

்ಽೝ ି்ಽೞ
்ಽೞ ି்ಽೞೠ

(eq. 1)
(eq. 2)

The resulting PLIs are shown in Fig. 1 for given boundary conditions (TLTset = 6°C, TLTre = 9°C). The PLI is
decreasing the greater the difference of the set temperature and actual temperature is. The maximum of the
PLI’s is limited to 1. This signal can either be used directly to reduce the driving speed of the above
mentioned components or in combination with an appropriate controller to reach the desired set temperature.

Fig. 1: Part Load Indicators (@ TLTset = 6°C, TLTre = 9°C)

The main components and the layout of the model are based on the existing solar cooling plant in
Gleisdorf/Austria (Vukits et al 2012). The reference building is a three-story office building with an area of
900 m². The simulations also include the heating period, but the focus is on cooling mode. There is no hot
water demand in this profile. The cold and hot delivery systems in the building are fan coils operating at (for
solar heating and cooling (SHC) systems) unfavorable cooling design conditions of 6/9°C. The nominal
power of the chiller matches the maximum cooling load of the building (approx. 21 W/m²). Main
components of the simulated plant are:
•
•
•
•
•
•
•
•
•
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19 kW ammonia/water chiller
65 m² flat plate collector
2000 l hot water storage
500 l cold water storage (LT-storage) is equipped with 2 temperature sensors atop and bottom for the
ON/OFF control of the absorption chiller.
Profile: office building, 900 m², climate of Vienna (Meteonorm data), approx.40 kWh/m².a heating
demand and 10 kWh/m².a cooling demand
The building cooling load was chosen in order to reach roughly 60% solar fraction in the cooling
season.
Cold backup (vapor compression chiller with an SEER of 2.8) in series, assures that the TLTset is
always reached.
Hot backup is only used for space heating in winter season.
Free floating fan coils / dehumidification is possible, but uncontrolled.
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The system configuration is summarized in Fig. 2.

Fig. 2: System configuration for space heating (SH) and cooling of the office building in Vienna, without cold water storage
(PLI controlled); Thermal backup is only used for space heating.

The system model is designed as coupled building and HVAC simulation. The interaction between building
and refrigeration / heating is considered and a standard controller is used to operate the fan coils. The fan
coils turn ON/OFF, when the min./max. temperature in the building is exceeded. This procedure follows a
predefined hysteresis (24/26°C). Fan coils are fed primarily by the hot water storage in winter and cold water
storage in summer.
In the optimized version the absorption chiller is directly fed by the returning water mass flow from the fan
coil and a feedback controller regulates the air volume flow within the fan coils. The usage of the hot backup
to drive the cooling process is prohibited. The solar primary and secondary loop are speed controlled to reach
the required generator temperature in the storage as fast as possible. The chiller switches on, when the hot
water temperature in the storage is above 85°C. The considered controller strategies are summarized in Table
2 below.
Tab. 2: Control strategies and parameters

HT
ON/OFF
ON/OFF –
DPC(MT, CTvent)
DPC(q)
DPC(q –cf)
DPC(1/x)
DPC(1/x –cf)

CTvent

MT

LT

constant mass flows / speed, ON/OFF @ T hot storage top 85/65°C
AND T cold storage (2 sensors) 8/9°C,
same as
Variable speed, feedback controller
same as
ON/OFF
TMTset 25°C
ON/OFF
Variable flow, PLI(q)*mass flow or fan speed
On if Troom >25.5°C
Variable flow, feedback controller,
Variable speed
PLI(q) set = 1, On if Troom >25.5°C
ΔTLT =
Variable flow, PLI(1/x)*mass flow or fan speed
TLTre-TLTsu = 5K
On if Troom >25.5°C
Variable flow, feedback controller,
PLI(1/x) set = 1, On if Troom >25.5°C

FC
Const. mass flow
Troom ON/OFF
26/24°C

Variable flow
Troom-set 26°C

3. Assessment
Following the IEA SHC Task 48 (Task 48/B7) technical and economic key figures were defined to analyze
and compare different solar heating and cooling system among each other and with reference systems. A
number of standards were analyzed and a coherent nomenclature and definition of performance figures was
developed. In this paper the focus is on the technical figures concerning the performance of the thermal
cooling and its backup systems. A clear definition of the boundaries for the calculation has to be drawn. As
there is no parallel usage of cooling, domestic hot water or space heating in this study, the boundaries can be
defined in a simple way. For cooling there is only a differentiation of thermal cooling (thC) and overall
cooling (C) including the cold backup. The focus is on following key figures.
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•

Seasonal Performance Factor (SPF) for the assessment of the (sub-)system performance is including
all auxiliary components under defined, time dependent rating conditions over a certain period of
time. The SPF can generally be defined as the ratio of useful energy output to energy input with
respect to a given system boundary (thC or C). As there is no thermal backup the focus is on the
electrical efficiency and the SPFel is calculated as follows:
σ ொǤೠ

ܵܲܨ ൌ σ
•

(eq. 3)

ௐǤǤ

Primary Energy Ratio (PER) gives more in-depth information under the economic or environmental
point of view. It is defined as the ratio of the useful energy output to the primary energy input to the
system boundary. To be able to calculate it, certain primary energy conversion factors for every type
of energy input have to be provided (eq. 2). Here only non-renewable energy is accounted.
ܴܲܧ ൌ

σ ொǡೠ
ೂ
ೂ
σ൬ ǡǡା ǡ൰
ഄ

(eq. 4)

ഄ

The primary energy ratio is also calculated for a reference system (PERref.i). All primary energy
factors and the proceeding to calculate the reference follows the Task48 procedure (Task48/B7).
•

In order to compare the renewable SHC system with a reference the fractional savings (fsav) can be
used. The non-renewable primary energy savings (fsav-NRE.PER) in comparison to a reference system
then can be calculated as follows.
݂௦௩ǤேோாǤாோ ൌ ͳ െ

•

ாோಿೃಶǤೝ
ாோಿೃಶǤ

(eq.5)

The equivalent Seasonal Performance Factor (SPFequ) can be used to compare the investigated
solar heating and cooling system with a reference vapour compression chiller or a reversible heat
pump based on the electrical seasonal performance factors SPFel_i and SPFref respectively. The SPFequ
(eq.4) can be calculated following the unit conversion:


௨Ǥ

ൌ

ୖొుǡ
கౢ

(eq.6)

Same SPFequ’s indicates finally an equal primary demand of different systems. In this case the SPFequ.i
and SPFel.i are the same because only electricity and no thermal backup energy are inputs to the
thermal cooling system.

4. Results
All results and key figures are discussed only for the cooling season from mid of May to mid of September.
Due to direct coupling of the solar cooling plant to the building and the room control, the delivered cooling
energy differs. The amount of delivered energy ranges from ca. 7’000 kWh to almost 9’000 kWh per year
depending on the set points and types of controllers. The implemented ON/OFF- controller in the building
allows a wide range of temperatures (24/26°C) in which the maximum comfort conditions are still respected.
When changing to a direct coupled PLI controlled cooling system a continuous control for the building is
necessary. For all variations no comfort problems are occurring (room temperature is always less than 26°C).
Table 3 shows the most important energy flows in the systems with respect to different control strategies.
The table includes the delivered cold to the building (QCD.sys), the energy delivered to the cold storage (SS)
by the cold backup (QSS.CB) and by the absorption chiller (QSS.HP). The electricity demand of all auxiliary
components (pumps, fans, standby, etc.) for thermal cooling is summarized in Qel.thC. The overall electricity
demand includes the cold backup.
Analyzing the data in Tab. 3 indicates that the ratio of usage of the cold backup is also strongly depending on
the control strategy. Under the boundary conditions of this study the ratio (QSS.HP/(QSS.HP+QSS.CB)) can be
interpreted as solar fraction (SFC). The solar fraction affects the primary energy ratio of the overall system
(PERC) and its savings accordingly. The fractions vary from around 40% up to 65%.
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Tab. 3: Main energy flows for the different control strategies

QCD.SYS

QSS.CB

QSS.HP

SFC

Qel.thC

(kWh)

(kWh)

(kWh)

(-)

(kWh)

(kWh)

(-)
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SPFel.thC
(-)
7.24

ON/OFF

7'195

3'123

4'072

0.57

1'788

4.02

ON/OFF –
DPC(LT, CTvent)

7'034

2'947

4'087

0.58

514

7.95

1'604

4.39

DPC(q)

7'337

2'656

4'681

0.64

606

7.72

1'549

4.74

DPC(q –cf)

8'688

5'098

3'590

0.41

353

10.15

2'155

4.03

DPC(1/x)

7'461

2'997

4'464

0.60
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7.31

1'683

4.43

DPC(1/x –cf)

8'374

4'526

3'848

0.46

415

9.27

2'036

4.11

Qel.C

SPFel.thC

The first configuration “ON/OFF” shows a SPFel.thC of 7.2 and an overall SPFel.C (including the backup) of 4.
30% of primary energy would be saved in this configuration. Changing to the variable recooling circuit
(mass flow rate and cooling tower ventilator – DPC(LT,MT)) increases the primary energy saving for 20%
although the SPFel.thC only increases by 10%.
Switching to dynamic controlled systems (DPC) increases the SPFel.thC. Maximum values of roughly 10 can
be reached. This equates to a plus of 40%. If PLI(q-cf) is used, the highest sub system performance can be
achieved. Maximum primary savings occur with a PLI(q) controller. Again the influence of the solar fraction
appears with a low SPFC. The results of the key figures are summarized in Figure 3.

Fig. 3: System configuration for space heating (SH) and cooling of the office building in Vienna

Due to the PLI controller and its continuous adaption the running hours of the systems increase and the
electricity demand for some pumps are rising. Main advantage is the reduction of the major electricity
consumers of the recooling circuit including both the pump and the fan of the cooling tower. The chilled
water pump is the distribution pump in case of dynamic coupled systems. The auxiliaries for distribution are
not counted.
Figure 4 indicates the relative electricity demand (left axis) of each single pump/fan/chiller and the absolute
electricity demand (right axis) for the thermal cooling including pumps/fans/chiller (Qel.thC) of the cold
backup (Qel.CB) and overall electricity of the system (Qel.sys).
The recooling circuit is responsible for ca. 50-60% of the electricity demand. A relative huge part of 30% or
higher refers to the ammonia/water chiller. The solar, hot and chilled water pumps account for the rest. The
absolute demands reflect the electrical seasonal performance factors in Figure 3. The lower the Qel.thC, the
higher the sub system performance is. But if then the cold backup is needed more often the overall
performance can get lower.
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Fig. 4: Resulting relative electricity demands for thermal cooling (left axis) and absolute consumptions for thermal cooling
(Qel.thC), cold backup (Qel.CB) and sum (Qel.sys) (all right axis)

5. Summary / conclusions
Different control strategies have been tested for one case of application (office) with a moderate solar
fraction (ca. 60%) related to cold production. The studies have been carried out with a holistic HVAC
simulation model in TRNSYS. The building is directly coupled to the solar heating and cooling system.
The results show that there is a huge influence in the amount of cold energy delivered and on the overall
performance of the system including the cold backup. As shown in Figure 3 the dependency of building
controller is rigorous. On the one hand this shows the potential of the building and its controller respectively.
The building controller can be optimized and the absolute energy can be reduced. On the other hand it can be
seen how important it is to approach optimization on the overall system level. Even when the sub (solar)
system is efficient the overall result can be inferior. The approach does not call in question when focusing on
the system performance.
The integration of the cold backup (vapor compression chiller) in series to the absorption chiller and as
simplified equation in the simulation does not allow any deviation from the set point. Any deviation from
TLTset is accounted as immediately needed backup and the solar fraction gets lower. A more realistic model
should be set up and include the part load behavior of the backup chiller and an appropriate controller.
The overall primary energy savings need a proper backup strategy even with a cold backup. The system
performance of the backup is assumed at a level of SEER 2.8. Consequently high solar fractions are
necessary to get towards high savings. Either way efficient sub systems are crucial and originate from proper
design and control strategy but are no guarantee for high overall performance.
Comparing the sub system efficiency (SPFel.thC) of ON/OFF and dynamic control shows efficiency potentials
up to 40%. This difference is depending on the control strategy and its adaptivity to the building load. But in
almost the same manner the advantage of dynamic controllers is depending on the integration of the cold
backup and its model. Small variances in the annual electricity demands (100 kWh) account for the
differences and all boundaries. Input variables should bear in mind.
Finally the advantage of dynamic power control in sub system performance could be shown even if the
overall savings were not conclusive. Clear limits of the usage of either ON/OFF or dynamic controllers need
to be elaborated. PLI and other dynamic controller will be implemented, analyzed and optimized in the
ongoing Austrian research project solarhybrid (solarhybrid 2014).
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Abstract
Under tropical climate conditions, conventional air-conditioning systems consume a considerable amount of
electricity in order to get rid of the high latent load (humidity) of the ambient air. This is due to the applied
simultaneous dehumidification and cooling processes. Therefore, an idea of a separate handling of the latent
and the sensible loads is investigated by applying series connected heat powered dehumidification and
electricity powered cooling systems. A two-stage dehumidification system including a membrane-based heat
and mass exchanger and an Evaporatively COoled Sorptive dehumidification system (ECOS system) is
proposed to dehumidify the ambient air; the sensible load (cooling of dehumidified air) is handled by an
efficient conventional cooling process operating at relatively high evaporation temperatures (14 െ 20 Ԩ).
The aim of this study is to evaluate different conceptual system configurations and to find optimized systems
for tropical climate conditions (air humidity and temperature are in the order of 20 g ୴ /kg ୟ୧୰ and 32 Ԩ,
respectively) by means of simulation calculations. The dehumidification capacity, the total specific removed
enthalpy and the thermal coefficient of performance (COP) of the system are used as criteria for an
assessment of the proposed concepts. The dehumidification system is mathematically modelled in MATLAB
and linked with TRNSYS-17.1. Experimental data are used to validate the components models. Design and
performance data of simulated air-dehumidification systems that are based on the concepts are presented.
Results of the performance assessment show that using additional ambient air flow for the evaporative
cooling process in the ECOS system can improve the dehumidification performance of the system and can
reduce the cooling load of the cooling system significantly.
Keywords: Two-stage air-dehumidification; membrane-based heat and mass exchanger; ECOS system;
adsorption system; tropical climate.

1. Introduction
In tropical cities, air-conditioning systems are challenged to counteract a high latent load (humidity) of the
ambient air. In the conventional air-conditioning systems the dehumidification is generally reached by
cooling the ambient air below its dew-point temperature (6-8oC) which normally results in high electricity
consumption.
Membrane and a desiccant based air-dehumidification technologies have been exploited intensively in
innovative air-conditioning systems in order to counteract the latent load while the cooling systems only
handles the sensible load (Dai et al., 2002; Finocchiaro et al., 2012; Liang et al., 2010). A combination of a
membrane unit and an evaporatively cooled sorptive dehumidification system (ECOS system) as a two-stage
dehumidification system has been developed by the Solar Energy Research Institute of Singapore (SERIS) in
collaboration with the Fraunhofer ISE. Dehumidification performance of the proposed two-stage
dehumidification system under different operation conditions such as the regeneration temperatures and the
air flow rates was evaluated in a recently published paper (Safizadeh et al., 2014).
In the current study, four different conceptual design configurations are analyzed. The conceptual
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configurations are proposed as modifications of the reference system shown in Fig. 1. The modifications
(Fig. 2) consist of (i) an air bypass configuration to supply a fraction of the return air flow to the membrane
unit only, (ii) of an indirect evaporative cooling unit before the membrane unit, (iii) of an indirect
evaporative cooling unit after the membrane unit and before the ECOS system, and (iv) of a mixing of
ambient air and return air leading to a higher flow rate into the ECOS system.
An assessment of the proposed concepts (Fig. 2) provides valuable information for designing airdehumidification systems (following the basic concept shown in Fig. 1) for practical application in the
tropics.
Nomenclature
Heat flow rate (kW)
ܳሶ
Mass flow rate (kg s-1)
݉ሶ
Specific enthalpy (kJ kg-1)
݄
 ܱܲܥCoefficient of performance (-)
Number of data
݊
Start time for a process
ݐ
ݐௗ End time for a process

Subscripts
Ave
removed enthalpy
regeneration
ambient
Supply
Process
v
air

Average
Removed enthalpy
Regeneration air/process
Ambient air
Supply air
Process air
Vapour
Air

2. System description
2.1 Description of the two-stage dehumidification system
Fig. 1 presents a schematic diagram of the analyzed two-stage dehumidification system. In the first stage, the
warm and humid ambient air is pre-dehumidified and pre-cooled by the membrane unit. Thereafter, in the
second stage, the pre-dehumidified process air is supplied to the ECOS system to be dehumidified to the
desired humidity set-point. The dehumidification and cooling processes in the membrane unit are driven by
the humidity and temperature gradient between the warm and humid ambient air (primary air) and the
relatively dry and cool return air (secondary air) from the conditioned room. The cooling air leaving the
membrane unit is discharged to the ECOS system to allow for an evaporative cooling process inside the
ECOS system. Solar thermal energy or waste heat is used for the regeneration of the adsorption material of
the ECOS system. The working principles of the membrane unit and the ECOS system are described by the
previous studies (Bongs, 2013; Bongs et al., 2014; Niu and Zhang, 2001; Safizadeh et al., 2014).

Fig. 1: Schematic diagram of a two stage-dehumidification system. MU stands for the membrane unit, ECOS stands for the
Evaporatively COoled Sorption dehumidification system and HX stands for the heat exchanger. As the heat source, solar
thermal energy or waste heat is considered. Electric energy is used for air transport.

2.2 Description of the conceptual system configurations
In this paper, the performance of four conceptual system configurations for a two-stage dehumidification
system is assessed. The underlying idea is that the conceptual configurations may improve the performance
of the two-stage dehumidification system.
I. System configuration-1:
Introducing an air bypass around the membrane unit for the return air flow in order to provide cooling air
with a lower humidity ratio to the ECOS system (see Fig. 2-1). This decreases the wet-bulb temperature of
the cooling air due to the lower humidity content and may increase the evaporative cooling efficiency for
handling the adsorption heat in the ECOS system.
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II. System configuration-2:
Introducing an indirect evaporative cooling unit before the membrane unit in order to further reduce the
secondary air temperature to increase the cooling performance of the membrane unit (see Fig. 2-2). A
fraction of the return air is used for the evaporative cooling of the secondary air flow. The adsorption
performance of the ECOS system may be enhanced due to the improved pre-cooling process of the process
air.
III. System configuration-3:
Introducing an indirect evaporative cooling unit after the membrane unit and before the ECOS system in
order to cool down the process air temperature before entering the ECOS system (see Fig. 2-3). A fraction
of the return air is used for evaporative cooling of the process air. Consequently, the ECOS system operates
at lower temperatures (compared to the reference system, Fig. 1) which may result in a better water
adsorption and a lower supply air temperature.
IV. System configuration-4:
Using a mixture of additional ambient air and secondary air (which has already been used for the
dehumidification process in the membrane unit) resulting in a higher flow rate after the membrane unit and
before the ECOS system (see Fig. 2-4). It may counteract the adsorption heat efficiently and increases the
performance of the ECOS system due to higher cooling air flow rate and a better heat rejection process
compared to the reference system shown in Fig. 1.

(1)

(2)

(3)

(4)

Fig. 2: Schematic diagrams of the conceptual system configurations 1 to 4 for the two-stage dehumidification systems
described above. MU stands for the membrane unit, ECOS stands for the Evaporatively COoled Sorption dehumidification
system, and EVAP stands for the evaporative cooling unit.

3. Model validation
Detailed conjugate transient heat and mass transfer equations for the ECOS unit (Barlow, 1982; Bongs,
2013; Pesaran and Mills, 1987) and the membrane unit (Min and Hu, 2011; Niu and Zhang, 2001) are
numerically programmed in MATLAB and linked with other components (e.g. an indirect evaporative
cooling unit) in TRNSYS in order to simulate and evaluate the performance of the four different conceptual
system configurations under tropical climate conditions.
Simulation runs are performed using measured experimental air inlet conditions. The humidity and
temperature of the simulated dehumidified air are compared with the experimental data. The dimensions of
the ECOS and membrane units of the experimental system are summarized in Table 1 and Table 2.
Table 1: Dimensions of each ECOS unit

Parameter
ECOS Height/ Length/ Width
Number of process/cooling
channels
ECOS heat exchanger area
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Table 2. Parameters of the membrane unit

Unit
m
-

Value
0.4/0.4/0.4
35/34

m²

10.6

Parameter
Membrane Height/ Length/
Width
Number of membranes
Area of each membrane

Unit
݉

Value
0.37/0.34/0.34

െ
݉ଶ

77
0.13
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Thickness sorption material
Height of process/cooling channel
Mass of silica gel

mm
mm
kg

1.0 - 1.20
3.6 - 4.0/5.0
7.3

barrier
Total area of membranes
Height of each air channel

݉ଶ
݉݉

10.0
2

The experimental operating conditions of the ECOS system are listed in Table 3. The air flows for all three
air streams including the supply air, the return air and the regeneration air are set to 0.055 kg/s (200m3/h) and
the regeneration air temperature is set to 85oC. The system operates with an adsorption time of 15 min, a
regeneration time of 13 min and 2 min for the pre-cooling stage.
Table 3. Experimental operating conditions

Parameter
Cycle time
supply/return/regeneration air flows
Regeneration air temperature

Value
Adsorption: 15 min / Regeneration: 13 min / Pre-cooling: 2 min
0.055 kg/s (200 m3/h)
85oC

Fig. 3 illustrates the comparison between the simulated and experimental values of the dehumidified process
air at the outlet of the ECOS system. As observed from Fig. 3-a and Fig. 3-b, there is a reasonable agreement
between simulation results in black color and experimental data in dashed blue color.
The dehumidification and cooling performance of the two-stage dehumidification system is explained as
follows. As shown in Fig. 3-a, in the first stage, the humidity content of the ambient air in the order of 20
g ୴ /kg ୟ୧୰ (in pink color) is removed by the pre-dehumidification process in the membrane unit in the average
order of 5 g ୴ୟ /kg ୟ୧୰ . In the next step, the pre-dehumidified process air (in red) is further dehumidified in the
ECOS system in the average order of 4.5 g ୴ /kg ୟ୧୰ to the green line. The properties of the dehumidified air
(temperature and humidity) in each cycle are shown in blue color. Additionally, as can be seen from Fig. 3-b,
the ambient air temperature in the order of 32°C (in pink color) decrease by ʹԨ in the membrane unit to the
red line. During the adsorption process in the ECOS system, although the process air temperature (in blue
color) is increased by the released adsorption heat, the average supply air temperature (green line) is still not
much higher than the ambient air temperature due to the evaporative cooling effect in the ECOS system.

(a)

(b)

Fig. 3: Comparison between the simulation and experimental values for the supply air at the system’s outlet after the
dehumidification process. The comparison of the humidity ratio is shown in (a) and the air temperature in (b). The
regeneration temperature is ૡԨ and the air flow rate is  ܕ /ܐ. The adsorption time is 15 min, the regeneration time is 13
min and the pre-cooling time is 2 min.

4. Results and discussion
4.1 Performance assessment of the ECOS system under different ambient air temperatures
A need to have a pre-dehumidification process before a dehumidification process in a desiccant
dehumidification system was assessed by previous studies (Finocchiaro et al., 2012; Safizadeh et al., 2014)
(e.g. see Fig. 1).
They revealed that supplying pre-dehumidified process air to a desiccant dehumidification system has a
positive effect on the performance of a complete dehumidification system. However, the effect of the process
air temperature (see Fig. 1) was not assessed. Fig. 4 shows the dehumidification performance of the ECOS
system under the experimental operating conditions listed in Table 3 and three different ambient air (process
air) temperatures including the reference ambient condition in Singapore (in average order of 20 g ୴ /kg ୟ୧୰
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and 32 Ԩ), the lower (-5K) and higher (+5K) temperatures are compared to the reference temperature. The
dehumidification performance of the system increases with decreasing the process air temperature. It is due
to the fact that the process air with a low temperature directly cools the desiccant material and partially
handles the released adsorption heat. Consequently, the adsorption capacity of the cooled adsorbent material
and the dehumidification capacity of the ECOS system are elevated. The positive pre-cooling effect on the
desiccant dehumidification system encourages us to propose the second and third conceptual design. The aim
of this configuration is to cool down the process air before entering the ECOS system leading to an improved
dehumidification performance.

Fig. 4: Assessment of the ambient air (process air) temperature on the dehumidification performance of the ECOS system

4.2 Assessment of conceptual system configurations
In the current section, the evaluation of the four conceptual configurations (see Fig. 2) is carried out by
choosing two different flow rates for each concept. Thereafter, the performances of these configurations are
compared to the reference system. The simulation runs are performed based on the experimental operating
conditions listed in Table 3 and dynamic Singapore climate conditions (ambient air humidity and
temperature are in average order of 20 g ୴ /kg ୟ୧୰ and 32 Ԩ, respectively). An argument is later developed to
recognize the optimal configuration among the proposed concept and the reference system.
The performance of the dehumidification system is characterized by the dehumidification capacity, the
specific removed enthalpy (eq. 1) and the thermal coefficient of performance (COP, (eq. 4)). The mean
specific removed enthalpy of the system is defined as the difference between the enthalpy of the ambient air
entering a system and the enthalpy of the dehumidified process air (supply air) leaving the system (eq. 1).
The removed enthalpy flow is calculated by (eq. 2). Both dehumidification as well as the temperature
reduction (sensible cooling) of the ambient air determines the removed enthalpy. Additionally, the average
thermal coefficient of performance (COP) of the dehumidification system is calculated by (eq. 4). The
required heat for the regeneration process is calculated based on the enthalpy difference between the
regeneration air after the heat exchanger (shown in Fig. 1) and the ambient air (eq. 3). Analyses of simulation
or experimental data are carried out in a specified period of time (ο )ݐcalculated by (ݐௗ െ ݐ ).
௧

(eq. 1)

οh୴ୣ,୮୰୭ୡୣୱୱ = ቌ න ቀhୟ୫ୠ୧ୣ୬୲ ( )ݐെ hୱ୳୮୮୪୷ ()ݐቁ ݀ݐቍ൘οݐ
௧బ

Qሶ ୴ୣ,୰ୣ୫୭୴ୣୢ ୣ୬୲୦ୟ୪୮୷ = mሶ οh୴ୣ,୮୰୭ୡୣୱୱ
௧

(eq. 2)
(eq. 3)

Qሶ ୴ୣ,ୖୣୣ୬ୣ୰ୟ୲୧୭୬ = mሶ ቌ න ቀh୰ୣୣ୬ୣ୰ୟ୲୧୭୬ ( )ݐെ hୟ୫ୠ୧ୣ୬୲ ()ݐቁ ݀ݐቍ൘οݐ
௧బ

(eq. 4)
Qሶ ୴ୣ,୰ୣ୫୭୴ୣୢ ୣ୬୲୦ୟ୪୮୷ (ο)ݐ
COP୴ୣ,୲୦ୣ୰୫ୟ୪ =
ሶQ ୴ୣ,ୖୣୣ୬ୣ୰ୟ୲୧୭୬ (ο)ݐ
Fig. 5 illustrates the dehumidification capacity of each configuration under two operation conditions and
compares their dehumidification performance with the reference system shown in Fig. 1. The blue and the
red bars present the dehumidification capacity of the membrane unit and the ECOS system, respectively. Fig.
6 shows the total specific removed enthalpy as the sum of the specific latent and sensible loads by the twostage dehumidification system. Additionally, Fig. 7 shows the comparison between the thermal COPs
calculated for the proposed conceptual configurations and the reference system. The comparison analyses
between each configuration and the reference system are discussed in the following sections.
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Fig. 5: Comparison between the dehumidification performances of the four proposed conceptual configurations and the
reference system. The dehumidification capacities of the membrane unit and the ECOS system are shown in the blue and red
bars, respectively. “Ret air to Mem” stands for the fraction of the return air to the membrane unit as a secondary air stream.

Fig. 6: Comparison between the total specific removed enthalpy (latent and cooling loads) by the four proposed conceptual
configuration and the reference system. The mass flow rate is 0.055 kg/s (200 m3/h). “Ret air to Mem” stands for the fraction of
the return air to the membrane unit as a secondary air stream.

Fig. 7: Comparison between the thermal COP of the four proposed conceptual configuration and the reference system. “Ret
air to Mem” stands for a fraction of the return air to the membrane unit as a secondary air stream.

4.3.1. System configuration-1: Air bypass configuration for the return air (around the membrane
unit)
As can be seen from Fig. 5, the dehumidification capacity of the membrane unit is reduced by decreasing the
return air flow to the membrane unit. At the same time, the dehumidification performance of the ECOS
system increases; however, the total dehumidification performance decreases by decreasing the fraction of
return air flow to the membrane and it is less than the dehumidification performance of the reference system.
The variation of the dehumidification performance in the membrane unit and the ECOS system can be
explained by the following facts. The dehumidification and the cooling processes in the membrane unit are
driven by the humidity and temperature difference between the primary and secondary air streams. The
temperature and the humidity of the secondary air at low air flow rates easily reach the level of the warm and
humid air. Thus, using the bypass configuration decreases the performance of the membrane unit
considerably. Furthermore, the improvement of the dehumidification performance in the ECOS system
obtained by reducing the fraction of the return air to the membrane can be explained by two facts: (i) At a
lower fraction of the return air flow through the membrane, a higher amount of relatively dry return air is
supplied to the ECOS system as the cooling air for the evaporative cooling process. As a result, the wet-bulb
temperature of the cooling air decreases and helps to counteract the adsorption heat effectively; thus, the
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dehumidification performance increases. (ii) As discussed, lowering the return air flow rate through the
membrane unit reduces the performance of the membrane unit. Consequently, the process air enters to the
ECOS system with a high humidity; therefore, the dehumidification load on the ECOS system increases. As
a result of the analysis it can be concluded that the integration of the two-stage dehumidification system with
the bypass configuration cannot improve the performance of the system analyzed.
4.3.2. System configuration-2: Using an indirect evaporative cooling unit before the membrane unit
As shown in Fig. 5, the performance of the membrane unit decreases by decreasing the fraction of return air
to the membrane unit (the reason was discussed in section 4.3.1). In contrast, the performance of the ECOS
system increases slightly by increasing the fraction of the evaporative cooling air (decreasing the air flow to
the membrane unit). The total dehumidification performance of the two-stage system increases slightly at the
operation condition with a fraction of 70% of the return air flow through the membrane unit. However, in
general, using the evaporative cooling unit and a low secondary air flow through the membrane unit
decreases the total performance of the system compared to the reference system. The performance
improvement of the ECOS system can be explained by two facts: firstly, the dehumidification capacity of the
membrane unit is reduced by decreasing the fraction of the return air flow to the membrane. Consequently,
the dehumidification load on the ECOS system increases. Secondly, a higher fraction of the return air in the
evaporative cooling unit decreases the temperature of the secondary air before entering to the membrane unit.
This increases the cooling performance of the membrane unit and reduces the temperature of the process air
further compared to the reference system. Process air with low temperature increases the dehumidification
performance of the ECOS system due to the handling of a fraction of the adsorption heat (as presented in
section 4.1).
Fig. 6 and Fig. 7 also show the comparison between the obtained results for the second system configuration
under two operation conditions (70% and 50% fraction of return air to the membrane unit) and the
experimental values for the reference system based on the specific removed enthalpy and thermal COP,
respectively. As can be seen, this configuration can improve the total performance of the system analyzed to
some extent under the first operation condition. However, using this kind of configuration is not suggested
due to the additional complexity of system, the investment cost and the higher operational cost due to water
consumption.
4.3.3. System configuration-3: Using an indirect evaporative cooling unit after the membrane unit
and before the ECOS system
The operation results of the system configuration 3 are also illustrated in Fig. 5. While the dehumidification
performance of the membrane unit decreases with decreasing the secondary air flow through the membrane
unit, the dehumidification capacity of the ECOS system increases. Although the total dehumidification
performance of the system is improved slightly at the operation condition with a fraction of 70%, the total
dehumidification performance is lower compared to the reference system shown in Fig. 1.
The reason for the lower dehumidification capacity in the membrane unit compared to the reference system
is already explained in section 4.3.1. The increment of the dehumidification capacity of the ECOS system is
explained similarly by section 4.3.2. Indeed, the temperature of the pre-dehumidified process air is directly
reduced by the evaporative cooling unit. The cooler process air is able to cool down the desiccant material
directly and to handle a fraction of the adsorption heat. As presented in section 4.1, the cooled desiccant
material increases the adsorption capacity of the material and the dehumidification capacity of the ECOS
system.
The comparison between the results for the total specific removed enthalpy and the thermal COP for the
presented configuration are shown in Fig. 6 and Fig. 7. Similar to the previous configuration, the comparison
of the analyses indicates that the proposed concept can improve the total performance of the system analyzed
slightly under some control conditions. However, exploiting this configuration for a two-stage
dehumidification system is not recommended due to the increased complexity resulting only in a low
performance improvement.
4.3.4. System configuration-4: Using an additional ambient air to be mixed with the return air from
the membrane unit
The last two bars in Fig. 5 show the dehumidification performance of the two-stage dehumidification system

630

M. Reza Safizadeh / EuroSun 2014 / ISES Conference Proceedings (2014)

using additional ambient air supplied to the ECOS system (additional 50% and 150% of the ambient air
flow). In this configuration, since the modification is done after the membrane unit, the dehumidification
performance of the membrane unit is equal to the one in the reference system. However, the performance of
the ECOS system and the total dehumidification of the two-stage dehumidification system increase. Using a
higher flow rate of the cooling air for the evaporative cooling process helps to counteract the adsorption heat
considerably. Adding the humid ambient air to the cooling air increases the humidity content of the cooling
air and therewith increases the wet-bulb temperature slightly. However, the higher cooling air flow rate and
the lower temperature of mixed air compared to the ambient air can increase the efficiency of the evaporative
cooling process in the ECOS system without significant additional cost for investments.
Fig. 6 interestingly shows that using an additional flow of ambient air can not only increase the
dehumidification performance (Fig. 5), but also increases the total specific removed enthalpy. This is due to
the fact that the improved evaporative cooling process in the ECOS system using additional ambient air and
a higher flow rate can handle a higher sensible load of the process air compared to the reference system. The
total specific removed enthalpy using the presented configuration under two operational conditions,
additional 50% and 150% of the ambient air flow, is improved by 1.4 and 2.9 kJ/kg (60W and 150W for the
process air flow rate of 0.05 kg/s), respectively. However, the electricity used for transporting the additional
air increases about 7W and 20W, respectively. As shown in Fig. 7, the thermal COP of the fourth
modification of the two-stage dehumidification system analyzed is improved as well.
5. Conclusion
In this study, conceptual system configurations were analyzed to provide useful information towards the
performance improvement of two-stage dehumidification systems consisting of a membrane unit and an
ECOS system. The analyses showed that although the application of an indirect evaporative cooling unit,
proposed in many studies, has positive influences on the total performance of the air-conditioning systems,
this configuration is not recommended for the two-stage dehumidification system under investigation. The
best performance of the two-stage dehumidification system is achieved if the maximum performance of the
membrane unit is realized. Therefore, the return air flow should be fully supplied to the membrane for the
best possible dehumidification and cooling performance. An additional ambient air flow through the ECOS
system improves the heat rejection process from the adsorbent material significantly. This results in an
improved dehumidification performance of the ECOS system and the two-stage dehumidification system.
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Abstract

In early 2014 the solar thermal cooling system with 1750 kW (500 tons) cooling power was commissioned at
Desert Mountain High School (DMHS), Scottsdale, AZ. The collector gross area is 4865 m² of double glazed
flat plate collectors. The lithium bromide absorption cooling machine works in combination with four
existing compression chillers. Experiences of the start-up phase will be described and measurements of
energy flows and use of auxiliary energy will be shown as well as seasonal energy efficiency ratios.
It is of special interest that electric COPs (kWh Cooling produced/ kWh electricity consumed) of the system
up to 42 were reached for periods longer than one hour and daily average including all starting and stopping
procedures in morning and evening reach COP el between 25-30.
1. Boundary conditions and climate

Fig. 1: Overview collector fields from Google Maps (© www.google.com) and from a terrestrial photograph (© www.solid.at)

The buildings of the school for over 2600 students are 20 years old and were cooled by compression chillers.
Air conditioned space in the buildings encompass 55.000 m². The school has no accommodation for students
and thus little demand for domestic hot water.
The arid climate in this region requires approx. 12 months of cooling and approx. 3-4 months of space
heating plus cooling per year according to the experiences with other solar thermal installations in the region.
In these winter months, thermal loads typically start with heating demand in the morning and cooling
demand around noon. As the heating demand itself is pretty low, a separate heating supply from the Solar
System (which had been possible in theory) could not be realized economically.
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From climate data, peak loads would occur during summertime but as big parts of the school are not used in
holiday periods, only basic cooling services are provided during such phases which can be covered to 100%
by the Solar Cooling System, avoiding the building to overheat.
Last but not least, experience during the installation period included all boundary conditions possible in AZ
desert climate that can cause trouble for the installer: Starting from rattlesnakes or wild boars on the
construction site, heavy flooding (30 cm water depth) of collector storage areas during heavy rain, frost in
winter nights, over 40°C in summertime as well as a few sandstorms which are well documented on different
video platforms in the web.

2. The solar thermal heating and cooling system

Fig. 2: Simplified system schematic

The collector field is distributed on different roofs of the sports complex of the school and on an elevated
structure above the parking area. The collector field consists of 54 collector arrays, most of them of a size of
100 m² collector area with 8 large scale collectors of 12.5 m² gross area each. 2 different European collector
producers were supplying collectors for this project.
Due to the mild climate no anti-freeze protection is needed and thus no heat exchanger between collector
field, heat storage and chiller. In the very rare event of freezing during the night, small amounts of water
from the storage tank are pumped around the collector field as freezing protection. Experience from other
installations in the region show that this is only needed a few times in a 5 or 10 year period and therefore can
be neglected in energy harvest considerations.
The single stage lithium bromide absorption chiller is supplied via a heat storage of 34.5 m³. When the solar
pump is operating at 100%, this storage buffers approx. 30 minutes of solar heat production.
The designed cold water temperatures of the LiBr-chiller are 13°C return temperature and 7°C flow
temperature. It is operating on full load during the hottest hours of the day, cutting down peak loads by precooling the back flow from the air handling units. During morning or evening hours when the chiller is
supplied with Solar Hot Water between 65-75°C it still delivers under partial load a relevant portion of the
building’s cooling demand.
3. System performance and how actual performance was achieved
Experience from a couple of Large Scale Solar Thermal installations in the region justify the expectation that
the collector fields will deliver 800 kWh of heat per m² gross area and year when producing hot water at
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average 80-85°C.
Thermal COPs of today’s state of the art single stage LiBr absorption chillers are between 0.7 and 0.75.
These values are reached by the DHMS system except on weekends where consumption behavior of the
client still allows further system optimization.
The big step forward in this installation is to be understood on the side of the electric COP:
Coming from experiences from a 4000 m² Solar Cooling System in Singapore, SOLID has learned to run
absorption chillers beyond nominal manufacturer’s specifications:
All electric motors for pumps and ventilation fans do have speed controls and are remotely optimized for
reducing energy consumption by minimizing flow rates and fan speed as far as possible while increasing
temperature spreads between flow and back flow for maintaining needed thermal power values.
Optimization measures will continue for at least one full meteorological year in all different climatic
conditions and the values reached until now are already extremely promising:
x

Hourly COPel reaches now values up to 42

x

Daily COPel incl. all starting and stopping losses in the morning and the evening reaches now
constant values between 25-30.

Thermal measurements are taken on 3 different positions by calibrated heat meters:
From collector field to tank, from tank to chiller and from chiller to chilled water distribution.
Electric measurements are based on metering via the individual frequency converters of all motors today. A
couple of calibrated electricity meters are already ordered in addition and will be installed asap for
confirmation of today’s metering results.
4. Outlook for the future
First of all, the values from today’s metering results shall be validated by additional metering devices within
the mentioned optimization period of a full meteorological year.
Second, the strategies developed in Singapore and Arizona shall be further refined and form the base for
future installations all over the globe.
And last but not least: Coming from the fact that a state of the art Solar Cooling installation today can
outperform a standard electric cooling system by a 5 or 10 times higher COP el (or even more, when the
electric system should be of older type) strategies how to use the cold water in the buildings shall also be
adapted accordingly. Facility staff today still tends to shut down or minimize cold water distribution in
periods of low usage of the buildings in the aim of saving energy cost but accepting temperature increase in
the building on the other hand. This strategy needs to be re-evaluated when cooling can be provided at such
lower operating cost.
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Abstract
The renewable energy sources (RESs) occupy a significant part in the energy sectors of Latvia and
neighbouring countries; therefore, new solutions for electricity, heat and cold production using different
RESs including solar energy are sought for. Since it could be necessary to maintain an optimum indoor
microclimate in the summer time – e.g. in hotels, office buildings, manufacturing premises (mainly concrete
and glass structures) – small-scale use of solar refrigeration is important.
In the climatic conditions of the Baltic Sea region cooling is required for 3000 - 5000 degree hours per year.
So far, in Latvia solar cooling systems have not been used; therefore, it is important to assess the potential of
such systems. At the Institute of Physical Energetics a solar cooling system with the cooling capacity of 8
kW is installed in the Solar Energy Testing Park. The system has appropriate measuring equipment; its
performance is improved, and the operating data are monitored.
The paper presents new methods for efficient use of solar energy for cooling based on experimental data. The
results obtained allow for evaluation of the potential of relevant technologies taking into account their
strengths and weaknesses as well as for promotion of innovative technology transfer from science to practice.
Key-words: Solar energy, solar cooling, chiller

1. Introduction
In Latvia and in Europe as a whole it is highly actual to maintain optimum microclimate in diversified
facilities, for which every year huge energy resources are spent. The indoor temperature is mostly affected by
space heaters and passive solar radiation that enters inside through supporting structures.
Solar energy is available at the same time when it is needed for cooling (Henning, et al., 2013), so solar
cooling systems are suitable also for Latvia. In the Latvian climatic conditions the average outdoor air
temperature in the summer (May-September) is about 15°C, the maximum daily temperature is from +15°C
to +23°C (on average, the maximum temperature in the summer season is + 32.2°C), and the average solar
radiation is 1100 kWh/year (the data of the Latvian Environment, Geology and Meteorology Centre
(LEGMC)); therefore, the relevant experimental equipment has to operate in the temperature range 55 -95°C
in the driving circuit. Possible use, advantages and disadvantages of the system taking into account reduced
consumption of fossil fuel for cooling are described below.
Cooling is necessary for 3000 - 5000 degree hours in climate conditions of the Baltic States, while heating –
for ~ 90 000 degree hours. The heating season starts at the daily average outdoor air temperatures below
+8°C. However, cooling might be demanded already at low outdoor air temperatures and high solar
radiation. At the temperatures from +8 to +16°C neither heating nor cooling are usually needed (Shipkovs et
al., 2009).
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Fig.1: Solar thermal system (STS) productivity and energy losses in different part of STS in different countries

Similar solar thermal systems (STS) of the type were tested in different European regions using a dynamic
simulating program. The results were equated to 1 square meter of solar collector absorber. As shown in
fig.1, the solar collector’s heat losses are larger in the Baltic region than in other European countries (e.g. in
Berlin, Paris, and Madrid these are lower by 3 %, 9 % and 13 %, respectively) despite the fact that STS
operational time is greater in warmer regions. Considering the proportion of global solar radiation that is
absorbed by solar collectors, the heat losses are lower in the collector circuits in warmer regions (Thorpe,
2011). Therefore, the regularities in the heat losses and in the thermal conductivity of STS individual
components in the Baltic countries’ region differ from those in warmer regions.
The heat production of small capacity solar cooling systems with solar collectors was estimated using
PolySun modeling and dynamic simulation program (Shipkovs et al., 2010). The average efficiency of the
STS for well-designed thermal systems with glazed flat-plate collectors is about 30-35% in the Baltic
countries’ region. The efficiency increases up to 35-40% at the use of vacuum tube collectors, which have
lower heat losses.
A significant proportion of the heat energy absorbed by solar collectors is lost in the solar collector circuit
and the accumulation tank (Lechner, 2014). The losses in solar collector circuit and accumulation tank
exceed 30% of the collector field yield in a typical solar thermal system in the Baltic countries’ region.
The annual global solar radiation is lower in the Baltic countries as compared with other European countries
where solar collectors are more widespread, and the outdoor air temperatures are below the average values in
Europe. This creates the need in optimization of solar thermal systems for solar cooling in the Baltic
countries’ region.
2. Methods and Results
Thermal cooling device starts operation at specified temperature of heat carrier in the inlet from heat
production side. The efficiency of thermal-driven coolers increases with the inlet temperature increasing
(SCH International Agency, 2011), (SCH International Agency, 2012). The temperature range in heated
circuit of thermal-driven cooling devices varies depending on the cooling technology.
In the work, the market of low power solar chillers was investigated. It was observed, that 90% of chillers
work on the absorption principle. The temperature range in driving circuit of absorption chiller is 75-110°C
using ammonia-water technology and 75-105 °C using absorption water-LiBr technology. The temperature
range in driving circuit is lower with adsorption technology. The water-silica gel adsorption technology
provides even narrower temperature range of 55-95°C.
The estimated research facility has a cooling capacity of 8 kW. It is envisaged that such systems will be
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required for the efficient operation with the heat output in the temperature range 55-95 ° C, allowing cooling
equipment to operate in single-stage cycle, and cool the coolant circuit of 8-20°C. Consequently, there are
many factors that affect the system performance and efficiency of the processes that need to be clarified. It is
planned to increase the capacity of the collector at the operating temperature of 55 °C, which, in turn, will
enhance cooling in the working hours. The produced cool energy will be used for creation of comfortable
microclimate in a research laboratory (Fig.2).

Fig. 2: Principle scheme of solar cooling and hot water preparation

The results of solar cooling investigations will be used for evaluating the potential of the mentioned
technologies, with proper account taken for its strengths and weaknesses; besides, these results are expected
to serve for promoting innovative technology transfer from science to the practice.

Fig. 3: Solar radiation supply and thermal energy demands

638

Peteris Shipkovs / EuroSun 2014 / ISES Conference Proceedings (2014)

The experiments were performed using a solar thermal system designed for an insulated multi-family house
with uneven hot water consumption. The power and capacity of the system was optimized based primarily on
the heat demand of thermal driven chiller and on the probable stagnation mode of such systems. The cooling
part is designed to cover ~ 80% of peak demand for cooling. On the one hand, this means that in the warmest
five days the indoor temperature decreased/s only by 3-5 degrees below the outdoor temperature, and it is
probable that the designed temperature will not reach the designed value in these days. On the other hand,
this would help to avoid designing an over-power system whose full power will be used but seldom, while
adverse thermal and hydraulic losses will persist.
The cold yield of the adsorption-type heat driven chiller reaches 60% of the heat consumption. Fig. 3 shows
that cooling demand far exceeds the solar radiation and hence the solar thermal part heat yields in a few days.
Three accumulation tanks are used for overcome given peaks: one tank for heat, second for hot waters, third
for cold accumulation.
Sometimes hot water and heat accumulation tanks are combining. In this case, on the one hand overall heat
losses are reducing because of reduce ratio of surface area to tank volume and thereby reduce thermal
conductivity coefficient of accumulation tank. On the other hand, the total volume of the tank increases,
which means a longer time for heat accumulation until the inside temperature reaches the nominal for the
thermal-driven cooling cycle; the cooled heat carrier prepared for thermal driven cooling cycle (t nom =6595°C) will be running in a hot water circuit (t max =50-55°C); also, it could be difficult to place such a large
accumulation tank indoors and distribute from it.

Fig. 4: Degree hours vs. defined outdoor air temperature in the Baltic States region

As seen from fig. 4 diagram, the outdoor air temperature exceeds 22°C only for 1000 degree hours. This
makes possible appropriate use of the heat rejection towers of thermal cooling system (which effectively
operate under given conditions) by reducing the heat carrier temperature in the heat rejecting circuit from 32
to 27°C.
The tilt angle for the maximum heat production was defined by changing such an angle of solar collector by
model simulation. At the annual maximum solar collector production the tilt angle (~45 degree) does not
coincide with that at the maximum solar collector production in a cooling period (~30 degree). This is
because the Sun is closer to zenith in summer. The larger tilt angle is profitably used only if additional heat
consumption is sufficient. In this case the additional annual gain is only 30kWh from each square meter of
solar collector.
Therefore, we have developed a combined system for solar cooling and hot water preparation as well as
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identified the optimization proposals. The developed system relies upon the first priority of using the heat
from solar collectors for cold productions, with a thermal driven chiller operating in a cooling season.
Using thus designed solar cooling system it is possible to cover up to 80% of the maximum cooling capacity.
The inferences that could be drawn from the results obtained at using the system are as follows:
-This system can be used for both cooling and hot water production. Therefore it is necessary to choose solar
collectors with lower heat loss coefficient (a1<1.5W/m2/K). This mostly increase solar collector yield in noncooling season. Choosing the solar collectors with higher optical efficiency (η>0.74) will also raise the total
solar thermal yield.
- Based on the previous studies and taking into account the Latvian climatic conditions (the LEGMC data) it
has been determined that the low- and medium-power solar cooling systems should have the ratio of the solar
collector power at ΔT=70K to the adsorption chiller power from 1.65 to 1.85.
- The annual cold production of solar cooling system is up to 230 kWh per kWp of adsorption chiller
nominal power. For this are used 560 kWh of thermal energy and 89% of it produced with solar collector. In
this process re-cooler uses 38.5 kWh electricity for reject heat, that was spent in the thermally driven cooling
process and waste heat from indoors.
The heat that has not been spent in adsorption process is used for hot water preparation.
29% of the total solar thermal produced energy is spent in adsorption cooling process, 60% - is used for hot
water preparation, the rest of the heat is released in the form of heat loss.

Fig. 5: Annual energy flow diagram

The annual energy flow balance shows that most the heat energy is produced by the solar collectors (Fig.5)
Additional thermal energy is required for thermally-driven cooling and for hot water preparation. In this case
14% of auxiliary energy is consumed by the hot accumulation tank for reaching the nominal temperature of
adsorption cycle in cooling season. The indoor heat losses make quite a quite large proportion of the energy
balance. On the one hand, the indoor heat losses are favorable in heating season, while on the other these are
undesirable in cooling season. Therefore it is appropriate to design regulated forced ventilation in the engine
rooms.
In a cooling season the heat is used primarily for operation of thermal driven chiller through which cooled
water in cold accumulation tank. In this time period the unnecessary heat is spent for hot water heating,
which increases the solar collector yield thus raising the overall system efficiency. Besides, the redirection of
excessive heat to the hot water production reduces the total time of solar collector’s idle operation. In turn,
this would prolong the life of solar collectors.
Excessive thermal energy can be utilized for hot water preparation in the cooling season provided that the
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following conditions are met:
- the building does not require cooling;
- the water temperature at the top of the cold accumulation tank reaches the minimum of cooled temperature
of the cooling machine (~9-11oC);
-the water temperature at the top of hot accumulation tank reaches the critical maximum (~90-95oC).
Up to 78% of heat required for hot water preparation can be provided by heat generated by solar collectors in
non-cooling season.
3. Conclusions
Conclusions based on the results of work are as follows.
Solar cooling is actual and profitable in Baltic See regions, allowing effective use of solar collectors and
significant decrease in consumption of fossil fuel for cooling. Solar cooling makes it possible to maintain
comfort conditions at the workplaces in compliance with the health standards adopted in our country as well
as in neighbouring countries.
The annual cold production of solar cooling system is up to 230 kWh per kWp of nominal power of the
adsorption chiller. For this purpose 560 kWh of thermal energy are required, with 89% produced by solar
collector. Of the total solar thermal energy produced 29% is spent in the adsorption cooling process and
60% – for hot water preparation. The rest are heat losses.
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Abstract
As the French project MeGaPICS Method towards the performance guarantee of solar cooling and heating
installations ends after 4 years of work, the output of the project are presented. The project dealt with
improving the performances and the quality of solar cooling, heating and domestic hot water preparation
installations. The main outputs are guidelines to help professionals to handle correctly a SHC project (from
the design to the monitoring and maintenance phase) and a simple presizing tool, validated with several
methods. The project outputs are available in French and for some in English in the webpage
http://www.solaire-collectif.fr/index.php?pid=31.
Key-words: solar cooling and heating, guideline, presizing tool, performance indicators, guarantee,
performances.

1. Introduction
The use of solar thermal energy for space cooling and air-conditioning is still not a widespread solution; it
has to face to technical and financial barriers. Some key actions have been identified to enlarge the
development of this application:
-

additionally to the cooling production, the solar thermal has to be used all year long, for example for
heating or for domestic hot water (DHW) production;

-

the solar system must have good performances during its whole lifespan with very few breakdowns.

Since thirty years, several French and European R&D projects meant to increase the knowledge about solar
cooling systems. Some project like ABCLIMSOL, SOLERA and SOLARCOMBI+ dealt with small scale
and package sorption chiller solar cooling systems (SHC), while a French project called ORASOL proposed
a comparison between several technologies and SHC systems and the ODIRSOL project proposed a
TNRSYS-based software for sorption SHC installation. At the international level, the IEA SHC program
Task n°48 named « Quality and support measures for solar air conditioning » confirmed the importance of
the topic of increasing the quality of SHC installations.
In this framework, a new French project was set up in 2010, called “MeGaPICS” (Method towards the
performance guarantee of solar cooling and heating installations). It was coordinated by the engineering
company TECSOL. The partners were EDF R&D, GDF SUEZ, the laboratory PIMENT from the University
of La Réunion, the CEA LITEN at the National Institute of Solar Energy (INES) and the French solar
professional association ENERPLAN. The project began in January 2010 and lasted 48 month. The whole
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project cost was about 1200 k€ and it was granted by the French National Research Agency (ANR) with 560
k€.
The project consortium worked to establish a basis in order to go to a future guarantee of performance for
SHC plants by:
- upgrading the knowledge of the system operating conditions,
- developing a simple and reliable method to evaluate and to plan the performances of the
installations,
- creating best practices to design, to size, to operate, to maintain and to monitor SHC installations.
The MeGaPICS project focused on the solar cooling installation with sorption chillers producing chilled
water (between 5 and 11°C) by converting solar heat at medium temperature (65 to 95°C). Indeed, the
sorption units represent over 70% of all systems fed by solar thermal energy installed worldwide. As shown
in Table 1, in 2013, about 13 manufacturers offered indirect single stage absorption or adsorption chillers
with cooling capacities lower than 200 kW meant for small and medium scale markets.
Tab. 1: Single stage sorption chiller manufacturers (Boudéhenn F. & Al. 2013)

Country
Austria

Manufacturer
PINK

China

JIANGSU
HUINENG

AGO

Germany

EAW

INVENSOR
SORTECH

India

THERMAX

Japan

MAYEKAWA

Japan

MITSUBISHI
PLASTICS

Japan

SAKURA

Japan

YAZAKI

South
Korea

CENTURY
Corporation

United
States

HIJC

Model
PC19
RXZ-11
RXZ-23
RXZ-35
RXZ-58
RXZ-115
RXZ-175
Congelo 50
Congelo 100
Congelo 150
Wegracal SE 15
Wegracal SE 30
Wegracal SE 50
Wegracal SE 80
Wegracal SE 150
Wegracal SE 200
LTC 10 plus
HTC 18 plus
ACS 08
ACS 15
LT 1
LT 2
LT 3
LT 5
ADR-Noa Z3515
AHP10
AQSOA-Z3515
AQSOA-Z3525
SHL003
SHL005
SHL008
SHL010
SHL030
SHL040
SHL050
WFC SC 5
WFC SC 10
WFC SC 20
WFC SC 30
WFC SC 50
AR-D30L2
AR-D40L2
AR-D50L2
AR-D60L2

Technology
aBsorption

Working pair
NH3/H2O

aBsorption

H2O/LiBr

ADCM1-060

aDsorption

H2O/Silica Gel

H2O/LiBr

aBsorption

NH3/H2O

H2O/LiBr

H2O/Zeolite
aDsorption
H2O/Silica Gel

aBSorption

H2O/LiBr

aDsorption

H2O/Zeolite

aDsorption

H2O/Zeolite

P [kW]
19.0
10.0
23.0
35.0
58.0
115.0
175.0
50.0
100.0
150.0
15.0
30.0
54.0
83.0
150.0
200.0
10.0
18.0
8.0
15.0
35.0
70.0
105.0
171.0
105.0
10.0
88.0
175.0
10.5
17.6
28.1
35.2
105.0
141.0
176.0
17.6
35.2
70.3
105.6
175.8
98.0
130.0
165.0
193.0

COPth [-]
0.63
0.70
0.70
0.70
0.70
0.70
0.70
0.51
0.51
0.51
0.71
0.75
0.75
0.75
0.75
0.75
0.60
0.52
0.60
0.60
0.78
0.78
0.78
0.78
nr

185.0

0.70

0.45
0.72
0.71
0.72
0.71
0.80
0.80
0.80
0.70
0.70
0.70
0.70
0.70
nr
nr
nr
nr
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This paper firstly presents the methodology used in the MeGaPICS project. Secondly, it explains the main
output and presents the available documents like guidelines for professionals. In a third part, it finally more
deeply describes the PISTACHE software, a tool to pre-design and evaluate sorption SHC system
performances, and its validation process.
2. Specific objectives and methodology of the MeGaPICS project
The specific objectives of the MeGaPICS project were to create some engineering tools required to upgrade
the quality of the SCH installations in the field of pre-design, design and installation phases and during their
operation period. The goals are to increase the global and annual performances of the system and to be able
to guarantee it in the future.
The main topics addressed in the MeGaPICS project were the following:
-

the simplification of the theoretical simulation of the solar cooling systems,

-

the standardization of the hydraulic scheme, the system performance indicators and the sorption
chiller performances,

-

the definition of the minimum levels of quality for the installation using min. and max. target values
of the performance indicators,

-

the edition of best practices for design and sizing, project planning, monitoring, exploitation and
maintenance.

Additionally to a large bibliography of project results on the SHC topic, the partners based their work on
their own knowledge and professional experiences of designing and operating solar, HVAC and solar heating
and cooling installations. It was also decided to base an important part of the work and to run validation
process thanks to the feed-back of existing SHC installation. The following existing SHC installations have
been monitored and used during the project, all of them are also described in fact-sheet available on the
website of the project (see §2) :


« SOLERA » at the CEA LITEN INES in Chambery, France: a solar cooling and heating packaged
installation for offices, in operation since March 2009, with a 4.5kW absorption chiller, a 30m² flatplate collector field and ground heat exchanger (Chèze & Al., 2011).



« RAFSOL » at IUT in Saint Pierre, France: a solar cooling installation for classroom, in operation
since March 2008, with a 30kW absorption chiller a 90 m² double-glazed flat-plate collector field
and an open wet cooling tower (Praene & Al. 2011).



« SOLACLIM » at the CNRS-PROMES center in Perpignan, France: a solar cooling and heating
installation for offices, in operation since July 2008, with a 7.5 kW adsorption chiller, a 25m²
double-glazed flat-plate collector field and an adiabatic dry-cooler (Siré & Al. 2011).



« SONNENKRAFT » at the General Solar Systems France Company head office at Haguenau,
France: a solar cooling and heating installation for offices, in operation since July 2009, with a
17.5kW absorption chiller, two flat-plate collector field of 54m² and 62m² and a drycooler.

Some other results of installation from IEA SHC program Task 38 monitoring activity presented by Sparber
& Al. 2009, were also used anonymously for the validation process.
Using the model of a SHC installation developed within the ORASOL project and O. Marc Doctor Thesis
(Marc 2010) and presented by Pons & Al. 2012, the simulation work consisted in defining and quantifying
the influence of key-factors on the performances of SHC systems. The sensitivity studies laid a solid
scientific basis for the project and placed emphasis on the most important parameters that should be taken
into account during the sizing process.
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3. Output and available documents
Several tools and support documents have been developed during the project. Professionals can use it as
pedagogic kit or to assist the design SHC systems; this measure should enable an increased reliability of the
future SHC installations. The following tools are available:


4 guidelines to design and to pre-size medium and large scale SHC installations, to plan and to
commission SHC projects, to operate, maintain and monitor installations,



a simple calculation tool called PISTACHE to evaluate the performance of existing or planned SHC
installations. Numerical as well as experimental methods were used in order to validate this tool,
which can be used as a pre-sizing tool. It is available free of charge in French and English
languages,



a table to easily calculate the quality and the performance indicators of a SHC installation. The table
is based on monthly energy balance as presented by Nowag & Al. 2012,



standardized schemes for different architectures or configurations, targeting packaged and
medium/large scale SHC installations,



several fact sheets on existing SHC plants complete with technical and performance data.

In addition to these public available results, internal work was done. The theoretical modelization of an
absorption chiller coupled with solar thermal collectors has been presented in the O. Marc Doctor Thesis
(Marc 2010). In MeGaPICS, PIMENT laboratory re-used and simplified the models so as to drive
sensitivities studies. Those studies lead to emphasis the most influent parameters on the main SHC
installation performance, and were presented in several scientific publications (Letexier et Al. 2012,
Semmari et Al. 2014). It was the basis used to develop a simple pre-design tool and to write pre-design and
sizing best practice guideline.
To complete the theoretical approach, CEA LITEN INES began the development of a methodology so as to
standardize the performance characterization of small scale and packaged solar cooling systems in semivirtual test bench. This should be a first step for an international normalization of the test method for this
application.
2.1. Standardized hydraulic schemes
As presented in Table 2, the hydraulic scheme were classified according the purpose or utilization of the
solar energy as for space cooling, space heating, domestic hot water (n°1 to 5) and the presence of a back-up
directly connected to the system. Two big configurations were identified: handmade systems for collective
and medium and large scale application (n°A and B) and pre-fabricated, packaged systems for small scale
applications (n°C and D). Twelve schemes were drawn to illustrate the energy flux and the component, as
shown in Figure 1a and 1b.
Tab. 2: Example of existing installation and their configuration scheme

N°

Space
Cooling

Space
heating

DHW
preparation

A1
A2
A3
A4
A5
B1
B2
B3
B4
B5
C
D

3
3
3
3
3
3
3
3
3
3
3
3

2
3
3
2
3
3
3
3
2
3
3
3

2
2
2
3
3
2
2
2
3
3
3
3

Hot
backup
2
2
3
3
3
2
2
3
3
3
2
3

Cold
back-up

Example of existing installation

2
2
2
2
2
3
3
3
3
3
2
3

RAFSOL (FR), GICB Banyuls (FR)
SOLACLIM (FR)
MACLAS (FR), SONNENKRAFT (FR)
VENELLES (FR)
GIVAUDAN (FR)
DIREN (FR), Port Louis (FR), Kristal (FR)
Saint Maxime (FR)
ISTAB (FR), CSTB (FR), UMSICHT (DE)
CRES (FR), ZAE Bayern (DE)
SOLERA (FR)
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PRODUCTION

TRANSFORMATION

PRODUCTION

E4

Q4'
Domestic Hot Water

Q2b

TRANSFORMATION

UTILIZATION

E2

Hot
Backup

Q2

UTILIZATION
Q4

Q2c

Extra hot
storage

Hot
backup

E2

Q4
E4a

Q2

E4b
Domestic Hot Water

Q3'
QSol

Q1

E6

E1a

Q5

E12

Space Heating

E1b

Q3

E11
Q7

E6
Q10

E1a

Q10'

Q5

E12

E10
Q8

Q3'

E7
Q6

Cold storage

Q7

Q2a

E7
Q6

Cold storage

Q1
E1b

Hot storage

QSol

E3
Q3

E11

Q3s

Hot storage

E3
Q4s

Space Heating

Q10

Q10'

E10
Q8

Cold backup

Space Cooling

E8

Cold backup

Space Cooling

E8

E5

V1

Condenser

E5

V1

E14

Cooling tower/Drycooler

Condenser

Geothermal probes

HEAT REJECTION

E14

Cooling Tower/Drycooler

Geothermal probes

HEAT REJECTION

Fig. 1a: Scheme “B5”
Fig. 1b: Scheme “C “
for use in space cooling, space heating and DHW production

2.2. Performance indicators
At a very early stage of the project, a list of several performance indicators were set-up, using the work done
in Task38 [13] and according the MeGaPICS standardized hydraulic scheme. Those indicators are calculated
according the thermal energies of the system (Qi) defined in Table 3 list, the electrical consumption of
auxiliaries (Ei) and the water consumption.
Tab. 3: List of thermal energies according the standardized MeGaPICS scheme

Label

Description

Unit

Qsol
Q1
Q2
Q2a
Q2b
Q2c
Q3s
Q3
Q3’
Q4s
Q4
Q4’
Q5
Q6
Q7
Q8
Q10
Q10’

Total irradiation on the collector input surface
Solar thermal heat energy supplied to the hot storage tank
Total thermal heat energy supplied by the hot back-up
Back-up thermal heat energy supplied for storage
Back-up thermal heat energy supplied to the building (heating)
Back-up thermal heat energy supplied to the building (domestic hot water)
Solar thermal heat energy supplied for heating
Solar thermal heat energy supplied to the building for heating
Heating requirements
Solar thermal heat energy supplied for domestic hot water production
Thermal energy supplied for domestic hot water
Domestic hot water requirements
Thermal heat energy rejected by the ab/adsorption machine
Thermal heat energy supplied to the sorption machine
Thermal cooling energy supplied by the evaporator
Thermal cooling energy supplied by the cold back-up
Thermal cooling energy supplied to the building
Cooling or air-conditioning requirements of the building

kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh
kWh

The performance indicators are calculated over long period (season or year) as presented by Nowag & Al.
2012. Moreover, some target values have been defined for each selected indicators so as to define a zone of
“good operating” conditions (Nowag & Al. 2012). The following list is an extract of the most used
performance indicators:


Thermal efficiency indicators : hot storage efficiency (Kstc), cold storage efficiency (Kstf), sorption
chiller coefficient of performance (COPth),



Solar performance indicators : net solar productivity in kWh/m².year (PSU), electricity efficiency
of the system (COPelec sol), collector efficiency (Rcapt) and solar system efficiency (Rsol),



Environmental impact indicators: specific water consumption (CEspe).

The application of the calculation method of the performance indicators to some monitoring data of some
existing installation permits to compare them easily to their target values as shown in Figure 2. A calculation
sheet is available on the MeGaPICS website for professional who wants to use this methodology.
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Fig. 2: Performance indicators and target values of the RAFSOL installation

2.3. Best practice guidelines
Best practice guidelines are important element to upgrade the quality. Several guidelines have been made
available to the public; they can be used by professionals during the various steps of a SHC project.
Firstly, the main design and sizing rules like the selection of the hydraulic scheme, the calculation of the
chiller capacity and the collector area, have been summarized in a guideline. This guide, only available in
French, deals with handmade collective solar installation. It also presents the pre-design and sizing process
for handmade calculations. A software is then necessary to evaluate the yearly solar production and the
global performances of the installations. PISTACHE (Cf. §3) can be used for this purpose.
Secondly, a guideline for project planning was written. It is available in French, in the html format and
gathers some model of documents which can be used during the whole process like documents for the call
for tender, commissioning check-list, … Moreover, some technical specifications are summarized in
factsheet detailed for each component: sorption chiller, heat rejection systems, principles of the control
system, distribution equipment, back-up. Two other factsheet presents the characteristics of project in
tropical and humid climate for one, the other provide a list of the standard applicable in France for the SHC
project (in 2011).
Because the monitoring aspects are crucial to generate a guarantee of solar results, this topic has been treated
in a specific guideline. The objective is to define a basic monitoring with a limited cost compared to the
whole cost of the installation but with an adequate level of accuracy. The accuracy of the monitoring system
not only depends on the measurement components ones, but also on their installation; it also has to be
consistent with the treatment and the required information. Some specifications are then summarized in the
guideline for telemonitoring. This public report, available in French but also translated in English and
transmitted to IEA SHC Task 48, then provides some specifications about the measurement and monitoring
equipment and their installation. It also presents the different standardized schemes (Cf. §2.1), the
performance indicator calculation formulas and their target values (Cf. §2.2). In addition, some advices are
given concerning the daily analysis of the SHC system, so as to perform a guarantee of “good operation”.
Finally, a guideline of prescription to operate and maintain the SHC installation was developed by GDF
SUEZ ; it addresses to the users of SHC installation, to O&M companies and to the technical in charge of
maintenance of such systems. It consists in a list of maintenance actions, to prevent or to cure the main
problems they can face. The document focuses on the action to make for each component of the installation
(solar collector field, heat exchanger, storage and buffer tank, sorption chiller, heat rejection system, …). It is
available in French.
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2.4. SHC installation factsheets
Information factsheets were created about the installation used in the MeGaPICS project (Cf. §1). They aim
to show case studies of design and sizing, and to give to professionals some references about key values like
costs and performances. They are available in French in the website.
2.5. Website to download documents
The website was developed by ENERPLAN, a partner of the MeGaPICS project, as a page of a general
French website about large scale and collective solar installation: http://ww.solaire–collectif.fr. The
MeGaPICS project dedicated website is reachable through the subcategory Froid solaire / MeGaPICS. It
makes available the various outputs of the project i.e the guidelines, factsheets as well as some references of
some scientific publications and some information about the project itself and the partners. It aims to be a
reference platform for French SHC projects.
4. PISTACHE software
The PISTACHE software has been developed as a tool to pre-size and evaluate the performances of solar
installation for space cooling with sorption chiller, space heating and domestic hot water preparation. It can
be used at an early stage of a solar cooling project, for feasibility study as well as to plan the performance of
a realized installation. It is a simplified method which provides monthly and annual energy balance of a predefined configuration. The user has to provide a meteorological and load hourly data file, as well as basic
information about the required installation. Some automatic pre-sizing functions can help him to select the
main component characteristics.
The software has been wholly developed in the framework of the MeGaPICS project, by CEA LITEN INES
and TECSOL. It is available since January 2013 for free in a French and English version by a simple demand
using the following address: http://www.tecsol.fr/pistache. Up to now, more than 300 demands to download
the software have been registered; most of them comes from French companies, but the interest is also rather
high in the educational community as well as in the Maghreb countries.
4.1. Description of the tool
The user interface has been described by Le Denn & Al. 2013. It consists in 3 pages to filled-in in the
appropriate order and 1 page of results:
1.

General information and input file upload: the user will need to compile annual hourly data with the
meteorological information of the selected site (horizontal global irradiation, outdoor temperature and
relative humidity), the cooling and heating loads and the domestic hot water demand. The data must be
provided in a text file with a specific extension name (*.mgp) which characteristics are detailed in the
step by step help included in the software. The user also has to select the configuration of the
installation between packaged and collective as defined in the MeGaPICS project (Cf. §2.1).

2.

Simulation information and scheme selection: the user can select a scheme among the 12 scheme
defined in MeGaPICS (Cf. §2.1) by defining the use of the solar installation (cooling + heating and/or
DHW) and the presence of a hot and/or a cold back-up. It also provides some information about the
operating conditions of the installation like the solar cooling period.

3.

Component characteristic and sizing: as shown in Figure 3, each main component of the SHC
installation has to be sized i.e the chiller, the solar collector field, the buffer and storage tanks, the heat
rejection system and the hot and cold back-up. The sizing process is the same as defined in the
MeGaPICS guideline for presizing (see §2.3). For each of them a pre-sizing functions and default
values proposed values of the key parameters. The automatic calculation functions for the sorption
chiller nominal capacity, collector area and storage tank volumes are presented by Le Denn & Al. 2013.

At the end of the step, the calculation can be launched, and the results are calculated. A summary of the
whole installation and simulation parameters can be downloaded in a text file as an output.
4.
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Results: as shown in Figure 4, the monthly energy balance is presented in a table, also downloadable in
a text file as an output. PISTACHE also calculates the main performances indicators and their target
values as defined in the MeGaPICS project (Cf. §2.2). A short interpretation of the numerical results is
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proposed, specifically to warn the user in case of oversizing.

Fig. 4: Main result interface of PISTACHE

4.2. Validation of the tool
Several validations steps have been made on PISTACHE tool, they have been run on both the ALPHA and
the BETA version of the software. The ALPHA version was the initial, non-encapsulated version of the tool
and consisted in an Miceorsoft Excel version developed with the Visual Basic for Application language. The
BETA version was created to encapsulate the tool, using Visual Basic.Net. It was controlled to get no
differences between the two versions by comparing the results.
In the framework of the MeGaPICS project, general validation actions were operated so as to compare
monthly and annual energy balance, as well as the main performance indicators, between the ALPHA
version and the monitored installation listed in §1 of the present article, as described by Le Denn & Al.
2013.
Moreover, PIMENT laboratory of the University of La Reunion then proposed to do some more specific
validation action, by identifying some internal parameters that influence the solar thermal production. The
concerned parameters were coefficient of maximization and minimization on the thermal energy required at
the hot inlet of the sorption chiller which defined its operating condition and coefficient to define the time
heat loss constant of the hot and cold storage tank. The whole validation process was made by using the
optimization program GenOpt, so as to reach the optimum set of PISTACHE parameters. Two
configurations have been studied, using, for the identification, a first year of monitoring results of two
related installations: RAFSOL for configuration A1 (solar cooling) and SONNENKRAFT for configuration
A3 (solar cooling + heating). The values of the identified parameters were then introduced into PISTACHE
source code, and the results compared to a second year of monitoring data. The difference obtained between
the experiment (monitoring) and PISTACHE results are satisfying:
-

9 to 16 % on the yearly energy balance of RAFSOL (Q1, Q6 and Q7 as defined in Table 3),
3 to 10% on the yearly energy balance of SONNENKRAFT (Q1, Q6, Q7 and Q3 as defined in
Table 3).

Finally, PIMENT laboratory also developed a numerical validation process, to compare PISTACHE to a
numerical model developed with DELPHI only for configuration A1 (solar cooling). These models are
presented in O. Marc Doctor Thesis (Cf. Marc 2010). Simulations were performed both with the PISTACHE
tool and the DELPHI model for a whole year. The results show that 96% of the time, the error on the
evaluation of COPth between DELPHI model and PISTACHE tool is lower than 20%. It can be concluded
that PISTACHE tool has a coherent behavior towards another solar cooling simulation tool.
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5. Best practice and lessons learnt
Many lessons have been learnt from the project. Based on this experience, the paper will advise on best
practices, such as:
 An optimal use of solar energy : the combination between cooling and domestic hot water
production is, in most of the cases, the best option, both in energetic and financial aspect,
 A detailed monitoring of the installations is compulsory to evaluate if they operate correctly. The
start-up, adjustment and control phases have to be dealt with carefully.
 A sensibility analysis carried out thanks to simulation tools concluded that a solar cooling
installation with steady loads inside the building and a medium solar radiation will have best
performances than an installation with a very good solar radiation but unstable loads inside the
building. Moreover, it seems important not to oversize the cooling production so as not to degrade
the performance of a system. Sometimes, a backup system has to be installed to ensure comfort
conditions inside the building.
6. Acknowledgements
This work has been supported by the MeGaPICS project “Method towards the performance guarantee of
solar cooling and heating installations” co-financed by the French National Research Agency (ANR) within
the framework of the HABISOL program.
7. References
Boudéhenn F. & Al. 2013. IEA SHC Task 48: Quality Assurance and Support Measures for Solar Cooling,
Market overview of available chillers compatible with solar thermal energy, Solar Newsletter January 2013
Chèze D., Boudéhenn F., Papillon P., Mugnier D., Nunez T., 2011. Solera demonstrator of small scale solar
heating and cooling system in INES office building. 30 th ISES Biennial Solar World Congress 2011.
Le denn A., Boudéhenn F., Mugnier D., Papillon P., 2013. A simple predesign tool for solar cooling, heating
and domestic hot water production systems. Proceedings of BS 2013: 13 th Conference of the International
Building Performance Simulation Association
Letexier, B., O. Marc, J-P. Praene, F. Lucas, Sensitivity analysis of a solar cooling system. ASME, July 2-4,
2012, Nantes, FRANCE.
Marc, O., Étude expérimentale, modélisation et optimisation d'un procédé de rafraîchissement solaire à
absorption couplé au bâtiment, Université de La Réunion, Décembre 2010, 191 p.
Nowag J., Boudéhenn F., Le denn A., Lucas F., Marc O., Radulescu M., Papillon,P., 2012. Calculation of
performance indicators for solar cooling, heating and domestic hot water systems. Energy Procedia. 30, 937946.
ORASOL « Optimisation des procédés de RAfraîchissement SOLaire », ANR PREBAT 2006 n° ANR-06PBAT-0009. LPBS Université de la Réunion, CNRS-PROMES, CNRS-LIMSI, LOCIE Université de
Savoie, LATEP Université de Pau, CEA INES, TECSOL, CIAT. Avril 2007 durée 49 mois.
ODIRSOL “Sizing Tool for Solar Cooling Installation”, contrat ADEME n°0405C0087. TECSOL, CSTB
Pons M., Anies G.,, Boudéhenn, F., Bourdoukan, P., Castaing-Lasvignottes, J., Evola, G., Le Denn, A., Le
Pierrès, N., Marc, O.,, Mazet, N., Stitou, D., Lucas, F., 2012. Performance comparison of six solar-powered
air-conditioners operated in five Places. Energy. 46, 471-483.
Praene J.P., Marc O., Lucas F., Miranville F., 2011. Simulation and experimental investigation of solar
absorption cooling system in Reunion Island. Applied Energy. 88, 831–839.
Semmari, H., O. Marc, J-P. Praene, A. Le Denn, F. Boudéhenn, F. Lucas. Sensitivity analysis of the new
sizing tool “PISTACHE” for solar heating, cooling and domestic hot water systems. Energy Procedia 48
(2014) 997 – 1006
Siré R. & Al., 2011. Solar Cooling, an intelligent option, report SOLAIR Increasing the Market
Implementation of Solar Air-Conditioning Systems for Small and Medium Applications in Residential and
Commercial Buildings, EIE/06/034/S12.446612
Sparber W., Thür A., Streicher W., Henning H.M. 2009. Monitoring procedure for solar heating and cooling
systems. Presentation IEA SHC Task 38 Solar Iar-Conditioning and Refrigeration.

650

Solar District Heating and Cooling

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 – 19 September 2014

Seven PhD Studies on Solar District Heat
Chris Bales1, Christian Kok Nielsen1,8, Nicolás Peréz de la Mora2, Artem Sotnikov3, Yoann Louvet4,
Federico Bava5, Alireza Shantia6 and Gunnar Lennermo7, 9
1
2
4

Solar Energy Research Center SERC, Högskolan Dalarna, 791 88 Falun (Sweden)

SAMPOL Ingeniería y Obras / Palma de Mallorca (Spain), 3 Vela Solaris AG, Winterthur (Switzerland),

FSAVE Solartechnik GmbH, Kassel (Germany),
6

8

5

Technical University of Denmark, Lyngby (Denmark),

University of Innsbruck, Innsbruck (Austria), 7 WSP, Gothenburg (Sweden),

Chalmers University of Technology, Gothenburg (Sweden), 9 Mälardalen University, Västerås (Sweden)

Abstract
The Solar Heat Integration NEtwork (SHINE) is a European research school in which 13 PhD students in
solar thermal technologies are funded by the EU Marie-Curie program. It has five PhD course modules as
well as workshops and seminars dedicated to PhD students both within the project as well as outside of it.
The SHINE research activities focus on large solar heating systems and new applications: on district heating,
industrial processes and new storage systems. The scope of this paper is on systems for district heating for
which there are six PhD students, three at universities and two at companies. In addition there is a seventh
PhD in a Swedish national research school focused on energy efficiency within district heating networks
(Reesbe). The initial work has concentrated on literature studies and on setting up initial models and
measurement setups to be used for validation purposes. Some results of these studies are presented in the
paper. The PhD students will complete their studies in 2017-18.
Keywords: solar thermal, district heat, research school

1. Introduction
Since 2006 there has been a European collaboration on graduate education within the field of solar thermal,
SolNET (Jordan et al., 2007). The initial four years was funded mainly by the EU Marie-Curie program but
also by national funding in the different participating countries. Seven courses for PhD students were taught
and 10 PhD students were trained in this initial project. The network was so successful that the collaboration
continued after the end of the first project with one PhD course planned per year. The first PhD projects
funded within SolNET focused mostly on small scale systems. A new project funded by the EU Marie-Curie
program, Solar Heat Integration NEtwork (SHINE), started at the end of 2013 and is focused on large scale
systems and thermal storage. In total 13 PhD students are funded in this project, of which six have projects
that are related to solar district heat. Five Ph.D. courses will be organized by the participating universities.
The work is split into three different work packages: WP1, focusing on solar district heating (and the subject
of this paper); WP2, studying solar heat for industrial processes; and WP3, focusing on sorption processes
and materials. The overall research objectives within these three fields are:
x to reduce the large planning efforts (requiring expert knowledge) for systems integration into existing
heating systems for new applications, especially for industrial processes,
x to optimize complex hydraulics in terms of flexibility to serve variable loads, overall collector
efficiency, pressure drop and safety of collector stagnation for different boundary condition, to optimize
operation strategies of the respective solar heating systems,
x

to provide large, but inexpensive components like large stores and collectors,

x to detect errors within the complex hydraulics and controlling and to suggest suitable maintenance
activities,
652
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.19.01
Available at http://proceedings.ises.org

Bales et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

x to identify barriers within the supply chain and in the decision processes of the potential purchaser
that limit the large scale implementation of the technology, and to improve the performance of sorption
materials via chemical modification and combination of fluid solid hybrid materials.
Figure 1 shows a map with the participating organisations within SHINE and the preliminary title of their
PhD study.

Fig. 1: Participating organizations and their PhD projects within the SHINE project showing the split into the three different
focus areas (work packages)

The Swedish national research school, Reesbe, also started in 2013 with 12 “industrial” PhD students, where
the students work half of the time in the university and half at company. Reesbe focusses on energy
efficiency measures within the built environment encompassed by district heating grids, and most companies
involved are either housing companies or district heating utilities. One PhD student, studying feed-in solar
district heating systems, is working for a consulting company and is collaborating with the SHINE PhD
students.
The aim of this paper is to present the seven projects related to solar district heating in these two research
schools and the first results from them.

2. The PhD projects and their first results
In this chapter the main aims of each PhD project is described together with some results from the first
studies.
2.1. Techno-economic analysis of centralised and decentralised solar district heating plants
The PhD project at Högskolan Dalarna (SERC) will be made by Christian Nielsen, supervised by Chris Bales
at Högskolan Dalarna and Jan-Olof Dalenbäck at Chalmers University of Technology. The main aims are to
analyze the advantages and disadvantages of centralized and decentralized solar collector fields in district
heating networks and to derive the technological and economic boundary conditions for profitable operation.
Both de-centralized feed-in (connection on primary side) and district heat augmented systems (connection on
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secondary side) will be covered. Systems in operation will be closely monitored and analyzed for
comparison.
An analysis of the solar collector system on the façade of Högskolan Dalarna in Borlänge, Sweden, is
ongoing. Heating for the building is mainly supplied by district heat, while the solar heating system is
connected on the secondary side. The solar heat is currently used for heating the hot water circulation loop of
the building, covering the circulation heat losses when possible. The flat-plate solar collector area is 73 m2
and the total hot water storage volume is 4.5 m3. Based on yearly energy measurements it was realised that
the system is not optimally utilizing the available solar energy, due to the hydraulic setup (Izotov, 2011).
Thus the system was modelled and simulated in TrnSys to estimate the energetic benefits of making some
minor system and control modifications. Simply moving a mixing valve from the cold water (CW) inlet to
the domestic hot water circulation (DHWC) will enable solar pre-heating of the cold water supply for
domestic hot water, besides covering part of the circulation heat losses (see fig. 2).

Fig. 2: Current (left) and future (right) setup of cold water and recirculation water mixing

The simulations showed that this solution significantly increases the number of hours where solar heat is
utilized, and consequently also the collected solar energy and the net utilized solar energy (NUSE) (i.e. solar
energy delivered from storage). The total yearly energy demand for hot water consumption and circulation
losses is around 79 MWh. As seen in tab. 1 it is expected that the solar energy collected will increase from
41 to 44 MWh per year. The utilized solar energy increases from 26 to almost 35 MWh, out of which more
than half (19 MWh) of the energy will be used for cold water pre-heating in the new setup, since much
lower temperatures are needed for this purpose. Thus this simple modification will save a significant amount
of district heat (and thereby money) during the lifetime of the system.
Tab. 1: Yearly results for the current system and the future solution modelled with TrnSys

Total energy
demand
[MWh]

Solar energy
collected
[MWh]

Net utilized
solar
energy
[MWh]

NUSE to cover
circulation losses
[MWh]

NUSE to CW
pre-heating
[MWh]

Current system

77.9

40.5

26.4

26.4

0

Future solution

78.0

44.2

34.7

15.6

19.1

Another system being analyzed is a solar-assisted block heating system in Vallda Heberg outside
Gothenburg, Sweden. The network consists of low-energy houses and apartments in a new residential area,
where space heating and domestic hot water are supplied via a novel heat distribution system. System data
for the first year of operation shows that both the system heat demands and collected solar energy are similar
to the expectations (Nielsen, Haegermark and Dalenbäck, 2014). The system will also be modelled, and used
in comparative studies of different types of solar-assisted district heating networks.
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2.2. Southern European District Heating
The PhD project at Sampol Ingenieria y Obras S.A. will be carried out by Nicolás Pérez de la Mora,
supervised by Vincent Canals and Victor Martinez Moll at Universitat de les Illes Balears. The PhD focuses
on demand and electricity price forecasting. The developed forecast tools will be included in a set of
appropriated computer tools which will work together with thermal simulation software TRNSYS in order to
estimate the energy generation strategies by determining the energy production mix that minimizes the
energy cost and optimize the electricity production. This will lead to an optimization of the plant operation
and integration of the solar field.
The first efforts have focused on the modeling of the existing “Parc Bit” plant in TRNSYS and the energy
price forecasting tool. Parc Bit is a power plant comprising a CHP (Combined Heat and Power) plant with a
biomass boiler and solar collectors support. In order to maximize the plant’s revenue for energy generation
generation and demand curves need to be matched. To achieve good operation an accurate estimation
(forecast) of thermal energy consumption and the electricity spot market price is required. The idea is to use
the generated forecasts in a plant model to help the plant‘s manager to improve the generation strategies and
to reduce expenses and maximize revenues.
A two core electricity forecasting tool was developed based on SARIMAX (Seasonal Auto Regressive
Moving Average with Explanatory variables) and ANN (Artificial Neural Networks) methods in order to
obtain the future energy price. Fig. 3 shows the distribution of the error calculated as difference between the
real price and the forecasted for both methods.

Fig. 3: Errors for SARIMAX and ANN models

In order to decide which technology will supply the load, the hourly electricity price is forecast and the
thermal load supply cost was estimated for the different technologies in the power plant. The generation
strategy is chosen so that revenues are maximized.
As a test, the operation minimum [€/MWhele] to start up the CHP plant was varied to calculate the
significant error of the tool in different scenarios. The electricity price is forecasted; therefore, this value
becomes critical when deciding whether or not the CHP shall be turned ON or OFF. After studying the
decisions brought from the forecasted values, four possibilities are found: Generation leads to benefits; Nogeneration leads to no- costs; Generation leads to costs; No-generation leads to no-benefits. The sum of the
occurrences for the first two possibilities gives the success rate, while the sum of the last two the failure rate.
Tab. 2 shows the results of the test using the SARIMAX model for the period 1/1/2014 to 1/7/2014. The
success rate is roughly the same high value (~85%) for all CHP operation minimum price, showing the
model performs well enough over a large range of conditions.
Tab. 2: Results of success/fail of forecasts

CHP Operation
minimum price

Generation
& Benefits

No-Generation
& No-Costs

Generation
& Costs

No-Generation
& No-Benefits

Success

Fail

20 €/MWhele

70.7%

12.6%

13.9%

2.8%

83.3%

16.7%

25 €/MWhele

64.5%

20.0%

11.5%

4.0%

84.5%

15.5%

30 €/MWhele

55.4%

29.6%

9.5%

5.5%

85.0%

15.0%

35 €/MWhele

45.8%

39.9%

7.6%

6.7%

85.7%

14.3%

40 €/MWhele

33.6%

51.2%

6.8%

8.4%

84.8%

15.2%
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2.3. Modern Planning Methodology for Local Heating Networks
The PhD project at the software company Vela Solaris AG is pursued by Artem Sotnikov and supervised by
Andreas Witzig at Vela Solaris and Wolfgang Streicher at the University of Innsbruck. The main aims are to
develop and validate a powerful and user-friendly tool which supports the planning of solar district heating
networks based on the well-known tool Polysun.
The methodology of the study has been defined. New models are to be developed in Java programming
language, which allows applications to have fast computing time as well as being flexible for possible
changes and extensions. Developed models will be validated against measurement data from real systems
obtained through the SHINE and Vela Solaris AG networks and with TRNSYS simulation software.
The first task is the extension of Polysun`s building model to cover multiple residential units within one
system boundary (see Fig. 4). This goal requires also the extension to models of heating elements and system
components which are subject of heat interaction with building (e.g. storage tank).

Fig. 4: Layout of multiple residential unit system in Polysun simulation software. A typical simulation study is to evaluate
system performance for district heating, taking into account distribution losses and comparing different system topologies.

The first results have been obtained. The building model and the heating element model have been extended
for given case. System simulation with unlimited number of buildings within its boundaries is possible. Tab.
3 shows simulation results for the reference case (see Fig. 4). Results prove that each building is simulated
independently from each other.
Tab. 3: Simulation results (energy from heating modules to building units and storage tank losses in kWh on monthly basis). B
– building, TL – storage tank losses. Results for heated area B1=150 m2, B2=200m2, B3=250m2 (all buildings with German
2010 insulation standards).

Name

Jan.

Feb.

Mar.

Apr.

Mai

June

July

Aug.

Sep.

Oct.

Nov.

Dec.

Year

B1

960

630

160

0

0

0

0

0

0

0

590

980

3320

B2

1160

730

100

0

0

0

0

0

0

0

630

1200

B3

1710

1190

410

0

0

0

0

0

0

0

1170

1740

3820
6220

TL

210

200

220

180

180

170

170

180

180

190

200

200

2280

The next step is extension of the model for heat losses model in order to cover all system components which
have heat interaction with a building unit. After that each extended model as well as their joint performance
will be validated against measurement data. Also TRNSYS simulations will be conducted for the same
boundary conditions in order to validate developed models against TRNSYS results.
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2.4. Design, investigation and modelling of innovative solar drainback systems
The PhD project at the company FSAVE Solartechnik GmbH will be carried out by Yoann Louvet,
supervised by Katrin Zass at the company and Klaus Vajen at the University of Kassel. The main purposes
are to investigate so called drainback systems (DBS) and to acquire better knowledge on this technology,
which is potentially interesting for the future of solar thermal systems (Perers, 2006; Furbo et al., 2012). The
focus will be on understanding the mechanisms and special issues at stake with DBS, especially in the
context of large systems, and proposing improvements for their design.
Resorting to the drainback concept in the solar thermal field has already been known for a long time;
however DBS represent the majority of the solar installations only in a few countries, namely the
Netherlands, Norway and Belgium (Botpaev and Vajen, 2014). DBS especially provide an adequate
overheating and freezing protection, reducing the needs for maintenance. However inappropriate design or
simple installation mistakes can be severely damageable for DBS. A better understanding of their
functioning is therefore necessary to facilitate the spreading of this technology.
In a first step, a review of existing literature and scientific materials related to DBS will be carried out to
synthetize the current state of the research on the topic. So far, the search for literature has been completed,
and the results are being compiled to provide a comprehensive overview of DBS. The extensive research
nonetheless revealed that available literature is very limited and most of it dates back a few decades.
Along with this theoretical part, the investigation of existing large commercial DBS (with a surface of
collectors larger than 100 m²) is planned, to gather experience on the specific behaviour of DBS. To do so,
appropriate sensors and data logging equipment have been installed for monitoring. Two plants are already
being examined. In addition to those field tests, experiments have been carried out with a previously built
test rig (without actual solar collector) revealing some specificities of DBS. Fig. 5a, depicts the creation of a
siphon during the filling phase of the DBS in the flow pipe. This siphon is fundamental as it decreases the
energy consumption of the pump(s) during operation. With an unpressurized system, the creation of this
siphon can be easily identified, as shown in the figure, as it leads to an under-pressure at the top of the
system. The flow rate increases drastically as a consequence, highlighting the fact that the pump does not
have to overcome the static head anymore. For a “proper” operation of the DBS, the siphon needs to be built
within a few minutes after the start of the pump(s). Nevertheless when the flow rate is situated below a
certain range, as it is the case in Fig. 5a and b, the formation of the siphon and therefore reaching the proper
operation mode can last more than an hour, which is obviously not desired. Fig. 5b, shows that the filling
phase carried out under identical conditions is not repeatable, suggesting that a correlation between filling
time and filling velocity might be difficult to obtain. From those experiments, one can however advise to fill
DBS at a high velocity, to avoid a lengthy filling process. Further experiments will come to clarify this point.
Experiment

Filling time

First

1 hour 05
minutes

Second

1 hour 39
minutes

Third

> 3 hours

Fig. 5: a) The flow rate in the return side and the pressure at the highest point of the hydraulics show the typical appearance of
a siphon in the DBS at the end of the filling phase (left); b) At low flow velocities, the filling phase might last a while. Repeating
the identical experiment three times does not reveal any correlation between filling velocity and filling time (right)

In order to further analyse DBS, a test facility with an actual solar collector, making it possible to vary
operational parameters and to test various components as well as the proper “drainback” capability of the
installation (filling, draining…) has been designed and is under construction.
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2.5 Solar collector fields for solar heating plants in district heating systems
The market for solar heating plants connected to district heating systems is expanding rapidly in Denmark. It
is expected that the strong growth in this field in Denmark will continue in the coming years (Furbo et al.,
2014). In such a scenario, even a small efficiency improvement may lead to a large increase in the overall
energy production in absolute terms. For this reason, the PhD project at the Technical University of Denmark
(DTU) will focus on the development of detailed TNRSYS simulation models for solar collector fields, in
order to investigate and optimize the design of the solar collector field, the control strategy and the flow
distribution within the field. The shadow effect from one row to another, heat losses from the supply pipes,
heat capacity of the collectors and pipes, influence of flow rate and tilt angle on the collector efficiency will
also be considered. This project will be carried out by Federico Bava, under the supervision of Simon Furbo
and Jianhua Fan, and in cooperation with the Danish company ARCON Solar A/S, one of the major suppliers
of large scale solar collector fields.
In its initial phase the project has developed an Excel model which can calculate the pressure drop over large
solar collectors. The model is a first step to study the flow distribution in the entire solar collector field. The
model was validated against experimental results with different operating conditions of flow rate,
temperature and fluid type (Fig. 6).

Fig. 6: Comparison between measured and calculated pressure drops over an ARCON HT solar collector using a 40%
propylene glycol/water mixture (left) and pure water (right).

A model to evaluate the flow distribution in the entire solar collector field is presently under development.
Additionally, the influence of flow rate and tilt angle on the collector efficiency has been investigated in a
solar collector test facility through efficiency testing of two ARCON Solar collectors , one with (model HTSA 35-10) and the other without FEP foil (HT-A 35-10) as convection barrier. The aim is to develop overall
efficiency expression formulations as a function of both parameters, which can then be used to predict the
collector efficiency in various combinations of flow rate and tilt angle. Many measurements collected
between 2012 and 2013 have been analysed and the impact of flow rate on the efficiency of the two different
collectors has been derived. More detailed information about this study is presented by Bava and Furbo
(2014).
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2.6 Flexible hydraulic concepts and stagnation prevention
The PhD project at the University of Innsbruck will be made by Alireza Shantia and supervised by
Prof. Wolfgang Streicher. This study aims at developing a modular tool for analyzing complicated thermohydraulic networks with the focus on pressure drop and thermal losses/gains. The project will be embedded
into the applied research and software development for hydraulic systems and will be validated for smaller
scale hydraulic systems as well as full scale collector arrays using the hydraulic test bench at the Unit for
Energy Efficient Buildings of the University of Innsbruck.
Hydronic systems are integral parts of energy systems; the term “Hydronic” is generally applicable to
systems with non-linear behavior of heat and mass transfer due to using single or multiple thermo-hydraulic
fluids. The interaction between hydronic components along with thermal features leads to further complex
behavior. From the system perspective, it is also crucial to consider the dynamic effect of controlling
equipment over flow distribution at full/part loads to ensure no unbalancing occurs in the system. Balancing
is an important aspect in hydronic design that deals with preventing excessive flows/too small flows in
circuits of a hydronic system. However, this interactive behavior has been usually overlooked and reduced to
a strictly thermal problem in the prevalent energy simulation tools for buildings and HVAC systems such as
TRNSYS or EnergyPlus by assuming a perfect hydronic behavior. Similarly, purely hydronic tools typically
do not consider the dynamic thermal interaction between components imposed by controlled parameters
outside system boundaries. This can be, for instance, temperature or humidity level in a room or outlet
temperature in a solar field when solar insolation fluctuates during the daytime.
The project started with a literature review and analysis of which modelling environments should be used as
the platform of the project. The first step was to model a simple but still comprehensive hydronic system in
terms of having key hydronic components such as pump, control valves, and balancing valves in TRNSYS
and Matlab® Simulink®. The model consists of two building blocks with parallel hydronic circuits connected
to the heating plant and pumping system; the room temperature in each block is stabilized by the userdefined control valves as a result of varying the hydronic operating point. It was learnt that many userdefined functions should be defined to be able to consider the interaction between the hydronic and thermal
parts. On top of that, modelling parallel flows in TRNSYS is a challenging task as it necessitates internal
iterations within the main iteration in each time step in order to calculate the correct flow distribution. Using
Carnot blockset library in Matlab® Simulink® provides more flexibility for the same model owing to the
existing hydronic elements. However, it was revealed that Carnot could fulfill the requirements when it
comes to elaborated hydronic systems with unknown/variable flow direction in some segments.
The recent task was to study the distribution of parallel flows in a polymer flat collector, using Simscape
library in Matlab® Simulink®, for two cases regarding the local pressure loss coefficient (K) in junctions. The
first case considers constant coefficients as a conventional method for estimating the pressure drop in
hydronic circuits. In the second case, however, the pressure loss coefficients are calculated separately in each
junction based on the passage area and velocities at inlets/outlets using empirical methods (Idelchik, 2007).
Comparing the results for either case in Fig. 7 (left) highlights that assuming constant pressure loss
coefficient in the junctions not only gives rise to overestimating the overall pressure drop but also results in a
completely different flow distribution pattern in the strings. The variation of the pressure loss coefficients in
the junctions as well as the equivalent values for the absorber strings and supply/return headers is shown in
Fig. 7 (right).
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Fig. 7: Flow distribution in two cases (left) and pressure loss coefficient variation (right).
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2.7 Decentralized heat supply in district heating systems
This PhD project is part of the Swedish national research school, Reesbe, and will be made by Gunnar
Lennermo at the consultancy company WSP and is supervised by Björn Karlsson at Mälardalen University.
There is a rising interest for the integration of decentralized heat supply in district heating (DH) systems in
the form of so-called prosumers, i.e., customers that both can withdraw and supply heat to the grid. The
interest comes from a growing interest in local energy supply among owners of property as well as a growing
awareness among DH companies about the need to view their customers more like partners rather than just
consumers of heat. If a customer wants to use solar heat it always affects the DH-grid in one way or another.
One part of the work is to define different kinds of way to connect solar heating system to the DH-grid, both
on the secondary and the primary side.
There are four principle ways to connect on the primary side of the DH grid;
R/R – return/return – the heat is put in to the return pipe to any level. The heat can be raised by 4 to 20 K.
R/S – return/supply – the heat is put in on the supply pipe at a fixed level (decided often by DH grid owner).
S/S – Supply/supply – is very seldom used but can be used as an over temperature discharge system instead
of stopping the solar circuit
S/R – Supply/return – is very seldom used but can be used as an over load temperature discharge system
without using a pump.
The feed-in system that in most cases is best for the DH-grid is the R/S-system. In Sweden there are about 30
systems of this kind. 20 of these where analyzed by Dalenbäck et al. (2013), who stated that the performance
was lower than excepted. One reason for this is a problem in the control. To make this kind of system better
we need to know the conditions for the heat feed in pump at the decentralized heat resource. One problem is
to know the differential pressure between the supply and the return pipe in the DH network. We need to
know the variation in the short and a long perspective and to this end monitoring equipment has been
installed in a few of these systems and data is now being collected.
One problem identified so far is that when the pressure rise provided by the pump is lower that the
differential pressure in the DH grid there is no flow and when it is higher the flow is too high. From no flow
to too high flow is 1 – 5 % of the pump speed, which is the controlled variable for the control system.
There are two methods to control the primary flow using the matched flow principle in order to supply a
given temperature to the supply side of the DH grid. These are shown in Fig. 8, with two-way valve (left)
and three-way valve (right). Tests and calculations will be made to see which of these perform best.

Fig. 8: Schematic of feed-in system with control with two-way valve (left) and three-way valve (right).
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Abstract
To boost the dissemination of renewable heat production in Germany’s urban housing estates, new concepts
for the integration of solar-thermal plants into existing district heating networks have to be developed. The
underlying research project of this paper is aiming at a decentralised integration of the collector arrays. It
comprises a review of existing large solar-thermal systems, a simulation study and the retrofitting of a
district heating network.
In this paper, a simulation based comparison of the energetic and economic performance of several standard
system designs including state-of-the-art solar district heating and decentralised plants is conducted. The
results serve as a benchmark for the assessment of the novel concept. The model of the district heating
network was built in MATLAB/Simulink by use of the CARNOT block set.
None of the simulated concepts leads to a reduction of the already low fossil heat generation costs.
Nevertheless, by a decentralised integration of solar-thermal plants of the aimed size, solar fractions of up to
5.7 % can be reached. The investigated systems for a centralised integration reach 3.8 % solar fraction.
Keywords: Solar District Heating, Simulation, Renovation

1. Background
1.1. Current Situation
The reduction of greenhouse gas emissions and fossil energy consumption has been one of the mostly
discussed topics in society and science for the past years. The dissemination of solar district heating systems
provides the opportunity of a more climate-friendly heat supply in urban areas. According to Nitsch et al.
(2012), the future installations of solar thermal district heating systems have to rise rapidly to reach the
German government’s aims for the reduction of carbon dioxide emissions (Fig. 1).
In Germany, the implementation of large solar thermal systems began in the 1990s, mainly in the context of
(federal) research programmes (e.g. "Solarthermie-2000", and "Solarthermie2000plus"). In these projects,
several pilot plants were realised and scientifically analysed (Schmidt and Mangold 2003). Furthermore,
market conditions and restraints for solar district heating systems were analysed in Europe, for example in
the research project "SDHtake-off - Solar District Heating in Europe" from 2009 until 2012 and the currently
running follow-up project "SDHplus". Here, in addition, guidelines for planning and operation are created as
well as a database of existing installations.
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Fig. 1: Necessary future installations and compensations of renewable heat production in Germany (Nitsch et al. 2012)

Current research projects in Germany focus on centralised collector arrays and large seasonal storages to
achieve a solar fraction above 50 % (SDH 2014). However, for energetic renovations of densely built-up
areas, the feasible dimensions of collector arrays and heat storages as well as their distribution are often
limited. Moreover, high storage capacities come along with high investment and heat production costs.
According to Zech et al. (2009) the costs of solar district heating systems in Germany are currently not
competitive to fossil- or biomass-fired plants (Fig. 2). It can be seen that detached solar-thermal plants
(highlighted red) and solar supported district heating (yellow) have the lowest economic performance. The
heat generation costs range from 15 Ct∙kWh-1 up to 39 Ct∙kWh-1. These figures could be confirmed by own
investigations on existing large solar-thermal plants in domestic applications where costs from 11 Ct∙kWh-1
to 38 Ct∙kWh-1 were determined (Beckenbauer et al. 2014). A second point is the wide spread of the costs
compared to fossil (blue) or biomass (green) plants. Obviously, there is a higher uncertainty of yields and
investment costs of solar-thermal plants compared to conventional technologies.
For a wide-spread utilisation of solar heat in urban domestic areas, new concepts for retrofitting need to be
developed which provide cost effectiveness and applicability in existing housing estates.

HHW-NW:
SW-GZH:
SW-NW:
HÖ-HW:

Wood chip district heating
Single solar thermal system
Solar district heating
Fuel oil district heating

Fig. 2: Heat generation costs of different heating systems (Zech et al. 2009)

1.2. Existing District Heating Network
Against this background, the research project smartSOLgrid – Solar Smart Grid for the Heating Sector,
intends to retrofit a district heating system in the south of Germany, built in the 1970s (Fig. 3). The object is
typical for many urban residential areas and composed of several multi-storey buildings. Only a few of the
roofs have favourable orientations and inclinations for the installation of large, contiguous solar collector

663

Daniel Beckenbauer / EuroSun 2014 / ISES Conference Proceedings (2014)

arrays. The available space inside and outside the buildings is limited. Therefore, the utilisation of large-scale
seasonal storages is challenging. Due to the age of the buildings and the high number of residents, these
limitations face a high consumption of space heat and domestic hot water.

Fig. 3: Existing district heating system

1.3. Approach
In contrast to many current solar district heating systems, the proposed layout is not equipped with an
additional solar network parallel to the district heating pipes for a centralised feed of the solar energy. The
collector arrays are distributed on several buildings and combined with small-scale diurnal storages. Heat is
provided primarily for the domestic hot water production in these buildings. The utilisation of this lowtemperature heat sink leads to lower collector temperatures as compared to a centralised system with inlet
temperatures depending on the return temperature of the heating network. Higher efficiencies can be reached.
In times of high solar irradiation and low energy consumption, the substations feed solar excess heat into the
district heating system. This provides an indirect connection to other consumers in the network. The reduced
efficiency and stagnation problems which usually come along with large dimensioned collector arrays could
be reduced or even prevented by this technology. Therefore, more collectors can be installed on roofs with
suitable inclination and orientation.
The realisation of a solar district heating systems with low heat costs in combination with a decent solar
fraction can improve the competitiveness of solar-thermal plants compared to conventional heating systems,
even in case of limited space. Based on the results of the simulation and renovation phase, general design
guidelines will be developed which can help to facilitate solar district heating concept in existing urban
areas.
2. Methodology
2.1 Basic Principles of the Study
To assess the benefit of the proposed concept, a simulation study of conventional types of solar district
heating systems is conducted prior to the development of the novel layout. This is necessary to get a
benchmark of possible solar yields and system efficiencies. The same is conducted with decentralised solarthermal systems. This means small solar-thermal plants for the supply of single buildings within the network.
A few plants of this type are already installed in the investigated object. The support is limited to a
contribution to the domestic hot water production up to now. Data for investment costs of these systems,
provided by the operator, and of other realised plants in Germany, e.g. from the Solarthermie-2000
programme, are used to project the costs of the approaches.
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The first part of the conducted work was a detailed record of the layout of the district heating system as input
for the simulation models. A metrological investigation of the buildings provides load profiles for the
domestic hot water consumption during one week with a suitable temporal resolution of 40 s. For this
purpose, volume flows and temperatures at the domestic hot water pipes near the storage tanks as well as at
the connection to the district heating network were measured during operation (Fig. 4). A superposition of
these data with the yearly standard load profile for multi-family buildings according to VDI 6002 (2014) is
used as input for the hot water consumption.

Fig. 4: Logging of the hot water consumption at a substation

As there are no load profiles available for space heating, the consumption was simulated with the single node
house model of the CARNOT-toolbox. The building geometry was modelled and the properties of the walls
and windows scaled to fit the known annual consumption.
The simulations were conducted in the MATLAB/Simulink environment under use of the CARNOT block
set (Hafner et al. 1999). The model consists of a central heating plant and 9 consumers as there are 9
substations connected to the network and the consumption data refer to these substations. The heat losses of
the network and heat storages are taken into account. All used components are standard models of the
CARNOT library.
Following key figures are used to compare the investigated plant layouts.
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[MWh∙a-1]

SY

Solar yield

SF

Solar fraction

HGCSol

Solar heat generation costs

ηCol

Efficiency of the collector circuit

[%]

ηSys

Efficiency of the solar-thermal system

[%]

EFos

Fossil energy provided by the gas furnace

[MWh∙a-1]

ECol

Energy provided by the solar-thermal collectors per year

[MWh∙a-1]

ESol

Energy provided by the solar-thermal system per year

[MWh∙a-1]

EIrr

Irradiated energy on the collector surface per year

[MWh∙a-1]

[%]
[Ct∙kWh-1]
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2.2 Model of the Existing Network
The investigated plant connects the substations via a piping network of 500 m length. Some of the
substations transfer heat to other buildings via separated pipes for space heating and hot water supply. The
central heating plant consists of 3 gas furnaces with a total power of 1,945 kW and provides a constant flow
temperature of 80 °C throughout the year. This leads to higher return temperatures during summer period,
when the space heating circuit is shut down. The possible efficiency of solar-thermal systems depending on
to the return temperature is therefore reduced.
The current hydraulic of the system provides an almost constant mass flow through each connected
substation. The power transferred to the domestic hot water tank of each substation and the space heating
circuit are regulated by the mass flow in these sub-circuits. Space heat is transferred via radiators in the flats.
A scheme of the basic plant layout is shown in Fig. 5. The total heat consumption of the buildings during a
year is 4,399 MWh where 3,282 MWh are used for space heating, 447 MWh for tap hot water production
and 387 MWh for circulation. 283 MWh per year are lost in the district heating piping system.

Fig. 5: Scheme of the basic system layout

As the existing district heating network was not originally designed to provide favourable conditions for the
integration of solar-thermal heat, some modifications were performed on the basis-layout (i.e. the system
without any solar-thermal components). Reduced flow temperatures during summer period were tested in the
simulation model to increase the solar yield. It was found that the flow temperate cannot be adequately
reduced without affecting the function of the legionella prevention. Therefore, a load depending mass flow
was alternatively used to reduce the return temperatures.
2.3 Model of the Investigated Solar-Thermal Plants
Based on the completely fossil-fired networks with and without optimised return temperature (referred as B
and B_RT), the integration of a central solar-thermal plant with 500 m² flat plate collectors and a 50 m³
buffer tank is simulated (named C_500_50 respectively C_500_50_RT).
The substations for these variants are kept as in the basic models. Only the central heating plant is modified
according to Fig. 6. The return mass flow from the district heating network can be conducted through the
whole buffer storage, in case the storage is completely heated up to a sufficient temperature level. Otherwise
it is passed by and flows into the storage at about 85 % of the height. On the solar side, the connections to the
buffer allow a similar operation. It is possible to heat up the lower (colder) part of the buffer at times with
low radiation or the upper (hotter) part, when the temperature delivered by the solar-thermal system is
sufficient for pre-heating the network return. The pumps allow a variable mass flow to better fit the desired
collector outlet temperature. The flow temperature of the network is kept at 80 °C by the serially connected
gas furnaces.
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Fig. 6: Scheme of the central solar plant

The volume of the circulating water inside the district heating network is 12 m³. A variant without any
additional storage (C_500_0_RT) is part of the comparison to test, if this capacity would be sufficient to
store solar excess heat. For this variant, the heat exchanger of the collector array is directly connected to the
return pipe of the district heating network. The volume flow of the collector circuit is passed by, as long as
the temperate is below the network return temperature. Otherwise it is used to preheat the return before
entering the gas boilers.
Simulations with decentralised solar-thermal plants were conducted to get a comparison to the centralised
approach. In the first variant (D_HW_500_50), every building is equipped with a solar-thermal system for
domestic hot water production (Fig. 7). Therefore, an additional solar storage tank is connected in series
between the cold water supply pipe and the fossil-supplied hot water tank. The aperture areas and storage
volumes are distributed according to the fraction of the hot water consumption of the building compared to
the whole network. This means, a building that consumes 10 % of the whole energy is equipped with 10 % of
the installed collector area and storage volume.

Fig. 7: Scheme of the decentralised solar plants for domestic hot water generation

The second approach is the installation of a buffer tank with connection to the domestic hot water and space
heating production as shown in Fig. 8 (D_SH_500_50). The distribution of the collector areas and storage
volumes is kept the same as for the variant D_HW_500_50, as the ratio of energy consumption for hot water
and space heating is almost the same for all buildings.
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Fig. 8: Scheme of the decentralised solar plants for space heating support

As a third opportunity, the feed of the solar energy directly to the return pipe of the district heating network,
is investigated to represent a simple scheme of decentralised feed in (D_RP_500_0_RT). This model is not
equipped with any additional storages and the collector circuits transfer the energy directly to the return pipe
of the substation via heat exchangers. Again the distribution of the collector arrays is the same as in the other
decentralised variants. As the investigated district heating network and the connected buildings are operated
by the same housing association, this approach is a realistic opportunity. Many other projects in the past had
to focus on a feed from the return into the flow pipes, as the operators of the networks usually have different
interests than the owners of the solar-thermal plants. The operators are in general sceptical to changes of the
system temperatures. Reasons to that are the increased heat losses by higher flow or return temperatures and
the possible reduction of the efficiency of the often used central combined heat and power plants (Schäfer, et
al. 2014). A connection to the return pipe reduces the necessary feed temperatures of the solar-thermal
system. The additional pump energy consumption is lower, as decentralised pumps are not necessary to
overcome the pressure drop from flow to return at the substation.
Tab. 1 gives an overview of the simulations that have been performed.
Tab. 1: Overview of simulated variants
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Variant

Description

(B)

Basic system layout without solar support

(B_RT)

Basic system layout without solar support, variable mass flow
through substation for reduced return temperatures

(C_500_50)

Basic system equipped with 500 m² collector area and a 50 m³
buffer tank at the central heating plant

(C_500_50_RT)

Basic system with reduced return temperature, equipped with
500 m² collector area and a 50 m³ buffer tank at the central heating
plant

(C_500_0_RT)

Basic system with reduced return temperature, equipped with
500 m² collector area but no additional buffer tank at the central
heating plant

(D_HW_500_50)

Basic system equipped with 500 m² collector area and 50 m³ buffer
tanks distributed over the buildings for domestic hot water support

(D_SH_500_50)

Basic system equipped with 500 m² collector area and 50 m³ buffer
tanks distributed over the buildings for domestic hot water and
space heating support

(D_RP_500_0_RT)

Basic system with reduced return temperature, equipped with
500 m² collector area distributed over the buildings, no additional
storage, solar energy is fed into the return pipe at the substations
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3. Results
3.1 Energetic Performance
First, the behaviour of the systems is analysed from the energetic point of view. The relevant results of these
simulations are shown in Tab. 2.
Tab. 2: Energetic results of the simulated systems

SF [%]

SY [MWh]

ηSys [%]

Basis
(B)

-

-

-

Basis, reduced return temperature
(B_RT)

-

-

-

Central, 500 m², 50 m³,
(C_500_50)

3.3

149

22.9

Central, 500 m², 50 m³, reduced return temperature
(C_500_50_RT)

3.8

166

25.4

Central, 500 m², no storage, reduced return temperature
(C_500_0_RT)

2.3

103

15.8

Decentralised, hot water production, 500 m², 50 m³
(D_HW_500_50)

5.7

254

41.5

Decentralised, hot water and space heating support,
500 m², 50 m³ (D_SH_500_50)

2.6

116

18.9

Decentralised, return pipe feed in, reduced return
temperature, 500 m², 50 m³ (D_RP_500_0_RT)

2.6

115

18.8

Variant

In Variant B_RT, the return temperature could be reduced from an average of 69.2 °C to 66.8 °C. A further
reduction is not possible without negative effects on the continuity of the hot water temperature level.
The integration of the solar-thermal System (C_500_50) leads to a solar yield of 149 MWh per year. This
means a solar fraction of 3.3 %. By utilising the return temperature reduction (C_500_50_RT), the solar
yield is increased to 166 MWh∙a-1, meaning 3.8 % solar fraction. The solar-thermal system efficiency rises
from 22.9 % to 25.4 %.
The centralised variant without an additional storage performs less efficient than the variant with storage.
The possible heat transfer to the return pipe is below the collector power during 80 days from spring until
autumn leading to stagnation and a lower solar yield.
According to the buildings structure, the orientation and inclination of the collector arrays for the
decentralised plants is less favourable as for the centralised variant. The amount of irradiated energy drops
from 653 MWh∙a-1 to a level of 613 MWh∙a-1. The system for domestic hot water production achieves a solar
fraction of 5.7 % (254 MWh∙a-1 solar yield). The fraction of the solar energy during summer, when only the
hot water production is active is approximately 60 %.
The decentralised system for domestic hot water production and space heating support achieves a solar
fraction of 2.6 % (116 MWh∙a-1 solar yield). Based on this low yield, there seems to be no reason to connect
a solar-thermal system of the investigated size to the space heating circuit of the buildings.
The system for direct feed into the return pipe contributes 115 MWh∙a-1 of solar energy to the heat
production. This means a solar fraction of 2.6 %. Due to the continuous high temperatures, the efficiency of
the collector array is only at 18.8 %. Compared to the basic model B_RT, the average return temperature at
the central heating plant rises from 66.8 °C to 67.2 °C.
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3.1 Economic Performance
Based on previously installed systems at the housing association, there are references for the installation
costs of solar-thermal plants. From these data and the reports of the Solarthermie-2000 programme, the
average costs of the different plant sizes were derived (Peuser et al. 2009). The calculation of the costs was
performed by the method applied in this programme. It is a simplified annuity method taking into account
only the investment without subsidies. The high annuity factor of 8.72 % compensates for the missing
calculation of operation and maintenance costs Tab. 3 shows the investment and heat generation costs
according to (eq. 2) for the systems.
Tab. 3: Economic results of the simulated systems

Invest [t€]

HGCSolar
[Ct∙kWh-1]

Basis
(B)

0

-

Basis, reduced return temperature
(B_RT)

0

-

Central, 500 m², 50 m³,
(C_500_50)

287

16.8

Central, 500 m², 50 m³, reduced return temperature (C_500_50_RT)

287

15.1

Central, 500 m², no storage, reduced return temperature
(C_500_0_RT)

240

20.3

Decentralised, hot water production, 500 m², 50 m³
(D_HW_500_50)

388

13.3

Decentralised, hot water and space heating support, 500 m², 50 m³
(D_SH_500_50)

388

29.1

Decentralised, return pipe feed in, reduced return temperature, 500
m², 50 m³ (D_RP_500_0_RT)

321

24.3

Variant

The current fossil heat generation costs are at 7 Ct∙kWh-1. Therefore, it is challenging to reduce the costs by
operating a solar-thermal plant. Although it is one of the most expensive systems to install, the lowest solar
heat generation costs can be achieved with variant D_HW_500_50. This is due to the high yield of the
system. The highest heat generation costs are reached with variant D_SH_500_50. The investment is
approximately the same as for D_HW_500_50, but the solar yield is 54 % lower. If the aperture area was
reduced to avoid stagnation, the central system without storage might even have economic benefits over the
variant with storage as the investment is lower.
Based on this calculation, the decision for a solar retrofitting of the district heating network with standard
system designs would have no economic benefit. On the other hand, up to 5.7 % solar fraction can be
reached at to decrease the greenhouse gas emissions of the plant. Possible changes of the price of natural gas
are not considered in these calculations.
4. Conclusions and Outlook
Like expected, the system for the direct support of the domestic hot water generation is the best in terms of
solar yield as well as heat generation costs. The other decentralised systems for an additional support of the
space heating and a direct feed into the return pipe of the district heating network show a lower performance.
Central systems could be an alternative, if a reduction of the return temperature was realised. In case of a
smaller collector array than considered in this paper, even a plant without additional storage could be an
opportunity.
Further studies will be conducted to get a more detailed view on some effects. The influence of solar

670

Daniel Beckenbauer / EuroSun 2014 / ISES Conference Proceedings (2014)

integration on the efficiency of the fossil furnace is one of these topics. Higher or lower return temperatures
may have effects on the combustion process and therefore on the fuel consumption and the exhaust gas
composition. An increased amount of partial load condition may also reduce the efficiency. A detailed
parameter study for the system could lead to a further optimisation of the results. Different control
parameters (like temperate limits, hysteresis), different hydraulic configurations or different heat exchangers
(internal, external, in- and outlet heights) should be investigated for this purpose. The integration of other
types of solar collectors like vacuum tube collectors will be discussed in future.
A concentration of the collector arrays only on the few buildings with beneficial roof structure could increase
the irradiation compared to the decentralised variants discussed. Furthermore, the installation costs would be
reduced. The feed of exhaust heat, generated in these plants, into the district heating network could be a
measure for the prevention of stagnation. This would only be necessary, if the aperture area was enlarged or
smaller storages were used. Other variants like return-flow-feed will be tested.
Based on concrete figures for the costs of the components and the installation effort, a more detailed analysis
of the economic performance will be conducted, before a decision is made on the final concept.
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Abstract
The first part of the paper describes the aspects of the mathematical modelling of decentralized integration of
solar thermal in district heating networks. An attempt has been made to integrate the solar thermal energy
with a simplified model of district heating network within the simulation environment INSEL.
The second part of the paper presents the results obtained with the new test bench implemented for
decentralized integration of small-scale solar thermal plants. The designed test bench provides certain checks
for applicability of substations to be used in conventional water based heating systems under different
operational conditions of pressure and feed temperature.
1.

INTRODUCTION

The utilization of renewable energy sources in
urban areas is necessary to reduce the carbon
footprint of cities. As energy demand for heating
and hot water still dominates the total
consumption in heating dominated climates,
renewable heat production is a major issue.
Centrally supplied district heating systems suffer
from high distribution losses in the networks.
Decentralized energy generation has the
advantage to reduce the heat transport path and
thus electrical pump consumption. It also allows a
reduction of feed in temperature levels because of

shorter distances and lower heat losses. Central
heating plants often enter stand-by operation
during the summer season. Building separated
micro nets with own decentralized heating plants
may minimize stand-by losses and present a good
alternative to classic systems. The paper
summarizes theoretical and practical aspects of
decentralized heat supply systems into district
heating networks.
2.

DESCRIPTION OF THE
SIMULATION MODEL

A simple integration of decentralised generated
solar heat with the district heating network model
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is configured as connection of solar thermal plant
to the heat storage tanks.
Design
The design of the implementation of the solar
thermal heat is orientated at both, practical
realization and available mathematical models in
the integrated simulation environment INSEL.
The stratified storage tank model in INSEL
provides only the feed-in of one hot source and
one cold source. Unlike real storage tanks, the
feed in is always maintained at the right level to
allow tank stratification. The solution for these
feed-in limitations of the storage tank requires the
mixing of space heating (SH) return line,
domestic hot water (DHW) circulation and the
return line of the DHW preparation of the
external heat exchanger (red dot in scheme). The
requirements of INSEL tank model are satisfied
by simplifications of practical realizations.
The control strategy of switching between district
heating and solar thermal plant is implemented
according to the hot source requirements of
INSEL tank model.
Control Strategy
The control strategy implemented in this
investigation always ensures the peristent flow of
resource between supply and demand. The
control strategy to satisfy the heat demand of
storage tanks depends upon the parameters of
tank dimensions, allocated tank volume
proportion per customer, available storage tank
buffers for amount of discharge, lower levels of
heat from solar thermal plant and mean
distribution and duration of tapping events for
corresponding operation times.
The external heat exchanger is switched to net
supply if the total heat demand exceeds the solar
supplied thermal power. Moreover, the model
also switches to net supply in cases of lower tank
temperatures below certain threshold temperature.

fraction of heat supply depending upon the
demand.
Data Generation
The generated load profiles of SH demand and
DHW
preparation
provide
mathematical
modelling of consumers heat demand from
district heating networks.
The SH data is
obtained from the EnergyPlus simulations with
reference to German insulation standard for
buildings (KfW 100) and weather conditions of
Stuttgart (South-West Germany).
The boundary conditions considered for the
simulation of the multi-family house (MFH) and
single family house (SFH) are listed in Table 1-3.
Table 1: General boundary conditions for MFH
and SFH
Type
Flow rate collector
DHW consumption
(45°C)
German Insulation
Standard

Quantity
matched
60
KfW 100

Unit
l person-1 day-1

Table 2: Boundary conditions of simulation MFH
Type
Apartments (units)
Habitable area
Specific collector
plane

Quantity
10
1070
2.4

Unit
m²
m²unit-1

Table 3: Boundary conditions of simulation SFH
Type
Apartments (units)
Habitable area
Specific collector
plane

Quantity
1
205
4.6

Unit
m²
m²unit-1

A DHW-Calc tool from University of Kassel
(Germany) is used to generate time series data of
DHW tapping. It provides random tapping
profiles depending upon number of tap
connections and total amount of draw-off per flat
for given day.

Fig. 2: Distribution of DHW tapping, circulation and
space heating gains for a multifamily house (01. January
– load files from EnergyPlus simulations and DHWCalc)

On other hand, in summer seasons, the designed
control strategy facilitates buffering of solar

The partial-integral (PI) controllers used for mass
flow control of the solar thermal plants limits the
maximum time step to approximately one minute
interval in order to avoid unmuted oscillations of
the controller and to provide proper fit between
set point parameters and controlled values.
Therefore, the required input data (SH, DHW) is
designed in time resolution of one minute. The
used data set of load files for a MFH is shown in
Fig. 2. Figure 2 also shows the daily heat
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distribution during heating season. The heating
demand (blue line) reaches values of 45 to 75 kW
peak while the predicted draw off of DHW (red
line) achieves magnitudes between 15 to 65 kW.
DHW circulation illustrated in violet in Fig. 2 has
a continuous value of 1 kW.
3.

SIMULATION RESULTS

The aim of the integration of solar thermal heat
into district heating networks is to achieve
autarchy for a group of consumers from main net
supply during summer season. The thermal
autarchy of single consumers within the net aids
establishing of main grid independent micro nets.
Micro nets are autarchy of a group of connected
consumers, which can only be realized if single
plant autarchy of enough consumers of the
established micro net in both quality and quantity
is reached. An indicator for single plant autarchy
is the solar fraction during summer period of the
solar thermal plants.
Fig. 3 (MFH) and Fig. 4 (SFH) depict the daily
amount of solar fraction for the simulated solar
thermal plants and the net return line temperature
(on the net side of the external heat exchangers).

Fig. 3: Temperature of return line of district heating
(DH), solar fraction of multi-family house (MFH)

Fig. 3 and 4 explains the data handling of the
used static heat exchanger model. Heat exchange
in the heat exchanger model of INSEL is
calculated without considering thermal capacity
of the exchanger. Therefore, a routine for
handling simulation steps without mass flow have
to be implemented. In the used simulation block
these cases are solved by a simple algorithm that
copies all inlet temperatures of the heat exchanger
model to the outlet.
For long periods of non-operation of the heat
exchanger this procedure is correct, but by
simulation with dynamic changes of inputs this
handling leads to figures like Fig. 3 and 4 (blue
line). Whenever there is no mass flow through the
heat exchanger the outlet temperature is set to the
inlet temperature. In the figure it seems like there
is a constant temperature of 70°C simulated.
Essentially this line is discontinued, except cases
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when the solar fraction reaches 100%. (Fig. 4
during summer season).

Fig. 4: Temperature of return line of district heating
(DH), solar fraction of single family house (SFH)

Fig. 3 and 4 show the distribution of the solar
fraction throughout one year (yellow dots). The
temperatures of the return line of the DH is
plotted in blue. By comparing both diagrams it is
observed that days with a solar fraction of 100 %
are more often achieved for the SFH than for the
MFH. This results in more continuous
distribution of DHW tapping in the MFH
compared to the SFH. A second reason for the
lower solar fraction of the MFH is due to the
comparatively small size of the storage tank
installed at the MFH. In the SFH a 0.875 m³ tank
serves by 200 m² of habitable area, while in case
of the MFH a 1.0 m³ storage tank supplies 1070
m².
In Table 4 and 5 essential simulation results are
listed. The main aim of these simulations is to
focus on the feasibility of autarchy micro nets
during summer seasons. With solar fractions
achieved for the SFHs this condition is reached.
MFH with their greater variability of
simultaneous tapping and their lower values for
solar fraction must always be connected within
micro nets with an adequate number of SFHs to
cover their heat demand.
Table 4: Simulation results for MFH
Type
Apartments (units)
Habitable area
Specific collector
plane
Useful heat for solar
plant

Quantity
10
1070
2.4

Unit
m²
m² unit-1

495,6

kWh m-2 a-1

Table 5: Simulation results for SFH
Type
Apartments (units)
Habitable area
Specific collector
plane
Useful heat for solar
plant

Quantity
1
201
4.6

Unit
m²
m² unit-1

533.6

kWh m-2 a-1
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The simulation shows that autarchy is
theoretically possible on micro-networks level if
enough SFH prosumers are connected. However,
adequate substations should be developed to
transfer surplus heat to the grid. The transfer
should be safe and efficient. All the prosumer
substations described in the literature are of
medium to large size. In the following section,
one small-scale feed-in-only substation is
described. It has been developed in the framework
of a current EnEff:Wärme project.

temperature is controlled by 3-way mixing valve.
Different valves are used along the supply and
return line to simulate different pressure levels
within the network.

Fig.6: General layout of the 27kW feed-in substation

4.

THE TEST BENCH FOR FEED-IN
SUBSTATIONS

The test facility of Fig 5 was designed to
develop and test heat substations under different
operational conditions (differential pressure and
feed temperature) [1].

Fig. 5: Computer interface of the test bench

The first part of the facility has been already
built to emulate a small heating network with six
connections. Hot water is heated up electrically

The test object(s) can be connected close to
measurement point for differential pressure or
even closer to the pump. The cooling of the test
objects is provided by a separate sub-network,
which is cooled by a fan coil. Differential pressure
up to 3.0bar and supply temperatures up to 100°C
can be reached. The test rig is designed for small
stations with up to 50kW transfer capacity and the
expected flow rate does not exceed 4m³/h.
The feed-in returnÆflow principle is
challenging from a hydraulic point of view. In the
few works found about this kind of integration,
such as [2], the hydraulic aspect remains
unexplored.
Measurements
of
installed
substations have not been published yet. A layout
of the first substation being built to feed-in solar
heated water into the network is shown in Fig.6.

and stored in the buffer tank. The estimated
storage heat capacity is 35kWh. The differential
pressure is maintained by a circulation pump with
PI-controlled speed. The final hot water
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Fig 7: The control algorithms

The station is equipped with a transmitter for
bidirectional flow, several valves and temperature
sensors. Two pressure transmitters allow the
control of the pressure difference between supply
and return line. The solar loop is emulated
through a 27kW electric heater as shown in the
top left side of Fig.6.
5.

SUBSTATION CONTROL

The control of the feed-in flow is challenging
regarding two factors. First, the sun- which is the
energy source in our case- has an intermittent and
uncontrollable radiation course. Second, the
network generally requires a certain supply
temperature that should be considered and –in the
same time- has highly changing dynamics due to
the aperiodic operation of other distributed
consumer valves. The pressure profile along the
network changes depending on the demand of
other substations. The prosumer control has to

cope with such variations while providing the
desired feed-in temperature. The three basic
control algorithms shown in Fig7 are currently
being implemented and tested in the bench. The
bypass in the feed-in loop is not presented for
clarity. In the left hand side, both feed-in and
solar pump are ON/OFF controlled. In the second
case PI control is applied to match the
temperature requirements of the network. In the
third substation, a feedforward FF term is added
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to the solar loop PI controller inorder to cancel
disturbances in the return temperature and solar
radiation.
6.

MEASURMENT RESULTS

The first control scheme was implemented
within the 27kW substation after fixing nominal
flows for both solar and feed-in side by adjusting
the valve apertures. The measurements are shown
in Fig. 8. The return temperature of the network is
held around 52°C where the solar supply
temperature is varying between 60 and 87°C. At
79s the feed-in pump is started after having
reached 70°C in the heat exchanger. The initially
colder water in the feed line is heated gradually
before feeding is interrupted due to the low
temperature (<70°C). Later, the pump is operated
again depending on the heat exchanger
temperature. The feed-in temperature reaches the
desired supply value and clearly reproduces the
variations in the solar loop with an offset time of
approx. 50s.

Fig.8 Measurement diagram

It is expected to have a damped feed-in
temperature course using the PI and FF control.
This has to be demonstrated under different
radiation conditions.

Pesch et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

7.

OUTLOOK

The future scope of modelling is to design
suitable solar thermal plants for 24 individual
consumers. These models will be integrated into
the detailed network model which accounts for
the heat generation and consumption part of the
district heating. The comparative studies for
network models with and without solar thermal
assistance can also be investigated. The direct
feed-in strategies into the network can be
analysed after evaluating the modelling of heat
distribution network in INSEL. The remaining
control schemes presented in Fig7 will be
implemented to enhance the feed-in temperature
course. A circulation pipe will also be added to
avoid cold water streams during start-up. Further
substations setups with positive displacement
pumps are under development.
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Summary
Two solar district heating systems have been dynamically simulated: a central solar heating plant with tank
thermal energy storage and a distributed solar district heating plant. The main parameters have been varied
for each system. The analysis and assessment of the results from the over 200 000 simulations allow a good
overview of the influence of different parameters on the performance and economics of the two systems, and
therefore of the potential of solar district heating.
The SDH Online-Calculator (http://www.sdh-online.solites.de) developed by Solites is based on the
simulations. It is available for market actors as user-friendly program for first system dimensioning and
performance and economics calculations.

1. Introduction
Within the development of an online calculator, two different solar district heating systems have been
dynamically simulated with TRNSYS [2] for numerous combinations of the main parameters: collector type,
location, net operation temperature, collector aperture area, collector azimuth and slope for both systems. For
the central solar heating plant with tank thermal energy storage the specific load has been varied in addition.
On the one hand, the resulting database has been analyzed in order to work out fundamental correlations
between these parameters and the energetic performance of the two solar district heating systems. On the
other hand, energetic results have been linked to an economical calculation. The influence of the boundary
conditions i.e., technical parameters but also interest rate and collector costs, on the economical feasibility of
the systems has been investigated.
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2. Hydraulic concepts
Two systems concepts have been considered in the simulations: a distributed solar district heating plant and a
central solar heating plant with tank thermal energy storage.
Figure 1 shows the hydraulic concept of a distributed solar district heating system. The solar collector field is
connected to the district heating net via a heat exchanger but without additional major components.

Fig. 1: hydraulic concept of the distributed solar district heating system

In the case of the distributed solar district heating system, it is assumed that the produced solar heat is always
fed into a district heating net which can absorb the total solar heat produced at any time. Hence no self
consumption is taken into account and the energy turnover in the district heating net is assumed to be always
big compared to the amount of solar heat. The feed-in occurs from the nets return line into the forward line at
user-defined forward temperatures between 70 °C for a low temperature distribution net and 110 °C for a
high temperature net. To reach those feed-in supply temperatures as often as possible, both pumps around the
solar heat exchanger are operated as matched-flow pumps.
The central solar district heating system with tank thermal energy storage is composed of a large collector
field feeding into a tank thermal energy storage situated at the main heating central of the district heating
system (see figure 2). The pumps on the primary side and on the secondary side of the solar heat exchanger
are matched-flow controlled.
When the solar plant produces heat when there is no heat demand, it is fed into the storage. Depending on the
temperature in the storage and the temperature coming from the collectors the solar heat can either be fed in
at the top or in the middle of the storage. In time periods during which the solar plant produces heat and heat
demand occurs at the same time, a direct pre-heating is possible i.e. the solar heat feeds directly into the main
heating station and not in the storage. Also a simultaneous charging (in the middle) and discharging (from
the top) of the storage is possible if e.g. the solar collectors deliver only low temperature heat due to bad
weather conditions but at the same time the heat demand in the distribution network can be covered from the
top part of the storage. An auxiliary heat source supplements the solar heating plant in order to cover the total
heat demand.
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Fig. 2: hydraulic concept of the central solar district heating system with tank thermal energy storage

3. Performance of the systems
Figure 3 shows the solar net gain for a distributed system in different European locations with a collector
slope of 45 °C and a collector azimuth of 0°, for different collector types and net temperatures. It can be
observed that the evacuated tube collectors are more robust regarding high net operation temperatures. With
the adequate collector type, between 300 and 500 MWh can be delivered to the net in mid and northern
Europe and between 400 and 850 in the part of southern Europe where district heating systems are in
operation.
1000 m² 70/70/40/50

1000 m² 90/70/50/60

1000 m² 100/80/50/60

1000 m² 110/90/60/70

900
800

Solar heat delivered to the net [MWh/a]

700
600
500

400
300
200
100

Barcelona

Milan

Würzburg

Flat-plate

Flat-plate HT

Vacuum tube

CPC

Flat-plate

Flat-plate HT

Vacuum tube

CPC

Flat-plate

Flat-plate HT

Vacuum tube

CPC

Flat-plate

Flat-plate HT

Vacuum tube

CPC

0

Stockholm

Fig.3: Solar heat gain for different collector types (CPC: evacuated-tube collectors with coumpound parabolic concentrator,
flat-plate HT: high-temperature flat-plate collector) and net operation temperatures in °C (Supply winter / supply summer /
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return winter / return summer) for the distributed system with 1000 m² collector area in Barcelona, Milan, Würzburg,
Stockholm

Figure 4 presents the development of the solar fraction and efficiency of the solar plant with increasing
specific collector area, for a central solar district heating system under the conditions given in table 1, in
Stockholm and Barcelona. If the global yearly heat demand is the same for both, it has to be taken into
account that the heat demand profile over the year varies according to the location.
Tab. 1: Conditions for the system analyzed in fig. 4

Collector type

Evacuated-tube collector with compound parabolic
concentrator

Collector area

1200 m²

Collector azimuth

0°

Collector slope

45°

Specific storage volume

0,4 m³/m²

The solar fraction is defined as the fraction of heat delivered to the net produced by solar energy:
fsol =

Qload – Qaux
Qload

ൌ ͳ െ

Qaux
Qload

(eq.1)

Where:
fsol: Solar fraction [%]
Qaux: Heat produced by the auxiliary heater yearly [MWh]
Qload: Heat delivered to the district heating net yearly [MWh]

The solar plant efficiency is defined as:

Ʉൌ




(eq.2)

Where:
ηsol: Solar plant efficiency [%]
Qsol: Heat produced by the solar plant at the solar heat exchanger yearly [MWh]
Gt: Global yearly radiation in the collector plane [MWh]
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100%
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30%
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10%
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1
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Specific collector area [m²/MWh heat demand]

4

5

Fig.4: Evolution of the solar fraction and the solar plant efficiency related to increasing collector area per MWh yearly heat
demand for the central system in two different locations and two net operation temperatures (Supply temperature / return
temperature) for 1 200 m²

For high collector area to yearly heat demand ratios, the solar fraction of the system increases but the solar
plant efficiency decreases. Hence, increasing the ratio over a certain value does not improve the solar
fraction sufficiently to make the additional collector area profitable. This value depends on the system, the
location and the dimensioning.
For Barcelona, increasing the collector area to yearly heat demand ratio brings more at first because even if
the total yearly heat demand is the same for the two locations, the distribution of the load over the year is
much more constant in Barcelona, meaning more heat demand in summer than in Stockholm where the
winter/summer heat demand variation is more important.

4. Economics
In the following part, the economics of the systems are analysed as well as the influence of an often
disregarded but important economical parameter: the interest rate. A simplified economical calculation
according to VDI 2067 [1] has been coupled to the TRNSYS results.
In order to observe the influence of the interest rate on the economics of a system, an example of a central
solar district heating plant with tank thermal energy storage has been selected. The parameter configuration
for this reference central system is presented in Table 2.
Tab.2: Parameter configuration of the reference central system (CA: collector aperture area)
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Parameter

Value

Unit

Collector area

1200

m²

Collector type

High-temperature flat-plate

-

District heating net operation
temperature (supply / return)

70/40

°C

Collector slope

45

°

Collector azimuth

0

°

Specific storage volume

0.4

m³/m²CA

Specific heat demand

4

MWh/m²CA
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The district heating net operation temperatures given are indicative values, the operation temperatures of the
district heating net over the year depend on the environment temperature.
Figure 5 shows the influence of the interest rate on the solar heat cost for the reference centralized system.
The cost has been calculated considering 40% subsidy on the collector and storage cost. It can be seen that
between Milan (IT) and Würzburg (DE) a difference of 2% of the interest rate can have more influence than
the difference of solar irradiation between the two locations.
100
Stockholm
8%
Frankfurt

90

Solar heat cost [€/MWh]

80

Interest rate 6%

Würzburg

70
4%

Milan

60

50
Barcelona

40

30

20
400

500

600
700
800
900
Solar heat produced by the collector plant [MWh]

1000

1100

Fig.5: solar heat cost in €/MWh for the reference central system described in table 2 depending on the heat produced by the
collector plant in MWh

Moreover, the technical and economical optimum has been analysed for a central solar district heating
system with tank thermal energy storage with high-temperature flat-plate collectors and a yearly heat demand
of 5000 MWh. Figure 6 presents the solar heat cost for this system, depending on the solar fraction for
different specific storage volumes and collector areas. The economical calculation takes into account, like in
Figure 5, 40 % incentives on collector cost and storage cost.
Unrealistic combinations of collector area and specific storage volume are not represented, for example a
very large collector area with a very small specific storage volume.
The figure shows which dimensions of collector area and storage volume are most economical to reach a
specific solar fraction. From a certain collector area on, increasing the specific storage volume reduces the
stagnation periods of the collector plant and therefore increases the usability of the solar heat and improves
the economics of the system. The curves for each specific storage volume show with increasing collector
area a trend to the optimum storage dimensions with maximum use of the storage capacity. After reaching
the optimum (bend in the curve), the stagnation periods of the solar system increase and the economics
worsen.
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140
25 000
25 000

120

25 000
10 000

Solar heat cost [€/MWh]

100

10 000
3 000

10 000

80
3 000

3 000

60

500

1 250
1 000
500
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40
Collector area

50 %
20

0
0%

storage volume:

20%

0.05 m³/m²

40%

60%
Solar fraction [%]

0.15 m³/m²

0.4 m³/m²

80%

1.1 m³/m²

100%

120%

3 m³/m²

Fig. 6: Solar heat cost in €/MWh depending on the solar fraction in [%] for different specific storage volumes and collector
areas for a central solar district heating system with tank thermal energy storage in Frankfurt with high-temperature flatplate collectors, net supply temperature 70 °C, net return temperature 40 °C and a yearly heat demand of 5000 MWh

The same analysis has been done for a similar system with 30 000 MWh yearly heat demand instead of
5 000 MWh. It can be observed (Figure 7), that if much larger systems are needed to reach a specific solar
fraction, the specific solar heat cost in €/MWh associated is also much lower. This is due to the scale effect:
solar thermal collectors and especially tank thermal energy storages have decreasing specific cost with
increasing size. Moreover, for the same system size, more solar heat can be produced if the yearly heat
demand is higher.
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Fig. 7: Solar heat cost in €/MWh depending on the solar fraction in [%] for different specific storage volumes and collector
areas for a central solar district heating system with tank thermal energy storage in Frankfurt with high-temperature flatplate collectors, net supply temperature 70 °C, net return temperature 40 °C and a yearly heat demand of 30 000 MWh

5. Conclusion
Thanks to the analysis and assessment of the results of a large number of dynamic system simulations the
potential of large scale solar thermal plants could be evaluated: 300 to 500 kWh/m².a solar gain in northern
and mid-Europe, depending on the collector type and net operation temperatures. Furthermore, the
importance of the assumed interest rate for the economical calculations was demonstrated.
This analysis shows that when dimensioning a solar district heating system, not only the collector area is
important but also more system parameters must be considered in order to reach a technical and economical
optimal configuration. The SDH Online-Calculator, available at www.sdh-online.solites.de can assist when
doing first calculations in early project stages.
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Abstract
An easy and standardized method for the determination of the thermal performance of solar collectors is
introduced. The method is based on the results published in Solar Keymark certificates and uses the
publically available software tool to ensure a high transparency and reliability of the calculation and results.
Using this method eight different types of solar collectors, ranging from a standard flat plate solar collector a
high performing evacuated tubular solar collector with CPC reflector, are compared with respect to their
thermal performance under different temperature levels (50 °C, 75 °C and 100 °C), different collector
orientations (tilt and azimuth) and different locations (Stockholm, Würzburg and Athens). The results give an
indication which yearly energy yield can be expected from the different solar collector technology at
different temperature levels, orientations and locations.
Keywords: solar collector, Solar Keymark, SCEnOCalc, yearly energy yield, standardized method

1. Introduction
During the design phase of a solar district heating system different issues have to be considered. Apart from
topics like the overall system concept, demand temperature, storage technology, hydraulic schemes, costs
and available space for the collector field one crucial factor is the thermal performance of the solar collector
to be used.
To answer this important question up to now no standardized procedure or method was used to determine
and assess potential collector types in terms of thermal performance with regard to solar district heating
systems.
This contribution will introduce an easy and standardized method for the determination of the thermal
performance of solar collectors. This method is based on the results published in Solar Keymark certificates
and uses the publically available software tool SCEnOCalc (Solar Collector Energy Output Calculator).
This method using certified solar collector performance data and the software tool SCEnOCalc gives at
present the best available guarantee for a reliable assessment and comparison of the thermal performance for
solar collectors.
The figures of the yearly energy yield given within this paper do not represent the actual yearly energy yields
which can be achieved in a real installation because transient behavior, the collector field hydraulics, the
solar system integration and the control strategy are not taken into account. Hence the presented method does
not replace a detailed dynamic system simulation to determine the yearly energy yield of a solar district
heating system but can be used to preselect solar appropriate solar collectors for the detailed dynamic system
simulation.

686
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.19.05
Available at http://proceedings.ises.org

S. Fischer / EuroSun 2014 / ISES Conference Proceedings (2014)

2. Solar Collector Energy Output Calculator (SCEnOCalc)
The software tool SCEnOCalc used for the study presented within this paper was developed within the
European project QAiST (Quality Assurance in Solar Thermal Heating and Cooling Technology), mainly by
SP Technical Research Institute of Sweden. The tool is used within Solar Keymark scheme, the European
quality labeling scheme for solar thermal products, to calculate the yearly solar collector yield per collector
module for different European locations documented in the Solar Keymark Certificates which are published
on the Solar Keymark homepage (www.estif.org/solarkeymarknew/) for all Solar Keymark certified solar
collectors.
The user-friendly, free and publically available software calculates the yearly gross collector yield under the
assumption of a constant mean fluid temperature. The tool is not designed to perform systems simulations
but gives a very good estimation about the performance of different solar collectors at fixed temperatures to
preselect appropriate solar collectors for different applications, e.g. domestic hot water preparation, space
heating, district heating or solar process heat, for a further detailed dynamic system simulation.
The method has three major advantages:
1.

A high transparency due to the fact that the collector performance test results as well as the
validated software tool are publically available (www.estif.org/solarkeymarknew/)

2.

Only reliable thermal performance test results which were determined by accredited test laboratories
are listed in the Solar Keymark Certificates

3.

The quality of the produced collectors is controlled by periodically conducted factory inspections of
the production sites and physical inspections of the certified solar collector
3. Solar collector data basis

The comparison was performed for 8 different solar collector technologies and for each technology one
representative was selected from the Solar Keymark database (www.estif.org/solarkeymarknew/). The 8
solar collectors are briefly described and listed together with the Solar Keymark license number in Tab. 1.
Tab. 1: Overview about the solar collectors used for the comparison

No.

Solar collector

Solar Keymark
licence no.

1

High end evacuated tubular collector with CPC reflector and direct flow

011-7S2031 R

2

Evacuated flat plate collector

011-7S1890 F

3

Standard evacuated tubular collector with CPC reflector and direct flow

011-7S768 R

4

Standard evacuated tubular collector with heat pipe and without reflector

011-7S2122 R

5

Standard evacuated tubular collector with direct flow and without
reflector

011-7S060 R

6

High end large scale flat plate collector with double glazing

011-7S1520 F

7

Standard flat plate collector with high selective coating

011-7S052 F

8

Standard flat plate collector with selective coating

011-7S1145

Basis for the comparison is the yearly gross collector yield per m² gross area. The gross area was chosen due
to the following reasons:
x

The solar collector is sold and bought per module having gross area

x

Gross area is the area used by the solar collector when installed and the most appropriate area when
solar thermal yield is compared with energy yield from PV systems

x

Gross area can be very well correlated to the area needed for installation

x

With the introduction of the EN ISO 9806:2013 (EN ISO 9806, 2013), which replaced the
EN 12975-2:2006 (EN 12975-2, 2006) in November 2013, the gross area is the only reference area
for the determination of the solar collector efficiency parameters
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Note: Independent of the reference area used (gross, aperture, absorber) the solar collector yield per
module remains the same.
4. Results
The results are presented for different mean fluid temperatures (50 °C, 75 °C and 100 °C), different solar
collector tilt angles (0°, 30°, 45°, 60° and 90°), different solar collector azimuths (east (-90°), south-east
(-45°), south (0°), south-west (45°) and west (90°)) and three different climates: Stockholm (Sweden)
representing northern European climate, Würzburg (Germany) representing middle European climate and
Athens (Greece) representing south European climate. Tab. 1 lists the yearly horizontal irradiation (global
irradiation) and the mean ambient temperature for the three locations as implemented in SCEnOCalc.
Tab. 1: Yearly climate date for Stockholm, Würzburg and Athens

Location

Yearly horizontal irradiation
kWh/(m2 yr.)

Mean ambient temperature
°C

Stockholm

979

7.5

Würzburg

1095

9.1

Athens

1607

18.5

All results are presented in different figures and tables and can be checked using the Solar Keymark data
base and SCEnOCalc.
4.1. Standard orientation
As standard orientation for the solar collectors a tilt (angle between the solar collector plane and the
horizontal ground) of 30° and an azimuth of 0° (south facing solar collectors) was used. Figures 1 to 3 show
the yearly energy yield per m² gross area for the three locations at mean fluid temperatures between 50 and
100 °C.

yeaerly solar collector yield per m² gross area
[kWh/(m2 yr.)]

Tables 3 to 5 show the results in terms of normalized values for the yearly energy yield Qrel(-fl,m) and the
gross area Arel(-fl,m) for a mean fluid temperature -fl,m = 50 °C, 75 °C and 100 °C. The solar collector 6 was
used as reference being a typical representative used for large scale solar district heating installations. Values
showing more than 110 % of the yearly energy yield of the reference and less than 90 % of the gross area of
the reference respectively are shown in green. Values showing less than 90 % of the yearly energy yield of
the reference and more than 110 % of the gross area of the reference respectively are shown in red.
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Fig. 1: Yearly solar collector at different mean fluid temperatures at the location Stockholm
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Tab. 3: Normalized values for Stockholm with standard orientation

Normalized
values
Qrel(50 °C)
Qrel(75 °C)
Qrel(100 °C)
Arel(50 °C)
Arel(75 °C)
Arel(100 °C)

yearly solar collector yield per m² gross area
kWh/(m2 yr.)

1
1.21
1.48
1.85
0.83
0.68
0.54

Solar Collector Technology
3
4
5
6
1.00
0.66
0.92
1.00
1.21
0.70
1.03
1.00
1.50
0.74
1.13
1.00
1.00
1.52
1.08
1.00
0.83
1.43
0.97
1.00
0.67
1.35
0.88
1.00

2
1.20
1.43
1.69
0.83
0.70
0.59

7
0.82
0.69
0.52
1.22
1.45
1.93

8
0.71
0.54
0.33
1.40
1.87
3.03
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Fig. 2: Yearly solar collector at different mean fluid temperatures at the location Würzburg
Tab. 4: Normalized values for Würzburg with standard orientation

Solar Collector Technology

Normalized
values

1

2

3

4

5

6

7

8

Qrel(50 °C)
Qrel(75 °C)
Qrel(100 °C)
Arel(50 °C)
Arel(75 °C)
Arel(100 °C)

1.19
1.46
1.84
0.84
0.68
0.54

1.18
1.41
1.69
0.85
0.71
0.59

0.99
1.19
1.49
1.01
0.84
0.67

0.65
0.70
0.74
1.54
1.43
1.35

0.92
1.02
1.14
1.09
0.98
0.88

1.00
1.00
1.00
1.00
1.00
1.00

0.82
0.69
0.53
1.21
1.46
1.89

0.72
0.54
0.35
1.39
1.86
2.86

yearly solar collector yield per m² gross area
kWh/(m2 yr.)
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Fig. 3: Yearly solar collector at different mean fluid temperatures at the location Athens
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Tab. 5: Normalized values for Athens with standard orientation

Solar Collector Technology

Normalized
values

1

2

3

4

5

6

7

8

Qrel(50 °C)
Qrel(75 °C)
Qrel(100 °C)
Arel(50 °C)
Arel(75 °C)
Arel(100 °C)

1.06
1.26
1.50
0.94
0.80
0.67

1.07
1.24
1.43
0.93
0.80
0.70

0.90
1.05
1.23
1.11
0.96
0.81

0.62
0.66
0.69
1.60
1.51
1.45

0.87
0.95
1.02
1.15
1.05
0.98

1.00
1.00
1.00
1.00
1.00
1.00

0.89
0.76
0.59
1.13
1.32
1.70

0.80
0.63
0.41
1.26
1.60
2.42

The results presented in figures 1 to 3 and tables 3 to 5 show that
x

x
x
x

High performing solar collectors (solar collector 1 and 2) show a higher yearly yield in the range of
6 to 85 % depending on the temperature range of 50 to 100 °C of the mean fluid temperature
resulting in a reduced gross area of 6 to 46 % to reach the same energy yield than the reference
With higher values of mean fluid temperature the surplus yearly yield is increasing and the required
gross area is decreasing (solar collector 1, 2 and 3) compared to the reference
The benefit of collector 1, 2 and 3 decreases with rising ambient temperature and rising yearly
irradiation
Evacuated tubular collectors without reflector do not have higher collector gains than flat plate
collectors due to a small ratio of aperture to gross area

4.2. Variation of the tilt angle
In a second step the tilt angle of the solar collector was varied in the range of 0° (horizontal) to 90° (vertical)
to evaluate the impact of the tilt angle. For this comparison the orientation of the solar collectors remained
facing south.
Figures 4 to 6 show the yearly energy yield per m² gross area for the locations Würzburg at mean fluid
temperatures of 50 °C, 75 °C and 100 °C.
Tables 6 to 8 show the results in terms of normalized values for the yearly energy yield Qrel(-fl,m, E) and the
gross area Arel(-fl,m, E) for mean fluid temperatures -fl,m = 50 °C, 75 °C and 100 °C. The solar collector 6
was again used as reference. Values showing more than 110 % of the yearly energy yield of the reference
and less than 90 % of the gross area of the reference respectively are shown in green. Values showing less
than 90 % of the yearly energy yield of the reference and more than 110 % of the gross area of the reference
respectively are shown in red.

yeaerly solar collector yield per m² gross area
[kWh/(m2 yr.)]

Values for a tilt angle of 30° are documented in table 3 to 5 and values for a tilt angle of 45° are not given
because they do not differ significantly from the values at a tilt angle of 30°. Values at a tilt angle of 0° are
not given due to low relevance.
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Fig. 4: Yearly solar collector at a mean fluid temperature of 50 °C at the location Würzburg
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Fig. 5: Yearly solar collector at a mean fluid temperature of 75 °C at the location Würzburg
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Fig. 6: Yearly solar collector at a mean fluid temperature of 100 °C at the location Würzburg

Tab. 6: Normalized values for Stockholm for different tilt angles

Normalized values
Qrel(50 °C, 60°)
Qrel(50 °C, 90°)
Arel(50 °C, 60°)
Arel(50 °C, 90°)
Qrel(75 °C, 60°)
Qrel(75 °C, 90°)
Arel(75 °C, 60°)
Arel(75 °C, 90°)
Qrel(100 °C, 60°)
Qrel(100 °C, 90°)
Arel(100 °C, 60°)
Arel(100 °C, 90°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.19
1.31
0.84
0.76
1.46
1.71
0.69
0.58
1.82
2.36
0.55
0.42

1.20
1.30
0.84
0.77
1.42
1.62
0.71
0.62
1.69
2.09
0.59
0.48

0.99
1.06
1.01
0.95
1.19
1.35
0.84
0.74
1.48
1.84
0.68
0.54

0.65
0.67
1.53
1.49
0.70
0.73
1.43
1.37
0.74
0.80
1.36
1.25

0.92
0.96
1.08
1.04
1.02
1.09
0.98
0.91
1.13
1.30
0.89
0.77

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.82
0.78
1.21
1.28
0.68
0.59
1.46
1.69
0.52
0.34
1.94
2.94

0.71
0.65
1.40
1.53
0.53
0.41
1.87
2.41
0.32
0.15
3.13
6.57
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Tab. 7: Normalized values for Würzburg for different tilt angles

Normalized values
Qrel(50 °C, 60°)
Qrel(50 °C, 90°)
Arel(50 °C, 60°)
Arel(50 °C, 90°)
Qrel(75 °C, 60°)
Qrel(75 °C, 90°)
Arel(75 °C, 60°)
Arel(75 °C, 90°)
Qrel(100 °C, 60°)
Qrel(100 °C, 90°)
Arel(100 °C, 60°)
Arel(100 °C, 90°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.19
1.28
0.84
0.78
1.46
1.84
0.68
0.54
1.85
2.60
0.54
0.38

1.19
1.24
0.84
0.80
1.42
1.71
0.71
0.59
1.71
2.25
0.59
0.44

0.99
1.01
1.01
0.99
1.19
1.42
0.84
0.70
1.50
1.99
0.67
0.50

0.65
0.64
1.53
1.57
0.70
0.75
1.43
1.34
0.75
0.82
1.34
1.22

0.93
0.91
1.08
1.10
1.02
1.12
0.98
0.89
1.15
1.33
0.87
0.75

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.82
0.72
1.21
1.39
0.67
0.57
1.46
1.76
0.51
0.34
1.96
2.95

0.71
0.60
1.41
1.67
0.52
0.39
1.86
2.56
0.32
0.16
3.10
6.37

Tab. 8: Normalized values for Athens for different tilt angles

Normalized values
Qrel(50 °C, 60°)
Qrel(50 °C, 90°)
Arel(50 °C, 60°)
Arel(50 °C, 90°)
Qrel(75 °C, 60°)
Qrel(75 °C, 90°)
Arel(75 °C, 60°)
Arel(75 °C, 90°)
Qrel(100 °C, 60°)
Qrel(100 °C, 90°)
Arel(100 °C, 60°)
Arel(100 °C, 90°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.08
1.23
0.93
0.81
1.31
1.69
0.77
0.59
1.63
2.43
0.61
0.41

1.09
1.20
0.92
0.83
1.29
1.59
0.78
0.63
1.54
2.13
0.65
0.47

0.91
0.99
1.10
1.01
1.08
1.31
0.93
0.76
1.33
1.89
0.75
0.53

0.63
0.65
1.59
1.54
0.67
0.73
1.49
1.37
0.72
0.81
1.39
1.24

0.88
0.91
1.14
1.09
0.97
1.07
1.03
0.93
1.08
1.27
0.93
0.79

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.88
0.81
1.14
1.23
0.74
0.61
1.35
1.64
0.56
0.43
1.79
2.34

0.78
0.70
1.28
1.43
0.60
0.45
1.68
2.23
0.37
0.24
2.73
4.09

At high tilt angles of 60° and 90° the high performing solar collectors (solar collector 1 and 2) show even a
higher yearly yield than at the standard tilt of 30° compared to the reference. At a mean fluid temperature of
100 °C and a tilt angle of 90° solar collector 1 reaches 260 % of the energy yield of the reference solar
collector resulting in a reduction of 62 % of the required gross area to reach the same energy yield then the
reference solar collector under the same conditions.

4.2. Variation of the azimuth angle
In the third step the azimuth angle of the solar collector was varied in the range of -90° (east) to +90° (west)
to evaluate the impact of the azimuth angle. For this comparison the tilt angle of the solar collectors
remained at 30°.
Figures 7 to 9 show the yearly energy yield per m² gross area for the locations Würzburg at mean fluid
temperatures of 50 °C, 75 °C and 100 °C.
Tables 9 to 11 show the results in terms of normalized values for the yearly energy yield Qrel(-fl,m, J) and the
gross area Arel(-fl,m, J) for mean fluid temperatures -fl,m = 50 °C, 75 °C and 100 °C. The solar collector 6 was
again used as reference. Values showing more than 110 % of the yearly energy yield of the reference and less
than 90 % of the gross area of the reference respectively are shown in green. Values showing less than 90 %
of the yearly energy yield of the reference and more than 110 % of the gross area of the reference
respectively are shown in red.
Values for an azimuth angle of 30° are documented in table 3 to 5 and values for azimuth angles of +45° and
+90° are not given because they do not differ significantly from the values at azimuth angles of -45° and -90°
respectively.
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Fig. 7: Yearly solar collector at a mean fluid temperature of 50 °C at the location Würzburg
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Fig. 8: Yearly solar collector at a mean fluid temperature of 75 °C at the location Würzburg
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Collector tilt: 30°
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Mean fluid temperature: 100 °C
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Fig. 9: Yearly solar collector at a mean fluid temperature of 100 °C at the location Würzburg

693

S. Fischer / EuroSun 2014 / ISES Conference Proceedings (2014)

Tab. 9: Normalized values for Stockholm for different azimuth angles

Normalized values
Qrel(50 °C, -90°)
Qrel(50 °C, -45°)
Arel(50 °C, -90°)
Arel(50 °C, -45°)
Qrel(75 °C, -90°)
Qrel(75 °C, -45°)
Arel(75 °C, -90°)
Arel(75 °C, -45°)
Qrel(100 °C, -90°)
Qrel(100 °C, -45°)
Arel(100 °C, -90°)
Arel(100 °C, -45°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.28
1.22
0.78
0.82
1.64
1.50
0.61
0.67
2.16
1.89
0.46
0.53

1.26
1.22
0.79
0.82
1.55
1.45
0.64
0.69
1.92
1.74
0.52
0.58

1.04
1.00
0.96
1.00
1.31
1.21
0.77
0.83
1.71
1.51
0.59
0.66

0.67
0.66
1.49
1.52
0.73
0.70
1.38
1.43
0.78
0.74
1.27
1.34

0.96
0.93
1.05
1.07
1.08
1.03
0.93
0.97
1.23
1.15
0.81
0.87

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.79
0.82
1.26
1.22
0.50
0.67
2.01
1.48
0.43
0.50
2.32
1.98

0.68
0.71
1.48
1.42
0.47
0.52
2.14
1.92
0.24
0.31
4.18
3.23

Tab. 10: Normalized values for Würzburg for different azimuth angles

Normalized values
Qrel(50 °C, -90°)
Qrel(50 °C, -45°)
Arel(50 °C, -90°)
Arel(50 °C, -45°)
Qrel(75 °C, -90°)
Qrel(75 °C, -45°)
Arel(75 °C, -90°)
Arel(75 °C, -45°)
Qrel(100 °C, -90°)
Qrel(100 °C, -45°)
Arel(100 °C, -90°)
Arel(100 °C, -45°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.25
1.20
0.80
0.84
1.63
1.48
0.61
0.67
2.05
1.86
0.49
0.54

1.24
1.20
0.81
0.83
1.53
1.45
0.65
0.69
1.85
1.72
0.54
0.58

1.02
0.99
0.98
1.01
1.28
1.20
0.78
0.83
1.62
1.49
0.62
0.67

0.66
0.65
1.51
1.53
0.72
0.70
1.38
1.43
0.76
0.74
1.32
1.35

0.94
0.92
1.06
1.08
1.06
1.03
0.94
0.97
1.19
1.14
0.84
0.87

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.80
0.82
1.25
1.22
0.64
0.68
1.56
1.47
0.49
0.53
2.04
1.89

0.69
0.71
1.45
1.41
0.48
0.53
2.07
1.87
0.30
0.35
3.37
2.89

Tab. 11: Normalized values for Athens for different azimuth angles

Normalized values
Qrel(50 °C, -90°)
Qrel(50 °C, -45°)
Arel(50 °C, -90°)
Arel(50 °C, -45°)
Qrel(75 °C, -90°)
Qrel(75 °C, -45°)
Arel(75 °C, -90°)
Arel(75 °C, -45°)
Qrel(100 °C, -90°)
Qrel(100 °C, -45°)
Arel(100 °C, -90°)
Arel(100 °C, -45°)

Solar Collector Technology
1

2

3

4

5

6

7

8

1.14
1.09
0.88
0.92
1.44
1.30
0.69
0.77
1.86
1.64
0.54
0.61

1.15
1.11
0.87
0.90
1.42
1.32
0.70
0.76
1.74
1.57
0.57
0.64

0.94
0.91
1.06
1.10
1.16
1.08
0.86
0.92
1.48
1.32
0.68
0.76

0.64
0.63
1.56
1.59
0.69
0.67
1.45
1.48
0.74
0.72
1.35
1.39

0.91
0.89
1.10
1.13
1.01
0.98
0.99
1.03
1.14
1.08
0.88
0.92

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.84
0.87
1.18
1.15
0.70
0.73
1.44
1.36
0.52
0.56
1.92
1.78

0.74
0.77
1.35
1.30
0.55
0.59
1.81
1.68
0.34
0.38
2.96
2.65

The variation of the azimuth angle shows similar results to the ones achieved while varying the tilt angle. At
east or west orientation the high performing evacuated solar collectors outperform the high performing flat
plate collector even to a higher extent than at the reference solar collector orientation with a tilt angle of 30°
due south. The largest surplus in the yearly energy yield compared to the reference solar collector for
Stockholm at a mean fluid temperature of 100 °C facing east and west, respectively. With this orientation the
surplus reaches 216 % resulting in a reduction of gross area of 54 % compared to the reference solar
collector.
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5. Summary and conclusion
An easy and standardized method for the determination of the thermal performance of solar collectors is
introduced. This method is based on the results published in Solar Keymark certificates and uses the
publically available software tool SCEnOCalc (Solar Collector Energy Output Calculator).
The method was applied using 8 different solar collectors ranging from a high performing evacuated tubular
solar collector with CPC reflector over to a high performing flat plate solar collector to a flat plate collector
with black chrome coating at different locations and orientations of the solar collector and mean fluid
temperatures.
The comparison has shown that
x

High performing evacuated solar collectors show a significant higher yearly yield, up to 85 %
higher, than high performing flat plate solar collectors resulting in a reduction of required gross area
up to 54 %. The difference in yearly energy yield increases if the orientation of the solar collector is
changed from facing south with a tilt angle of 30° to an orientation receiving less irradiation, e.g. to
the east at with a tilt of 60°

x

The benefit of high performing evacuated solar collectors decreases with rising ambient temperature
and rising yearly irradiation but remains significant

x

Evacuated tubular collectors without reflector do not have higher collector gains than flat plate solar
collectors due to a small ratio of aperture to gross area.

Although other criteria like costs and installation have to be considered apart from thermal performance, high
performing evacuated solar collectors must be considered when planning solar district heating systems,
especially at higher temperatures.
6. References
ISO 9806:2013, 2013. Solar energy — Solar thermal collectors — Test methods
EN 12975-2:2006, 2006. Thermal solar systems and components – Solar collectors - Part 2: test methods
7. Nomenclature
Quantity
Ratio between required gross solar collector area of a solar
collector and the reference solar collector
Ratio between yearly solar collector yield and yearly solar
collector yield of the reference solar collector
Tilt angle
Azimuth angle
Mean fluid temperature

Symbol
Aref

Unit

Qref

E
J
-fl,m

°
°
°C

695

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 – 19 September 2014

Modeling of solar district heating: a comparison between
TRNSYS and MODELICA
1,2

Loïc Giraud , Roland Bavière

1,2

1,2

and Cédric Paulus

1

Univ. Grenoble Alpes, INES, F-73375 Le Bourget du Lac, France

2

CEA, LITEN, 17, Rue des Martyrs, F-38054 Grenoble, France

Summary
In order to optimize their design, operation and control strategies, Solar District Heating (SDH) require
thermalhydraulics simulations capabilities. In this paper, we present how SDH components and system
models can be build both with the TRNSYS energy simulation program and the equation-based
MODELICA simulation language. Therefore, three SDH components (pipe, substation and solar
collector), a production plant and a recently built SDH network are modeled and simulated using
TRNSYS and the Modelica/Dymola tool. The simulations performed show that both approaches yield
similar results when comparable modeling details are considered in the software. However, the Modelica
language has native multi-physics simulation capabilities. For instance, robust and publicly available
solutions exist to account for hydraulics phenomena with the Modelica solution. On the other hand,
extending the simulation scope of TRNYS to include hydraulics would be a very time-consuming task.
On a general basis, it can be said that development costs are lower and modeling possibilities are wider
for the Modelica solution. This overbalances the generally higher computational cost observed with the
Modelica/Dymola solution. These reasons have led our research group to select the Modelica/Dymola
tool to supplement the traditional solution based on TRNSYS for simulation activities related to SDH.

1. Introduction
District Heating (DH) networks have an important role to play in the design of future sustainable energy
systems. For instance, solar thermal power connected to a DH, namely a Solar District Heating (SDH), can
provide renewable energy to individual customers at competitive cost. However, due to firstly the sensitivity
of solar collectors to the operating temperature and secondly to the intermittence of the solar resource, SDH
are generally more complex than classical District Heating. A good insight in the thermalhydraulic behavior
of such networks is therefore recommended to optimize their design, their operation and the definition of
their control strategy. Such insight can be brought by numerical simulation capabilities.
This paper aims at comparing TRNSYS and Modelica for SDH applications. (Elsheikh et al., 2013) and
(Wetter and Haugstetter, 2006) have compared these tools but not in this domain. This paper starts with a
general introduction on TRNSYS and Modelica (section 2). In section 3, the SDH case study that will serve
as a comparison basis is described. Sections 4 and 5, respectively compare the modelling capabilities at the
component scale (pipe, substation, solar collector) and at the system scale. The system scale analysis is based
on the case study and relies on the modelling of two systems. The first system represents the production
plant. Results are compared from a thermal point of view. The second system is the DH network where
thermalhydraulic phenomena such as heat transportation time are at play. The last section (section 6)
compares the computational costs of each tool.
2. General remarks on TRNSYS and MODELICA
TRNSYS v17.1 (SCL et al., 2012) is a software devoted to the modeling of thermal systems and the
simulation of their transient behavior. A variety of component libraries suitable with the TRNSYS
environment are currently available. These libraries already include models for many SDH components such
as heat exchanger, heat storage, solar collector, substation etc. Several of them have been validated by
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experimental data. Recently, TRNSYS has been used to model a SDH in Canada in order to optimize its
control strategy (Quintana and Kummert, 2014). For its simulation needs, our research group at CEA-INES
uses the commercial TESS library (TESS, 2011) but also develops and maintains a library for specific
components (e.g. solar collectors, substations,…). From a practical point of view, the development of a new
component model in the TRNSYS environment requires the programmer to code (FORTRAN language) the
representative mathematical equations as well as a dedicated numerical solution algorithm. Moreover, the
native simulation scope of TRNSYS excludes hydraulics. This is a limiting factor when one wants to study a
DH network with a loop architecture for instance. Extending the code to account for new physical
phenomena would be very expensive. These reasons have led our group to take an interest in alternative
modern tools with native multi-physical modeling capabilities.
Modelica is a recent acausal equation-based object-oriented programming language designed for multiphysics simulation (Fritzson, 2004). Among many advantages of such an approach, these characteristics
allow maximum code reusability and natural modeling. Development costs are therefore significantly
reduced. Moreover, high quality and well documented open-source Modelica libraries have been developed
these past years in the thermalhydraulic domain (Elmqvist et al., 2003; Ljubijankic et al., 2009; Wetter et al.,
2014). Recently, the number of research projects addressing DH modeling and relying on Modelica has
significantly increased. For instance, in (Pol et al., 2011), Modelica models are used to improve the control
strategy of DH systems by using the network as storage. A library, named DistrictHeating, is currently being
developed at CEA-INES. This library includes generic components for pipes, pumps, substations, heat
generators, and heat storage modeling. The Dymola simulation software (Dassault Systèmes, 2013),
generally considered as the most advanced Modelica-compliant tool, is used in this study as the tool
implementing the modelica language specifications (model translation, solver, pre- and post-processing …).
The Modelica/Dymola solution proposes several non-linear integration algorithms (Euler, DASSl,
RADAUIIA …) with fixed but also variable integrator steps. This last feature associated with the use of
implicit time marching methodology produces good overall numerical performances. On the other hand,
TRNSYS uses a constant time step solver. It is generally agreed by the TRNSYS community that simulations
results are considered acceptable despite the non-convergence of a low fraction of the total amount of time
steps. This implies that the user must check via post-processing that mass and energy are well conserved by
the numerical results.
There are important differences in the ease of use and the ergonomics between TRNSYS and
Modelica/Dymola since they have not been developed during the same decades. In terms of post-processing,
Modelica/Dymola offers more advanced and attractive solutions. With TRNSYS for instance, the user must
select manually and prior to simulation which calculation variables to store. The time evolutions of the
selected variables are dumped in text files and are then to be analyzed with another tool. On the contrary,
Modelica/Dymola includes a post-processing environment: any calculation variable can be directly plotted.
Color animations of any scalar field (eg. temperature, pressure …) are also possible with this tool.
3. The case study : a new SDH in Balma
3.1. The SDH network

Fig. 1. Diagram of the Balma production plant
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The present study is based on a new SDH built
in Balma near Toulouse (south of France) in
2012. The DH network provides energy to 600
apartments through 10 sub-stations. The total
annual load of the SDH is about 4200 MWh.
The set point supply temperature is varying
according to the season: summer (1st of October
to the 15th of May), it equals 83 °C ; winter, it
equals to 75 °C. Every substation is designed to
operate at 80/50 °C for the primary side and
65/45 °C for the secondary side. Pipes are preisolated pipes made of 3 layers: the tube in
galvanized steel, the insulation in PUR foam,
the external layer in PEHD.

Tab. 1. Parameters of the production plant components

Component

Solar plant

Solar flow
control

Storage
tanks

3.2. The production plant

Parameter
ܵ
ߟ
ܿଵ
ܿଶ
ܿହ
ܮ௧௨
ܦ
ȟܶ / ȟܶ
ȟܶ
݉ሶǡௌ
݉ሶǡௌ
ܸ௦௧ǡௌ / ܸ௦௧ǡ
ܪ௦௧ǡௌ / ܪ௦௧ǡ
݁௦௧
ߣ௦௧
ܳǡ
ܳǡ
ܳǡீ௦

Value
458 m²
0.71
0.95 W.m-1.K-1
0.005 W.m-1.K-2
23.189 kJ.K-1.m-2
60 m
90 mm
5K/2K
10 K
7.5 kg.h-1.m-2
25 kg.h-1.m-2
2 m3 / 2*12 m3
2.5 m / 5 m
100 mm
0.04 W.m-2.K-1
1250 kW
375 kW
2500 kW

The production plant consists of a solar plant
(vacuum tube solar collectors and a solar storage
Biomass
tank), a heat exchanger (enabling the heat
boiler
exchange between the solar plant and the DH), a
Gas boiler
biomass boiler, a gas boiler and two storage
tanks. The solar collectors are connected to the DH network in series on the return pipe (cf. Fig. 2). Tab. 1
presents their parameters.
The fluid in the solar collectors is a mix of 47 % propylene-glycol and water. Flow rate in collector loop
݉ሶௌ is controlled using parameters of Tab. 1 and the following rules:
ீ כ כௌ

x

If ݉ሶௌ ൌ Ͳ and ܶ௨௧ǡௌ > ܶǡு  ȟܶ then ݉ሶௌ ൌ

x

If ݉ሶௌ  Ͳ and ܶ௨௧ǡ௦ < ܶுǡ  ȟܶ then ݉ሶ௦ ൌ Ͳ.

ୡ౦ ்כೝ

and ݉ሶǡௌ ൏ ݉ሶௌ ൏ ݉ሶ௫ǡௌ ;

The mass flow rate crossing the heat exchanger on the DH side equals to ݉ሶ௦ . Concerning the biomass loop,
the boiler runs depending on two temperatures in the tanks:
x

If ܶଶ ൏ ͺͷι ܥthen the boiler is on;

x

If ܶହ  ͺͻι ܥthen the boiler is off.

The temperature and mass flow rate set point of the boiler are constant at 90 °C and 54 m 3.h-1. It can operate
from the 1st of October to the 31st of May. The gaz boiler is controlled as follows:
x If ܶǡீ௦ ൏ ͺ͵ι ܥthen the boiler is on and the outlet set point is ͺ͵ι;ܥ
x If ܶǡீ௦  ͺ͵ι ܥthen the boiler is off.
The valve V3Vnet controls the supply temperature of the DH so that it equals to the set point.
Pnet

V3Vnet
Td1

Td2

To DH

Gas Boiler

Tcol

Solar
collectors

Tbs

Tac1
Tac2

Biomass
Boiler

Tac3

Psol_prim

Storage
tank

Tee

Tse

Tac4
Tss
Tac5

Psol_sec

Pbio

From DH
Tbe

V3Vbio

Tr1

Fig. 2. Diagram of the Balma production plant

698

Tr2

Loïc Giraud / EuroSun 2014 / ISES Conference Proceedings (2014)

4. Solar District heating components
4.1. Pipe
Models description
The Type 604 TRNSYS component (TESS library) is selected in the
present work to model the pipes of a SDH. This component relies on a first
order donor-cell discretization scheme for the convective term of the
energy equation. This scheme is hereafter referred has the UDS scheme.
One of the known drawbacks of the UDS scheme is to introduce artificial
numerical diffusion. To avoid this, a third order discretization scheme,
namely the QUICK scheme (Leonard, 1979), was introduced in the model
of pipe of our Modelica DistrictHeating library. This component needs to
be carefully designed for SDH applications since it is the main contributor
to the calculation of the transportation time.

Tab. 2. Parameters of the pipe
model

Parameter
Fluid
Material
ݑ௪
ܮ௧௨
ܦ
ܦ௫௧
݄௫௧

Value
Water
Steel
1 m.s-1
100 m
150 mm
160 mm
40 W.m-2.K-1

Comparison TRNSYS/Modelica
An analytical test consisting of a straight pipe with thermal losses to surrounding environment submitted to a
convective temperature step is used to compare the two models. The numerical results obtained are also
compared to an analytical solution taken from (Vedat, 1966). The parameters used for the simulation
scenario are presented in Tab. 2.
Fig. 3 represents the evolution of the relative non-dimensional temperature at the outlet of the pipe as a
function of time for the various solutions. This variable is calculated as follows:
ܶሺ ݔൌ ܮǡ ݐሻ െ ܶሺ ݔൌ ܮǡ Ͳሻ
ܶ୫ୟ୶ሺழ௧ழሻ ሺ ݔൌ Ͳሻ െ ܶሺ ݔൌ Ͳǡ Ͳሻ
1.2
Relative temperature (n. d.)

ܶ ൌ

(eq. 1)

1
0.8
0.6

Analytical solution

0.4

Modelica Δx = 1 m

0.2

Modelica Δx = 2 m
TRNSYS Δx = 0.1
0,1 m

0

TRNSYS Δx = 1 m

-0.2
0

2

4 Time (s) 6

8

10

Fig. 3. Relative temperature at the outlet of the pipe

Different mesh sizes are tested for TRNSYS and Modelica models. As expected, the temperature front is
more diffuse when the mesh size is large. For a same mesh size (Δx = 1m), the Modelica model shows less
diffusion than the TRNSYS model. The error is then lower for the Modelica model. Tab. 3 presents the
relative mean error of the models compared to the analytical
Tab. 3. Relative mean error of the model
solution. Even with a mesh size ten times smaller, the TRNSYS
compared to the analytical solution
model still has a more important relative mean error.
Pipe model
Mean error
Due to the QUICK scheme, a small amplitude overshoot can be
Modelica Δx = 1 m
10.9 %
observed at the end of the temperature front in the Modelica
Modelica Δx = 2 m
23.8 %
results. This overshoot is present regardless the mesh size but its
TRNSYS Δx = 0.1 m
20.6 %
wavelength decreases with the mesh size. This is a known side
TRNSYS
Δx
=
1
m
30.7 %
effect of the QUICK scheme (Leonard, 1979 ).
4.2. Solar Collector
Models description
The TRNSYS solar collector model is the Type 832v500 (Perers et al., 2012). This well-known model has
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been validated several times with experimental values. The Modelica model has been developed in the
DistrictHeating library. Both models represent dynamic solar collectors, using ISO 9806:2013 to calculate
the heat output of the collector area:
ܿହ ݀ܶ
ܳ௨௧
ଶ
ൌ ߟ ܭఏ ሺߠሻܩ  ߟ ܭఏௗ െ ܿଵ ൫ܶ െ ܶ ൯ െ ܿଶ ൫ܶ െ ܶ ൯ െ ܿଷ ݑ௩ ൫ܶ െ ܶ ൯ െ
െ ܿ ݑ௩ כ ܩ
ܵ
݀ݐ
ܭఏ is determined using the following equation:

(eq. 2)

ͳ
(eq. 3)
െ ͳ൰
ሺߠሻ
An important difference between the two models concerns the fluid model. In TRNSYS, the fluid is only
represented by its constant heat capacity. In Modelica, the fluid is thermodynamically modeled and all its
properties are known (density, heat capacity, viscosity…). The heat capacity varies with the temperature
according to a data table.

ܭఏ ൌ ͳ െ ܾ ൬

Comparison TRNSYS/Modelica
ܶǡௌ is chosen constant at 40 °C. ݉ሶௌ is regulated using the same rules than the production plant (except
that ܶǡு is replaced by ܶǡௌ ). The parameters used in this comparison are the same than for the solar plant
(cf. Tab. 1) with ܿଷ ൌ ܿ ൌ Ͳ, ܭఏௗ ൌ ͲǤͻ and ܾ ൌ ͲǤͳͺ. The weather data are identic between the two
models. They are simulated from the 1st of January to the 31st of July.
To compare these models, the produced energy is calculated for each month of the simulation, as depicted in
Fig. 4. The differences between the two models are shown in Tab. 4. The first assessment is that the models
give similar results. But there are some differences. TRNSYS model produces a bit more energy than the
Modelica model. There is a difference of 1650 kWh between the models for the entire simulation, which
represents 0.7 % of the total produced energy.
50000

Modelica

Energy (kWh)

40000

TRNSYS

30000
20000
10000
0
Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Fig. 4. Comparison of the solar produced energy between TRNSYS and Modelica per month

݉ሶ௦ is compared in Fig. 5 to analyze these differences. Figures a) depicts the results for a sunny week in
June while figure b) shows results for a week with varying weather conditions in January. The comparison
illustrates that the two models present very similar results during
Tab. 4 Differences of produced energy
sunny periods. Indeed, the difference of produced energy between
between the two models per month
the two models is 0.6 % during this week. When the weather is
varying, the models present quite different results. The difference
Diff. (kWh) Rel. diff.
of produced energy is then 1.4 %. The moment when the fluid
January
245.40
1.45%
starts to flow or when it stops is not exactly the same between the
February
318.96
1.51%
two models. This can be due to the difference between the constant
March
113.75
0.34%
and variable time step solvers. Thus, when the mass flow rate often
varies during a day (with a varying weather), it brings a nonnegligible gap. The difference of heat capacity also brings
variations between TRNSYS and Modelica models. The fluid
capacity varies between 3560 and 3780 J/kg.K with Modelica while
it stays constant to 3730 J/kg.K with TRNSYS. However, the two
models are still quite close and their difference is acceptable.

700

April

320.77

0.83%

May

127.35

0.34%

June

60.82

0.15%

July

462.73

0.98%

Total

1649.77

0.70%
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3

Mass flow rate
(kg/s)

a)

2

Modelica

1

TRNSYS

0
b)

Mass flow ratee
(kg/s)

0

50

Time (h) 100

150

3
2

Modelica
TRNSYS

1
0
0

50

Time (h) 100

150

Fig. 5. Evolution of the mass flow rate during: a) a week of June and b) a week of January

4.3. Substation
Models description
The TRNSYS and MODELICA substation models have both been developed by our research group and rely
on the same basis. These models are intended to be integrated in large numerically expensive DH system
models. A tradeoff between precision and computational cost is therefore necessary. The substation
component are modelled as a combination of a ε-NTU heat exchanger model (Shah and Sekulić, 2003) and
an ideal regulator for the secondary outlet temperature. The inputs of the models are ܶǡ௦ , ܶ௨௧ǡ௦ǡ௦௧ , ܶǡ as
well as the heat power demand. The outputs of the models are ܶ௨௧ǡ , ݉ሶ and ݉ሶ௦ . ܶ௨௧ǡ௦ is supposed equal to
its set point, 65 °C. The heat transfer coefficient depends on ݉ሶ according to equation 4. Using the
experimental results, the coefficients a and b are set respectively to 12 044 and 0.5858 with ܷ ܣin W/K and
݉ሶ in kg/s.
ܷ ܣൌ ܽ ݉ כሶ
(eq. 4)
The experimental data are taken from a substation of the french Balma SDH (19th of March to the 18th of
April 2014). The experimental recording time step is 15 minutes for the temperatures and 1 hour for the mass
flow rate.
Comparison TRNSYS/Modelica
Fig. 6 compares ݉ሶ and ܶ௨௧ǡ with the experiments on a one day period (the 30 th of March). Results show
that the two models are very close to each other. They are also relatively close to the experimental results.
Same conclusions can be drawn while analyzing the entire simulation period. Tab. 5 presents the absolute
mean and maximal errors of the two models for ݉ሶ and ܶ௨௧ǡ compared to experimental results for the
entire simulation period. Results of the two models can be supposed equal since there is only 0.0002 kg/s and
0.001 K difference between them respectively for ݉ሶ and ܶ௨௧ǡ . The maximal errors are also very close to
each other. They are equal for ݉ሶ and the difference is 0.08 K for ܶ௨௧ǡ . It is interesting to note that all these
maximal errors occurred at the same instant in the simulation.
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Fig. 6. Comparison of the two models with the experimental results on a 1 day period for: a) ࢀ࢛࢚ǡ and b) ሶ

As can be seen from the above graph, the predictions of the models are also close to the experimental results.
Most of the numerical results are within the experimental error band. The assumptions made to build these
models (ideal regulation and power law to evaluate the global heat transfer coefficient) can be considered to
be valid for SDH applications.
Tab. 5. Absolute mean error and maximal error on ࢀ࢛࢚ǡ and ሶ compared to experimental results for the entire period
simulation

Mean error
Max error

Modelica
݉ሶ (kg/s) ܶ௨௧ǡ (K)
0.0144
0.334
0.133
3.08

TRNSYS
݉ሶ (kg/s) ܶ௨௧ǡ (K)
0.0146
0.333
0.133
3.00

4.4. Components conclusions
Three component models have been compared between TRNSYS and Modelica. Solar collector and
substation models present very close results. Some significant differences have been pointed out for the pipe
model and are analyzed in the following. These models are integrated in SDH systems models.
5. Systems modeling
5.1. Solar District Heating Plant
Models description

Energy (MWh)
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Egas (Modelica)
Ebiomass (Modelica)
Esolar (Modelica)
Egas (TRNSYS)
Ebiomass (TRNSYS)
Esolar (TRNSYS)

600
400
200
0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Fig. 7. Monthly distribution of the heat sources for the two SDH plant models

The SDH plant described in section 3.2 is modeled using TRNSYS and Modelica. The aim of these two
models is to focus on the solar loop and on its integration on the SDH. The components models used in the
solar loop are then more detailed (solar collector, solar pump, solar storage, etc.) compared to the other
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components. To represent the storage tanks, the Modelica
model uses the Stratified component model from the Buildings
library (Wetter, 2009) and the TRNSYS model uses the Type
340 (Harald Drück, 2006). An important difference between
the two models relates to the control of valve. In Modelica, PID
controllers are used while ideal controllers are used in
TRNSYS. Firstly, monthly results are analyzed. Secondly,
temperatures are analyzed on a 5 days period in January. It
aims at comparing solar and global DH results between the two
models.

Tab. 6. Repartition of annual heat in MWh

Source
Solar

TRNSYS
333.4

Modelica
327.1

Biomass

4871.2

4892.5

Gas

1526.4

1480.6

Heat Losses

13.8

12.1

Heat to DH

6717.2

6688.1
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Fig. 8. Evolution of: a) ࢀ࢛࢚ǡࡿ and b) ࢀ࢙ǡࡰࡴ for a 5 days period

Monthly distribution of heat sources is depicted in Fig. 7 and Tab. 6 resumes the annual heat production for
each source, heat losses and heat delivered to the DH. For Modelica, annual solar, biomass and gas fractions
are respectively 4.9 %, 73.0 % and 22.1 % while they are respectively 5.0 %, 72.4 % and 22.7 % for
TRNSYS model. Results are very close.
Evolution of the solar and DH outlet temperatures in the SDH plant over a 5 days period in January is
presented in Fig. 8. The solar loops can be considered as equivalent since ܶ௨௧ǡௌ of the two models are very
close. In the contrary, ܶ௦ǡு presents differences. In TRNSYS, this temperature equals 83 °C while it varies
between 82 °C and 83 °C in Modelica. This is due to the PID controllers in Modelica that are used to
regulate mass flow rates. The tuning of the Modelica PID might be improved and compared also with a
TRNSYS PID for controlling the DH 3 way valve.
5.2. District Heating network
Models description
The two softwares are used to model the global SDH network described in section 3.2. These models aim at
comparing the transportation time and the produced energy in a SDH. The pipe (mesh length Δx = 10 m) and
substation models described in previous sections are used for the present simulations. For the pressure losses,
Modelica model relies on a very detailed friction model taken from the Modelica standard library (Elmqvist
et al., 2003). ܷ ܣcoefficients are chosen to depend linearly on ݉ሶ . The production plant is handled via a
simple boiler model neglecting internal detailed phenomena. The user demands are simulated using an
external temperature dependent term, a sociologic term completed with a white noise random term. Heat
losses are accounted for by considering a constant outside ground temperature of 10 °C. This is a reasonable
assumption given that the pipes are buried at a depth of 1 m.
Comparison TRNSYS/Modelica
Fig. 9 depicts for both models the monthly repartition of heat demand and heat losses. The results are very
close concerning the heat demand with an average difference of 0.5 % between TRNSYS and Modelica. The
total energy difference over the year is 1.8 % between the two models.
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Fig. 9. Repartition of heat demand and heat losses on the network per month for the two models

Looking closer to the results, significant differences appear. The evolution of ܶǡ of the far end substation is
presented in Fig. 10 on a 5 days period in January. The two temperatures have the same average of 81.9 °C.
However, temporal evolutions are smoother in the TRNSYS calculation. This is most probably due to
artificial diffusion introduced by the UDS scheme as already discussed in section 4.1.
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Fig. 10. Evolution of the inlet temperature of the farthest substation

6. Computational costs
Another important point especially for long term system simulation is the computational cost as they are
mainly used for parametric studies in order to optimize a system. Computational costs depend primarily on
the desired accuracy but also on the nature of the model and on the solvers. Preliminary results are presented
in this paper in order to compare TRNSYS and the Modelica/Dymola tools. However, these results need to
be completed with a sensitivity analysis performed for each software on solver tolerance, convergence
criteria, integrator step …
In the comparison tests, the convergence tolerance is fixed to 10-6 for both tools. Concerning the TRNSYS
models, the time step is fixed to 3 min for the component models and 6 min for the system models. These
values are also the maximal time steps allowed for the Modelica models. As a general result it can be stated
that the TRNSYS simulations are computationally lighter. However, it was not possible to end up on the
determination of the computational time ratio between the two tools since modeling assumptions could not
be made completely identical.
7. Conclusions
Our group at CEA-INES is currently implied in several research activity related to the optimized operation of
DH and SDH. These activities require the use of thermalhydraulic modeling and simulation capabilities. An
evaluation of the TRNSYS energy simulation program and the equation-based MODELICA simulation
language (associated to the Dymola tool) has therefore been initiated. The present paper reports on this
comparison work.

Solving hydraulics is a requirement for any simulation program intending to address a DH or SDH network
with a looped architecture. This issue can be naturally addressed by the Modelica language since it
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encompasses native multi-physics simulation capabilities. An extension of TRNSYS simulation capabilities
to include hydraulics would be a very time consuming task. Moreover, the acausal, equation-based, objectoriented nature of the Modelica language helps the programmer to significantly decrease development time.
In the thermalhydraulic domain (restricted to one-phase flows) several high quality and well-documented
open access Modelica component library are already available.
The present work has also established that the two approaches yield similar results when comparable
modeling details are considered in both tools. Even though it was not possible to set-up a rigorous
benchmarking exercise, it can be reported that computational costs are generally higher with the
Modelica/Dymola solution. It is our opinion that this last drawback should not preclude the use of the
Modelica-based approach. In this context, a Modelica component library is currently being developed for DH
and SDH applications at CEA-INES. These library developments intend to efficiently supplement the
traditional simulation capabilities based on the TRNSYS simulation program.
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9. Nomenclature
ܽ: Empirical coefficient for the equation of ܷܣ
ܾ: Empirical exponent for the equation of ܷܣ
ܾ : Angle dependence of the transmittance absorptance
product
ܿଵ : First order heat loss coefficient (W.K-1.m-2)
ܿଶ : Second order heat loss coefficient (W.K-2.m-2)
ܿଷ : Wind speed dependency of heat losses (J.m-3.K-1)
ܿହ : Effective thermal capacitance of the collector
including fluid (J.m-2.K-1)
ܿ : Factor for a wind dependency correction (s.m-1)
-1 -1
୮ : Heat capacity of water (J.kg .K )
ܦ / ܦ௫௧ : Internal and external diameter (mm)
݁௦௧ : Insulation thickness of the solar and biomass
storage tanks (mm)
ܩ / ܩௗ /  כ ܩ: Beam, diffuse and total radiation incident
on collector plane (W.m-2)
݄௫௧ : Heat transfer coefficient with the ambient
temperature (W.m-2.K-1)
ܪ௦௧ǡ : Height of the biomass storage tanks (m)
ܪ௦௧ǡௌ : Height of the solar storage tank (m)
ܭఏ : Incidence angle modifier for beam radiation
ܭఏௗ : Incidence angle modifier for diffuse radiation
ܮ௧௨ : Tube length (m)
݉ሶ : Mass flow rate of the primary side of substations
(kg.s-1)
݉ሶ௦ : Mass flow rate of the secondary side of substations
(kg.s-1)
݉ሶௌ : Solar mass flow rate (kg.s-1)
݉ሶǡௌ : Minimal solar mass flow rate (kg.s-1)
݉ሶǡௌ : Nominal solar mass flow rate (kg.s-1)
ܳǡ : Minimal heat power of the biomass boiler (W)
ܳǡ : Nominal heat power of the biomass boiler (W)
ܳǡீ௦ : Nominal heat power of the gas boiler (W)

ܶ : Air temperature (K)
ܶଶ : Temperature in the middle of the second
biomass storage tank (K)
ܶହ : Temperature at the bottom of the first
biomass storage tank (K)
ܶǡு / ܶ௦ǡு : Supply and return temperature of
the DH (K)
ܶ : Fluid temperature in the solar collectors (K)
ܶǡ / ܶ௨௧ǡ : Inlet and outlet temperature of
the biomass boiler (K)
ܶǡீ௦ : Inlet temperature of the gas boiler (K)
ܶǡ / ܶ௨௧ǡ : Inlet and outlet temperature of the
primary side of substations (K)
ܶǡ௦ / ܶ௨௧ǡ௦ : Inlet and outlet temperature of the
secondary side of substations (K)
ܶǡௌ / ܶ௨௧ǡௌ : Inlet and outlet temperature of
the solar collectors (K)
ܶ௨௧ǡ௦ǡ௦௧ : Set point outlet temperature of the
secondary side of substations (K)
ȟܶ / ȟܶ : Temperature difference between
ܶ௨௧ǡௌ and ܶுǡ to turn on / off the solar pump
(K)
ȟܶ : Set point temperature difference between
and ܶǡௌ when the pump is on (K)
ܷܣ: Global heat transfer coefficient of
substations (W.K-1)
ݑ௩ : Wind velocity (m.s-1)
ݑ௪ : Water velocity (m.s-1)
ܸ௦௧ǡ : Volume of the biomass storage tanks
(m3)
ܸ௦௧ǡௌ : Volume of the solar storage tank (m3)
ߟ : Zero loss efficiency of the collector
ߠ: Incidence angle (rad)
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ܳ௨௧ : Heat output of the collector area (W.m-2)
ܵ: Surface of the collector (m²)

ߣ௦௧ : Wall thermal conductivity of the solar and
biomass storage tanks (W.m-1.K-1)
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Abstract
Business districts account for the largest part of energy use in the Netherlands. However, these districts have
up to now little attention with regard to their energy use and efficiency. The mid-sized manufacturing
industry is characterized by high energy usage therefore high energy saving is possible. Because of this
reason energy service companies (ESCo) might be interested. The feasibility of an ESCo depends on various
factors. These factors can be dived on internal and external ones. In addition, within the internal two aspects
are identified: ESCos organization and ESCos business alertness. The external factors can be divided as
technical, legal and governance and financial aspects. To study the influence of factors belong to mentioned
aspects this study introduces a system dynamic (SD) model. The case study has been use to test the model.
As an outcome this study provides a feasibility insight when energy services are outsourced from a
manufacturing company to an ESco. key-words: ESco, sustainable transformation, business districts, system
dynamics, morris analysis

1. Introduction
Business districts are important areas in the Netherlands because they provide 30% of total employment.
Business districts are spatially continuous or functionally connected areas determined for the use by
establishments on behalf of diligence, trade and business services. This definition excludes areas which are
mainly designated to offices, shops or the catering industry (Schenau, 2011). Approximately, around 3600
business districts in the Netherlands provide suitable space for companies to invest. Businesses need space
for production, offices, showrooms, storage facilities, and infrastructure for the possibility to grow in the
future (Farla, et al., 2006). In 2010, 109.4 billion kWh of electricity and 51.9 billion m 3 of natural gas were
consumed in the Netherlands. The industrial sector is responsible for the largest part of this amount and
accounted for 28% of total electricity consumption and 72% of the gas consumption. Despite the economic
developments of past years, industrial energy consumption keeps increasing (Energie in Nederland, 2011).
Therefore, the energy saving potential in business districts is substantial and the importance of using this
potential is increasing. However, many barriers hinder development towards improving energy efficiency.
Energy service companies can relieve this sector from these barriers but the industrial sector’s share in the
activities of ESCos is currently much lower than its potential.
Several business models are used within the ESCo industry divided in Product-service-Systems (PPS),
business models based on new revenue models and business models based on new financing schemes. The
PPS models are relevant for this research because they consider energy efficiency and renewable energy and
are determined to be applicable in the industrial sector (Würtenberger, et al., 2012). This group contains:
Energy performance contracting, Energy supply contracting, Integrated Energy Contracting (IEC). The
models differ in offered services and remuneration schemes. The IEC model builds on the energy supply
contracting model but implements extensive demand side reduction measures as well. The ESCo takes over
the entire energy management, including the purchase from conventional energy sources. This results in a
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situation where the ESCo needs to install the most efficient measures to make profits. The IEC model can
lower transaction costs better considering the verification method of quality assurances instead of base line
verification. Now, the remuneration of this ESCo consists of the measured real energy use. Clients are more
involved because of this integral approach and synergy effects are more likely to arise. These can increase
the effectiveness and the feasibility of the project. For these reasons, the IEC model appears to be the most
promising for business districts. Therefore, it is adopted as the model of choice in this research. The further
use of the term ESCo in this report refers to this specific business model.
In order to assess the financial feasibility of ESCo for business districts, a system dynamic model has been
proposed. System dynamics (SD) is used to create a net present value (NPV) model that includes these
uncertainty factors. To learn more about the impact each factor has on the financial result, a sensitivity
analysis (SA) has been incorporated. All investment have to deal with future uncertainties (risks), a forecast
for this future needs to be provided. However, the future has too many uncertainties to give a single
representation. Therefore several scenarios are used to test the model and get an oversight of the feasibility
with regard to the service company’s activities.
To run a model, data from a case study has been used as an input. The municipality of Helmond has been
proclaimed to be the best entrepreneurial environment in the Netherlands for two years in a row (Ministerie
van Economische Zaken, Landbouw & Innovatie, 2011). Therefore, Helmond has the appropriate economic
and spatial environment for business districts to use for a case study. Several parameters in the model are
case specific: gas demand, electricity demand, and surface. On the other hand, some of the parameters as an
input use macro-economic data (section 4).
First, this paper introduces a list of factors that cause the struggling path to the implementation of the ESCos.
Further, a perspective method to manage and estimate the optimal option of an ESCo has been proposed and
explained in section 3. In section 4, a result regarding the comparison between ESCo and no ESCo
implementation has been addressed under different economic scenarios. Finally, conclusions and suggestions
for further research have been described in section 5.
2. Obstacles in implementing ESCos for business districts

Internal

The barriers are identified and categorized in one of the five cause categories that effect currently struggling
energy management on urban districts. The factors within the categories ‘’Organizational’’ and ‘’Business’’
represent the internal environment and the factors ‘’Technical’’, ‘’Legal and Government’’ and ‘’Financial’’
cover the external environment of this event. The different factors within each category are described in

Patchy
hyy ownership
o

Struggling development
towards sustainable
energy mangement
on business districts

Unclear responsibilities
Complex stakeholder situation

External

MJA
Long payback period

Uncertain grants
Uncertain energy pricee

High transaction costs

Lacking control

detail below the causal diagram (Fig. 1.).
Fig. 1: Causal diagram regarding ''Sustainable energy management on business districts''

The organizational aspects of this research are important to reach an integral approach. Organizational issues
on business districts hinder many developments to reach a more sustainable environment. Patchy ownership
is an important organizational aspect and is a result of the way a business district is exploited. Most plots are

708

Author Name / EuroSun 2014 / ISES Conference Proceedings (2014)

owned and used by the same entity (72%) which results in a highly fragmented ownership situation. This is
the main reason for the general absence of a central party responsible for sustainability and energy issues of
business districts. This means that collective initiatives by entrepreneurs are scarce and initiatives from the
municipality suffer from the complex organization with many stakeholders (Schenau, Y. 2011). Finally,
there is a degree of mistrust among the vested companies and towards public bodies in business districts
when implementing collective measures. This mistrust is detrimental to any collective initiative where
financial and operational responsibilities need to be managed. “Park management” organizations on business
districts normally operate as a neutral party to initiate collective services. However, energy management
requires extensive knowledge and expertise that are difficult usually not readily available in a park
management organization.
Most important here is the low priority of energy issues amongst companies. Especially the non-energy
intensive industrial firms have low interest in energy issues compared to their core activities. Therefore, there
is a low awareness of the possibilities to reach a more sustainable and continuous business situation (Grim,
2005). Companies concentrate on their core business, and usually do not adopt side jobs. Energy efficiency
measures come with a certain ‘’hassle factor’’. This means that these activities are seen as an obstruction to
the business process, which costs time and money. However, small and mid-sized companies are, just like
large companies, increasingly confronted with requirements to work in a more sustainable way. This, as well
as the growing awareness of the effectiveness of overhead cost reductions by saving energy, results in more
interest in energy efficiency.
The technical category represent the external technology based factors. There are numerous energy
efficiency measures on the individual and collective level available. The extend of these measures keeps
growing along with their efficiency. Big energy efficiency projects often have high risks and long pay-back
times. Therefore, uncertainties like maintenance costs and technology prices and capacity can hinder
progress because the right moment to invest is unclear.
This category in the causal diagram represents factors within the legal and governmental environment. First,
the ‘’wet milieubeheer’’ or the Dutch environmental Act plays an important role within the sustainable
energy transition. This Act obligates companies with a yearly electricity use greater than 50.000 kWh and/or
a natural gas use greater than 25.000 m3 to implement energy efficiency measures with a payback period less
than 5 years. The municipality were the company is vested has the task to maintain this Act. However most
municipalities don’t have the expertise or man hours available to do this which takes away the incentive for
companies to act. However, the energy saving potential of this Act is acknowledged and control will be
enhanced to reach those potentials (Volkers, et al., 2005).
Furthermore, companies are now targeted individually which results in an individual approach to the
problem while much more effect is sorted when things are organized for the collective (USP, 2011). In a
(mixed) business district, many companies with a low and average energy use are combined with a small
number of large companies with large energy uses. The Dutch government has made agreements with these
large energy users within the MJA3 (meerjarenafspraken energy efficiency) and the MEE
(meerjarenafspraken energy-efficiency ETS-ondernemingen). These agreements are based upon a predetermined yearly energy efficiency improvement (Agentschap NL, 2011). Companies within this category
are already working on their energy efficiency and have made investments to reach the stated objectives.
Therefore, these companies have no need for active involvement in collective projects (TNO, 2011).
However, small participating companies within the MJA program also have, as stated before, growing
interest in renewable energy measures. Lack of funds and expertise are often in the way of further
development (Dervis & Boogaard, 2012). There is also a problem with the subsidies. Usually, they are highly
uncertain as they are determined each year and depend on the governmental installment which changes every
4 years. This as well as difficulties to comply with all the requirements to receive these subsidies for
individual companies, results in a barrier to development. Finally, the energy tax is identified as a factor that
has influence in energy efficiency development of companies. There are two types of taxes that have to be
paid when using energy. First, there is the regulating energy tax (REB) that’s designed to stimulate the
efficient use of energy. In the Netherlands, the tax percentage decreases when the energy use grows. This is
constructed in a staggered way, so the tax is paid per threshold, were the remaining energy use shifts up to
the next one. The regulating energy tax keeps the energy price low for large users and therefore removes part
of the incentive to invest in energy efficiency measures.
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The financial category includes factors that have great influence in the financial feasibility of energy
efficiency projects. Big energy projects involve a high initial investment against high uncertainties combined
with a low return on investment (ROI). Companies stand firm with the ‘’niet meer dan anders’’ (NDMA)
principle which states that the total costs in a new situation such cannot exceed the current costs. Life-cycle
costs are rarely taken into account because often, managers only care for short term results. Pay-back times
longer than 3 years are only accepted when the core business is concerned. Another factor is that extra
payments and loans for energy efficiency can limit the company’s investment ability since these can
negatively affect the balance sheet (Ürge-Vorsatz, et al., 2007). Furthermore, uncertain future demand is a
factor that can have great influence regarding collective measures. When a company moves elsewhere or
goes bankrupt, an important amount of energy demand is lost. This is because of the relatively small number
of clients representing most of the energy demand. This characteristic is also playing a role in the transaction
costs. Companies have different buildings and different production processes that result in a limited ability to
replicate project designs and causes high transaction costs (Williams, 2010). Finally, the uncertain energy
prices are implemented in the financial category. The energy price for large users is relatively low because of
the way the REB is structured, as described above. Despite the tax advantage for large users, the energy price
is still rising each year but this trend is, especially for the long run, hard to predict. A rising energy price can
seriously endanger the continuity of companies with high energy intensity and is therefore an important
incentive to invest in energy efficiency.
3. System dynamics and sensitivity analysis in energy urban district management
First, this paper uses literature survey to identify the influencing factors within the sustainable energy
transition of business districts, important stakeholders and to get an overview of ESCo possibilities. Findings
are verified with expert interviews. Based on the outcome of this study an ESCo business model is selected.
This business model forms the basis for the SD model. To verify the model and to assess the most
influencing factors a sensitivity analysis (Morris analysis) is performed. The scenarios are set up and include
these factors. Now, a case study is selected that gives input to the SD model and the model is run. The model
assesses certain risks under the stated scenarios to get more insight in the feasibility of energy services for a
business district.
‘’System dynamics is a perspective and set of conceptual tools that enable us to understand the structure and
dynamics of complex systems. System dynamics is also a rigorous modelling method that enables us to build
formal computer simulations of complex systems and use them to design more effective policies and
organizations’’ (Sterman, 2000). SD is a modelling methodology which represents reality and aims to
simplify it in a matter that can be comprehended. The goal of the model is to make an abstraction, so that the
dynamics of the effects can be investigated. In this research, SD is used to model the factors that influence
the NPV of an ESCo’s activities on a business district. Sterman (2000) describes the modelling process to be
iterative, which means that results of the steps taken can yield insight to revisions in any earlier step. The
modelling process includes the following steps: (1) articulate the problem to be addressed; (2) formulate a
dynamic hypothesis or theory about the causes of the problem; (3) formulate a simulation model to test the
dynamic hypothesis; (4) testing the model until you are satisfied it is suitable for your cause; (5) design and
evaluate policies for improvement.
To assess the level of influence each parameter in the model has on the random variable (NPV), a sensitivity
analysis (SA) is performed. There are a large number of approaches to performing a sensitivity analysis
depending on the characteristics of the data and the research objectives. The parameters in this research
change with each scenario, giving each parameter a range of possible values. Each scenario has an equal
probability to occur. Overall, two groups of sensitivity analyses are recognized: local sensitivity analysis and
global sensitivity analysis. The local SA examines the local response of the output(s) by varying input
parameters one at a time while holding other parameters at central values. The global SA examines the global
response (averaged over the variation of all the parameters) of model output(s) by exploring a ﬁnite (or even
an inﬁnite) region (Saltelli, et al., 2000). The goal of the analysis is to assess the level of influence regarding
each individual parameter so a local SA is chosen. One of the simplest and most common approaches is that
of changing one-factor-at-a-time (OFAT or OAT), to see what effect this produces on the output. This
method involves: (1) moving one input variable, keeping others at their baseline values; (2) returning the
variable to its nominal value, then repeating for each of the other inputs in the same way (Bailis, et al., 2005).
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The Morris analysis is such an OAT method and reviews the corresponding of each parameter with regard to
the random variable (NPV) and is used in this research.
Prior to introducing a model, the most important factors their representative parameters with description and
units have been provided in the following table (Tab.1). As an addition, the last column (Tab. 1) informs a
reader about the initial values that has been set to simulate the model for a specific case study (Section 4).
Tab. 1: List of factors and related parameters used in the system dynamic model

Factor

Parameter

Description

Units

Initial value
2013

Demand of

Gas demand

Total gas demand of potential
clients

m3/year

5.313.960

Electricity demand

Total electricity demand of
potential clients

kWh/year

20.937.420

Gas price

Base year gas price (incl. tax)

Euro/m3

0,50

Electricity price

Base year electricity price
(incl. tax)

Euro/kWh

0,147

Energie Investerings
Aftrek (EIA)

Subsidy on investment for
energy efficiency and
renewable energy measures

%

10

Stimulering
Duurzame
Energieproductie
(SDE+)

Subsidy for generating
renewable energy

%

5

Surface E

Available rooftop surface for
PV panels

m2

22674

Surface H

Available rooftop surface for
UHV panels

m2

11780

Price Heat generation

Price for UHV panels

Euro/m2

115

Price Electricity
generation

Price for PV panels

Euro/m2

145

Capacity electricity
generation

Capacity PV (base year)

kWh/m2/year

219

Capacity heat
generation

Capacity UHV (base year)

MJ/m2/year

2321

Return on Investment
(ROI)

Return on investment for
investor

Electricity savings

Electricity savings due to
energy efficiency measures

%

6

Gas savings

Gas savings due to energy
efficiency measures

%

35

E saving measures
costs

Costs for energy efficiency
measures regarding
electricity

Euro/kWh

0,29

G saving measures
costs

Costs for energy efficiency
measures regarding gas

Euro/m3

0,90

Inflation

Annual inflation

%

2

energy

Energy
prices
Subsidies

Technology
development

Other

Now, the model is shown below (Fig. 2). To better understand the structure of the model, the parameters that
represent the factors and important parameters are highlighted. An additional part has been added to calculate
the CO2 emission. The model calculates the NPV based on the generated cash flow of revenues and costs.
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Fig. 2: Stock & flow model for energy management on business districts
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4. ESCO performance under different scenarios
With the generated model, a simulation of an energy services project in a business district can be run. This
simulation will provide a better understanding of the uncertainties and risks involved, based on realistic
input.
To assess the extent of influence each factor has on the NPV, a Morris analysis is performed. The Morris
analysis calculates the change of the NPV in relation to the initial values for each parameter as determined in
Tab. 1. Then, each specific parameter is changed to its maximum value with regard to the scenarios as
determined in previous study (Farla, et al., 2006). This is done for all dynamic parameters. To compare the
outputs of the analysis of each parameter, the sensitivity is expressed in its relative importance. The results of
the analysis are shown below (Fig. 3).

Relative importance

0,6
0,5
0,4
0,3
0,2
0,1
0

Fig. 3: Morris analysis on NPV

The analysis shows that the SDE+ is the most sensitive parameter. The SDE+ is not ranged in value but just
turned on or off with substantial effect on the NPV value. This gives this parameter an important risk profile.
The effectiveness of the renewable energy sources is also very sensitive. These parameters don’t change over
time though. Hence, when panels are installed on the rooftop, the capacity will remain the same for their total
life time. Both these factors are important to assess the best moment for investing in renewables. The
demand for energy seems to have a low sensitivity. When a company goes bankrupt or moves, the changes in
total revenues are only caused by the missing remuneration for saving measures. The generated renewable
energy will be distributed among other clients.
To assess the uncertainty of the factors over the life span of an ESCo project, scenarios are used. The model
is run using the macro-economic scenarios: global economy (GE), global economy high oil price (GEH),
strong Europe (SE), transatlantic markets (TM) and regional communities (RC). For the technologic
development, trends are used with regard to system’s capacity and price. To compare the results, a
‘’business as usual’’ case (BAS) is introduced. This case represents a situation were no energy efficiency and
renewable energy measures are installed. Fig. 4 shows the results for the energy bill to be paid by the ESCo
clients in business district ‘’Hoogeind’’. The BAS case is depicted as an average trend with regard to the
different scenarios to keep the figure clearer. It shows that the clients start profiting in the year 2019 as the
energy bill drops due to the installed electricity saving measures being paid off. The decrease in energy costs
goes even further in the year 2023 when the saving measures on natural gas have reached their payback time.
The strong increase in costs with regard to the SE scenario is caused by the strong increase in conventional
energy prices. This scenario represents the worst case for the ESCo clients and the RC scenario represents
the best case. On average, the clients pay 15% less in the worst case scenario and 30% less in the best case
scenario over the total period of 30 years.
There’s chosen to run the model under project duration of 30 years. This is because the renewable energy
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systems in general have an average lifespan of 30 years and the scenarios almost fully cover this period.

16000000
14000000

euro/year

12000000
GE

10000000

GEH

8000000

SE

6000000

TM

4000000

RC

2000000

BAS

0

Year
Fig. 4: ESCos feasibility under multiple scenarios

As assessed with the Morris analysis, the effect of the SDE+ subsidy is very strong. The risk profile for this
parameter is therefore interesting to research. The next figure (Fig. 5) shows the NPV when the subsidy
cannot be implemented compared with the scenarios under conditions with subsidy.

18000000

TM no SDE
13000000

SE no SDE
RC no SDE
GE no SDE

Euro

8000000

GEH no
SDE
GE
3000000
GEH
RC
SE

-2000000

-7000000

year

Fig. 5: NPV under scenarios without SDE+

Fig. 5 shows that on average, the NPV of the project in 2043 drops by 50% without SDE+ subsidy, but is
still feasible since NPV>0. The highest NPV value here is reached in the GEH scenario; € 5.547.142 and the
lowest in the RC scenario; €5.083.273. This shows the great influence of the SDE+ subsidy on the NPV.
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5. Conclusions
Manufacturing companies by far consume the most energy in relation to other branches of industry.
Secondly, the overhead, with regard to energy is by far the highest in these companies. These companies
have high potential to lower their energy use which leads to substantial savings with regard to its costs. The
growing importance to comply with energy saving objectives set by the government is therefore highest in
this type of industry. Large companies with a high energy use are able to reach these objectives and stay
competitive themselves, since they have sufficient financial means and in-house knowledge to do this.
Middle sized industry does not have these means and is therefore defined as the real problem owner in this
study.
Many factors hinder these companies to implement measures to save on energy by themselves (Fig. 1). An
ESCo can relieve some of the problems for these companies by providing energy related services. Because of
the extent of its demand and supply side services, remuneration scheme and verification method, the IEC
model appears to be the most promising for business districts. Energy efficiency measures are implemented
that improve the energy performance of the buildings and the production processes.
In addition, inorder to make a best judjment of potetial of certain ESCo several uncertain factors play a major
role. The uncertainty factors for most of the ESCo are: demand of energy, energy prices, subsidies and
technological developments. As shown in this paper as well, the availability of subsidies and the
development of renewable energy technology are determined to have the most significant influence on the
outcome.
The models has been tested on a selected case study ‘’Hoogeind’’. Previously described scenarios capture the
uncertainty of the energy prices, demand and subsidies. The financial results are very positive as the NPV>0
in all scenarios and a 44% saving on conventional energy is reached. In this case, the availability of the
SDE+ subsidy is adopted in each scenario. However, the influence on the NPV and the uncertainty of its
availability creates a substantial risk factor. Important to notice, when the model is running without the
SDE+ subsidy, the NPV drops by 50% in value but remains positive for all scenarios.
Finally from this paper, it can be concluded that outsourcing energy related services to an ESCo by the midsized manufacturing industry is certainly interesting for both parties. Large wins can be made at the demand
side considering the available saving potential. For the supply side measures, hence the generated renewable
energy regarding heat and electricity, there can be recommended to wait for these technologies to reach
higher capacities and lower prices. This way, public goals to reduce fossil fuel use may go hand in hand with
an economically feasible business model.
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Abstract
This paper describes a new residential building area with a solar assisted block heating plant. The building
area currently comprises 26 single family buildings, four small multifamily buildings, 6 terrace houses and a
nursing home for elderly people with 64 apartments. All buildings are designed for a low heat demand
(<45 kWh a-1 m-2) and the total heated floor area is 14 000 m2. The block heating system comprises a central
250 kW wood pellet boiler, about 700 m2 of distributed roof-integrated solar collectors and a novel heat
distribution system. An initial evaluation indicates that designed heat demands, as well as the overall system
performance including expected solar contribution, is likely to be met. Reported measurements include
annual (April 2013 – March 2014) heat balances for two substations with single family buildings, yearly
solar energy gains (August 2013 – July 2014), and a monthly (March 2014) heat balance for the whole
system.
Keywords: solar thermal, district heat, hot water circulation, passive houses

1. Introduction
EKSTA Bostads AB (municipal housing company) has built and operates a number of solar assisted heating
plants in small residential building areas, the first ones from the 1980’s. The heat supply is managed via
small district heating systems based on wood chips and/or wood pellet boilers and roof-integrated solar
collectors of different generations, i.e. 100% heating by renewables. The buildings, commonly small
multifamily buildings, have always had a bit lower heat demand than required by the Swedish building code.
The new building area in Vallda Heberg comprises multifamily buildings, as well as single family buildings,
with even lower heat demands than previous areas, and is thus a bit of a challenge for a central heat supply
system.
The area is the result of a commercial “partnering” project (carried out together with NCC as the main
building contractor). It is a great achievement for all involved stakeholders - housing company, architect,
consultants and contractors - as it involves a number of innovative parts and has got a lot of attention in
media.
2.

System description

2.1. The area
Vallda Heberg comprises 26 single family buildings, four multifamily buildings (4 apartments per building),
6 terrace houses with in total 22 units and a nursing home for elderly people with 64 apartments, all together
about 14 000 m2 heated floor area. A preschool and a few commercial buildings will also be part of the area
in the future.
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All buildings are designed as passive houses according to the Swedish standards, i.e. well insulated buildings
with air tight envelopes, and supply and exhaust ventilation with heat recovery is applied in all buildings.
Roof overhang and balconies provide sun shading to reduce solar gains in the summer period.
2.2. Heat supply
The local district heating system comprises one central heating plant (HP) with a 250 kW wood pellet boiler
(and an oil boiler for back-up) and four sub-stations (SS1-4). Buffer storage tanks are installed in the central
heating plant and in each sub-station. There are 108 m2 evacuated tube solar collectors on the heating plant
and 570 m2 flat plate roof-integrated solar collectors in connection to the sub stations (see Fig. 1 and 2
respectively). Solar heat is targeted to cover 40% of the end-use of space heating and domestic hot water.

Fig. 1: Heating plant with evacuated tube solar collectors

Fig. 2: Multifamily buildings with roof-integrated solar collectors

The primary heat distribution between HP and SS1-4 comprises a 2-pipe system between the central heating
plant and the sub-stations, using traditional pre-insulated steel pipes. The flat-plate collectors deliver heat to
the storage tanks in each sub-station. The cold water inlet of the loop is supplied through the storage to be
pre-heated. If the storage temperature is high, the DHW circulation will pass through the storage as well. The
primary culvert delivers heat to the secondary distribution loop via a heat exchanger when the solar heat
produced by the flat-plate collectors of the sub-station is not sufficient to maintain 57-60°C outlet
temperature. A low supply temperature is possible, as the permitted minimum return temperature of a
domestic hot water circulation loop is 50°C according to the Swedish building regulations.
The secondary heat distribution system between SS1-4 and the buildings is a so called GRUDIS 2-pipe
system (Zinko, 2004) where hot water is circulated in plastic (PEX) pipes, similar to a standard DHW
circulation system. Fig. 3 shows the secondary heat distribution system comprising the pipes in an insulating
(styrofoam) box buried in the ground. The circulating hot water is also used to heat the buildings when there
is a heat demand.
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Fig. 3: Secondary heat distribution system

Fig. 4: Simple schematic of the technical system in Vallda Heberg

Fig. 4 shows how the heat for space heating and domestic hot water is delivered from the boiler central via a
sub-station to the single family houses, in a simple schematic of the heating system. Sizing of solar system
components for the sub-stations are based on the heat load design calculations to have a similar solar fraction
(around 40%) in all sub-stations. Distribution of the solar collector areas and the buffer storage volumes in
the heating plant and in the four sub-stations are found in Table 1.
Tab. 1: Solar collector aperture areas and storage volumes of the central heating plant and the sub-stations

2

Collector area [m ]
3

Storage volume [m ]

HP

SS1

SS2

SS3

SS4

108

142

48

64

324

15

15

5

6

28

2.3. Single family houses
Heat for the single family buildings are supplied by sub-station one and two respectively. Each house has
two floors, and a total heated area of 140 m2. The hot water circulation of the secondary culvert is connected
to each individual building. The hot water is delivered directly for tapping and for heated appliances (e.g.
washing machines). The circulating flow is passing a heat exchanger for space heating and a floor heating
loop in the bathroom and utility room before returning to the sub-station for re-heating. A water-glycol loop
delivers heat from the heat exchanger to an air heating coil. Space heating is provided by the air heating coil
to the supply air, which is pre-heated by the exhaust air using a rotating heat recovery unit. The schematic of
the house units is shown in Figure 5.

719

Nielsen, Haegermark and Dalenbäck / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 5: Schematic for heating and hot water for single family houses. VS2-VVX is the heat exchanger from hot water
circulation to the water-glycol loop, and LB01-VB is the air heating coil unit. “Golvvärme” is the floor heat.

2.4. Building area development
The residential area has developed over a period of 2 years. The single family buildings were occupied
already at the end of 2012, while the other buildings where occupied late 2013. The heat supply system,
including solar collectors, has been put into operation in steps in order to supply heat to occupied buildings.
A few commercial buildings have been finished in the summer of 2014.
This paper is mainly focused on the operation of SS1 and SS2 for the period April 2013 to July 2014.
2.5. Design calculations
The buildings have, as mentioned, their heat supplied via four sub-stations (SS). Table 2 summarizes the heat
demand for space heating and Domestic Hot Water (DHW) in all buildings connected in the initial building
phase, as calculated during the design of the area.

Tab. 2: Calculated heat demands.

Heat
[kWh a-1]

Units
[-]

Specific
[kWh a-1m-2]

Total
[kWh a-1]

Single family buildings

7 800

26

55

202 800

Flats in terrace buildings

3 400

22

52

74 800

Multifamily buildings

15 400

4

48

61 600

Commercial buildings

12 700

1

62

12 700

Nursing home

269 000

1

37

269 000

Total

720

620 900

SS1

7 800

19

55

148 200

SS2

7 800

7

55

54 600
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Fig. 6 shows the whole building area with heat distribution systems between heating plant, sub-stations, solar
collectors and buildings.

Fig. 6: Building area with central heating plant (right), four sub-stations (red), primary (brown) and secondary (violet) heat
distribution, as well as the distribution system for solar heat (green) between the 4 multifamily buildings and sub-stations 1 (at
bottom with 19 single family buildings) and 3 (top middle with 22 units in terrace buildings and the nursing home for elderly
people). Sub-station 2 is in top left (see also Fig. 11). The 6-7 small buildings shown on the far left and 3 large buildings nearby
the heating plant are not yet built.

3. System performance
3.1. The overall system
The connected buildings are designed to have low heat losses and about half of the heat demand is related to
the single family buildings. The building area thus has a low heat density, i.e. a low heat demand per heat
distribution pipe length, which requires a feasible (low-cost) heat distribution system.
Tab. 3: Measured heat balance for March 2014

Heat
[kWh]

Heat
[kWh]

Share
[%]

Wood pellet

79 700

86

Solar HP+SS

13 300

14

Heat supply

93 000

Primary distr.

-17 100

Secondary distr.

-9 300

Distribution
Heating

-52 100

DHW

-14 500

Heat demand

-26 400

28

-66 600

72

It is not yet possible to have measurements for a complete year for the whole system. Table 3 thus shows the
measured heat balance for one month in spring 2014 in order to get an indication of how it will look like for
a complete year. The solar heat gains are measured on the primary side of the solar heat exchangers, which is
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(almost) equal to what is actually charged to the buffer storages. The net utilized solar energy will be less,
especially due to storage heat losses.
The result show that solar heat covered 14% of the heat supply and that 72% of the heat supply was used in
the buildings and 28% was used to cover heat losses in the heat distribution systems.
3.2. Annual performance of SS1
All sub-stations have their own solar collectors to pre-heat outgoing hot water. The difference between the
heat demand in the buildings and the local solar heat is made up by heat from the main heating plant (HP).
The heat from the HP includes solar heat from the collectors on the HP. Fig. 7 shows the heat (MWh/month)
going into SS1 for the period April 2013 to March 2014.

Fig. 7: Heat into SS1, April 2013 – March 2014.

Here it should be noted that Solar-SS1 was not in full operation until September 2013.
The heat (MWh/month) going out from the sub-station covers DHW and space heating in 19 single family
buildings, as well as the heat distribution losses. Figure 8 shows the heat going out from SS1 for April 2013
to March 2014. The heat demand in June-August is mainly due to a comfort floor heating in the bathrooms,
and is relatively large compared to both the DHW load and the winter load.

Fig. 8: Heat out from SS1, April 2013 – March 2014

The annual heat balance of SS1 is shown in Table 4. The difference between Heat supply and Heat demand
(2%) is due to measurement uncertainties in SS1.
SS1 supplies heat to 19 single family buildings with 2 660 m2 of heated floor area. That means a heat
demand of 29 kWh a-1m-2, DHW of 16.5 kWh a-1m-2 and in total about 45 kWh a-1m-2, for the year measured.
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Tab. 4: Measured annual heat balance SS1, April 2013 – March 2014

Heat
[kWh]

Heat
[kWh]

Share
[%]

Pellet - HP

124 540

80

Solar – HP

11 460

7

Solar – SS1

19 150

12
155 150

Heat supply

100

Secondary distr.

-40 560

25

Heating

-76 450

48

DHW

-44 010

27
-161 020

Heat demand

100

3.3. Annual performance of SS2
Similar to SS1, SS2 has its own solar system to pre-heat outgoing hot water. The difference between the
heat demand in the buildings and the local solar heat is made up by heat from the main heating plant (HP).
The heat from the HP includes solar heat from the collectors on the HP. Figure 9 shows the heat
(MWh/month) going into SS2 for April 2013 to March 2014.

Fig. 9: Heat into SS2, April 2013 – March 2014

It should be noted that Solar-HP was not in full operation until June 2013. The heat going out from the substation covers DHW and space heating in 7 single family buildings, as well as the heat distribution losses.
Figure 10 shows the heat (MWh/month) going out from SS2 for April 2013 to March 2014.

Fig. 10: Heat out from SS2, April 2013 – March 2014
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The annual heat balance of SS2 is shown in Table 5. Here it should be noted that the heat distribution losses
(including heat losses inside the sub-station) are calculated based on the difference between heat supplied to
the sub-station and measurements in the buildings.
Tab. 5: Measured annual heat balance SS2, April 2013 – March 2014

Heat
[kWh]

Heat
[kWh]

Share
[%]

Pellet - HP

42 090

70

Solar – HP

2 610

4

Solar – SS2

15 450

26
60 150

Heat supply

100

Secondary distr.

-18 350

30

Heating

-26 140

44

DHW

-15 660

26

Heat demand

-60 150

100

SS2 supplies heat to 7 single family buildings with 980 m2 of heated floor area. That means a space heat
demand of 27 kWh a-1m-2, DHW of 16 kWh a-1m-2 and in total <45 kWh a-1m-2, for the year measured.

Fig. 11: SS2 (UC2) with 7 single family buildings (1-7)

The heat losses in secondary heat distribution system between SS2 (UC2 in Figure 11) and the buildings add
another 19 kWh a-1m-2 (30% of total heat use).
3.4. Solar heat
The roof-integrated flat plate (FP) solar collectors are distributed on 7 buildings (see e.g. Figure 2) and
inclined 27϶ (typical roof inclination). The evacuated tube (ET) collectors placed on the heating plant (see
Figure 1) are inclined 70϶ (to reduce over-heating in summer).

Fig. 12: Solar heat, August 2013 – July 2014
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Figure 12 shows the area specific solar heat for SS1, SS2 and HP from August 2013 to July 2014. Solar-SS1
and Solar-SS2 have supplied about the same, around 320 kWh a-1m-2, while Solar-HP has gained more than
530 kWh a-1m-2, both values based on aperture area.
3.5. Heat distribution losses
The heat losses for the secondary culverts have been calculated based on an energy balance using measured
energy entering houses and energy leaving the sub-stations during the period April 2013 – March 2014.
Tab. 6: Secondary heat distribution characteristics

Length
[m]

Length
[m/unit]

Heat loss
[kWh a-1]

Heat loss
[W m-1]

SS1

469

24

40 560

9.9

SS2

215

31

18 350

9.7

Table 6 shows the secondary heat distribution length and heat losses for SS1 and SS2. The average heat loss
power is around 10 W m-1 heat distribution length.
4. Discussion
The whole system has only been in operation with all residential buildings and solar collectors connected
since autumn 2013, while parts of the system have been in operation since 2012.
An initial evaluation was carried out within a master thesis (Olsson and Rosander, 2014). A more detailed
evaluation will be carried out by the main author within the Marie Curie “SHINE” project. The evaluation
will include a more detailed analysis of the measured performance when data for the whole system for a
complete year is available. System modeling will be performed for optimization of solar collector
implementation and heat distribution system for similar areas.
4.1. Measurements vs. design heat demand
The initial evaluation based on annual heat balances of SS1 and SS2 together with a monthly heat balance of
the whole system shows that the overall system performance is as expected.
Tab. 7: Measurements vs. design for SS1 and SS2

Measurements
Heating + DHW
[kWh a-1]

Design calculations
Heating + DHW
[kWh a-1]

SS1

117 010

148 200

SS2

41 800

54 600

Table 7 shows a comparison between measurements for 12 months (Tables 4 and 5) and design calculations
for one year (Table 2) for SS1 and SS2. The comparison shows that the measured heat demands in the single
family buildings actually are significantly lower than the design heat demands. It should however be noticed
that the measurement period was warmer than an average year and that the use of electricity (and thereby the
internal gain) of the buildings was higher than in the design values.
The accuracy of the measurements has to be further evaluated. The uncertainty of the energy meter of the
heat leaving SS1 is quite high. Due to constant pump flow rate the uncertainty of the measurements is
substantial in the summer time, as the return temperature is only one degree lower than the outlet temperature
of the sub-station.
4.2. Solar heat
The solar collectors are expected to supply about 400 kWh a-1m-2 as an average for all collector fields. The
measurements (SS1 and SS2 about 320 and HP close to 530 kWh a-1m-2) indicate that the design will be met
when all solar collectors are in operation as planned.
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4.3. Heat distribution
The large share of heat distribution losses for the primary distribution system is partly due to some sections
without buildings (see Figure 6). The share of heat distribution losses in comparison to the heat demand in
the buildings will thus decrease as more buildings will be connected.
The building area has a low heat density and long heat distribution pipes in relation to number of units. The
worst cases with single family buildings connected to SS1 and SS2, have 24 and 31 m heat distribution pipes
per unit respectively. This is longer than recommended for district heating areas considering distribution pipe
costs versus the cost of heat (Dahm, 1999).
4.4. Future work
Having domestic hot water circulation in a block heating system is unusual. It has proven to be
unproblematic to provide hot water in a safe and stable way (i.e. always above 50°C return temperature). A
future more detailed evaluation will show if the advantages with this type of block heating – 100%
renewable heat supply including solar heat for a new small building area with low heat demands – will
overcome the disadvantages, i.e. mainly relative large share of heat losses. The study will investigate if this
solution is operationally and economically beneficial compared to more traditional 2- and 4-pipe block
heating systems. It will also investigate whether the sub-station solution (which can also be used for new
residential areas close to existing district heating networks) improves the potential of providing feasible solar
heating.
5. Conclusions
The new residential area in Vallda Heberg presents a novel combination of low-energy buildings, heat
distribution system and solar energy utilisation. As all buildings are passive houses, a large share (25-30%)
of the supplied heat is lost in culverts and sub-stations. The system is designed with the intention to cover
60% of the (residential) heat demand by wood pellets and 40% by roof-mounted solar collectors. An initial
evaluation shows that the (average) heat demands in the buildings, the solar heat contribution and the heat
distribution losses are close to design values. The project shows that solar heat can play a big role in future
residential areas connected to block or district heating systems. A more detailed evaluation will show how
this type of system can be improved.
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Abstract
Large scale thermal energy storage (TES) will be beneficial regardless of the future composition of the energy
system. This paper presents a dynamic finite difference TES model, which is coupled to a 2D finite element
model for the simulation of large-scale (underground) TES. With the geometrically flexible model TES can be
simulated dynamically in district heating systems considering different types of construction and geometry
(cylinder, truncated pyramid/cone, free-standing or buried) with variable distribution of the thermal insulation.
The influence of the properties of the ground as well as approximately the influence of ground water on the
thermal losses and the stratification can be investigated. In addition, the optimum distribution of the thermal
insulation (bottom, wall, cover) can be determined for different applications of the TES (e.g. buffer or longterm). The model is implemented in the MATLAB/Simulink simulation environment. Simulation results for
different storage types and geometries are presented.

1. Introduction
Regardless of how the future energy supply is composed (fossil, renewable, with or without nuclear energy or
mixed systems) - all scenarios [IER Uni Stuttgart, ITT DLR, Wuppertal Institute, FHG-ISE] show that - waste
heat from the electricity production will be so valuable in the future, that large-scale storage of heat will be
beneficial (Mangold 2009). Currently the optimization of solar assisted district heating by means of heat pumps
is frequently discussed (e.g. German project in Eggenstein or Austrian FFG project store4grid). Usually an
increase of the share of renewable energy in the heat supply contradicts an increase of the efficiency of the
energy or heat supply, respectively. A detailed investigation of the system by means of simulation is necessary
to develop an optimally balanced solution with maximum primary energy savings. The profitability of largescale TES is currently not given. Seasonal TES will be hardly economically even in future due to the low
number of storage cycles. Intelligent multi-functional storage concepts might improve the economic feasibility.
The investigation of the technical and economic potential of integrating a heat pump and TES into (solar)
district heating systems requires accurate (and sufficiently fast) TES models.
2. LARGE-SCALE TES – REVIEW
Large-scale thermal storage is increasingly used. We have to distinguish in large-scale buffer storage for
district heating systems, mostly free-standing steel or concrete tanks, such as for example the thermal energy
store with approximately 35 000 m m³ in Linz and in long-term or seasonal thermal energy stores, such as the
pit heat store in the solar assisted district heating system in Marstal with 75 000 m³, see Fig. 1.
(source: www.vam.at)

source: Marstal Fjernvarme)

Fig. 1: (left) Buffer TES of the district heating system in Linz. (middle/right) pit heat store in Marstal (sunstore IV)
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In case of buffer storage good stratification is of greater importance than the heat losses through the envelope.
To minimize the internal exergy losses a relatively large height to diameter ratio (h/d~3) should be aimed at.
For long-term heat storage external losses are more significant. Minimum A/V-ratios and thus h/d-ratios in the
range of about 1 should be designed. However experience shows that, usually lower h/d-ratios were realized
due to architectural (i.e. optical) restrictions or geophysical boundary conditions, such as groundwater or rock
layers. Examples are the underground tank stores in Hamburg (h/d≈0.4), Friedrichshafen (h/d≈0.6) or Hanover
(h/d≈0.7), see (Ochs 2013) for further details. And this applies in particular for large pit heat stores such as the
10 000 m³ pit heat store in Wolfsburg, the 30 000 m³ pit heat store in Mannheim and also the pit heat stores
that have been realized in recent years in Denmark. All were planned and/or realized with rather flat slopes
which leads to low h/d-ratios and correspondingly large surfaces (Tab 1.).
Tab. 1: Volume V, height h, slope angle E and surface A of large-scale pit heat stores, acc. (Ochs 2010), (Sørensen 2014)

Project
Volume V / [m³]
Slope / [-]
Angle E[°]
Height h / [m]
Surface A/[m²]
A/V / [1/m]
h/d / [-]

*)

#)

*)
§)

Mannheim§

Wolfsburg§

Marstal I

Marstal II

Droninglund

30 000

10 000

10 000

75 000

62 000

1/1.3

1/2

½

1/2

1/2

38

27

27

27

27

15

8

6.5

16

14.5

75x50

51x51

65x42

113x88

92x92

0.31

0.52

0.56

0.27

0.29

0.23

0.16

0.23

0.23

0.35
planed

*)

of cover

#)

aspect ratio

*)

ratio of height (h) to mean diameter d m=(dtop+dbottom)/2

Such large pit heat stores are frequently realized with a floating cover as self-supporting covers of this size
are technically rather complicated and accordingly not economically feasible. A detailed state of the art of
large-scale storage can be found in (Ochs 2013a).
3. Optimized construction concepts
A classification will be established first to develop optimized concepts for large (underground) stores. Tank
stores (T) can be build free standing, partly buried or underground. Large underground thermal energy stores
can be constructed as a pit heat store as a cylinder, or as truncated cone or pyramid. Free-standing tanks can
be insulated without problems from the building physics point of view. Moisture accumulation in the insulation
can be avoided by means of construction with rear ventilation. Underground thermal energy stores can be built
with or without thermal insulation. Avoiding moisture accumulation in the insulation is not trivial in case of
underground thermal energy storage: penetrating moisture (during construction or during operation by
diffusion or ground water) cannot escape ("wet outside, wet inside").
A special solution is the underground storage with rear ventilation, realized by a container in a pit. Such a
solution was chosen for the tank thermal energy storage in Hamburg (see Bauer et al.), which was rebuilt in
the pit of the back built old tank store. With this rather complex solution that will likely remain an exception,
rear-ventilated insulation is possible and accessibility is guaranteed (maintenance). Generally, free-standing
stores are beneficial compared to underground storage. There are no excavation costs on the one hand, and on
the other hand the insulation is significantly less problematic. Only for TES with a certain size (> ca. 100 000
m³) the effort to build a free-standing tank becomes too large and pit thermal energy storage is economically
advantages. For stores with a volume less than approximately 100 000 m³ there are two reasons to build
underground:
x

if visibility is not desirable and

x

if the area should be usable (trafficable by foot or car), see Fig. 2

Following questions arise:
x Which storage type (size, geometry and thermal insulation standard) is the most appropriate for which
type of system (local or district heating, solar with/without heat pump) at a specific location? From
energetic and economic point of view.
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x

Are there benefits of integrating a heat pump in such a system by improving the stratification of the
store or enable further discharge of the store (below the level of return flow temperature) and thus
increase the solar yield? A primary energy and economic analysis is required.

x

What is the equivalent volume of a pit thermal energy store with high A/V- or low h/d-ratio,
respectively or how much more compact can an ideal (free-standing) cylindrical thermal energy store
with the same efficiency be build?

Fig. 2: Schematic of decision-making process for large-scale thermal energy storage

4. Modelling Large-Scale Underground Stores
4.1 General aspects
For the depiction of the thermo hydraulic behavior of TES in principle fine and coarse structure models can be
used. Fine-structure or CFD models allow a geometrically precise, finely resolved 2D or 3D depiction of the
store structure, as well as a consideration of all heat transport processes occurring in reality. Fine-structure
models require the solution of partial differential equations for the relevant physical parameters such as
temperature, humidity, pressure and speed. Because of the very large computational effort (multi-) annual
system simulations with long-term storage are currently not feasible (and probably also not in the near future).
Furthermore, it is disadvantageous that any geometry change is associated with a complex numerical mesh
generation.
Coarse structure models use, depending on the present task, simplistic assumptions in geometry, material
properties and boundary conditions for the calculation, leading to a significant reduction of the computational
effort. Detailed calculations with the aim of optimizing the store geometry and the distribution of the thermal
insulation cannot be performed with currently available coarse structure models (e.g. with those available in
TRNSYS or MATLAB/Simulink). So far, dynamic storage models, which were usually developed for the
depiction of small buffer stores are limited to a sufficiently detailed depiction of the hydraulic behavior while
simplifying the geometry (cylinders) and do not take correctly into account thermal losses.
The few available models for large-scale underground thermal energy storage such as the XST or ICEPIT in
TRNSYS are suitable for a rough sizing of the store and system optimization but not for an optimization of the
store itself. In (Ochs, 2010) the aspects of moist insulation were investigated the influence on the heat loss was
determined. However, detailed studies on the optimal geometry and the economically optimal use of thermal
insulation were not fully investigated. The integration of a heat pump and aspects related to the geometry and
the insulation of the store have not been investigated so far.
4.2 Coupled FD storage and FE ground model
The model presented here allows to dynamically simulate TES of different types and geometry (cylinder, cone,
or pyramid stump) with variable distribution of the insulation in a block or district heating system. The
geometry can be easily parameterized. The influence of the soil as well as approximate of ground water on the
heat loss and the stratification can be investigated. In addition, the optimal distribution of thermal insulation
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(floor, wall, cover) for various applications and system configurations can be determined. Such a model should
enable to determine the (reduction of) losses resulting from the ground coupling as well as predict the
performance of more complex geometries, such as a double cone or wall made with the excavation, such as in
Marstal and Droninglund with good accuracy. A dynamic finite difference (FD) thermal energy storage model
is coupled to a 2D finite element (FE) model which allows the simulation of large-scale underground thermal
energy stores with flexible geometry. The model is implemented in the numerical environment
Matlab/Simulink using the PDETOOL and so-called level-2-S-functions.
The heat equation – a parabolic partial differential equation (PDE) is transformed into a system of ODEs
applying the „Method-of-Lines“, which can be solved with Matlab or Simulink, respectively (see Ochs et al.
2013). Parabolic PDEs of the form

d  u '  div c  grad (u)  a  u

(eq. 1)

f

can be solved in Matlab with the PDETOOL (2D). The coefficients d, c, a and f are functions of the position
x and time t and are independent from the dependent variable u and their derivative (du/dx). Applied to heat
transfer eq. 1 forms to:

w(eq. 2)
 div O  grad (- ) q
wt
The temperature - is a function of the position x, the time t and the heat source q. The thermal conductivity O,
and the volumetric capacity U.cp can be functions of space and time but not of temperature. With the
formulation of the PDE in cylindrical coordinates, 2D radial symmetric problems can be depicted. The
formulation of the heat equation reads:

U cp 

ww §
w · w § w ·
(eq. 3)
 ¨ rO - ¸  ¨ O - ¸ qr
wt
wr © wr ¹ wz © wz ¹
Here, r is the radius and z the depth. Using the method of lines, the thermal conductivity O, and the volumetric
capacity (U.cp) can be functions of space, time, the temperature and its derivative (d-dx). The system of
ordinary differential equations (ODEs) can be coupled with the ODE system for the storage and thus be solved
by Matlab/Simulink. Exemplarily the differential equation is shown for element i (applies for 1< i <N):
rUc p

wm  c p  -i 1  -i 
wt
U  AS  -s  -i 
V  U  cp

(eq. 4)

Oeff

 A  -i 1  -i  -i 1 
h
m mix  c p  >max -i 1  -i ,0  max  -i 1  -i ,0 @
Here V is the volume of the segment i, U the density and cp the specific heat capacity of the fluid, m the (dis-)
charging mass flow, U the (overall) heat transfer coefficient of the envelope, As the mantle area of the segment,
Oeff the effective thermal conductivity of the storage medium, h the segment height, A the segment cross section
area, and mmix the mass flow in case of inversion. In case of cones the segments are divided such that they
possess equal volume (hence the height of the segments is increasing with depth).
1
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Fig. 3: Schematic representation of three storage segments (i-1, i. i+1) with energy fluxes (left) and FE-domain of a
underground pit (truncated pyramid) with 30 segments (right)

The temperature profile in the ground in the surrounding of the store is shown exemplarily for an underground
pit heat store (Fig. 4, left) and for a tank with ground coupling, (Fig. 4, right).
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Fig. 4: Temperature profile (in °C, arbitrary point of time, x,y-coordinates in m) in the surrounding ground of (left) a pit
heat store and (right) a free-standing tank with ground coupling for ambient and ground temperature of 10 °C

4.3 Validation of the thermal energy storage model
The model developed for the simulation environment Matlab/Simulink is cross-validated by means of
comparison with the storage model of the CARNOT Blockset. Good agreement was found with minor
deviations resulting from effects of the thermal mass of the insulation which is considered in the new model
but disregarded in the CARNOT storage model where massless resistances are considered. Furthermore
insignificant deviations can occur due to the use of different numerical solvers. (Note: in earlier works, the
CARNOT storage model was validated against measured data (Hafner 2012) and against the TRNSYS type
343 (see Bauer et al. 2013). An additional comparison with the TRNSYS XST will be conducted in future).
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Fig. 5: Comparison of the temperatures in the store simulated with the storage model of the CARNOT toolbox (dashed line)
and with the new coupled FD store and FE environment model (solid line); each 10 knots; (left) storage losses starting with
80 °C for 10 °C ambient temperature; (right discharging from initial temperature of 80 °C for 6 days with 12 h/d for a flow
temperature of 30 °C; x axis: time in hours

5. Evaluation of the efficiency of large-scale thermal energy stores
The efficiency of a thermal energy store is influenced by many factors. These are (among others):
x

operating conditions (system temperature, (dis-) charging cycles)

x

site properties (soil properties, boundary conditions, ground water)

x

design and type of store construction (geometry A/V- and h/d-ratio, cylinder, cone or
truncated pyramid, thermal insulation standard (U-value))

One important characteristic of a TES is the number of (dis-)charging cycles or cycle number (CN)
ܳ௨௧
(eq. 5)
ܳ௫
The maximum charging (or storage) temperature determines the max. heat capacity of the store Q max and
depends on the one hand on the used materials (e.g. stainless steel or polymer liner) and on the other hand on
 ܰܥൌ

731

Fabian Ochs / EuroSun 2014 / ISES Conference Proceedings (2014)

the max. pressure (i.e. pressurized tank). Both factors have also significant influence on the economic
feasibility. One important evaluation parameter is the storage utilization factor (storage efficiency).
ܳ௨௧
(eq. 6)
ܳ
A detailed assessment can be conducted only coupled to the total system. Eventually, the overall system
efficiency must be optimized taking into account the efficiency of all components (in particular the solar
thermal system). The utilization factor is determined primarily by the insulation standard. Stratification (and
hence the h/d-ratio) has a second-order influence on the utilization factor (but a 1st order influence on the
efficiency of the heat generator, i.e. solar thermal collector). The economically optimal storage efficiency thus
depends on the number of (dis-)charging cycles. The higher the number of (dis-)charging cycles the less
thermal loss play a role. An assessment of the thermal storage without total system represents only a simplified
approach, however, is useful to understand basic relationships and trends.
ߟൌ

6. Simulation study - storage utilization factor and storage geometry
Three different scenarios are defined in order to investigate and optimize storage geometry and construction
type: a) Long-term thermal energy storage b) Buffer-storage c) Heat pump operation; To avoid a complex
system simulation first simplified charging, discharging and storage scenarios are defined that allow to assess
the storage utilization factor and the stratification of the store. For the long-term thermal energy storage
following simplified assumptions were chosen: initial condition 30 ° C, charging with 80 °C and 7.11 kg/s for
2 months (12 h/d), 1, 2 or 3 months, of storage period, discharge over one month with 30 °C and 3.83 kg/s (24
h/d). The ambient temperature and the groundwater temperature are kept constant at 10 °C. The simulations
are carried out for a free-standing cylinder with and without consideration of ground coupling and an
underground cylinder as well as an underground cone. The following parameters are varied: A/V- or h/d-ratio,
slope angle, insulation standard, soil properties. The underground storage has 1 m soil coverage or a floating
cover. Here only the results for long-term storage will be presented. (Future work will deal with buffer and
heat pump operation (multi-functional storage with combined use of solar and heat pump).
The storage utilization factor has a relatively flat optimum at approximately h/d = 1 regardless of which
insulation standard is selected, independently of the volume of the store (at constant flow rate) and also
regardless of how long the storage period is. The storage utilization factor is decreasing with decreasing
insulation standard and increasing A/V-ratio (for obvious reasons). The storage utilization factor decreases
also with increasing duration of the storage period. Storage utilization factors of 75% to 85% can be achieved
(for the investigated thermal energy store with 1050 m³) with well insulated (U < 0.1 W / (m² K)) cylinders
with optimal h/d-ratio of about 1, see Fig. 6.
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Fig. 6: Storage utilization factor depending in the duration of the storage period (1, 2, 3 months) with the U-value of the
cylinder wall as parameter (cylinder with V = 1050 m³; d = 10 m;);

The relations are somewhat more complex in case of underground thermal energy storage. Here, low A/Vratios should be aimed in principle, too, but the surface ratio insulated/non-insulated area has to be taken into
account, too. This applies in particular for TES where only the cover is insulated (here U = 71.4 W W/(m² K)).
The lower the U-value the greater is the influence of the geometry and the thermal conductivity of the soil.
Without thermal insulation (U = 90.9 W /(m² K)) the storage utilization factor decreases at low A/V-ratios
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from some 85% to approximately 75 % for low soil thermal conductivity to about 60 % for medium and to
about 45 % for high soil thermal conductivity see Fig. 7.
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Fig. 7: Storage utilization factor of an underground thermal energy store as a function of the A/V-ratio (left) and h/d-ratio
(right) for different U-values and ground thermal properties (V = 1050 m³, slope ß = 90°, 75°, 60°, h = 13.369 m * (1.5, 1.25,
1, 0.75, 0.5), for 2 months storage period

One example of such an underground TES with large surface area is the pit heat store in Marstal (see Table 1).
According to (Schmidt et al. 2014) the thermal losses of the 75 000 m³ pit measured in 2013 sum up to some
2600 MWh leading to a storage utilization factor of only 65 % (with a cycle number of CN = 1.4). These very
high losses might be explained to some extend by first year operation. Further investigation is needed. The
16 m deep store has a surface area of 18 878 m² (cover only). In case of a cylindrical tank with the same height
the cover area would reduce to 4687.5 m². A cylinder with an h/d ratio of 1 would only have 1640.9 m² of
cover area and therefore significantly reduced losses. However, it has to be considered that in the latter case
the pit would have a depth of 45.7 m! If the storage utilization factor can be increased from 65 % to 85 % the
storage volume can be decreased by about 18 000 m³ (but it must be considered that high storage utilization
factors are more difficult to achieve for smaller volumes and insulation of bottom and wall would be required).
The economic advantage depends on the location and will be part of future work. The influence of the shape
(i.e. geometry), the insulation of the cover (dins) are shown in Fig. 8 for the case of the simplified load profile
with a storage period of 3 months. It is not comparable to the measured data but the trend can be derived that
losses can be significantly reduced with better aspect ratios. In future work simulations will be performed with
measured data as boundary conditions to quantify the effect and to perform an economic analysis.
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Marstal, thermal conductivity of the ground 3W/(m K), average ambient temperature 0 °C

7. Conclusions
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A coupled finite difference (FD) and finite element (FE) thermal energy storage model has been developed,
cross-validated and exemplarily applied to calculate storage losses or storage utilization factors, respectively.
With the new model for underground thermal storage both thermal stores of different construction types and
designs can be compared and thermal stores can be optimized with regard to their design for a specific
application. Future development will focus on a sufficiently fast component model for the MATLAB/Simulink
simulation environment using S-functions to enable the simulation of solar assisted block or district heating
systems with/without heat pump. It will be investigated whether a heat pump operation in a solar assisted
district heating with pit thermal energy store with usually unfavorable h/d- and A/V-ratio will be beneficial.
Furthermore, it will be investigated by how much the volume of an optimum free-standing cylinder can be
reduced compared to a pit thermal energy storage can be reduced with the aim to improve the economic
feasibility. A feasibility study will be carried out. In addition, in the future the possible degradation of the
insulation properties due to convection (mainly in the cover) and due to moisture in case of underground stores
should be taken into account.
By means of modeling and simulation of district heating systems with different store concepts and designs,
strategies will be developed, leading to better response of district heating systems to demand and supply
fluctuations, to increase the integration of fluctuating energy sources and to increase the contribution of solar
thermal energy (in large scale) in order to achieve maximum primary energy savings under consideration of
economic constraints.
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Abstract
The role of solar thermal technology in urban areas is investigated for future energy scenarios. The
combination of a Combined Heat and Power (CHP) district heating system and decentralized solar thermal
systems, located at each building connection unit (BCU) is focused in this context. Different technology
options for domestic hot water (DHW) preparation are taken into account. These affect the efficiency of the
solar thermal system, thus leading to a potential reduction of dimensioning. Hence, cost for the solar thermal
system can be reduced, hence, resulting in lower cost for the complete system depending on the chosen
DHW preparation system. Furthermore the robustness of solar thermal supply regarding varying
environmental conditions represented by 19 years of monitored historical weather data at the location of
Freiburg im Breisgau is demonstrated.

1. Introduction
The new development area “Gutleutmatten”, with 500 households, 40000 m2 living area and a heat demand
of approximately 2600 MWh per year, will be constructed in Freiburg im Breisgau between 2015 and 2017
within the framework of the inner-city development. A decentralized solar thermal system will be integrated
into a heat supply system based on a Combined Heat and Power (CHP) district heating system. The operation
of the CHP will be optimized aiming at the best possible interaction with the electricity network and aiming
to minimize the distribution losses of the local heating network. The hypothesis of the conducted project
“EnWisol” is that such a concept will be beneficial for this and similar urban areas on the long term due to an
optimum support of load management of electric networks and the maximum use of renewable energies. The
central topics of this project are to implement and to test the concept and operational management, and to
deduce overall rules for the long-term perspective of solar thermal heating in similar urban districts. The
main objective is to present an innovative integration of solar thermal systems in the local heating network in
a way that is economically beneficial for the system operator, the investor and the end user.
2. Building area Gutleutmatten
The building area named Gutleutmatten is located in Haslach, a city district close to the city center of
Freiburg. Figure 1 shows the building area, West-Gutleutmatten and East-Gutleutmatten. In the western part,
approximately 280 households and a daycare center will be built. The number of stories in each building
varies between four and six, except for one building with nine stories in the northern entrance of the district.
In the eastern part, approximately 230 households, a daycare center, and a commercial area will be built. The
number of stories in each building varies between three and five. In the southern area of this side, terraced
houses with three stories will be erected. The maximum floor area in Gutleutmatten will measure 57000 m2,
where 40000 m2 will be heated. The territory is divided into 45 individual plots of land. All the buildings will
be built following the standard “KfW-Effizienzhaus 55”. The heat demand of the urban district is 1400 MWh
per year for space heating and 1200 MWh per year for domestic hot water (DHW) preparation.
The heat supply concept includes a district heating system, decentralized solar thermal systems and
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decentralized heat storages. The heat network in Gutleutmatten (see Figure 2) will be connected to the
already existing heat network Haslach/Staudinger School. The design of the heat network is carried
out/optimized with the software STEFaN [2]. The maximum operating pressure of the system is 6 bar.

Figure 1: Three-dimensional view of the development area Gutleutmatten in Freiburg i. Br.

Figure 2: Plan of the heat network in West-Gutleutmatten

The heat network is fed by a heat station located in the utility room of Staudinger School. The station
consists of a biogas CHP and four natural gas boilers. The CHP has a capacity rating of 750 kWth/600 kWel
and the boilers have a capacity rating of 1000 kW each. The operation temperatures are 75/90°C
(summer/winter).
3. Status of concept design of heat supply
As already stated, each building supply connection will be equipped with a solar thermal system. In a first
step the maximum installable collector area on the flat roof area is determined. Its impact on the interaction
between electricity production and solar thermal supply is investigated. Second, the robustness regarding
varying weather conditions will be checked by simulation with 19 years of historical weather data of the site.
In the third step different variants for DHW preparation concepts are investigated concerning their impact
on energy efficiency and economics.
Usually, collector arrays are set in a way that shading of irradiation is as low as possible. The so-called
shading angle is defined as the lowest elevation angle of the sun, which does not produce shading. Normally,
this angle is set to about 10° to 20° in locations of Central Europe. Applying this value allows for maximum
solar yield during a complete annual period.
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However, in the case of the energy supply concept of Gutleutmatten, the goal is to especially avoid operation
of the CHP system when economically not reasonable. In future electricity supply scenarios it is very likely
that during summertime with a surplus of photovoltaic electricity production CHP systems cannot be run
economically. Therefore, the solar thermal system has to be designed in order to replace heat from the CHP
system especially during summertime. Thus, the solar thermal system design aims at partial self-sufficient
heat supply. This means in a first approach, that at least 3 months of accumulated “self-sufficient days” in
summer time have to be reached.
This shift of focus from a maximum annual yield to a minimum level of self-sufficient heat supply in
summer time leads to the result, that in cases of limited available roof area collectors have to be moved
closer together. Shading angles increase correspondingly. Although this reduces the specific solar annual
yield, the yield in summertime with steep irradiation angles of the sun is increased due to an increased
surface area. An optimum shading angle has to be determined. Figure 3 shows the impact of the shading
angle onto the loss of annual solar yield.

Figure 3: Shaded annual irradiation depending on the shading angle and the collector tilt for one typical roof area in the
western part of “Freiburg-Gutleutmatten”.

In a first approach, a shading angle of up to 40° seems to be acceptable. In this case, when installing the
collectors with a tilt of not more than 30° the annual shaded irradiation would be about 10%. Figure 4 shows
the potential collector area resulting from 40° of shading angle as a specific value per person for each
building supply connection system.
max. installable spec. area of collectors
per person and building connection unit
[m²acoll/(pers.bcu)]
5.0
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3.5
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Figure 4: Energy demand for domestic hot water preparation related to each building connection unit (BCU) accumulated on
the axis of abscissa. The corresponding maximum installable collector area is shown on the ordinate.
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The first calculations were performed with an area of 1.5 m² of collector area per person. This value is based
on the land development plan where the building base area and the maximum high of the structure are stated.
It was assumed, that 70% of the total floor area is heated. Furthermore it is assumed that 30 m² floor area is
occupied per person. The results shown below indicate that this collector area is sufficient in order to allow
for a total of 3 months of self-sufficient heat supply of the decentralized solar thermal system. However,
since the available area might shrink due to surface demand of other devices like elevators and other
equipment, it is assumed, that for save dimensioning 2.5 m² of available collector area should be aimed at.
Thus, the 4 buildings with collector areas below 2.5m² might be critical.
Systems considered for DHW preparation
The technology applied for DHW preparation is one key parameter in the concept of “FreiburgGutleutmatten”. Three types of technology have been evaluated more in detail until now.
The stand-by- tank charging technology is the oldest and most widespread type of technology. It is based
on keeping a stand-by volume of heated drinking water ready for supply. Its principle hydraulic scheme is
shown in Figure 5. High peaks of demand are covered by the storage volume of hot water. The charging unit
consists of a heat exchanger and a pump. Common volumetric design allows charging of the entire tank
within 30 minutes at maximum. Due to the German regulation of DVGW [3] the outlet temperature of the
tank has always to be above 60°C. Furthermore the temperature in the DHW distributing network has to be at
55°C at the lowest. High heat losses are one result of this type of technology. Furthermore the fresh-water
content is quite high so that a hygienic thermal treatment is considered as energetically disadvantageous.

Figure 5: Stand-by tank charging technology for DHW preparation

The technology of central flow-through for DHW preparation does not include any stand-by volume of
heated fresh water. The fresh water flows through a heat exchanger unit and is heated by the flow-through
principle. The fresh water content of the system is much lower. A typical scheme for this kind of technology
is shown in Figure 6. The regulations of the German DVGW do also demand the same temperatures to be
guaranteed as stated above for the stand-by tank system. It is obvious that avoiding the stand-by tank reduces
heat losses.

Figure 6: Central flow-through technology for DHW preparation

Energy efficiency can be maximized applying the technology of decentralized flow-through. System
temperatures can be decreased regarding the DVGW regulations when the volume of the fresh-water
hydraulic distributing system is below 3 liters. The integration of each decentralized system is realized by
two pipes (one flow and one return for both space heating and DHW preparation) instead of four in the case
of the previously mentioned systems (one flow space heating and one flow DHW and one return for each).
The hydraulic integration is shown in Figure 7.

738

Axel Oliva / EuroSun 2014 / ISES Conference Proceedings (2014)

Figure 7: Decentralized flow-through technology for DHW-preparation. The integration of space heating is also realized in a
decentralized manner.

Using this technology, flow temperatures of about 50°C to 55°C at the inlet of the heat exchanger are
sufficient to meet the consumer comfort criteria. This leads to a significant reduction of heat losses for
distribution and circulation.
4. Results of building equipment simulations
Dynamic simulations have been performed evaluating the performance for typical building supply
connections in “Freiburg-Gutleutmatten”. The program used for this approach was TRNSYS 17.
Model set up
In the first step the performance of the heating network has been considered as an instant energy source with
full effective power. The flow temperature is set to 3K above the maximum temperature in the system
needed for DHW preparation. A hot water stand-by zone is defined in the storage of at least 200 liters or 5%
of the storage volume. Both, the heating circuit and the hot water circuit are connected with corresponding
hydraulic connections to the storage volume. The annual hot water demand is set to 20 kWh/m-² and the
circulation losses are set to 10 kWh/m-² per year.

Robustness regarding varying weather data
The solar thermal systems performance has been calculated considering different boundary conditions
concerning local weather variations. The system used is the one with central flow-through technology for
Fraunhofer ISE
operation of heat network: on/off | min. time = 1990 h (23%) | max. time = 2601 h©(30%)
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Figure 8: Requirement for auxiliary heat for one typical building simulated with 19 years of historical weather data and
compared with the reference climate [1] (graph on top)
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DHW preparation with an available flat plate solar collector surface area of 1,5m² per person. 19 years of
historical weather data have been applied to the model and compared to the results obtained with reference
data by Meteonorm [1]. The requirement for auxiliary heat by means of switching on the CHP system is
indicated in Figure 8 in each graph as a high line. If there is no auxiliary heat for at least one hour the graph
shows a low line. The simulated result, applying the reference weather data to the model, is plotted in the
topmost yellow line. The years 1993 till 2012 are plotted for the lines beneath. An accumulated sum of
approximately 3 months of self-sufficient heat supply time is reached in every year.
Impact of different technologies for DHW preparation on required collector area
The mentioned three different systems for DHW preparation have been simulated. The dimensioning of the
solar thermal system, including the remaining parts of the supply system like the size of the store, piping
dimensioning etc. is equal. Results are shown again for one typical building (i.e. 1.5m² of flat plate collector
area per person) for the summer period of April to September. Figure 9 indicates the operation of the heat
network. The most efficient DHW concept of decentral flow through allows for much more shut-off hours
than the others.
operation of heat network: on/off

2190

2920

3650

stand-by tank charging

4380
time [h]

5110

central flow-through

5840

6570

decentral flow-through

Figure 9: Operation of heat network for different DHW preparation concepts during summer time.

This advantage of the flow-through technology can also be used to reduce the collector area and the supply
system dimensions for those systems. The result is shown in Figure 10. The operation periods of the heat
network are now equal for all applied technologies. Due to reduced heat losses, the central flow through and
decentral flow-through concept can be build smaller in size.

- 16%

100%
80%

- 44%

60%
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20%
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stand-by tank charging

central flow-through

decentral flow-through

Figure 10: Operation of heat network of the considered technologies for DHW preparation during summer time. The
dimensioning of the solar thermal sytem combined with central flow-through technology and decentralized flwo-through are
fitted to meet the operation of the heat network of the stand-by tank charging system.

By applying the different technologies, the solar thermal system size can be reduced by 16% for the central
flow-through technology and by 44% by the decentralized flow-through technology when compared to
stand-by tank charging option.
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Cost comparison of considered technologies
For the following consideration the same reference building is taken into account, as already mentioned
before. Maximum heat load for space heating is larger than heat load for drinking hot water. (Therefore, the
BCU cost of 6300 € do not depend on the applied technology of DHW preparation.) The storage tank is
taken into account including installation with 1150 € per m³ of volume. The collector array including its
substructure is supposed to cost 300 € per m² of collector area. Furthermore the piping and mounting of the
solar and collector circuit are supposed to cost 150 € per m² of collector area. This means that the reference
solar thermal system including collector, storage tank of 100 liter per m² collector area and mounting is
summed up to 522 € per m² of collector area.

Cost per heat transfer station [€ ∙103]
50
DHW preparation
(electronically controlled)

45
40

DHW preparation

35
30

solar and collector circuit

25
20
15

collector (incl.
substructure)

10

store (incl. mountings)

5
0

stand-by tank charging

central flow-through

decentral flow-through

heat transfer station

Figure 11: Composition of net costs for the considered systems of DHW preparation including cost reduction for the remaining
supply system

The above demonstrated reduction of the dimensioning of the solar thermal system leads to a cost reduction
of 13% considering the central flow-through technology and to 36% for the decentralized variant. The shown
cost reduction is faced on the other side by the cost of the different applied technologies for DHW
preparation. The composition of net cost for the main parts of the entire supply system including installation
cost are shown in Figure 11.
The central flow-through technology shows lower cost of the solar thermal system due to smaller collector
field and storage volume. However, DHW installation is more expensive. Over all, the complete system is
slightly more expensive than the reference stand-by tank charging technology.
Looking at the decentralized flow-through technology, lower cost for the DHW preparation system can be
stated accompanied by also lower cost for the solar thermal system. The most efficient technology for DHW
preparation allows a significant reduction in the dimensioning for the solar thermal system and is also most
cost efficient. The decentralized unit is assumed to cost 900 € readily installed including connection and
control for the integration of the space heating loop. However, the range of cost for that kind of technology is
quite large. It can reach 2500 € for an electronically controlled unit. In this case, the complete system cost
reach the same order of magnitude as the before discussed systems.

741

Axel Oliva / EuroSun 2014 / ISES Conference Proceedings (2014)

5. Conclusions
The goal of 3 months of accumulated stand-alone operation of decentralized solar thermal in case of the
Gutleutmatten project during summertime seems feasible. However, 4 critical buildings concerning sufficient
roof top area are identified.
Considering 19 years of historical weather data of the location, it has been shown that the concept of
decentralized solar thermal systems is quite robust regarding variations of weather conditions.
The investigated technologies for DHW preparation have a significant influence on the performance of the
solar thermal system and hence on the time of solar thermal stand-alone heat supply. By applying more
efficient technologies for DHW preparation the stand alone supply by the solar thermal system is increased.
It is shown, that the dimensioning of the solar thermal system can be reduced by applying these efficient
technologies for DHW preparation. Cost as one main point in all considerations can be reduced on the side of
the solar thermal system by choosing the appropriate DHW preparation concept. On the other hand, cost for
the applied technologies for DHW preparation rise particularly for the central flow-through concept. This
compensates completely the savings on the solar thermal side in the shown case.
However, the decentralized flow-through concept has the potential of lowering cost significantly. Currently,
market prices for such systems vary a lot, depending on the technology applied (i.e. mechanically or
electronically controlled). At least the mechanically controlled systems allow for substantial savings. Future
standardization will increase these savings even more.
6. Outlook
For a deeper understanding of the general potentials of integration of solar thermal in CHP heat networks a
dynamic coupled system simulation of the heat network and the heat supply system for each building will be
set up. To assure the same level of stand-alone heat supply by solar thermal also in the critical buildings
more efficient technologies for solar thermal collectors (i.e. vacuum tube), will be taken into account.
Another point of investigation will be the intelligent use of the network for the solar thermal heat
distribution. In order to cover heat load peaks, electricity based heating systems might be another opportunity
to reduce cost and overall CO2 emissions of the district in buildings with small roof area especially in
combination with intelligent control algorithms. The operation of the pilot scheme “Freiburg-Gutleutmatten”
will be optimized using monitored data and implementing advanced control algorithm that will be derived
from the dynamic system simulation studies. The goal is, to optimize cost, technology and system-design in
general for comparable districts using the combination of decentralized solar thermal and a CHP under the
boundary conditions of a floating price signal for electricity in future energy system scenarios.
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Abstract
The market for solar heating plants connected to district heating systems is expanding rapidly in Denmark. It
is expected that by the end of 2014 the 10 largest solar heating plants in Europe will be located in Denmark.
Measurements from 23 Danish solar heating plants, all based on flat plate solar collectors mounted on the
ground, shows measured yearly thermal performances of the solar heating plants placed in the interval from
313 kWh/m² collector to 493 kWh/m² collector with averages for all plants of 411 kWh/m² collector for 2012
and 450 kWh/m² collector for 2013.
Theoretical calculations show that for temperature levels higher than about 55°C the thermal performance of
a solar collector field based on concentrating tracking solar collectors is higher than the thermal performance
of a solar collector field based on flat plate collectors.
It is estimated that there are potentials for further improvements of the cost/performance ratio for solar
collector fields, both with flat plate collectors and with concentrating tracking solar collectors.
It is recommended to continue monitoring and analysis of all large solar heating plants to document the
reliability of the solar heating plants. It is also recommended by parallel theoretical and experimental
approach to investigate in detail the thermal performance of differently designed solar collector fields in such
a way that their thermal performance can be determined by theoretical calculations in the future. This will be
useful in connection with development of improved solar collectors for solar heating plants and in
connection with optimization of future solar heating plants.
Furthermore, it is recommended to continue the development of long term heat stores for solar heating plants
and to elucidate how best to integrate solar heating systems in the future energy system
Keywords: Solar heating plants, solar collector fields, flat plate collectors, concentrating tracking collectors,
district heating systems, thermal performance, measurements, calculations.

1. Introduction
In the period 2005-2014 the number of Danish solar heating plants connected to district heating systems has
increased from 7 to 58, and the total collector area of Danish solar heating plants has also increased strongly,
see figure 1. Denmark is today the country with most solar heating plants in operation and with the largest
collector area of solar heating plants connected to district heating systems. By the end of 2013, 9 of the 10
largest European solar heating plants were installed in Denmark, [1]. It is believed that by the end of 2014
the 10 largest solar heating plants in Europe will be in operation in Denmark, and that the strong growth in
Denmark in this field will continue in the coming years. Figure 2 shows a photo of the solar collector field of
the largest European solar heating plant in Dronninglund with a collector area of 37573 m² installed in 2014.
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Fig. 1: Total solar collector area of Danish solar heating plants during the last 10 years. The collector
area for 2014 is estimated.
There are many reasons for the rapid growth of solar heating plants in Denmark:
x

An ambitious Danish energy plan. By 2030 no fossil fuels must be used for heat, by 2035 no fossil
fuels must be used for heat and electricity and by 2050 no fossil fuels must be used.

x

A lot of district heating. Today 63% of all Danish buildings are heated by district heating.

x

Low temperature levels in district heating systems. A typical forward temperature to towns is about
80°C and a typical return temperature from towns is about 40°C.

x

High taxes for fossil fuels. Typical tax is about 0.035 euro per kWh produced heat.

x

Decentralized energy supply system.

x

High share of wind energy for electricity production. In 2013, 34% of the Danish electricity
consumption was produced by wind turbines. By 2020, 50% of the Danish electricity consumption
must be produced by wind turbines.

x

Low costs for marketed solar collector fields installed on the ground.

x

Relative low ground costs.

x

High efficiency of marketed solar collectors.

x

Long life time of marketed solar collectors. A life time for marketed solar collectors of about 30
years is estimated, [2].

x

Well proven and reliable technology.

x

Good thermal performance of existing solar heating plants.

x

Ongoing efforts to develop and demonstrate seasonal heat storage.

Today Danish solar heating plants are in many cases competitive against natural gas driven combined heat
and power systems.
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Fig. 2. Dronninglund solar heating plant with a collector area of 37573 m² installed 2014.
2. System design
Danish solar heating plants are based on large, between 12 m² and 14 m², flat plate collector panels either
without or with a foil mounted between the absorber and the cover glass. The aim of the foil is to decrease
the heat loss of the collector. The collectors are either produced by ARCON Solar A/S or SUNMARK
Solutions A/S. The collectors from ARCON Solar A/S are either with or without a foil mounted between the
absorber and the cover glass, while all the collectors from SUNMARK Solutions A/S are without foil. The
collectors have undergone a strong development during the last 10 years with regard to quality, efficiency
increase and cost reduction, [3]. Consequently, the collectors used in the old solar heating plants are not as
good as the collectors used in the new solar heating plants. Figure 3 shows a 12.53 m² ARCON collector
tested in the solar collector test facility at the Technical University of Denmark in 2007.

Fig 3. Photo and skematic sketch of solar collector with foil from ARCON Solar A/S tested at the
Technical Universisity of Denmark in 2007.

Figure 4 shows a schematic sketch of a solar collector field. The collector fields are in all plants placed on
the ground. The collector fields consist of parallel connected rows with solar collectors in a serial connection.
In some solar heating plants the same solar collector type with or without foil is used. In other solar heating
plants both collectors without and with foil are used. In these plants the first collector(s) in the rows are
without foil while the remaining collectors are with foil. Some of the solar heating plants have relative small
areas with other types of solar collectors, such as evacuated tubular solar collectors or concentrating tracking
solar collectors.
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In all the solar heating plants propylene glycol/water mixtures are used as solar collector fluids. In sunny
periods the solar collector fluid is circulated through the solar collector field either with a constant volume
flow rate resulting in a variable outlet temperature from the solar collector field or with a variable volume
flow rate depending on the solar irradiance in such a way that the solar collector fluid leaving the solar
collector field is maintained at an almost constant temperature level. The heat produced by the solar collector
field is transferred to water in the district heating system by means of a heat exchanger. Typical temperature
levels of the solar collector fluid in the solar collector fields are placed in the interval from about 40 °C to
about 80 °C. In solar heating plants with large heat stores aiming at high solar fractions, the temperature level
of the solar collectors is typically somewhat higher during the summer, where the heat stores are heated to
high temperatures. The heat produced by the solar collectors is either transferred directly to the town to cover
the heat demand or to a heat storage, where the heat is stored until the heat demand is higher than the heat
produced by the solar collector field. The period, in which the solar heat is stored, is either short or long.

Fig. 4. Principal drawing of a solar heating plant.

In 2013 a small demonstration solar heating plant based on concentrating tracking solar collectors was
installed at Thisted district heating system. The solar collectors are produced by Aalborg CSP A/S. The
aperture area of the collectors defined as the optically active area of the collectors, that is the length
multiplied with the width of the mirrors minus the mounting and thermal expansion gaps between the mirror
elements, is 808 m² and water under a high pressure is used as the solar collector fluid. The temperature level
of the solar collector fluid in the collectors is typically situated in the interval from 100 °C to 120 °C. Photos
of the solar heating plant in Thisted are shown in figure 5. Detailed measurements on the thermal
performance of the solar collector field were carried out in the summer of 2013 in order to evaluate the
suitability of this type of solar collectors for solar heating plants under Danish weather conditions [4].

Fig 5. Concentrating tracking solar collector field in Thisted.
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3. Measured thermal performances
The thermal performances of all Danish solar heating plants are measured. Most of the measurements of the
thermal performance hour by hour are available on the homepage www.solvarmedata.dk [5]. Information on
the solar heating plants, such as on solar collector manufacturer, solar collector area, ground area of collector
field, solar collector tilt, year of installation etc. is also available on the homepage. The solar collectors are in
all the solar heating plants facing south and the solar collector tilts are situated in the interval from 25° to
45°. Most solar heating plants have collector tilts between 35° and 40°.
Table 1 shows the most important data on 23 solar heating plants with available measurements of the thermal
performance for all months of 2012 and/or 2013. The energy is measured at the heat exchanger to the district
heating plants and includes pipe losses in the collector field and also sometimes long transit pipes. Storage
losses are not included as the storages are part of the district heating network anyway.
If the solar collector area has been increased after the start of the operation of a plant, more years are
mentioned as year of installation. All the plants have flat plate collectors either from ARCON Solar A/S
and/or from SUNMARK Solutions A/S. The collector areas of the solar heating plants are situated in the
interval from 2970 m² to 33365 m². The average solar collector area for the 23 solar heating plants is 11159
m².
Table 2 shows the measured yearly thermal performance, the measured yearly solar radiation on the solar
collectors and the yearly utilization of the solar radiation for the solar heating plants for 2012 and/or 2013.
The thermal performance and the solar radiation are given per m² solar collector aperture area. The
utilization of the solar radiation is defined as the ratio between the thermal performance of the solar collector
field and the solar radiation on the collectors of the solar collector field. Measurements from 16 plants are
available for 2012 and measurements from 21 plants are available for 2013.

Tab. 1: Data for solar heating plants.
Solar heating plant
Helsinge
Jægerspris
Sydfalster
Marstal
Ærøskøbing
Broager
Gråsten
Vojens
Gram
Gørding
Hejnsvig
Tistrup
Oksbøl
Skovlund
Tørring
Brædstrup
Ejstrupholm
Ringkøbing
Ørnhøj-Grønbjerg
Feldborg
Ulsted
Sæby
Strandby

Collector area, m²
2014
4733
13405
12094
33365
7050
9988
19024
17500
10073
7424
5767
5409
14745
2970
7284
18612
6243
30000
5083
4000
5012
11866
8019

Collector tilt, °
25
40
38
40
38
40
38
38
38
38
40
40
40
40
45
33
45
30
40
38
33
30
35

Year of installation

Collector manufacturer

2012
2010
2011
1996, 2001, 2012
1998, 2010
2009, 2010
2012
2012
2009
2012
2011, 2013
2010
2010, 2013
2011
2009
2007, 2012
2011
2010, 2014
2012
2012
2006
2011
2008

ARCON
SUNMARK
ARCON
ARCON/SUNMARK
ARCON/SUNMARK
ARCON
ARCON
SUNMARK
ARCON
ARCON
SUNMARK
ARCON
SUNMARK
SUNMARK
SUNMARK
ARCON
SUNMARK
ARCON
ARCON
ARCON
ARCON
SUNMARK
ARCON
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Tab. 2: Measured thermal performance for solar heating plants.
Solar heating plant

Solar radiation, kWh/m²

Helsinge
Jægerspris
Sydfalster
Marstal
Ærøskøbing
Broager
Gråsten
Vojens
Gram
Gørding
Hejnsvig
Tistrup
Oksbøl
Skovlund
Tørring
Brædstrup
Ejstrupholm
Ringkøbing
Ørnhøj-Grønbjerg
Feldborg
Ulsted
Sæby
Strandby
Average

2012
1267
1087
1046
1274
1085
1081
942
1005
1106
1129
1135
1049
1110
1163
1030
1123
1102

2013
1126
1363
1070
1055
1264
1075
1103
1124
1138
1118
1039
1143
1233
1153
1095
1139
1095
1072
1190
1149
1082
1135

Thermal performance,
kWh/m²
2012
441
484
377
355
385
388
351
453
423
392
313
422
453
445
420
481
411

2013
483
493
491
419
389
420
438
414
419
482
473
429
466
425
485
492
409
425
450
488
458
450

Utilization of solar
radiation, %
2012
2013
42.9
34.8
36.2
44.5
45.9
36.0
39.7
27.9
30.8
35.5
39.1
39.7
36.8
35.9
36.8
43.1
37.3
45.1
45.5
38.2
37.5
34.7
37.8
27.6
36.9
40.2
44.3
40.8
43.2
37.4
39.6
38.3
37.8
40.8
42.5
42.8
42.3
37.3
39.6

The measured yearly thermal performances of the solar heating plants are placed in the interval from 313
kWh/m² collector to 493 kWh/m² collector with averages for all plants of 411 kWh/m² collector for 2012 and
450 kWh/m² collector for 2013. The measured yearly solar radiation on the solar collectors are placed in the
interval from 942 kWh/m² collector to 1363 kWh/m² collector with averages for all plants of 1102 kWh/m²
collector for 2012 and 1135 kWh/m² collector for 2013. The yearly utilizations of the solar radiation are
placed in the interval from 27.6% to 45.9% with averages for all plants of 37.3% for 2012 and 39.6% for
2013. It is estimated that the measured thermal performances and utilizations of the solar radiation for all the
plants are satisfactory high.
There are many reasons for the differences in thermal performances between the different solar heating
plants. First of all, there are different temperature levels in the different district heating systems. This will
result in different temperature levels in the solar collector fields and therefore in different thermal
performances. The lower the temperature level is, the higher the thermal performance will be. Further, the
different solar collector types, the different designs of the solar collector fields, the different weather
conditions, the different operation strategies inclusive the different flow rates and maybe the different uneven
flow distributions in the solar collector fields, the different losses from the pipes in the solar collector loops,
the different collector tilts, the different shadow conditions and the different moisture conditions inside the
solar collectors, the different snow conditions and dirt conditions on the glass covers for the solar collectors
will influence the thermal performance. Furthermore, some plants have long term heat storages charged at
high temperatures during summer resulting in a relative low thermal performance.
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4. Calculated thermal performances
The solar collector type used in a solar heating plant will influence the thermal performance of the solar
heating plant. The thermal performances of solar collector fields have been calculated with solar collectors
with different efficiencies for different constant temperature levels throughout the year with weather data
from the Danish Design Reference Year. The following collectors have been included in the calculations:
x

HT-SA 28/10, a flat plate solar collector from ARCON with foil between the absorber and the cover
glass.

x

HT-A 28/10, a flat plate solar collector from ARCON without foil

x

GJ 140V, a flat plate solar collector from SUNMARK without foil

x

Aalborg CSP, a concentrating tracking solar collector from the company Aalborg CSP

The efficiencies and incidence angle modifiers used in the calculations are:
HT-SA 2810:

K

HT-A 28/10:

K

GJ 140V:

K

Aalborg CSP: K
diffuse radiation.

Tm  Ta
(T T a) 2
 0.0135 * m
and
G
G
(Tm T a) 2
Tm  Ta
 0.0137 *
KT 0.839  3.200 *
and
G
G
Tm  Ta
(Tm T a) 2
KT 0.85  2.300 *
 0.0290 *
and
G
G
2
T  Ta
(T T a)
KT 0.75  0.040 * m
 0.0000 * m
and
G
G
KT 0.817  2.205 *

KT
KT

1  tan 4.51 (T / 2)

(eq.1)

1  tan 4.51 (T / 2)

(eq.2)

5.30

(eq.3)

KT 1  tan

(T / 2)

KT 1  tan 2.40 (T / 2)for

direct radiation and KT 0 for
(eq.4)

where K is the collector efficiency, KT is the incidence angle modifier, -

Tm is the mean solar collector fluid temperature, °C
Ta is the ambient temperature, °C
G is the solar irradiance on the solar collector, W/m²
T is the incidence angle of the direct radiation on the solar collector, °

Efficiency expressions as shown above are the basis for designing and planning of the solar collector fields.
The expressions are determined by tests institutes testing marketed solar collectors. During these tests often
water is used as solar collector fluid, a collector tilt angle of 60° is used and a relatively high volume flow
rate is used. In a solar heating plant a propylene glycol water mixture is used as solar collector fluid, a
relatively low collector tilt is used and a variable volume flow rate is used. Investigations on how the test
conditions influence the efficiency expressions and the thermal performances for different flat plate
collectors have been carried out [6]. It is recommended in the future to change the test conditions in such a
way that the efficiencies are determined with realistic boundary conditions.
Figure 6 shows calculated yearly thermal performances of the solar collectors in a solar collector field as a
function of the solar collector fluid temperature. Shadows from front rows are considered in the calculations,
while pipe losses and thermal capacities are disregarded in the calculations. A constant solar collector fluid
temperature throughout the year is assumed. It is assumed that the flat plate solar collectors are facing south
with collector tilts of 35° and with a row distance of 5 m. The mirrors of the concentrating tracking solar
collectors are south/north oriented in such a way that the mirrors are pointing towards east in the morning
and towards west in the evening. A row distance of 15 m is assumed for these collectors.
The thermal performances of the two ARCON collectors are shown in figure 6. The thermal performance is a
strong function of the temperature level of the solar collector fluid. The higher the temperature level, the
lower the thermal performance. Further, the thermal performance of the ARCON collector with foil is for all
temperature levels between 30°C and 100°C higher than the thermal performance of the ARCON collector
without foil. Consequently, the ARCON collector without the foil should only be used of costs reasons.
Figure 7 shows the thermal performances of the two ARCON flat plate collectors and the SUNMARK flat
plate collector. The thermal performance of the SUNMARK collector is also strongly influenced by the
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temperature level of the solar collector fluid. For temperature levels lower than about 42°C the SUNMAK
collector has a higher thermal performance than both ARCON collectors, in the temperature levels between
about 42°C and 84°C the SUNMARK collector has a lower thermal performance than the ARCON collector
with foil and a higher thermal performance than the ARCON collector without foil, and for temperature
levels above about 84°C the SUNMARK collector has a lower thermal performance than both ARCON
collectors.
As mentioned in section 3, the measured yearly thermal performances of the solar heating plants are placed
in the interval from 313 kWh/m² collector to 493 kWh/m² collector with averages for all plants of 411
kWh/m² collector for 2012 and 450 kWh/m² collector for 2013. A reasonable assumption is that the mean
solar collector fluid temperature is about 60°C. Based on figure 6 it is estimated, that the measured thermal
performances of the plants are satisfactory high.
Figure 6 shows the thermal performances of the three flat plate collectors and the concentrating tracking
collector. It is obvious that the thermal performance of the concentrating tracking solar collector is almost
not influenced by the temperature level of the solar collector fluid. This is caused by the low heat loss
coefficient of this solar collector. For temperature levels higher than about 55°C the thermal performance of
the concentrating tracking solar collector is higher than the thermal performance of the three flat plate
collectors.

Yearly thermal performance, kWh/m²]

900
800
700
600
500

Aalborg CSP

400

Arcon HT-SA 28/10
Arcon HT-A 28/10

300

Sunmark GJ 140V

200
100
0

0 10 20 30 40 50 60 70 80 90 100 110 120
Mean solar collector fluid temperature, °C

Fig 6. Yearly thermal performances of four solar collectors in a solar collector field as a function of a
constant solar collector fluid temperature.

The optimal solar collector type(s) for a solar heating plant is of course not only influenced by the thermal
performances of the collectors, but also by the costs of the solar collectors installed in the solar collector
field. The cost/performance ratio of the solar collector field is the most important factor.
For flat plate collectors as well as for concentrating tracking solar collectors there are possibilities for
improvements on the cost/performance ratios both with regard to the solar collectors and with regard to the
solar collector field. The following possibilities for improvements of flat plate solar collectors and solar
collector fields based on flat plate solar collectors can be considered:
x
x
x
x
x
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Increased use of alumininium as materials for absorbers and pipes
Increased absorptance for absorbers
Reduced emittance for absorbers
Improved absorber design resulting in increased heat transfer from absorber to solar collector fluid
Improved flow distribution in absorber and in solar collector field
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x
x
x
x
x
x
x

Larger solar collector panels resulting in increased collector efficiency, easier installation and lower
pipe losses
Improved cover systems for solar collectors resulting in a higher start efficiency, an increased
incidence angle modifier and a lower heat loss coefficient for the collectors
Improved back side insulation, for instance new insulation materials, vacuum insulation and/or
thicker insulation
Reflectors between the collector rows
Use of water or ethylene glycol/water mixtures as solar collector fluid instead of propylene
glycol/water mixtures
Optimal serial connection of different solar collector types for collector rows
Optimal control strategies for solar heating plants

In connection with development of solar heating plants and of tools for optimizing solar heating plants a
number of ongoing international projects must be mentioned:
x
x
x
x

SDHplus, [7]
IEA Task 45 Large Solar Heating/Cooling Systems, seasonal heat storage, heat pumps, [8]
SHINE, Solar Heat Integration Network, WP1 on district heating, [9]
Danish/Chinese cooperation project “Testing, development and demonstration of large scale solar
district heating systems”, [10]
Further, solar collector fields based on evacuated tubular solar collectors should be considered. Maybe it is
possible to develop large easy to install evacuated tubular solar collector panels suitable for solar heating
plants.
Furthermore, long term measurements of solar collector fields with concentrating tracking solar collectors
are needed to document the reliabillity of the tracking technology under Danish conditions.
5. Conclusions and recommendations
The market for solar heating plants connected to district heating systems is expanding rapidly in Denmark. It
is expected that by the end of 2014 the 10 largest solar heating plants in Europe will be located in Denmark.
Measurements from 23 Danish solar heating plants, all based on flat plate solar collectors mounted on the
ground, shows measured yearly thermal performances between 313 kWh/m² collector and 493 kWh/m²
collector with averages for all plants of 411 kWh/m² collector for 2012 and 450 kWh/m² collector for 2013.
The measured yearly solar radiations on the solar collectors are between 942 kWh/m² collector and 1363
kWh/m² collector with averages for all plants of 1102 kWh/m² collector for 2012 and 1135 kWh/m² collector
for 2013. The yearly utilizations of the solar radiation are placed in the interval from 27.6% to 45.9% with
averages for all plants of 37.3% for 2012 and 39.6% for 2013. It is estimated that the measured thermal
performances and utilizations of the solar radiation for all the plants are satisfactory high.
Theoretical calculations have shown that for temperature levels higher than about 55 °C the thermal
performance of a concentrating tracking solar collector is higher than the thermal performance of flat plate
collectors. It is estimated that there are potentials for further improvements of the cost/performance ratio for
solar collector fields, both with flat plate collectors and with concentrating tracking solar collectors.
It is recommended to continue monitoring and analysis of all large solar heating plants to document the
reliability of the solar heating plants. In this connection it is recommended to carry out quality check of the
measurements, both with regard to the solar heat produced by the solar collectors and to the solar radiation.
It is also recommended by parallel theoretical and experimental approach to investigate in detail the thermal
performance of differently designed solar collector fields in such a way that the thermal performance of
differently designed solar collector fields can be determined by theoretical calculations in the future. This
will be useful in connection with development of improved solar collectors for solar heating plants and in
connection with optimization of future solar heating plants.
Furthermore, it is recommended to continue the development of long term heat stores for solar heating plants
and to elucidate how best to integrate solar heating systems in the future energy system.
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Abstract
The design and calculation of the behavior of Central Solar Heating Plants with Seasonal Storage (CSHPSS)
during the year is a complex process requiring detailed climatic and demand data in order to properly
design/sizing the plant components to reach the desired solar fraction. The utilization of simple methods for
the calculation of these plants allows the sizing of the main components and provides an estimate of the
system performance during the year, using easy to find demand and climatic data. In this paper is presented
the beta version of a software based on the simple method developed by the authors. The software provides a
pre-design of the main components of these systems as well as to establish design criteria of CSHPSS. as
well as a preliminary economic and environmental evaluation. The developed software is also very useful to
perform economic and environmental analysis to evaluate the CSHPSS systems.
Keywords: software; solar thermal energy; district heating; seasonal storage

1. Introduction
The World energy demand in the residential sector (2035 Mtoe) represents roughly 27% of the final energy
consumption (IEA, 2013). The development of solar systems covering part of the residential thermal energy
is an economically viable option that reduces the consumption of fossil fuels. Hence, the production of a
significant part of this demand with solar energy might solve an important part of the energy problems:
shortage, dependency, high prices fluctuation, pollution, climate change, among others (IEA, 2012). The
Spanish normative on buildings (CTE, 2006) requires for new buildings, depending on the climatic location,
a production with solar energy of 30% to 70% of thermal energy demand of domestic hot water (DHW).
Considering also the coverage of other heating demands in buildings as space heating or even cooling with
absorption machines, the real potential of the solar thermal energy is very high, almost 75% of the total
energy consumed in buildings.
Central solar heating plants with seasonal storage can cover a high solar fraction of the space heating and
domestic hot water demands of big communities at an affordable price. These systems already supply heat to
big communities through district heating systems in the north and center of Europe. The evaluation of the
performance and the design of these centralized solar systems is a complex process, due to their dynamic
behavior both during the day and along the year.
The production of the solar collector field depends on the solar radiation and the ambient temperature
changing along the day. The behavior and operation temperature of the seasonal storage depends on the
demand and solar production distributions along the year. Further, the size of the demand and the location
affects to the performance of the system in such way that the design criteria for the north and south of Europe
are very different. As a result, the process of pre-design and study in initial stages of the project becomes a
real challenge.
Dynamic simulations with TRNSYS (TRNSYS 16, 2004) of CSHPSS provide an evaluation of the
performance of its behavior with a high accuracy (Raab et al., 2005; Lundh and Dalenbäck, 2008; Lozano et
al., 2010; Guadalfajara et al., 2012; Guadalfajara, 2013) but it requires exhaustive and detailed information
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and a high computational effort. Simple calculation methods requiring less detailed data and a lower
computational effort can complement TRNSYS providing a preliminary quick evaluation of the size of the
main components of an installation facilitating the design task and providing an estimate of its annual
performance (Lunde, 1979; Braun et al., 1981; Guadalfajara, 2013; Guadalfajara et al., 2014a, 2014b).
In this paper is presented a software application for the analysis, pre-design and performance evaluation of
CSHPSS using the simple calculation method developed by the authors (Guadalfajara et al., 2014a). The
software application is a distributable Engineering Equation Software (EES, 2013) program. It uses public
demand and climatic data that can be easily obtained. Data corresponding to several cities from Europe have
been initially included in the application (Aberdeen, Amsterdam, Ankara, Athens, Barcelona, Belgrade,
Berlin, Bordeaux, Bratislava, Brno, Brussels, Budapest, Cagliari, Chisinau, Copenhagen, Debrecen, Dublin,
Firenze, Frankfurt, Grenoble, Goteborg, Hamburg, Helsinki, Innsbruck, Izmir, Kiev, Krakow, Lisbon,
London, Lyon, Madrid, Manchester, Marseille, Milano, Minsk, Nantes, Napoli, Odessa, Oslo, Oulu,
Palermo, Paris, Porto, Riga, Roma, San Sebastian, Skopje, Sofia, Stockholm, Strasburg, Tallinn, Tirana,
Toulouse, Trondheim, Umea, Valencia, Varna, Warszawa, Wien, Zagreb, Zaragoza and Zürich) but more
locations can be included by the user. The software calculates the monthly performance of the system, i.e.
heat demand, solar production, auxiliary energy required and average storage temperature. The software also
calculates the hourly performance of the solar collector field on a typical day each month. It can be used to
pre-design the solar field and the volume of the seasonal thermal energy storage of CSHPSS, as well as to
perform easily analysis for the evaluation of these systems. The software application evaluates the technical
and economic feasibility and the environmental benefits in an early stage of a project, contributing also to
establish optimization and design criteria of CSHPSS.
2. Description of the Software
EES is a general equation solver program that can numerically solve thousands of coupled non-linear
algebraic and differential equations. EES also contains thermophysical properties of working fluids and
common substances used in thermal energy systems. With this software a distributable program has been
created for the analysis, pre-design and performance evaluation of CSHPSS systems, based on the
calculation methodology proposed by the authors. The program consists of four calculation modules
(Guadalfajara et al., 2014a). Module 1 elaborates the climatic and demand data. Module 2 calculates the
hourly performance of the solar collector field in a typical day each month. Module 3 calculates the monthly
system performance: seasonal storage thermal losses, solar energy produced, auxiliary energy required and
seasonal storage temperature. Module 4 calculates the annual results of the system and determines the
economic and environmental costs of the thermal energy produced from solar radiation.
Climatic and demand data are used in Module 1 to calculate the system performance in a specific location,
selected among those included in the program. The size of the community (number of dwellings) and the
design ratios for the area of solar collectors and for the thermal energy storage are user defined parameters. A
number of coefficients of performance for the solar collector, the heat exchanger and the seasonal storage
can be adjusted. Also economic and environmental parameters can be adapted to specific user defined
values. To adjust the design parameters and to analyze the results, six interface windows have been built,
starting from general parameters of the system to specific considerations of each component. In these
windows the design parameters can be defined and the results are obtained with the help of several graphs
and diagrams that support the evaluation of CSHPSS.
In this section is presented the sequential procedure of the software to calculate and pre-design a CSHPSS
installation. There are six subsections, corresponding each to a different window available in the developed
software: main window, solar collector field, seasonal storage, heating demand, economic evaluation and
environmental assessment (Life Cycle Assessment). Each window contains its specific design parameters
that can be adjusted by the user, a heading with the name of the window/section as well as explaining
information including design parameters values suggested by the authors.
2.1. Main window
The main window of the software is shown in Fig. 1, in which global design variables of a CSHPSS system
can be defined and the main results of the system are presented. The window is divided in 6 blocks.
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Fig. 1: Main window of the developed software for the analysis and evaluation of CSHPSS.

In the block on the left and top, the user can select the location for the calculation of the system, the number
of dwellings and two main design parameters of the installation: RAD, Ratio Area of solar collector per unit
of Demand, and RVA, Ratio of Volume of seasonal thermal energy storage per Area of solar collector. For
each location is required to know the following climatic data: latitude; monthly daily average horizontal
radiation; minimum, average and maximum temperatures of a typical day each month; and the European
Heating Index (Werner, 2006). Nevertheless it is possible to add user defined locations, by selecting the
option “New City” and introducing the corresponding climatic and demand data. In respect to the number of
dwellings, it is recommended to select a value between 100 and 10,000. Regarding RAD, its value usually
stays in a range between 0.1 and 5 m2/(MWh/yr); and in the case of RVA, the recommended interval is 0.5
and 10 m3/m2. Each design generated can be calculated pressing the button “Calc”. Further it can be saved
and loaded for future evaluations. On the right side is shown a diagram of the CSHPSS system containing the
annual energy balance of the system as well as a chart with the monthly results for the main energy flows:
incident solar radiation Qr, solar heat collected Qc, heating demand Qd, auxiliary energy required Qg; and
seasonal storage temperature Tacu. On the bottom are shown the main sizing results, i.e. the area of solar
collectors and the volume of the seasonal thermal energy storage. Furthermore is also presented an
estimation of the investment required, cost of the solar thermal energy produced and cost of the total energy
produced. Energy results are presented in MWh/year as general nomenclature. From this main window it can
be accessed to the other windows of the software: Solar Collector Field, Seasonal Storage, Heating Demand,
Economics and Life Cycle Assessment.
Results obtained for a designed system located in Zaragoza (Spain) consisting of 1000 dwellings of 100 m2
each with design ratios RAD = 0.6 m2/(MWh/yr) and RVA = 6 m3/m2 are shown in Fig. 1. It can be noticed
that the seasonal storage reaches a maximum temperature of 82 ºC which is lower than the maximum
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temperature permitted (90ºC), indicating that the seasonal storage is oversized. Calculating with RVA = 4 the
storage reaches the maximum temperature but the obtained system has to reject part of the production in
Summer, Qx = 122 MWh/year. Following an iterative process the ratio RVA allowing to store all the summer
production without heat rejection and avoiding the oversize of the tank can be obtained.
2.2. Solar Collector Field
The features of the solar collector field can be adjusted by the user in a specific window, see Fig. 2. The
coefficients of performance of a commercial large flat plate solar collector (Arcon HT-SA 28/10) are
implemented by default in the software and are shown in this window, but specific user defined values can
be used. The solar collectors are considered by default oriented to the south (North hemisphere) and tilted
with an inclination equal to the latitude, but deviations from this orientation and inclination can be used. The
ground reflectance considered by default is 0.2. The specific heat capacity and density of the solar field fluid
and the solar field flow per area of solar collector can also be adjusted. It is considered a heat exchanger,
between the primary loop and the secondary loop feeding the seasonal storage tank, which effectiveness can
also be user defined. By default water is considered as the working fluid in the solar field with a specific
flow of 20 (kg/h)/m2 and the heat exchanger effectiveness is 90%.
The monthly performance of the solar collector field is shown in a chart in which the incident solar radiation
Qr, solar heat collected Qc, solar collector field efficiency Ksf, and solar fraction SF, are depicted (see Fig. 2).
For the analyzed case, the solar collector field has a monthly efficiency between 70% and 35%. Note that the
efficiency of the solar collectors is lower at the end of the charging season due to the high temperature in the
seasonal storage tank.

Fig. 2: Solar Collector field window of the developed software for the analysis and evaluation of CSHPSS.
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2.3. Seasonal Storage
The seasonal thermal energy storage considered is a hot water tank. Its volume has already been determined
with the design parameters RAD and RVA defined in the main window. More specific parameters of the
thermal energy storage are set in this window. The shape of the thermal energy storage affects to the thermal
energy transferred to the ambient. A cylindrical thermal energy storage tank is considered and the aspect of
the tank (height divided by diameter) can be selected. The minimum default seasonal storage temperature of
the CSHPSS plant connected to a low temperature district heating system is 30ºC but other minimum
temperature values can be given if the designer considers different design restrictions. Similarly, the
maximum default storage temperature considered is 90ºC but different maximum storage temperatures can
also be used. The seasonal thermal energy storage tank has thermal losses to the environment through the
storage envelope. A default value of the heat transfer coefficient of 0.12 W/(m2·K) has been estimated, which
can also be adjusted by the user. Further, the substance considered by default for thermal energy storage is
water, however different substances, e.g. soil or gravel-water mixtures can be considered by implementing
the corresponding heat capacity and density of the considered substance.
On the lower part of this window (see Fig. 3) are presented the main energy flows of the seasonal thermal
energy storage: thermal losses Ql, heat discharged Qs, and heat rejected when the storage tank is fully
charged Qx. It is also shown the average temperature of the water in the seasonal storage tank (temperature
stratification is not considered).

Fig. 3: Seasonal Storage window of the developed software for the analysis and evaluation of CSHPSS.
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2.4. Heating Demand
The heating demand is calculated according to the number of dwellings, the dwelling size, and the average
consumption of thermal energy per square meter. The size of the dwelling is 100 m2 but it can be adjusted by
the user as a design parameter.
The base annual space heating demand 43.2 kWh/m2 (Guadalfajara et al., 2014c) is taken for new
multifamily buildings in Madrid (Spain). Space heating (SH) demand for others locations in Europe has been
obtained applying the European Heating Index (Werner, 2006). The space heating demand is distributed
monthly according to the degree-days method. Erbs et al. (1983) correlation for degree-days is used to
calculate monthly degree-days, and the user can select the base temperature. The user can modify the
distribution of the thermal energy demand by changing the selected base temperature. Typical values used
are 18 for regular buildings and 15 for efficient buildings, but other user defined values can be applied.
The consumption of thermal energy for the production of domestic hot water (DHW) depends on the size of
the community, average consumption of DHW, occupation of the houses and temperature difference between
supply water and hot water consumption temperature, 60ºC. An average consumption of 30 l/(person·day)
and an occupancy of 40 m2 per person are considered. Consult Guadalfajara et al. (2014c) for further details.
In the lower part of the window (see Fig. 4) are shown the monthly distribution of the domestic hot water
demand Qd,DHW, space heating demand Qd,SH and the total heating demand Qd, as well as the average ambient
temperature.

Fig. 4: Heating Demand window of the developed software for the analysis and evaluation of CSHPSS.
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2.5. Economic evaluation
The developed software estimates the investment costs of the analyzed CSHPSS system and its operation
costs corresponding to the electricity and the auxiliary energy consumed respectively by the pumps of the
CSHPSS and by the auxiliary boilers required to cover the demand (Guadalfajara et al., 2014a). The prices of
the electricity and the auxiliary energy source for heating are input values through the user interface (see Fig.
5), as well as the efficiency of the auxiliary boilers that can be given by the user.
The parameter ɲ included as input data in the user interface is proposed to consider the economic costs of
different technologies of thermal energy storage or the expected future price reduction associated to the
technology development (Hadorn and Chuard, 1983; Boysen and Chant, 1986; De Wit, 2007; Ellehauge and
Pedersen, 2007; Schmidt and Mangold, 2009). The value ɲ = 1 corresponds with the experience gained in the
demonstration projects of the two last decades using a hot water tank for thermal energy storage. The
amortization factor is calculated considering an annual interest rate (i = 0.030 year-1), which is an input value
to the software. The amortization costs are distributed along the equipment lifetime (25 years for the solar
collector and 50 years for the seasonal storage). The annual operation and maintenance costs are estimated as
1.5% (fope = 0.015 year-1) of the investment cost according to the criteria proposed by the IEA (2012).
In the example illustrating this paper (see Fig. 5) the auxiliary energy system consists of a gas boiler with an
average efficiency of 95%. Natural gas price is 58.3 €/MWh (Spanish gas price for commercial consumers).
The price of the electricity consumed by the pumps is 166.5 €/MWh. The software provides an estimate of
the investment costs of the solar system (with more detailed information for the main components –solar
field and thermal energy storage), as well as the total costs including separately the cost of the solar heat and
the cost of the auxiliary heat. A sensitivity analysis is also presented in a chart considering different values of
annual interest rate for the investment costs.

Fig. 5: Economic evaluation window of the developed software for the analysis and evaluation of CSHPSS.
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2.6. Environmental assessment
There is also a specific window (see Fig. 6) providing an environmental assessment of the analyzed CSHPSS
system based on the Life Cycle Assessment (LCA) methodology (Guinée, 2002). The software provides the
greenhouse gas emissions of the system expressed in kg of CO2 equivalent per MWh of heat produced and
the primary energy consumption expressed in MWh of primary energy consumed per MWh of heat
produced. In both cases the software evaluates the greenhouse gas emissions and the primary energy
consumption associated to the equipment as well as to the operation (greenhouse gas emissions and the
primary energy consumption associated to the consumption of electricity and auxiliary fuel during the
operation).
The user can provide values of CO2 equivalent emissions and primary energy consumption corresponding to
the electricity and to the auxiliary fuel. By default the values implemented in the software are the Spanish
conversion factors for the electricity and natural gas corresponding to the year 2011 (IDAE, 2014). These
factors allow the evaluation of CO2 equivalent emissions and the primary energy required associated to the
operation of the system. The CO2 equivalent emissions of each piece of equipment has been evaluated
applying the LCA considering the IPCC 2007 method (PréConsultants, 2013) that uses the up-to-date figures
of the Intergovernmental Panel on Climate Change (IPCC, 2007). Also the primary energy consumption
associated to each piece of equipment is evaluated applying the Cumulative Energy Demand method
(Huijbregts et al., 2010).
A detailed description of the procedure applied for the environmental assessment of a CSHPSS applying the
Life Cycle Assessment technique can be found in the work of Raluy et al. (2014).

Fig. 6: Environmental assessment window of the developed software for the analysis and evaluation of CSHPSS.
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3. Geographic analysis
For eight locations in Europe have been designed CSHPSS to cover the demand of space heating and
domestic hot water for 1000 dwellings of 100 m2 with a solar fraction of 50%. The systems fulfill the critical
volume condition: accumulation of all the solar thermal energy produced in summer reaching the maximum
storage temperature but without rejecting some heat. Climatic, demand and design parameters considered in
the software as well as final results obtained are presented in Table 1. Locations with higher radiation require
a lower ratio RAD to obtain the same solar fraction. The radiation is higher and also the efficiency of the
solar collectors.
Table. 1: Climatic data, design data and results for different locations in Europe, 50% solar fraction, 1000 dwellings, 100m2

City
Athens

Qd
Radiation
RAD
kWh/(m2·day) MWh/yr m2/MWh
4.92
4564
0.45

RVA
m3/m2
5.08

A
m2
2,054

V
m3
10,434

ɻcoll
(%)
58.3 %

ɻacu
(%)
87.0 %

ɻsys
(%)
55.8 %

Rome

4.36

5105

0.52

4.85

2,655

12,877

56.7 %

87.7 %

54.2 %

Madrid

4.51

5815

0.49

4.84

2,849

13,791

58.4 %

88.7 %

56.1 %

Paris

2.82

6279

1.02

2.41

6,405

15,437

46.0 %

88.0 %

44.1 %

Berlin

2.87

6817

0.97

2.58

6,613

17,062

46.1 %

87.8 %

44.1 %

Riga

2.71

7476

1.19

2.41

8,897

21,443

41.3 %

87.3 %

39.1 %

Oslo

2.43

8084

1.39

1.75

11,237

19,665

37.8 %

86.8 %

36.1 %

Umea

2.44

8412

1.10

1.37

9,254

12,678

41.9 %

85.4 %

40.5 %

Oslo, Berlin and Madrid are cities in Europe with different design conditions due to climate and demand. It is
important to note that obtaining the same solar fraction requires very different sizing of the solar collector
field and the seasonal storage. In Figure 7 is depicted the area of solar collectors and the volume of seasonal
storage required to obtain a specified solar fraction with the design criteria of critical volume. Relevant
conclusions about the effect of the location on the design of these systems can be obtained from this graph.
For same size communities to obtain the same solar fraction it is required a larger area of solar collector in
cold climates than in warm climates and the volume of seasonal storage required per area of solar collector is
very different for each climate, not lineal relation between those factors.

Fig. 7: Design parameters for different solar fraction in different climates in Europe, 1000 dwellings of 100 m2.
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4. Conclusions
A software for the analysis, pre-design and performance evaluation of CSHPSS, based on a simple
calculation method developed by the authors (Guadalfajara et al., 2014a) has been presented. The
distributable program, currently as a beta version, has been built with the Engineering Equation Software
(EES, 2013). Using demand data and public climatic data that can be easily obtained, the software calculates
the annual behavior of a CSHPSS plant on a monthly basis.
The developed software consists of four sequential modules for the calculation of the annual and monthly
performance of a CSHPSS system. The Module 1 elaborates the hourly and monthly climatic and demand
data required to calculate the system performance (hourly radiation on tilted surface, hourly ambient
temperature, monthly demand…). The Module 2 calculates the monthly production of the solar field based
on the hourly incident radiation and hourly ambient temperature of a typical day for each month, and on the
storage tank temperature at the beginning of the considered month. The Module 3 calculates the monthly
values of the energy charged/discharged/accumulated in the seasonal storage tank and the auxiliary energy (if
required), as well as the final temperature of the water in the tank and the heat rejected (in case the storage
tank would be fully charged). And the Module 4 calculates the results (monthly and annual energy balance,
efficiency of solar field, and solar fraction; annual efficiency of thermal energy storage and global efficiency
of the system), estimation of the investment, operation and maintenance costs. Finally the unit economic
cost, CO2 equivalent emissions and primary energy for solar heat are obtained.
A user friendly interface consisting of six windows has been built, starting from general parameters of the
system (main window) to specific considerations of each component (solar collector field, seasonal storage
and heating demand) as well as to the economic and environmental information for economic and
environmental evaluations. Through these windows the design parameters can be defined and the results are
presented with the help of several graphs and diagrams that support the evaluation of CSHPSS.
As a result, with the developed software can be, easily and quickly, obtained technical, economic and
environmental results about the system performance. The software generates an estimation of the economic
and environmental solar heat cost, as well as preliminary values of the main design parameters of the
CSHPSS system (solar field area and volume of the seasonal thermal energy storage). The design and
evaluation of CSHPSS for different cities in Europe were performed obtaining relevant conclusions about the
geographic variation of design requirements.
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Abstract
The implementation of a large scale solar heating system to supply a district heating network which stands in
front of an upcoming expansion (to cover three more villages) has been investigated. This includes the
feasibility study of aiming for large solar fractions. The result is that a solar heating system which can supply
the entire heat demand of the expansion will be more feasible than only operating with biomass boilers. The
study also investigates the possibility of going one (big) step further to reach solar fractions in the range of
80 % not only for the expansion, but for the entire district heating network with an annual heat demand of
approximately 60,000 MWh. The results indicate that the cost of having a heat supply with a solar fraction of
around 80 % would match the cost of a biomass based supply if a new tax on biomass would have been
approved. It has later been decided to drop the implementation of this tax and without it the most feasible
solar fraction is significantly lower for the specific case. However the average heat price for a system with
high solar fractions is in the range of typical district heating production costs for other fuels than biomass
(e.g. natural gas) thus making it a potential option for future district heating solutions.
Key-words: Solar district heating, large scale, solar fraction, business model.

1. Introduction
On the Danish island Bornholm in the Baltic Sea the local utility are planning to expand one of their district
heating networks which at the moment are supplying the villages Nexø, Balka and Snogebæk from a straw
fired district heating plant in the outskirts of Nexø. The extension consists of establishing district heating in
the nearby villages Listed, Svaneke and Aarsdale, and coupling them to the same district heating plant while
increasing the boiler capacity. The utility also considers using a solar heating system to supply some of the
demand. The feasibility of different solar fractions has been investigated in a case study focusing on this
situation.
2. Business model
It is well known that a barrier for large scale solar heating systems can be the big up-front investment costs.
The business model for the utility at Bornholm is to keep the up-front costs as low as possible and to get the
income from the heat bill. This is possible because the district heating utilities in Denmark are able to get
loans with a very low interest rate and thereby spread out the payment over a long period of time (up to 25
years). This strategy can be applied for investments in the capacity of the district heating plant as well as for
the network. The result is that investments in renewable energy implementation and efficiency improvements
of the heat production system are not held back by large investment costs.
Most of the investments required to supply district heating for a new area is paid back by the customers over
a number of years (i.e. included in the heat bill). For a house with an oil boiler the customer has to pay
approx. 2,200-2,300 € for the district heating connection. This includes the pipe connection to the house incl.
installation, a heat meter, district heating unit with hot water tank installed and shunt regulation, removal of
oil boiler, old hot water tank and oil tank.
For electric heated houses there is no connection fee. On the other hand these customers need to install a
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water based heating system in their houses.
When the transition is completed, the customer is left with 30-40 % reduction in annual heat costs knowing
that also the environment benefits from the solution.
The offer only applies for a limited period of time and only if a certain share of the potential customers sign
up for being connected to the district heating network before the utility begins the construction. This way the
utility do not risk installing a network where only a few customers want to be connected. Customers who
choose to connect to the district heating network at a later time will have to pay a higher connection fee.

3. The district heating plant units
The present heat production in the case study is based on straw boilers and this will also be the supply of
some or all of the expansion of the network. The fuel is available from the local farmland.
Besides the boilers the utility are looking towards introducing a large scale solar thermal system which – for
large solar fractions – could include a seasonal heat storage and a heat pump. In that case the system could be
constructed as shown in figure 1.

Fig. 1: Principle diagram of a solar heating system combined with seasonal heat storage, absorption heat pump and boiler(s).

The solar heat is supplied to the heat storage from where it is supplied to the district heating network by
means of a heat exchanger (directly), by using a heat pump or a mix of these. The heat pump makes it
possible to extract heat from the storage at lower temperature levels than the return temperature of the district
heating network. This means that the storage volume is utilised more efficiently compared to a storage which
can only use heat by means of a heat exchanger (i.e. only down to the return temperature level). In other
words it is possible to store a larger amount of energy in a storage connected to a heat pump than if there is
no heat pump. Another benefit is that the lower temperature in the storage improves the efficiency of the
solar collectors. (However one should be aware not to “count the solar heat production twice” when
assessing the performance of the heat pump since the heat extracted from the storage is not freely available
like in air-to-water heat pumps – it has to be paid for as the investment in the solar collectors.) By simulating
the system with different sizes of collector field, storage and heat pump, different scenarios can be
investigated.

4. Feasibility calculation method
The district heating plant has been modeled in the software tool TRNSYS (version 17.01) in order to
evaluate flows and temperatures in the energy system hour by hour during a year. The simulation runs for a
period of two years (17,520 hours) and the results from the second year are used in the calculations. This
way the effect of the start-up preconditions in the beginning of the simulation is minimised.
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Figure 2: User interface of TRNSYS model for a system with solar collector area, seasonal storage and absorption heat pump.

The average heat price is calculated as the sum of annual operation & maintenance costs (e.g. fuel costs) and
annual repayments of the loan for the district heating plant units (solar collectors, storage etc.) divided by the
annual heat demand. This number needs to be as low as possible for the utility which is why it can be used to
optimize the system component sizes.
A software tool called GenOpt is used to perform a numerical optimisation of the system. This is done by
varying different (user specified) parameters (e.g. the total solar collector area) in the TRNSYS model in
order to find a configuration which provides the lowest possible heat price. This can be done with several
different parameters in the same optimisation.
When both operation & maintenance costs and the repayment of the loan is included in the overall
calculation of the total annual costs for the utility, the result is that the potential savings provided by a solar
heating system (and/or other energy technologies) is highlighted and that the focus is thereby moved from
the large up-front investment costs to the potential benefits of the investment.

5. Solar fraction: 100 % of network expansion ~ 23 % of total demand
To supply 100 % of the heat demand associated to the expansion of the network (on an annual basis) a solar
collector area of approx. 33,000 m2 is required. This share corresponds to approx. 23 % of the future entire
network demand. The solar district heating system will benefit from the interaction with the rest of the
network thus in practice supplying solar heat to the entire network in summer and in turn being supplied by
biomass boilers in winter. This way there is no need for a seasonal storage and absorption heat pump. Instead
of a pit heat storage as shown in figure 1 a cylindrical steel tank of 3,000 m3 is used. The district heating
supply in this scenario is seen in figure 3. The resulting heat price is below the heat price for operation solely
based on biomass boilers.
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Figure 3: Heat supply for the different heat producing units for a solar heating system covering 23 % of the total demand.

6. Solar fraction > 80 % of total demand
A solar fraction of more than 80 % can be reached by several combinations of solar collector area and
storage volume. In figure 4 is seen the variations in a) heat price and b) the solar heat supplied to the storage
per m2 of collector area for four different combinations of collector area and storage volume. All
combinations result in a solar fraction of approx. 82 %.

Figure 4: Variations in heat price and solar heat supplied to the storage per m2 of collector for different combinations of
collector area and storage volume all resulting in a solar fraction of 82 %.

The lowest average heat price for this solar fraction is for a 135.000 m2 solar collector field and a pit heat
storage of 450.000 m3 (along with a large scale absorption heat pump as described in section 3). Using these
figures in the simulation model the heat supply becomes as shown in figure 5.
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Figure 5: Heat supply for the different heat producing units for a solar heating system covering 82 % of the total demand.

In figure 6 is seen the supply of energy to the system (being solar heat from the collector field as well as
fuel). Comparing figure 5 and 6 it is seen that the storage is charged mainly in spring and in summer and that
this heat is enough to cover almost all the demand the rest of the year.

Figure 6: Solar heat and straw based heat used in a solar heating system covering 82 % of the total demand.

7. The influence of politics
A new tax on biomass fuels was introduced in 2012 which should have been in effect from the beginning of
2014. After a long period of discussions the Danish parliament later decided to drop this specific tax. Since
this tax would gradually become a large part of the total biomass price it favoured solar thermal systems in
the ‘competition’ against biomass boilers in the case study. Hence the optimisation varies significantly
depending on whether or not the tax is included in the economic calculations.
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In general this political change underlines the argument for solar district heating based on the fact that the
cost of solar heat is fixed throughout the lifetime of the solar heating system. In principle a utility becomes
more independent from the politic decisions regarding taxation on the different fuels when the solar fraction
is increased.

8. Financial results
Including the above mentioned tax – as it was done initially in the case study based on the financial
expectations – results in a heat price for the 82 % solar fraction system which can compete with the heat
price of a system only using biomass. Without this tax the large solar fraction configurations are no longer
the most feasible solution for the case in question. However a system supplying the entire demand for the
three villages forming the expansion of the network (described in section 5) will still be more feasible than to
base the operation only on straw boilers.

9. Conclusions
When being an available option, biomass has in general been the hardest competitor for solar district heating
in Denmark because of the low costs and almost no taxes compared to other fuels. Even without the
previously expected tax, large solar fractions can be feasible for a number of district heating plants –
especially if they are based on fossil fuels.
Though the preconditions for the specific case study have changed against the favour of very high solar
fractions, the study shows that even at large solar fractions the heat can be produced at reasonable costs (e.g.
comparable to natural gas CHP plant heat prices). There is a national tendency towards larger solar district
heating systems and larger solar fractions. Several systems aiming for 50 % solar fraction have been realised
or planned for the coming years and this development could indicate the next step for solar district heating in
Denmark: Moving from widespread awareness of the reliability and feasibility of systems for solar fractions
up to 25 %, to more complex systems interacting with several other units in order to supply the majority of
the annual heat production.

10. Abbreviations
CHP

Combined heat and power

ST

Solar thermal collector field

PTES

Pit thermal energy storage

TL

Transmission line

SHW

Superheated water circuit

ABSHP Absorption heat pump
Tfw

District heating network forward temperature

Tre

District heating network return temperature

Sf

Solar fraction
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Abstract
Based on the actual situation of Chinese rural area buildings, we designed one kind of solar heating and hot
water supplying combined system, which integrated all-glass vacuum tubes solar air collector and soil heat
storage system. The system comprised solar air collecting system, hot air transmission system, soil heat
storage system and domestic hot water system. The solar air collecting system provided hot air through hot
air transmission system, the hot air transmission system could change hot air flow direction -in heating
season, connected to soil heat storage system, supplied heating for room; in non-heating season, connected to
domestic hot water air-water heat exchanger, supplied hot water while enhanced indoor and outdoor air
convection, so that reduced the indoor temperature. The system features were: 1. Solving overheating in nonheating season and freeze in winter of the traditional solar hot water systems; 2. Usage of soil heat storage
reducing investment and construction costs; 3. Heat dissipation was mainly through radiation, so the thermal
comfort was greatly improved compared with all-air heating; and 4. It could realize full year effective usage
of the solar energy.
Keywords㸸Rural area buildings; solar air collector; soil heat storage; solar heating; domestic hot water

1. Introduction
At present, China rural area winter heating still mainly rely on firing coal or firewood, which is not only
difficult to guarantee indoor thermal environment, but the fuel combustion efficiency is also lower. Active
solar water heating systems are limited by several factors such as system and installation costs, antifreeze,
anti-overheating requirements, therefore whose usage are not yet mature currently. Solar air heating currently
often use pebble-bed, which increase construction costs and material costs. And the use of the phase change
materials have a relatively higher costs (Lin Kunping, et al., 2005). The flat-plate solar air collectors have
larger heat loss, whose collecting efficiency is not higher compared with all-glass vacuum tube solar air
collectors, the outlet temperature is lower, so it is not conducive to storing heat and making hot water with
hot air (Zhu Dunzhi, et al., 2011).
In recent years, active solar heating system gradually become a hot topic, several single building solar
heating system pilot projects have been established, such as Beijing Sunpu office building, Beijing Pinggu
new rural construction projects, Lhasa railway station and so on, but the solar district heating heating pilot
project is not yet mature. However, the technology itself is not the main obstacle to the promotion of solar
collector heating, but the higher initial investment as well as the overheating problem in spring, summer,
autumn and other non-heating season. It requires the use of seasonal energy storage with ground source heat
pumps or other forms complementary to achieve but for currently weak economic foundation of rural areas ,
which is not applicable (Zheng Ruicheng.2013).
In response to these problems, we develop the system.
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2. System introduction and performance analysis
2.1.System introduction
The project site is located in Dunhuang City, Gansu Province, China. The building is single layer village
residential house, whose heating area is 79.5 ້, and facing west. The demand of domestic hot water is 120
l/d at 55Ԩ. The demand of space heating is 64.18 kWh/m2 ·a under the room temperature of 16Ԩ
㸦date:10.27~3.15㸧. The building roof is flat, and on the middle living room, there is set color steel sloping
roof, whose slope is equal to the local latitude, where the all-glass vacuum tube collectors are installed. The
system schematic are shown in Fig.1 and Fig.2:

Fig. 1:The system schematic

Fig. 2 The metal heat exchanger coil installation schematic

Note: Figures in Fig. 1 and Fig. 2 indicate the following meaning:
1, fan; 2 , check valve; 3, filter; 4, electric valve; 5, air distribution header; 6, solar air collectors; 7, air collection box; 8, electric valve;
9, air-water heat exchanger for auxiliary heat; 10, air-water heat exchanger for domestic hot water; 11, electric valve; 12, wind cap; 13,
manual adjustment air valve; 14, metal heat exchanger coil; 15,air outlet; 16 , hot water storage tank; 17, the primary circulating pump
for domestic hot water; 18, cold water connection; 19, hot water unit; 20, soil heat storage bed; 21, floor; 22, ceiling; 23, hot water pipe
for auxiliary heat source system; 24, the primary side pipe for domestic hot water system; 25, flat roof.

Working principles of the system are:
1. supplying heating and heat storage with solar air collectors:
In heating season, under abundant sunshine condition, electric valve 4, manual adjustment air valve 13 and
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fan would be opened, electric valve 8, 11 would be closed, the indoor air would flow through solar air
collectors, then the hot air would flow through metal heat exchange coil of soil heat sto rage system, partial
heat would be stored in soil bed, the warm air would be sent into room. The air collectors would be used for
room space heating and soil heat storage.
2. Supplying heating with soil heat storage system
In heating season, in the case of there is sufficient heat storage in soil, the fan would be closed at night, heat
the room by radiant from soil storage bed.
3. Supplying heating with auxiliary heat source system
In heating season, when there is not enough solar energy or not sufficient h eat storage in soil, auxiliary heat
source, fan and electric valve 8 would be opened, electric valve 4 would be closed. The indoor air would be
heated by air-water heat exchanger of auxiliary heat source. The auxiliary heat source may be boiler or
central heating water.
4. Domestic hot water supplying in non-heating
In non-heating season, under abundant sunshine condition, electric valve 4, 11and fan would be opened,
electric valve 8, manual adjustment air valve 13 would be closed, the indoor air would flow through solar air
collectors, then the hot air would flow through air-water heat exchanger of domestic hot water system.
Meanwhile, the primary circulating pump for domestic hot water would be opened, then the water in tank
would be heated for domestic hot water supplying. The operation would not only enhance indoor and
outdoor air convection, but also solve the problem of collecting system overheating.
The actual installation of the system are shown in Fig.3 and Fig.4:

Fig. 3:The solar air collectors

Fig. 4:The metal heat exchanger coil

2.2. Introduction of all-glass vacuum tubes solar air collector
In this system, we used high collecting efficiency vacuum tubes air collectors. Compared with solar water
collector, the solar air collect has advantages of: 1. no freeze problem in winter; 2.few leakage of air would
less impact to collector performance. 3. no corrosion problem, so it is convenient for winter heating,
enhancing indoor ventilation, solar drying and other occasions (Yuan Yingli,et al.2010).
Considering both in non-heating seasons preparation of hot water and in heating season soil heat storage
require higher air temperature, the system used vacuum tube collectors with higher air collector efficiency .
The size of the collector is 2290 mm (length) ×1820 mm (width) ×225 mm (thickness), the inlet and outlet
diameter both is 75 mm. For single block, the gross area is 3.25 ້, the aperture area is 2.05 ້. The collector
structure is shown in Figure 5. The basic working principle of the collector is: the tube inner layer absorbing
solar radiation, converting into heat, when using a fan to force the cold air blowing into the collector, then
the air entering the metal intubation, forced convection formed in the annular region, thereby heating the air
to obtain a higher temperature.
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Fig. 5: The collector structure diagrammatic drawing

By testing, in the condition of average total irradiation of 785 W/້, average outdoor temperature of 10.7Ԩ,
when the flow rate is 81.4 m³/h and the inlet temperature is 17.0Ԩ, the average outlet temperature is 79.2Ԩ.
The average collector instantaneous efficiency based on the total area is 40.5% (shown in Fig. 6), The
collector instantaneous efficiency curve equation based on the aperture area is:
ηa = 0.7124㸫6.1959Ti *
Ti * 㸻㸦t i 㸫t a㸧/G

(eq. 1)
(eq. 2)

Where ηa is the instantaneous efficiency; Ti * is the normalized temperature difference, (້·Ԩ)/W; ti is the
inlet temperature of the air, Ԩ㸹t a is the outdoor temperature, Ԩ㸹G is the total irradiance on collector
aperture area, W/້ૡ.

Fig. 6: The collector thermal performance test data

We also tested the collector’s air flow resistance. As shown in Fig.7, when the air flow rate is 90 m³/h, the
resistance of the collector is lower than 200 Pa. Therefore, when the flow rate is lower than 100 m³/h, the
pressure loss is relatively small, the fan power is small, so the fan selection restrictions is also small.
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Fig. 7: The collector resistance performance test data

3 System performance analysis
3.1. Simulation analysis
The meteorological datas of Dunhuang are:
1. The annual average daily solar irradiation on horizontal plane: 17.48 MJ/(m2 ·d);
2. The annual average daily solar irradiation on local latitude angle plane: 19.92 MJ/(m2 ·d);
3. The December average daily solar irradiation on local latitude angle plane: 15.88 MJ/(m2 ·d);
4. The average daily hours of sunshine: 9.2 h;
5. Heating season average outdoor temperature: -2.8 Ԩ;
6. Calculating outdoor temperature for heating: -12.6 Ԩ;
7. Ventilation calculating outdoor design temperature in summer:29.9 Ԩ.
According to the local meteorological data, we used trnsys to simulate related parameters, and optimized the
system (Fig.8). In the simulation, we didn’t set auxiliary heat source. From the simulation we could get that
in heating season when only relid on air collectors heating, the outlet temperature of the collectors is in 40 ć
~90 ć(Fig.9), the inlet air temperature of the three rooms is in 17.5 ć~20 ć(Fig.10). The three rooms
temperature was simulated, we could see that when there is not auxiliary heat source and personnel heat
dissipation, the lowest temperature is 8Ԩ, which could meet the basic requirement of rural area.

Fig. 8: The simulation program
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Fig. 9: The colle ctor annual outle t tempe rature

Fig. 10: The inlet air temperature of the three rooms

Fig. 11: The air temperature of the three rooms

3.2. Actual operation analysis
At present, the project and the monitoring system have been completed. In the user stay, the monitoring
system will run throughout the year to conduct real-time monitoring, data monitoring platform provides
GPRS remote function, the monitoring data are readily available in the office.
Now we have get the data of domestic hot water supplying in non-heating seasons (Tab.1 and Tab.2).

776

Li Aisong / EuroSun 2014 / ISES Conference Proceedings (2014)

Tab. 1: Non-heating season domestic hot water supplying test data

Test
Date

Average outdoor
temperature
Ԩ)
(Ԩ

Irradiation on
aperture area
㸦MJ/້

5.27
5.28
6.11
6.13

21.5
23.1
19.5
21.0

22.6
23.6
14.5
22.7

Average outlet
temperature of the
collecting system
㸦Υ㸧
105.8
109.2
80.3

Average temperature of
the tank after operation
㸦Υ㸧
57.6
60.3
49.2

105.6

57.5

Tab. 2: Non-heating season domestic hot water supplying compute data

Test Date

5.27
5.28
6.11
6.13

Heat gain of the collecting
system

Heat gain of the domestic
hot water system

(MJ)

(MJ)

74.97
79.82
50.25
75.25

30.15
31.26
24.56
30.67

Collecting system
efficiency

0.40
0.41
0.43
0.40

From the test data we can see that domestic hot water provided by the system can fully meet the demand.
The collecting system could provide very high temperature hot air. And the system has a high energy saving
effect in non-heating seasons. As current is in the non-heating season, room heating conditions cannot be
tested, following heating season of this year we will get the further test data.

4. Conclusion
The system integrates all-glass vacuum tubes solar air collector and soil heat storage system, it has the
following advantages:
1. The system uses air as heat medium, avoiding antifreezing problem and rehydration problem caused by
fluid leakage for collecting system which uses water as heat medium.
2. The system adopts compacted soil as heat storage medium prime form, avoiding the problems of large
construction, high costs and pebbles damp moldy for using pebble bed heat storage. At night, by using
radiant heating, improves thermal comfort.
3. In non-heating season, the system can be used to prepare domestic hot water by high-temperature air,
which not only solves the problem of overheating in summer for general solar collecting systems, but also
enhanced the indoor air flow, reduces the indoor temperature. This measure also increases the utilization of
renewable energy throughout the year.
4. To further reduce system costs, the system adopts manual control, which is characterized by cheap,
reliable, easy to use and easy to operate.
5. The system has the advantages of simple structure, low costs, easy to control, high security and high solar
energy utilization. It is suitable for widely using in rural area housing, and it has high promotional value.
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Abstract
The standing losses of two typical bivalent hot water stores have been determined according to three
different standards (EN 12977-3:2012, EN 12897:2006, EN 15332:2007). The different test procedures of
these three standards as well as an additional standard (EN 60379:2004) contain methods to provide the basis
for the classification of hot water stores into energy efficiency classes. This classification is used to label the
hot water stores according to the European Directive 2010/30/EU with different energy labels from either A
to G or A+ to F.
The results of the work performed show that, depending on the chosen standard or test procedure
respectively, significantly different standing losses result. Therefore, a certain hot water store would be
s of one standard, whereas the same store would be classified as
values of the tested solar thermal system vary significantly.
Keywords:
Hot water store testing, collector testing, system testing, energy labelling, standing losses, heat loss rate.

1. Introduction
The Commission delegated regulation (EU) No 812/2013, supplementing the Energy Labelling Directive
(Directive 2010/30/EU) (European Union, 2010)
was published in September 2013. Only
in combination with solar thermal a system will be able to achieve the labelling class A+++. As soon as solar
y. A solar thermal system
itself cannot achieve a product label since it is classified as an efficiency technology and not as a heat
is required for certain parts of a solar thermal system, e.g. pumps and
generator. But such a
stores. Although, only stores with a volume up to 500 L require the product label, manufactures of stores
with a higher volume must deliver a technical documentation containing all necessary information for issuing
the package label.
Since the store is one of the core components of a heat generator, no matter if it is combined with a solar
thermal system or not, a deeper survey of the classification procedure of hot water stores is necessary.
The EU directive No. 812/2013 classifies hot water stores into eight energy efficiency classes. The
classification only depends on the standing losses of the hot water store. These standing losses have to be
examined according to
that take into account recognised state-of-the-art measurement and calculation methods including, where
(European Union, 2013). This means that the following standards are
appropriate and approved for the determination of the standing losses:
EN 12977-3:2008 (CEN, 2012), EN 12897:2006 (CEN, 2006), EN 15332:2007 (CEN, 2007) and
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EN 60379:2004 (CENELEC, 2004).
Although, even if the applicability of some of these standards is limited with regard to the type, to the size of
the store or to the kind of charging, the standing losses of most hot water stores can be determined according
to several standards. From this matter of fact the following two questions arise:
Do all approved test procedures of the mentioned standards lead to the same results for the standing
losses and the heat loss rate respectively?
Which apparatus for performing the tests according to the different procedures is required and can the
apparatus be used for tests according to the different test procedures?
2. Test method
In order to assess the test procedures of the different standards, the standing losses of two typical bivalent hot
water stores have been determined according to EN 12977-3:2008, EN 12897:2006 and EN 15332:2007. The
procedure described in EN 60379:2004 is merely applicable to hot water stores charged only by an immersed
electrical heating element. Therefore this kind of stores cannot be combined with conventional solar thermal
systems. Since the aim of the work performed was an assessment related to solar thermal hot water stores,
this procedure was not further taken into account.
The small hot water store has a nominal volume of 300 L and 50 mm PU-foam insulation, whereas the other
hot water store has a nominal volume of 500 L and 100 mm polyester fiber mat insulation.
For the determination of the standing losses according to EN 12897, both hot water stores have been charged
via an immersed electrical heating element with a nominal power of 3 kW. The standing losses according to
EN 15332 were determined using an electrical heating wire with a nominal power of 290 W, immersed in the
lower third of the store. The determination of the heat loss rate according to EN 12977-3 was performed
using the internal heat exchanger intended for the connection to the solar thermal collector loop. Here, the
300 L store was charged with 3 kW at a flow rate of 360 L/h, the 500 L store with 5 kW at a flow rate of
600 L/h.
3. Test apparatus
The test procedures of the three considered standards require three different test setups. Usually this ends up
with three different sets of sensors, hydraulics, data acquisition systems and further infrastructure due to the
requirements of the specific test procedure. But based on the long-term experiences of SWT in combining
several test procedures into one test facility, a test concept was developed that allows for testing the standing
losses of hot water stores according to all three above mentioned standards with only one single test setup.
One step further represents the integration of this test concept into the world wide well-known and
successfully distributed mobile all-in-one test facility for solar thermal systems and collectors. This concept
enables testing of solar thermal systems according to two different standards and testing of solar thermal
collectors according to another standard. And now also testing of hot water stores according to the energy
label requirements is possible. Figures 1 shows the hydraulics of a test facility able to perform tests of four
different types of samples acc. to six standards.
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Figure 1: Hydraulics of the mobile all-in-one test facility (overview)

Figure 2 reveals a module for testing only the thermal performance of hot water stores acc. to EN 12977-3.

Figure 2: Module for testing the thermal performance of hot water stores acc. to EN 12977-3

The main advantage of this solution is obvious: Nowadays, the cost-effectiveness of such a test facility is of
highest importance. Expensive sensors, data acquisition systems and other infrastructure must be purchased,
maintained, calibrated, etc. only once. Further the flexibility with respect to both the selection of the test
procedure as well as to the installation location of the test facility is impressive. Due to the setup based on a
conventional 20 ft container, an installation, disassembly, transport to another test site and new installation is
not only easy but also possible within shortest of time. Additionally, the space-saving setup must be
mentioned, since test approaches for four different types of samples acc. to six different standards are
implemented into only one test facility.
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4. Results
Table 1 shows both the results of the survey related to the standing losses of the two bivalent hot water stores
and the resulting energy label based on the EU regulation 812/2013.

Tab. 1: Standing losses in kWh/24 h determined acc. to the corresponding standards and the resulting energy label

300 L store

500 L store

EN 12897 [kWh/24 h]

/ Label [-]

2.44 / D

2.53 / C

EN 15332 [kWh/24 h]

/ Label [-]

2.25 / C

2.71 / C

EN 12977-3 [kWh/24 h] / Label [-]

2.60 / D

2.85 / D

The highest values show the determination of the standing losses acc. to EN 12977-3. This is mainly due to
the external charging of the hot water store. Since four hydraulic connections are necessary, additional
thermal bridges are existent compared to the other two procedures where only an immersed electrical heating
element and no hydraulic connection is required. Furthermore, a higher value of the standing losses results
from the test procedure acc. to EN 12897 than from the procedure acc. to EN 15332 for the 300 L store;
whereas the result is vice versa for the 500 L store. The reason for this is the evaluation procedure acc. to
EN 12897: For the determination of the standing losses, time periods with durations of exactly 24 h have to
be used. Therefore, the situation can happen that the hot water store has at the end of the test period a lower
temperature than at the beginning. This was the case for the 500 L store and a lower value for the standing
losses results. Additionally, the relative large switching hysteresis of 4 K tightens this problematic. The
procedure acc. to EN 15332 requires a switching hysteresis of only 0.8 K. During the test of the 300 L store,
these effects have been balanced more or less, since after the first 24 h sequence the store temperature was
higher than at the beginning, but after the second sequence it was lower than at the beginning. Although, the
results seem to be plausible in this case, this test and evaluation procedure is not suitable for the
determination of reliable results and should be changed since the procedure itself can cause wrong values for
the standing losses.
Contrary, the procedure acc. to EN 15332 starts and ends always at the power-on or power-off status of the
controller. This ensures that the hot water store has the same temperature at the beginning and at the end of a
test sequence. Therefore, the test periods are mostly longer than 24 h, but this is taken into account with a
correction factor (24 h/duration of test period).
Table 1 shows that the applied test procedure influences also the classification of the hot water store with
regard to the energy label. But this must be avoided, since it can be assumed that in future the energy labels
of the hot water stores are mentioned without the applied test procedure.
5. Consequences for the fractional energy savings
To determine the consequences for the fractional energy savings based on the different test results related to
the standing losses of hot water stores, a simulation was performed with the transient system simulation
software TRNSYS in version 17. Two different solar thermal systems have been simulated:
A typical solar thermal system for hot water preparation: store volume of 300 L, flat plate collectors
with an aperture area of 4.66 m2, inclination angle 45° facing directly the south
A typical solar thermal combi system: store volume of 1,000 L, flat plate collectors with an aperture
area of 14.26 m2, inclination angle 45° facing directly the south
Both solar thermal systems supply a single family house with 128 m² living area at the location Würzburg
with heat. The hot water demand amounts to 200 L/day at 45 °C and results in 2,945 kWh/a. The combi
system supplies the heat for hot water preparation via an external fresh water station. The space heating is
connected as a return flow increase. The heating demand of the building amounts to 71 kWh/(m2·a) or
9,090 kWh/a. The space heating operates in 50/30 °C modus. The overall heating demand amounts to
12,679 kWh/a including thermal losses of the store of 644 kWh/a.
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For both stores the standing losses have been chosen in such a way that the stores achieve just the
corresponding class of the particular energy label. For the maximum values of the standing losses at a
temperature difference of 45 K between mean store and ambient temperature for the corresponding energy
label see table 2. Since the energy label D is the energy class, which most market available hot water stores
achieve, the lower labels have been not considered.
Table 2: Standing losses for the 300 L and the 1,000 L store

Energy label

Standing losses [kWh/24 h]
300 L store

Standing losses [kWh/24 h]
1,000 L store

A+

0.89

1.31

A

1.22

1.78

B

1.71

2.48

C

2.40

3.49

D

2.98

4.33

The requirements for the labels B, A and A+ are quite high. Presumably, up to now there are no hot water
stores available on the market with one of these labels.
Table 3 and 4 show for both solar thermal systems the fractional energy savings fsav and the absolute energy
savings in relation to a store with the energy label D. Both values do not take into account the efficiency of
the boiler. Additionally, the difference between the actual energy label and the next lower one is given.
For both systems, the biggest difference of the energy savings is at the step from label C to B. Therefore
label B could be an economical optimum, especially since the requirements of the thermal losses of the stores
are achievable with conventional insulation materials and acceptable insulation thicknesses. With a further
increase of the insulation (and a further increase of the energy label, respectively) the additional achievable
energy savings decrease. The lowest increase is at the step from label A to A+. This matter of fact surprises,
since the effort to achieve the next better label becomes more and more with the increase of the label.
Table 3: Fractional and absolute energy savings for the solar thermal system for hot water preparation

Energy
label

Fractional energy savings
[%]

Absolute energy savings
[kWh]

Difference to the next
lower label [kWh]

A+

62.5

287

47

A

61.2

240

66

B

59.3

174

92

C

56.8

82

82

D

54.5

0

-

Table 4: Fractional and absolute energy savings for the solar thermal combi system

Energy
label

Fractional energy savings
[%]

Absolute energy savings
[kWh]

Difference to the next
lower label [kWh]

A+

31.8

326

49

A

31.4

277

80

B

30.8

197

106

C

29.9

91

91

D

29.2

0

-
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6. Conclusions
The Commission delegated regulation 812/2013 supplementing the EU Energy Labelling Directive
(Directive 2010/30/EU) allows four different test procedures for determination the standing losses of hot
water stores. An implementation of these test procedures into one single test facility enables a cost-effective
solution for manufactures and test labs to perform the tests acc. to the corresponding standards. For a further
increase of the effectiveness with regard to costs, space and flexibility, the test procedures have been
implemented into the mobile, all-in-one test facility of SWT.
The comparison of the test procedures for the determination of the standing losses of hot water stores showed
that the different procedures can lead to different results. The reasons for this are the different types of
hydraulic connections of the stores (amount of thermal bridges due to external or internal charge of the
stores) but also the deficiencies of the test procedures itself: The test procedure acc. to EN 12897 does not
ensure that the store has the same temperature at the end of the test period as at the beginning. Here a careful
revision of the standard seems to be mandatory. But basically, the energy labels are a good way to compare
stores with the same volume on the basis of their insulation characteristics.
Furthermore, the additional achievable energy savings are important. Up to the label B, for both systems (hot
water preparation and combi system) the additional achievable energy savings increase, but for the higher
labels A and A+ the additional energy savings decrease. This actual situation should be recognized by the
manufacturers and the end consumers for a correct rating of the energy labels. For the manufacturers it is
evident to check if it is reasonable to achieve the higher levels A and A+. Probably a further increase of the
energy label of a store becomes more difficult the higher the store is already classified. Therefore, from an
economic point of view, it may be more reasonable to realize further energy savings with other measures,
e.g. a larger collector area, than with a better energy labeled store (A or even A+).
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Abstract
This paper presents the results from experimental investigations of the filling and draining processes of
drainback systems (DBS). An experimental setup of DBS with transparent hydraulic components was built
for these purposes. Three experiments have been carried out, evaluated and summarized: (1) impact of an air
vent in combination with an air channel on draining and filling processes, (2) influence of the pump’s speed
on the filling process, and (3) effect of the water level in the drainback tank on operation conditions. Some
results of these investigations are:
x

A general method to measure the duration of the filling process for DBS is developed

x

Two types of draining processes “syphon draining” vs. “two columns draining” are compared

x

Air entrainments into the drainback tank due to splashing and vortex effects are analyzed

Other results with explanations of the processes are presented in this paper. A familiarization with a previous
publication- part 1 (Botpaev et al. 2013) is not required for a comprehensive reading of this work.
Key words: drainback system, drainback tank, draining, filling, syphon draining.

1. Introduction
Drainback systems (DBS) can provide a simple protection against overheating and freezing of the applied
heat carrier. A safe operation of the system is reached due to alternating of three operating stages, namely
filling, operation mode and draining. Each stage is very important for a safe and smooth functioning of the
system. DBS do not only offer reliable freeze and overheating protection, but also a low level of
maintenance, saving time for inspections, controlling and “replacements”. Fewer components in hydraulics
make the system simpler and economically feasible. DBS are not susceptible to failure due to air
entrainment, whereas it might be a typical problem for pressurized solar thermal systems. Nevertheless, DBS
are widely spread only in a few countries such as Netherland, Norway and Belgium. An insignificant mistake
during the installation can disturb the operation, which can lead to a damage of the system. Therefore, the
understanding of the filling/draining processes is crucial for a proper operation. The previous paper from
Botpaev et al. 2013 considered the basic principles of operation of drainback systems. A siphon effect plays
an essential role for the filling and draining processes. During the filling it compensates the elevation head
supporting the pump(s), whereas for the draining it is the driving force and the basis of functioning. A siphon
effect also makes horizontal piping suitable for a safe draining, which always occurs in a reverse direction to
circulation. A height of hydrostatic pressure difference between the flow and return side above 10 mm is
enough to initiate the draining. The present paper contains further experiments on filling and draining of
DBS which are understandable even without familiarization with previous work (part 1).
2. Description of experiments
The draining of the heat carrier from the collector is known already for many decades. Nevertheless there are
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a lot of recently published patents which are suggesting that improvements are still sought for DBS
(Newman et al. 2011, Humphreys Michael 2012). Different approaches seem to be envisioned to ensure a
reliable filling and draining. In order to initiate the draining process of DBS, a hydrostatic pressure difference
between return and flow pipe is required. For this purposes systems of some companies are equipped with a
motor driven valve (e.g. Bunksolar, Agritec), which is permanently closed in operation mode. This valve is
typically installed on a so called air channel, which connects the air gap in the drainback storage or the
surroundings with the solar flow side. The end of the flow side, where the heat carrier reaches the drainback
storage, is always located below the water level in this storage. Under such circumstances an automatic selfdraining is impossible, due to the absence of a hydrostatic pressure difference between flow and return pipes.
The applied motor driven valve serves to provide a driving force for the draining. If the power supply is
interrupted or the pumps are shut-down, the motor driven valve opens automatically. This facilitates a partly
draining of the flow side and creates a hydrostatic pressure difference, necessary for further draining. A
comparable approach with an air channel was already patented by Busch D., Mitlacher W. (Patent Nr.DE
2753 756 A1) 35 years ago. They proposed to use the air channel, which connects the top of the hydraulic
with atmosphere through the drainback vessel. The open solar thermal drainback system according to this
invention did not need any protection against high pressures and temperatures. The open cycle increases
however the risk of corrosion. Therefore a closed system, sealed from surroundings is preferable in practice
otherwise corrosion resistant materials should be applied. One similar approach of DBS with some
modification is presented in the scope of the first experiment. A closed drainback system with an air channel
was evaluated. Besides the air channel, the system has an automatic air vent, which is positioned at the top of
the hydraulics. Depending on the water level inside the vent, it opens or closes automatically and does not
require any additional energy supply. The air vent is connected with the air gap of the heat storage via the air
channel. Thus, the air can be partly released through the vent to the drainback tank during the filling and
used again for accelerating of the draining process. The hydraulic schema of the experimental setup is
presented in Fig.1.
Another experiment is performed to show the difference of the filling strategies. Some attempts were
undertaken in the past by different scientists in order to figure out the minimal required velocity of the fluid
for the filling. However, there are no studies on the filling behaviour of the DBS above this criterion. The
present experiments aimed at correlating the filling time with the adjusted flow rate. The filling time is
defined as the duration from the start of the pumps up to the appearance of the operation state, so when the
air is more or less completely removed from the piping, in particular in the downcomer to the drainback
volume. Either one booster pump or two small pumps conneted in series are used in the DBS. Two pumps
are in operation only during the filling process, afterwards one of the pumps can be shut off. Thus, the
optimal flow rate could be adjusted separately for the filling process and the operation mode. VDI 6002
(2014) recommends to keep the velocity of the circulating fluid above 0.4 m/s in order to eliminate air from
the solar loop. Is it also recommendable during the filling process? The variation of the pump’s speed and its
influence on the filling process is considered in the second experiment.
In addition to the variation of the pump’s speed, the influence of the water level in the drainback tank is
investigated in a third test. Typically after night break, the solar collectors must heat the whole circulation
fluid in the loop, including in the drainback reservoir, before the heat should be delivered to the heat storage.
The system is in operation, but no energy is transferred to the heat storage, as long as the whole fluid in the
drainback tank is not heated up. This leads to a delay of energy delivering which depends on the water
amount in the drainback tank. From this point of view, a full drainback reservoir is not desired, due to
additional thermal capacity of the water. On the other hand, a low level in the drainback tank might cause a
negative air entrainment into the circulating fluid. Air bubbles in the system not only decrease its efficiency,
but accelerate the degradation of the components. According to ASHRAE (1990), the drainback tank should
be 3/4 to 7/8 full when the system is off, while in operation the level should not drop below 1/8. “Levels
outside these ranges signify potential problems” warns the ASHRAE society. The depth of air entrainment
by the different water levels in the drainback tank and different flow rates is measured, established and
analysed in this third experiment.
3. Experimental setup
The schematic diagram of the experimental setup with the location of the components along is presented in
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Fig.1. Two types of drainback systems were considered: one with heat storage as drainback reservoir and one
with an additional drainback tank. Pipes and some hydraulic components were transparent for visual
assesments of the processes. Pure water was colored red and used as the circulating fluid in the loop. The
measurement equipment comprised magnetic-inductive flow meters, manometers and an Agilent data
acquisition system. The setup was not heated and operated at ambient temperature at all times.

Fig. 1: Hydraulic scheme (a) of the experimental setup (b) and hydraulic components (c-i)

The experimental setup with total height of 6 m consists of the following components:
x

Solar collector and piping (Fig.1,c). The model is based on the dimensions of an existing drainback
collector (Braun collector), but was assembled with shorter length. The collector consists of a meander
absorber, made from PVC pipes (Ø10mm inside) and fixed on a wooden plate. The tilt angle of the
collector was 60°during the experiments. The aperture area is approximately 1.2 m² (BxH, 1m X 1.2m).
The piping to and from collector were constructed with PVC (Ø19 mm inside) material. The PVC pipes
have almost the same absolute roughness as standard copper pipes.

x

Storage (Fig.1,d). Both type of the drainback systems were connected to the same heat storage. The
unpressurised storage was made from PP-H plastic in a cubic form. The inside dimensions are
320x320x1300 mm (LxBxH) with a total volume of about 130 liters. One centimeter of the water
column in the heat storage corresponds to approximately one liter of water. On the front side of the heat
storage a sight glass made of a polycarbonate plate was mounted. The heat storage has five connections two of them connected inside with a heat exchanger coil, two others for the direct integration of the solar
loop, and the last one for the air vent.

x

Drainback reservoir (Fig.1,e,f). Two different drainback tanks were applied. The first drainback tank
(Fig.1,e) in form of a rectangular cuboid was welded from PP-H plastic. The dimensions of this tank are
200x200x600 mm (LxBXH), which correspond to a volume of 24 liters. The thickness of the plastic
allows to observe the processes. The tank contains a wall inside, which divides its volume into two
zones. The zones are connected with each other at the top and at the bottom of the drainback tank. There
are two connections at the top and one at the bottom of the drainback tank. The variations of the top
connections will be used in the third experiment. Additionally a drainback tank (Fig.1,f) in cylindrical
form was bonded from transparent Plexiglas pipe (Ø OD/ID 300/292 mm) and plates by adhesive. The
dimensions of this tank are 300x650 mm (BXH), which corresponds to a volume of 43 liters.

x

Air vent with air channel (Fig.1,g). Automatic air vent AE 30 of Spirax Sacro was applied. At start-up
the air vent is open allowing air to pass through the main valve. As soon as circulating fluid reaches the
vent the float is raised and a lever mechanism closes the valve. The air vent is connected with the air gap
at the top of the heat storage via an air channel (PVC pipe). Thus, the system is supposed to be sealed
from the surroundings. The impact of the air vent with air channel on the filling and draining processes
will be tested.

x

Pumps (Fig.1,h). There are two possibilities to force the circulation in the solar loop of the experimental
setup: either with one pump or with two pumps connected in series. Connection in series of two identical
pumps doubles the head, allowing overcoming of the vertical lift head. A set of valves allows the
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operating the solar loop either with single pump Grundfos 25-120 or two small Grundfos Solar 15-80
pumps. The latter pumps had two adjustable speed levels: min and max.
x

Measurement’s acquisition. The data acquisition system Agilent 34970A was used for monitoring,
gathering and evaluation of the measurement data. Manometers and flow meters were the main sensors
of the experimental setup. Muntwyler (2005) reported that some flow meters can cancel the draining
proccesses, therefore magnetic-inductive flow meters (MID) were applied (Fig.1,i). The chosen MID ABB Process Master 311 are capable to measure the flow rate in both directions. An additional
advantage of the MID flow meter is its ability to determine the presence of air bubbles in the flow. As
long as air entrainment occurs in the stream, the sensor delivers fluctuating values of the flow rate. One
flow meter was mounted in the return pipe directly above the heat storage at a height of 1.6 m, the
second one in the flow pipe above the drainback tank at 4.0 m. Two digital manometers from JUMO
GmBH & CO.KG were placed on the highest point of the hydraulic and after the pumps. Some simple
manometers were also applied for controlling purposes.
4. Measurements and analyses

Three experiments mentioned above were performed to figure out specificities of the filling and draining
processes under certain operating conditions. Each test was repeated at least three times in order to eliminate
the measurement errors and biases. The drainback system with an air vent, an air channel and storage as
drainback reservoir was used for the first experiment (Fig.2, a), the same hydraulics without the air vent and
the channel for the second one (Fig.2, b), whereas the system with an additional drainback tank was
investigated in the third test (Fig.2, c). A measurement concept was developed with two magnetic-inductive
flow meters, one in the return side and other one in the downcomer. This approach allows to estimate exactly
the duration of the filling process and/or to determine the presence of the air bubbles in circulating fluid.
Both flow meters measure the same flow rate, therefore they display identical values if the solar loop is
completely filled with water. Once a mix flow air-water passes through this sensor fluctuating values are
displayed. Thus, a comparison of the flow rates of both MID provides accordingly a comprehension of the
flow inside the loop. The pressure at the top and behind the pumps was measured by manometers. The aim of
the first experiment is to analyze the influence of the suggested air vent in combination with an air channel
on the filling and draining processes of the DBS. The second experiment was conducted to compare the
filling strategies by means of varying the speed of the pumps. The third one investigated the impact of the
water level in the drainback reservoir on operation conditions of the DBS.

Fig. 2: Hydraulic scheme of the drainback system during the first (a), the second (b) and the third experiment (c)

Experiment 1- Impact of an air vent in combination with air channel on filling and draining processes. Both
serially connected pumps were adjusted to maximal speed level. The diameter of flow and return piping was
19 mm. The flow pipe from the collector to the heat storage ends above the water level in the heat storage.
The air vent is coupled with the air gap in the heat storage via the air channel. The proposed air vent
regulates the filling and draining processes, and does not need additional energy supply as motor driven
valve. The operation of the drainback system is presented in Fig.3. The flow rate curves (dotted and
continuous line) are drawn in black colour, and the pressure in blue. The X-axis, which reflects the time in
seconds was additionally split into several stages and designated with capital letters (A-H). Each stage will
be discussed separately.
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AB (approx. from t=0 to t=9 s) - the system is not in operation. Both flow meters recorded zero flow rates.
The absolute pressure at the top of the system (P_top) is 1 bar, while the pressure behind the pumps
(P_pump) is slightly above 1 bar due to a water column in the heat storage of about 50 cm.

Fig. 3: Filling and draining processes of the drainback system with heat storage as drainback reservoir and with air vent.
MID_flow, MID_return (left Y-axis) - the flow rates in the flow and return sides, P_top, P_pump (right Y-axis) the absolute
pressure on the top of the hydraulics and behind the pumps.

BD - the filling and operation mode. Two serially connected pumps are started at time B. The pumps filled
the solar return pipe within 10 seconds. Behind a spike (MID_return at t=17s) which is normal for DBS, the
flow rate in the return pipe stabilizes to10 l/min, while the MID_flow (from 24 s) registers fluctuating values
above the range of the diagram. The main reason for such fluctuations is a permanent air entrainment through
the air vent. Even the air vent supposed to be closed, whenever the water flow reaches it (approx. at t=22
sec.), the observation showed opposite. The vent stayed open during the whole operation period. The
functionality of the air vent was disturbed due to underpressure at the top of the system, which is typical for
unpressurized DBS (Botpaev et al. 2013). In order to be closed automatically, a certain minimal positive
pressure difference with atmosphere is required. Instead of this overpressure at the top of the hydraulics a
vacuum pressure was created. The open vent and underpressure lead to air suction from the heat storage into
the solar flow side through the vent. It can be exactly seen as a slightly cyclic drop of the pressure on the top,
which in the next time step again increased up to atmosphere pressure, due to sucked air from the heat
storage. The observation confirms the full flow in the return pipe inclusive in collector, while in the
downcomer a partially filled pipe has been observed during this test. It has to be emphasized that observation
of the operation mode during hours shows the same tendency of mix air-water flow in the downcomer, but
for better visualization purposes the duration of this mode was reduced to 1 minute in this experiment. The
proposed solution with an air vent at the top did not facilitate the filling process at all; moreover it prevented
the desired water flow in the flow pipe. The syphon was not established during the filling due to permanent
air suction at the top. On the contrary, the same hydraulics without air vent could be completely filled under
the same operation conditions as mentioned in Botpaev et al. 2013.
DE – operation mode with one pump. After shutting down one pump at time D (approx. after 71 s), the
values of all sensors, besides P_top are rapidly reduced and stabilized. As a consequence of the open vent
and underpressure at the top, the air continued to flow from the heat storage through the vent to the flow
pipe. In turn, the water flow delivered the air again to the heat storage, forming a circulation of the air
through the downcomer side (hesitation of MID_flow). This operation condition causes an increase of
electricity consumption by the pumps.
EF- draining process. The pump was turned-off at time E (approx. 82 s). The circulation continued the next
few seconds, afterwards stopped. As expected, the air vent works as siphon/vacuum breaker. The air
penetrating through the vent breaks the circulation fluid into two water columns in the flow and return pipe.
The water line in the flow pipe drained into the heat storage directly. The air in the flow did not enabled
proper measurements by MID_flow, thus the flow rate curve lies partly above the diagram’s range and is not
accessible for analyses. The fluid flow in the return pipe reverses its original direction and drained in
opposite way, due to gravity. A split of the flow into two columns makes the draining easier and faster. The
draining process with air vent took approximately 18 s (from 86 s to 104 s), whereas for the same system
without air vent and air channel continued approx. 37 s (Botpaev et al. 2013). The presented draining
approach - “two columns draining”, in contrary to “siphon draining” mentioned in the first part is better
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suited for DBS with large diameter (above Ø25mm) and complex hydraulics (a lot of horizontal pipes in
downcomer).
Experiment 2 - Influence of pump’s speed on the filling process.
A drainback system with heat storage as drainback reservoir was applied in this experiment (Fig.2,b). The
circulation of water in the solar loop is maintained by two serially connected pumps. The filling process
under different variation of the pump’s speed was monitored during these experiments. The velocity of the
circulating fluid laid in the range of 0.2 to 0.7 m/s. Filling processes with different flow rates are presented in
Fig. 4. Each graph has a heading, which gives information on the speed adjustment of the pumps in the solar
loop. For instance “1max-2min” means that first pump was operated at maximal speed, while the second one
at minimal. The last graph shows the filling process with only one pump “1off-2max”. The filling process is
considered to be complete, once both MID flow rates show the same value and the underpressure at the top is
stabilized.

Fig. 4: Filling process of the drainback system with heat storage as drainback reservoir under variation of both pump’s speed.
No air vent and air channel is in the hydraulics. The diameter of flow and return piping is 19 mm

AB - the system is not in operation.
BC – the filling process. Observations showed that the solar return pipe is filled completely regardless of the
flow rate. On the contrary, the filling of the flow pipe depends mainly on the velocity of the fluid. Operation
of two pumps on the maximal speed levels “1max-2max” demonstrated the shortest filling time (approx. 70
s, B=10 s, C=80 s). In case of “1max-2min” the filling time was measured 88 s, whereas for “1min-2min” it
was 105 s. A deviation of the filling time up to 12 s from the presented average was occurred for each
adjustment of the pumps speed. The experiment with one pump on the minimal speed level (the fluid
velocity is approx. 0.2 m/s, not on Fig.4) showed that the downcomer cannot be completely filled at all. The
fluctuation of the curve MID_flow was observed here during several hours, afterwards the experiment was
terminated. The results of these experiments are summarized in the Tab.1.
Tab. 1: Duration of the filling mode depending on the flow velocity

1max-2max

1max-2min

1min-2min

1off-2max

1off-2min

70

88

105

362

Not filled

Average flow rate [l/min]

10.6

10.3

8.9

7.6

3.4

Filling time *average flow
rate, [l]

12.4

15.1

15.7

45.9

-

Pump adjustment
Filling time [s]

As expected, the experiments show an increase of the filling time with reduction of flow rate. Interesting
behaviour in this trend is a deterioration of the process, which implies the replacement of the air from
collector loop into the upper part of the heat storage. It becomes more difficult for the flow to push the air
pocket (joining of several air bubbles) into the heat storage with reduced flow rate. Therefore there is a
visible step-by-step increase of the flow rate in the case “1off-2 max”, related to gradual disappearance of air
pocket/bubbles in the flow side and a continuous filling process. Obviously, the low flow rate lead by itself
to an increase of the filling time, but the main delay is caused by “weakening” of the replacement process of
large bubbles/pockets. An integral of the MID_return curve in interval BC (simplified as a product of the
average flow rate in BC range and the duration of the filling process) could be used as an expression of
intensity of the “air cleaning” process. A numerical integration (Tabl.1, last row) indicates an activation of
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the air replacement process with increasing of the flow rate. Thus, it is important to fill the solar loop with
high velocity, and after establishment of the stationary mode the flow rate can be adjusted to the desired
value.
Experiment 3 - Impact of the water level in the drainback tank on operation conditions (Fig.2,c). A single
pump Grundfos 25-120, as well both Grundfos Solar 15-80 were applied. The system is closed, without
integrated air vent and air channel. The diameters of flow and return piping were 19 mm.
The drainback reservoir is the only component which is filled with air and circulation fluid at the same time
during operation. In Fig.5 are presented some operation conditions of the drainback system with respect to
the drainback tank. On the left side is shown the cuboid drainback reservoir when the solar circuit is not in
operation. The completely filled drainback tank is illustrated on the right side. The experiments with a
completely full drainback vessel did not reveal any operation disturbance. The filling and draining processes
occurred in a good manner. It is to notice that experiments were carried out for the circulating fluid at a
constant tempertature of 20°C, thus thermal expansion was not considered.

Fig. 5: Operation conditions of the drainback system with respect to the drainback tank

In the middle are demonstrated some processes-phenomena, as “splashing” and “vortex” effect. A Vortex
appears if the drainback tank operates with low water level inside. The vortex is similar to what is usually
observed by drainage of water from a bathtub or a kitchen sink. Spinning air bubbles were observed in the
flow pipe below the rectangular drainback tank, as consequenses of the vortex effect. In order to visualize the
“pure” vortex effect and to eliminate the influence of splashing, a special construction of a cuboid tank with
two zones was developed and applied. The inlet pipe to the drainback tank was located at the top of the first
zone, whereas the outlet pipe was at the buttom of the second zone. The two zones are divided by a border
wall, with openning at the top and at the bottom. Therefore the vortex effect was separated from splashing
and occurred only in the second zone. The minimal water level in the drainback tank, causing the vortex was
experimentally measured at a level of 3 cm.
Another observed phenomena is the splashing effect. The circulating water trickles from the top through the
air gap into the drainback reservoir. The falling fluid reaches the surface of the water in the drainback tank a
few seconds later. At the time of the impact, the kinetec and potential energy of the fluid is converted into
splashing and bubbling of water. The splashing process causes a penetration of air into the water contained
inside the drainback reservoir, as presented in Fig.5. As it can be seen, the depth of air entrainment was about
16 cm for a flow velocity of 0.7 m/s. Air bubbles move from the depth of the drainback tank upward, due to
their lower density. If the water level in the tank is lower than the depth of air entrainment, air bubbles might
be captured by the circulating fluid at the outlet of the reservoir. Circulating fluid with air bubbles is not
desirable for the system and leads to negative consequences as noise, degradation of the components, higher
electricicty consuption and fast aging of the pumps. Thus it is significant to avoid penetration of these air
bubbles into the circulating fluid. The minimal water level in the drainback vessel, which guaranteed no air
capture by the outgoing fluid for this cuboid tank with a fluid velocity 0.7 m/s, was measured at a level of 12
cm. For water levels in this drainback tank below 12 cm, air bubbles were permanently sucked into the outlet
pipe from the tank. It is significant to note the difference between the maximal depth (16 cm) of air
penetration into the 45 % full drainback tank and measured water level without air capture by outgoing fluid
12 cm. Four cm difference indicates that the water level in the tank also affects the penetration depth of the
air, otherwise the bubbles must be captured and delivered through the loop by the fluid at water levels below
16 cm.
The influence of the water level will be described below using a second drainback tank. The second tank is
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made of plexiglas in a cylindrical shape with a total height of 65 cm. Some simple experiments were carried
out to determine the depth of the air entrainment depending on the height of the water level in the drainback
tank. The filling of the tank was varied between 30 % up to 90 %. Thirty percent full tank means that the
height of the water in the tank from its bottom is 20 cm, whereas the rest upper volume is an air layer of 45
cm. For each investigated water level, the flow rate was gradually increased up to 30 l/min. The results of
these experiments are shown in Fig.6. As predicted: the higher the flow rate, the deeper the air entrainment in
the drainback tank. Such tendency appeared in all conducted experiments. The depth of air penetration for a
certain flow rate is not the same at different fillling levels of the drainback tank. As less water in the tank, as
shallower air bubbles penetrate for a certain flow regime. For instance the difference of the height of the “air
diving” for 90 % (Fig.6, DBT_90 % curve) and 65 % (Fig.6, DBT_65 % curve) full drainback tank is about 5
cm at a flow rate of 30 l/min. The interpolated depth of air penetration at flow rate of 0.7 m/s for 45% filled
cylindrical drainback tank was 15 cm, whereas 16 cm was measured for the first cuboid drainback tank
(Fig.6, ret dot). The values are very similar, that shows the strong influence of the flow velocity on the
entrainment depth. The operation state of the drainback tank 45% filled, corresponding to a water level of 30
cm, demonstated that some single bubbles are sucked through the outlet of the tank by maximal flow rate of
30 l/min. Further deacrease of the flow rate leads to the reduction of the air penetration depth, and thus the
air capturing problem on outlet was eliminated. The depth of air penetration in this experiment was measured
due to simplicity from the bottom, whereas for previous tests (drainback tank 65%, 80%, and 90% filled)
from the top, that is why different messurement uncertainties have to be taken into account. This might be a
reason of the curve behaviour with 45% filled drainback tank in Fig. 6, which was coloured with blue. The
last series of experiments were conducted for a 30 % filled drainback tank (20 cm water level). It is to
emphasize that the air bubbles overcame the whole water column in the drainback tank and circulated further
down to the lowest point of the hydraulics. This was valid for flow regimes with fluid velocities from 0.45 up
to 1 m/s. Air bubbles gathered inside horizontal pipes, pumps and heat exchanger at the lowest point.
Sometimes bubbles were visible in the return pipe, but their appearance were cyclic in spite of a permanent
capturing on outlet from drainback tank. Depth of air penetration reaches 20 cm for the operation conditions
recommended by VDI 6002 (2014).

Fig. 6: Depth of air entrainment into the drainback tank for different levels of filling

It is important to emphasize the observation of the intensity/volume of entrained air bubbles in correlation
with the flow rate. In Fig.7 are depicted nine operation states of the drainback tank (80 % full), under
different flow regimes. The flow rate decreases in the picture from the left to the right. The photos of the
experiments are presented in the upper part of the Fig.7. Some original photos do not allow to recognize the
entrained air bubbles, therefore each photo below is the same own observations. The water is coloured with
red, whereas the air is drawn by small black circles. The bottom of each drainback tank is signed with the
velocity of the circulating fluid, determing the flow regime. The first picture from the right has the maximal
flow rate of about 30 l/m (1.8 m/s), which causes air entrainment of high intensity. It is to notice that almost
the whole amount of the upper part of the water volume contains air bubbles. A reduction of the flow rate
leads at the same time to the decrease of air amount entrained in the tank. For a velocity of the circulating
fluid of 0.4 m/s only a few tens of bubbles were clearly seen in the tank. The entrained air bubbles became
“countable”, as their amount was significantly decreased. However, the depth of air penetration was nearly
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the same, as for the previous three experiments with 1.1, 0.8 and 0.6 m/s. Further reduction of the flow rate
demonstrated the appearance of a larger amount of bubbles in the tank due to splashing, but the depth of their
entrainment was several centimeter less than in the previous one with 0.4 m/s. The same tendency of a
significant reduction of air penetration intensity was also confirmed for a DBT 65 % filled. An explanation
for this phenomena might be a change of the water profile of the falling fluid in the air. A transformation of
the cross section of the falling stream leads to a change of the contact pressure between incoming fluid and
the water surface. Thus, splashing of the water occurres in a different manner, which does not cause an
intensive air penetration.

Fig. 7: Intensity of the entrained air bubbles into the 80% full cylindrical drainback tank

It can be concluded that the depth of the air entraintment depends on many parameters such as the shape of
the drainback tank, its level of filling, the operation velocity of the circulating fluid, and the height of the air
layer inside. The positions of the inlet and outlet pipes of the drainback tank are another factor which should
be taken into consideration. The splashing of the water is to be avoided by transforming the falling fluid
energy into something else, for instance to redirect the flow towards the wall. Such kind of measure can be
applied to eliminate both noise and air entrainment.
5. Conclusions
The filling and draining processes of drainback systems were experimentally investigated. Two types of
drainback systems, one with a heat storage as drainback reservoir and one with a separately mounted
drainback tank were considered. An air vent at the top connected with the air gap in the heat storage by
means of an air channel was additionally tested. Almost all components of the experimental system were
transparent, that gave the chance to observe the processes.
The behaviour of the filling process with the air vent is different from the behaviour of a system without it.
The full flow operation was not achieved with the air vent. The return side was completely filled, whereas a
partly filled pipe was observed in the downcomer. The reason for such operation behaviour is a restriction of
the air vent’s functionality. The air vent was not able to close automatically during the operation of the
drainback system, due to underpressure at the top. Thus, a permanent air entrainment through the air vent
from the drainback tank was observed and registered by an MID flow sensor. Draining process was occurred
in a different manner as well. There was no “siphon draining” anymore, which enables the water column in
the flow side to be lifted by the water column in the return pipe. On the contrary, the circulation fluid was
broken into two water columns due to air entrainment at the top. “Two columns draining” was observed: one
water column was drained through the flow and the other one through the return pipe. The duration of the
draining process was reduced by a factor of 2 in comparison to the system without air vent as mentioned in
(Botpaev et al. 2013). It can be concluded that the use of an air vent at the top in association with an air
channel is not sufficient for the filling, but fosters the draining process of the drainback system, in particular
with complex hydraulics and large pipe diameters.
The filling of the closed solar drainback system without air vent was conducted with different flow rates. The
filling velocity was varied in the range of 0.2 to 0.7 m/s. Experiments showed the tendency of a reduction of
the filling time with an increase of filling velocity, providing simultaneously a full flow in the loop. The
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main reason of this increase of time is not that a certain volume is filled faster with a high flow rate, but the
forming of a siphon in the flow side. High velocities ensure a quick replacement of air in the pipes, whereas
small velocities lead sometimes to the appearance of air pockets. Air pockets require more time to be
completely removed from the loop into the drainback vessel. The high velocity of the filling fluid over 0.59
m/s guarantees that the air is completely pushed from the upper part of hydraulics and pushed into the drainback tank in less than 2 minutes. These velocities facilitate the establishment of the full flow in the
downcomer, providing the siphon effect. By decreasing of the velocity from 0.59 to 0.47 m/s, the duration of
the filling process increases by a factor of three. Further decreasing to 0.2 m/s disabled the full flow
operation at all. Thus, the filling process above the lowest boundary of the velocity (flow rate) is desired for
assurance of a full flow. An air replacement process during the filling was expressed by a product of an
average filling velocity with a filling time. A continuous intensification of the “air cleaning” process
(replacement of air in solar loop by fluid) with an increase of the flow rate was calculated.
Besides the flow rate and the air channel, the water level in a drainback reservoir has an impact on the
operation conditions. No disturbance was observed during the filling and draining of the system with a full
drainbank tank for a constant temperature of the circulation fluid of approx. 20°C. A low water level in the
drainback vessel caused in contrast an air entrainment into the solar loop. Two effects, vortex and splashing,
were observed, that lead to air entrainment. Vortex effect occurs when the water level in the drainback
reservoir dropped below 3 cm. The spinning air bubbles in the fluid in the outlet pipe are a consequence of
the vortex. Splashing effect of the falling water might cause as well air penetrations into the outlet pipe. The
depth of air entrainment is expected to be up to 20 cm for the operation conditions recommended by VDI
6002. A comparable depth of air penetration was measured for both, rectangular and cylindrical tank, at a
velocity of 0.7 m/s (16 cm vs. 15-19 cm). This approved a strong influence of the velocity on the depth of the
air penetration. A special construction of the drainback tank, in particular two zones, allowed investigating
both effects separately. The splashing depends on many parameters such as the velocity of the circulating
fluid, the location of the pipes, the shape of the tank, the height of the water level etc., and should be
considered. Higher velocities of the circulating fluid induce deeper air bubbles into the tank while splashing.
On the contrary low velocities lead to less deep penetration. The volume of the air bubbles in the tank is not
always proportional to the flow rate. As it was experimentally demonstrated, a slow velocity can lead to
more intensive air penetration compared to higher flow operation. Further experiments on filling and
draining processes of DBS might be carried out to clarify these problems.
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Abstract
Combined solar thermal and heat pump systems have attracted interest in the last decade in order to increase
the share of renewable energies in space heating and domestic hot water preparation applications. Among
many system concepts that combine heat pumps and solar thermal collectors, ice storage based concepts are
analyzed here. Waste water heat recovery (WWHR) is an interesting option in these systems because ice
storages are operated with low temperatures most of the year. Almost any waste heat that is recovered in
winter can be used to regenerate the ice storage, i.e. to melt the ice.
The goal of this paper is to provide design criteria for sizing these type of systems for single family houses
demands and to analyze several WWHR integrations. System performance was investigated studying the
effects of heat exchanger area in the ice storage, size and type of collector (covered and uncovered both with
selective coating), size of ice storage and different waste water heat recovery devices.
Simulations presented here show that uncovered collectors perform better than covered collectors except for
large sized systems where auxiliary electrical back-up is not necessary. When the auxiliary back-up is not
needed, the use of direct heat from the collectorf ﬁeld to cover the heating demand is usually of beneﬁt. Waste
water heat recovery systems are found to signiﬁcantly increase the system performance, especially when
waste water can be stored in a tank. The system performance can increase from 4 to 20% if a waste water
storage is used and around 2 % using a drainwater heat recovery system, depending on system design and
building demands.
keywords: ice storage, solar thermal, heat pumps, waste water heat recovery, system simulation.
Nomenclature
Ac

collector area (m2 )

Acov

covered collector area (m2 )

Ahx
Aunc

heat exchanger area inside the ice storage (m2 )
uncovered collector area (m2 )
coefﬁcient of performance of the heat pump

COP
CrSPF∼4 design criteria using SPF near to 4
CrNo−Aux design criteria without the need of electric back-up auxiliary system
D

total energy demand (kW h)

DHW
GSHP

domestic hot water
ground source heat pump
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GFX
P
Q
SH
SFH

gravity ﬁlm heat exchanger
yearly electric energy consumption (kW h)
yearly energy heat load (kW h)
space heating
single family house

SHP
SPF
Vice

solar and heat pump system
seasonal (yearly) system performance factor

ice storage volume (m3 )
WW
waste water
WWHR waste water hear recovery

1.

Introduction

Research on combined solar thermal and heat pump systems has been carried out since many years. However, only in the last years a signiﬁcant increase in the number of installed system has been found in European
markets. Ruschenburg et al. (2013) surveyed 88 companies and found that most of them entered the market
in recent years and a large share from those were located in Germany and Austria. A recent example of the
research done in this topic is the already ﬁnished study conducted in the framework of the International Energy
Agency (IEA), Solar Heating and Cooling programme (SHC Task 44) and Heat Pump programme (HPP Annex
38) “Solar and Heat Pumps”, known under the combined name Task44/Annex38 (http://task44.iea-shc.org/).
The goal of this task was to assess performance and relevance of these systems, to provide a common deﬁnition
of performance indicators, and to contribute to successful market penetration of these systems (Hadorn, 2012).
The motivations in using ice storages as a source for heat pumps are various: i) ice storages are an alternative to ground source heat pump (GSHP) systems when for example, regulations forbid to drill boreholes, ii)
they can be installed in the basement of the building for cost reduction (no drilled holes) or when there is no
ground space available, iii) they can also be seen as an alternative to air source heat pumps when efﬁciency or
noise problems are of importance, iv) they have a higher storage capacity compare to sensible storages, v) they
can be used to store surplus solar heat, especially in summer and at high temperatures.
From the system concept point of view combined solar thermal and heat pump systems can be classiﬁed
as parallel, series, regenerative or a combination of them (Ruschenburg et al., 2013). In those systems the heat
pump can have several sources, namely solar, ground, air and waste water. The ice storage is used in heating
applications as a source for the heat pump and it is loaded by the solar ﬁeld or by other heat sources, e.g.
waste water heat. This ﬁeld of application is sometimes referred in the industry as solar ice. The ice storage
simulated here is a combined parallel and series system with solar energy, air and waste water as sources for
the heat pump (see Fig. 1b).
2.

System description and concept

The ice storage system employed here is based on immersed ﬂat plate heat exchangers with a de-icing
concept. The de-icing concept is mainly used to improve the heat withdrawal of the heat exchangers and it
was presented in Philippen et al. (2012) and further explained in Carbonell et al. (2015). The deicing concept
presented here is somewhat similar to what is used in ice harvesting systems for cooling applications where
the ice is produced from a falling ﬁlm water ﬂow in the evaporator of a chiller and released by intermittent
heating using a hot gas (Mehling and Cabeza, 2008). With the concept used here, using heat exchangers only
at the bottom part of the storage, it is possible to reduce considerably the heat exchanger area needed in the
ice storage. Considering that the ice layers are chaotically stored on the surface and that therefore some water
will be present between the ﬂoating ice layers, it is estimated that around 70% of the storage can be iced. The
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system concept also considers wall heat exchangers (wall-hxs) along the height of the storage. These heat
exchangers serve mainly to use the stored heat accumulated in summer periods in the upper part of the storage
for space heating (SH) and domestic hot water (DHW) preparation in autumn. The heat exchangers located at
the bottom of the storage cannot access the heat stored in the upper part of the storage directly. The transfer of
the heat stored in summer from the ice to the warm storage (QCs−W s ) is thereby only possible with wall-hxs.
By means of control strategies, wall-hx are not allowed to ice.
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Fig. 1: (a) Simpliﬁed hydraulic scheme and (b) energy ﬂow view, of a combined solar thermal and heat pump, ice storage and
waste heat recovery system.

Waste water heat recovery (WWHR) systems are of special interest in this application due to the low
temperature of the ice storage in winter and due to the fact that WWHR provides heat at times when other
sources (solar, ambient air) may not have a signiﬁcant contribution. Being able to recover the waste water
heat is expected not only to increase the system performance, but also to obtain a system more independent on
DHW usage. The daily usage of DHW is user dependent and system efﬁciencies may be highly affected by the
DHW load proﬁle. Therefore, with the possibility of recovering this heat, the system performance is expected
to become less dependent on the amount of DHW consumption.
Heat recovery systems can be classiﬁed as retentive and not retentive and also as active or passive systems.
With non retentive systems, the heat has to be used at the time when waste water is available. Instead, retentive
systems are able to store the grey water (black water is not considered) to be used when needed. If the heat of
the waste water can be used in a passive way, then there is no need to run an additional circulation pump. Two
different WWHR systems have been analyzed in the present study: i) Gravity ﬁlm heat exchanger (WWGFX )
and ii) Waste water storage (WWstore ). A simpliﬁed hydraulic scheme and the energy ﬂows of this system are
shown in Fig. 1. The two WWHR systems studied here, WWGFX and WWstore are located at position A in Fig.
1a.
2.1. Gravity ﬁlm heat exchanger (WWGFX )
The GFX is a drainwater heat recovery system consisting of a pipe installed into a section of a vertical drain
line and coils wrapped around it. Heat is transferred from the waste water passing through the large, central
pipe to the brine which moves upwards through the coils on the outside of the pipe. The GFX is a non-retentive
and active system, therefore the circulation pump in the evaporator loop needs to be activated when there is
ﬂow in the GFX in order to use all possible waste water heat.
2.2. Waste water storage (WWstore )
A waste water storage of 130 l is located after the ice storage and before the heat pump as shown in Fig. 1a
(position A). This is a retentive and active system. Thought being an active system, the circulating pump is not
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activated by the control due to the WWHR system unless de-icing is needed. With this system, the control only
opens the valve of the WWHR loop when it is possible to obtain energy from the WWstore . If ﬂow is circulating
in the evaporator loop due to normal operation then, energy is provided to the system by the WWstore .
3.

Methodology

Simulations were conducted with the simulation environment TRNSYS-17. Results have been obtained
for two buildings, SFH45 and SFH100 following T44/A38 boundary conditions (see Dott et al. (2012) and
Haller et al. (2012) for details) in Strasbourg (France). The two buildings represent medium (SFH45) and
high (SFH100) building energy demand, where SFH stands for Single Family House and the numbers, 45 for
example, for the yearly space heating energy demand in kWh/m2 per building heated surface area in the city of
Strasbourg. The building SFH15 has not been simulated because the system presented here is expected to be too
expensive for very low energy demand buildings. The building SFH45 has a low temperature heat distribution
systems (35/30 o C at nominal conditions for supply and return respectively) and the building SFH100 has a
higher temperature heat distribution system (55/50 o C) because radiators were meant to be used. The domestic
hot water (DHW) tapping proﬁle is obtained from T44/A38 (Haller et al., 2012), the DHW set temperature is
45 o C and the cold water temperature is set to 10 o C.
A key aspect in the simulations presented here is the ice storage model which was developed at the Institut
für Solartechnik (SPF). The mathematical formulation of the ice storage model is presented in Carbonell et al.
(2015) along with a validation using laboratory measurements. The other models of the system have been validated separately in different works and by different institutes. In particular, the model employed for the GFX
was developed and tested by Heinz et al. (2012). The system conﬁguration in TRNSYS has been extensively
used and improved during the last four years in the framework of national and international projects. Philippen
et al. (2014) compared numerical results of the system simulated here with monitored data of a pilot plant in
Jona (Switzerland) which was designed, installed and monitored by the Institut für Solartechnik (SPF). First
simulations using T44/A38 reference conditions without WWHR were presented in Carbonell et al. (2014).
The waste water proﬁle used was obtained from Heinz et al. (2012) and it has been modiﬁed in order to be
consistent with the T44/A38 DHW demand.
4.

Performance indicators

The main performance indicator for the system is the Seasonal Performance Factor (SPF) calculated as
described in Malenkovic et al. (2012):
SPFSHP+ =

QDHW + QSH
QD
=
Pel,T
Pel,T

(1)

Q is the yearly heat load energy and Pel,T the total yearly electrical energy consumption. The subscripts
SHP, DHW , SH and D stand for solar and heat pump, domestic hot water, space heating and total demand
respectively. The total electricity Pel,T is calculated considering the consumption of the circulation pumps, heat
pump, control unit, auxiliary (Pel,aux ) and penalties (see Haller et al. (2012)). The auxiliary direct electric heater
(Pel,aux ) is used when the heat pump is not able to deliver the heating demand. This is the case when the ice
storage is full of ice and the collector ﬁeld is not able to provide enough heat for the heat pump evaporator. The
symbol "+" in the SHP+ from Eq. 1 refers to the consideration of the heat distribution circulating pump in the
electricity consumption. Therefore, the system performance indicator used in this work include all circulation
pumps of the system and also all thermal losses/gains from storages and pipings.
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5.
5.1.

Results

Heat exchanger area in the ice storage

One of the questions when designing an ice storage is to size the heat exchanger area, e.g. the heat extraction
power. The installed extraction power should be related to a design value of ice thickness on the heat exchanger
and to the heat pump evaporator power. In the simulations used here the heat pump has a nominal capacity of
6.5 kW for SHF45 with a COP of 4.8 (at B0/W35), which means an extraction power of the evaporator of 5.2
kW. A heat pump of 11 kW from the same manufacturer has been used for SFH100. In this case the extraction
power from the evaporator is 8.8 kW with a COP of 4.9 (at B0/W35).
Results with varying heat exchanger area in the ice storage (Ahx ) and ice storage volume (Vice ) are presented
in Fig. 2 using covered (cov) collectors with and without the wall-hxs in the ice storage. In Fig. 2, simulations
for SFH45 are obtained with 20 m2 of collector area, while SFH100 results are presented using 35 m2 . From
results presented in Fig. 2a for SFH45, one can observe that for Ahx above approximately 23 m2 , the SPFSHP+
is more or less constant for most of the simulated cases. In the ice storage concept used here, more extraction
power than the needed for the heat pump is not necessary because with some heat exchangers at the bottom
with "de-icing" capabilities it is possible to ﬁll up most of the storage with ice. With steel ﬂat plate heat
exchangers, an extraction power of 200 W/m2 with an inlet temperature of -3o C, mass ﬂow rate of 88 kg/(hm2 )
and 1 cm of ice on the surface is estimated. Therefore, to use the full potential of the heat pump under this
nominal conditions, 26 m2 of heat exchanger area would be needed for the 6.5kW heat pump and 44 m2 for
the 11 kW heat pump considering. This theoretical value corresponds quite well with the simulated results
of SFH45 (maximum SPFSHP+ in Fig. 2a) and it will be used hereafter for SFH45 simulations. However,
the choice of this nominal conditions, in particular the choice of 1 cm of ice thickness, depend on the system
concept and on the size of components and cannot be extrapolated to other conditions and/or systems. For
example, simulations for SFH100 show a quite different behavior. One might expect a needed area of 44 m2 as
deduced before, but for 40 and 50 m3 of ice storage a heat exchanger area inside the ice storage of around 15
m2 seems to be sufﬁcient. For SFH100 and Vice of 20 and 30 m3 , the theoretical value of 44 m2 corresponds
quite well with the Ahx that has the maximum SPFSHP+ (Fig. 2b) and the value of 40 m2 will be used hereafter
for all SFH100 simulations. Nevertheless, a more detailed study is needed to ﬁnd a clear design criteria to
determinate the Ahx needed since this value depends on the size of the other components. For this work we use
the mentioned values of Ahx to ensure that results do not depend on this choice.
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Fig. 2: System seasonal performance factor as function of heat exchanger area and ice storage volume for building (a) SFH45 and
Acov =20 m2 and (b) SFH100 and Acov =35 m2 . Solid lines are without wall-hx and dashed lines are with wall-hx.

799

Carbonell et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

As explained in section 2, the main reason of having a wall-hx consists in being able to transfer the heat
stored at high temperature in the upper part of the ice storage to the warm storage for SH and DHW use
(QCs−W s ). This mechanism is mostly used in autumn when heat stored in summer in the ice storage can be
used directly. In principle one might think that the consideration of a wall-hx should always be of beneﬁt or
in the worst case having little effect in the system performance, but simulations show a decrease of the system
performance when wall-hxs are used for systems where the SPFSHP+ is below approximately 5.25 for SFH45
and below 4.5 for SFH100. The system performance for these systems is strongly related to the auxiliary heat
(Pel,aux ) needed to deliver the heat demand when the ice storage is full of ice and the heat pump evaporator
temperature drops below the minimum allowed value (-8o C has been used here as the minimum outlet brine
temperature allowed). For systems with SPFSHP+ > 5.25 in SFH45, the auxiliary electrical back-up system is
hardly needed. In those situations it is of beneﬁt to use direct heat from the ice storage, i.e. simulations with
wall-hx have higher SPFSHP+ . These results are in accordance with the ﬁndings from Haller and Frank. (2011),
i.e. the use of direct heat is usually a better option than the indirect use through the heat pump. However, when
the system is designed such that the back-up direct electric heating system (Pel,aux ) is needed, then it is better
to avoid transferring heat directly from the ice storage to the warm storage because this implies that the ice
storage will freeze earlier or for longer time, compared to the case with QCs−W s = 0, and thus more direct
electric heating is needed. Instead, it is a better option to keep the ice storage as warm as possible to delay
and shorten the time when it is completely frozen. A way to conﬁrm this statement consist of blocking the
control program that allows to transfer heat directly from the ice storage to the warm storage when wall-hx are
used, i.e. forcing QCs−W s to be 0. Simulations blocking this program have been carried out and differences in
SPFSHP+ with and without wall-hx are in the order of 1%.
5.2.

Collector type and area

In this section numerical studies are focused to decide which kind of collectors can be used, i.e covered
(cov), uncovered (unc), both with selective coating, and which collector area should be installed. Several ice
storage volumes are considered since they are related to the size of the collector ﬁeld. For all simulations
presented here wall-hx are not used and therefore the heat transfer mechanism (QCs−W s ) is not relevant (see
section 2 for details).
System performance is presented in Fig. 3 for building SFH45 using only covered (Fig. 3a) or uncovered
(Fig. 3b) collectors. In Fig. 3a it can be observed that the SPFSHP+ range from 2 to 7 approximately, depending
on collector area and ice storage volume. Another important fact observed is that the increase of SPFSHP+ per
m2 of collector area is higher when back-up electrical auxiliary heat Pel,aux is needed (see dashed lines and right
axes of Fig. 3). When Pel,aux is close to zero, the increase of SPFSHP+ per m2 of collector area is reduced. It
can be seen that each SPFSHP+ line can be described by two lines with constant slope, one before, and one after
the collector area that causes Pel,aux to be approximately 0. Results using only uncovered collectors are shown
in Fig. 3b. In these results it can be seen that the increase of SPFSHP+ per m2 of collector area after Pel,aux ∼ 0
is very small. This value corresponds to approximately an SPFSHP+ of 5. Once this system performance is
achieved the increase of collector area or ice storage does not signiﬁcantly increase the system efﬁciency.
For building SFH100 the SPFSHP+ range from 2 to 4.5 (see Fig. 4), much lower than that of the SFH45.
The reason for this is the temperature setting of the heat distribution system (see section 3) which at nominal
conditions are 55/50 o C for supply/return respectively. In order to show that high system performances are also
possible for high energy demand buildings, a new building labeled SFH100* has been simulated which uses a
radiant ﬂoor system (the thermal mass of the radiant ﬂoor has been subtracted from the building SFH100), and
thus the temperatures of the heat distribution system are those used for SFH45, i.e. 30/35 o C for supply/return
respectively. Simulations with SFH100* (see dashed-dot lines in Fig. 4) show that high system performance
factors can be achieved for high energy demand buildings if a low temperature heating distribution system is
used.
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Differences of Pel,aux from covered (Fig. 4a) and uncovered (Fig. 4b) collectors for SFH100 are quite
signiﬁcant. Using uncovered collectors the auxiliary back-up is not needed in many of the simulated cases
while for covered collectors the Pel,aux is signiﬁcant in many of the presented results (see Fig. 4 dashed lines
and right axes). This large difference between covered and uncovered is related to the fact that uncovered
collectors are able to provide heat in series at higher temperatures for the evaporator and the heat pump needs
to stop during lower periods for having too low evaporator temperatures.
For uncovered collectors, results are very stable when Pel,aux ∼ 0, no matter which of the simulated collector
areas and storage volume are employed. Therefore a proper sizing is of great importance.
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In order to easily compare simulations between covered and uncovered collectors, results have been plotted
in the same graph in Fig. 5a for SFH45 and in Fig. 5b for SFH100. From Fig. 5a one can see that for SPFSHP+
below 5.2 approximately, uncovered collectors perform better. For SFH100 (see Fig. 5b), this threshold
is around 4. However, the increase of performance for SFH100 when covered collectors are used for high
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Fig. 5: System seasonal performance factor comparison between covered (solid line) and uncovered (dashed line) collectors as
function of collector area and ice storage volume for building SFH45 (a) and SFH100 (b).

performances, is much smaller compared to the case of SFH45. Results for large systems where direct electric
heating is not used can be improved if the control is able to switch the loading process from the ice to the warm
storage if irradiation is high enought (these results are not shown in this paper).
5.3.

Design criteria and deﬁnition of reference systems

Simulations presented above show that the system performance factors, SPFSHP+ range from 2 to 7 in
SFH45 and from 2 to 4.5 in SFH100. The design criteria should be a compromise between system performance,
installation cost (cost analyses is not provided here) and building restrictions (space available for ice storage
and collector ﬁeld). Ice storage systems can be seen as an alternative of ground source heat pump (GSHP)
systems. Therefore one may consider the system performance of GSHP systems as a reference. Simulations
using GSHP systems without any solar collector for SFH45 are in the order of 3.5−4 (see Haller et al. (2014)
for example). Another criterion considered to be of importance is a system without the need to use any back-up.
The main reason for the latter approach is to help avoiding overcharging the electricity net in very cold weeks
in winter, specially in an expected future in which electrical demand will be higher, among other reasons, due
to the increase of heat pump installations. With the latter criteria it is not expected to avoid installing the
auxiliary system, but to not use it in years with "normal" climatic conditions. The back-up should always be
installed for extremely cold years unless an oversized system, with its corresponding higher cost, is installed.
Therefore two different criteria are considered here for design purposes:
• A system comparable in terms of performance to GSHP systems, i.e with SPFSHP+ ∼4. This criteria is
labeled as CrSPF∼4
• A system without electrical back-up, i.e. with Pel,aux  0. This criteria is labeled as CrNo−Aux
Here it should be noted that, due to the higher temperatures of the heating distibution system, a GSHP sytem
for SFH100 will most likely not achieve an SPFSHP+ of 4. Nevertheless, the criteria CrSPF∼4 will be used in
this work for both SFH45 and SFH100.
Considering that two buildings have been simulated (SFH45 and SFH100), and that two design criteria are
deﬁned (CrSPF∼4 and CrNo−Aux ) , a total of four systems, described in Tab. 1 as Ref, are used as a reference. For
systems designed following criteria CrSPF∼4 , uncovered collectors are used. For the system without auxiliary

802

Carbonell et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

back-up (CrNo−Aux ) covered collectors are used. The choice of collector type is based on results obtained in
section 5.2. For SFH100 the two systems chosen acomplish both criteria CrSPF∼4 and CrNo−Aux . Nevertheless,
a number of two have been chosen for having a consistent way of presenting results and following the idea of
uncovered for CrSPF∼4 and covered for CrNo−Aux . For the cases deﬁned in Tab. 1 the use of direct heat from
the ice storage for SH or DHW is not improving the results (simulations were conducted to conﬁrm it) and
therefore the wall-hxs are not considered. The reason why using wall-hxs are not improving the performance
when the system is designed with criteria CrNo−Aux is because this system is chosen as the smallest system
without the need of auxiliary back-up. When wall-hxs are used some auxiliary heat is needed for the reasons
explained in section 5.1. For the system designed with CrSPF∼4 the choice of not using a wall-hx is clear after
results shown in section 5.1.
5.4. Waste water heat recovery (WWHR)
Two WWHR systems described in section 2.1 and 2.2 respectively are studied here and simulations for
the four reference cases deﬁned in Tab. 1 as Ref are presented including WWGFX and WWstore . For these
simulations the increase in system efﬁciency ΔSPFSHP+ and the absolute savings Psave,el respect to the reference
system without a WWHR system (Ref) are presented in the last two columns. Comparing the two WWHR
systems, it is clear that the WWstore is more efﬁcient than the WWGFX . In the WWstore the waste water ﬂuid
remains in the storage for large periods allowing a very good heat exchange, while in WWGFX the heat transfer
occurs in a short period (while waste water is ﬂushing) and the global efﬁciency of the heat exchanger is clearly
lower.
The system designed with criteria CrSPF∼4 in SFH45 has more beneﬁt of using a WWstore system than the
system using criteria CrNo−Aux . Notice that the increase in SPFSHP+ for building SFH45 by adding waste water
use of type WWstore is 22.7% for CrSPF∼4 and 8.5% for CrNo−Aux . The reason can be explained with the column
of the auxiliary back-up Pel,aux . In systems sized with criteria CrSPF∼4 , the Pel,aux decrease when WWHR are
used, specially using the WWstore concept. This means that, using WWHR, the time period where the ice
storage is completely frozen and thus, the time period where back-up is used, can be reduced or even avoided.
Nevertheless, when criteria CrNo−Aux is used, the back-up system does not need to run for the reference system
(this is in fact the criteria used for designing the system). Therefore when using a WWHR system with the
CrNo−Aux , the system efﬁciency improves signiﬁcantly but not in the same magnitude as in the case with criteria
CrSPF∼4 . As explained in section 5.2, the use of Pel,aux greatly affects the system performance. The beneﬁts of
using a WWstore in SFH100 are not higher when using CrSPF∼4 compared to CrNo−Aux , because as explained
in section 5.3, for building SFH100 the two chosen reference systems fulﬁll both CrSPF∼4 and CrNo−Aux and
therefore, none of them needs a signiﬁcant amount of back-up. The beneﬁts of using a GFX is around 2% in
all simulations except for SFH100 and CrSPF∼4 where little beneﬁt has been found.
Tab. 1: Reference cases without WWHR (Ref) selected following the two design criteria for dimensioning deﬁned in section 5.3.
Simulations with WWHR from the selected reference cases (Ref) for SFH45 and SFH100.
System
Ref
WWGFX
WWstore
Ref
WWGFX
WWstore
Ref
WWGFX
WWstore
Ref
WWGFX
WWstore

Building
SFH
45
45
45
45
45
45
100
100
100
100
100
100

Design
Critera
CrSPF∼4
CrSPF∼4
CrSPF∼4
CrNo−Aux
CrNo−Aux
CrNo−Aux
CrSPF∼4
CrSPF∼4
CrSPF∼4
CrNo−Aux
CrNo−Aux
CrNo−Aux

Ac
[m2 ]
0
0
0
20
20
20
0
0
0
30
30
30

Aunc
[m2 ]
15
15
15
0
0
0
25
25
25
0
0
0

Vice
[m3 ]
15
15
15
20
20
20
30
30
30
40
40
40

Pel,aux
[MW h]
0.37
0.32
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.03
0.03

Pel,T
[MW h]
1.90
1.85
1.53
1.45
1.42
1.33
3.97
3.95
3.81
3.66
3.58
3.50

SPFSHP+
[−]
4.33
4.43
5.32
5.61
5.72
6.08
3.89
3.91
4.05
4.21
4.30
4.40

ΔSPFSHP+
[%]
2.19
22.75
2.02
8.55
0.32
3.95
2.20
4.55

Pel,save
[MW h]
0.04
0.36
0.03
0.12
0.01
0.15
0.08
0.16
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6.

Discussions and conclusions

Simulations show that SPFSHP+ can range from 2 up to 7 in SFH45 with ice storages from 10 to 30 m3 and
collector areas from 10 to 30 m2 , and from 2 to 4.5 in SFH100 with ice storages from 20 to 50 m3 and collector
areas from 20 to 40 m2 . The same range of performances observed in SFH45 can be achieved for SFH100*
(building with low temperature heating distribution system) with the same sizes used for building SFH100. An
advantage of ice storage systems is that a certain (and high) system performance can be reached with different
combinations of collector area and ice storage volume being able to adapt to building size restrictions. Two
strategies for designing ice storage based systems are suggested: i) sizing using the system performance of
a ground source heat pump system as a reference (CrSPF∼4 ) and ii) sizing the system without the need of
electrical back-up (CrNo−Aux ).
In order to size the heat exchanger area in the proposed ice storage concept one needs to consider not
only the heat pump extraction power but also the thickness of ice on the heat exchanger in order to deﬁne the
nominal or design conditions. This ice thickness depends on the system design. In simulations for building
SFH45, 23 m2 of heat exchanger area which corresponds to an ice thickness of 1 cm, have been found to be a
good value for many simulations. However this is only valid for the concept presented here were de-icing is
possible. More studies need to be done in order to ﬁnd a good criteria for the selection of the heat exchanger
area.
In order to select the size and type of collectors one should ﬁrst think about the system performance that
needs to be achieved and the available space for ice storage and collector ﬁeld. From an efﬁciency point of
view covered collectors perform better at high SPFSHP+ , when the auxiliary does not need to run. In building
SFH45 the threshold for covered collectors to perform better is relatively high, around SPFSHP+ ∼ 5.2 and
therefore, for most of the simulated systems uncovered collectors perform better. For building SFH100* (high
temperature heat distribution system) covered collectors can be used to achieve very high SPFSHP+ as in the
case of building SFH45. The sizes of the system should be selected properly, since the increase of collector
area or ice storage may not signiﬁcantly improve the system performance once a certain level of performance
has been reached if direct heat is not used. In general, direct heat is only of beneﬁt when direct electric back
up is not used.
Waste water heat recovery systems can be of great beneﬁt for system performance, specially if a waste
water storage is used. System performance can increase from 8.5 to 22.7% for building SFH45 and by 4.5 %
for SFH100 respect to the case without WWHR when WWstore is used. Using a WWGFX an increase of system
performances in the range of 2 % can be expected.
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Abstract
The use of multi-walled carbon nanotubes (MWCNTs) as spectrally selective solar thermal absorbers (SSA)
in solar thermal collectors is presented in this paper. CNT layers were coated by electrophoretic deposition
(EPD) on aluminum substrates. Stable aqueous CNT suspensions consisted of multi-walled CNTs, DI water
and surfactant was used for EPD. The deposited samples were heat treated in a tube oven before any
analysis. Various thicknesses and compositions of homogenous CNT coatings were prepared by tuning the
electrophoretic parameters, such as voltage, inter-electrode spacing and deposition time. EPD proved to be a
simple, feasible and environment-friendly process of fabricating SSA and has low chemical consumption. In
order to achieve homogenous and good quality CNT films an EPD voltage of at least 15V has to be used.
The effect of thickness and heat treatment of CNT coatings on the solar absorptance and thermal emittance
was investigated. With thicker CNT coating, the absorption of SSA increased in both visible and IR spectral
range. The results have indicated CNTs as a promising material for SSA. Different peak temperatures and the
dwell time at the peak temperature during the heat treatment were applied to understand the effect. Higher
heat treatment peak temperatures resulted in a lower thermal emittance without decreasing the solar
absorptance; hence the spectral selectivity of CNT absorbers was improved. The same effect has been seen
for longer dwell time at the heat treatment peak temperature.
Key-words: carbon nanotubes, solar absorber, spectral selectivity, electrophoretic deposition, thickness,
reflectance, solar absorptance, thermal emittance.

1. Introduction
Spectrally selective solar thermal absorbers (SSA) are an essential element of solar thermal collectors and
usually consist of two different layers, thus called tandem absorbers (Agnihotri and Gupta, 1981). Each of
the two layers has unique optical properties. The top layer usually functions as a selective solar irradiation
absorber and should be transparent to infrared irradiation. The substrate under the top layer reflects infrared
light, i.e. giving the absorber low thermal emittance. Highly reflective metals such as aluminum and copper
are commonly used. Together they give a good spectral selectivity over the solar and infrared spectrum.
Metal-dielectric composites, also referred to as cermet films, are well known as solar absorbing layers.
However, such coatings are difficult to fabricate; they are normally produced using various vacuum
deposition technologies such as sputtering or physical vapor deposition (PVD) which both are inherently
complicated and expensive methods. However, PVD as a coating process has many advantages, such as good
abrasion resistance, uniform and accurate control of thickness but the technology requires vacuum and often
high temperatures. The absorbing layer can also be produced using painting and spin-coating of liquid
solutions. Painting is an effective and inexpensive way, but has a poor control on the coating thickness which
often results in a high thermal emittance and the coatings usually have inferior adhesion to the substrates.
Spin-coating has been widely applied in the fabrication of thin films with nanoscale thicknesses using sol-gel
precursors. High performance spectrally selective solar absorbers have been produced using this method
(Boström et al., 2007). In our research, electrophoretic deposition (EPD) is used for the formation of CNT
coatings. EPD is a facile process for fabrication of films and coatings from aqueous or organic suspensions
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on substrates and bulk bodies with even complicated surfaces. Electrophoretically deposited coatings
exhibits good microstructure homogeneity and the thickness of coating can be easily controlled by tuning the
EPD parameters, such as voltage, inter-electrode spacing, deposition time (Boccaccini and Zhitomirsky,
2002). EPD has been successfully employed to deposit CNTs on various substrates by many researches
(Boccaccini et al. 2006; Du et al., 2002; Fraczek-Szezypta et al., 2013; Nakayama et al., 2001; Thomas and
Boccaccini, 2005).
Carbon nanotubes (CNTs), discovered by Iijima (1991), have been extensively studied due to their unique
thermal, electronic and mechanical properties. They have also a very high absorbance at light wavelengths
from far ultraviolet to near infrared (Wu et al., 2003). Cao et al. (2002) had prepared a tandem structure by
synthesizing aligned CNTs on Au films to investigate the solar thermal absorption. Their conclusion was that
the tandem structure has no spectral selectivity in solar absorption though a high absorptance of 95% was
gained in both the visible and infrared regions. Schultz (2006) patented a solar absorptive coating system
consisting of CNTs. The highest solar absorptance achieved was 0.71 which is too low compared to
commercial products. In this paper, we report the performance of CNT absorbers manufactured by the EPD
method.
2. Method
A CNT slurry from n-Tec AS (Oslo, Norway) was used as CNT source for electrophoretic deposition,
consisting of DI water, Multi-walled carbon nanotubes (MWCNT) and a surfactant. According to the
supplier, MWCNT were synthesized by arc discharge and then purified. The diameter of MWCNTs is 1050nm and the typical length is 2-5μm. To make kinetically stable aqueous suspensions of CNTs, the
MWCNTs were functionalized and a surfactant was added into the solutions to stabilize MWCNTs. Then a
sonication process was applied to disperse the MWCNTs. The CNT slurry is stable over months. The CNT
slurry was used and ultrasonicated every time before EPD experiments since CNTs tend to form aggregates
over time.
A schematic diagram of EPD is shown in Fig.1a. Two electrodes made of aluminum plates, of which the
anode is also used as the CNT absorber substrate, are connected to a DC power supply. Aluminum was used
due to its ease of availability, low density and most importantly its high reflectance in the infrared
wavelength region. The aluminum plate was from Metallvaruhuset AB in Sweden and was cut in squares of
3x3cm2 and cleaned before usage. During EPD, the two aluminum substrates were immersed in CNT slurry
contained by a glass beaker. The surfactant type determines on which of the electrodes the CNTs are
deposited. Charged CNTs by anionic or cationic surfactant move to the opposite electrode i.e. substrate. In
our experiments, CNTs were deposited on anode since the used surfactant in CNT slurry is anionic.

a

b

Fig. 1: Electrophoretic deposition of carbon nanotubes. a) Schematic diagram of EPD of CNTs; b) Sample of CNT absorber.
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After deposition, the samples were taken out of CNT slurry gently to avoid the removal of CNTs. Then the
samples were dried in room conditions for at least 16 hours before heat treated in a tube oven.
The profile of heat treatment consisted of two phases – warming-up and peak temperature. The heating rate
of warming-up phase was set to 50°C per minute. The peak temperature was set to different points depending
on the intention of experiment. When the peak temperature was reached, the samples were in one experiment
treated at the peak temperature for a period i.e. dwell time. After the dwell time, the power of tube oven was
shut down and it allowed the temperature decreased slowly. When the temperature declined to 300°C, the
samples were taken out of the oven and cooled to room temperature in the air. Thereafter the samples were
ready for any measurements and analysis.
In the experiments of EPD, the voltage was initially set to 5V while keeping an inter-electrode spacing of 1
cm, i.e. the electric field equals to 5V/cm. With this voltage, there was very little CNTs deposit and
importantly it was loosely attached to the aluminum substrate and was almost completely removed while the
sample was taken out of the suspension. An increase of deposition time did not improve on the quality of the
CNT coating. The EPD voltage was increased step by step to get uniform coating and a voltage threshold
was found to be 15V for a robust and uniform CNT coating. This phenomenon about a voltage threshold for
EPD of CNT was also noticed by Thomas et al. (2006). But a voltage threshold of 30V was discovered in
their suspension system. The difference of voltage threshold must be due to the different suspension systems
which relate to the type and concentration of CNT and surfactant. This voltage threshold can be explained by
a weaker adherence between CNTs and substrate for a lower voltage. Above the voltage threshold, the CNTs
deposit has sufficient adhesion to the substrate and the coating quality is improved.
To understand more about the phenomenon, a certain electric field of 10V/cm was kept with the voltage
being 10V, 20V, 30V and the inter-electrode spacing being 1cm, 2cm and 3cm, respectively. It is found that
the deposition yield increased with higher voltage. Uniform deposition was obtained for the conditions of
20V and 30V. This indicates that the voltage is more important than the electric field regarding the threshold.
For a too high voltage during EPD, CNTs tend to form aggregates. In order to get the best quality of CNT
coatings, a voltage of 25V and an inter-electrode spacing of 2cm were ultimately used in the EPD
experiments. The deposition time ranges from only 4 to 16 seconds to get a thin CNT coating on an
aluminum substrate working as an absorbing layer. The thickness of the CNT coating and corresponding
deposition times are presented in the discussion section.
3. Characterization
3.1. Characterization tools
Thickness of the CNT coatings was examined by Veeco NT9080 Profilometer which uses high precision
white light interferometry in order to analyze height differences. Surface morphology and atomic
composition of the samples were investigated using a ZEISS Merlin VP Scanning Electron Microscope
equipped with an EDS detector from Oxford Instruments. The adhesion between CNT coating and Al
substrate was evaluated by tape test. To characterize absorption properties of SSA samples, a Perkin-Elmer
Lambda 900 spectrophotometer equipped with an integrating sphere of diameter 150mm, circular beam
entrance and sample port of 25mm, was used in the wavelength interval 0.3-2.5μm. Emittance of the samples
in the infrared wavelength range 2.5-20μm was measured with a Bruker Tensor27 FT-IR spectrophotometer.
3.2. Optical characterization
A SSA is usually evaluated by two parameters – the solar absorptance and the thermal emittance under a
normal angle of incident radiation. Normal solar absorptance, α, is theoretically defined as a weighted
fraction of the absorbed radiation to the incoming solar radiation on a surface, see Equation (1). The spectral
solar irradiance, Isol, is defined according to ISO standard 9845-1 (1992) for air mass of 1.5. λ is the
wavelength of incident radiation in the unit of μm and ρ(λ) is the reflectance at a certain wavelength.
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Normal thermal emittance, ɛ, is the ratio of emitted radiation of a surface to that of Plank’s blackbody, Ip, at
100°C and can be calculated following Equation (2):
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There are several ways to evaluate the spectral selectivity. One of the most frequent used methods is to
calculate the ratio of solar absorptance and thermal emittance (α/ɛ). However, we judge this method as very
inequitable. For example, a solar absorber with a solar absorptance of 0.60 and a thermal emittance of 0.03
achieves a ratio of 20 but doesn’t have higher photothermal conversion efficiency than an absorber with a
solar absorptance of 0.90 and a thermal emittance of 0.1 which achieves a ratio of only 9. The opposite is
actually true since the solar absorptance is twice as important as the thermal emittance. In order to rate the
selectivity and hence the performance of a solar absorber we are in this paper using the formula α-0.5ɛ which
reflects the weight factor of thermal emittance in a more reasonable matter. The formula was first
recommended by Carlsson (2004) in a report from IEA solar heating and cooling program Task 27.
4. Results and discussion
4.1. Surface morphology
Fig.2 shows SEM images from two samples prepared with an EPD voltage of 25V and an inter-electrode
spacing of 2cm. Sample 1(Fig.2a) was deposited for 4 seconds and the CNT coating has a thickness of
0.95μm. Sample 2 (Fig.2b) was deposited for 10s with a CNT layer of 1.70μm. Both images indicate that in
the coatings there are a lot of CNTs which are parallel to the substrates. The nanoparticles seen around the
CNTs displayed in Fig.2b are expected to be graphite nanoparticles and graphitic impurities from the original
MWCNT product. However, that hypothesis needs to be verified with for example Raman spectroscopy. The
EDS result of Sample 2 is shown in Fig.3. Mostly 4 elements – C, O, Al and S were detected by EDS. Since
the aluminum substrate was used as-produced, most of Al and O are from the substrate and its 10nm native
protective layer of alumina. The sulfur content found in the EDS analysis is likely to stem from the anionic
groups of surfactant which contain sulfur.

a

b

Fig. 2: SEM images of CNT absorbers, a) Sample 1 under a magnification of 5K; b) Sample 2 under a magnification of 30K.
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Fig. 3: EDS result of Sample 2.

4.2. Effect of CNT coating thickness
To investigate the effect of CNT coating thickness, a series of samples were made with the deposition time
varied from 4 to16 seconds (shown in Tab.1). The EPD voltage was 25V and the inter-electrode spacing was
2cm. All the samples were heat treated with a peak temperature of 550°C and then directly cooled to room
temperature. The calculated solar absorptance, thermal emittance and selectivity are presented in Tab.1. With
longer deposition time, the thickness of CNT coatings increases almost linearly, the minor deviation of
nonlinearity is probably due to measurement inaccuracy and slightly different deposition for each sample.
The transition from low to high reflectance shifted to longer wavelength with increasing thickness of CNT
coatings. The best selectivity achieved at the CNT coating thickness of 1.70μm was 0.72 with a solar
absorptance of 0.87 and a thermal emittance of 0.30.
Tab. 1: The effect of deposition time on solar absorptance and thermal emittance of SSA

Samples

Deposition time
(s)

Coating thickness
(μm)

Absorptance (α)

Emittance (ε)

Selectivity

DT-4

4

0.95

0.71

0.11

0.66

DT-6

6

1.41

0.79

0.19

0.70

DT-8

8

1.61

0.85

0.29

0.71

DT-10

10

1.70

0.87

0.30

0.72

DT-12

12

1.93

0.91

0.50

0.66

DT-14

14

2.12

0.92

0.54

0.65

DT-16

16

2.28

0.92

0.61

0.62

Thickness (um)

2,5
2,0
1,5
1,0
0,5

4

6

8

10

12

14

16

Deposition time (s)

a

b

Fig. 4: Thickness (a) and reflectance (b) of CNT absorbers deposited with various time from 4 to 16 seconds.
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4.3. Effect of peak temperature in heat treatment
The effect of the peak temperature during the heat treatment on the performance of CNT absorbers were
studied by two groups of samples, thin CNT coatings deposited for 5s and thick CNT coating deposited for
9s. The voltage of EPD was 25V and the inter-electrode spacing was 2cm. For the group of absorbers with
thin CNT coatings, they were heat treated at different peak temperatures, 400, 500 and 600°C while the
samples with thick CNT coatings were treated at peak temperatures of 450, 550 and 650°C separately. The
result from both groups indicated an improved spectral selectivity with a higher peak temperature. It is worth
noting that higher peak temperature prolongs the duration for absorbers staying in the oven. One thing needs
to be noticed is that temperature over 650°C is not desired since pure aluminum has a melting point of
660°C.
Tab. 2: The effect of peak temperature of heat treatment on selectivity of SSA with thin CNT coatings

Samples

Deposition time
(s)

Peak temperature
(°C)

Absorptance (α)

Emittance (ε)

Selectivity

Thin-400

5

400

0.80

0.22

0.69

Thin -500

5

500

0.81

0.19

0.71

Thin -600

5

600

0.79

0.14

0.72

Tab. 3: The effect of peak temperature of heat treatment on selectivity of SSA with thick CNT coatings

Samples

Deposition time
(s)

Peak temperature
(°C)

Absorptance (α)

Emittance (ε)

Selectivity

Thick-450

9

450

0.88

0.51

0.63

Thick-550

9

550

0.87

0.37

0.69

Thick-650

9

650

0.87

0.29

0.73

4.4. Effect of dwell time in heat treatment
18 samples were prepared with same EPD parameters, a voltage of 25V, an inter-electrode spacing of 2cm,
and a deposition time of 10s. They were divided to 6 groups, 3 for each of them. The peak temperature
during the heat treatment was 500°C for all 6 groups, but the dwell time was set to 0, 5, 10, 15, 20 and 30
minutes for each group respectively. Tab.4 gives the average numbers of absorptance, emittance and
selectivity for each group. When the dwell time increased from 0 to 5 minutes, the emittance had a clear drop
while the absorptance was kept almost unchanged, which resulted in a gain in selectivity. Any additional
increase in dwell time only slightly lowers the emittance further. It is believed that the decrease in emittance
with dwell time is caused by evaporation or outgassing of the infrared absorptive surfactant material in the
CNT films. It is likely that the largest evaporation occurs initially and then exponentially decreases which
could explain the trend seen in Tab.4.
Tab. 4: The composition of CNT coatings with different dwell time

Samples

Dwell time (min)

Absorptance (α)

Emittance (ε)

Selectivity

D0

0

0.89

0.39

0.70

D5

5

0.88

0.32

0.72

D10

10

0.87

0.32

0.71

D15

15

0.88

0.31

0.73

D20

20

0.88

0.29

0.74

D30

30

0.88

0.28

0.74
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5. Conclusion
Carbon nanotube spectrally selective absorbers were successfully prepared by the method of electrophoretic
deposition. The CNT coatings are homogeneous according to SEM images and have a reasonable adhesion to
the aluminum substrates. CNT absorbers exhibit fairly good selectivity over the solar and infrared spectrum
which indicates that this material is a potential candidate for use as spectrally selective absorbers in solar
thermal collectors. A voltage threshold for EPD was found to be 15V for the used CNT suspension system.
The thickness of CNT coatings is linearly increasing with the deposition time. With thicker CNT coating, the
transition from low to high reflectance of solar absorbers shifts to longer wavelength which benefits the solar
absorptance but increases the thermal emittance in the meantime. Both higher peak temperature and longer
dwell time at the peak temperature during the heat treatment improved the spectral selectivity of the CNT
absorbers. More experiments need to be carried out in order to find the optimum conditions of heat
treatment. The best performance achieved was a solar absorptance of 0.88 and a thermal emittance of 0.28
which yielded a selectivity of 0.74. However, the selectivity of the CNT absorbers is still not good enough
compared to commercial solar absorber products. Further improvement could be done by adding an antireflection layer on the top of CNT coating and/or by modifying the CNT layer composition.
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Abstract
The objective of this work is the development of harmonized efficiency test methods for combined renewable
heating systems for houses, using a hardware-in-the-loop approach. An overview of the principles of the
existing whole system test methods used by 3 research institutes involved in the project (MacSheep 2012) is
given. Main objectives are realistic dynamic test sequence elaboration for solar and heat pump systems and
comparison of results from tests achieved in different institutes. In order to reach these objectives, the first
phase of the work aimed to harmonize the boundary conditions that comprise both the physical boundaries of
the tested system as well as the climate and heat load definition, and this is presented in the first part of the
article. The second part presents two methodologies to elaborate 12-days and 6-days whole system test
sequences, validation results for solar and air source heat pump systems (SHP) and a methodology for
achieving equal amount of space heat supplied by the tested system while at the same time providing a realistic
response of the heat distribution system.
Key-words: solar combi system, air source heat pump system, dynamic test method, accelerated test,
benchmark test

1. Introduction
During the past years, the research institutes CEA INES from France (Albaric et al. 2008), SERC and SP (Bales
2004) from Sweden, and SPF (Vogelsanger 2003) from Switzerland have developed dynamic test methods for
complete heating systems under real-life conditions that follow similar test principles (Haller et al.2013). The
main idea in these test methods was to apply realistic weather conditions for a few days on a virtual solar
collector field and building and to monitor the real dynamic response of a real compact solar combisystem
under those conditions. Each loop of the real system (mainly domestic hot water (DHW), space heating (SH)
and collector loops) is connected to a hydraulic module. At every time step (typ. 1 min), modules record the
temperature and the flow rate of incoming fluids and send these measurements to the monitoring computer.
Those measurements are used as inputs to the TRNSYS simulation software. Then, according to the outputs
of the TRNSYS calculation, fluid temperatures at the outlet of the modules are adjusted. This way, each module
emulates every virtual component simulated by the software. Data exchanges are represented in Fig. 1.
The objective of the collaborative work in the project (MacSheep 2012) is to develop an improved dynamic
whole system test method that meets some requirements:
x

To be composed of a number of continuous consecutive test-days with weather conditions
representative for all seasons of a year.

x

To be a benchmark test whose result shows directly the ranking of different systems in terms of the
annual energetic performance of these systems.

x

Annual results derived from test results by direct extrapolation by multiplication of the test results by
the number of days in the year, divided by the number of days of the core test sequence. The validity
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of the direct extrapolation approach has been checked for systems with fuel burning devices as
auxiliary heating device (Albaric et al. 2008) and the work within MacSheep project shows that this
extrapolation approach could also be used for SHP systems provided the elaboration of dedicated
weather test sequence.

Fig. 1: Data exchange and energy flows between a real Air source SHP system and the emulated environment during a test
on a semi-virtual test bench. Qdhw : energy provided to DHW preparation - Wel : total electricity consumed by the
system - Qsh : energy provided – QintSto: internal energy content of the thermal storage

The test will be based on one climate and one definition of DHW and SH loads. The annual results that are
obtained will a priori be valid for this one climate and load.
The final test results for the determination of the energetic performance of the systems are the auxiliary energy
consumption. In the case of solar and heat pump system, the only auxiliary energy consumption is the
electricity. Therefore, the benchmark can be based on the following figures of merit, either taken directly from
the core test sequence or from the extrapolation to annual values:
x

Total electricity consumption during the test sequence or whole year

x

Ratio of useful heat output divided by total electricity consumption (performance factor)

The new harmonized boundary conditions are changing from the original test conditions from each institutes
and are summarized in section 2. The improvements of the new harmonized test sequences that meet the
requirements based on new test boundaries and test conditions are presented in section 3: selection of a 12days weather arrangement test sequence for SHP systems, control of the space heating load for comparable
results, and optimization of solar irradiation and outside temperature parameters of 6-days sequence for SHP
systems for short duration benchmark test. Thus two possible test sequences have been derived, one with 12
test days and one with six days.
2. Harmonized boundary conditions of the test
First part of the harmonization work focused on the physical boundaries between tested system and the test
bench. These are shown Fig.2. The auxiliary heater (a heat pump in this case), the storage, and all distribution
pumps and valves for space heating and solar loop are part of the tested system and are taken into account for
the electricity consumed by the system; for domestic hot water (DHW), the scalding valve protection or heat
exchanger with pumps are also part of the tested system; all controllers and associated sensors are included in
the tested system, with some installed inside the tested system itself while others have their signal emulated by
the test rig. For practical reasons, the solar collector field itself is never part of the tested system since it would
be unrealistic to install 10 to 20 m² under artificial sun test bench with controlled and reproducible operating
conditions.
Heat traps devices are used for every hydraulic connection from the system to the test bench in order to exclude
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the influence of test bench hardware on the heat losses of the system.

Fig. 2: Simplified hydraulic scheme showing the system boundaries where the energy balances are measured for an Air source
SHP system.

Besides the test boundaries, the test conditions applied to the system that depend on time during the test
sequence have been defined (weather and DHW draw-offs profiles), as well as the component models that
bring it to the tested system boundaries (building, solar collector, DHW user mixing valve). A short time step
of one minute was chosen for the simulation that updates the data exchange between test bench and tested
system in order to get realistic dynamic behavior.
The reference weather data used is Zurich SMA weather station provided by Meteonorm. The data file CHZuerich-SMA-66600.tm2 is distributed in the standard European climates package within TRNSYS. Zurich
SMA location is chosen since it is well known from previous research IEA SHC Task 26 and Task 32
representing a temperate European climate with significant space heating load and solar energy resource:
therefore it makes possible for well-designed SHP system to achieve good performance figures for industrial
companies that want to test their systems in the end.
The heating load target is the SFH045 building (SH load of 45kWh/m2/year for Strasbourg reference climate
and 60kWh/m²/year forZurich climate) of the IEA SHC Task44 / HPP Annex 38 (T44A38). A new TRNSYS
component based on ISO 13790 Standard (simplified building with dynamic behavior) is used with parameters
derived from Type 56 building model of SFH045. The heat losses from building to the ground are related to
the climate and time according to T44A38 reference system. The heating floor is chosen as heating circuit
since it’s widely used with both solar and heat pump systems because of its thermal inertia and low operating
temperature that maximize solar collector and heat pump efficiencies. Moreover it is likely to show better
performance figures for SHP product manufacturers.
Two different realistic water draw-off profiles have been chosen based on statistical distribution (Jordan and
Vajen, 2005), one for the 12-day test sequence and one for the 6-day test sequence. The average number of
water draws per day in this profile is 34 and the expected temperature at the outlet of user mixing valve for all
of these water draws is 40°C. The user mixing valve is emulated either as a physical component (thermostatic
valve set to 40°C) or the DHW flow rate flowing through the tested system is calculated from the DHW
temperature delivered by the system and the expected flow rate at user end point for each timestep. The average
energy drawn per day is 7.4 kWh, and the mass flows range from 300 l/h to 1080 l/h. A varying cold water
temperature supply to the tested system according to Zurich SMA climate is chosen based on mains water

816

David Chèze et al / EuroSun 2014 / ISES Conference Proceedings (2014)

temperature output from TRNSYS17 component Type 15.
3. Development of the test method
3.1 A 12-day test sequence for air source SHP systems
The aim of this work was to find an optimized arrangement of weather data for 12 days picked from 365 days
annual data, such that performance results of ASHP reference system harmonized in MacSheep gained from
the 12-day test (SH load, DHW load, and auxiliary energy consumption) can be extrapolated to annual results
by the factor 365/12. This approach was applied previously by Albaric et al. 2008 to solar combisystems
combined with gas boiler and has to be adapted to the harmonized boundaries defined in section 2 and to an
ASHP system (hydraulic scheme is illustrated in fig.1). The chosen system was the MacSheep reference system
with 10m² flat plate solar collector, 750L buffer water storage. The target function to optimize is the total
electricity consumption of the whole SHP system.
The distribution of DHW draws during the 12-day test sequence draw-off profile is adapted to have a relatively
large amount of energy drawn out of the tank storage from day 9 to day 12 (in order to discharge the store after
the summer-like period during the test) and the total amount of the DHW load during the whole test is 12/365
of the annual DHW load. The 12-day test sequence is then the combination of a draw-off profile and weather
sequence applied to the system to be tested. For the evaluation of the 12-day test sequence, a 13th day is actually
necessary to initialize the system before starting to evaluate the energy flows through the system along the last
12 days: this day 0 is chosen the same as the day n.

Fig. 3: Overview of the optimized 12-days test sequence

The search of optimal sequence of 13 days is achieved by a software tool that combines TRNSYS simulation
of the reference system and post-processing of each iteration simulation results thanks to a custom Scilab
automation and optimization module. The tool simulates once the reference system during 8760h (1 year) and
calculates monthly averages and cumulated performance figures for Qsh, Qdhw, Wel, QintSto quantities (Cf
Fig. 1). Annual SH demand is 8.3MWh, DHW demand is 2.8MWh and total electricity consumption is
3.8MWh. Optimization is started with an initial weather sequence of 1+12 days: these initial days are chosen
to be close to the monthly average values of ambient air temperature (Tamb), total irradiation on horizontal
plane (Ith) and total irradiation on collector plane (Itcoll) of the annual simulation. Then the algorithm
simulates the 13 days of the test sequence: daily averaged values for Qsh, Qdhw, Wel, QintSto quantities are
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calculatedfor the 12 days. Then the tool calculates deviations between monthly averaged values and test
sequence extrapolated (multiplied by 365/12) values and uses it to search for days within the yearly weather
database with modified characteristics for Tamb, Ith and Itcoll. The 12-day weather test sequence that best
matches these weather target characteristics are then simulated and its performance is evaluated again against
annual performance figures: the algorithm iterates first for selection of day 1 then moved to next day until day
12. If day 12 is changed from initial value, the selection process starts selection of a new improved day 1
otherwise the selection process is stopped. It required typically 400 simulations of the 12-day test sequence to
converge to a reasonable solution among the 12365 possibilities.
These simulations led to the final selection of a best candidate 12-day weather test sequence that shows 1%
deviation of the total electricity consumption while the SH and DHW load deviations are below 1%. An
overview of this weather test sequence is represented in Fig. 3.
The reliability of the resulting 12-day test sequence is investigated with a number of variations of the system
configuration: so called “4-pipes” and “3-pipes” hydraulic scheme (connection between the heat pump and the
solar combistore that respectively improves or decreases the stratification within the store), increased solar
collector area, thermal energy storage volume, effective vertical thermal conductivity of the store (store
destratification effect variation) and overall performance of the heat pump (changes in compressor and heat
exchanger efficiencies).
Tab. 1: Validation: overview of the deviations between annual and extrapolated by 365/12 performance figures with regard to
variation of system configuration

Store
connections

Store therm.
cond.

Coll.
area
(m2)

Store
capacity
(L)

Wel

SH

DHW

SPF+

(W/m.K)

Overall HP
perf.
variation

4-pipes

0.6

-

10

750

-1.0%

0.0%

-0.9%

0.8%

4-pipes

0.6

-

15

1000

-3.0%

0.0%

-0.9%

2.9%

3-pipes

0.6

-

10

750

-1.0%

-0.2%

-0.9%

0.7%

3-pipes

0.6

-

15

750

-1.8%

-0.2%

-0.9%

1.5%

3-pipes

0.6

-

15

1000

-1.4%

-0.2%

-0.9%

1.0%

4-pipes

0.3

-5%

10

750

-1.9%

-0.8%

-0.9%

1.1%

4-pipes

0.3

-

10

750

-2.3%

-0.7%

-0.9%

1.6%

4-pipes

0.3

+5%

10

750

-2.2%

-0.8%

-0.9%

1.4%

4-pipes

0.6

-5%

10

750

-1.6%

-0.8%

-0.9%

0.8%

4-pipes

0.6

-

10

750

-2.1%

-0.8%

-0.9%

1.3%

4-pipes

0.6

+5%

10

750

-2.7%

-0.8%

-0.9%

1.9%

4-pipes

1.2

-5%

10

750

-2.5%

-0.8%

-0.9%

1.8%

4-pipes

1.2

-

10

750

-2.8%

-0.8%

-0.9%

2.0%

4-pipes

1.2

+5%

10

750

-3.7%

-0.8%

-0.9%

3.0%

The validation results (Cf. Tab. 1) shows deviations between the annual and extrapolated values below 4% for
total electricity consumed by the system and below 3% for the SPF+. While it is not the focus in MacSheep
project, further investigations using this tool would be possible to elaborate a 12-day test sequences that would
allow direct extrapolation of 12-day test with different climate and building combinations. In addition this 12day test sequence provides enough test data to train and validate a neural network model of the whole system
tested similarly to Leconte 2012 and Lazrak 2014.
3.2 New method for realistic space heat distribution behaviour and comparable load
Existing approaches to deal with space heat distribution
The existing test methods for complete heating systems apply different approaches to deal with space heat
distribution:
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x In order to have an identical heat load for all systems tested (the same heat delivered to the building
at each time step) a load-file is used for the building space heating. The advantage of this procedure is that
each system delivers the same amount of heat to the building which is considered to be a must for a
benchmark test. There are two disadvantages with this procedure: first, the heat distribution system (i.e.
the space heat distribution pump, the mixing valve and the control of these) is not part of the tested system
but emulated by the test rig. For solar and heat pump systems, it is expected that these components and
their control may influence the performance of the system quite substantially. The second disadvantage is
that a control mechanism has to be implemented to assure that not only the amount of heat delivered
corresponds to the heat load from the file, but that at the same time the supply temperature is high enough
for transferring the required amount of heat with the given heating system and room temperature (comfort
requirement).
x The tested system is allowed to deliver heat to the building according to its own control. A simulation
and emulation of the building is used to determine the response of the space heat distribution and building
in order to assure that the response is realistic. This procedure has the advantage that it allows the tested
system to do what it normally would do in a real case, and it is also possible to let the system run on hot
water priority (pausing heat delivery to the building during a scheduled time slot). The comfort
requirement is that the simulated room temperatures must not fall below a given threshold and is thus easy
to implement. However, this method has the drawback that it leads to different amount of space heat
supplied by different systems and thus it it difficult to compare and interpret results (see Haberl et. al.
EuroSun 2014) and not suitable for a direct benchmarking.
Both approaches have obvious advantages and disadvantages. None of the two approaches achieved the desired
identical heat load for different tests while at the same time letting the system use their own space heat
distribution hydraulics and control.
New combined approach to deal with space heat distribution
The new approach uses daily energy targets and an online building simulation at the same time and works as
follows:
The tested system is allowed to deliver heat to the building according to its own control strategy. For this
purpose, the candidate gets the actual ambient temperature of the test sequence. With the help of an online
building simulation, the response of the heat distribution system and the room temperature in the building is
calculated and emulated. The emulation includes the return temperature of the heat distribution system and the
thermostatic valve of the heating. The thermostatic valve is emulated by a motorized valve that gradually closes
and thus reduces the mass flow rate in the heat distribution circuit when the simulated room temperature is
increasing from 20 to 22 °C.
The energy that is delivered to the building during the test is compared on a daily basis to pre-defined 24 h
load-files. The pre-defined load file represents the energy that is necessary to keep the room temperature at
20 °C (energy target). In addition to this ideal heat delivery is also the maximum energy defined, that is allowed
to be delivered to the building without a reaction. This maximum energy is defined as the ideal heat delivery
plus a maximum excess. The maximum allowed excess is 4 kWh or more than 10 % of the daily target and is
gradually reduced to zero within the last three hours of the test-day.
The tested system has to deliver enough energy to the building to keep the room temperature above 19.5 °C.
When the temperature drops below this threshold, the test has to be started again with adapted parameters (e.g.
a steeper heating curve). When the daily energy that is delivered to the building exceeds the maximum allowed
heat delivery, the heat supply will be restricted in order not to exceed the target by means of a motorized valve
in the heat distribution system.
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system boundary of the
harmonized test method

Space
Heating

V2
V1

The combined approach to deal with space heat distribution was successfully
tested during a whole system test. On the test bench there are two valves
necessary (compare fig. 4): One motorized valve to emulate the thermostatic
valve, which is in addition used (enhanced) to restrict the heat supply to the
building (V1).

M

Fig. 4: Space heating loop in
system testing.

Because some heating systems don’t allow closing the heat distribution
system completely (in order to avoid high pressure disruption of the
compressor) is a second valve necessary that emulates an overflow valve
(V2). When the heat distribution to the building has to be prevented (because
the final energy target of the respective test day is reached) this bypass will
be opened to return the flow temperature to the system without extracting
heat from the flow.

energy target of day 12
energy target with max allowed excess
measured energy during the test
valve position
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day 12 of the 12-day test sequence
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Figure 5 illustrates the progress of the test on day 12 of the 12-day test
sequence. It shows the energy target and the target with the maximum
allowed excess. The difference between them is reduced to zero at the end of the day. In phase “A” of the test,
the actually delivered energy is below the target with the maximum allowed excess. Hence, the motorized
valve on the test bench emulates only the thermostatic valve. In phase “B” of the test, the actually delivered
energy exceeds the maximum allowed excess. Hence, the motorized valve restricts the mass flow further than
it would be restricted with the room-temperature-criteria alone. When the final target of the day is reached
(compare phase “C”), the valve closes completely and disables a further heat supply to the building.

24

Fig. 5: Pre-defined and actually delivered energy at day 12 of the 12-day test sequence.

3.3 Development of short 6-days test sequence
The effort and cost of the system test can be significantly reduced by using a shorter test sequence than 12
days. The test method for solar combistores developed by Bales (2004) and then further developed to test solar
and pellet heating systems by Dalenbäck et al., (2011), Pettersson et al., (2011) and Persson et al., (2012) is
the start point of the work developing such a sequence. The order of the days was reorganized in order to start
and stop the sequence with a winter day. In order to achieve a similar charge status of the system in the start
and in the end of the evaluation period the initial sequence should consist of the last two days of the sequence
which is already implemented in the CCT and SCSPT test methods (Albaric et al., 2008; Vogelsanger, 2003;
Haller and Vogelsanger, 2005; Haberl et al., 2008). No efforts have been done trying to reduce the number of
initial days for conditioning of the system to less than 48 hours.
The hot water load profile is based on a selection of the days used in the CCT test method. Solar collector
gains are highly dependent on the DHW-load during spring and summer. In order to achieve the same solar
gains in annual simulation and that derived from the six day test sequence the order of the chosen days had to
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be adjusted so that a reasonable amount of hot water is discharged during the summer days. A high DHW draw
off is applied in the end of the last test day and also at the end of the two initial days in order to”force” a start
of the auxiliary heater (heat pump or boiler) and thereby get a similar charge status of the system in the
beginning and at the end of the six day test sequence. Day five also has a high load in order to discharge the
store before the winter day. The thermal capacity of the heat distribution system (floor heating) was reduced
to the capacity of a radiator in order to avoid the high time lag between energy being charged in to the floor
and energy being emitted from the floor into the building.
System simulations have been used for calculating both the system’s annual performance and the performance
during the six day sequence. The results from the six day sequence were extrapolated to annual data by
multiplying by 365/6. The daily outdoor air temperature and solar radiation was adjusted by the generic
optimization program GenOpt (Wetter, 2011) in order to minimize the deviation (objective value) between the
six days simulation and the annual simulation. The objective value was calculated as
Objective=|Wel6day-Welyear|+|Wcoll6day-Wcollyear|+|Wheat6day-Wheatyear|

(1)

where Wel is the total electricity used, Wcoll is the energy delivered by the solar collector to the store and
Wheat is the heat delivered to the floor heating system (heating demand).. The parameters varied were
coefficients multiplied with solar radiation and coefficients (positive or negative) added to the outdoor
temperature. The Air to water heat pump system developed within the MacSheep project, as illustrated in Fig.1,
was used as the system in the study.

Short 6-days test results and discussion
25
IT_Collnew

900

20

IT_Coll
800

Tambnew

700

Tamb

15

600

10

500

5

400
300

0

200

Ambient temperature (C)

Soalr radiation on collector (W/m2K)

1000

-5

100
0

-10

0

24

48

72
Time (hours)

96

120

144

Fig. 6: The ambient temperature (Tamb) and solar radiation on collector plane (IT_coll ) for the applied six day test sequence
before and after the optimization called new).

The weather conditions before and after (labelled “new”) the optimization runs is presented in Figure 6. The
radiation level is only slightly reduced, but the ambient temperature is reduced significantly in order to achieve
a better fit with heating demand and electricity consumption. The deviation in electricity demand is -2.3 %,
Deviation in heating demand is 0.3% and the deviation in solar collector gains is 1.4 %. An exact fit with
Electricity demand could not be achieved as the solar gains were part of the objective. Improving the objective
requires further modifications of the DHW-profiles as the spring and summer DHW-load has a strong influence
on the amount of solar gains.
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Tab. 2: Validation : overview of the deviations between annual and extrapolated by 365/6 performance figures with regard to
variation of system configuration for the six day sequence.

Store
connect
-ions

Store
therm.
cond.

Overall HP
perf.
variations

kJ/h.m.K

Coll.
area

Store
volume

Wel

SH

DHW

SPF

Charge
status
store

(m2)

(l)

4-pipes

2.16

0%

10

750

-2.3%

0.3%

0.2%

2.6%

(kWh)

-1.3

4-pipes

2.16

0%

15

1000

-9.1%

0.3%

0.2%

10.3%

-1.2

3-pipes

2.16

0%

10

750

-0.3%

0.3%

0.2%

0.6%

0.5

3-pipes

2.16

0%

15

750

-2.9%

0.3%

0.2%

3.3%

0.3

3-pipes

2.16

0%

15

1000

-7.8%

0.3%

0.2%

8.7%

-0.1

4-pipes

1

-5%

10

750

2.6%

0.3%

0.1%

-2.2%

-0.1

4-pipes

1

0%

10

750

0.9%

0.2%

0.2%

-0.6%

1.4

4-pipes

1

5%

10

750

1.0%

0.2%

0.2%

-0.8%

1.5

4-pipes

2.16

-5%

10

750

-2.9%

0.3%

0.2%

3.2%

-1.6

4-pipes

2.16

0%

10

750

-2.3%

0.3%

0.2%

2.6%

-1.3

4-pipes

2.16

5%

10

750

-1.4%

0.4%

0.2%

1.8%

-0.5

4-pipes

4

-5%

10

750

-0.5%

0.2%

0.2%

0.7%

0.1

4-pipes

4

0%

10

750

0.8%

0.3%

0.2%

-0.5%

1.0

4-pipes

4

5%

10

750

-0.3%

0.2%

0.2%

0.5%

0.2

The parametric study of the influence of different system design parameters is presented in Table 2. The
parameters causing the highest deviation between the extrapolated six day simulation results and the annual
simulation results are related to system size. Otherwise system modifications related to system design is quite
well estimated by the six day sequence, with deviations below 3% for the annual electricity consumption (Wel).
Further optimization of the solar radiation and temperatures using several system sizes may improve the results
for large systems. Also the DHW-load may need further adjustments to improve correlation with different
system types.
The heavy floor construction causes large deviation in energy emitted to and from the floor on a daily basis.
Therefore this test sequence was developed assuming a light construction. It is not possible to include the high
thermal lag of a concrete floor in such a short test sequence unless the heat demand is restricted and actively
controlled to a certain value for each day.
4. Conclusion
This collaborative experience led to harmonization and improvement of the most significant aspects of
dynamic system testing boundary conditions that are influencing the system performance. Actually it will allow
comparing the test results in the different institutes ensuring equal space heating and DHW loads during the
test. The extrapolation to SHP systems annual results from test results using the 6-days or 12-days weather test
sequence lead to comparable satisfactory results (Cf Tab. 1 and Tab. 2) for different system sizes and for
different hydraulic solutions. The 6-days test sequence combined with the controlled space heating load
method will provide a reduced duration test for benchmark purposes while the longer 12-days test sequence
will additionally allow whole system model identification based on neural networks. The final definition of
the harmonized test sequence will be done in October 2014 with the final results of on-going study that
combines SHP and other heating system architectures for the optimization of the 6-days weather test sequence.
Each institute will test a prototype of an SHP system until 2015 and get experience in the application of the
harmonized test sequence.
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Abstract
New software has been developed, adapted to International Standard ISO 9459-2, in which the daily solar
domestic hot water (SDHW) system operation is modeled with a heat-limited consumption scheme, fixed
by a nominal temperature (Tdn), and a daily nominal hot water volume production (Vdn). Solar energy is
traced to its end forms; overheating in summer months, remaining in storage to be used the next day, lost
through storage tank surface and drawn-off in the useful hot water. Auxiliary heat to comply with
nominal settings is also calculated. For commercial reasons it is becoming more and more necessary to
have an effective way of classifying SDHW systems. Our proposal is to use as figure of merit, the rate
between the hot water produced in one year and the auxiliary heat needed, (L/kWh), calculated when the
daily extraction is 2/3 of the storage volume and the temperature is Tdn = 60°C. The draw-back of such a
procedure results from observing that the value obtained is site-dependent. An alternative classification
way is presented, based on a non-dimensional number that is totally site-independent.
Key-words: solar domestic hot water systems; international standards; solar systems classification
1. Introduction
Which is the best solar collector? The question has not an easy answer, although it is persistently made by
newcomers.
The cost of the system is the first thing to consider. The durability and quality of materials should be
related to cost and are quite visible at a glance. The standard tests related to quality are well established
and are similar to other outdoor equipment tests (ISO 9806-2, 1995).
Nevertheless, calculation of energy delivered by the system over its lifetime has had several approaches.
The Solar Energy Laboratory of the University of Wisconsin, UW-SEL, has developed a modular
method, where each module is tested separately. The parameters obtained are then fed into especial
software where annual performance is calculated. The f-chart and TRNSYS, works on these trends
(Duffie & Beckman, 1991). The solar Collector and System Testing Group, CSTG, has followed a track
quite different because no reference is made to components parameters (ISO 9459-2, 1995). The system is
characterized from the start as a black box with input-output parameters that are determined by an all-day
test. Maybe the most important difference between the two methods is in how the store stratification event
is handled. In the method of UW-SEL several analytical models are developed while in the method of
CSTG, stratification is already taken into account in the experimental results.
The International Standard ISO 9459-2: 1995 applies to SDHW systems operated without auxiliary
boosting and for an evening draw-off. The test procedures are applicable only to systems of 0.6 m3 of
solar storage capacity or less. Software that allows a volume-limited and a temperature-limited demand is
given by the standard. We have developed software, in which the daily demand is modeled with a heatlimited consumption scheme fixed by a nominal temperature and a nominal hot water production.
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Table 1

Nomenclature: Sub-index i identifies the year´s day

Q aux

i

Ac
a1

Collector aperture surface
Harness coefficient 1

m2
m2

a3

Harness coefficient 3

J/d

GTi

-

g(Vd)

J/d

QdTi

f(Vd)
QdSi

Test normalized draw–off temperature
profile
Sensible heat in water withdrawn from the
system, with mixture.

AS
a2

Qlosti

Heat loss from storage´s surface

J/d

QRi

QSi

Sensible heat in storage before draw-off

J/d

QTi
T aa i

Qi

Available heat in system

J/d

Qauxi
Q aux

Q aux

J/d
J/d

Qdi
Taamin

Q(3)auxi
Qdni

Nominal draw-off heat

J/d

Taamax

Maximum ambient
temperature in the year

°C

Q(1)auxi
Q aux

i

i

Q(2)auxi

auxiliary heat
Qdn -complementary
auxiliary heat
Tdn –complementary

i

T

a
ai

Tai
T main

Storage tank surface
Harness coefficient 2
Solar daily irradiation on collector
aperture.
Mixture normalized draw–off
temperature profile,
Sensible heat in water withdrawn
from the system, without mixture.
Remains of heat in storage after
water is withdrawn.
Solar energy harnessed by collector.
Qaux(1)+Qaux(2)+Qaux(3)
auxiliary heat
auxiliary heat
Vdn -complementary

m2
J/K/d

Drawn-off heat

J/d

Minimum ambient
Temperature in the year
(Tamin+Tamax)/2
Day´s mean ambient temperature

Storage temperature
before water is withdrawn

°C

Tdi

Water draw-off temperature.

ºC

TIi

Tdn
VS
Vdi

Nominal draw-off temperature.
Storage volume
Water volume withdrawn

60°C
L
L/d

US
Vdn
ri

't

time interval

s

xi

G

a1 / Ac Optical efficiency

-

G

Daily temperature of cold water
supply; reference for sensible heats.
Storage temperature after water is
withdrawn
Storage tank heat loss coefficient
Nominal draw-off volume
Overheating factor
(TSi-Tai-a3/a2)/GT
Reduced temperature
a2 / Ac Collector loss

UZ

Water density

1 kg/L

cpw

Specific heat capacity of water.

J/L

qdn

Maximum qaux when no solar
energy is available

qauxi
Qohi

J/d
J/d
J/d
J/d
J/d

°C
°C

i

TSi

Mean annual auxiliary heat needed to
produce a unit volume of hot water in its
nominal ratings, when solar energy is
available.
Overheat

J/m2/d

Tmaini

°C
ºC
W/K
L/d
(Km2d)/J
J/(Km2d)
4.1868
kJ/(kgK)
J/L

J/d

For commercial reasons it is becoming more and more necessary to have an effective way of classifying
SDHW systems, from an energy preserving point of view. Our proposal is to use as figure of merit, a
long-term performance prediction, given as the rate between the hot water produced and the auxiliary heat
used in one year (L/kWh), calculated when the daily extraction is 2/3 of the storage volume and the
temperature is 60°C. The highest its value, the better; more hot water is produced with the unit of
auxiliary energy. The draw-back of such a procedure results from observing that the value obtained is
site-dependent. One would like to be able to classify SDHW systems in an intrinsic way, only dependent
on the systems characteristics. An alternative classification procedure is presented, based on a nondimensional number description of the SDHW system that is totally site-independent.
2. Method
In the ISO 9459-2 standard, the system characterization is obtained from three tests and an algorithm for
evaluating the long-term-performance-prediction (LTPP):
x

Draw-off profile test.

This temperature profile, obtained during the extraction of three times the storage tank volume of water,
characterizes the behavior of the storage tank, when the hot water inside, mixes with the cold water
coming in from mains. Two different functions f(V) and g(V) are used. The first is obtained based on a
draw-off profile performed at the end of each test-day and the second is based on a separate test
determining the mixing draw-off profile when the tank has an initial uniform temperature, without
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stratification. The formulas (1) and (2) give the analytical definition of these functions.
x

Input-output diagram

The daily behavior of the system is characterized by a linear model defined in formulas (8) and (8’). The
parameters are obtained by least squares fitting of the following daily test results:
xQT = QT3Vs

- sensible energy contained in the three times the tank volume of water, drawn-off in
the daily test

xTS = Tmain

- cold water temperature during the daily test

xTa & GT

- ambient temperature and solar irradiation on collector aperture, during the daily test
x

Store overnight loss coefficient

The store heat loss coefficient is obtained in an independent test, where the storage tank is left to cool
down overnight. Equation (3) is used.
x

LTPP

The long-term performance prediction is calculated by software given in the standard. It includes two
load patterns:
xLoad pattern 1, determined by the volume of daily hot water consumption,
xLoad pattern 2, determined by a minimum useful temperature limit for the hot water consumption.
When the outlet temperature is lower than this minimum value, no water is extracted from the store.
x

New LTPP.

New software has been developed, not included in the standard, with a different load pattern:
xLoad pattern 3, modeled for a nominal temperature and a nominal hot water volume production, both
constant during the year. According to the daily climate conditions and daily hot water extraction, the
draw-off temperature and draw-off volume may be under or above the nominal values. If overheating is
present, the excess energy over the nominal is calculated and discarded. If solar heating is under the
nominal value, the auxiliary heat necessary to reach nominal settings is calculated. The calculation is
extended only to 365 days assuming an annual periodicity, although it could be extended further, if longer
daily meteorological series were available or synthetic series were used. The algorithm is formulated in
the appendix A, equations 1 – 22 with variables defined in the Table 1.
3. Application to Montevideo
A case study has been conducted on system 5 and system 8 as if they were operated in the city of
Montevideo, located 34°53’ South latitude and 56°09’ West longitude, with load pattern 3. The climate
data used was obtained from project “Surface Meteorology and Solar Energy” (NASA, 2010).
Simultaneous daily global solar radiation on horizontal surface, maximum and minimum temperature
series for year 2010, were used in the simulation. The typical data of System 5 and System 8 was obtained
from work by V. Belessiotis & D. Harambopoulos,(1993) and are listed in Table 2 and shown in Fig. 1
and Fig. 2. Energy monthly simulation results, given in J/d, are shown in Fig. 3, for system 5. The volume
of water extracted each day is two thirds of the storage volume and its temperature is 60 °C, constant for
all days of the year. Solar energy is traced to its end forms; overheating in summer months, remaining in
storage to be used the next day, lost through storage tank surface and drawn-off in the useful hot water.
Auxiliary heat, from another energy source, to comply with nominal settings is also calculated.

4. Solar domestic hot water systems classification
Several procedures have been developed to classify SDHW systems, based in the annual solar energy
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captured, with a “labeling” purpose, in a commercial context (FSEC, 2002) (INMETRO, 2012). It seems
as if the basic idea that solar energy is “free” is sometimes forgotten! Solar energy is used with the
purpose of replacing the costly auxiliary energy, whatever its origin. For this reason, another way of
comparing SDHW systems would be, to use the amount of auxiliary energy required to produce a unit
volume of hot water or the volume produced by the unit of auxiliary energy; the best system being the one
with its lowest kWh / L or highest L /kWh values. It might be thought that the solar energy method and
the auxiliary method give complementary values, but for winter significant climates, summer overheating
may occur, and some solar energy may be discarded.
Table 2: Parameters and experimental results from: “Testing solar water heating systems in Athens, Greece” by V.
Belessiotis and D. Haralambopoulos, Solar Energy 50, No. 2, pp167-177, (1993)

5
8

a1
(m2)
1,58
0,96

System N°

Go=a1/Ac

5
8

0,4633
0,4683
1umber of
collectors

System N°

System N°

a2
(MJ / K / d)
0,45
0,47
G1=a2/Ac
(MJ/K/m2/d)
0,1320
0,2293
Storage Type

a3
(MJ / d)
-1,37
-1,37
G1=a2/Ac
(W/K/m2)
1,5274
2,6536
Heat exchange
type

5

2

Horizontal

Tube

8

1

Horizontal

Double wall

Ac
(m2)
3,41
2,05
a3/a2
(K)
-3,0444
-2,9149
Operation type
Thermosyphon
Thermosyphon

Vs
(L )
200
160
As
(m2)
2,2902
1,8799
Vdn =
2/3Vs (L)

ls (length)
(m)
1,67
1,34
Us
(W/K)
2,6
1,81
Tdn
(C)

133

60

107

60

Ds(diameter)
(m)
0,39
0,39
USC
(W/K)
2,93
1,87
<Qdn>
(MJ /d)
15,543
10,596

0,5
U QT / (Ac GT) GG x

0,4

U

System 5 d0 =0,4633
d1= 1,5273

0,3

System 8 d0 = 0,4682
d1 = 2,6535

0,2
0,1
0
0

0,2

x

0,4

0,6

Fig. 1 Input-output diagram obtained from work by (V. Belessiotis & D. Harambopoulos, 1993). The area below the curve
is proportional to GR GR  G System 5 has more area than System 8. This area increases with decreasing value of G1
related to a decreasing heat loss from the system.
System 8

System 5
12%

12%
f (H>16MJ/m2)

10%
8%

g

6%

h (H<16MJ/m2)

f (H>16MJ/m2)

10%
8%

g

6%

h (H<16MJ/m2)

4%

4%

2%

2%
0%

0%
0

200

400

600

0

160

liter

320

480

liter

Fig.2 Normalized stratified draw-off profiles (f, h) and mixed draw-off profiles g , for systems 5 and 8, obtained from work
by (V.Belessiotis & D. Harambopoulos, 1993)

5. Site-dependent figure of merit
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In Fig. 4 and Fig. 5 the ratio (y) of the mean annual auxiliary heat needed to produce a unit volume of hot water
in its nominal ratings, when solar energy is available (qaux), to the same item, when the solar energy is not
available (qdn), is shown as function of the ratio (x) of the constant daily volume of hot water extracted
(Vdn) to the storage volume (VS). In Fig. 4, System 8 is tested in several cities with different climates,
Belo Horizonte, Salto, Montevideo, Edinburgh and Punta Arenas. For an extraction of Vdn = Vs/4, cold
climate cities begin with y = 60% while mild and warm climate cities begin with y values between 5 %
and 20 %. For an extraction, greater than the storage volume (VS) all 5 functions asymptotically get near
to 100%, because an increasing volume of cold water is coming in, for a fixed amount of captured solar
heat. In Fig. 5, System 5 and System 8 are compared in the same place, Montevideo. For an extracted
volume Vdn less than the storage volume V S, System 5 leads System 8, needing less auxiliary energy to
heat up one liter of water. In the trend of classifying solar collector systems with only one number, we
selected arbitrarily a constant daily extraction volume Vdn = 2VS/3. In Table 3 the ratio of heat per unit
volume and volume per unit heat are calculated for System 5 and System 8 in several cities for a daily
yield of 2Vs/3; System 5 always takes the lead.
Table 3: Yields in L / kWh and kWh /L

Vdn = 2/3Vs

System 5

City
Punta Arenas
Edinburgh
Montevideo
Salto
Belo Horizonte

Vdn = 133 L/d

System 8

Vdn = 106 L/d

q5-1
L / kWh
0,7169

q5
kWh / L
1,3948

q8-1
L / kWh
0,6416

q8
kWh / L
1,5583

0,8068

1,2393

0,7169

1,3948

1,7325

0,5771

1,3913

0,7187

2,0994

0,4763

1,8740

0,5336

3,9727

0,2517

2,1844

0,4577

120
Energy trace in system 5

100

80
MJ / day

SE - Qd drawn-off heat

SE - Qr remaining heat in store

EE - Qaux auxiliary heat

SE - Qlost loss from store

SE - Qs Store energy in the morning

SE - Qp=Qt-Qtf overheating -

SE - Q available heat

SE - Gt solar energy on collector aperture

60

40

20

0
Jan

Feb

Mar

Abr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

month

Fig. 3 Annual energy splitting results for simulation with system 5 in Montevideo. Nominal temperature is Tn = 60°C and
daily extracted hot water is Vn = 2/3 Vs = 133 L
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y (%)

120%

100%

Montevideo
qdn = 1,5148 kWh/ L

80%

Belo Horizonte
qdn = 1,3645 kWh/ L

60%

Salto
qdn = 1,4287 kWh/ L

40%

Punta Arenas
qdn = 1,9852 kWh/ L

20%

Edimburgh
qdn = 1,8261 kWh/ L

0%
0%

50%

100%

150%

200%

x (%)

Fig. 4 . Ratio of qaux to qdn,( y), as function of the ratio of Vd to VS, (x), with System 8, for different cities. The climate
data used was obtained from project “Surface Meteorology and Solar Energy” (NASA, 2010)

120%

12%
10%

100%

6%
4%

60%
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40%

0%

(y8-y5) (%)

80%
y (%)

Montevideo system 8
qdn = 1,5148 kWh/L
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Montevideo system 5
qdn = 1,5148 kWh/ L

-2%

20%

Diferences between
system 8 and system 5

-4%

0%

-6%
50% 100% 150% 200%

0%

x (%)
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Table 4: Site-dependent figure of merit
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6. Site-independent figure of merit
In Fig. 4 and Table 3, it is shown how qaux depend on location. One would like to be able to classify solar
systems in an intrinsic way, only dependent on the systems characteristics and not on its location. An
alternative classification procedure is presented, based on a non-dimensional number Jo that increases
with quality and is totally site independent. This number increases, with increasing GR GR  G  related
to less heat loss in whole system, as shown in Fig. 1, and with decreasing US / AS, related to less heat loss
through storage surface. In Table 5 number Jo is defined and calculated for System 5 and System 8.

Table 5: Site-independent non-dimensional figure of merit

829

José Luis Duomarco / EuroSun 2014 / ISES Conference Proceedings (2014)

J 0 100 * log
'TO=100°C

2
ª 2
º
« G 0 A S §¨ G 0 ·¸ »
10 «
¸»
2G ¨
¬« 1U S © 'T 0 ¹ ¼»

GO=1367 W /m

100 * log
2

2
ª
º
2
« a 1 A S §¨ G 0 ·¸ »
10 «
2 a A cU S ¨© 'T 0 ¸¹ »»
¬« 2
¼

System 5

System 8

101

89

6. Conclusions
An extension of Standard ISO 9459-2 has been developed with the goal of establishing a new way of
classifying SDHW Systems. The software supplied by the Standard is modified to sustain a daily load
pattern, based in a nominal temperature and a nominal daily hot water volume production, both constant
during the simulated year.
The software makes daily calculations of the following items:
x Discarded energy due to overheating.
x Remaining energies in store after evening draw-off and in the next morning.
x Energy loss through store surface.
x Useful energy in hot water extraction.
x Auxiliary energy necessary to reach nominal settings.
Returning to our initial question -¿ which is the best solar collector?- two answers have been given.
x

“The best solar heating water system is the one that produces more hot water per unit of auxiliary
heat, or needs less auxiliary heat to produce a unit volume of hot water”. The required costly
auxiliary energy and the volume of hot water produced in a year are used to define the figures of
merit qaux and qaux as shown in Table 4. The new software is run with a daily volume extraction equal
to two thirds the storage tank volume and temperature equal to 60 °C. From a commercial point of
view it has the drawback that it depends on the site where the system is installed.
-1

x

“The best solar heating water system is the one with less thermal loses or profits the most from the
free solar energy”. Two independent loss mechanisms may always be identified: day collectorthermal- loss and night storage-thermal-loss. The figure of merit JR, defined in Table 5, is inversely
proportional to these two ways of loosing heat. It also has the advantage of being site–independent.
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Appendix A
The modified ISO 9459-2 algorithm (J.L. Duomarco, 2012) is synthesized in 7 steps, where sub index i
identifies the day in the year:
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Step 4 – Summary of the day (i) and contribution for the next day ( i+1 ).
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Step 7 – Next day. Procedure is repeated beginning in step 1 for day i+1 and continues through all the year.
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PV Domestic Hot Water System
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Abstract
In this paper, we investigate the technical and economical feasibility of a Photovoltaic Domestic Hot Water
System (PV DHWS) consisting in a direct coupling of the energy produced by PV panels and the heating
elements (electrical) of a hot water tank.
First, a prototype of PV DHWS was built and experiments were carried out at our outdoor test facilities in
order to demonstrate the validity of the concept, evaluate the performances and identify ways of
improvements. Then, a numerical model of PV DHWS was developed in Modelica / Dymola and validated
using collected experimental data. System performances were simulated under various configurations and
compared to the performances of solar thermal hot water systems. Finally, based on both experimental and
numerical results, a first economic assessment of PV DHWS was done.
The results presented in this paper show that from a technical and economical point of view, PV DHWS
could potentially be a cost effective alternative to conventional solar thermal systems.
Key-words: photovoltaic, solar domestic hot water system

1. Introduction
1.1. Context

Heat demand per m² of building area

Photovoltaic Market: during the last 5 years a large decrease of PV system prices have been observed on
the PV market (see Fig. 1a). This evolution has been combined with a steady decrease of feed-in tariffs in
Europe. However, the storage of local PV production remains a major issue considering that PV production
and building consumptions are not always in phase. As Electro--chemical storage (battery) can be expensive,
thermal storage appears as an easier solution to implement.
200
180

Yearly heating demand [kWh/m²]

160

Yearly DHW demand [kWh/m²]

140
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20%
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Figure 1. a) PV system price (2006 – 2014) - : source BSW-Solar, 2014. b) Residential building energy demand

Energy in residential buildings. The Fig. 1b shows that the energy needed for space heating decreases with
the level of insulation of the building while the energy needed to provide hot water remains almost constant.
Thus, the better the buildings are insulated, the higher the share of energy needed to provide hot water gets.
Based on both trends observed on Fig. 1, the coupling between PV systems and local thermal systems such
as hot water systems could be an interesting synergy.

1.2. Concept
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In this context, a coupling between PV production and local thermal systems can be an interesting solution to
convert produced energy into heating (or cooling) and store it locally more easily, as for instance in the case
of a PV Domestic Hot Water System (PV DHWS).

Figure 2 : Concept of a PV Domestic Hot Water System

As presented in Fig. 2, a PV DHWS consists in a direct coupling between a PV system and an electric hot
water system. The main advantage of such a system is to provide hot water to a building from renewable
sources by storing intermittent solar energy as heat.
In this paper, we investigate the technical and economical feasibility of a PV Domestic Hot Water System
(PV DHWS) based on a direct coupling (DC) between PV production and the heating element of an electric
hot water tank.
2. Experimental investigations
In order to demonstrate the feasibility of a direct coupling between the energy production of a PV system and
a hot water tank using DC current, a prototype of PV DHWS was designed and installed at our outdoor test
facilities in southern Paris (see Fig. 3)
2.1. Experimental set-up
For this prototype, 2.2 kWp of PV panels (mono-Si) tilted at 30° and facing south were installed, linked to a
MPP tracker and then connected to a 300L water tank with a resistive element of 3 kW (Set point
temperature at 63°C). The idea was to use the resistive element that is already present in conventional
electric hot water tanks, using DC power generated by photovoltaic panels or AC power when the PV energy
is not sufficient to provide hot water needs. The hot water consumption of a 4-person household was then
emulated (100L of hot water at 60 °C per day) and the whole PV DHWS was monitored in order to
demonstrate the validity of the concept.

Figure 3 : Experimental set-up to evaluate the concept of PV DHWS
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2.2. Results
Experimental sequences were conducted from March to June 2014. The monitoring consists in measuring
meteorological parameters (solar irradiation, temperature), photovoltaic panels parameters (power, energy,
and temperature), water withdrawal parameters (water flow rate, temperature) and Domestic Hot Water tank
parameters (power and energy of the heater, temperatures…).
A specific test bench is used to simulate the hot water consumption of a 4 people household according to the
European draft standard prEn50440 Efficiency of domestic electrical storage heaters and testing methods.
The M324 water heater load profile is applied according to a 24 hour drawing schedule with a 21,042 MJ
load.
The Figure 4 illustrates how the PV-DHWS operated during the test period.

Figure 4 : PVDHWS electric power, water withdrawal and tank temperature

In the morning the PV electricity production increases proportionally with the solar radiation and heats the
DHW water tank. When the water thermostat reaches the set point of 60°C, the electrical PV production is
disconnected. It results in Solar Losses due to this disconnection (see definition below)).
ࡿࢇ࢘ࡸ࢙࢙ࢋ࢙ሺΨሻ
ൌ  െ ሺࡼࢂࢋࢋ࢘ࢍ࢟࢘ࢋࢇ࢟ࢋࢉ࢚ࢋࢊ࢚ࢎࢋࡰࡴࢃ࢚ࢇሾࡹࡶሿΤࡼࢂࢋࢋ࢘ࢍ࢚࢟ࢎࢇ࢚ࢉ࢛ࢊ࢈ࢋ࢚ࢋ࢚ࢇ࢟࢘ࢊ࢛ࢉࢋࢊሾࡹࡶሿሻ

When water withdrawal occurs, cold water fills the missing volume. The water’s temperature decreases in
the tank and an extra electrical heater can be needed.
In order to evaluate the performance of a solar hot water system, the estimation of the solar fraction can be a
useful indicator. The Solar Fraction is defined as the ratio of solar energy that covers the water heater’s needs
in order to heat the water up to 60°C.
ࡿࢇ࢘ࡲ࢘ࢇࢉ࢚ሺΨሻ
ൌ ࡿࢇ࢘ࢋࢋ࢘ࢍ࢟࢘ࢊ࢛ࢉࢋࢊ࢈࢚࢟ࢎࢋࡼࢂࢇࢋ࢙ሾࡹࡶሿ Τ ሺࢃࢇ࢚ࢋ࢘ࢎࢋࢇ࢚ࢋ࢘ࢋࢋ࢘ࢍ࢟ሾࡹࡶሿ
 ࢀࢎࢋ࢘ࢇ࢙࢙ࢋ࢙ࢌ࢚ࢎࢋ࢚ࢇሾࡹࡶሿሻሻ

For example, in Fig. 5, the daily solar fractions during the test period along with the corresponding solar
irradiation are presented. The spring test period (from April to June) was rather sunny and the mean Solar
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Fraction over this duration was about 81% with a maximal ratio of 86%.

Figure 5: Solar fraction measured from April to June 2014

In order to predict the performances of PV DHWS more accurately, as well as the share of the PV production
that is unused, and more specifically in order to evaluate the yield of the system and to compare it with solar
thermal domestic hot water systems, a numerical model was required. This model was developed under
Modelica/ Dymola and is presented in the following part.
3. Modeling and simulation
3.1. Development of a numerical model
Dymola is a commercial modeling and simulation environment developed by Dassault Systems and
specialized in the resolution of dynamic and complex multi-physics systems for use within various
applications such as automotive or robotics. As this environment uses the open Modelica® modeling
language, besides standard libraries (e.g. Modelica), users are able to create their own model libraries for
their specific simulation needs. In that way, EnerBAT, a department of EDFLab (R&D), has developed its
own library - BuildSysPro1 - dedicated to dynamic simulation for buildings and related energy systems. This
library was used for this study. The matrix system obtained was solved using the CVODE-variable order
solver with a variable time step.
Parallel to the experiments, a numerical model of PV DHWS developed under Modelica / Dymola was
validated using monitored data from the test described in the previous part, and was then used to extrapolate
the behavior of this system according to various parameters (weather data, regulation, installed PV power,
hot water consumption …).
Figure 6 describes the principle of PV-DHWS modeling under Modelica / Dymola. It consists in an assembly
of elementary models of PV panels and a Domestic Hot Water Tank connected to boundary conditions:
meteorology, indoor temperature, cold water temperature… As results, any calculated parameters of the
elementary models are reachable at any time of the numerical simulation - mainly temperatures and energy
Plessis, G., Kaemmerlen, Lindsay, A., BuildSysPro: a Modelica library for modelling buildings and energy
systems. Proceedings of the International Modelica Conference 2014.

1
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balance (power, production, consumption).
Specifically, modeling allows the extrapolation of the calculation to other meteorology data (other locations
and time periods) in order to obtain a yearly yield assessment and to compare the system’s performances
with those of a solar thermal domestic hot water system.

Figure 6: PV-DHWS modeling under Modelica / Dymola. Model description (top) and experimental validation (bottom)

The PV-DHWS model was validated using experimental data. The measured daily electrical energies for
heating the hot water in the tank were compared to the numerical energies calculated with the boundary
conditions (weather, cold water temperature, hot water usage profile). The model is calibrated by adjusting
the most uncertain measured parameters, such as temperatures in the tank, in order to fit with the daily
energy balance (PV-DHWS electric water heater). Figure 6 shows that the validation of the modeling can be
considered as relevant.
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3.2. Yield simulations
Based on the numerical model, the annual performance of the prototype installed at our test facility was
simulated using measured weather data. For the current system, results of the simulation show that the solar
fraction of such a system could reach 69% for a corresponding solar loss ratio of 34% (see distribution along
the year in Fig. 7).

Figure 7: Solar fraction over a year – EDFLAB Les Renardières

Then, a conventional Solar Thermal Hot Water System (ST-DHWS) was simulated using the same weather
data. For the ST-DHWS, the collector (glazed and selective coated) surface was 4m², the water tank had a
volume of 300l and the water consumption was the water withdrawal schedule M324 at 60°C. The
simulation was performed using an existing EDF Dymola model (from the BuildSysPro EDFLab Library).
For the design mentioned above, the results of the simulations show that the solar fraction of the ST-DHWS
was about 63%. To simplify the comparison between PV- and ST-DHWS, a parametric analysis was done on
PV-DHWS design to determine the required amount of PV panels able to reach an equivalent solar fraction
of 63%.
In Figure 8, both the annual solar fraction and the PV loss ratio of PV-DHWS are plotted as a function of
installed PV power. The result indicates that to obtain the same solar fraction, the size of an equivalent PVDHWS must be of 1650 watt peak i.e. approximately 12m² of c-Si PV panels. For this system design, the PV
losses are estimated to be around 12%.
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Figure 8 : Yield of a DHWS as a function of installed PV power

Finally, in Figure 9, the monthly distribution of the Solar Fraction for a Solar Thermal DHWS and a PV
DHWS located in Paris and with the same annual fraction of 63% is presented. For equivalent performances,
a PV DHWS requires a larger collecting surface (12 m² for PV, 4 m² for ST) but seems to have less
seasonality in the performances:
- Winter: the PV efficiency increases while the temperature of the PV cells decreases with the outdoor
temperature. The Solar Thermal losses increase while the outdoor temperature decreases.
- Summer: the PV efficiency decreases while the temperature of the PV cells increases with the outdoor
temperature and the solar irradiation. The Solar Thermal efficiency increases while the solar irradiation and
the outdoor temperature increases.
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Figure 9 : Monthly distribution of solar fraction for ST-DHWS and PV-DHWS

Based on the numerical and experimental results presented in this part, a first economic assessment of PVDHWS was done and is presented in next part.
4. Economical assessment of PV-DHWS
Based on internal sources, Figure 10 gives the distribution of the installation cost of a conventional PV
system (< 3 kWp) in France:
-

PV modules are around one third of the total investment costs,

-

BOS & installation are around one third of the total investment costs,

-

Soft costs & grid connection costs are around one third of the total investment costs.

Grid
connection

Inverter

PV module

Sof t costs

Cabling

Installation

DHW Tank
and
controller

PV module

Sof t costs

Cabling

Installation

Figure 10 : Cost distribution of a conventional PV system of 3 kWc in France (left) and for a PV-DHWS (right)

For a PV-DHWS, no grid connection and no inverter are required, reducing the total investment cost by
around 25%. However, additional costs for the hot water tank and its controller must be considered.
The total investment cost for a 1.65 kWp PV-DHWS is difficult to estimate because the system is still a
prototype (i.e. not industrialized). Costs must be estimated more precisely according to variety of options:
PV technology, module performances, installation mode, electronic components used... However, based on
current market prices of PV, for an equivalent solar fraction, a PV-DHWS could be competitive compared to
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a conventional solar thermal hot water system.1.

8.000 €
6.000 €
4.000 €

?

2.000 €
0€
Solar Thermal
DHWS Low

PV DHWS

Solar Thermal
DHWS High

Figure 11 : Cost expectations between ST-DHWS and PV-DHWS

5. Conclusion
Based on simulations, performances of various hot water systems were estimated and the related costs
(investment, operation, maintenance) were evaluated.
Numerical and experimental investigations regarding the coupling between PV systems and local thermal
systems (DHWS) have shown:
- The technical feasibility of the concept is proven
- High solar fraction can be reached but a part of the PV production is not usable. There is a compromise to
find between the thermal performances and the part of the PV production that is not used (overheating
strategy to be improved).
The comparison between PV - DHWS and a conventional solar thermal DHWS emphasizes that :
- Equivalent performances require a larger collecting surface (12 m² for PV, 4 m² for Solar Thermal)
- Less seasonality in the performances
- Probably less maintenance
This new concept could be economically competitive compared to a conventional Solar Thermal DHWS.
From a thermodynamic point of view, solar thermal makes more sense for DHWS, but the lower prices of
PV could encourage the development of less efficient but possibly cheaper solutions based on photovoltaic
technology.

Solar Thermal DHWS prices are based on Strategic Research Priorities for Solar Thermal Technology European Technology Platform on Renewable Heating and Cooling
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Abstract
Most solar thermal systems have only one heat sink, usually a storage tank. In most cases such systems are
equipped with a controller, which compares the current collector temperature with a sensor representing the
heat sink conditions, e.g. a temperature sensor in the lower part of the storage tank. However, solar thermal
systems may have more than one heat sink to use the solar heat on different temperature levels, thus increasing the solar benefit. The control of such a system needs to permanently determine an independent demand signal for the different heat sinks.
The paper introduces control variants for a solar thermal system operating on different heat sinks. A more
theoretical control approach uses the ambient and operating conditions to determine the potential collector
temperatures of each heat sink. In a second approach, the collector pump of one defined heat sink is switched
on periodically to get the current collector status. The controller uses this information to determine the potential temperatures for all other heat sinks. A detailed simulation study shows that the second, less complex
and lower-priced variant leads to a slightly lower system performance than the theoretic approach which can
be defined as the benchmark.
Apart from the collector temperature the control has to decide which heat sink should be used in case of
more than one positive demand signal. Simulations show that the best results occur if this decision is based
on the potential thermal power, taking into account an optimized predefined weighting factor.

1. Introduction
In most applications, solar thermal systems consist of a collector field delivering the solar heat to one heat
sink, usually a storage tank. For such systems a simple on/off controller is still state of the art (Kalogirou,
2009).
Fig. 1 shows the principle of a solar thermal system, which is alternatively working on three heat sinks on
different temperature levels. Here, a differential controller cannot be used, since the controller has to
x

determine a demand signal independently for all heat sinks,

x

decide which heat sink should be charged, if more than one demand signal results,

x if already in operation, decide, if the collector is able to charge another heat sink on a differing temperature level.
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High temperature heat sink (e.g.
storage tank, process heat)
Medium temperature heat sink
(e.g. low temperature heating system)
Low temperature heat sink
(e.g. source side of a heat pump)
Fig. 1: Scheme of a solar thermal system with three heat sinks on different temperature levels

The paper introduces and analyses two options to control a solar thermal system with several heat sinks
which are explained in Section 2. The aim of the investigation is to find the optimum control parameters and
particularly the discrepancies between both variants. The evaluation bases on simulations of a complex solar
thermal system with three heat sinks in TRNSYS (Klein et al., 2009). Section 3 gives a brief description of
this system – a solar active house which is a building with a solar fraction of more than 50%. Within the
simulations the main control parameters are varied giving the results presented in Section 4 and discussed in
Section 5.
2. Control strategies
As stated in Section 1 it is not possible to control a system with several heat sinks with a simple measurement of the current collector outlet temperature. During operation this single temperature signal does not
contain enough information to decide whether a heat sink on a higher temperature level may be charged or
not.
An ideal solution is, if the controller knows the potential collector conditions for all heat sinks in advance,
i.e. the conditions that would occur if the collector would charge the respective heat sink. This can be realized by implementing collector models in the control algorithm to calculate the collector outlet temperatures
based on the ambient and operating conditions of each heat sink. This approach requires additional sensors
(e.g. radiation, ambient temperature) and specific parameters (e.g. several collector parameters, aperture
area). Thus, it represents a more theoretical method, which will be used as an idealized benchmark. The
method is described in Section 2.1 and called idealized control strategy (short: Id-Ctrl).
A more practicable solution was developed based upon the RESOL FlowCon Sensor technology described in
Pärisch et al. (2009). In defined time intervals the collector is switched on and charges one defined heat sink.
Based on the measured collector outlet temperature operating on this heat sink, the control determines the
potential temperatures for all other heat sinks. Compared to the first approach this solution is less complex
and requires only a few sensors. As a disadvantage, especially during fast changing conditions, this control
may not generate the highest possible collector yield. Moreover, the frequent operation of the collector pump
may increase the electricity consumption. This solution is called practical control strategy (short Prac-Ctrl)
and described in Section 2.2.
Besides the determination of the demand signals the control needs a decision criterion which heat sink should
be used if more than one demand signal occurs. This criterion may be based on the heat sink temperature
levels with a clear priority e.g. to charge always on the highest possible temperature level. However, a more
complex criterion was developed considering the potential collector yield for each heat sink. These potential
yield values may be weighted with an effectivity factor to reach the main goal – the lowest overall energy
demand. The method is described more in detail in Section 2.1 but both control strategies may include this
weighting factor.
2.1 Idealized control strategy (Id-Ctrl)
The Id-Ctrl calculates several collector outlet temperatures (one for each heat sink) with additional virtual
collector circuits. Each circuit represents the subsystem between the collector and the respective heat sink
including collector, pipes, valves and heat exchangers. The input temperature to the subsystem is taken from
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the actual heat sink while the mass flow is always on its heat sink specific nominal value. Each of these control loops represents the operating conditions, if the collector would charge the particular heat sink and the
related potential collector outlet temperature is calculated. By comparison of potential collector outlet temperature and heat sink temperature (e.g. temperature in the storage tank) the control is able to decide if
charging the respective heat sink is possible.
In case of more than one positive demand signal the controller has to decide which heat sink will be used. A
constant priority defines a heat sink, which is always charged at first. Alternatively, the decision may base on
the potential collector output power calculated with the potential collector outlet temperatures. Two heat
sinks can be compared to each other by the ratio of both output values, defined as W.
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The collector charges heat sink 1 (SigSink 1,t = 1) if this ratio is above a defined limit under consideration of an
upper and lower controller hysteresis.
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(eq. 2)

WSet-values below 1 indicate a higher priority for heat sink 1 while values above 1 result in a higher priority
for heat sink 2. The optimal values of WSet (with the lowest energy demand of the whole system) and its
control hysteresis depend on the system design and can be determined with simulations (see Section 4.3).
More than one value of W may be used if the system consists of more than two heat sinks. In addition, W
may be variable, e.g. it may be a function of the state of the system or a function of the season.
2.2 Practical control strategy (Prac-Ctrl)
The most complicated part of the Id-Ctrl is the determination of the potential collector outlet temperatures
which requires additional sensors leading to high costs and additional parameters increasing the risk of failures. The Prac-Ctrl was developed to overcome these disadvantages. The main idea is a regular operation of
the collector (within a bypass or a part of a heat sink, e.g. the primary side of a heat exchanger) in defined
intervals to measure the actual temperature increase in the collector field.

'-Coll,Purge

-Coll,out,Purge  -Coll,in ,Purge

(eq. 3)

The temperature increase allows the calculation of the potential temperature of each heat sink considering the
ratio of mass flow and collector efficiency during purging and while charging the respective heat sink

-Coll,outoSink -Sink  '-Coll,Purge 

 Coll,Purge K Coll,Sink
m

 Coll,Sink K Coll,Purge
m

(eq. 4)

The efficiency during purging is calculated using the collector efficiency parameters and the measured collector temperatures assuming a constant solar radiation level. The efficiency during charging the heat sink
(ηColl→Sink) is calculated in the same manner using the mean collector temperature while in operation based on
the measured heat sink temperature ϑSink (as the collector inlet temperature) and the requested potential collector outlet temperature ϑColl,out→Sink. Therefore, the control uses an iterative method to identify collector
outlet temperature and efficiency.
After determining all potential collector outlet temperatures the control proceeds in the same way as described for the Id-Ctrl in Section 2.1 including the calculation of potential collector output powers and the
value W.
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3. Conditions of the system simulations
For a detailed analysis the control variants are investigated within simulations of a new solar active house
concept. The collector field delivers heat to three different heat sinks – a buffer storage, a directly heated
thermally activated concrete floor (TABS = thermally activated building systems) and a ground heat exchanger, which serves as the heat source for the heat pump representing the back-up heater. The scheme in
Fig. 2 gives an overview of the system concept with its main components. A detailed system description is
published in Glembin et al. (2014).

Fig. 2: Scheme of heat sources and heat sinks in the new heating concept for solar houses (the lines indicate energy flows)

The thermal behavior of the concept is calculated in TRNSYS using different control strategies. Apart from
the control strategy and its parameters all variants are simulated with the same boundary conditions. The
building is parameterized according to the intended design of an exemplarily solar house planned by
HELMA Eigenheimbau AG – the overall heat demand is around 10 MWh/a. For more simulation details
concerning models and dimensions refer to Glembin et al. (2014).
Both control strategies described in Section 2 are included in the TRNSYS deck. For the Id-Ctrl, a complex
control subsystem has been developed including three additional collector subsystems representing the circuits between solar collector and each heat sink. For the Prac-Ctrl a control algorithm developed for a micro
controller by RESOL was transferred to the TRNSYS interface and implemented in a new TRNSYS type.
This type contains the original source code and determines all control decisions based on the input values
(collector and heat sink temperatures). The purging, according to section 2.2, takes place between solar thermal collector and the heat exchanger of the ground circuit.
The ground heat exchanger represents the heat sink with the lowest temperature level where the solar heat is
used indirectly to support the heat pumps ground source. Therefore, it has the lowest priority and is only used
if both the storage tank and TABS have no demand. A varying priority is used between TABS and storage
tank. The controller calculates the potential collector output values according to Section 2.1 and determines
the control signal considering the parameter W Set, which will be varied in the simulations (see Section 4.3).
Compared to the Id-Ctrl the Prac-Ctrl requires as additional parameters mainly the duration of the purging interval and the break period between two purging intervals. Both values are varied in simulations to find the
optimum variant with the lowest energy demand of the whole system. Table 1 gives an overview of all varied
parameters including their values in the base case as well as the minimum and maximum in the variations.
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Tab. 1: Varied control parameters

Parameter

Base case value

Minimum value

Maximum value

Purging time interval

90 s

30 s

900 s / 15 min

Purging break interval

30 min

5 min

120 min / 2 h

WSet

1

0

100

4. Results
The main difference between both control variants is the purging process which is analyzed in Section 4.1.
The optimum values for the purging parameters are investigated in Section 4.2.
Both control strategies use a variable priority between TABS and buffer storage. Section 4.3 analyses exemplarily for the Prac-Ctrl the system results with different values for WSet.
4.1 Purge interval in detail
In this section, the purge interval of the Prac-Ctrl is analyzed more in detail. Figure 3 gives the temperatures
used by the controller to decide about the operation of TABS – the (real) collector in- and outlet temperature,
the temperature of the TABS and the potential collector outlet temperature calculated by the control.
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Fig. 3: Purge interval of 900 s, temperature profiles of collector in-/outlet, thermal activation and potential collector outlet
temperature for TABS, Signal for purging (on/off)

At the beginning of the time period, the collector is not in operation. After purging starts, hot fluid from the
outlet flows via pipes and heat exchanger to the inlet leading to a temperature increase. In contrast, the outlet
temperature decreases due to colder fluid coming from the inlet and pumped through the collector field. The
time lag between mass flow start and maximum/minimum temperature depends on the dead band within the
collector circuit – mainly the pipes between out-/inlet and the collector field. In the example the maximum
temperature at the inlet and the minimum temperature at the outlet are reached after 150 s.
After the minimum/maximum temperature, the same effect leads to rising temperatures at the outlet and
decreasing temperature at the inlet. This behavior continues for 420 s at an increasing overall temperature
level due to solar radiation until a constant temperature difference between inlet and outlet occurs. Before the
end of purging a decreasing radiation level leads to lower outlet temperatures.
The potential collector temperatures are calculated according to Eq. 4 depending on the temperature difference between collector outlet and inlet. The diagram indicates exemplarily heat sink and potential collector
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temperature for the thermal activation. The demand signal is determined at the end of the purging interval.
Due to the very small temperature difference after 900 s the controller determines a potential outlet temperature which is almost at the same level as the temperature of the thermal activation itself. Thus, the controller
gives no demand signal and the purging is stopped (break interval of 30 min in the base case) with no collector operation.
The profile of the potential outlet temperature shows that the period length of purging may have a strong
effect on the controller decision. Until 90 s the controller measures a significant temperature increase leading
to a high potential collector temperature up to 50°C while a purging interval of 150 s even results in a negative collector increase and thus in potential collector temperature below its heat sink temperature. It may be
concluded that the operation time and the yield of the collector strongly depends on the purging interval,
which is the topic of the next Section.
4.2 Variation of purging time
Section 4.1 depicts a strong dependency between purging interval length and the resulting demand signal for
one exemplary purging period. In this section, the purging interval is varied between minimum and maximum value according to Table 1 to find the effects on the annual system performance. Apart from the main
energy amounts – collector yield and auxiliary energy demand (electricity) - Figure 4 shows the overall
purging time and the operation time of the collector. Besides several variants of the Prac-Ctrl the figure gives
the results of the Id-Ctrl.
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Fig. 4: Variation of purging time (break interval constant at 30 min) for the Prac-Ctrl and results for the Id-Ctrl

The purging interval affects the operation time of the collector significantly, varying between 1600 h at 30 s
and 560 h at 150 s. The profile of the operation time values roughly reflects the expected behavior considering the collector temperature profile of Figure 3. The collector is switched on more frequently at a purging
interval with a distinct positive temperature increase in Figure 3 compared to less operation time with smaller
or even negative temperature differences between out- and inlet.
The collector yield follows the same profile as the operation time. Thus, purging intervals with frequent collector operation lead to a higher collector yield and a lower energy demand. The latter increases by more
than 40% at a purging interval of 150 s compared to 1740 kWh at 30 s, which is app. 2.5% more than with
the Id-Ctrl. As expected, the Id-Ctrl leads to the lowest energy demand with the highest collector yield and a
slightly smaller electricity demand for the collector pump due to absence of purging.
Apart from the purging time the frequency of collector operation depends on the break between two purging
intervals. Figure 5 presents annual values of time and cycles for collector operation and purging for different
combinations of purging and break intervals.
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Fig. 5: Operation time and number of cycles for purging and collector operation for different purge and break intervals

The figure displays how the purging interval affects the operation time and which variant depends additionally on the break interval length. Basically, the overall purging time increases steadily with the purging interval length and the cycling frequency decreases due to less purging events above the purging duration of 150
s. However, the cycling frequency shows an increase between 30 s to 150 s, which is an indication that the
collector often switches off after purging, what is leading to more purging cycles (especially at 150 s). Likewise the collector operation time gives high values at e.g. 30 s or 300 s and significantly lower values especially at 150 s. In the latter case, the break interval has a higher influence on the operation time with a significant increase at small break intervals – e.g. purging of 150 s and 5 min break interval leads to a longer
operation time than 30 s purging and a break interval of 2 h.
Figure 6 shows how the different operation time values affect the collector yield and energy demand. The
collector yield is divided into the fractional yield of the three different heat sinks – thermal activation, buffer
storage and ground heat exchanger.
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Fig. 6: Collector yield and energy demand for different purge and break intervals, the results of the Id-Ctrl are included as
continuous lines with given values on the y- axis
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Variants with a high collector operation time according to Figure 5 lead to high collector yields and vice
versa. Especially purging intervals of 150 s or 240 s show a high dependency on the break interval. The
highest collector yields are reached at a purging interval of 30 s. Here, the yield of TABS is even higher than
with the Id-Ctrl while the yield of the buffer storage is lower leading to a higher overall energy demand.
Like the other heat sinks, the charging of the ground heat exchanger shows a high dependency on the purging
parameters. Almost the same yield as with the Id-Ctrl is reached at a purging interval of 30 s and a 20 min
break while the yield drops to 500 kWh at 420 s purging and a 120 min break. In contrast to the other collector yield values, the charging of the ground shows a higher dependency of the break interval for almost all
purging intervals.
In summary, with an optimum adjustment of the purge parameters the Prac-Ctrl is able to reach almost the
same collector yield and energy demand compared to the Id-Ctrl.
4.3 Factor for potential collector output
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Both control strategies primarily determine the demand signals for all three heat sinks. If both buffer storage
and TABS may be charged by the current solar potential, the ratio of the potential collector output is calculated and compared to a fixed value including a hysteresis offset, see Eq. 2. Simulations allow the evaluation
of different values for the factor WSet as shown in Fig. 7. In this example the Prac-Ctrl is used with the base
case values for purging according to Table 1.
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Fig. 7: Solar input to storage tank and thermal activation as well as overall energy demand for different factors W Set, the factor
is varied from 0 (full priority on TABS) to 100 (full priority on storage charging).

The main results are:
x The operation time and thus the solar input to the buffer storage increases with higher values of W Set
while the amount of the thermal activation decreases. The sum of both is not constant. The complete solar
yield has a maximum value of 6807 kWh at W = 0.5 and minimum of 5641 kWh at W = 100. Thus, a priority for storage charging (W Set = 100) leads to the lowest collector yield and the highest energy demand.
The direct use of the solar heat via the thermal activation is advantageous compared to the charging of the
buffer storage.
x There is still a considerable amount of energy delivered to the storage tank at a priority for thermal
activation (WSet = 0) and vice versa (WSet = 100). The reason is that the controller receives a demand signal from storage and thermal activation at the same time only at 350 h/a. This is less than a sole demand
signal for the buffer storage (450 h/a) or for the thermal activation (500 h/a).
x The lowest overall energy demand is reached with W Set of 0.5. However, the differences from 0 to 1
(value of the base case) are less than 5 kWh.
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5. Discussion
The investigation aims to demonstrate the functionality of both control concepts and to identify optimal parameters for purging and break interval of the Prac-Ctrl for one specific example.
The detailed view on the purging process in Figure 3 shows that the basic idea of the Prac-Ctrl – measuring
the temperature increase in the collector field after reaching quasi-stationary conditions – is not achieved. It
has been identified that the controller is not able to measure a reasonable temperature difference without
considering the flow time between inlet and outlet particularly in the first minutes after the purging starts. A
generalization has to take into account the hydraulic time constant of the solar loop, see Pärisch et al. (2009).
The outlet temperature may be even below the inlet temperature. Due to this, small differences in the purging
interval (e.g. 120 s and 150 s) may decide if the collector will be used more frequently or not and thus lead to
a significant impact on the energy demand.
The temperature profile and its role in the process determining the demand signals of Figure 3 is representative for the annual performance as shown in Figure 4 and summed up in Table 2. The collector yield reaches
more than 9000 kWh or less than half of it depending on the purging interval. The best results occur at short
purging intervals up to 120 s. By using a small break interval, non-optimum purge intervals reach higher
collector yields but are still significantly below the best variants.
Tab. 2: Summary of simulation results of Section 4, “Δϑ in Figure 3” corresponds to the difference between collector outlet
and inlet temperature according to Figure 3

Purging
interval

Break interval
Id-Ctrl

30 s
120 s
150 s
150 s
240 s
300 s
420 s
900 s

30 min
30 min
30 min
5 min
30 min
30 min
30 min
30 min

Δϑ in Figure 3
13.8
1.4
-1.3
-0.1
1.2
0.3
0.1

Collector
operation time
1200 h
1170 h
980 h
500 h
890 h
540 h
1030 h
760 h
840 h

Collector yield
9560 kWh
9310 kWh
8230 kWh
4390 kWh
7030 kWh
5320 kWh
8120 kWh
6810 kWh
7200 kWh

Energy
demand
1693 kWh
1735 kWh
1761 kWh
2461 kWh
1914 kWh
2296 kWh
1785 kWh
1934 kWh
1856 kWh

If compared with the graph in figure 3, a high potential collector outlet temperature at the moment under
consideration leads to a higher collector yield and a lower energy demand.
The general problem of the Prac-Ctrl may be solved, if the outlet temperature is compared to an inlet temperature measured in advance. The time lag between both measurements corresponds to the hydraulic time constant between collectors in- and outlet and has to be defined for each system depending on the collector field
size and its connection – this process has to be automized in order to be applicable in other systems.
The simulations with the shortest purging interval of 30 s indicate an energy demand value slightly above the
Id-Ctrl. Therefore, it may be possible to simplify the Prac-Ctrl significantly by neglecting the purging interval. Instead, the collector is switched on, if the temperature of the (stagnating) collector is above the temperature of one heat sink using a conventional absorber temperature sensor. This modified control algorithm,
which however requires a collector temperature sensor, will be analyzed in the future.
Two alternatives are presented how to react on two simultaneous demand signals – a fixed priority on one
heat sink or a decision criterion based on the potential collector power. The results in Figure 7 indicate that a
clear priority on the heat sink with the highest temperature level (here for the storage tank) does not lead to
the lowest energy demand. Instead, the lowest energy demand occurs if the controller considers the expected
thermal power with a higher priority on the thermal activation, which represents a direct use of the solar heat
compared to the space heat delivery via the buffer storage.
Overall, the simulations demonstrate the functionality of both control concepts. The Prac-Ctrl leads to
slightly higher energy demands than the more cost intensive Id-Ctrl, but the difference is below 2% including
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the energy consumption for the pumps. Therefore, the Prac-Ctrl represents a reasonable approach for real
systems. It is expected that a change in the control algorithm as stated above will increase its reliability and
performance. The final version of the controller will be implemented in a test building of the system introduced in Section 3 to investigate the control behavior under real conditions.
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Abstract
For the simulation of solar thermal systems mainly hourly based weather data are used today. The question
arises whether short term fluctuations of e.g. solar irradiation that may be present in measured weather data
with smaller time resolution has an impact on the result of solar thermal system simulations. To study the
influence of weather data time resolutions, different systems that combine solar collectors and heat pumps
were simulated twice in TRNSYS17. One time with a weather data time resolution of six minutes, and one
time with hourly averaged weather data from the same source of measured weather data from Zurich
(Switzerland). Starting with a reference solar and heat pump system simulation, single parameters of the
system were varied (e.g. collector area, thermal capacity, specific mass flow rates through the collector loop)
in order to analyse the dependency of the difference between small time resolution and hourly weather data
simulations. In general, the influence of weather data time resolution was higher when using stratifying
charging in the thermal energy storage, for large collector areas, and for large specific mass flow through the
collector field. The difference of seasonal performance factor, electricity consumption, and solar collector
yields were about ±1.2 % at maximum when hourly averaged weather data was used instead of six minute
profiles.
1. Introduction
On partially cloudy days that are a frequent phenomenon for Middle European climates, irradiance on a
collector field may change within short time frames of seconds or minutes. Averaging high resolution
weather data to hourly values reduces fluctuations and may even out short term irradiance peaks. This may
change the results for solar energy systems that do not respond linearly - e.g. solar thermal yield is zero
below a certain irradiation level and is not linear above this level. A simple method of solar utilizability
calculation has been presented by Duffie & Beckman (1980); Suehrcke & McCormick (1989) and used by
Vijayakumar et al. (2005) in order to quantify the effect of using averaged - e.g. hourly - irradiation data.
They have found that using hourly data rather than short term data can underestimate the performance of
solar thermal systems anywhere between 5 % and 50 % (10 – 30 % for a critical radiation level of 200 – 500
W/m2), depending on the critical level for utilizability, on the climatic conditions, and on the month of the
year. However, Baoxin (2009) presented simulations of solar thermal systems for space heating (SH) and
domestic hot water (DHW) preparation, and found that the solar thermal yield was only reduced by 0.4 %
when hourly averaged weather data were used instead of 6-min weather data. Their solar thermal systems
were backed up by a natural gas burner and the climatic data was from a Swedish location. The large
deviation
between
the
5 % - 50 % obtained from application of the utilizability method and the 0.4 % obtained from system
simulations raises questions that shall be elucidated in this paper. For this purpose, this contribution
investigates the influence of using high resolution weather data compared to hourly averaged values for the
same climate. It is investigated whether certain parameters of the system design and control lead to increased
deviations between results obtained with hourly averaged weather data and results obtained with higher time
resolutions.

853
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.03.10
Available at http://proceedings.ises.org

Martin Granzotto / EuroSun 2014 / ISES Conference Proceedings (2014)

2. Methods
3.1 Weather data
The used weather data are based on a test reference year (TRY), which was created for the purpose of whole
system laboratory testing (Vogelsanger 2002; Haberl et al. 2009; Haller et al. 2013) already more than ten
years ago. Because of its history, the procedure for obtaining the hourly and six minutes values that are used
in this study may not seem straight forward. The starting points are 10 minute time step data measured by
Meteo Schweiz for Zürich-Fluntern (Switzerland) from 1994 – 1998. From these data, a TRY was created
that included measured values for ambient temperature, relative humidity, and total irradiance on the
horizontal. Values for total irradiance were processed in order to obtain smooth transients in time steps of
1/40 h. The Erbs correlation implemented in the TRNSYS 14 radiation processor was used in order to
calculate diffuse and direct radiation on the horizontal and on the 45° inclined south oriented surface in time
steps of 1/32 hours for. These values were later resampled to datasets with resolutions of 6 min (6-min-wd),
and 60 min (1-h-wd) for use in other research projects. For the final system simulations standard Type 16i
was used and a simulation time step of 2 minutes, irrespectively of the time resolution of the weather data
(hourly averages or 6 minutes). Consequently, the instantaneous irradiation at a point of time may differ
between the 6-min- and 1-h-wd simulations, but the daily integration of solar irradiance is the same for both.
3.2 Reference system
The SH load was simulated using standard Type 56 and the building definition of SFH45 of the IEA SHC
Task 44 / HPP Annex 38 (Dott et al. 2013; Haller et al. 2013a). The climate was defined by the TRY weather
data as explained above (location of Zurich instead of Strasbourg) which lead to an increased space heating
demand of 59 kWh/(m2∙a). The DHW profile was obtained based on statistical probability distributions with
DHWcalc (Jordan & Vajen 2005), i.e. did not correspond to the DHW profiles defined in Task 44 / Annex
38.
An air source heat pump was used, because it is more dependent on weather changes than a ground source
heat pump. The heat pump was designed to supply the design heat load with its nominal power (A2/W35).
The heat pump has three pipe connections to the thermal energy storage (TES) at relative heights of 100, 49
and 26 % of the storage height (see Fig. 1). In space heating mode the middle connection is the supply from
and the bottom connection is the return to the heat pump. For the charging of the domestic hot water zone of
the TES the middle and top connections are used for return and supply to/from the heat pump. All system
simulations were carried out with TRNSYS V17.01.0025. The simulation types and origins as well as the
sizing of the different components are given in Table 1, a simplified hydraulic scheme in Fig. 1.
Table 1: Description of the main used types
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Type
56

Description
Multi-Zone
Building

Main parameters
Space heating load: 59 kWh/(m2∙a)
Domestic hot water load: 3040 kWh/a

340v1.99
F
832v500

Thermal
energy
storage (TES)
Flat plate collector

Volume: 0.968 m3

877v112

Heat pump

31

Pipes

Aperture area: 15 m2
Thermal capacity (with content fluid):
7000 J/(m2∙K)
Inclination: 45°
Orientation: south (0° Azimuth)
Nominal Power: 5 kW
Nominal mass flow rate: 872 kg/h
COP: 3.5 at A2W35
Heat loss coefficient: 13.7 kJ/(hK)

Remarks, source
standard type, (Dott et al.
2013; Haller et al. 2013a;
Jordan & Vajen 2005)
(Drück 2006)
(Haller et al. 2012)

Air source heat pump,
(Heinz & Haller 2012)
standard type, (Bales, 2012)

Martin Granzotto / EuroSun 2014 / ISES Conference Proceedings (2014)

Figure 1: simplified hydraulic scheme of the simulated system

3.3 Control of the reference system
The heat pump starts when the temperature in the storage is lower than the set temperature minus a hysteresis
of 3 K. For space heat supply this temperature is based on the ambient temperature dependent heating curve
and for domestic hot water the set temperature is 55 °C
If the temperature difference (ΔT coll,on) between the TES temperature (at 18 % relative height of the storage)
and the collector outlet reaches a value of 7 K the collector pump starts to run with an nominal flow rate of
40 kg/(h∙m2). It will stop at a temperature difference of 3 K.
3.4 Parametric studies
Based on the system simulations with the reference parameters described above, a parametric study was
performed were one or more system parameters were changed. The parameters that were varied and the
values used are displayed in Table 2.
The parameters that were varied included
- The specific mass flow rate through the collector field (high flow with 60 kg/(h∙m2), low flow with
15 kg/(h∙m2), or match flow). For match flow simulations the temperature difference between flow
and return of the collector loop is controlled to 10 K as much as possible by varying the flow rate
between 30 % and 100 % of the nominal flow rate.
- The use of an external heat exchanger with and without stratified storage charging.
- Low thermal capacity of the collector field and collector pipes (reduction of pipe length).
- Different collector areas.
- Pipe insulation.
- Control values for collector operation (ΔTcoll,on).
In Table 2, simulation 1 corresponds to the reference system.
In order to track down the cause for differences between results from the utilizability method and from
system simulations, also unrealistic low values for pipe lengths and thermal capacity of the collector were
included in the parametric study (e.g. Pipe lengths of 1 m, pipe heat loss coefficients of 0.028 W/K, solar
collector thermal capacity of 1000 J/(m2K)).

Simulation
number

Specific mass
flow rate
through
collector
[kg/(m2h)]a

ΔTcoll,on [°C]

Set ΔT TES collector

Pipe length
TES – collector
[m]

Heat loss TES
– collector
[W/K]

Heat
exchanger

Stratification
storage

Thermal
capacity of the
collector with
contented fluid
[J/(m2K)]

Collector area
[m2]

Table 2: Values for the parametric study

1
2
3
4
5
6
7
8

40
40
40
40
40
40
40
15

7
10
4
7
7
7
7
7

-

15
15
15
5
15
5
15
15

3.8
3.8
3.8
3.8
3.8
3.8
1.9
3.8

Internal
Internal
Internal
Internal
Internal
Internal
Internal
External

No
No
No
No
No
No
No
No

7000
7000
7000
7000
3500
3500
7000
7000

15
15
15
15
15
15
15
15

855

Martin Granzotto / EuroSun 2014 / ISES Conference Proceedings (2014)

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

60
40
40
40
15
40
13.3 - 40
40
13.3 - 40
13.3 - 40
15
15
13.3 - 40
13.3 - 40
15
15
15
15
13.3 - 40
13.3 - 40

7
7
7
7
7
7
10
7
10
10
7
7
10
10
7
7
7
7
10
10

10
10b
10
10b
10b
10b
10

15
15
15
15
15
1
15
15
15
15
5
15
15
15
1
1
1
1
1
1

3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
0.028
0.028
0.028
0.028
0.028
0.028

Internal
Internal
Internal
Internal
External
Internal
Internal
Internal
Internal
External
External
External
Internal
External
External
External
External
External
External
External

No
No
No
No
Yes
No
No
No
No
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

7000
7000
7000
7000
7000
7000
7000
1000
7000
7000
7000
3500
1000
1000
1000
1000
1000
1000
1000
1000

15
5
10
20
15
15
15
15
15
15
20
20
20
20
20
15
10
5
20
20

a 15 kg/(m2h) for low flow, 60 kg/(m2h) for high flow, and 13.3 - 40 kg/(m2h) for match flow.
b This difference refers to the domestic hot water temperature (relative sensor height in the storage 0.65) and not to the average storage
temperature like the other values that are given.

3. Results
4.1 Weather data analysis
For the statistical analysis of the weather data, first, all time steps with no direct irradiance were discarded
from the TRY data sets for Zurich. The boxplot for the solar irradiance that is shown in Figure 2 and Table 3
show that with hourly averaged values high irradiance peaks are damped. For 6-min data resolution there are
power peaks of more than 1200 W/m2 that are not present for the hourly averaged values. Discarding time
steps with no direct irradiance, the average irradiance is 245 W/m2 for the 6-min data, which is 15.5 % more
than for the hourly averaged data. . The boxplots for ambient temperature on the other hand do not deviate
substantially between the hourly averaged and the six minute resolution weather data – as could be expected
from the nature of ambient temperature.

Figure 2: Boxplot of direct solar irradiance on 45 ° inclined south, and boxplot of the temperature distribution
Table 3: Mean value and standard deviation of solar irradiance on the 45 ° inclined south facing plane and for the temperature

mean direct
solar irradiance
[W/m2]

standard deviation
for solar irradiance
[W/m2]

244.58
287.80
6-min-wd
211.80
265.56
1-h-wd
4.2 Simulation results of the reference system
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mean ambient
temperature
[°C]
9.036
9.036

standard deviation
for ambient
temperature
[°C]
7.735
7.730
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Energy [MWh]

Figure 3 shows the energy balance of the reference system during one year. The largest energy input is
provided by the air sourced heat pump and by the solar collectors, followed by the electricity used by the
compressor of the heat pump. 50 % of the heat is used for SH. The rest is distributed in equal parts to the
DHW usage and to losses. The electrical energy consumption of the heating system is shown in Figure 4. Of
this consumption, 88 % is used to run the heat pump (compressor and ventilator).
16.000

TES Losses

14.000

Pipe & HX losses

12.000

Auxiliary Losses

10.000

DHW
Space Heat

8.000

Solar Collector (direct)

6.000

Heat Pump Evaporator

4.000

El. Aux Heater

2.000

El. Penalties

0.000

El. Other System
In 6min

Out 6min

In 1h

El. Compressor

Out 1h

Figure 3: Energy balance (In/Out) of simulation 1 for 6 min and for hourly averaged weather data.

3%
4%

80%

HP Compressor
HP Ventilator

5%

Controllers

8%

Pumps
El. Aux. Heater

Figure 4: Distribution of electrical energy used in the system obtained with 6-min-wd.

Table 4 shows the most important simulation results of the reference system. Values are given for the
simulation with 6 minute time steps and for the simulation with hourly averaged weather data. The
difference (Dif.) between the 6-min and 1-h-wd values x is calculated as:

݂݅ܦǤ ൌ ͳͲͲΨ ൈ 

ሺݔଵିି௪ௗ െ ିݔି௪ௗ ሻ
ሺିݔି௪ௗ ሻ
(eq.1)

Table 4: results of simulation one (reference system)

domestic hot water demand [MWh]
space heating demand [MWh]
collector yields [MWh]
heat pump gains [MWh]
consumption of electricity1 [MWh]
seasonal performance factor (SPF)

1

6-min-wd
3.038
8.273
4.911
7.679
3.537
3.198

1-h-wd
3.038
8.223
4.908
7.646
3.527
3.193

Dif. [%]
0.00
-0.60
-0.06
-0.43
-0.28
-0.16

The consumption of electricity contains the electric consumption of the heat pump compressor, penalties,
857
electrical auxiliary heating and other systems like pumps, controllers and heat pump ventilator.
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The space heating demand was always 0.6 % (+50 kWh) higher when using 6-min-wd in comparison to 1-hwd. The collector yield is only 0.06 % (+3 kWh) more with 6-min-wd. The main part of the additional space
heating demand for the 1-h-wd is provided by the heat pump (+33 kWh), thus leading also to a larger
consumption of electricity (+10 kWh). But the SPF is slightly better when using 6-min-wd in the reference
simulation.
4.3 Results from the parametric study
In comparison to the reference system some system parameters (dark coloured in Table 2) were changed in
simulations 2 to 28 as described in section 3.4. Based on an analysis of the results from simulations 1 to 18 a
new set of systems (19 to 28) was created that was expected to be more sensitive to the weather data time
resolution. Figure 5 and Figure 6 show the differences between 6-min-wd and 1-h-wd for collector yield,
seasonal performance factor, and electricity consumption.
0.5

difference [%]

0
-0.5
-1
-1.5
-2
-2.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
simulation number

Figure 5: Deviations of collector yield between hourly averaged and 6 minutes weather data simulations.

1.5

difference [%]

1
0.5
0
-0.5
-1
-1.5
-2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
simulation number
electricity consumption

seasonal performance factor

Figure 6: Deviations of electricity consumption and seasonal performance factor between hourly averaged and 6 minutes
weather data simulations.

4.4 Utilizablitiy
It should be noticed that no physical system (with thermal capacity and inertia) is necessary to calculate the
utilizability. A comparison of the utilizability for the 6-min-wd and the 1-h-wd (Figure 7) for the TRY data
of Zurich shows a similar result like the one of Vijayakumar et al. (2005). At a critical irradiance of 800
W/m2 the difference in utilizability is 51 % between the 6-min and the hourly averaged data. In general, the
higher the critical irradiance, the higher the utilizability difference. Due to the averaging, the irradiance peaks
858 are dampened in the 1-h-wd and do not reach values above 1000 W/m2. Therefore the difference can increase
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to 100 % above a critical irradiance of 1000 W/m2. The critical irradiance value of the collector that was used
for the simulation study is 122 W/m2 (efficiency = 0 % for 0 °C ambient temperature and 30/35 °C collector
temperature). For this critical irradiance a difference of 4 % is obtained for the utilizability when comparing
1-h and 6-min-wd.

difference

Figure 7: Utilizability of the used weather data at different critical irradiance levels.

4. Conclusion
Unlike averaging temperatures over one hour, averaging measured irradiance values over one hour changes
the statistical distribution, dampens high irradiance peaks, and reduces the mean irradiance value for the
climatic data of Zurich that was investigated. As a consequence - as shown by previous studies - the
utilizability method gives much lower utilizability for hourly averaged weather data than for weather data of
higher time resolution, especially for critical irradiance values that are high (e.g. > 500 W/m2).
When hourly averaged weather data was used instead of the 6-min weather data resolution, the collector yield
of the reference system simulation was 0.06 % lower and the electricity consumption was 0.28 % lower. The
SPF was slightly worse (-0.16 %). It should be noticed that the space heating demand is also 0.6 % lower
when simulating with hourly averaged weather data. Thus, the largest effect of weather data averaging for
this system is not on the solar thermal loop, but on the energy balance of the building.
If only small changes on single parameters of the reference system are made, then the influence of the
weather data resolution on the collector yield, electricity consumption, and SPF remain also small. By
changing only one parameter at a time, the difference of collector yield reached a maximum of 1.12 % for a
matched collector flow system (simulation 17). The maximal differences of collector yield (-1.22 %) and
electricity consumption (+1.05 %) for a realistic system was calculated for a low-flow system with a larger
collector area of 20 m2 (simulation 19). In this simulation, the heat transfer from the collector loop to the TES
is realized with an external heat exchanger.
An extreme (rather unrealistic) decrease of the thermal capacity in the collector loop (e.g. in simulation 22)
resulted in a maximum deviation of 2 % in collector yield and 1.5 % in SPF of the system, which indicates
that the thermal capacitance of real systems reduces the difference between simulations that are performed
with hourly averaged weather data instead of higher time resolutions of 6 minutes. This may explain at the
same time the difference between the results from the utilizability method - where no thermal capacity of the
collector loop is taken into account - and system simulations. It can be concluded that the thermal capacity
that is present in real systems has a similar effect as the averaging of irradiance over one hour: it reduces the
utilizability of short irradiance peaks and dampens the influence of short fluctuations of irradiance on the
temperatures that arrive at the TES.
5. Outlook and recommendations
Overall, averaging weather data from 6-10 minutes to 1 hour may change the simulation results in the order
of 1 % for solar yield and purchased (electric) energy, for system simulations with realistic thermal capacity
in the collector loop, and in the order of 2 % for unrealistically low thermal capacity in the collector loop.
Therefore, hourly weather data may be used with little error for the simulation of solar thermal systems. This
859
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has been confirmed for a number of simulations for solar and heat pump systems of the parallel type.
However, it remains an open question whether this applies also for series solar and heat pump concepts or
parallel/series combinations.
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solar and heat pump heating systems
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Abstract
Eleven heating systems that combine combistores with solar thermal collectors and heat pumps have been
tested and evaluated as a whole by detailed measurements in a laboratory with the Concise Cycle Test (CCT).
This hardware in the loop test utilizes the boundary conditions of climate and a typical load from a reference
year in a representative 12-day test cycle. The complete systems were installed on a test rig that emulates a
building and the tested systems acted autonomously to cover the heat demand for space heating and domestic
hot water. The tests gave important insights into the behavior and the performance of these heating systems
under transient operating conditions. One of the core findings is that the hydraulics and control strategy have
a big influence on the temperature level of the heat pump condenser – and therefore also on the exergetic
performance and the performance factor of the systems.
“Keywords: solar thermal; heat pump; combistore; whole system test; hardware in the loop”

1. Introduction
The efficiency of heating systems for domestic hot water (DHW) preparation and space heating is not only
dependent on the efficiency of the single components, but also on their interaction. This is especially true for
the combination of solar combistores with heat pumps (HP). The main reason for this is the strong dependency
of the heat pumps’ coefficient of performance on the temperature difference between the source and the sink.
The Concise Cycle Test (CCT) (Vogelsanger, 2003, Haller and Vogelsanger, 2005) is a method for complete
heating systems under realistic conditions. It follows the “hardware in the loop” concept and was previously
applied to systems that combine oil-, gas- and pellet boilers with solar thermal collectors (Haberl et al., 2009).
Within the project Sol-HEAP, a contribution to the IEA SHC Task 44 / HPP Annex 38 (T44A38), the CCT
method was extended to be able to test also systems with air source, ground source, and series connected solar
and heat pump systems. One of the challenging aspects was to provide the heat source for the heat pump during
a dynamic test and for dynamic climatic conditions in a realistic way. Finally, eleven system tests were carried
out with systems from six different manufacturers that combine solar and heat pumps. This contribution gives
an overview about the test method and the results of the tests.
Nomenclature
C
CCT
COP
DHW
Ext.
HP
IHX

collector
concise cycle test
coefficiant of performance
domestic hot water
external
heat pump
immersed heat exchanger

Q
SPF
PF
T
TES
TiT
W

energy, kWh
seasonal performance factor
performance factor
Temperature, °C
thermal energy store
tank in tank
work, kWh
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2. Methods
The Concise Cycle Test
The CCT utilizes the boundary conditions of climate and a typical load from a reference year in a 12-day test
cycle. The complete system, including the HP, is installed on a test rig. The test rig emulates a building with
its heat demand and heat sources, including the solar collectors and the heat source of the HP. The tested
system has to act autonomously and deliver heat to the building to meet the comfort requirements for space
heating and domestic hot water preparation. Different single family homes (SFH) with a heated living space
of 140 m2 in the climate of Zürich were used for the tests. The first tests were performed with a specific energy
consumption of 100 kWh/(m2a) (SFH100). Further tests were carried out with a consumption of 60 kWh/(m2a)
(SFH60) and 15 kWh/(m2a) (SFH15).
Emulation of the heat source for heat pumps
The aim of the test is to provide realistic and thus dynamic boundary conditions for the tested systems that
include boundary conditions of the whole year. Hence it was necessary to implement also a realistic emulation
of the heat source of the HP a: the ambient air, the ground, the solar thermal collectors, or a combination of
multiple options.
Air source: A special designed climatic chamber is used to condition the ambient air temperature and humidity
according to the climatic conditions that are also used for the simulation and emulation of the building and of
the solar thermal collectors. The evaporator unit of air source heat pumps was placed in this climatic chamber.
Thus, a realistic operation of the HP is ensured that contains, among other things, the defrosting of the
evaporator.
Brine source: Brine source heat pumps were tested with either a borehole heat exchanger or solar heat from
the collectors as a heat source. The so called EWS model of Wetter & Huber (2007) is used for an online
simulation of the ground source with IEA SHC Task 44 / HPP Annex 38 parameters for the ground properties
(Haller, 2013), and a borehole length of 2 x 115 m. During the 12-day test, the measured inlet temperature and
mass flow is given to the simulation model and the return temperature from the simulation is then emulated by
the test rig. Since the days of the test sequence represent a whole year within 12-days, a conditioning before
and between the test days was necessary. For that purpose the simulation switched from the decelerated realtime synchronous simulation during a test day to the normal simulation speed for days of the meteorological
year that are between the days that were selected for the test cycle. The load that is applied to the borehole
during this period corresponds to a predefined load which is the same for all tested systems. For the use of
solar thermal collectors as a source for heat pumps, both software and hardware for the emulation of the
collector circuit were revised because the collectors may now be operated below the ambient temperature and
also below the dew point temperature. Therefore the simulation model of the collectors was adapted and the
ability of the test rig was upgraded for low temperatures.
Annual performance data
Subsequent to the physical system test the acquired data are suitable to generate a measurement-validated
simulation model that can be further used to evaluate the system and to determine annual performance figures.
This has been done for four of the tested systems.
3. Tested systems
All 11 tested systems (I to XI) have in common that they combine solar thermal collectors, a HP and a solar
combistore into a single system. Apart from that the concepts differ significantly.
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x

Heat sink of the solar collectors: The collectors deliver heat to the combistore, the evaporator of the
HP, a cold storage that is used as source of the evaporator of the HP, or a combination of multiple
options.

x

Heat source of the heat pump: The heat pumps absorb heat from the air, the ground, the collectors, or
from a combination of multiple options.

x

Heat load of the building: While some systems were designed and tested for extremely low energy
buildings (passivehouse standard), others were designed for a higher heat demand.
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Seven of the tested systems were using parallel system concepts, i.e. the solar collectors are only used to charge
the combistore. Five of them (I, VI, VII, VIII and IX) use a ground source HP. One of them has a condenser
that is immersed into the combistore as a distinct feature (IX) (compare Fig. 1 and Fig. 4). Two other parallel
systems (II and V) use an air source HP (compare Fig. 2). The remaining four systems were parallel/serial
systems where the solar thermal collectors provide heat either directly to the combistore or as a source for the
HP (III, IV, X and XI; compare Fig. 3 and Fig. 5). The special feature of the systems X and XI is the source of
the HP which is provided by 30 m2 façade-integrated solar collectors. These systems are intended only for
passive houses with a correspondingly low space heating demand (SFH15).
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Fig. 1: Energy flow chart 1 of the systems I, VI, VII und VIII.
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1

A description of this way of representing energy flows for combined solar and heat pump systems can be
found in Frank et al. (2010)
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All of the tested systems were installed on the test rig by staff of the manufacturers. The test rig provides a
technical room for this installation that is conditioned to 20 °C. Information about the components used in the
different systems is given in Table 1. More details about hydraulic concepts and control strategies are not
published by reason of the intellectual property rights and the anonymity of the manufacturers.

Tab. 1: Manufacturer`s data about the heat pumps and storage tanks and information about the collector arrays that were
emulated during the tests.

Heat pumps
min. / max. thermal output

max. electric power consumption

COP

[kW]

[kW]

[-]

1.7

4.9 (a)

I

8.2

(a)

II

3.1 / 8.3 (b)

2.4

3.7 (b)

III + IV

n/a

n/a

n/a

1.7

3.2 (b)

V

1.3 / 5.6

(b)

VI VIII

8.3 (a)

1.8

4.6 (a)

IX

n/a

2.4

n/a

X + XI

n/a

n/a

n/a

TES
volume

diameter with
insulation

Diameter without
insulation

height

[m3]

[m]

[m]

[m]

I + II

0.9

1.0

0.8

2.1

III + IV

1.0

1.1

0.8

2.0

no

Ext.

V

1.0

1.0

0.8

2.2

yes

IHX

VI VIII

0.9

1.0

0.8

2.1

no

Ext.

IX

0.8

0.9

0.8

2.0

yes

IHX

1.0

0.8

2.2

yes

TiT

a1 (d)

a2 (d)

type

tilt

flat plate

45°

X + XI

1.0

(c)

heat exchanger
solar

DHW
preparation

yes

TiT

Solar thermal collectors
area of collector
array (d)
I + II

864

Ș0

(d)

[m2]

[-]

[W/(m2K)]

[W/(m2K2)]

12

0.73

3.5

0.01

III

15

0.75

3.4

0.01

flat plate

45°

IV

20

0.84

7.9

0.01

uncovered selective

45°

V

10

0.73

3.7

0.01

flat plate

45°

VI VIII

13

0.79

3.1

0.02

flat plate

45°

IX

10

0.72

3.3

0.02

flat plate

45°

X + XI

30

0.79

3.4

0.01

flat plate

90°

(a)

B0W35

(b)

A2W35

(c)

a second storage tank, filled with 0.08 m3 brine, was used on the source side of the heat pump.

(d)

based on the collector gross area
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4. Results
Test sequence performance factors
Measurements were conducted at the interface between the test rig (that simulates and emulates the building,
the domestic hot water draw profile, the collectors, and the source of the heat pumps) and the tested systems.
The performance factors of the complete systems (PFSHP+) were calculated according to Equation 1 that is in
agreement with the definitions given in T44A38 (Malenkovic, 2012). It is calculated by the amount of heat
that is delivered to space heating (QSH) and domestic hot water (QDHW), divided by the total amount of the
electric energy consumption (Wel). That means that the system boundary for the energy balance includes all
components that are installed in the technical room, including the TES and the heat distribution system (e.g.
electricity consumption of the SH-pump). The achieved performance factors range from 2.7 to 4.8 during the
12-day system tests (compare Fig. 6).
ܲܨௌுା =

Q ௌு + Q ுௐ
W

I
II
III
IV
V
VI
VII
VIII
IX
X
XI

(eq. 1)
I
I
I
V
V
I
I
I
X
X
I

I
I
I
V
V
I
I
I
X
X
I

0

1

2 3 4
PFSHP+
SHP+ [-]

5

0
100 200 300
space heating [kWh]

400 500 600 700
domestic hot water [kWh]

SFH100

SFH60

SFH15
0
50
100 150 200
el. power consumption [kWh]

Fig. 6: Performance factors and energies of the tested systems determined with the CCT.

DHW-ratio
If possible, also temperatures and mass flows in the pipe connections between the HP and the combistore were
measured. An interesting figure that can be calculated from such measurements is the ratio of the heat that was
supplied by the HP in DHW-mode [kWh] divided by the heat drawn from the storage for DHW [kWh]. Taking
into account the preheating of the cold water from the mains in the lower part of a combistore from 10 °C to
approximately 30 °C (usual temperature in the middle of the TES), the HP only needs to heat from 30 °C to
45 °C in DHW mode. That means that the DHW-ratio should be lower than 100 %, and approaches zero with
increasing solar fraction. Fig. 7 shows the DHW-ratio on a daily base during tests where this figure could be
determined.

QHP,DHW/QDHW

I

V

VI

VIII

XI

450%
400%
350%
300%
250%
200%
150%
100%
50%
0%
1

2

3

4

5

6

7
8
Test-day

9

10

11

12

total

Fig. 7: Ratio of heat delivered by the heat pump in DHW-mode and heat consumed for DHW on the 12 days of the system
tests.
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Annual performance factors
Annual performance figures were only calculated for four systems: for the two systems that were tested with
the SFH100 building and each one of the systems that were tested with the SFH60 and SFH15 building. The
simulations were done with the respective annual load profiles and climatic data. For the SFH100 tests two
additional simulations were performed using the SFH60 building. The results can be seen in Fig. 8.
I

I

II

I

I

I

II

I

V

V

XI

I

SFH100

SFH60

0

1

2
3
4
SPFSHP+
SHP+ [-]

SFH15
0
5
10
15
0
space heating [MWh] domestic hot water [MWh]

2
4
Wel [MWh]

6

Fig. 8: Seasonal performance factors and energies of the tested systems on an annual base.

5. Discussion
Performance factors
The performance factors that were reached in the 12-day tests range from 2.7 to 4.8. But it is difficult to
interpret or compare these numbers because the determining factors were not identical:
x

The design space heat demand of the simulated building differed from 100 kWh/(m2a) for the first
tests performed to 60 kWh/(m2a) for the new test standard applied, down to 15 kWh(m2a) for the
special case of a system that is only intended for the use in a passive house.

x

The simulated space heat supplied deviates substantially from the design space heat demand, because
the systems were let to deliver space heat according to their own control (thermostatic valves closing
gradually when the simulated room temperature increased from 20 to 22 °C were simulated and the
flow in the space heating loop reduced accordingly). As can be seen from the results, many systems
delivered up to 50 % more space heat than needed for the most efficient space heat distribution
control, and system VII with particularly unfavorable control settings delivered twice as much space
heat as needed.

x

Different collector areas were applied from 10 – 15 m2 for the "normal" cases, with the exceptions of
20 m2 for uncovered selective absorbers instead of flat plate collectors and 30 m2 façade integrated
flat plate collectors as the only source for the HP.

x

Different heat sources for the heat pumps were used. Some heat pumps used ground source heat
exchangers with a very constant source temperature whereas others had to deal with fluctuating
temperatures of the ambient air and/or discontinuous solar irradiation.

Two of the ground source systems (I and VII) reached a performance factor of 4.8 during the 12-day test
sequence. System I had to cover the SFH100 load, system VII the SFH60 load. The analysis of the results of
system VII showed two problems: On the one hand the comfort requirements for DHW were not met and on
the other hand the space heating load was much higher than necessary due to an erroneous parameter setting
in the control of the system that lead to a continuous operation of the space heat distribution pump also in the
summer period.
Electric energy consumption
The electric energy consumption during the 12-day tests can be seen in Fig. 6. Of particular interest are the
electric energy consumption of the systems VI, VII and VIII, especially in combination with the space heating
load and the performance factors. These three systems had identical components. They differ only in hydraulics
and control. One can see that system VII shows the highest el. energy consumption of the systems and at the
same time the highest performance factor. The reason for this was the already mentioned space heating
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operation on summer days were operation with a high COP of the heat pump and a high solar fraction was
possible – but not needed. In this case, the performance factor is not the appropriate value for system
optimization.
Collector yield
The specific collector yield ranged from 7 to 16 kWh per m2 gross area (cumulated during the 12-day test) .
However, it must be noted that different types of collectors and different sizes of collector fields were used
and that the integration of the collectors was implemented differently. Four of the tested systems were able to
utilize the collector heat on the source side of the HP (in addition to direct charging of the combistore):
The systems III and IV utilized the collector heat in a parallel/serial system that had to cover the load of SFH60.
The HP of both systems had the possibility to use the ambient air with a ventilated air heat exchanger as second
heat source for evaporation. System III with flat plate collectors reached a specific collector yield of more than
15 kWh/m2 in the 12 days while system IV with 20 m2 of uncovered collectors reached only 12 kWh/m2
(compare Fig. 9).
The systems X and XI also utilized the collector heat in a parallel/serial system, but without a second heat
exchanger to utilize another heat source for the evaporator. Both used flat plate collectors in the southern façade
of a building with a space heating demand of only 15 kWh/(m2a). These collectors were used to charge a cold
store on the source side of the HP or to charge a combistore directly. The resulting specific collector yield is
in both cases comparably low, but one has to keep in mind that the heat demand was also very low and that
the collectors in this case have the additional benefit that cost and other inconveniences of an air or a ground
heat source can be avoided.

collector area [m2]
specific collector yield [kWh/m2]

collector area

specific collector yield

35
30
25
20
15
10
5
0
I

II

III

IV

V

VI VII VIII IX

X

XI

Fig. 9: Collector area and the specific collector yield of the 12-day tests.

Annual simulations
Subsequent to the 12-day test, the manufacturers had the choice to commission also annual simulations in order
to obtain seasonal performance factors for comparable heat loads. This option was only chosen for a few of
the tested systems.
DHW charging
Fig. 7 shown above shows the ratio of DHW heat delivered by the HP to heat supplied from the storage to the
DHW distribution for six system tests where the corresponding energies have been measured. It can be seen
clearly that the ratio is often close to or well above 100 % on the 12-day test sequence, and much higher than
100% in winter days. This is a strong indication that the DHW zone of the storage is disturbed by space heat
operation, and the HP is charging the DHW zone more than necessary. A higher amount of heat delivered by
the HP in DHW mode instead of the low temperature space hating mode reduces the seasonal performance
facture of the HP significantly.
Exergetic analysis
Fig. 10 shows the accumulated energy (heat) that was measured during the 12-day tests below a certain supply
temperature that is displayed on the x-axis for the systems I, V and XI.

867

Robert Haberl et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

In system I it can be seen that the (not inverter controlled) HP delivered its heat for SH at a temperature level
between 32 °C and 40 °C whereas the consumption for SH (measured after the mixing valve) was at a
temperature level between 23 °C and 33 °C. That means that the HP delivered its heat with a temperature that
was around 8 K higher than the consumption (“A”). Assuming that the COP of the HP decreases by about
2 %/K, an increase in electric energy demand for the HP of approximately 16 % can be expected, corresponding
to a reduction of more than 0.5 points of the performance factor. The share of heat that was supplied at over
40 °C roughly corresponds to the consumption of DHW (“B”).
In system V the difference between heat supply and demand in SH were merely 2 K. On the other hand, half
of the heat that was delivered by the HP (about 160 kWh) at a temperature level above 45 °C (“C”) in DHW
charging mode. This value is remarkably high, considered the fact that the consumption of DHW was below
100 kWh. Thus, some of the heat supplied at a high temperature level has been mixed down for SH at 25 ° C
to 30 ° C.
The energy-temperature plot of system XI illustrates the functionality of the system that uses solar thermal
collectors in parallel and also in series, as the only source for the HP. The solar collectors delivered heat to the
source side of the HP (serial use) in a range of 0 – 50 °C, whereas the temperature where the collectors delivered
heat directly to the combistore (parallel use) was always higher than 30 °C and mostly higher than 60 °C. The
temperatures at which the heat pump produces heat in space heating mode correspond better to the SH flow
temperature than in the other two systems.
System I

QSH
QSH

QHP
QHP

QDHW
QDHW

QC,parallel
QC,parallel

Energy [kWh]

600
500
B

400

A

300
200
100
0
20
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QSH
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Energy [kWh]
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50
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Temperature [°C]
QDHW
QDHW

QHP
QHP
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200
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100
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0
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90
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90

QC,parallel
QC,parallel

C
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System XI
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Temperature [°C]
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QDHW
QDHW

QHP
QHP

70

QC,parallel
QC,parallel

QC,serial
QC,serial

Energy [kWh]
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-10
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Temperature [°C]
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Fig. 10: Accumulated energy over the temperature where it was supplied (QHP, QC,parallel and QC,serial) or consumed (QDHW
and QSH). The decisive temperature is in each case the flow temperature.
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6. Conclusion
Test method
The whole system test method CCT proved to be a valuable tool both for system development as well as for
performance evaluation. The advantage of this kind of system test is that non-ideal component interactions and
the influence of hydraulics and control under transient operating conditions can be detected and evaluated
precisely. The test delivers within 12 days information about all operating conditions that may occur during a
whole year and is thus much faster than field testing. Compared to field testing, the amount (number of sensors
installed) and precision (high precision laboratory equipment used) of information that is obtained is much
higher. Moreover, the results can be compared with tests of other systems that were performed under the same
boundary conditions. Lack of repeatability is a major draw-back of field testing where the boundary conditions
differ from case to case, which makes a direct comparison of the performance of solar and HP systems based
on field testing extremely difficult or questionable.
A potential for improvement in the used test method lies in the fact that the space heat demand between the
different tests was not identical. Instead, only the boundary for emulation of the space heat distribution and
buildings were identical for QSH = 100, 60, and 15 respectively. As a consequence, the resulting electricity
consumption and performance factors were highly influenced by the controller's settings for space heat
distribution (i.e. settings for heating curve and heating season). Thus, a direct comparison of the system
performance in terms of total electricity used and SPF can only be done with post processing of the data, i.e.
simulations. This implies a large effort and highly skilled experts.
In the meantime a method was developed and successfully tested that guarantees an identical load for space
heating while at the same time let the system act autonomously. This method is presented by Chèze et al. in
the proceedings of this conference.
Data analysis
Two variants of data analysis proved to be helpful for the evaluation of the system performance:
x

The ratio of heat delivered by the HP in DHW-mode and heat consumed for DHW.

x

A visualization of the temperatures at which heat was supplied by the HP and the collector, compared
to the temperatures at which heat was delivered for DHW and space heating.

Both are indicators for the exergetic efficiency of the storage system and the hydraulic solution, which is a
decisive aspect for the efficiency of heat pumps in particular, and low exergy systems in general.
Test results
The test results show that only those systems achieved good results that prevented mixing processes and
realized a good separation of temperature levels inside the combistore. In particular, the position of the DHWsensor and the position of the outlets from the store to the HP turned out to be important. However, the
measurements revealed optimization opportunities in the majority of the cases.
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Abstract
Within this contribution a comprehensive simulation study regarding the dynamic thermal behaviour of
Solar-Active-Houses is presented. These buildings cover at least 50 % of their space heating and domestic
hot water demand by solar thermal energy. To take into account the dynamic interaction between the heat
supply system and the building, extensive simulation studies were performed with the software TRNSYS.
The simulation studies were focused on the optimization potentials regarding several major issues of SolarActive-Houses, namely the integration of the hot water store, the solar thermal heat production and the
integration and operation of the heat distribution system. The results show, that the identified optimization
measures can increase the feasible energy savings and hence contribute to the cost reduction of such building
concepts.
Keywords: Solar-Active-House, solar heating, high solar thermal fraction, building simulation, TRNSYS

1. Introduction
Regarding the established goal of the European Union to cover 20 % of the final energy demand of its
member states in the year 2020 by means of renewable energy sources, the reduction of the non-renewable
energy consumption in private households and office buildings has become a fundamental objective. As
stated by the European Solar Thermal Technology Panel (ESTTP) of the European Technology Platform on
Renewable Heating and Cooling (RHC-platform), a convenient way to cover the heat demand of buildings
and to prevent or reduce CO2-emissions at the same time is the utilisation of solar thermal heat supply
systems (Stryi-Hipp et al., 2012). Named Solar-Active-Houses, these buildings cover at least 50 % of their
total heat demand including space heating (SH) and domestic hot water (DHW) preparation with solar
thermal energy (Bestenlehner et al., 2011). The practical functionality of the Solar-Active-House concept has
already been proven as a result of an extensive measurement analysis of nine existing buildings in Germany
within the project “HeizSolar”. As the potential to compare and optimize the buildings based on the
measured data is restricted, a simulation based investigation of the dynamic thermal behaviour of the SolarActive-House concept was carried out.
In literature, almost exclusively simulation studies about “typical” solar combisystems in Central Europe
with solar thermal fractions of 20 % to 30 % are available. However, compared to the investigation of these
systems, the interaction between the solar thermal heat supply system and the building itself has a much
higher influence on the dynamic thermal behaviour of Solar-Active-Houses. This can be primarily attributed
to the integration of relatively large hot water stores as well as other components into the building envelope.
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Therefore, a simulation model was elaborated enabling the dynamic coupling between heat supply system
and building. The model was validated by a comparison of specific simulation results to measured data of
real buildings. In order to examine the issues concerning Solar-Active-Houses by means of a simulation
study, several typical buildings with different geometric and thermo-physical characteristics as well as
different market available solar thermal system configurations were defined. Finally, the thermal
performance of the Solar-Active-House concept was analysed by systematic parameter variations and
optimization potentials were identified. Within this contribution, the results of the simulation study
concerning a typical single family (SFH) Solar-Active-House and its solar thermal heat supply system are
presented and discussed.
2. Modelling and methodology
A dynamic system simulation model was implemented in the transient system simulation software TRNSYS
(version 17). The development was focused on the following aspects concerning the dynamic thermal
behaviour of Solar-Active-Houses:
x

dynamic interaction of heat generation (solar thermal collector and auxiliary boiler), the hot water
store and the heat consumption (space heating system and domestic hot water preparation)

x

realistic thermal performance of the large collector field and the large hot water store

x

dynamic coupling of heat supply system and building to incorporate heat losses of the store and the
hydraulics as internal gains into the building

x

validation of the model by a comparison of specific simulation results to measured data from real
buildings

x

operation conditions of the auxiliary heating system for different boiler types such as wood fired
ovens as well as chip and gas fired boilers

x

operation conditions of different types of space heating systems such as panel heating and radiator
heating

2.1. Building characteristics
To represent typical Solar-Active-Houses, a generic building geometry was defined based on the reference
buildings developed in the IEA-Task 32 (Heimrath and Haller, 2007). This building geometry was used in
the present study, whereas the thermal properties of the building envelope were altered. Different insulation
standards were incorporated according to the German regulation “Energieeinsparverordnung 2009”
(EnEV 2009) and the corresponding enhanced insulation standards. An overview of the characteristics of the
evaluated single family Solar-Active-House is given in tab. 1. Different space heating systems were
considered, having different design flow and return temperatures. The characteristics of the heating systems
are shown in tab. 2. With respect to the DHW load, a dynamic load profile according to IEA-Task 32 was
used. No hot water circulation was taken into account.
Tab. 1: Characteristics of the simulated Solar-Active-House
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building type

single family house (SFH)

gross building volume

504.0 m³

heated floor area

140.0 m²

building location

Passau, Germany

yearly space heating load /
specific heating load per floor area

10,440 kWh/a
75 kWh/(a m²)

room set temperature

20.0 °C

domestic hot water heat load
specific DHW load per floor area

1,707 kWh/a
12 kWh/(a m²)

daily hot water draw-off volume

0.115 m³

hot water draw-off temperature

45 °C

cold water supply temperature

10 °C

hot water circulation

none
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Tab. 2: Characteristics of the considered space heating distribution systems

efficient
panel heating

standard
panel heating

efficient
radiator heating

nominal flow temperature

35 °C

42 °C

55 °C

nominal return temperature

26 °C

30 °C

45 °C

2.2. Solar thermal heat supply system
The basic hydraulic layout of the solar thermal heat supply system is shown in fig. 1. For the shown
configuration, all generated or consumed heat is charged to or discharged from the hot water store. As
mentioned above, heat losses of the store and the hydraulics during the heating season were accounted as
internal gains of the building, hence reducing the effective heat load of the solar thermal system. For the
presented results, the heat losses of the hot water store as well as of the solar circuit piping were considered,
both being situated inside the thermal zone.

Fig. 1: Basic hydraulic layout of the solar thermal heat supply system

Concerning the solar circuit, the specific mass flow rate of the primary circuit with a water-glycol mixture
was 25 kg/h per m² aperture area for all simulations. The flow rate of the secondary circuit, operated solely
with water, was adapted according to the ratio of the specific thermal capacities of the fluids. The solar
circuit piping was insulated according to the European standard EN 12977-2:2012-06. In order to assess the
suitability of different collector technologies for their utilisation in Solar-Active-Houses, two different
collector types were taken into account. Namely a generic standard flat plate collector with a selective
coating according to IEA-Task 32 and an existing high end evacuated tubular collector with CPC-reflectors
according to Solar Keymark licence no. 011-7S2031 R1. The characteristics of the two collectors are given in
tab. 3. Since the collector gross area is the relevant size for the installation of large collector fields on a roof
or facade, this parameter should generally be taken into account for the comparison of different collector
types. However, since the ratio of the collector aperture to the collector gross area of the evacuated tubular
collector with CPC-reflectors is in the range of a flat plate collector, in this contribution only the aperture
area was taken into account.
Regarding the characteristics of the hot water store, the ratio between height and diameter of the hot water
store was calculated according to IEA-Task 32. The heights of ports and sensors were derived from the
1

The test data sheet is publically available on http://www.estif.org/solarkeymarknew/certification-bodies/sk-certified-products
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experience with existing stores for Solar-Active-Houses and are schematically shown in fig. 1. Some features
were implemented to avoid adverse effects regarding the charging and discharging of the store by either
suboptimal control strategies or dimensioning of the store. Firstly, the flow from the solar circuit into the
store is assumed to be ideally stratified. Secondly, the return inlets from the SH and DHW circuit are also
assumed to be ideally stratified. Moreover, two discharging outlets for the space heating circuit were
implemented. Presumably, with these features, the maximal solar thermal fraction for a certain system
configuration will be reached (Glembin and Rockendorf, 2012). The overall heat loss rate UAsto in W/K of
the store was calculated with respect to the store volume with eq. 1, which corresponds to class C defined in
the Directive 2010/30/EU of the European Parliament 2. In the equation Vsto in litres denotes the store volume.
1
 16.66  8.33  Vsto 0.4
45

UAsto

ªWº
«K»
¬ ¼

(eq. 1)

Tab. 3: Characteristics of the considered solar thermal collector types

unit

flat plate

evacuated tubular
with CPC

ratio of collector
aperture to gross area

[-]

0.91

0.91

conversion factor

[-]

0.800

0.688

heat loss coefficient

[W/m² K]

3.500

0.583

temperature dependence of
the heat loss coefficient

[W/m² K²]

0.015

0.003

effective thermal capacity of
collector and fluid

[J/(m² K)]

7,000

8,790

IAM* for diffuse radiation

[-]

0.900

0.940

st

IAMs* for direct radiation

[-]

1 order equation
according to ASHRAE

see SK licence
no. 011-7S2031 R

IAM* equation coefficient

[-]

0.180

-

* IAM…incidence angle modifier
2.3. Evaluated parameters
An important performance indicator of solar thermal heat supply systems is the solar thermal fraction. This is
the share of the total heat demand of a Solar-Active-House that is covered by solar thermal energy. The solar
thermal fraction fsol,th is calculated according to eq. 2. In the equation, Qaux in kWh represents the heat
delivered by the auxiliary boiler, QSH,load in kWh the heat load of the building for space heating without
incorporation of the heat supply system’s losses and QDHW in kWh the heat supplied to the hot water circuit.

fsol,th

1

Qaux
[]
QSH,load  QDHW

(eq. 2)

3. Results of the simulation based studies and discussion
A typical heat and temperature profile of an entire year of operation of a Solar-Active-House’s heat supply
system is shown in fig. 2. With the standard flat plate collector and the standard panel heating, this system
configuration reaches a solar thermal fraction of 61 %. As described in an earlier work (Kramer et al., 2014),
the characteristic phases regarding the operation of the thermal store, namely the four phases of discharging,
auxiliary heating, charging as well as solar excess, are clearly observable. Moreover, the figure shows that in
the decisive phase when auxiliary heating is required, the return temperatures from the store to the solar
thermal collector Tsol,ret are predominated by the return temperature from the SH circuit TSH,ret to the store. In
contrast, the heat consumption of the DHW circuit seems to be too low, to significantly influence the store’s
2

Directive 2010/30/EU of the European Parliament and of the Council of 19 May 2010 on the indication by labelling and standard
product information of the consumption of energy and other resources by energy-related products
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bottom temperature Tsto,bot. Furthermore, the aforementioned useful heat losses of the heat supply system
Qloss,use, in particular the store’s heat losses, can cover a significant part of the space heating demand of the
building. For the system configuration shown in fig. 2, 7 % of the building’s heating demand is covered by
useful heat losses of the hot water store and the solar circuit. Regarding all simulations considered in this
contribution, this fraction varies between 5 % and 15 %. With respect to the total heat losses which occur in
the building, the useful losses account for around 20 % to 30 %. It is denoted, that the non-useful heat losses
of the heat store and the solar circuit range between 2,000 kWh/a and 4,000 kWh/a for the evaluated system
configurations. The resulting additional cooling load will lead to an increased temperature of the building in
the summer period and hence preventive measures may be required. This aspect is not further assessed
within this contribution.
Qsol
Tsto,mean

Qaux
Tsto,bot

QDHW
Tsto,top

QSH,sol
TSH,ret

Qloss,use
TDHW,ret

QSH,aux
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Qloss,amb
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Fig. 2: Weekly heat demand and average temperatures for the SFH with 50 m² of the standard
flat plate collector, 4 m³ store volume and the standard panel heating (simulation results).
On the left ordinate, positive values correspond to generated heat, negative values to heat demand incl. heat losses.

3.1. Influence of the store volume and the collector area
With respect to the dimensioning of the solar thermal system, the size of the hot water store and the solar
thermal collector field are essential. Fig. 3 shows the dependency of the solar thermal fraction on the store
volume and the collector area for different system configurations with the standard flat plate collector.
Generally, the solar thermal fraction increases with increasing both the collector area and the store volume.
However, if the ratio between store volume and collector area (further denoted as the specific store volume)
becomes either too low or too high, a distinct saturation behaviour is observed regarding the increase of the
solar thermal fraction. Meaning that for specific store volumes below 50 l/m², an increase of the collector
area does not result in a considerable increase of the solar thermal fraction anymore. Similarly, for specific
store volumes above 200 l/m² or 300 l/m² an increase of the store volume does not result in a considerable
increase of the solar thermal fraction. As a result of the simulations, an optimal value of about 100 l/m² and
an acceptable range of specific store volumes between 50 l/m² and 150 l/m² was identified, where an
alteration of either the collector area or the store volume leads to a distinct change of the solar thermal
fraction and where a desired solar thermal fraction may hence be reached most effectively. In order to find an
optimal specific store volume to reach a desired solar thermal fraction, ecologic or economic criteria should
be taken into account as well. The curves in fig. 3 are characteristic for each Solar-Active-House and
presumably depend on the following factors: local climate conditions, heat demand of the building regarding
both load and temperature profiles, the characteristics of the collector and the store as well as the realizable
orientation of the collector field and the integration of the store into the building.
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Fig. 3: Solar thermal fraction (SF) plotted against collector aperture area and store volume
for the SFH with the standard flat plate collector (simulation results)

3.2. Influence of the tilt angle and characteristics of the solar thermal collector
It is already well known, that the characteristics, the dimensions and the orientation of the solar thermal
collectors are decisive for the energy savings of solar thermal systems. Regarding the orientation, obviously
a collector plane facing south ensures the maximum solar irradiation yield. However, regarding the tilt angle
of the collector plane, the optimum depends on the desired solar thermal fraction and the sun’s ecliptic at a
certain location. Fig. 4 shows the influence of the tilt angle of the collector plane on the solar thermal
fraction for two different solar thermal collector types at the location of Passau, Germany.
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Fig. 4: Solar thermal fraction versus collector tilt angle for two collector types (simulation results)

876

Sven Kobelt et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

The characteristics of the two considered collectors are presented in section 2. The collector field is facing
south with a collector aperture area of 40 m² for both collector types. The store volume is 6 m³. With both
collector types (standard flat plate and the high end evacuated tubular collector with CPC reflector), a
maximum solar thermal fraction is reached at a tilt angle of around 60° and 75° respectively. Hence, a
collector tilt angle of 60° was used to generate the following simulation results. Regarding the influence of
the collectors’ characteristics, the absolute enhancement of the solar thermal fraction reached by the
evacuated tubular collector compared to the flat plate collector is equal to or larger than 8 % for all tilt
angles. The further the tilt angle differs from its optimum, the higher is the enhancement. This implies that
the usage of evacuated tubular collectors may be particularly advantageous for such buildings, where the
realization of optimal tilt angles between 60° and 75° is not possible. In fig. 5 the correlation between the
solar thermal fraction and the collector area is shown for the two collector types and for different store
volumes. Depending on the specific store volume, the high end evacuated tubular collector with CPC
reflector achieves an absolute enhancement of the solar thermal fraction ranging between 7.2 % and 11.4 %
for the 4 m³ store and 6.7 % and 13.6 % for the 10 m³ store respectively compared to the standard flat plate
collector. The enhancement increases with decreasing specific store volumes. This implies that the usage of
evacuated tubular collectors may be particularly advantageous, if only small stores can be realized. However,
once a certain specific store volume is underrun – in this case 4 m³ with a collector area larger than 60 m² –
the enhancement deteriorates again. Overall, the highest enhancements are reached with large store volumes
and large collector areas. It is denoted, that if not prohibited, the stagnation times of the system
configurations with the evacuated tubular collector during the summer period are significantly increased
compared to the flat plate collector.
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Fig. 5: Solar thermal fraction versus collector area for the SFH with different store volumes
and two types of solar thermal collectors for the standard panel heating (simulation results)

3.3. Influence of the space heat distribution system
Another aspect covered in the present contribution is the influence of the space heat distribution system’s
operating conditions. The characteristics of the considered space heating systems are given in section 2.
Fig. 6 shows the achieved solar thermal fractions for different system configurations. The solar thermal
fraction clearly decreases with an increasing temperature level of the space heating system. While the
difference between the efficient panel heating and the standard panel heating is small, the solar thermal
fraction deteriorates significantly with the radiator heating. The maximum absolute decrease of the solar
thermal fraction with the radiator heating compared to the efficient panel heating is 4.6 % for the flat plate
collector and 1.9 % for the evacuated tubular collector. As already stated, for solar thermal systems of SolarActive-Houses the return temperatures from the store to the collector field during the heating period are
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predominated by the return temperature from the space heating circuit to the store. Thus, the efficiency of the
collector is decreasing with the rising temperature level of the space heating system. Due to the collector
characteristics, this effect is stronger for the flat plate collector. Therefore, the utilization of a low
temperature space heat distribution system is crucial for Solar-Active-Houses, in particular when flat plate
collectors are utilized. Furthermore, the strongest enhancement of the solar thermal fraction with the highly
effective evacuated tubular collectors compared to the flat plate collector is reached for high temperature
heating systems.
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Fig. 6: Dependency of the solar thermal fraction on the space heat distribution system for different collector types
and different combinations of store volume and collector area (simulation results)

4. Conclusion and outlook
In the research project HeizSolar the Solar-Active-House concept for solar thermal fractions between 50 %
and 100 % of the total heat demand of buildings has been scientifically evaluated in detail for the first time.
Based on an extensive simulation study, the findings from the in-situ monitoring of nine existing buildings
regarding the functionality and feasibility of the concept could be confirmed. Additionally, optimisation
potentials regarding the design, dimensions, characteristics and operation conditions of such systems could
be identified. Within this contribution, some major aspects concerning the Solar-Active-House concept were
exemplarily assessed at hand of a moderately well insulated single family house at the location of Passau,
Germany. First of all, the dynamic interaction between heat supply system and building was found to have a
profound influence on the thermal performance of Solar-Active-Houses. With the thermal store integrated
into the thermal zone of the building, the heat losses cover between 5 % and 15 % of the space heating
demand for all considered system configurations.
Regarding a certain climate and the corresponding heat demand of a building, the dimensions of both the
store and the solar thermal collector are most decisive for the achievable solar thermal fractions. With the
standard flat plate collector a solar thermal fraction of 50 % is reached for instance with a store volume of
2 m³ in combination with 45 m² collector aperture area whereas with a store volume of 4 m³ a collector area
of only 30 m² is required. It was found that for the considered building, a desired solar thermal fraction can
be reached most efficiently with a specific store volume of around 100 l/m². With the high end evacuated
tubular collector, 50 % solar thermal fraction can be reached either with a 2 m³ store volume in combination
with a collector area of 26 m² or with a 4 m³ store and a collector area of 22 m². Furthermore, the solar
thermal fraction enhancement achieved with the evacuated tubular collector compared to the standard flat
plate collector was found to be maximal for high temperature heating systems such as radiator heating. It was
stated, that the stagnation times during the summer period significantly increase with the tubular collector,
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which may require precautionary measures. Consequently, a facade installation may be beneficial for the
utilization of high performance collectors. Though the solar thermal fraction is slightly decreased, the
stagnation times in the summer period are minimized. With the standard flat plate collector, the usage of a
low temperature heating system is highly recommendable.
As a next step, further parameter variations will be carried out, particularly regarding the insulation standard
of the building as well as the climate conditions. Additionally, system configurations with different auxiliary
heating systems as well as with hot water stores located outside the thermal zone of the building will be
assessed. Furthermore, the evaluation will be extended with regard to the demand of parasitic electric energy
for the system operation. With respect to the optimal dimensions of the collector field and the thermal store,
an economic and ecologic evaluation will be done.
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Nomenclature
symbol

unit

Acol

[m²]

fsol,th

[-]

quantity
solar thermal collector aperture area
solar thermal fraction

Qaux

[kWh]

useful heat delivered by the auxiliary heating system

QDHW

[kWh]

useful heat demand for domestic hot water preparation

Qloss,amb

[kWh]

non-useful heat losses of the heat supply system

Qloss,use

[kWh]

useful heat losses of the heat supply system covering a fraction of the
space heating demand of the building

QSH,aux

[kWh]

useful heat for space heating covered by auxiliary heat and solar thermal
heat (“preheating”)

QSH,sol

[kWh]

useful heat for space heating covered by solar thermal heat only
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symbol

unit

quantity

QSH,load

[kWh]

gross space heating load of the building without incorporation of any heat
losses by the supply system

TDHW,ret

[°C]

return temperature from the hot water circuit to the store

TSH,ret

[°C]

return temperature from the space heating circuit to the store

Tsol,ret

[°C]

return temperature from the store to the solar circuit

Tsto,bot

[°C]

bottom temperature of the hot water store

Tsto,mean

[°C]

mean temperature of the hot water store

Tsto,top

[°C]

top temperature of the hot water store

Vsto

[m³]

effective volume of hot water store

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 - 19 September 2014

Towards a Generic Methodology to Model Solar Thermal Systems
Using Neural Networks Through a Short Dynamic Test
Amine Lazrak

1, 2, 3 *

2

3

2

, Antoine Leconte , Gilles Fraisse , Philippe Papillon and Bernard Souyri
1
2

3

3

ADEME, Angers (France)

CEA, LITEN, INES, Le Bourget du Lac, (France)

CNRS, LOCIE, Université de Savoie, Le Bourget du Lac (France)
*

Corresponding Author: Amine.Lazrak@cea.fr

Summary
Nowadays there is no global approach to model and characterize solar thermal systems for building
application from experimental data. Results of the existing approaches are valid only for specific conditions
(type of climate and thermal building properties). The aim of this study is to create a generic methodology to
model such systems. Neural networks (NN) proved to be suitable to tackle similar problems particularly
when the system to be modeled is compact and cannot be divided up during the testing stage. Reliable “black
box” NN modeling is able to identify global models of the system without any advanced knowledge about its
internal operating principle. The knowledge of the system global inputs and outputs is sufficient. Results
concerning the solar combisystem modeling show that a dynamic NN model is efficient to learn the dynamic
of the solar system especially due to the heat storage component. NN model developed is able to predict,
with a good precision degree, the annual energy performance of the system based on a learning sequence of
only 12 days. Because of the NN generalization ability, it is possible to predict the solar combisystem
behavior when operating under environments different from the one used during learning stage and so to
characterize its performances.
Key-words: Solar thermal systems, Neural networks, Characterization, Dynamic modeling, System testing

1. Introduction
Nowadays, thermal systems for building application mix more and more energy sources. Some of them are
available intermittently. Moreover, more and more systems are multi-functional. They can be used for
domestic hot water preparation, space heating and space cooling too. The evaluation of their energy
performances is difficult especially because a growing number of equipment are prefabricated and assembled
at the factory. Therefore it is difficult to extract a sub-system of the global one in order to test it without any
degradation of the whole system. Moreover, the test of each potential sub-system of the global one does not
allow considering real interactions between them in a reliable way. It can distort the evaluation of the system
performance. In front of this growing difficulty, system test methods based on a steady state in one hand, and
methods based on components tests in a separate way in the other hand, show their limitations (Leconte, et
al. 2012).
Nomenclature
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ܳሶுௐ

Heat flow rate supplied for the Domestic Hot Water (DHW)

(W)

ܣ

Solar collector area

(m²)

ܩ

Global irradiance

(W.m-2)

ܳሶுா

Heat flow rate supplied for the Heat Emitter (HE)

(W)

ܳሶ

Power of the auxiliary system

(W)

ܳሶǡோ

Power of the auxiliary system without renewable energy

(W)

To be up-to-date with the current system evolution, it becomes obligatory to consider the whole system
during the modeling and test stages. So, it is crucial to take into account during this phase the system
dynamic behavior and system controls, which are more and more complex.
In this paper are presented the first development results of a generic methodology modeling any solar
thermal system. This new methodology can be used then to characterize any system based only on a short
cycle test in a semi-virtual test bench. Following (D. Schicktanz, et al. 2014) the method can be rated as
Whole system - Indoor laboratory - Controlled dynamic conditions - Behavioral model parameters Direct extrapolation. In fine, by means of this technique, it will be possible to evaluate the performance that
the tested system will have when installed in any working environment.
2. Scientific approach implemented
a.

Modelling methodology to be developed

In order to be relevant and fulfill the solar thermal market requirements, the modelling methodology to be
developed must respect five conditions:
1.
2.
3.
4.
5.

To be generic so it can be used for several solar thermal systems for building applications: combisystem
with heat pump or boiler auxiliary, absorption chiller etc.
To be non-intrusive so it is possible to use this method to model a system using only its inputs and
outputs. No need to dismantle the system in order to test it and thus do not damaging it.
The method must take into account the whole system so all interactions between subsystems are
modeled. The real behavior of the system will be modelled then.
The system procedure test must be short so the cost of the qualification test is low.
The method must be able to predict the system performance for several environments different from the
conditions of the test. This will able the characterization of the system with the fitted method.

Fig. 1: Process stages of the proposed methodology

To fulfill the 1st, 2nd and 3rd conditions the most appropriate solution consists in using a black box model. In
contrast with a physical detailed model, to design a black box model there is no need to know the system
internal parameters such as efficiency of its sub-systems, thermal conductivities and the mechanisms of the
control and regulation systems. Therefore, it is possible to identify a global model of the system without
being intrusive.
Researchers at CEA-INES have developed an efficient method, called Short Cycle System Performance Test
(SCSPT), to test solar thermal systems in controlled dynamic conditions with a view to evaluate their
performances (M.Y. Haller, et al. 2013). The test method consists in testing the real system as a whole on a
semi-virtual test bench: the system is plugged to thermo-hydraulic modules which “emulate” the behavior of
thermal loads (DHW draw offs, space heating needs etc.) or sources (solar collectors). Those modules act
according to a parallel TRNSYS simulation running in a “real-time” mode. The system to be tested is then
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physically linked to a virtual environment. The SCSPT procedure consists then in applying a 12 days
weather test sequence. This sequence is made in order to make the system consume proportionately the same
auxiliary energy during the test. The input-output data that can be harvested during the test are very
representative of the system behavior. This test method is relevant to fulfil the 3rd and 4th conditions.
Classical black box models rely a lot to the data used during the design procedure. Artificial Intelligence
methods are able to learn from data, so it is possible to create an efficient model with a good ability to
generalize results to new data. Artificial neural networks (see section 2.2) fulfill the 5th condition. Therefore,
the proposed methodology first consists in testing the system to be characterized in a semi-virtual test bench
during a short sequence of time, typically 12 days and in a dynamic way. Then, harvested data will serve to
design a Nonlinear Auto-Regressive with Exogenous inputs (NARX) neural network model of the system.
The five steps to model and then to evaluate the performance of a system following the proposed approach
are represented in (fig. 1). Basically the Neural Network learns the internal behavior of the tested system.
The NN model will then be used to predict the system behavior when unseen data are presented to it and so
evaluate the system performance.
b.

Modelling using ANN and solar thermal energy systems application

Using Neural Networks seems to be the most powerful mathematic tool to solve this modelling problem. In
fact, it was shown that neural networks are universal function approximators (Cybenko, 1989), so they can
be used to approximate the system function. NN were applied successfully to solve complex, non-linear,
dynamic and multivariable problems. They tolerate errors, imprecisions and missing data too (Kalogirou,
2001). Neural networks were extensively used during the last decade. Several modelling problems involving
NN are nearly similar to the present research subject. In addition NN have been especially used to solve
prediction modelling problems in solar energy (Mohanraja et al, 2012) (Ben Ammar et al, 2013).
The theory of ANN is well presented in (Dreyfus et al, 2004) and (Nørgaard et al, 2000). Artificial neural
networks are parametric analytical functions whose concept is inspired from the human’s central nervous
system. A neuron, element basis of a NN, can compute values ݖ from a weighted summation of its inputs ݔ .
The summation coefficients ߱ are called synaptic weights. The subscript ݈ denotes the neuron number. The
neural operation is presented in (eq. 1). The function ݂ is called the neural activation function (AF).


ݖ ൌ ݂ ቆ

ୀଵ

߱ ݔ ቇ

(eq. 1)

Inter-connected neurons constitute what is commonly called a neural network. There are several NN
architectures and each one is more suitable for a specific problem than others. The most famous architecture
for prediction problems is the class of multi-layer perceptron (MLP). An MLP is a feed-forward network
built up of neurons, arranged in layers. An MLP has an input layer, one or more hidden layers and an output
layer. In (fig. 2) a MLP, with  ܧinputs,  ܥneurons in the hidden layer and ܵ outputs, is presented. The ݏth
output of the network can be obtained using (eq. 2).


ݕ௦ ൌ ݂௦ௌ ൬

ୀଵ

ா

ௌ
߱ǡ௦
݂ ൬


߱ǡ
ݔ ൰൰

ୀଵ

(eq. 2)

883

Amine Lazrak / EuroSun 2014 / ISES Conference Proceedings (2014)

(a)

(b)

Fig. 2: neuron formal representation (a), example of a neural network MLP with one hidden layer representation

Neural network learning or training is the process of determination of an ensemble of weights so that the
underlying function approximates the real system function. In fact, the objective of the training process is to
minimize a cost function, with respect to weights, knowing a set of data. The short time of the system test,
which is of 12 days, restricts the amount of available data for training. Therefore it is necessary to use a
learning algorithm that can use a restricted data set without compromising the generalization ability of the
model. For this reason it is relevant to use regularization method for the learning process. Typically, training
aims to reduce the sum of squared errors see (eq. 3) with ݐ the target data at the sequence time ݅ and ݕ the
NN output at the same time. Regularization modifies the objective function by adding an additional term: the
sum of squares of the network weights (eq. 4), q is the number of the neural network weights. By
constraining the size of weights the training process produce a NN with good generalization ability (Mackay,
1992). In fact, by keeping the weights small the NN response will be smooth and so the over-fitting is
supposed to be prevented. In this study the objective function optimization is done using the LevenbergMarquardt algorithm.
ே

 ൌ 
ୀଵ

ሺݐ െ ݕ ሻ;

(eq. 3)



 ൌ σୀଵ ߱ ;

(eq. 4)

Determination of the modelling input-output configuration is crucial to develop a generic methodology.
Generally, solar thermal systems physical inputs and outputs differ from one to another. They depend on the
energy sources used by the system and how this latter was designed by the manufacturer. However, energy
systems can be represented in terms of power transformation between the renewable energy source, the load
and auxiliary system. This is why a compact configuration with three inputs: ܳሶுௐ , ܣǤ ܩ, ܳሶுா and one
output ܳሶ was selected. This open configuration, not particular to a specific system is relevant to develop a
global method. In (Lazrak, et al. 2014) results concerning a solar combisystem modeling show that a
dynamic NN model (NARX model) is more efficient than a static one. The latter does not learn the dynamic
of the solar system especially due to the heat storage component, for this reason dynamic neural network (see
fig. 3) was used.
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Solar
thermal
system

Delay
Fig. 3: NARX modelling configuration with delays for only the output

Usually, regularization does not necessary guarantee the production of efficient networks. This is why it is
essential to make some data preprocessing before training. By normalizing the input and target data vectors,
the neural network training will be easier, faster and all vectors will be equally taken into account during the
learning process. Equation (eq. 5) will be used to pretreat the training data in order to fall between ܽ and ܾ, ݔ
represent a vector of data through time. It was noted that the on-off cycles of the auxiliary system generate
some discontinuities in data. In order to smooth the data collected, a moving average (MA) will be applied to
them.
 െ ݔ
ሺܾ െ ܽሻ  ܽ
ݔ௫ െ ݔ
c.

(eq. 5)

The solar combisystem characterization FSC method

After developing a good neural network model of the tested systems, it can be used to elaborate different
simulations in several environments. Results of numerous annual simulations of the tested systems can be
smartly used to characterize its performances with a simple curve, thanks to the FSC procedure (Letz, et al.
2009). The FSC method considers that annual fractional energy savings ݂௦௩ defined in (eq. 6) of a solar
combisystem can be expressed as a quadratic function of the fractional solar consumption FSC, a
dimensionless quantity which only depends on the environment of the system. It almost represents the
maximum ݂௦௩ that a solar combisystem can reach for a given location. Each system is then characterized by
its own simple parabola. In this way, for two different systems, the one of which parabola is above the other
is the more efficient.
݂௦௩ ൌ ͳ െ
d.

ܳ
ܳǡோ

(eq. 6)

Systems tested on the experimental test bench

A numerical validation of the methodology using data from a simulated SCSPT test was done in (Lazrak, et
al. 2014). In the current study a real standard solar combisystem is considered to validate the methodology
using real experimental data. A drawing of the system is represented in (fig. 4). The distinguishing features
of this system can be briefly described by the following:
1.
2.
3.

The energy transfer to the storage tank or for DHW is done by intern heat exchangers.
The condensing boiler could heat up directly the water returning from the space heating emitter.
The condensing boiler can heat up simultaneously the storage tank and the space heating emitter.
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4.

The volume of the storage tank is about 735.9 litres.

Fig. 4: Solar combisystem modelled in the present work

A second system was derived from the standard one. There is no physical difference between the two
systems but they control algorithm of the second one was optimized so that the performance of the system
get improved. The second system will be denoted as “optimized system”.
Each system has been tested according to the SCSPT procedure under the following environment: Zurich
climate, an SFH60 building type and with 16.1 m² of solar collector area. Those boundary conditions were
emulated, only the system was real. As mentioned in section 2.1. the test is applied to the whole system
exactly like it can be found in the market. In this way all interactions between sub-systems will be taken into
account. Measurements of input-output temperatures and flow rates in the different system loops (DHW,
solar collector and HE) will be used to form the input-output model configurations.
3. Results and discussion
a.

System modelling

Input-output data harvested during the two tests have been used to design two dynamic artificial neural
networks modelling each system. An example of untreated data used for training is represented in (fig. 7).
The 12 days of the test sequence were applied successively without interruption.
The two models were created according to the indications mentioned in section 2.2. Using the
MATLAB2012b Neural Network Tool Box, various network architectures, number of neurons in the only
hidden layer, weight initialisations, activation functions and learning strategies etc. have been investigated to
find the optimal combination that can provide the best results. Features of the two ANN, among those tested,
that gave best results are presented in Tab.1 and their modelling configurations in (fig. 5) and (fig.6). Those
two models were adopted for the present work.
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Optimized
system

Fig. 5: Input-Output NARX modelling configuration for the optimized system used during training

Standard
system

Fig. 6: Input-Output NARX modelling configuration for the standard system used during training
Tab. 1: Features of the two neural network used in the present work

Model

Normalization
range

Of standard
system
Of
optimized
system

No. of
neurons

MA
window

Input and Output
layer AF

8
±0.5
3

Five Time
Steps (TS)

ͳ െ ݁ ିଶ௫
ͳ  ݁ ିଶ௫

Feed-back delays

Input delays

One TS

none

Five TS

Two TS

15

Energy rate (kW)

dotQAUX

dotQHE

AG

dotQDHW

10

5

0

Day No.01 Day No.02 Day No.03 Day No.04 Day No.05 Day No.06 Day No.07 Day No.08 Day No.09 Day No.10 Day No.11 Day No.12

Successive sequence days of the test

Fig. 7: Inputs and output evolution in function of time used for training, case of the optimized system

In order to validate the methodology, the two models have to be tested, in closed-loop, using unseen data
from different environements. To do so, the two neural networks have been used to do 36 annual simulations
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in different environements, each environement is made up of a climate site, a building type and a solar
collector area. In Tab. 2 elements of each environement are described. To test physically the two systems in
36 conditions is clearly impossible, this is why two physical detailled TRNSYS models were built and
validated so that they are very close to the real systems. Prediction results of the NN models will be
compared to those of the TRNSYS models which represent here the reference.
Tab. 2: Climates, building types and collector areas used to form the 36 simulation environments

Climate
Zurich
Stockholm
Barcelona

Building
SFH100
SFH60
SFH30

Collector area (m²)
10
13
16
19

Estimated Energy using TRNSYS detailed model (MJ)

The most interesting criterion to evaluate the performance of a solar thermal system is to measure its energy
consumption during a specific period of time. This allow to characterize its performance (see section 2.3. and
paragraphs below). For these reason, the power consumed by the auxiliary system, output of the models, will
be integrated in time to measure the annual consumption prediction of the two systems. Estimation results
are presdented in (fig. 8) and (fig. 9).
108000

90000

SFH30
SFH60
SFH100

x Zurich
o Stockholm
* Barcelona

+10%

73000

-10%
54000

36000

18000

0
0

18000

36000
54000
Estimated Energy using a Neural Network (MJ)

72000

Fig. 8: Comparison between the annual energy consumption of the standard system predicted and calculated respectively by
the NN model and the TRNSYS model

Each point in the graphs represents two simulations but in one specific environment (boundary conditions):
one with a NN model and the second using the reference model. Each point gives an idea on how the energy
estimated using the NN model is close to the reference one. Symbols, colours and the size of symbols denote,
respectively, the climate, building type and the collector area used during each simulation. The size of the
symbol is proportional to the collector area.
On the whole, predictions of the black box models and the detailed TRNSYS simulations are very close. In
fact, coefficients of determination, R², for the two systems are about 0.98. Differences between both methods
to estimate system energy consumption are almost within the ±10% range (line in light-blue) for all
simulations. For low heat demand simulations (environment with Barcelona as climate for instance), absolute
differences are not excessive but the low energy level makes those differences proportionally higher.
It can be noted also on this two figures that the neural model of the optimized system has learn the physical
behaviour of the system more effectively that the other model. In fact, the latter does not differentiate a lot
between collector areas like the first model.
Some environments are not realistic e.g. they do not respect the rules of designing a solar combisystem such
as combining a high solar collector area with a low heat demand. For those types of environments,
predictions are less accurate but still acceptable. In general neural networks do not work effectively in
extrapolation mode. This means that if a set of data is very different from the one used during the learning
process the neural network predictions will not be good. Neural network estimation abilities stay good as
long as means and variances of its inputs have values close to those used during training.
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Fig. 9: Comparison between the annual energy consumption of the optimized system predicted and calculated respectively by
the NN model and the TRNSYS model
TRNSYS model
NN model

Power of the auxiliary system (kW)
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3

2

1

0

Jan
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Months of the year

Fig. 10: NN and TRNSYS outputs evolutions in function of time, case of the optimized system and the environment formed
with Zurich climate, SFH60 and 13 m² of collector area

In (fig. 10) are represented evolutions of the energy rate estimated by the NN and calculated by the TRNSYS
detailed model. The figure shows that the neural network model is capable to predict, with a good degree of
accuracy (R² around 0.92), not only the annual energy but also its rate.
b.

System characterization

In (fig. 11) each combisystem is characterised from black box model results, according to the FSC method.
The distribution of the points is following the quadratic function of the fractional solar consumption FSC
which is in agreement with what was showed in the FSC method theory. Characterization of systems using
the FSC method is a visual way to compare energy performances of different systems. In the present work, it
appears clearly that the optimization of the regulation system of the combisystem improve significantly its
performances by about 20%. This percentage is a bit lower for environments with low FSC and a bit greater
for environments with high FSC. The construction of a characterization curve could help engineers to better
design the solar collector area. In fact, for a given site and a building type it is possible to estimate how much
the collector area will affect the performance of the system.

889

Amine Lazrak / EuroSun 2014 / ISES Conference Proceedings (2014)

NN performance estimation, optimized system
Polynomial interpolation
NN performance estimation, standard system
Polynomial interpolation
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Fig. 11: Characterization curves of the optimized and standard systems

Finally in the case of solar combisystems using the proposed approach for modelling and the FSC method for
characterization, it will be possible to establish a strategy for energy labelling. In fact, by superimposing
characterization curves of several systems on the same drawing, it will be possible to locate regions where,
for a given conditions (FSC), the system must be of class A or B etc. in the image of refrigerators for
instance.
4. Conclusion and perspectives
In the present paper, some first results of the development of a new methodology to model solar thermal
energy systems are presented. This methodology is supposed to be generic and able to be applied to systems
as we can find them in the market, no need to dismantle the system in order to characterize it. The NN
models developed are able to predict with a good precision degree the annual consumption of two tested
systems based on a short learning sequence of only 12 days. In fact, by means of the NN generalization
ability it is possible to predict the system behavior in various environments (other climate types and other
building types) different from the one used during the NN learning. Prediction errors are almost in the range
of ±10% and R² coefficients for energy rates are about 0.92 for non-extreme environments. Thanks to this
approach the characterization of a real solar combisystem is done according to the FSC method without any
extra test.
Neural network limitations appear in extreme conditions. In fact, NN predictions are poor for some
environments very different from the one used during the physical test.
Future works will be concentrated in the development of an optimal method to build the learning data set.
Using data from different climates and conditions seems to be relevant. This certainly will improve the
generalization ability of the neural model and might reduce the sequence length too. The extension of the
methodology to other solar thermal configuration systems will be done too.
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Abstract
The FSC method is a method that characterizes solar combisystems performances thanks to a dimensionless
quantity that represents the operation conditions (climate, loads and collectors features). So far, this method has
been validated with a certain extent of boundary conditions and controller settings. This paper explores the
limits of the current FSC method with thousands additional simulations. It further validates the FSC approach,
highlights some problematic range of conditions for the accuracy of the method and suggests some
improvements to reduce errors in performance estimations.
Key-words: Solar Combisystems, Characterization, Performance estimation

1. Introduction
Solar combisystems (SCS) are complex systems which use solar heat with an auxiliary heating system to
provide energy for Space Heating (SH) and Domestic Hot Water (DHW) needs. A reliable characterization of
their performances would be very helpful for users and manufacturers but such a characterization is very
complicated because SCS performances can vary a lot according to system design and operation (hydraulic
schemes, control strategies, collectors’ area, storage volume…), SH and DHW needs, solar resources.
Letz et al. (2009) has introduced a new dimensionless quantity called the Fractional Solar Consumption (FSC)
which takes into account the climate, the heating loads, the collector size and orientation. This number is
completely independent from the studied SCS. The author showed that fractional energy savings (FSAV) of
each SCS can be expressed as a quadratic function of FSC. The curve obtained this way for a SCS is therefore
the characterization of its performances.
Although the simulations made for this study take into account different boundary conditions (3 kinds of
building, 3 kinds of climates, several collectors area…), further work is still required to explore the extents and
limits of the methodology. The sensibility of the FSC method with respect to some other operation parameters
(position and efficiency of the collectors, DHW draw offs, temperature set points, heating loop sizing…) needs
to be investigated. The goal of this work is to further validate the FSC method thanks to numerous simulations
and to propose some possible improvements.
2. The data base
One SCS, with a storage tank of about 750L, has been tested several times in a row on a semi-virtual test bench
according to the SCSPT method. (Albaric, 2008). It has been tested under several working conditions (climate,
building, collector size, controller tuning). Thus, a complete detailed model could be developed and validated
within the TRNSYS software.
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Fig. 1: Scheme of the Solar Combisystem tested, modelled and validated

This validated model has been used to calculate weekly, monthly and annual data of the SCS operations for
thousands different working environments, varying: building types, climates, collector areas, collector
azimuths, collector slopes, collector performances, DHW profiles, room temperature set points, space heating
loop sizing,… The different variations of simulation conditions are summed up in Tab. 1 and described below.
Underlined values represent what is called “classical” simulation conditions in the next paragraphs.
Tab. 1: Overview of the different simulation conditions considered in this paper

Building Type

SFH15 / SFH30 / SFH60 / SFH100

Climate

Zuerich-Kloten [101] / Rennes [102] / Carcassonne [103] / Wuerzburg [104] /
Barcelona [105] / Carpentras [106]

Collectors Area

7m² / 10m² / 13m² / 16m² / 19m² / 22m²

Collectors Type

Type0 / Type1

Collectors Slope

45° / 22° / 68°

Collectors Azimuth

0° / 45° / -45°

Draw Offs Profile

100 / 200 / 400 / 111 / 222

SH Loop Sizing

1 / 0.75 / 1.25

TroomSetPoint

20°C / 19°C / 21°C

•

Building type

The different kinds of building considered are Single Family Houses (SFH) as defined in IEA SHC Task32
(Heimrath et Haller, 2007). The associated number represents the yearly SH needs in kWh.m-2 for the Zurich
climate.
•

Climates

The weather data used in those simulations are taken from the Typical Meteorological Year files (TMY2 files)
corresponding to the climates indicated in Tab. 1.
•

Collectors layout

In order to check the influence of collectors’ layout on SCS performances, several parameters are considered:
area, slope (0° is horizontal), azimuth (0° is facing the equator, 90° is facing east) and thermal performances as
described in Tab.2. The tested system’s controller modifies the collector loop flowrate in order to keep a
temperature difference of about 10°K between the storage tank and the collectors. This feature is taken into
account within the simulations, so the flowrate is self-adjusted according to the collectors’ size.
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Tab. 2: Parameters of the two kinds of collectors considered in the simulations

Collectors
Type

•

n0

a1

a2

Ceff

Kdiff

b0

Normal
incidence
efficiency

Linear heat
loss
coefficient

Linear heat
loss
coefficient

[-]

[W.m-2.K-1]

[W.m-2.K-2]

Effective
heat
capacity of
the
collectors

Incidence
angle
modifier for
diffuse
radiation

Angle dependence
of the
transmittance
absorptance
product

[J.K-1.m-2]

[-]

[-]

0

0.80

3.50

0.015

7000

0.90

0.18

1

0.75

5.46

0.021

7000

0.88

0.18

Draw-Offs profile

In order to check the influence of different kinds of DHW needs, the draw-offs profile presented in Tab. 3 are
considered for the simulations. All load profiles are based on a 6 minute timestep.
Tab. 3: Characteristics of the draw-offs profiles considered in simulations

#

Daily volume of hot water at 45°C
withdrawn

Description

100

100L/day

200

200L/day

Annual profile generated with the program from (Jordan and
Vajen, 2001)

400

400L/day

111

112L/day

222

223/day

•

Daily profile defined according to the Mandate M/324
(European Commission, 2002)

Space Heating loop

The Space Heating (SH) loop is composed of thermostatic valve feeding radiators at a temperature calculated
by the system controller. The radiator nominal power depends on the working environment of the system
(climate and building). Those preset values are increased (+25%) or decreased (-25%) to check the influence of
SH loop sizing on the system performances.
The considered controller, specific to the modelled system, calculates a temperature set point for the space
heating loop according to the ambient temperature, the room temperature and the kind of building. For
information, Tab.4 below illustrates the maximum weekly average temperature in the different configurations.
Tab. 4: Maximum weekly average value of the heat loop temperature (in °C) depending on buildings (lines) and climates
(columns)

•

Zuerich

Rennes

Carcassonne

Wuerzburg

Barcelona

Carpentras

SFH15

28

26

25

29

25

24

SFH 30

29

28

27

30

26

27

SFH 60

33

32

31

34

28

31

SFH 100

49

44

42

50

37

42

Room temperature set point

The room set point temperature (TroomSetPoint) is defined as 19°C, 20°C or 21°C depending on the
simulation.
The complete combination of all these conditions would lead to 233280 annual simulations. Only the most
relevant ones are really carried out, offering almost 2500 monthly and weekly information about energy and
system operation.
3. Results with the current method
The current FSC method has been applied to all simulations results according to methodology presented by
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(Letz, 2009).
Firstly, monthly reference energy is calculated according to (eq. 1). It represents the amount of energy that
would be consumed by a classic thermal system, without any active solar inputs, to meet the same SH and
DHW needs (ܳௌுǡௗ and ܳுௐǡௗ respectively). It is assumed here that the annual efficiency of the reference
system (ߟ௨௫ǡ ) is 85% and that the annual heat losses of its store (ܳ௦௦ǡ ) are 644kWh.
ܳோǡ௧ ൌ

ொೄಹǡ ାொವಹೈǡ ାொಽೞೞǡೝ
ఎಲೠೣǡೝ

(eq. 1)

The monthly reference energy is compared to the monthly solar irradiation at the collectors surface (ܵ Ǥ ܳௌ
with ܵ the collectors area) in order to calculate the usable solar energy (eq. 2).
ܳௌǡ௦ ൌ σୀ௧ ݉݅݊൫ܵ Ǥ ܳௌ ሺ݅ሻǢܳோǡ௧ ሺ݅ሻ൯

(eq. 2)

The Fractional Solar Consumption is finally calculated as the ratio between the usable solar energy and the
global reference energy (eq. 3). Thus, the FSC characterizes a given working environment from energy needs
(ܳௌுǡௗ and ܳுௐǡௗ ) and the solar resource (ܵ Ǥ ܳௌ )
 ܥܵܨൌ

ொೄೌೝǡೆೞೌ್
ொೃǡ

(eq. 3)

Each  ܥܵܨcalculated is linked to the energy savings (eq. 4) of the system in the corresponding working
environment, giving a point (ܥܵܨ, ܸܣܵܨ௧ ).
ܸܣܵܨ௧ ൌ ͳ െ

ொಲೠೣǡ
ொೃǡ

(eq. 4)

When representing all the points calculated from “classical” simulation conditions (Fig. 2), the system
performances can be represented with a second-order polynomial (eq. 5), as expected by the current FSC
method. Dashed lines on the figures of this paper represent the range of systems simulated in the framework of
IEA SHC Task26 (Weiss, 2003). For each Figure presented in this paper, the FSC curve is identified from the
represented points. Thus a new curve is identified in each Figure, according to the simulation conditions and the
hypothesis that are studied.
ܸܣܵܨ௧ǡீோௌ ൌ ܽ  ܾǤ  ܥܵܨ ܿǤ  ܥܵܨଶ

(eq. 5)

Fig. 2: FSAV-FSC curve calculated with “classical” simulation conditions results (left) and differences between measured
performances and estimated performances (right)

Letz et al. (2009) have developed the FSC methodology with simulations of several systems mostly in different
climates, buildings and collectors areas. The authors suggest further investigations to check the limits for the
method. They have especially noticed that the hot water load has a significant impact on the accuracy of the
method. This paper aims to test the methodology using the different conditions described in the previous
paragraph (Tab. 1). Considering all the available simulations leads to widely scattered dots on the
[ܥܵܨ,ܸܣܵܨ௧ ] plan (Fig. 3).

895

Leconte / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 3: FSAV-FSC curve calculated with all results available (left) and differences between measured performances and estimated
performances (right)

Firstly, one can observe that even for the “classical” simulations conditions (Fig. 2), there is a scattering of
points that is larger and larger when FSC get close to 1. When looking at the points distinguishing the climates,
it seems that for a given FSC value, sunny climates are more favorable for SCS performances.

Fig. 4: FSAV-FSC curve calculated with “classical” simulation conditions results

As expected by Letz et. al (2009), both amount and distribution of DHW loads have significant effect on FSC
curve identification (left plot on Fig. 5). The higher the FSC, the larger the differences between curves.
Some investigation about how to reduce the scattering of points introduced by DHW load profile and sunny
climates would be helpful for SCS characterization. The current FSC method characterizes the SCS including
the quality of its collectors (right plot on Fig. 5). It could be also interesting to characterize the system
independently from the collectors’ performances so the curve could be used for the studied system working
with any kind of collectors.

Fig. 5: FSAV-FSC curve calculated with different DHW load profiles (left) and with different collectors efficiencies (right)

On the other hand, among the different conditions from (Tab. 1), some of them seem to have very little
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influence on the estimated curve:
• The variation of SH loop sizing considered in (Tab. 1) has little effect in this case on the system
performances, without changing FSC at all. Identified curves are then similar (Fig. 6).

Fig. 6: FSAV-FSC curve calculated with different SH loop sizing

• Slope and azimuth of collectors change the solar energy usable and then FSC. But the change in energy
savings in those cases is consistent with the FSC curves (Fig. 7). The methodology seems suitable to
characterize a SCS whatever the orientation of the collectors.

Fig. 7: FSAV-FSC curve calculated with different collectors orientations

• The energy needed for SH and the way this energy is prepared depend on the room set point
temperature. Thus, TroomSetPoint has an influence on both  ܥܵܨand ܸܣܵܨ௧ but the identified curves are
similar whatever the set point is (Fig. 8).

Fig. 8: FSAV-FSC curve calculated with different room temperature set points

4. Improvement of the FSC method
Two ways to eventually improve the FSC method are explored hereunder:
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•

Integration of collectors’ performances in the FSC calculations

Currently, a FSC curve characterizes a combisystem including the kind of collector it is working with. To
characterize the same SCS with other collectors that can be more or less efficient, other data are needed to
identify the corresponding curve. Thus, a very large amount of data is needed if one wants to characterize a
SCS with every possible kind of collector. Moreover, the comparison of performances between different
systems depends on the collector used by each system. This introduces a kind of bias: the current FSC curve
doesn’t represent the system performances intrinsically. So, it would be interesting if the FSC curve is
independent of the collectors’ performances.
So far, the FSC calculations are based on ܳௌ , the solar radiations at the collectors’ surface to calculate the
maximum solar energy that can be collected over the year. However, the collectors’ performances actually
reduce intrinsically this maximum collector energy ܳைǡெ௫ . Thus the solar energy can be refined considering
this phenomenon (eq. 6).
ܳௌǡ௦ǡଶ ൌ σୀ௧ ݉݅݊൫݂ܵݎݑ Ǥ ܳைǡெ௫ ሺ݅ሻǢܳோǡ௧ ሺ݅ሻ൯

(eq. 6)

In this study, the maximum energy that can be collected is calculated by integrating the power ܳሶைǡெ௫ as
defined in (eq. 7), which involves the main collectors’ performance parameters (ߟ , ܽଵ and ܽଶ ) and climatic
information (ܳሶௌ and ܶ ) at each timestep of the simulation (3min timestep). Only positive values are
integrated (it is the meaning of the + sign in (eq. 7)).
ଶ
ܳሶைǡெ௫ ൌ ቂߟ ܳሶௌ െ ܽଵ ൫ܶைǡ െ ܶ ൯ െ ܽଶ ൫ܶைǡ െ ܶ ൯ ቃ

ା

(eq. 7)

The power ܳሶைǡெ௫ also needs a reference temperature ܶைǡ to estimate the heat losses of the collectors.
In this study, this temperature is taken as the average between ܶுௐǡ the reference temperature of DHW
needs and ܶௌுǡ the reference temperature of SH needs.
ܶைǡ ൌ

்ೄಹǡೝ ା்ವಹೈǡೝ

(eq. 8)

ଶ

ܶுௐǡ is taken as the set point temperature of the final DHW (45°C in those calculations) and ܶௌுǡ is
calculated according to ܳሶௌுǡௗ the heat needed in the building to keep the room at its set point temperature
(20°C in those calculations) and characteristics of the heat emitters (ܭ and the exponent ݊ ).
ܶுௐǡ ൌ ܶுௐǡ௦௧௧ (eq. 9)
భ

ܶௌுǡ ൌ ܶǡ௦௧௧  ቀ

ொሶೄಹǡ 


ቁ

(eq. 10)

Finally, with this definition of ܳைǡெ௫ , each environment is still characterized by the climate, the building,
the collectors’ area but also by the collectors’ thermal performances and the heat emitter type. For each one of
them, ܳሶைǡெ௫ is integrated monthly to calculate ܳௌǡ௦ǡଶ , which lead to a new Fractional Solar
Consumption ܥܵܨଶ when combined with (eq. 3).
The use of ܥܵܨଶ instead of  ܥܵܨseems to improve the methodology as shown by Fig. 9.

Fig. 9: FSAV-FSC curve calculated with different collectors efficiencies (left: with classical FSC, right: with new FSC2)
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Dashed lines are not represented anymore on graphs involving ܥܵܨଶ because the performances of systems
evaluated in the framework of Task26 are not studied with ܥܵܨଶ . One can see on (Fig. 10) that the use of ܥܵܨଶ
brings closer the characteristic curves of the SCS with two different collector type. There is still some
difference between them (in the range of 0.05 points in absolute in this case) but this result shows that the use
of collectors’ parameters in the definition of the fractional solar consumption is relevant. Some future
improvements can still be searched like the definition of ܶைǡ for instance.
The new criterion ܥܵܨଶ also has positive influence on the other critical aspects mentioned in the paragraph 3:
•

The influence of climate is reduced on the identified curves (Fig. 10)

Fig. 10: FSAV-FSC curve calculated with “classical” simulation conditions results (left: with classical FSC, right: with new FSC2)

•

The influence of DHW loads is reduced on the identified curves (Fig. 11)

Fig. 11: FSAV-FSC curves calculated with different DHW load profiles (left: with classical FSC, right: with new FSC2)

As shown by Fig. 12 compared with Fig. 3, when considering all available simulations results, points plotted
according to [ܥܵܨଶ , ܸܣܵܨ௧ ] are really less scattered than the [ܥܵܨ, ܸܣܵܨ௧ ] case. Nearly all of the
performance estimations are within the ±15% precision. This leads from a low correlation coefficient
(R²=0.823) to an almost acceptable one (R²=0.967).
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Fig. 12: FSAV-FSC curve calculated with all results available (left) and differences between measured performances and
estimated performances (right)

•

Further reduction of the scattering of points

The current FSC method is based on global amount of energy. However it seems that the FSC curve is also
sensitive to other aspects of the energy supply and energy demand. For instance, for a given FSC, the system
doesn’t reach exactly the same performance whether it is working in a sunny climate or not. The approach
ሶ
envisaged here is based on an entropy-like number. The number ܵை
expressed in (eq. 11) is calculated at
each timestep and integrated in order to have a global ܵை for each working environment.
ሶ

ொ
ሶ
ൌ ೀಽಽǡಾೌೣ (eq. 11)
ܵை
்ೀಽಽǡೝ

ܵை is combined to ܥܵܨଶ like in (eq. 12) to intend to attempting to interpolate the performance ܸܣܵܨ௧ as a
2D surface.
ܸܣܵܨ௧ǡீோௌ ൌ ܽ  ܾǤ ܥܵܨଶ  ܿǤ ܵை  ݀Ǥ ܥܵܨଶ Ǥ ܵை  ݁Ǥ ܥܵܨଶ ଶ  ݂Ǥ ܵை ଶ

(eq. 12)

Considering all available simulation results, (Fig. 13) shows that the use of ܵை as suggested above brings
further precision to the methodology. Nearly all of the performance estimations are then within the ±10%
precision. The correlation coefficient is also a bit higher (R²=0.979).

Fig. 13: FSAV-FSC curve calculated with all results available (left) and differences between measured performances and
estimated performances (right)

5. Conclusions
A validated detailed model of a Solar Combisystem is used to simulate and estimate the system thermal
performances in various working conditions (weather, buildings, water draw-offs, room temperature set
point,…) and different sizing options (nominal power of the heat emitter, collectors type, area, slope,
orientation,…). Almost 2500 simulation results are available.
Firstly, those results are used to check the availability of the current FSC method Characteristic curves
identified according to this method are studied considering different sets of simulation configurations. This
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extensive validation shows that the FSC method gives a reliable characteristic curve as long as the draw offs
profile is the same for every [ܥܵܨ, ܸܣܵܨ௧ ] points. All other parameters have little impact on the characteristic
curve identification. However, some improvement would strengthen the methodology and enhance its
generalization. For instance, it would be very interesting if the scattering of points could be reduced and if the
characteristic curve could be identified whatever the performances of collectors.
Finally extensions of the FSC method are proposed to try to tackle the improvements suggested above:
• The use of another Fractional Solar Consumption, ܥܵܨଶ , based on a maximum solar energy
“collectable” calculated from main collector performance parameters;
• The use of a second characteristic number ܵை that takes into account a global reference temperature
in an entropic way, in combination with ܥܵܨଶ for identifying a characteristic 2D surface.
Both extensions show good results. They improve the accuracy of the performance estimation from the
characteristic curve, even including simulations with different collector types. The precision is within ±10% for
nearly every point when considering all simulation results.
Those tracks seem interesting and can still be improved. Up to now, new terms ܳைǡெ௫ and ܵை are derived
by integration of powers at each timestep of 3-minutes timestep simulations, which is time consuming. One
improvement could be to find how to derive those terms from monthly data, like using a kind of monthly
utilizability of solar energy as defined by (Duffie and Beckman, 1991).
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Abstract
The FSC method enables to characterize combisystems performances thanks to a simple quadratic curve.
This characteristic curve could be used to guarantee annual performances of a system and to control its
proper functioning. This would raise interest and trust of users in such systems. This paper introduces how to
use measured data with the FSC method in order to monitor the combisystem, estimate its annual
performance during the system operation, compare the guaranteed and estimated annual performances and
finally check the actual performance realized. The proposed algorithm is tested using many detailed yearly
simulations of a combisystem.
Key-words: Solar Combisystems, Guarantee of Solar Results, Monitoring

1. Introduction
Solar combisystems (SCS) are complex systems which use solar heat with an auxiliary heating system to
provide energy for Space Heating (SH) and Domestic Hot Water (DHW) needs. So far, there is no automatic
simple method to let the user monitor the proper functioning of his installation and to guarantee a precise
level of performance. However this kind of service could be very attractive and could increase users’
confidence in such systems.
The FSC method (Letz, 2009) is a method dedicated to SCS characterization. It is based on the Fractional
Solar Consumption (FSC), a dimensionless quantity which takes into account boundary conditions (solar
resource, SH and DHW needs) and sizing aspects of a SCS (collector area, storage size). The FSC criterion is
independent from the proper SCS operations and the author showed that fractional energy savings (FSAV) of
each SCS can be expressed as a quadratic function of FSC. This resulting curve must be estimated and set
beforehand by the manufacturer who wants to guarantee the performances of its systems.
On the other hand, (Letz, 2010) has also shown that actual monthly performances of SCS are bound to solar
resources through a precise function.
Thus, the combination of both ways of characterizing SCS performances could be very helpful to monitor
and guarantee solar results of combisystems.
2. Nomenclature
This paper uses the nomenclature described in Tab. 1 hereunder in its different equations.
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Tab. 1: Variables used for monitoring the SCS

Variable

Unit

Description

ܽீோௌ

-

Coefficient for the characterization of the system annual performances
(guaranteed performances)

ܾீோௌ

-

Coefficient for the characterization of the system annual performances
(guaranteed performances)

ܿீோௌ

-

Coefficient for the characterization of the system annual performances
(guaranteed annual performances)

ܽ

-

Coefficient for the characterization of the system monthly operation

ܾ

-

Coefficient for the characterization of the system monthly operation

ܿ

-

Coefficient for the characterization of the system monthly operation

ܽௌு

kW.K-1

Coefficient for the characterization of the monthly space heating needs of the
building

ܾௌு

kWh

Coefficient for the characterization of the monthly space heating needs of the
building

ܸܣܵܨ௧

-

Fractional energy savings

ܸܣܵܨ௧ǡீோௌ

-

Fractional energy savings guaranteed from the FSC curve

ܥܵܨ

-

Fractional Solar Consumption

ܺ

-

Characteristic ratio for the operation curve

ܪܦ

K.h

Degree Hours

ܳ௨௫

kWh

Energy consumed by the auxiliary boiler

ܳுௐǡௗ

kWh

Energy for the Domestic Hot Water needs

ܳ௦௦ǡ

kWh

Energy losses of the storage tank of the reference system

ܳௌுǡௗ

kWh

Energy for the Space Heating needs

ܳௌǡ௦

kWh

Usable solar energy

ܳோǡ௧

kWh

Energy consumed by the reference system

ܳௌ

kWh.m

Solar irradiation on the collector plane

ܵ

m²

Collector area

ߟ௨௫ǡ

-

Annual efficiency of the boiler of the reference system

-2

An additional subscript “month” is used to indicate that the monthly value of the variable is considered. The
symbol ~above the variable means that the variable is estimated.
3. Metrology and measurements
The case study of this work is a solar combisystem with auxiliary gas boiler (Fig. 1).
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Fig. 1: Studied Solar Combisystem equipped with measuring instruments

The minimum metrology needed for monitoring such a system must enable the calculation of:
• Heat flows through fluid circulation at SH and DHW loops by means of temperature and flow rate
measurements.
•

The solar irradiation on the collector plane.

•

The gas consumption.

The measuring instruments considered in this paper are described in Tab. 2.
Tab. 2: Variables used for monitoring the SCS

Variable

Unit

DSH

Description

-1

Flowrate in the SH loop

-1

kg.h

DDHW

kg.h

Flowrate in the DHW loop

TSH-H

°C

“Hot side” SH loop temperature

TSH-C

°C

“Cold side” SH loop temperature

TDHW-H

°C

“Hot side” DHW loop temperature

TDHW-C

°C

“Cold side” DHW loop temperature
-2

QSOL

kWh.m

Solar irradiation on the collector plane

QAUX

kWh

Auxiliary energy consumption

TROOM

°C

Room temperature

TAMB

°C

Ambient temperature

4. Estimation and guarantee of yearly performances
The yearly performance to be estimated and guaranteed with this methodology is the fractional energy
savings ܸܣܵܨ௧ (eq. 1), which represent the auxiliary energy ܳ௨௫ that is saved compared to a classical
reference system (without solar loop) providing the same heat for DHW and SH needs (ܳுௐǡௗ and ܳௌுǡௗ
respectively). This reference energy ܳோǡ௧ is calculated thanks to eq. 2, given a reference auxiliary
efficiency ߟ௨௫ǡ of 0.85 and reference storage losses ܳ௦௦ǡ of 644 kWh per year.
ܸܣܵܨ௧ ൌ ͳ െ
ܳோǡ௧ ൌ

ொಲೠೣ
ொೃǡ

(eq. 1)

ொೄಹǡ ାொವಹೈǡ ାொಽೞೞǡೝ
ఎಲೠೣǡೝ

(eq. 2)

Letz (2009) has shown that fractional energy saving of a SCS can be represented as a simple curve according
to the dimensionless quantity FSC (eq. 3), which is independent of the system and is proper to the working
environment (climate, building, draw-offs). The annual performance of the SCS estimated this way is called
ܸܣܵܨ௧ǡீோௌ in this paper (eq. 5).
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 ܥܵܨൌ

ொೄೌೝǡೆೞೌ್

(eq. 3)

ொೃǡ

ܳௌǡ௦ ൌ σଵଶ
ୀଵ ݉݅݊൫ܵ Ǥ ܳௌǡ௧ ሺ݅ሻǢܳோǡ௧ǡ௧ ሺ݅ሻ൯
ܸܣܵܨ௧ǡீோௌ ൌ ܽீோௌ  ܾீோௌ Ǥ  ܥܵܨ ܿீோௌ Ǥ  ܥܵܨଶ

(eq. 4)

(eq. 5)

The performance curve of the monitored SCS must be estimated before its installation. This could be done
thanks to prior on site measurements campaign and/or several tests on semi-virtual test bench. Some tracks
are currently being investigated in order to characterize SCS performances with short time tests (Leconte,
2012a, 2012b).The performance curve is then the guaranteed performance. The topic of this paper is not
about how to get this performance curve but about how to use it for monitoring purpose. For this paper, it is
assumed that the FSC curve of the studied system is already known. Its FSC curve is identified here by
carrying out several TRNSYS annual simulations, with different building types, climates and collectors areas
(Fig. 2). Building type SFH (Single Family House) refers to buildings defined in IEA SHC Task32
(Heimrath et Haller, 2007). The associated number represents the yearly SH needs in kWh.m-2 for the Zurich
climate.

Fig. 2: FSAV-FSC curve of the studied SCS

Thus the yearly performance of any monitored SCS can be guaranteed. During the system operation, heat
flows are calculated and integrated on a monthly basis. After one year of operation, those energies are used
to calculate the FSC of the year and then the guaranteed solar result ܸܣܵܨ௧ǡீோௌ from the performance curve.
This guaranteed performance can then be compared to actual performance calculated thanks to the gas
consumption measurements. This operation can only be done after a complete year of monitoring. Section 5
hereunder suggests another algorithm in order to be able to check the system performance from the first few
months of monitoring.
5. Using the FSC procedure for monitoring and fault detection
Instead of waiting one year of SCS operation to check if the system will reach the expected performance,
monitored data can be also smartly used to extrapolate the annual FSAV. The goal of the algorithm
෫௧ from actual system functioning
introduced below is to estimate each month the annual performance ܸܣܵܨ
෫ ௧ǡீோௌ
and compare this estimation with the guaranteed performance based on the same hypothesis ܸܣܵܨ
(thanks to the FSC curve). As expressed by equations 6 and 7, at the month m, the performance criterions are
estimated by combining measured data of the former months (i from 1 to m) and energy estimations for the
future next months (j from m+1 to 12).
෨
σ ொಲೠೣǡ ሺሻାσభమ
ೕసశభ ொಲೠೣǡ ሺሻ

෫ ௧ ሺ݉ሻ ൌ ͳ െ  సభ
ܸܣܵܨ
σ

(eq. 6)

෪ ሺ݉ሻ  ܿீோௌ Ǥ ܥܵܨ
෪ ሺ݉ሻଶ
෫ ௧ǡீோௌ ሺ݉ሻ ൌ ܽீோௌ  ܾீோௌ Ǥ ܥܵܨ
ܸܣܵܨ

(eq. 7)

భమ
෨
సభ ொೃǡǡ ሺሻାσೕసశభ ொೃǡǡ ሺሻ

Thus, the algorithm steps are mainly dedicated to estimate the reference energy ܳ෨ோǡ௧ǡ௧ and the
auxiliary consumption ܳ෨௨௫ǡ௧ for the future months (m+1 to 12) from the available measures (1 to m).

905

Leconte / EuroSun 2014 / ISES Conference Proceedings (2014)

The auxiliary consumption depends on the system functioning. It will be extrapolated thanks to an “operation
curve” (eq. 7 and Fig. 4) that characterizes the on-going monthly performances of the system (Letz, 2010).
Unlike the predetermined FSC curve that estimates theoretical guaranteed performances, this “operation
curve” is identified on-line and represents the actual performances of the system.
The algorithm represented on Fig. 3 hereunder shows how to combine those two different characteristic
curves.

ŽůůĞĐƚĂŶĚƐƚŽƌĞŵĞĂƐƵƌĞĚĞŶĞƌŐǇ

ĂůĐƵůĂƚĞŐůŽďĂůĞŶĞƌŐǇ;ǇĞĂƌͿ

ĂůĐƵůĂƚĞƚŚĞƌĞĨĞƌĞŶĐĞĞŶĞƌŐǇ

ĂůĐƵůĂƚĞƚŚĞ&^
ĂůĐƵůĂƚĞƚŚĞĞƐƚŝŵĂƚĞĚŐůŽďĂůĞŶĞƌŐǇƐĂǀŝŶŐƐ

ĂůĐƵůĂƚĞƚŚĞŵŽŶƚŚůǇĐŚĂƌĂĐƚĞƌŝƐƚŝĐƌĂƚŝŽy

ĂůĐƵůĂƚĞƚŚĞŐƵĂƌĂŶƚĞĞĚĞŶĞƌŐǇƐĂǀŝŶŐƐ

ĂůĐƵůĂƚĞƚŚĞŵŽŶƚŚůǇĞŶĞƌŐǇƐĂǀŝŶŐƐ

ŽŵƉĂƌĞƚŚĞĞƐƚŝŵĂƚĞĚĂŶĚƚŚĞŐƵĂƌĂŶƚĞĞĚĂŶŶƵĂůĞŶĞƌŐǇƐĂǀŝŶŐƐ

/ĚĞŶƚŝĨǇƚŚĞŽƉĞƌĂƚŝŽŶĐƵƌǀĞ
ƐƚŝŵĂƚĞĨƵƚƵƌĞŶĞĞĚƐĂŶĚƐŽůĂƌƌĞƐŽƵƌĐĞ

ƐƚŝŵĂƚĞƚŚĞĨƵƚƵƌĞŵŽŶƚŚůǇĞŶĞƌŐǇƐĂǀŝŶŐƐ

Fig. 3: Global diagram of the operations to be done monthly for the proposed monitoring procedure

Main steps are described below:
•

Identification of the operation curve

Available monthly results of the on-going year are used to identify on-line the “operation curve”. The
characteristic ratio X (eq. 8), based on measured solar irradiance and heating needs, is calculated for each
month.
ܺ௧ ൌ

ௌ Ǥொೄǡ
ொೃǡǡ

(eq. 8)

The gas consumption measurements enable the calculation of the fractional energy savings on the same
period (ܸܣܵܨ௧ǡ௧ ). Parameters ܽ௧ , ܾ௧ and ܿ௧ of the curve described by (eq. 9) are then
identified in order to characterize the monthly performances of the system based on its actual operation (Fig.
4). The parameters are updated each month.
ି ሻሿ
෫ ௧ǡ௧ ሺܺ௧ ሻ ൌ  ሺ ି ሻିሾ ሺ
ܸܣܵܨ
ሺ
ሻሿ
ଵିሾ
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Fig. 4: Example of operation curve identification

•

Estimation of future heating needs and solar resources

In order to estimate the annual performance of the system, the estimation of future energy savings for the
෫ ௧ǡ௧ is needed. To do so, future heating needs and solar resources must be roughly
next months ܸܣܵܨ
estimated beforehand and used to calculate future reference energy ܳ෨ோǡ௧ǡ௧ . Up to a certain limit, those
estimations can be accurate; however there is no need for them to be precise as long as both methods are
based on the same reference values.
The monthly solar irradiation is identified as a sinusoidal shape over the year using the already measured
values (Fig. 5). Next months’ values ܳ෨ௌǡ௧ ሺ݆ሻ are then calculated according to this function.
For DHW needs, the mean monthly value is simply reproduced for the next months (ܳ෨ுௐǡௗǡ௧ ሺ݆ሻ).
For SH needs, the “energy signature” of the building is calculated thanks to a simple affine function as
suggested by Fig. 5 and eq. 10 where ܽௌு and ܾௌு are the parameters to be identified with the already
measured data. The heat needed for the next months ܳ෨ௌுǡௗǡ௧ is evaluated using the “Degree-Hours”
ܪܦ௧ which in turn is extrapolated as a sinusoidal curve, in the same way as for solar irradiation.
ܳ෨ௌுǡௗǡ௧ ሺܪܦ௧ ሻ ൌ ܽௌு Ǥ ܪܦ௧  ܾௌு

(eq. 10)

It is then possible to estimate the reference energy for the future months (ܳ෨ோǡ௧ǡ௧ ሺ݆ሻ).

Fig. 5: Simple extrapolation of the solar resource and SH needs during the monitoring operation
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•

Estimation of the global energy savings

Estimations of the solar irradiance and the heating needs are used to calculate ܺ෨௧ for the future months
(with the same eq. 8 but with estimated values of ܳ෨ௌǡ௧ ሺ݆ሻ and ܳ෨ோǡ௧ǡ௧ ሺ݆ሻ). This estimated ratio is
then used as input of the “operation curve” (eq. 9) to estimate the gas consumption over the future steps j of
the algorithm (eq. 11).
෫ ௧ǡ௧ ൫ܺ෨௧ ሺ݆ሻ൯ ൈ ܳ෨ோǡ௧ǡ௧ ሺ݆ሻ
ܳ෨௨௫ǡ௧ ሺ݆ሻ ൌ ܸܣܵܨ

(eq. 11)

෫ ௧ ሺ݉ሻ is estimated as expressed by eq. 6.
Then, a global expected annual ܸܣܵܨ
•

Calculation of the guaranteed energy savings

The same estimations of future heating needs and solar resources are also used to estimate the FSC of the
complete year based on the same hypothesis (eq. 12).
෪ ሺ݉ሻ ൌ
ܥܵܨ

భమ
෨
෨
σ
సభ ൫ௌ Ǥொೄǡ ሺሻǢொೃǡǡ ሺሻ൯ାσೕసశభ ൫ௌ Ǥொೄǡ ሺሻǢொೃǡǡ ሺሻ൯
భమ
෨
σ
సభ ொೃǡǡ ሺሻାσೕసశభ ொೃǡǡ ሺሻ

(eq. 12)

෫ ௧ǡீோௌ is calculated (eq. 7).
Thanks to the guarantee FSC curve, the guaranteed ܸܣܵܨ
•

Comparison of the estimated and the guaranteed annual performances

Finally, the guaranteed and the extrapolated energy savings are compared: if they are close, the system is
working as expected and guaranteed by the manufacturer; if they are different, there may be a failure in the
system and it should be checked. Further work is needed to define precisely to which extent this difference
means an unsuitable system operation. For this paper, the significant absolute difference is arbitrarily set to
5%.
6. Results
The algorithm presented above has been developed and tested using numerous TRNSYS simulations of a
SCS model validated with experimental data of a real system. The simulations presented in this paper treat
two operating conditions of the same SCS with or without malfunction of the collector loop pump during the
year, under two main boundary conditions (Tab. 2). The special event “Coll. Pump stops working” means
that there is no flowrate in collector loop from the specified month, even if the conditions are favorable. The
purpose is to check if the algorithm is able to detect at least this kind of obvious malfunction.
Tab. 2: Simulations used to test the proposed monitoring and global results

#

Climate

Building
type

Collectors
area

Special event

FSC

FSAVTH,estim

FSAVTH,GRS

TRNSYS2

Zurich

SFH60

16.1m²

-

0.59

0.36

0.35

TRNSYS3

Rennes

SFH100

10m²

-

0.39

0.27

0.28

TRNSYS5

Zurich

SFH60

16.1m²

Coll. Pump stops
working from
august

0.59

0.29

0.35

TRNSYS7

Rennes

SFH100

10m²

Coll. Pump stops
working from may

0.39

0.19

0.28

For the properly working systems, estimated energy saving is very close to the guaranteed one whereas it is
at least 0.05 below with collectors pump failure. Figures 6, 7, 8 and 9 below illustrate how those
performances estimations evolve during the year with two different representations: the left plot compares
estimated and guaranteed performances updated on a monthly basis; the right one plots the same points on
the FSAV/FSC plan.

908

Leconte / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 6: Monthly estimated and guaranteed annual performances for the TRNSYS2 case study

Fig. 7: Monthly estimated and guaranteed annual performances for the TRNSYS3 case study

Fig. 6 and Fig. 7 show that for properly working system, difference between estimated and guaranteed
annual fractional energy savings doesn’t exceed 0.05 except at the beginning of TRNSYS3 case: during the
first 3 months of this simulation, there is not enough data to correctly identify the curves needed for this
monitoring. However, after this “learning” period, results are very contained in the range of 5% around the
guaranteed curve.

Fig. 8: Estimated and guaranteed annual performances at each month the TRNSYS5 simulation

909

Leconte / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 9: Estimated and guaranteed annual performances at each month the TRNSYS7 simulation

Compared with the two previous figures (Fig. 6 and Fig. 7), Fig. 8 and Fig. 9 show that the monitoring
algorithm is actually able to detect an improper SCS working by lowering the estimated annual performance
before the end of the year. Starting from the time when a pump failure is simulated, ܸܣܵܨ௧ǡ௦௧ drops
below 0.05 lower than the guaranteed energy saving around two months later.
In TRNSYS5 simulation, the estimated performance goes down by 0.08 of ܸܣܵܨ௧ǡீோௌ whereas the
difference can even be larger than 0.12 in TRNSYS7 simulation. The time when the default happens has a
significant impact on the failure detection (Fig. 10).

Fig. 10: Estimation of the “operation” curve during TRNSYS5 (left) and TRNSYS7 (right) simulations

A failure before or during summer introduces points with high scattering for the “operation curve”
identification, leading to very low future performances estimation. On the other hand, a failure after summer
brings points lower but that could be still close to the measured ones (low X values), without enough weight
to introduce a large significant change in the “operation” curve. The estimated performance in this case is
then actually lower but in a more moderate way.
7. Conclusion and outlooks
The monitoring algorithm introduced in this paper combines two different ways of characterizing SCS
performances: one guarantee the annual fractional energy savings (FSC method) and the other links monthly
actual performances with on-going working conditions (“operation curve”). Thus, by regular comparisons of
their results, it is possible to check if the system is working as it is supposed to and if it would be able to
reach the solar results guaranteed by the FSC curve.
The algorithm is tested with different TRNSYS simulations data. Results are promising since estimated and
guaranteed performances are very close for well-working system. This proves that both characterizing
methods are in accordance. Simulations with a collector’s pump that stops working during the year show that
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this fault could be detected within 2 months (whereas this could be completely undetected for a SCS without
monitoring).
This preliminary work reveals the relevancy of the approach described in this paper for automatic monitoring
and fault detection of SCS. Additional investigations are suggested to further improve the algorithm:
•

Test the algorithm with different failures at different time of the year, for long time operation;

• Reduce the number of points as low as possible for “operation” curve identification in order to make
the algorithm more sensitive to failures happening after summer/during winter;
•

Apply the monitoring algorithm with a weekly steps in order to reduce the time of failure detection;

•

Tests on real plants to check the consistency of this algorithm with real measured data.

Such a monitoring procedure would enable manufacturers to guarantee the performance of their system, have
the system checked in quite a short time if the actual performance doesn’t match the guaranteed one, and so
raise confidence of potential users in this kind of system. On the other hand, it still needs some more
metrology on the system and the estimation of the FSC curve beforehand which is currently being
investigated.
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Abstract
The paper presents an actual national methodology in Croatia for the calculation of used solar energy in solar
systems. It is based on Directive on the energy performance of buildings (2010/31/EU) and EN 15316-4-3
standard. The method has been successfully used in the calculation and proposing measures for increase
energy efficiency in buildings. This contributes to increase the share of renewable energy sources, and thus
reduces the consumption of primary energy. This paper presents a comparison of the calculation performed
according EN 15316-4-3 which is based on monthly values and detailed hourly calculation based on hourly
meteorological data of the test reference year. Comparison of the data is given for domestic hot water solar
system of a family house located in the Mediterranean coastal region.
Keywords: solar thermal system, solar energy use, energy performance of building.

1. Introduction
Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy
performance of buildings (EPBD) encourages the reduction of primary energy consumption in buildings,
which can especially be achieved by using of renewable energy sources, in particular solar energy.
Accordingly, when proposing measures to increase the energy efficiency of buildings in the Croatian coastal
region, the installation of solar thermal system for domestic hot water (DHW) preparation represents a costeffective measure. The simple payback period of such systems is around about 7-9 years. When analyzing
the economic and energy impacts of the solar system, calculation of used solar energy is essential (Sartori
and Hestnes, 2007). For the calculation of used solar energy, Croatian legislation stipulates method B monthly calculation by using system’s component data, according to the European standard EN 15316-4-3
(Ministry of Construction and Physical Planning of Republic of Croatia, 2014).
This paper presents a comparison between prescribed method of calculation performed according to EN
15316-4-3, which is based on monthly values, and hourly detailed calculation based on hourly
meteorological data from the test reference year.
2. Description of the case system on which the comparison is performed
The comparison of two calculation methodology is performed on the case solar system for DHW preparation
for a family house situated in the Croatian coastal climate zone. The system is designed to suit the needs of
the family house with annual energy need for DHW equal to 5500 kWh/a. Solar thermal system consists of
two heat storage tanks filled with sanitary water: solar tank and high-temperature tank. The high-temperature
tank has been heated by auxiliary heat generator (gas boiler or electrical heater). The main characteristics of
the system have been listed in Tab. 1, and basic outline of the case system has been given on Fig. 1.
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Tab. 1: The main characteristic of the solar thermal system used for comparison of the two methods

Annual thermal energy need for DHW

5500 kWh/a

Temperature of DHW

45 °C

Solar collector area, A

4 and 6 m2

Type of solar collectors

Flat plate glazed collector

Inclination of solar collector to the horizontal
plane.

45 °

Orientation of the collector

south

Volume of solar DHW tank

500 l

Volume of high-temperature DHW tank

200 l

Generation sub-system including
solar sub-system with solar tank

Storage sub- Distribution subsystem
system

ST

HTT
AH

ST – solar DHW tank
HTT – high-temperature DHW tank
AH – auxiliary heater

Fig. 1: Configuration of solar thermal system used for comparison of the two calculation methods

3. Calculation according monthly method given in EN 15316-4-3
According to the actual national regulations in Croatia, in the framework of determining the energy
performance of buildings and energy certification, the calculations are carried out based on EN 15316-4-3
standard (Heating systems in buildings – Method for calculation of system energy requirements and system
efficiencies – Part 4-3: Heat generation systems, thermal solar systems). For determining the solar output of
the thermal solar sub-system, the method B is applied which uses component data, i.e. input data from
component tests (or default component input values given in the European standard). This calculation
technique is based on the f-chart method.
Based on input data, the following output data are calculated: heat delivered by the thermal solar system;
thermal losses of the solar storage tank, collector loop and primary circulation; auxiliary energy consumption
of pump and control equipment in the collector loop; recoverable and recovered auxiliary energy;
recoverable and recovered thermal losses. In this paper for the comparison of two methods, kWh has been
used as a unit of thermal energy, as in the corresponding norms.
The general equation for calculation of monthly values of used solar energy by the thermal solar system for
DHW preparation, QW,sol,out,m is calculated as follows:

QW,sol,out,m

2

2

3

QW,nd,m  aYW  bX W  cYW  dX W  eYW  fX W

3

[kWh]

(eq. 1)

where QW,nd,m denotes monthly energy need of for the DHW preparation in kWh; a, b, c, d, e, denote
correlation factors depending on storage tank type, f denotes correlation factor specific to direct solar floor.
XW is dimensionless factor (similar to a ratio of loss to heat use applied) and it depends on the collector loop
heat loss coefficient and the temperature difference, but also on the storage tank. YW denotes dimensionless
factor (similar to a ratio of solar output to heat use applied) and it depends on the collector data (zero-loss
collector efficiency) and the solar irradiance on the collector plane.
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4. Calculation according detailed hourly physical method
Detailed physical calculation method takes into account, in addition to all the characteristics of the system,
also the dynamic change of temperatures in the main components of the system (solar collectors and heat
storage tanks). When using this method it is necessary to spend more mathematical effort. Temperatures are
calculated by solving the heat balance for each component of the system (Frankoviü et al., 1998; Viliþiü et
al., 1998a, 1998b). Temperatures affect the current efficiency of the collector and consequently determine
currently used solar energy which is calculated for each time step. As input meteorological parameters test
reference year data for Croatian coastal region have been used, such as hourly air temperature and hourly
global solar energy irradiation to the inclined surface.
The energy used in solar collector for every time step has been calculated taking into account the actual
water temperature entering from solar DHW tank to the collector. Actual solar irradiation, air temperature
and water temperature inside the collector affects the current collector efficiency which has been calculated
by

Kcol

0.8  0.0395 

-col  -air
G

[-]

(eq. 2)

where:
G
global irradiance or solar flux density, W/m2
-col
water temperature inside solar collector, °C
-air
surrounding air temperature, °C.

Accordingly, solar energy heat flux for each time step has been calculated using following equation:
Q sol

G  A K HE Kcol

-  -air ·
§
G  A  0.9  ¨ 0.8  0.0395  col
¸ [W]
G
©
¹

(eq. 3)

where:
G
global irradiance or solar flux density, W/m2
A
net solar collector area, m2
KHE
heat exchanger efficiency (KHE =0.9), Kcol
heat collector efficiency, -.
For the calculation of solar collector efficiency in each time step, it has been assumed that water temperature
inside collector (-col ) is equal to water temperature of solar storage tank from previous time step (-ST,0 ).
The value of solar energy heat flux in each time step represents the main input parameter for the calculation
of next parameters, such as water tanks temperatures and energy provided by additional heater.
m

-ST

ST
mST

Q sol

m -in=-CW
Fig. 2: Heat balance for solar DHW tank

Storage tank heat balance according to Fig. 2 can be expressed as follows:
mST  c w 

ddt

m  c w  -in  Q sol  m  c w  -ST

[W]

(eq. 4)

Using an explicit method for discretisation over time it can be obtained:
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mST  c w 

-ST  -ST,0
ǻt

m  c w  -in,0  Q sol  m  c w  -ST,0 [W]

(eq. 5)

From which it is obtained an expression for the temperature in the tank at each time step:

-ST

m  c w  -in,0  Q sol  m  c w  -ST,0  ǻt  mST  c w  -ST,0
mST  c w

[°C]

(eq. 6)

For the above equations applies:
-ST
water temperature in solar DHW tank during current time step, °C
water temperature in solar DHW tank during previous time step, °C
-ST,0
mST
mass of water inside solar DHW tank, kg
m
mass flow of DHW (equal to currently DHW consumption), kg/s
cw
specific heat of water, J/(kg K)
Q
solar energy heat flux during current time step, W
sol

't

time step, s

The accuracy of this method depends on the size of the time step. The higher accuracy can be achieved using
smaller time steps. For this analysis, a time step 't = 360 s has been used. Detailed hourly physical method
requires a distribution of daily DHW consumption as input parameter. Total daily DHW consumption is
assumed as 370 l, which suits the need of the reference family house. This corresponds to annual energy need
for DHW equal to 5500 kWh/a (calculated with the assumption that the temperature of the tap water is 10 °C
and DHW temperature is 45 °C). Daily distribution of this daily consumption is assumed as shown in Fig. 3.
Daily distribution of DHW consumption
40
DHW consumption (l)

35
30
25
20
15
10
5
0
1

5

9

13
hour

17

21

Fig. 3: Daily distribution of DHW consumption

The heat required for DHW preparation in each time step is determined by the expression:

QW,nd

m  cw  -DHW  -tap  ǻt

where:
m
cw
-DHW
-tap
't

mass flow of DHW (equal to currently DHW consumption), kg/s
specific heat of water, J/(kg K)
required temperature of DHW, -DHW = 45 °C
tap water temperature in, -tap =10 °C
time step, s.

[J]

(eq. 7)

To ensure continuous availability of domestic hot water and given the inconstancy of solar energy, the
system contains also the auxiliary heater with the aim to heat up the water to the required temperature when
needed. The energy of the auxiliary heater for each time step has been calculated using:
Qaux

m  cw  -DHW  -ST  ǻt

[J]

(eq. 8)

where:
m
mass flow of DHW (equal to currently DHW consumption), kg/s
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cw
-DHW
-ST
't

specific heat of water, J/(kg K)
required temperature of DHW, -DHW = 45 °C
water temperature in solar DHW tank during current time step, °C
time step, s.

Actually utilized solar energy that belongs to each time step is calculated as the difference between required
energy for DHW preparation and those provided by the auxiliary heater, according to the formula:
QW,nd  Qaux

Qsol

[J]

(eq. 9)

where:
QW,nd heat required for DHW preparation in each time step, J
Qaux
energy from auxiliary heater in each time step, J.

The heat required for DHW preparation QW,nd, energy from auxiliary heater Qaux and actually utilized solar
energy Qsol has been summarize on a monthly and annual basis. The calculations have been performed using
commercial table calculator software (MS Excel).
5. Results and comparison

The analysis has been carried out according to both methods for the same input parameters. Moreover, in
order to investigate the influence of the size of installed solar collector area, the analysis has been performed
for two different collector areas, maintaining all other parameters unchanged. A comparative analysis of the
two methods has been conducted based on a comparison of monthly and annual values of solar fraction.
Solar fraction on monthly and annual level has been calculated using the following equation:
Qsol
QW,nd

SF

[-]

(eq. 10)

where:
actually utilized solar energy (monthly or annual value), J
Qsol
QW,nd heat required for DHW preparation (monthly or annual value), J
Used solar energy and energy provided by auxiliary heater calculated using monthly method given in EN
15316-4-3 for two different solar collector areas (4 m2 and 6 m2) have been presented on Fig. 4. The
analogue values calculated using detailed hourly physical method have been presented on Fig. 5. It is evident
that the monthly method underestimates the value of used solar energy in comparison with the hourly
physical method, using previously selected input parameters.
Qaux - energy from auxiliary heater, kWh

Qaux - energy from auxiliary heater, kWh

Qsol - used solar energy, kWh
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400
Q sol , Q aux (kWh)
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Fig. 4: Used solar energy and energy provided by auxiliary heater calculated using monthly method given in EN 15316-4-3 for
different solar collector areas: (a) A=4 m2; (b) A=6 m2
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Fig. 5: Used solar energy and energy provided by auxiliary heater calculated using detailed hourly physical method for
different solar collector areas: (a) A=4 m2; (b) A=6 m2

Annual solar fractions for different calculation methods and solar collector areas have been presented in Tab.
2. The distributions of monthly solar fraction values have been given on Fig. 6.
1,0

Solar fraction

0,8
0,6
Monthly model, A=4 m2
Monthly model, A=6 m2
Hourly model, A=4 m2
Hourly model, A=6 m2
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Fig. 6: Monthly solar fractions for different calculation methods and solar collector areas

Tab. 2: Annual solar fractions for different calculation methods and solar collector areas

SF

Monthly
model,
A=4 m2
0,59

Monthly
model,
A=6 m2
0,78

Hourly
model,
A=4 m2
0,80

Hourly
model,
A=6 m2
0,91

6. Conclusion

Comparing the two different calculation methodologies for calculation of used solar energy, significant
differences were observed. It was concluded that the methodology suggested by actual regulations and EN
15316-4-3 can be successfully applied for the preliminary economic analysis of cost-effective measures, i.e.
for the calculation of simple payback period. However, for a more detailed analysis of solar energy
contribution of solar systems it is necessary to carry out the calculation based on hourly physical method
using real meteorological parameters from the test referent year.
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Abstract
Results from a modeling study, aimed to investigate into the possibilities for including a model predictive
control MPC scheme in a simply structured combisystem are reported. The system modelled uses a flat plate
collector system, a single storage - assumed to be well mixed - and an electrical auxiliary energy. The control
can act on the aux. heating for the storage tank. A fixed set point thermostatic control gives the benchmark
for the MPC control applied. As MPC asks for predictions of the disturbance of the system – which here are
the variations of the meteorological operation conditions of the collector system and the heating load
governed by the ambient temperatures (and general the load requirements) – two forecast options are applied
here, the hypothetical perfect knowledge of the future conditions and a simple forecast scheme, based on a
statistical analysis of historical data of the location of interest. As quality measures for the control schemes,
the aux. energy consumption and the deviation of the room temperature from a desired level are used to
assess the different control schemes.
Key words: solar combisystem, model predictive control (MPC). Irradiance forecast

1. Introduction
For the energy management of solar energy system, e.g. combisystems for assisting heat and hot water
supply, advanced control techniques, making use of forecast information on the environmental conditions
(irradiance, ambient temperature, …) are reported to be beneficial (see e.g. Candanedo et al. 2010, G.
Goertler et.al., 2000., Pichler et al. 2014). To investigate, on one hand, whether these findings hold for very
simple structured systems with a minimum of controllable parameters and, on the other hand whether a
simple forecast, based on statistical information gained from historical data, can be used for the
characterisation of the future disturbances
The simulation based case study aims to investigate into the possibilities for including a model predictive
control MPC scheme in a simply structured combisystem are reported. The system uses a flat plate collector
system, asingle storage - assumed to be well mixed - and electrical auxiliary haeting. The control can act on
the aux. heater of the storage tank. A fixed set point thermostatic control gives the benchmark for the MPC
control. As MPC asks for predictions of the disturbance of the system – which are given here by the
variations of the meteorological operation conditions of the collector system and the heating load governed
by the ambient temperatures (and generally the load requirements) – two forecast options are comparedhere,
the hypothetical perfect knowledge of the future conditions and a simple forecast scheme based on a
statistical analysis of historical data of the location of interest. As quality measures for the control schemes,
the aux. energy consumption and the deviation of the room temperature from a desired level are used to
assess the different control schemes.
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2. System modeled and location
Our analysis refers to a basic combined solar system to assist space heating and hot water supply using flat
plate collectors. This system modeled comprises of 11m2 of flat plate collector and a unique storage tank
with a volume of 900 litres. As the tank should serve a low temperature (floor heating) system here the
storage temperature is low (see section 4), the contribution to the hot water supply is limited to pre-heating as
served from this storage. For the modeling, we assume the characteristics of a standard medium quality
collector type. The storage tank, having medium losses, is modeled as well mixed. For the heating load, a
“test-box” approach is taken representing a room of 25m2 floor area, loosing heat to ambient through 50m2 of
wall with good insulation standard (see deOliveira et al. 2013). The hot water demand profile – used as
constant daily profile here is given in fig, 1 (giving the profile for one flat, taken from Defra 2008).

hot water consumption [litres]

The auxiliary space heating for both heating and hot water service is dome by direct electric heaters.Whereas
the final heating for the hot water is assumed to be completely controlled by the requirements of the, the
control of the main auxiliary heating to the storage tank offers the possibility of the application of different
control strategies.

hour of day [h]
Fig. 1: Hot water consumption profile used here. This profile refers to one flat (taken from Defra 2008).

The system is assumed to be operated at Kristiansand, Southern Norway. Data on global horizontal
irradiance and ambient temperature supplied by GEOMODELSolar, Slovakia [GEOModel, 2014] are used as
basic input. The data on horizontal irradiance are transferred to irradiances on a 45° tilt surface looking to the
south. As time period the month of May is selected. The irradiance and the temperature profiles – defining
the heating load) for this period is given in fig.1 and fig.2. The average irradiance in this period is 239
W/m2, the average temperature is 9°C ranging from 2°C to 18°C.

Fig.2 Irradiance profile for the inspected period

Fig.3 Temperature profile for the inspected period.
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3

History based Irradiance forecasts

As mentioned, a data based forecast scheme is used here (Arachchige 2014). It is a Markov scheme, trained
on historic time series of the irradiance. Data from 6 years (i.e. from the months of May) are analyzed for
this. The month specific probability distributions of expected irradiance sum in dependence of the previous
day irradiance sum are derived from this set.
To illustrate this approach, fig.4 gives examples for the conditional probabilities of the next day irradiance
sum for two classes of the previous day sum.

Fig.4: Example for the probability distribution of next day irradiance sum based on actual sum H. left chart refers to 4 kW/m2
d H < 5 kW/m2, right chart to 6 kW/m2 d H < 7 kW/m2,

These probability distributions can be interpreted as giving forecast information on the basis of today’s
irradiance. In this paper the most basic information is used in form of the mean of the next days irradiance
sum as forecast of mean of next days sum (this proved superior to the application of the most probable sum,
Arachchige 2014, basically the probability distributions can form the basis for probabilistic forecast
scheme). Given the expected irradiance sum defined by the previous day, hourly resolved irradiance data can
be presented in form of typical hourly irradiance profiles derived from the historical data.Fig.5 shows
examples for three classes of previous irradiance sum.

Fig.5: Example for the next day expected hourly irradiance profile for 3 classes of today’s irradiance sum.

A simple way to extend this day-ahead forecast to a 2-day-ahead forecast is given by reapplying the dayahead transition matrices on the outcome of the 1-day-ahead forecast. As the matrix information is
condensed here to the information on the expected next-day mean this scheme results in a quite simple
procedure.
Fig. 6 gives a 6-day snapshot of the outcome of the next day and the 2-day-ahead prediction for the month of
May inspected. The scatter of measured and predicted irradiances for the 2 forecast horizons using data for
the whole month are given in figs.7 and 8.
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Fig.6: 6 day example of measured irradiances and the outcome of the day ahead and 2-day ahead forecasts.

Fig 7: Scatter plots of measured hourly irradiances and day ahead and 2-day ahead forecasts for the data month of May.

Prediction of the ambient temperature is mimicked by a repetition of the data set of yesterdays.
4. System operation and control
For the system described above, the control is done via the operation of the auxiliary heating of the storage
tank. Aim is to keep the room temperature as close as possible to a desired level with a minimum
consumption of auxiliary energy. The basic control option aiming at the first goal is given by a simple
thermostat control of the room temperature. Energy consumption and “comfort loss” (deviation of room
temperature from the desired level) achievable with this control will be compared here to the respective
measured under two variants of advanced control scheme “model predictive control” MPC. The two variants
are given by an ideal (not realistic) scheme disposing of the complete knowledge of the future disturbances,
i.e. of a perfect forecast, and a scheme applying the forecast information as given above. In the following, the
control schemes will be desrcibed with a little more detail and their performance depicted by a 5 day
snapshot of system operation. A first analysis of this system was presented in Lie et al. 2014.
4.1 Thermostat control
The thermostat controller works as follows (here for the room temperature). The power of the auxiliary

heating ܳሶ௨௫ǡ is given by (ܶ ܽ݊݀ܶ refer to actual and desired room temperature).
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ܳ௨௫ǡିଵ ǡ ܶ  אൣܶ



 ߜܶ ൧


ܶ
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 ߜܶ

െ ߜܶ ǡ ܶ

ܳ௨௫ǡ ൌ ൞ Ͳǡܶ 

௫
ܳ௨௫
ǡܶ ൏

eqn.1

 ߜܶ

The reason for the dead-band of width δTr is to avoid excessive switching in the control input. Typically, δ
δTr must be increased when the measurement noise increases. In the sequel, we use δTr = 1K . The reference


temperature (desired room temperature) is set to ܶ
of 4 kW is set.

ൌ20°C. For the auxiliary heating a maximum power

An example for the evolution of various temperatures in the system during 5 days of simulation is depicted in
fig.8.

Fig.8: Temperature profiles for the system operating under thermostat control. Shown are the evolutions of Tc: collector
temperature, Tw: storage temperature, Tm: floor temperature, Tr: room temperature, Ta1: ambient temperature.

The respective heat flows are given in fig. 9.

Fig.9: Selected heat flows for the time section given in fig.8.
— Q_p2c: heat uptake by collector fluid;
— Q_r2a1: transmission losses room to ambient, —Q_vent: ventilation room to ambient.

3.2 MPC perfect disturbance knowledge
With Model Predictive Control (see e.g. Pichler et al. (2014)), we consider the repetitive optimization of a
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cost function constrained by the system model and possible other constraints. Here we choose a cost function
V given as
௧ା௧

ܸ ൌ ௧

ሶ  ଶ
ଶ ቃ ݀ݐ
ቂ்ݓೝ ൫ܶ െ ܶ ൯  ܳሶ௨௫

eqn.2



where ܶ is a given reference temperature of the room, T_ris the actual temperature, and ܳሶ௨௫ is the
auxiliary heat input to the water storage tank, which is our control input/manipulated variable. For the results
presented it may be vary in a range of 0-4KW. Using this formulation, we have to utilize some prediction a
time th into the future of the “disturbance variables” of the system. To simplify our discussion, we consider
only predictions of the “disturbances” solar irradiation, ambient temperature and hot water consumption
(given as constant pattern here). These disturbances govern the temperature level in the storage tank and thus
the requirements for auxiliary energy. In the cost function, w_T is a weight factor that can be used to shift the
emphasis amongst the two terms in in the cost function, and t_h is the future time horizon upon which the
cost function is computed for.
To prepare the optimization for the use of a nonlinear Programming solver, we discretize the cost function V
and instead use
 ଶ

ܸ ᇱ ൌ σே
௧ୀଵ ቀ ݓ൫ܶ െ ܶ



ଶ
ቁ Ǣܶ ǣ݁ݎݑݐܽݎ݁݉݁ݐ݉ݎǡ ܶ
൯  ܳ௨௫ǡିଵ

ǣǡ  ݓǣ ݐ݄݃݅݁ݓ

eqn.3

3.2.1 Setting of free parameters
In principle we could use a varying discretization time t - this is common in MPC - but is less useful in our
case because of the periodic nature of the disturbances over our future horizon th which is chosen to be th=2d.
In the same way, the time step applied to sample the “disturbances” can be selected with some freedom,
expecting better results for smaller steps. Here a step size of 2h and 4h where compared, leading to no
significant changes in the results. The results given here refer to Thus, a calculation time 4h is chosen here,
For setting the control deviation weight w_T {אᇾ10ᇿ2 kW/K2 ,ᇾ10ᇿ4 kW/K2 } was tested. As no significant
changes in the room temperature appeared w_T=ᇾ10ᇿ2 kW/K2 is the calculation time in the results given
here.
3.3. Results of MPC using perfect disturbance knowledge
The first application of the MPC refers to the case of a perfect prediction. Fig. 5 gives the temperature
profiles for the system with the MPC control discussed. Differences to the system behavior under thermostat
control are remarkable. The respective heat flows are given in fig. 10.

Fig.10: Same presentation as fig.8, but for the system operating under MPC control, using the perfect knowledge of the future
evolution of the disturbances.
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Fig.11: Same presentation as fig.9 but for system under MPC control with perfect forecast.

Fig.12: Time pattern of aux. heating under MPC using the perfect knowledge of the future evolution of the disturbances.

3.4. Results of MPC using realistic forecasts
Here the forecasts as described in section 2 are used. The resulting pattern for the temperatures and the
operation of the auxiliary heating are given in fig. 13 and fig.14.

Fig.13: Same presentation as fig.8, but for the system operating under MPC control, using the forecasts as given in section 2.
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Fig.14: Same presentation as fig.12 but for MPC using the forecasts given in section 2.

It can be remarked, that the change from perfect forecast to the “realistic” forecasts given here does not result
in big changes in the operation of the auxiliary heating. Next section will give compare the quality measures
fir the 3 control scheme discussed.
3.5. Comparing auxiliary energy need and temperature stability under the 3 control schemes
Table 1 compare normalized aux, energy consumption and deviation from desired temperature for the 3
controls schemes in the period inspected.
Table 1: Quality measures for the system performance under the different control schemes, The “temperature deviation” i.e.
the standard deviation of the excursions from the desired temperature and aux. energy are given normalized to the respective
value for the thermostat control.

Thermostat
MPC perfect
MPC realistic

temperature
deviation
1
0.71
0.72

rel. aux.
energy
1
0.790
0.796

It can be remarked that the MPC schemes directly lead to an improvement of the results of the thermostat
control (however it has to be remarked, that there is also still room for improvement in optimizing
parameters of the thermostat control). Concerning the two MPC variants, the change from the perfect
forecast to the simple statistical forecast does result in small quality loss only. This may have been partly
caused by the low complexity of the studied system. These specific findings however, have to be validated
over longer time periods, covering, amongst other a larger variety of meteorological situations.
4

Conclusion and outlook

From the case study presented, it can be concluded, that a model predictive control (MPC) scheme can used
with profit for a simple solar combisystem with rather limited number of controllable actors. Concerning the
quality requirements on the necessary forecast information on the meteorological conditions acting as
disturbances, this study indicates, that a comparatively simple forecast scheme may be applied here.
Future extensions of this work will have to cover the handling of more complex systems with an increases
number of controllable actors. The control scheme may be extended here in the direction of stochastic
dynamic programming, able to make use of probabilistic forecasts. In this context, the forecast scheme
presented here, which can offer a basic probabilistic forecast has to be validated versus more elaborated
forecast schemes based on meteorological modeling (see e.g. Lorenz et.al, 2009).
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Abstract
China's solar energy resource is very abundant because of its vast area.The fact that the
amount of solar energy growths with increasing latitude is just perfect suit for the heating
demand of China. Currently, the technology of solar heating mainly focus on three issues:
firstly, solar heat supplementary questions, secondly, safety issues of solar products,
thirdly, solar system optimization problems. Take into consideration of general solar
heating systems used in China, and follow the principle of priority use of the
environmental heat resource, a solar thermal storage heating system and a solar air source
heat pump combined heating system were established respectively under the TRNSYS
platform. In the viewpoint of room temperature guarantee, the heat pump system
performed better than the energy storage system. But the former expended much more
electricity than the later. Finally, taking the comprehensive performance coefficient
(SCOP) into consideration, the thermal storage system suits better for practical use in rural
zones of China.
Keywords㸸solar heating; solar thermal storage; solar air-source heat pump combined
system; coefficient of system performance; SCOP
1. Solar Resource Distribution in Severe Cold and Cold Regions
China's solar energy resource is very abundant because of its vast area. It is estimated that China's land
surface solar radiation is about 50x1018 kJ each year, total annual solar radiation throughout the country is
up to 3350 ~ 8370MJ / (m2 • a), the mid value is 5860 MJ / (m2 • a) [1]. The typical distribution of solar
energy resources is: the highest and lowest values of the solar resource centralized in north latitude 22 ° ~ 35
°area. The Tibetan Plateau’s solar energy is richest, and that of Sichuan is lowest. The distribution of solar
energy varies with latitude law contrary, the fact that solar energy is increasing with the demand of heating
demand provide a perfect chance for solar heating technology application[2].

As can be seen, solar resource varies in the same climate zone, but two-thirds of the severe
cold and cold zones belongs to the rich solar resource zones, especially, Most parts of
Qinghai, parts of Xinjiang and Tibet own abundant solar energy resources, these areas
belong to the heating area. This will surely promote the solar heating technology
application.
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Fig.1:solar energy distribution in china

Fig.2: climate zone of china

2. Energy Analysis Mode for Single-Family Building

Single-family residential dwelling is the most popular type in China's vast rural areas.
Because of its small size, low total energy consumption, less the number of users, you can
control its energy conveniently, these advantages provides a convenient use of solar energy
resources.
Single-Family Building generally has the following characteristics: firstlyࠊ Dispersion. As
the rural economy accounting unit and product batch is generally small, decentralized
operation and other reasons, often farmers scattered single-family residence, for productive
activities in their residential area. Secondly, Compactness. Individual farming due to
technical conditions, labor limit, rural house only for farmers living and storage life
supplies to meet daily needs, it is generally small. Thirdly, small load. The general
population of a single-family dwelling is about 4 to 6 people, which limit the need of heat.
Fourth, more available space around the building. Due to the influence of traditional
architectural forms, single-family-style farm house usually has a pitched roof, which just
suit the arrangement of the solar collector. These unique characters create conditions for
the use of solar energy in rural areas.
The analyze model came from an actual farmer dwelling lie in Qili town in Gansu
province. The house has the typical features of a traditional farm house, with a typical
representative in China.

Fig.3: thermal zone of the model

Fig.4: 3Dmodel of the building

Residential house is divided into two bedrooms, a living room, kitchen and bathroom,
building with a pitched roof. the south side sloping roof can be arranged about 20 m2 solar
collectors.
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Due to the large area of cold regions in China, we choose four typical cities according to
their Heating Degree Hours (HDH) and the Annual Amount of Solar Radiation (ASR).
They are Lhasa in Tibet(high ASR, low HDH), Huhhot in Inner Mongolia(high ASR, high
HDH), Altay in Xinjiang (low ASR, high HDH), and Beijing(low ASR, low HDH). We
distinguish their climate zone by the amount heating demand and solar energy zone by
daily average radiation. The HDH value is used to measure the heating demand㸪which
can be calculated by summarizing the difference between hourly outdoor dry bulb
temperature and the designed room temperature. We got the ASR value by integrating the
hourly Solar Radiation value.
Tab. 1: Typical areas of heating degree hours and the annual amount of radiation

zones
Beijing
Hohhot
Lhasa
Altay
62522
94326
63958
107970
HDH /ć·h
ASR /MJ/m2
4770.78
5579.58
7335.51
3955.18
Currently, the use of solar heating generally considered three issues need to be addressed:
Firstly, auxiliary heat source. Building need to be heated continuously even at night , when
the solar energy can’t be used. Secondly, the safety performance problems of solar
products, namely the cracking problem in heating season and overheating problem in
cooling season; Thirdly, the problem of solar piping system optimization[3].
To solve the above problems, we choose flat type air collector to use, and study on solar
thermal storage system and solar air source heat pumps combined heating technology. This
study focus on the heating performance difference between different technology scheme.
In TRNSYS platform, establish these two systems analysis model for annual simulation.
Analysis model contain these characters below :1) Conduct heating in heating season , and
execute natural ventilation in non heating season . 2) Every analysis model contain the
same solar collection system . 3) Each system has the same operation schedule.4) Using
pebble bed as a thermal storage medium for thermal storage system. Air heated by solar
collector flow through the pebble bed and then be cooled . In this process, the solar heat is
saved in the pebble bed underground .At night , heat resource will be removed by low
temperature air flow .5) No auxiliary heat resource .

Fig.5:Solar-air source heat pump combined system

Fig.6:Solar thermal storage with pebble bed system

The main parameters of the system are bellow 㸸
Tab. 2: The main parameters of the systems

Solar-air
source
heat
pump
combine
d system
Solar
thermal

Collecto
r area
20m2
Collecto
r area

angle
of dip
Local
latitud
e
angle
of dip

Air flow

Fresh air
ratio

Heating
temperature
㸦Ԩ㸧
extremes㸦

0.94

400kg/h

0.1

-20Ԩ

Emissivit
y

average
density of

Specific
heat of

Emissivit
y

Air
flow

Volum
e of
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storage
with
pebble
bed
system

20 m2

Local
latitud
e

0.94

pebble

pebble

2200kg/m

0.8kJ/kg·
K

3

pebble
400kg/
h

30m3

3 .Comparative Study of Rural Solar Heating Technology

Because of its relatively scattered, low-density, large investment character, Rural housing
is not fit for central heating . As a kind of renewable resource, solar energy perform well in
house heating. In the principle of rational use of environmental energy resource, we should
take heat from the environment as much as possible to improve the indoor environment
temperature. Current heat from the environment come from two main options: First Solar,
the second is a heat pump (air, soil, water). We choose the solar energy and air as a heat
source to study .In the TRNSYS platform we built a Solar-air source heat pump combined
system and a Solar thermal storage with pebble bed system to find the room
temperature variation character effected by the rational use of solar energy. Finally㸪we
got comparative study result from the two system .
The indoor air temperature distribution result of natural ventilation (building insulation
only), solar pebble bed heat storage, solar air source heat pump are shown below.

Fig.7: Temperature of room in 3 ventilation condition in Altay Fig.8: Temperature of room in 3 ventilation condition in Beijing

Fig.9: Temperature of room in 3 ventilation condition in HohhotFig.10: Temperature of room in 3 ventilation condition in Lhasa

As can be seen, after application of solar thermal storage, heat pump technology, indoor air
temperature significantly improved in heating season, compared with nature ventilation.
The average indoor temperature enhance about 6 ~ 8 Ԩ. Mostly, air-source heat pump
operate better than solar heat storage system at night. This is mainly because the heat
pump heating condition is relatively stable, the air outlet temperature is higher than the air
out from pebble bed. We can conclude that heat generated from air by heat pump is more
than that from heat storage bed.
For the study of performance differences in day and night, we conduct a comparative
research on the heat supply temperature between the two system in Altay and Lhasa area.
The conclusion is that the average air supply temperature of heat pump is about 24 Ԩ in
annual heating season, that of thermal storage heating system is of about 12.6 Ԩ. The
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average heating temperature difference is nearly doubled. The graph below showed the
difference.

Fig.11: T-supply of heat storage and heat pump in Lhasa Fig.12:T-supply of heat storage and heat pump in Altay

As can be seen, the air supply temperature of heat pump system fluctuate obviously
throughout the year. The main reason is that at dusk and early morning the amount of
radiation and the outdoor temperature are very low, but the heat pump system shutdown
during this period, so the supply air temperature is low. This period is about8:00am to
10:00am, and 19:00pm to 20:00pm. Heat pump system showed poor stability Under
simulated conditions . So, we defined a parameter called “the rate of heating temperature
fluctuations between day and night(η)” to measure the heating effect differences between
day and night of the two typical heating systems.
ߟൌ

ȁ௫ ௧௧௧௨ௗ௬ି௫ ௧௧௧௨௧ȁ
௫ ௧௧௧௨ௗ௬ௗ௧

(eq. 1)

The ”η” value distribution character of the two system in the four typical cities showed
below.

Fig. 13:Theη value in Lhasa Altay

Fig. 14:Theη value in Lhasa Lhasa

As can be seen from the figure, in the solar collector and the air source heat pump
combination heating system, the two systems run at their respective temperature during the
heating time. Solar collector system export parameters is completely dependent on the
instantaneous amount of solar radiation, but air source heat pump in heating condition is
largely constrained by night instantaneous air temperature, this lead to the obvious heating
supply difference during the day and night, heating mode instability, and poor thermal
comfort. Due to the presence of the storage material, collector thermal storage system
heating temperature is relatively evenly distributed throughout the year, the annual heating
temperature differences between day and night is small, most of the time. The indoor
temperature distribution and heating conditions comparison of the two system showed by
the table below.
Tab. 3: The annual heating conditions Statistics

zones

Solar thermal storage
with pebble bed system
Heating
Heating

Solar-air source heat pump combined system
Heating

Heating

COP of

standard
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indoor
average
temperatur
ć
e /ć
12.19
8.86

temperatur
e standard
deviation /
ć
3.24
3.70

indoor
average
temperatur
ć
e /ć
14.84
10.83

temperatur
e standard
deviation /
ć
2.98
3.92

Heatin
g

deviatio
n of
COP

Beijing
2.64
0.35
Hohho
2.23
0.43
t
Lhasa
13.04
1.51
15.61
1.85
2.70
0.31
Altay
7.45
4.17
9.22
4.48
2.11
0.48
As is shown above, the annual standard deviations of the two systems are not small
enough, in the absence of other auxiliary heat resource, the two types of systems
completely rely on the environment (air, sunlight), but we know㸪the environment
parameters change transiently. That is the reason why fluctuation occur. This fluctuation
is more pronounced in these heating systems rely on solar energy as the main heating
resource.
The indoor temperature of Solar-air source heat pump combined system is more than that
of Solar thermal storage with pebble bed system about 2~2.5Ԩ. That reflect the better
heating function of air source heat pump. But we can see, in these areas HDH value is
more than 80000Ԩ·h, the heating COP of air source heat pump decrease obviously. With
further decrease of temperature at night, the heat pump operating conditions tend to worse.
This resulted in more need of heating area, the application of air-source heat pump units
but more subject to limit. We made a further study on the entire effective heat gain (system
effective heat transfer to the medium)ࠊtotal heat release of storage system, total heat
generation of pump system. Research data are shown below.

Fig. 15: heat production and supply data in Beijing

Fig. 17: heat production and supply data in Altay

Fig. 16: heat production and supply data in Lhasa

Fig. 18: heat production and supply data in Hohhot

The conclusion is that the amount of energy supplied by heat pump system is nearly 2
times that of the storage system at night. Just from the viewpoint of heat supply amount,
the heat pump system performed better. Through a more in-depth study, we counted the
annual energy consumption of the two systems and got the system performance coefficient
which we marked as “SCOP”. SCOP is the ratio of the total providing heat and the
electricity consumed by the system the same time.
Tab.4:The annual heating energy consumption status in each typical city
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Solar Thermal Storage Heating
Solar Air Source Heat Pump
System
Combined Heating System
Energy
Heat
SCO
Energy
Heat
SCO
consumed
provided
PS
consumed
provided
PP
Beijing
485.4kW·h
1751kW·h
3.61
1217kW·h
3492kW·h
2.87
Huhhot
469.8kW·h
1402kW·h
2.98
1128kW·h
2765kW·h
2.45
Lhasa
457.8kW·h
2613kW·h
5.71
1177kW·h
3346kW·h
2.84
Altay
522.6kW·h
1384kW·h
2.65
1131kW·h
2599kW·h
2.30
The table above shows the SCOP of solar thermal storage heating system is always much
better than that of the solar air source heat pump combined heating system. The
comprehensive judge based on HDH and ASR can provide us the appropriate proposal for
plan determination.
Typical
cities

The ability to obtain heat from the environment can be used as the basis to measure the
energy-saving potential of the system. Many factors affect the assessment result of the
heating systems. In the viewpoint of room temperature guarantee, the heat pump system
performed better than the energy storage system. But the former expended much more
electricity than the later. Finally, taking the comprehensive performance coefficient
(SCOP) into consideration, the thermal storage system suits better for practical use in rural
zones of China.
4. Conclusion

Today, in turning to the commercialization of rural energy structure, the growth in energy
demand in rural areas is gradually increasing our energy burden. Relatively abundant solar
energy resources in the majority area of the severe cold and cold areas provide the
opportunity to solve this problem. Finally, benefits the whole country.
In the principle of rational use of environmental energy resource, we built a Solar-air
source heat pump combined system and a Solar thermal storage with pebble bed system to
study. Under the two TRNSYS analysis platform, the heating effectiveness of the two
systems in the night can be studied. Theses parameters including room temperature, rate of
heating temperature fluctuations between day and night, heating energy consumption,
Coefficient of System Performance, etc can be used to measure the heating effectiveness.
The main conclusions are as follows: 1) Mostly, air-source heat pump operate better than
solar heat storage system at night, indoor temperature of heat pump is higher than that of
heat storage system. This will lead to a better room thermal comfort. 2) In severe cold
regions, the heat pump is running at low coefficient, in these zones, heat storage system
perform better than heat pump system. 3) Because of the little room temperature
difference, and taking the comprehensive performance coefficient (SCOP) into
consideration, the thermal storage system suits better for practical use in rural zones of
China.
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Abstract
The combination of solar thermal components with electrically driven compression heat pumps to domestic
hot water and space heating systems for smaller single- and multi-family houses is by now already well known
among manufacturers in the heating market. However, standardized performance test methods for such
combined systems are not yet available, even though standardized test procedures are crucial for the market
development by ensuring a high quality level, and also for allowing end customers to compare different system
types and configurations with regard to their thermal performance in an objective, transparent and easily
understandable manner. Therefore, research has been undertaken by test laboratories in different European
countries during the past few years in a common effort within IEA SHC Task 44 / HPP Annex 38 with the aim
of extending well established laboratory test methods for solar thermal systems and components towards heat
pumps as new components. One of these extended test methods, based on the so-called component testing –
system simulation (CTSS) method, is described in detail in this paper and first experiences with a brine to
water heat pump are shown. For the characterization of the thermal behavior of the heat pump under dynamic
operating conditions, an artificial neural network model has been developed which is also presented.
Keywords: Combined solar thermal and heat pump system, SHP systems, laboratory test method, extension of
CTSS test method, artificial neural network, dynamic heat pump model.

1. Combined solar thermal and heat pump systems
Combined solar thermal and heat pump (SHP) systems are bivalent heating systems providing both domestic
hot water and/or space heating for buildings. Depending on the individual technical configuration, there are
several possible synergetic effects due to mutual interactions of the two sub-systems, namely the solar thermal
system and the heat pump system, which may lead to high system performances. Recently, more than 100
different market available combined SHP systems have been identified in a survey (Ruschenburg and Herkel,
2012). However, further market deployment has been hindered so far, among others, by the lack of knowledge
and objective, European-wide accepted performance test procedures such as laboratory test methods or
common figures of merit. Hence, these have been developed meanwhile by technical experts within the IEA
SHC Task 44/HPP Annex 38 “Solar and Heat Pump Systems”1 (Task44, 2014). One of the laboratory test
methods developed within this task at the Research and Testing Centre for Thermal Solar Systems (TZS) at
ITW, University of Stuttgart, is based on an extension of the so-called CTSS test method towards heat pumps.
2. Extension of the CTSS laboratory test method towards heat pumps
The component testing – system simulation (CTSS) method is a component oriented laboratory test method
originally developed for the determination of the annual thermal performance of solar thermal systems. Today
this method is standardized in the European standard series EN 12977 dedicated to so-called custom built solar
domestic hot water systems and to solar combi-systems applicable additionally for space heating purposes. For
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performing tests according to the CTSS method in general, the solar thermal system does not need to be
installed as a whole because this test method is based on component testing and system simulation. Due to this,
the application range of the CTSS method is very flexible because of its component-oriented approach. Hence,
it is possible to apply the CTSS method on nearly every kind of system configuration. Another important
advantage of the CTSS method is that the thermal performance of the tested systems can be easily determined
for any arbitrary boundary conditions such as different weather data and heating loads, since this is done by
numerical system simulations only. To apply the CTSS method, first of all the main components of the solar
thermal system such as the collector, the store(s) and the controller are being tested separately. The aim of
these component tests is the determination of all relevant component parameters required for the detailed
description of the thermal behavior of the individual components. Therefore, numerical models to describe the
dynamic behavior of the specific components are required. The parameters to be used in combination with
these models are determined by means of parameter identification using measuring data from several specific
test sequences (Frey, 2014; Frey, 2011; Drück, 2001).
This method was predominantly developed at TZS and since then it has been applied at TZS to more than 100
solar thermal systems. Already in 2007, first solar heat pump systems were investigated at TZS based on the
CTSS method, where the heat pump was modeled by means of a performance map for steady-state operation
with a fixed temperature difference between the inlet and outlet temperatures of the heat pump (Bachmann,
2008). However, since the operating conditions of combined solar thermal and heat pump systems installed in
the field are often significantly different to steady-state behavior and of rather transient nature, this assumption
can lead to inaccurate results.
Therefore, one of the aims of the research project WPSol (Performance Testing and Ecological Assessment of
Combined Solar Thermal and Heat Pump Systems) was an extension of the already standardized CTSS test
method towards combined solar thermal and heat pump systems (Loose, 2011). For this purpose a dynamic
laboratory test method for the heat pump as one key component of a SHP system has been developed and
already successfully applied to a brine to water heat pump. In this process, the heat pump is tested in a
laboratory under dynamic operation conditions and based on the hereby acquired test data an artificial neural
network (ANN) model is trained in order to characterize the thermal behavior of the heat pump. Figure 1
depicts the extended CTSS method with the heat pump as an additional component schematically and shows
a picture of the laboratory test facility.

Fig. 1: Schematic procedure of the CTSS method extended to heat pump systems and picture of the laboratory test facility

With the trained ANN model for the heat pump and numerical models for all other key components of a SHP
system, which are tested conventionally according to EN 12975-2:2006 or ISO 9806 (solar collector) and EN
12977-3:2012 (hot water store), -4:2012 (combistore) and -5:2012 (controller), the annual thermal performance
of the overall system can be calculated for defined reference conditions such as meteorological data and load
profiles by using a component based simulation program such as TRNSYS.
3. Laboratory testing
The extension of the CTSS method to heat pumps proceeds in three phases. At first, there is the necessity of a
dynamic heat pump test for the determination of the thermal performance of the heat pump under dynamic
laboratory operating conditions, followed by the development of a dynamic simulation model for heat pumps
and third the implementation into an overall system simulation deck. For the development of the dynamic heat
pump test procedure a test facility for electrically driven compression heat pumps has been built at TZS.
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The test facility contains two separated circuits: The heat source circuit is driven by a thermostat-controlled
heating unit, which provides brine in the temperature range from -20 to 40 °C with a heating power up to
20 kW and cooling power up to 3 kW. It is connected to the primary side of the heat pump. The heat sink
circuit is driven by a cooling unit, which provides water in the temperature range from 10 to 80 °C with a
cooling power up to 20 kW and a heating power of 2 kW. The heat sink circuit is connected to the secondary
side of the heat pump. Both circuits use 3-way-valves to control the mass flow rate of the fluids flowing through
the heat pump. To improve the temperature stability and to save energy, heat recovery is applied: A part of the
heat generated by the heat pump is returned from the heat sink circuit to the heat source circuit by using a heat
exchanger. Figure 2 shows the hydraulic scheme of the heat pump test facility used for the determination of
the thermal performance of heat pumps under dynamic operating conditions.

Fig. 2: Hydraulic scheme of the heat pump test facility used for determination of the thermal performance of heat pumps
under dynamic operating conditions in the context of the CTSS method

For the determination of the thermal performance of a heat pump, the temperatures are measured at the inlets
and outlets of the heat pump in time steps of 90 seconds. Additionally the mass flow rate is measured with
Coriolis flow meters integrated in both hydraulic circuits. Furthermore, the electrical power consumption of
the heat pump is measured and recorded. Based on these measured values all further quantities required for the
evaluation can be calculated.

Fig. 3: Temperatures and mass flow rates during test sequences applied to the tested heat pump
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Using the previously presented test facility, multiple test sequences have been applied to a brine to water heat
pump. During all test sequences the inlet temperature of the heat source circuit (ࢡheat source,in), the inlet
temperature of the heat sink circuit (ࢡheat sink,in) and the mass flow rates in both circuits (݉ሶheat source, ݉ሶheat sink)
have been given as fixed values to the controller of the test facility. The outlet temperatures (ࢡheat source,out and
ࢡheat sink,out) and the electrical power (Pel) consumed by the heat pump are results of the test sequences performed.
Figure 3 shows as an example the inlet and outlet temperatures and mass flow rates of the heat source and sink
circuits during the multiple test sequences applied to the tested heat pump.
The first test sequence applied to the tested heat pump is a quasi-stationary test sequence. It is shown in Figure 3
at the time interval between 0 and 38 h. During this sequence, the heat source and sink inlet temperatures are
varied stepwise and the mass flow rates are fixed at values typical for the operation of this heat pump.
Additionally different test sequences with varying inlet temperatures and mass flow rates have been applied to
the tested heat pump. The test sequences are applied dynamically since there are no requirements regarding
stationary conditions to be reached by the heat pump during operation. All data gathered during the test is used
for training and validating of an artificial neural network model for the heat pump as described in chapter 7.
4. Simulation models for heat pumps
In order to extend the CTSS method towards combined solar thermal and heat pump (SHP) systems, numerical
models describing the thermal behavior of heat pumps under dynamic operating conditions are required.
Unfortunately, the number of available simulation models for heat pumps is relatively small and some existing
models are due to copyright aspects not adaptable to the specific needs of the CTSS method.
Quasi steady-state performance map models (i.e. black box models) are the most widespread heat pump models
in dynamic simulation programs like e.g. TRNSYS. Therein, a restricted number of sampling points from
performance map measurements is used either to interpolate in-between those points or to fit a two-dimensional
polynomial plane. These models use the inlet-temperature of the heat source and the desired outlet-temperature
on the heat sink side of the heat pump to calculate its thermal output and its electricity demand (Dott, 2013).
Typical implementations of quasi steady-state performance map models for heat pumps in simulation software
packages are for example the TRNSYS Types 504, 505, 665 and 668 from the TESS library 2011. Usually
only the standard measurements according to EN 14511:2011 are available as input for this kind of simulation
models. The extension of black box steady-state models for the inclusion of dynamic effects such as for icing
and defrosting or for the thermal inertia in the condenser or evaporator has been described e.g. by Afjei (1989).
In contrast to heat pump models based on performance maps, a component-based model has been developed
by Hornberger (1994), which models the thermodynamic cycle of the heat pump. A modification of the
Hornberger model implementing dynamic features of the Afjei model has been undertaken by Marx (2011).
This combined TRNSYS Type was again modified for the refrigerant R410A for the project WPSol. Several
parameter identification procedures have been applied to this model in combination with measured data.
However, a characterization of the thermal behavior of the heat pump with acceptable accuracy was not
possible so far. Therefore, within the project WPSol a methodology for modelling heat pumps based on
experimental system identification with Artificial Neural Networks (ANNs) has been developed. There are
several reasons why ANNs are such a powerful tool for modelling dynamic systems (Yang, 2008) based on
experimental data:
(1) ANNs have a powerful ability to recognize accurately the inherent relationship between any set of input
and output data without a physical model or even without information about the internal behavior of the system
itself. The ANN results can account for all physical effects relating the output to the input. This ability is
essentially independent of the complexity of the underlying relation such as nonlinearity, multiple variables
and parameters. This essential ability is known as pattern recognition as the result of a learning process.
(2) The ANN methodology is in principle inherently fault tolerant, due to the large number of processing units
in the network undergoing massive parallel data processing.
(3) The learning ability of ANNs gives the methodology the power to adapt to changes in the parameters. This
capability enables the ANN to deal also with time-dependent dynamic modelling.
At the Research and Testing Centre for Thermal Solar Systems (TZS) at ITW very good experiences with
regard to ANNs have already been gained in the past, e.g. with the simulation of other thermo-technical
components such as solar collectors and thermally driven chillers (Frey, 2011; Fischer, 2012).
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5. Artificial neural networks (ANN)
The human brain is a highly complex, nonlinear and parallel information-processing system with the capability
to organize its structural constituents, known as neurons, so as to perform certain computations like for example
pattern recognition and perception many times faster than any digital computer. The basic principles believed
to be used in the human brain are so-called biological neural networks.
Haykin (1999) defines a neural network as a massively parallel distributed processor made up of simple
processing units (so called neurons), which have a natural propensity for storing experimental knowledge and
making it available for use. Artificial neural networks (ANN) resemble the brain with regard to two aspects:
(a) the knowledge is acquired by the neural network from its environment through a learning process, and
(b) interneuron connection strengths, known as (synaptic) weights, are used to store the acquired knowledge.
According to Haykin (1999) the massively parallel distributed structure and its ability to learn are the two
information-processing capabilities that make it possible for neural networks to solve complex problems.
Artificial neural networks are computational models, which are inspired by biological neural networks and
attempt to mimic the information processing system of the human brain.
The following description is taken from Yu (2002). The basic building block and the fundamental processing
element of an artificial neural network is a neuron (also called basic node or unit). According to the
fundamental work of McCulloch and Pitts (1943) Figure 4 illustrates how information (input) is processed
through a single neuron. Basically, the neuron receives signal inputs from other sources. The inputs can either
be outputs of other neurons or they can be external inputs. The inputs {xi: 1  i  n} are weighted by parameters
{wki: 1  i  n} which are called (synaptic) weights or inter-neuron connection strengths. The parameter bk is
called the bias (also called threshold value) and it is used to model the threshold. The weighted inputs are
combined and summed up in a special way depending on the used network input combination method (net
function). The output of the neuron is related to the input via linear or non-linear transformation, which is
called the activation function of the neuron.
In a neural network multiple units (neurons) are interconnected in a particular arrangement or configuration.
The network usually consists of an input layer, one or more hidden layers and an output layer. Figure 5 presents
an example of typical neural network architecture.

Figure 4: Basic neural network unit (neuron, node)
(McCulloch and Pitts, 1943)

Figure 5: Typical neural network architecture

As already mentioned, one main characteristic of ANNs is their ability to learn and store information. Therefore
a so-called learning or training process is necessary. In the learning mode the input is presented to the network
along with the desired output. Through certain training algorithms the values of weight coefficients between
processing neurons are adjusted in such a way that the network attempts to produce the desired output. When
the training reaches a satisfactory level the network holds the weights constant. Now the weights contain
meaningful and important information, whereas before the training they have random values and no meaning
(Kalogirou and Sencan, 2010). After the successful training step, the trained ANN model can be used to
calculate the output parameters as a function of the input parameters.
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6. Development of numerical models for heat pumps based on ANN
The main requirement for the numerical model is the ability to describe the dynamic thermal behavior of the
heat pump in an accurate way. I.e. the model has to be able to calculate the outlet temperatures of the two
circuits (heat source and heat sink) and the electrical power consumption of the heat pump with adequate
precision. Another requirement is that for the modelling process no information about the internal
configuration of the heat pump is required.
All ANNs used for the work described in the present paper were performed under the MATLAB (Mathworks,
2010a) environment using the Neural Network Toolbox (Mathworks, 2010b).
6.1 Modelling heat pumps with ANNs
The selected input and output quantities of the ANNs used in this study to model the outlet temperatures and
the electrical power consumption of a heat pump are schematically illustrated in Figure 6. The so-called feedforward ANN consists of an input layer representing the input variables, an output layer corresponding to the
output variables and one hidden layer. The inputs to the ANN are the heat pump fluid inlet temperatures and

 heat source ) and the heat sink circuit ( - heat sink, in ;
volume flow rates of the heat source circuit ( - heat source, in ; m
m heat sink ). The outputs from the ANN are the two fluid outlet temperatures ( - heat source, out ; - heat sink, out ) and
the electrical power consumption of the heat pump ( Pel ) under the assumption that the outlet volume flow
rates are identical to the inlet volume flow rates.

Figure 6: Input and output quantities of the ANN for modeling heat pumps

6.2 Assessment criteria of the model performance
In general, the performance of the model itself can be assessed by means of regression analysis between the
model output (calculated values) and measured values. The criteria used here for assessing the performance of
the ANN model are the Mean Absolute Error (MAE), the Root Mean Square Error (RMSE) and the Index of
Agreement (IA). The MAE and the RMSE, that is more sensitive to extreme values than the MAE, are defined
in Eq. 1 and Eq. 2.

MAE

1 N
 ¦ xi , calculated  xi , measured
N i 1
N
¦

RMSE

i

xi , calculated  xi , measured
1

(eq. 1)

2

(eq. 2)
N

Here xi,calculated is the value determined by the ANN and xi,measured is the corresponding measured value, i is the
considered time step and N is the number of time steps in the considered period.
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The dimensionless Index of Agreement (0  IA  1), proposed by Willmott (1981), is intended to characterise
the ability of a model to calculate reality accurately. There is no deviation between calculated and measured
values if IA = 1; the larger the deviation, the lower the value of IA. The Index of Agreement is defined as:

N
¦

IA 1 

N
¦

i 1

i 1

xi , calculated  xi , measured 2

xi , calculated  xmeasured  xi , measured  xmeasured

2
(eq. 3)

Here xi , measured is the mean of the measured values in the considered period.
The values of the presented evaluation criteria are determined for all output quantities (i.e. outlet temperatures
and electrical power consumption) of the ANN model of the heat pump.

7. Results and discussion
A feed-forward ANN with a so-called sigmoid transfer function in the hidden layer and a linear transfer
function in the output layer was selected. By trial and error the number of neurons in the hidden layer was
determined to 8 in order to obtain the best fit between calculation and measurement. This results in a so-called
4-8-3 architecture. In the training procedure, the weighting coefficients were adjusted using the LevenbergMarquardt algorithm.
Measured data were acquired under dynamic operating conditions. The prepared database consists of 4,622
input-output data patterns. 122 data patterns were selected arbitrarily and assigned as the training database.
The remaining 4,500 data patterns are used for validating the ANN model.
Figures 7 and 8 show for the validation database a comparison of the measured and the calculated fluid outlet
temperatures for the heat sink circuit and the electrical power consumption of the heat pump. Apart from a few
exceptions the ANN heat pump model calculates the temperatures with an accuracy of ± 1 K and the electrical
power consumption with an accuracy of ± 100 W.

Figure 7: Comparison of measured and calculated fluid outlet temperature of the heat sink circuit of the heat pump
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Figure 8: Comparison of measured and calculated electrical power consumption of the heat pump

The ANN calculations for the outlet fluid temperature of the heat sink circuit and the heat source circuit result
in a Root Mean Square Error of 0.72 K and 0.53 K respectively. The RMSE for the electrical power
consumption of the heat pump is 0.09 kW. Further results are presented in Tables 1 and 2.
Tab. 1: Results of the validation

Term

MAE

RMSE

IA

heat sink circuit
heat source circuit
el. power consumption

0.26 K
0.22 K
0.05 kW

0.72 K
0.53 K
0.09 kW

0.9985
0.9986
0.9897

Tab. 2: Energy balance and seasonal performance factor SPF for the considered sequence

Term

Measurement
Energy

Calculation
Energy

Error
(absolute)

Error
(relative)

heat sink circuit
heat source circuit
el. power consumption
SPF

-1,893 kWh
1,391 kWh
496 kWh
3.817

-1,906 kWh
1,396 kWh
495 kWh
3.851

-13 kWh
5 kWh
-1 kWh
0.034

0.67 %
0.42 %
-0.21 %
0.89 %

Table 2 summarizes the transferred energies of the two circuits and the electrical power consumption of the
heat pump and the related error, which is 0.67 % at the most. The SPF (seasonal performance factor) for the
considered time sequence of 3.849 determined by means of numerical calculations corresponds within 0.89 %
with the result of 3.815 determined on the basis of the measurements.
8. Validation of the specific numerical model based on in-situ measurement data
In addition to validation data acquired from laboratory test facility measurements the same type of heat pump
has been installed and monitored in a real application. A detailed description of the monitored solar thermal
and heat pump system can be found e.g. in Loose and Drück (2013). The data gathered during this in-situ
measurement has been used to validate the specific numerical ANN model. For this purpose, the inlet
temperatures and flow rates from the in-situ measurement have been used as input data for the simulation
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program. The control signal for switching the heat pump on and off required by the specific numerical model
has been generated from the measured electrical power based on the in-situ measurement data. The results to
be compared are the delivered heat and the heat pump’s consumption of electrical energy. The comparison
between measured (meas) and calculated (calc) results of the daily generated heat (Qheat sink) and electrical
energy (Eel) consumed by the heat pump is plotted as an example for one month in Figure 9.

Fig. 9: Comparison between measured and calculated results of the daily generated heat (Qheat sink) and electrical energy (Eel)
consumed by the heat pump

The calculated daily values for heat generated by the heat pump and the energy consumed by the heat pump
show good compliance with the measured daily values. Over the whole month, the electrical energy is
underestimated by about 4 % and the generated heat is underestimated by about 2.5 %. Determined on the
basis of the measurement data the monthly SPFHP,meas is 4.40. Compared to the SPFHP,calc of 4.49 the monthly
SPFHP,calc is overestimated by about 2 %.
9. Conclusion and outlook
The CTSS laboratory test method standardized in the EN 12977:2012 series for solar thermal systems has been
extended towards combined solar thermal and heat pump systems including the development of a dynamic
heat pump test procedure. In this context also an Artificial Neural Network model for the characterization of
the thermal behavior of heat pumps under dynamic operating conditions has been developed. A representative
laboratory test applying the newly developed extended CTSS method including test sequences, calculation and
validation, has been shown exemplary for a brine to water heat pump. The method described in this paper can
in principle also be applied to air to water heat pumps if a climate chamber is available for the operation of the
heat pump with defined ambient temperature and humidity. Due to the successful development of the extended
CTSS test method, the long-term goal is the implementation of this test procedure into appropriate European
standards such as the EN 12977 series.
The ANN modelling approach for heat pumps can be considered as very powerful tool for the calculation of
the dynamic thermal behavior of the heat pump in this type of component oriented laboratory test procedure.
However, the method is still limited by its underlying “black-box” approach, which does not allow insight in
the inner processes and thus no physical interpretations. As outlook, the project WPSol will therefore be
extended with the aim of developing a so-called “model-based ANN”, i.e. a grey-box model, which combines
the advantages of the black-box approach with the ones of theoretical physical models. By doing so, also
parameter variations and optimizations would be possible to calculate the performance of modified configurations without the need for a new laboratory test each time.
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Abstract
Solar domestic hot water (DHW) systems with photovoltaic modules have appeared on the solar market for
buildings in recent years. Presented energy and economic analysis compares the competing photovoltaic and
photothermal systems for domestic hot water preparation at identical load and climate conditions. Results have
shown that given simple photovoltaic DHW only systems despite the significant cost reduction of photovoltaic
technology in last decade still cannot economically compete with solar thermal DHW systems due to worse
performance.

1. Introduction
Significant decrease of photovoltaic (PV) technology cost has opened a new market with simple photovoltaic
DHW only solar systems combining the PV modules and DC electric heating elements in DHW storage tank
with or without use of maximum power point tracker (MPPT). Presented analysis shows the comparison of
energy yields and economic parameters of the main competitors: photovoltaic DHW system in two alternatives
(with and without MPPT) and adequate photothermal (PT) system operated at identical hot water load and
climate conditions.
2. Solar DHW system alternatives
Detailed mathematical models were used for the solar photovoltaic and photothermal DHW systems to
compare the energy performance at identical boundary conditions. Solar systems were simulated in TRNSYS
(2012) in following alternatives:
•

photovoltaic DHW system without MPPT (MPPT off);

•

photovoltaic DHW system with MPPT (MPPT on);

•

photothermal DHW system.

Each solar system alternative has been used only for DHW preparation. Daily hot water load 160 l for typical
household with required hot water temperature 55 °C and cold water temperature 10 °C was considered. Daily
profile of hot water load was taken from EN 15450 (2011). Total hot water heat demand was 2767 kWh/a.
Climate conditions used for simulation analysis were considered in the form of typical meteorological year
(TMY) for Prague (Czech Republic). TMY data give a relatively conservative incident solar irradiation for
horizontal plane 998 kWh/m2.a and annual average outdoor temperature 8,9 °C.
Comparison has been done for the realistic solar DHW systems available at the European market for given
DHW load. All alternatives of solar DHW systems have been based on a hot water storage tank with volume
200 l and daily heat loss 1.4 kWh/24 h. Despite the fact, that the storage tanks have integrated electric elements
for back-up heating, their function has not been considered for the purpose of clear comparison (external
backup). The backup energy has been evaluated from actual water load and temperature difference between
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the tank output and required DHW temperature. Maximum temperature 85 °C in storage tank recommended
by its manufacturer was set for all systems. Losses and gains of the storage tanks were considered and
modelled. Storage tanks in the solar system alternatives were modelled uniformly with TRNSYS type340,
which allows to model the solar water tanks with electric elements and tube heat exchangers.
2.1. Photovoltaic DHW system
Solar PV system was sized according to the manufacturer with 8 polycrystalline modules with peak power 8 x
250 Wp connected in series into a DC electric heating element with power 2 kW. Total peak power output of
the PV field is 2 kWp at total PV modules area 13.2 m2. The 5-parameter one-diode model (TRNSYS type180)
of PV module was used in the PV system model. Main electric parameters of PV modules are required by the
model: maximum power Pmax, maximum power voltage Vpm, maximum power current Ipm (all for standard
testing conditions, irradiance 1000 W/m2, module temperature 25 °C), open circuit voltage Voc, short circuit
current Isc, temperature coefficient of voltage EVoc and current EIsc and nominal operation condition temperature
NOCT (for irradiance 800 W/m2, outdoor temperature 20 °C, wind velocity 1 m/s). Parameters of considered
PV modules are shown in Table 1.
Tab. 1: Main parameters of PV modules used in analysis

Parameter

Value

maximum power Pmax

250 W

maximum power voltage Vpm

29,8 V

maximum power current Ipm

8,39 A

open circuit voltage Voc

36,9 V

short circuit current Isc

9,09 A

temperature coefficient of voltage EVoc

-0,36 %/K

temperature coefficient of current EIsc

0,06 %/K

nominal operation condition temperature NOCT

45 °C

STC efficiency of module Kr

15,1 %

Fig. 1: Scheme of solar photovoltaic DHW systems (with MPPT, without MPPT)

PV systems both with and without maximum power point tracking were considered (schemes are shown in
Figure 1). Maximum power point tracker allows to maintain the maximum PV electricity generation at variable
operation conditions (solar irradiance, temperature of PV module). Solar irradiance affects the generated
electric current, temperature of PV module affects mainly the module voltage. Electricity production of PV
system without MPPT is dependent on the actual generated current and the heating element resistance (25 :).
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The PV module with an uncontrolled electric load operates out of optimum range and achieves considerably
lower PV electricity production than the PV module under MPPT operation.
Modelling of the PV system considered a change of module electric power with solar irradiance incident angle
(optical characteristic, incidence angle modifier IAM). Total cable electric losses of the system were considered
2 %. Simulation did not considered a long-term degradation of the PV module power, usually referred from
0,5 to 1 % annually.
2.2. Photothermal DHW system
Solar photothermal DHW system with two solar thermal flat-plate collectors with total aperture area 4.5 m2
was used. Main parameters of the solar photothermal collectors required by used TRNSYS type1b are shown
in Table 2.
Tab. 2: Main parameters of PT collectors used in analysis

Parameter

Value

zero-loss efficiency K0

0,809
3,59 W/m2K

linear heat loss coefficient a1

0,011 W/m2K2

quadratic heat loss coefficient a2
incidence angle modifier for 50° IAM50

0,95

Collector loop flowrate 50 l/h.m2 was considered. Collector loop consists of 18x1 mm copper pipes at total
length of 40 m equipped with 19 mm thick thermal insulation. Electricity consumption of circulation pump in
the collector loop was included into the system electricity demand. Tube heat exchanger inside the DHW
storage tank has a surface area 1 m2. Heat transfer coefficient of the considered heat exchanger was
170 W/m2.K. DHW tank model also considers the influence of flowrate, temperature difference and mean
temperature on the heat transfer capacity.

Fig. 2: Scheme of solar photothermal DHW system

3. Results
3.1. Energy performance
Energy performance for three solar DHW system alternatives was modelled in TRNSYS with one minute step
to input a detailed definition of DHW load profile. Figure 3 shows the monthly results of simulated alternatives.
Solar photothermal system produce more energy than solar photovoltaic systems even during the winter
months. Table 3 shows the annual figures. The solar photothermal DHW system alternative supplies 25 %
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more heat than equivalent photovoltaic DHW system alternative with MPPT and more than double amount of
energy if compared with PV system without MPPT. Due to variation of solar irradiance and PV module
operation temperature the difference between the electricity production with and without MPPT is about 40 %.
The main problem for given PV system without MPPT is unsuitable electric resistance 25 : of DC heating
element, given by its power output 2 kW at nominal voltage 230 V. Optimization of electric resistance for the
given PV system could reduce the difference between MPPT on and MPPT off systems to approx. 30 %.
However, it is clear that simple solar photovoltaic DHW systems without MPPT are inefficient and the
customer cannot count with the energy gains comparable to usual PV grid-on systems.
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Fig. 3: Monthly energy balance of solar DHW alternatives

Solar thermal system for DHW preparation achieves the solar fraction of more than 60 % and specific heat
gains are 370 kWh/m2.a even despite the fact that the heat loss of the collector loop and storage tank attains
about 25 % of heat produced by the solar thermal collectors.
Tab. 3: Simulation results for solar DHW system alternatives

Alternatives

Backup energy

Solar gains

Solar fraction

[kWh]

[kWh]

[%]

PV MPPT off

1964

803

29

PV MPPT on

1442

1325

48

PT

1090

1677

61

3.2. Economic figures
Economic parameters of solar DHW systems have been analyzed and compared. Investment costs of solar
DHW system alternatives including installation costs have been taken from the real commercial offers made
by solar system installers (turnkey offers). Cost structure of alternatives is shown in Table 4. All costs are
considered without VAT.
Tab. 4: Investment costs for solar DHW system alternatives

System

Material [EUR]

Installation [EUR]

Total [EUR]

PV MPPT off

2400

200

2600

PV MPPT on

3400

200

3600

PT

2800

600

3400

Material specified for PV system consists of 8 pcs of PV polycrystalline modules with peak power 250 Wp,
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supporting structure for sloped roof, cables, electric protection devices and 200 l DHW tank with DC and AC
heating elements. Alternative with power point tracker (MPPT on) includes also the tracker.
Material specified for PT system consists of 2 pcs of flat-plate solar collectors at given area, supporting
structure for sloped roof, copper pipes with thermal insulation at 40 m length, controller with sensors, solar
pump module incl. expansion vessel, solar liquid, plumbing material and 200 l DHW tank with the immersed
tube heat exchanger and AC heating element. Annual costs for photothermal system also included the
replacement of solar liquid every 5 years and the pumps electricity consumption.
Payback time for given alternatives has been determined with electricity price at 0.10 EUR/kWh (valid for
DHW heating in Czech Republic) and assumption of 5 % annual increase. Interest rate was considered at very
low level of 0,1 % with the assumption that solar systems are completely financed by the system owner with
money deposited at usual checking account in a bank (with almost zero price of money).
Results of the economic comparison are shown in Figure 4. Usual electric DHW heating system was added
into the graph as a reference. It is obvious that the solar thermal system achieves the shortest payback time at
the given conditions. The cheapest photovoltaic DHW system without MPPT has too high needs for backup
heating and it costs almost 2000 EUR more than photothermal system for 20 years of operation.
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Fig. 4: Economic balance and payback time for solar DHW alternatives

4. Conclusion
Three solar DHW system alternatives was modelled in TRNSYS simulation environment and annual yields
have been determined at given operation conditions. The analysis has shown that the simplest photovoltaic
DHW system without MPPT would supply 40 % less energy than photovoltaic DHW system with MPPT and
half amount of energy than the equivalent photothermal system. Solar thermal DHW systems are still more
economic than photovoltaic DHW only systems available at the market if compared under identical conditions.
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Abstract
The combination of solar thermal and photovoltaic technologies with the new heat pump systems is a
welcome advancement. These systems could have similar efficiency all the year at different locations if we
adjust the solar storage temperature according to the weather conditions. Solar heating with a heat pump
system for buildings has been designed to achieve different values of the fraction of primary energy saving
using the Flat Plate Collectors (FPC) and solar photovoltaic (PV) technology, and having the higher
efficiency of the system with net zero energy in thermal production. New systems will need to accomplish
the new Directive 2010/31 / EU, which sets that by 31st December 2020 new buildings in the EU will have
to consume 'nearly zero-energy' .
Solar Thermal, Heat Pump, Photovoltaic, net metering, combisystems

1. Introduction
The highlights from the Task 44 in 2012, proposed that solar heat can help enhance the performance of the
heat pump by raising the evaporation temperature, the solar heat can be stored at low temperature (0-20ºC)
thus making good use of the collectors even during the cold days. Solar PV can also help to reduce the used
power.
This study case analyzes two configurations of solar systems with a new water-to-water heat pump, in
different countries for thermal uses; one for Domestic Hot Water (DHW) and another for Heating and DHW
use, these are the most common thermal necessities for domestic applications (Hadorn 2010). The resulting
thermal energy costs obtained for FPC are from 2 to 14 c€/kWh depending on the collector type applied and
the working temperature (Vives et alt. 2013). The PV has been a very interesting way to produce electricity
and thermal energy if we combine this with heat pump (vapor compression cycle). About 50% of southern
countries’ electricity comes from lignite power plants with an electricity production cost of 0.04 €/kWh, with
high CO2 emissions. However the final price for households has doubled, from 0.07 €/kWh at 2001 to 0.15
€/kWh in 2013 (Eurostat 2013), and the PV cost is 0.07-0.12 €/kWh. Counting that a modern compression
machine has a 3-5 Coefficient of Performances (COP), the actual cost of thermal production with Heat Pump
is 0.05-0.03 €/kWh, depending of the working temperatures (Gordon 2000). Recently, reductions in electric
PV costs and mature technology of air-to-water and water-to-water heat pump have provided a new model:
solar-electric assisted heat pump. This system comes with fewer drawbacks than solar thermal energy, a
smaller price tag for residential applications. Nevertheless, the best system will be a combination of both.
The development of modern net zero-energy buildings (NZEB) became possible not only through the
progress made in new renewable energy and construction technologies and techniques, but it has also been
significantly improved by the combination of all the techniques and advanced combisystems.
2. Description of the system
The auxiliary energy is coming from a Heat Pump (water-to-water system with inverter control) usually used
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for geothermal applications, that can work with electricity from the grid or the PV system. A high efficiency
Heat Pump in the range of 5 to 20 kW has been used to cover the energy needs of households with low
energy demand occupied all the year.
Simulating the whole year system we reach different solar fractions depending on the efficiency of the
system, the working temperature of the storage system, and the different COP of the heat pump. This system
can operate with outside temperatures lower than 0ºC, a high solar fraction and with a high efficiency of the
solar collector. The storage operating temperature has to change during the year according to the external
temperature and the solar radiation, in order to obtain a higher efficiency from the collector, and to work with
the maximum efficiency of the heat pump. Only in summer or spring can be the solar energy used directly
for thermal production. The FPC works in serial with the heat pump during the cold season and parallel
during the spring and summer. Finally we will use the cooling of the evaporator to increase the PV efficiency
at southern countries. This system can have a very high Performance coefficient and adapt its efficiency for
whichever conditions. It is ideal for both cold and mild climates.

Fig. 1: Figure of the Solar Thermal and PV Heat Pump system for DHW and Space Heating

The typical configuration of the solar thermal systems is with a fixed working temperature, close to 60ºC.
Nevertheless, in the task 44 a lot of cases have been studied with the Heat pump working temperature lower
than 60ºC, due to the fact that this high efficiency system can supply the rest of the energy with electricity.
Most of the geothermal heat pumps are working with a maximum temperature of 20ºC in the evaporator, and
they can arrive to 60ºC in the condensator to cover all the thermal necessities. In the Mediterranean countries
the air-to-air or air-to-water heat pumps usually have a good efficiency; there are only a few days and hours
with temperatures below 0ºC. On the opposite, at the northern countries there are some months with a lot of
hours below 0ºC and that´s when they use more geothermal. In the case of the Mediterranean countries it
would be cheaper to use a big surface of unglazed collectors (Moià et Alt 2012) against the glazed collectors.
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However, at this study in order to be able to compare properly all the systems we have used the same
technology for all the locations, glazed collectors with a high efficiency, specially designed for extreme
conditions and the same water-to-water heat pump (Geothermal Units). The simulated heat pump has a
maximum heating power of 13 kW and a nominal COP of 3,56 for heating temperatures of 35ºC-45ºC, and
evaporating from -5ºC to 10ºC, with a refrigerant R-410A.
The Photovoltaic system has been a standard one, the panels with polycrystalline silicon between 260-330
Wp, and the inverter with a nominal efficiency of 95,5%, with a 95% of cleanliness and 2% of losses in the
cables.
3. Simulation and Results
We have used different simulation programs for comparing and simulating different parts of the system: for
the demand LIDER-CALENER (Spanish software for TBC energy performance certificate of the building
base in DOE2 simulating system), for the solar generation POLYSUN, TRNSYS and GREENIUS. Most of
these programs can be used to simulate different Collectors technologies; the user can compare each system
creating the collector file at the same site but usually with a fixed working temperature. In all the locations
the typical meteorological year (TMY) has been taken in mind. In this first study, we haven’t considered any
electrical storage or batteries; a Net metering contract with the electrical company for the electric production
of the PV system has been supposed in all the locations to compensate the excess of summer with the low
winter production.
ST Collector Efficiency Ș = 0,807 - 3,075(Tm-Ta)/G – 0,022((Tm-Ta)/G)2 (eq. 1)
Unitary Energy Consumption Heat Pump kWe= 1,20122-0,0400633T+0,0010877T2
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Fig. 2: Figure of the PV efficiency and power according to the Voltage, irradiance and temperature(ºC). [6]
Tab. 1: Results of one year simulation in three locations for DHW.

Location
Greece
Spain
Germany

Max. Solar
Thermal Energy
Energy kWh
Demand
m-2
(kWh)
4426
1131
4695
1169
5619
688

Average Solar
Solar
Electric
Surf.
FPC
Energy Thermal
Fraction Efficiency m2
kWhe
548
72%
73%
3
547
70%
73%
3
596
74%
71%
6

Min.Power
of the PV
(Wp)
428
440
780

For the two considered models above mentioned, the solar thermal energy has priority in front of other
renewable energy sources, and reduces the overheating in the solar panels.
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The first one, hot water demand for a medium household occupied by 8 people during a year for three
different locations, Athens, Berlin and Mallorca. Solar collectors production ratio (kWh m-2·year) was based
on collector aperture surface and is presented in Table 1.
The second model has been estimated for four locations, consisting of a constant hot water demand for 4
people during a year. The typical residence considered is an apartment of 100 m² floor area, with an 80 m2 of
heating space. The residence is modeled into two zones: a conditioned zone representing a 50% of the total
floor area during the day and another conditioned zone during the night. It has been supposed that it’s a good
quality house, according to sustainability criteria (insulation, orientation,..). When we are using renewable
energies we need a low demand to make the system cheaper. For each location has been supposed a different
thickness of insulation, using EU criteria for Athens, Berlin and Palma de Mallorca (Spanish Technical
Building Code (TBC), that obliges the installation of thicker insulation in colder places, and less insulation in
warmer places. For Moscow it has been considered the Russian law 2003 for the insulation (according to
Building regulations and rules 23-02-2003).
MWh/year
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Athens
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Tm - Working Temperature ºC
Fig. 3: Figure of the Solar energy with constant solar working temperature(ºC) for the four locations with GREENIUS

In figure 3 it becomes evident that for each location we can have the annual maximum solar energy with the
medium temperature of the solar collector between 25 and 30ºC. For temperatures lower than 25ºC the
efficiency of the FPC is higher but the energy requirements are lower and, therefore there are many hours
with excess energy for a given storage volume. Each location has a different surface, according to the annual
thermal necessities as to achieve a similar solar fraction.
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Fig. 4: Figure of the estimated solar working temperature (ºC) for the four locations during a typical year

When the outside temperatures are rising the thermal demand is reducing, and during several months there is
enough energy to cover the thermal demand so it’s not necessary to work at the maximum efficiency point.
We can work at higher temperatures to avoid overheating and stagnation problems. This system can be only
solar thermal between 40 to 60ºC. In order to avoid having a low average efficiency we should look for the
optimal point of solar panels so as to accomplish the maximum solar energy gains without overheating. The
medium temperature will be usually in winter lower than 20 ºC and in spring and autumn lower than 50ºC, in
summer the FPC are working with more than 60 ºC. When the medium temperature of the collectors would
be higher than 45ºC we will make a direct heat transfer to the DHW or heating system, in parallel with the
heat pump. The high temperatures that can occur may require special design to prevent overheating,
especially in the Mediterranean countries.
According to the efficiency of the PV and the FPC, in this scenario we propose a control system, adapting
the working temperatures of the solar primary circuits for whichever conditions, and spend more energy
during the periods with low solar radiation. Nevertheless, we can guarantee always a comfort temperature for
space heating and DHW. From figure 4 we can see the proposed working temperatures for each location and
each month. The control has to be a dynamic system with an algorithm that has to change the point according
to the energy demand, solar radiation and external temperatures. The control system will have to adapt its
algorithm to smart systems, connected to a prediction weather server in order to archive the maximum solar
fraction, and adapt the working temperature at the optimal point. This system needs an advanced simulation
system and its design has to be improved and adjusted for each location according to curve demand and
technology.
3.1. Moscow. Russia
Located at Latitude 55,75ºN 37,62ºE, with a minimum temperature of -24,4ºC, maximum of 30,0ºC, and a
mean temperature of 5 ºC. The annual sum of global irradiation GHI is 961 kWh m-2. Moscow is one of the
coldest world capitals in winter, with very low solar radiation. Actually the energy prices in Russia are quite
low, but in a few years it’s foreseen to be similar to the EU countries. 90% of the Russian mix energy system
comes from fossil fuel. Only a small amount is produced from hydropower plants and other Renewable
Energies Sources used for power production are almost non-existent which makes Russian economy more
vulnerable to a collapse in oil prices than other European countries. Solar energy production is very low in
Russia and there are very few solar thermal and photovoltaic systems despite the country’s large potential
and higher economical increase than the EU. The country has similar solar radiation to Germany but solar
thermal is still a very small market. Russia presents interesting market opportunities for EU renewable
energy equipment companies. Russia has a bigger potential from 43º to 60º, and less potential at the latitudes
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60º to 80º, due to the very low temperatures and low radiation at winter. Even the Geothermal heat pump
systems have only just begun to penetrate the Russian market on the contrary to countries with similar
weather conditions (Sweden, Denmark, Germany,..). Until now there the conventional sources where most
known. The maximum values of COP are 4.24 in the south regions of Russia, and the minimum values of,
correspondingly, 2.73 on the north.( Vassiliev and Gornov 2010).
There is some successful experience in Solar-Heated House, with low demand in extreme conditions, a
closer example will be at Vladivostok (Latitude 43º) with a surface of 15 m2 of Solar collectors, and storage
tank of 750 liters, with a 23% of solar fraction and using solar passive energy they arrive to the 38%
(Kazantsev 2011).

Fig. 5: Figure of the ambient temperature, thermal necessities and solar power during a TMY in Moscow

In Moscow with a first simulation, in a standard house of 100 m2, it´s necessary a surface of 30 m2 of solar
thermal collectors and a storage tank of 3 m3 for the combisystems and a simulated thermal necessity of 112
kWh·m-2 year with a peak heating demand of 11,3 kW. For a normal polycrystalline PV we will need an
approximate surface of 22 m2 . The total of 52m2 of surface for the PV and ST system can arrive to zero
emissions so as to cover the thermal necessities. For this location it will be necessary a big surface to arrive
to a net zero emissions building, and cover all the thermal necessities. Other models will be studied with
seasonal storage or standard geothermal technologies, in order to reduce the solar surface, and the initial
investment of the system.
Simulating another house with a good control system, higher insulation and lower heating temperature
system ( Fancoils or floor heating 25-45ºC) we can reduce the energy demand a 50% and optimize the size of
the system. At Continental climates with latitudes lower 55º, it gives us bigger systems than the conclusions
of the Task 44, with 12 m2 and storage of minimum of 1 m3. In Russia with this model the surface would be
18-20 m2 with a storage minimum of 1,25 m3.

3.2. Berlin. Germany
Located at 52,47ºN 13,30ºE, with a minimum temperature of -14,6ºC, maximum of 31,4ºC, and a mean
temperature of 8,9 ºC. The annual sum of global irradiation GHI is 993 kWh m-2. In Berlin, which has a hard
winter, the combisystems are quite common – they have a share of 65% of the market- with a solar surface 8
to 15 m2 and buffer storage 500 to 1000 litter. Germany´s installed capacity is the largest in the EU, and the
last years since 2009 (ESTIF) has increased the surface of installed collectors due to the obligation to cover a
percentage of the thermal needs.
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Fig. 6: Figure of the ambient temperature, thermal necessities and solar power during a TMY in Berlin

For Berlin we would need a surface of 24 m2 of solar collectors and storage tank of 2,4 m3 for the
combisystems. It has been estimated with a simulated thermal necessity of 79 kWh·m-2 year, with 9 kW of
peak heating demand. Installing an approximate surface of 14 m2 PV panels, the total surface that we will
need will be 38 m2 of PV and ST system so we can arrive to zero emissions to cover the thermal necessities.
We will need almost 50% of the heating surface to cover the 100% of the thermal demand with renewable
energies.
The cost of this system could be more than 10.000 €, but if we take in account than the apartment prices in
Germany’s capital, are around 2.596 € per square meter [10], this is less than a 4% of the total buying cost.
Besides, if we consider that energy prices in Germany are very high, the payback of the inversion will be less
than 10 years.

3.3. Palma de Mallorca. Spain
Located at 39,33ºN 2,39ºE, with a minimum temperature of -6,2ºC, maximum of 40,3ºC, and a mean
temperature of 16,1 ºC. The annual sum of global irradiation GHI is 1619 kWh m-2. It’s one of the most
touristic Islands in Europe and receives more than 10 million of tourist every year. It has the same latitude of
the capital, Madrid, but higher temperatures at winter. Since 2006 it’s obligated to install solar energy for
cover at least the 50% of the DHW necessities which has made the market grow very quickly. The most
common installed systems are systems with a surface of collectors 2-4 m2 with a 150-300 litters tank.
Combisystems are very rare in Mallorca. In the proposed model, for this location, a surface of 9 m2 of solar
collectors and storage tank of 0,9 m3 for the combisystem was estimated, with a simulated thermal necessity
of 53 kWh·m-2 year and a peak of 7 kW.
The auxiliary electricity will be covered with 3 m2 of PV. The total surface needed is 12 m2 of PV and ST
system in order to arrive to zero emissions to cover the thermal necessities. This location needs less than
12% of the surface, with a reasonable storage. Some overheating will be produced from April to September.
These systems for southern locations can be used in flat, houses or other kind of buildings with a south
oriented façade. The cooling necessities for this location haven’t been analyzed but most of the heat pumps
can be used as well to cover the cooling demand. If this were the case we would need more PV surface and
air-to-water heat pump systems.
For this location an Air Source and Ground Source Hybrid system (air-to-water combined with water-towater) could be studied as well, where the system can use the most efficient source according to climate
conditions. In this case we can reduce the solar surface and the solar storage or seasonal storage, but we will
need more PV surface to cover the thermal demand with the heat pump.
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Fig. 7: Figure of the ambient temperature, thermal necessities and solar power during a TMY in Mallorca

If we take in account that energy prices in Spain are very high, especially electricity, the payback of these
systems will be less than 8 years.
3.4. Athens. Greece
Athens is located at 38ºN 23,73ºE, with a minimum temperature of 0,5ºC, maximum of 38,3ºC, and a mean
temperature of 18,6 ºC. It’s one of the hottest European capitals with a high solar radiation. The annual sum
of Global Horizontal Irradiation is 1748 kWh/m2 and the DNI is 1856 kWh m-2. Greece has the second
largest installed capacity in the EU (ESTIF). The most common system in Athens is a thermosyphon system
with a surface of 2-4 m2 for DHW. Similar to Spain, the combisystems are not common in the market.

Fig. 8: : Figure of the ambient temperature, thermal necessities and solar power during a TMY in Athens

In Athens a surface of 9 m2 of solar collectors and a storage tank of 0,9 m3 for the combisystem was
estimated with a simulated thermal necessity of 57 kWh·m-2 year with a peak heating demand of 5 kW.
Installing an approximate surface of 3 m2 of a PV we could cover the electric consumption of the system.
The total surface of the solar thermal and photovoltaic system will be 12 m2 in order to achieve a zero
emissions in the thermal necessities. For this location seasonal storage or other technologies could be studied
like an Air Source or Ground Source Hybrid system, in order to improve the system and reduce the thermal
storage and overheating, produced from March to October.

3.5. Resume of the results.

Comparing all the locations we could arrive to a similar efficiency of the solar thermal panels, with high
renewable thermal fraction (heat pump + solar thermal), combined with PV, this can be a solution for
supplying the 100% of the thermal necessities. Increasing the PV system we could cover the rest of the
energy necessities of the household. The heat pump manufacturers have made a big effort during the last
years in order to arrive to high efficiency systems, and the market of geothermal systems has incremented.
The Heat Pump with solar panels working in low temperatures could open a big market in locations with low
radiation; even if they have cheap energy prices, like Russia.
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Tab. 2: Results of one year simulation in four locations for DHW and Heating demand.

Location
Athens
PMI
Berlin
Moscow

Thermal
Energy
Demand
(kWh)
4530
4198
6295
8892

Max.
Solar
Energy
kWh m-2
974
885
539
509

Electric
Energy
kWhe
354
271
1812
2388

Renewable
Thermal
Fraction
92%
94%
71%
73%

Average
FPC
Efficiency
60%
59%
60%
58%

Solar
Thermal
Surf. (m2)
9
9
24
30

Power of
the PV
(Wp)
270
230
1800
3240

At latitudes lower than 40º, with higher solar radiation, other systems could be used, like air-to-water heat
pumps, or unglazed collectors, they could make cheaper the system, but the results and prices of this study
are quite reasonable. At latitude higher than 50ºC, other systems could be studied with Evacuated Tube
Collectors, and arrive to other results. Other scenarios with seasonal storage or analyzing cooling demand
will have to be studied in order to improve the system.
Actually in the market there are air-to-air heat pumps with PV, there are good geothermal heat pumps, and
combisystems with air-to-water systems, but not yet a combination of all of them. The proposed system will
need more detailed analysis for each location, and we will need to develop new algorithm and programs to
simulate and test this new system. The economic results will change every year according to the prices of the
devices and the energy cost. Real test will be needed, it’s planned to build two test sites in Dubna University
(Moscow Region) and Balearic Islands University at Palma, Majorca, in order to improve the system and
demonstrate the real efficiency of all the system. There are some parameters to be improved and analyzed,
like Phase Change Materials for storage, more energy or new heat pumps systems. Another parameter which
can be a barrier for this system is the available surface, in order to have a proportionately sized system to the
available m2. When we are working to NZEB we will need a big surface for the solar thermal and
photovoltaic panels that some constructions, due to urban models, don’t have in hand. These parameters have
to be included in future studies, in order to have the best solution for each case. Actually some of these
systems have already been studied in the Task 53 - New Generation Solar Cooling and Heating Systems (PV
or Solar Thermally Driven Systems). Seasonal storage will be needed in thermal systems and Net metering
needs to be regulated in all the EU countries if we want NZEB.

4. Conclusions

FPC and PV with heat pump systems are a good solution for familiar households, both technologies are
necessary in order to arrive to the future scenarios of zero emissions and net-zero energy building, and cover
all the thermal demand. Net Zero thermal Energy Building are in Europe a technical and economic reality,
with the expected future increase of the fossil fuel price and the reduction of the alternative technology costs.
These new combisystems open new options to cover all the necessities of the houses with an optimized mix,
which takes profit of the synergies of the different technologies.
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Summary
With exception of South Africa, where only 16% of the population depends on traditional biomass
energy, almost 80% of the population in the sub-Saharan Africa depends on biomass resources for
cooking and heating. The burning of traditional biomass in the so-called three stones stove puts
pressure on biomass resources because of its inefficiency. Besides, fumes and soot are related to
respiratory diseases that are the common cause for deaths among women and children in Africa.
The shortage of fire wood makes women and girls to walk in search of fuel for cooking. Solar
cooking is one of the possible solutions for this poignant problem. Yet another partial solution is the
use of improved biomass stoves. This paper presents a comparative analysis of the performance
of solar box cooker and improved charcoal stove in Mozambique, in its technical and economic
aspects.
key-words: charcoal stoves, solar box cooker, solar energy.
1. Introduction
Most of the energy used in rural areas of Sub-Saharan African countries is to provide heat for cooking and
boiling bathing water. Traditional biomass in the form of firewood is the most widely used energy source for
providing the above services in households. The burning process of firewood using the three stones stoves is
inefficient and puts pressure on biomass resources causing deforestation in densely populated areas. On the
other hand, Africa has the world’s best solar resources. Several countries in the region have exploited solar
energy for water heating, crop drying and telecommunications, among other uses. Solar energy can
contribute to the supply of heat energy in households of African countries (Ogunlade et al., 2007; Hancock,
Klingshirn & Seidel, 2007; Kristjansdottir, 2004; Kimambo, 2007).
The Government of Mozambique, the private sector and academic institutions have been working together to
promote solar cooking. Eduardo Mondlane University carries out projects on capacity building, resource
mapping, and technology development in this field.
The ProBEC (Programme for Basic Energy and Conservation), GIZ and the Mozambican government
introduced improved charcoal cooking stoves in the cities of Maputo and Matola in 2007 (Chidamba, 2010).
The following were the objectives of the research:
x

To evaluate and compare the thermal performance factors of the stoves

x

To carry out the cost analysis

1.1 Description of the Stoves
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1.1.1 Charcoal Stoves
Traditional Stove
The traditional stove (figure 1.1-A) has a rectangular shape made of scrap metal with 0.39 m of height and
the combustion chamber sized 0.04 m2. The primary air intake area dimension is 0.015 m2. The thickness of
the metal around the combustion chamber is 0.003 m. The contact area between the charcoal and air is spread
along the bottom of the combustion chamber with an area of 0.01 m of width and 0.20 m length. The weight
of the Traditional charcoal stove has 5.93 kg.
EMU Stove
EMU stove (figure 1.1- B) has a metal holder with a ceramic liner insulation of 0.025 m thick. The diameter
and the depth of the combustion chamber is respectively, 0.25 m and 0.07 m, the ash droplets have 0.015 of
diameter. The primary air intake dimensions are: 0.06 m of inner depth, 0.1 m of diameter, 0.06 m of height
of the ceramic layer and 0.11 m of height. The weight of EMU stove is 4.5 kg. The metallic holder is usually
painted in red.
POCA Stove
POCA is a ceramic, charcoal-burning stove (figure 1.1- C) that is made in a semi-industrial process involving
an electric kiln. The stove body has a 0.235 m combustion chamber which has a height of 0.7 m and as it
goes down it forms a shoulder and a base that is 0.275 m in diameter. Three grate supports are formed inside
the shoulder area and spaced 120 degrees apart. The grate is conical shaped with 0.21 m in diameter and 0.7
m of depth. The grate has an array of 0.0135 m hole with primary air inlets and ash drop holes. At the base of
the stove, there are two 0.085 m of length and 0.035 m of width air inlets. The stove rests on a plate and this
plate serves as an ash catcher. So far, POCA is being produced only as a one plate stove (Chidamba, 2010).

Figure 1.1: A-Traditional stove, B-EMU stove and C-Poca stove

1.1.2 Solar box cooker Description
The solar cooker used for experiment is the box type (T16) with three reflectors insulated by a 5.10-4 m high
glass anodized aluminum foil. Table 1.1 gives the solar cooker dimensions.

Table 1.1: Solar cooker dimensions

Parameter
Outer dimension of cooker
Inner height
Area of glass plate
Area of outer reflectors
ickness of the glass plate
Thickness of the walls
Weight
Area of absorber plate

Dimension
(72x48x28) x10-3 m3
(20-24) x 10-2 m
0.29 m2
0.7 m2
(3-4) x 10-3 m
3 x 10-2 m
12 kg
0.16 m2
Figure 1.2: Solar box cooker
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1.2 Research Scope
This study analyzes two different cooking technologies, namely: improved charcoal stove and solar box
cooker (SBC). A traditional charcoal stove has been also tested as to establish a baseline. The tests
performed are: WBT (Water Boiling Tests) and Controlled Cooking Test (CCT). The variables analyzed are:
cooking power, thermal efficiency, time to boil water, cost of fuel, life cycle cost, life cycle savings and
payback period. This study excluded analysis of the charcoal stoves fumes emissions. Future work will
consider this analysis and therefore will give the complete study on charcoal stoves. The comparison in this
study involved a box cooker with reflectors, so research with other types of solar cookers is suggested.

2.

METHODOLOGY

Laboratory tests comprising the Water Boiling Test and Controlled Cooking Test were performed.
Experiments carried out included:
x

Determination of the local boiling point

x

Determination of the Moisture Content and the Heating Value of the Charcoal

x

Water Boiling Test

x

Controlled Cooking Tests

2.1 Determination of the local boiling point
The local boiling point is the point at which the temperature no longer rises, no matter how much heat is
applied. The local boiling water was determined by boiling 2.5 litres of water in a pot. Using the same
thermometer that was used for testing, the boiling temperature was measured when the thermocouple was
positioned in the centre, roughly 0,05 m above the bottom of the pot. When temperature increase was no
longer observed, with the temperature oscillating several tenths of a degree above and below the boiling
point, the maximum and the minimum temperature was recorded during a five minute period at full boiling.
The maximum and the minimum temperatures were then averaged (local boiling temperature) (Bailis et al.,
2007).

2.2 Determination of the Moisture Content and the Heating Value of the Charcoal
To determine the moisture content of the charcoal, charcoal samples were randomly obtained and crushed,
weighed and placed in an oven for two hours at 110oC (Bailis et al., 2007). The charcoal tested was produced
from chanati trees (scientific name: Colophospermum mopan) in Massingir, Gaza Province. The samples
were weighted after two hours and the new dry mass was recorded. The moisture content was then calculated
using the following equation:

MC wet (%)

Mass of fuel wet  Mass of fuel dry
100
Mass of fuel wet

(eq.1)

The calorific value of the charcoal was taken from the data calculation sheet used to record all measurements
developed by the Shell Foundation HEH Project because their calorimeter bomber was not available to
perform the test. The high heating value of charcoal from Colophospermum mopan is in order of 29.400, 00
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kJ/Kg [Aprovecho Research Centre].
2.3 Water Boiling Tests (WBT)
Water Boiling Tests were performed according to WBT developed in 1980’s by Volunteers in Technical
Assistant (VITA) which were updated in 2003 by Shell Foundation, University of California-Berkeley, and
Aprovecho Research Centre. The tests conducted were as follows:
x

In the first phase, the cold-start high-power test,

x

In the second phase, the hot-start high-power Test

x

In the third phase, low power test-simmering

The WBT outputs of the test are: time to boil burning rate, specific fuel consumption, firepower, turn-down
ratio (ratio of the stove’s high power output to its low power) and the thermal efficiency.

2.4 Controlled Cooking Test (CCT)
Controlled Cooking Test was conducted following the CCT test procedure prepared by Bailis et al (2007).
The significant outputs of the CCT test are: reduction of specific fuel consumption and reduction in time
spent while cooking. These parameters were used to perform the cost analysis.

2.5 Testing the Solar Box Cooker
The WBT for the solar box cooker followed the American Society of Agricultural Engineers standard
(American Society of Agricultural Engineers [ASAE], 2003). The test consisted heating up 2.5 litres of fresh
water inside the pot. The thermocouple was inserted in the pot to monitor the water temperature variations
while it was being heated up inside the solar cooker. Over 30 minute intervals, the sun was tracked manually.
The primary parameters generated by the experience are: water temperature inside the pot, wind speed, air
temperature and global radiation. The above parameters were recorded over 10 minute intervals with
exception of the global solar radiation which was recorded every minute. The single figure of merit of ASAE
standard which is the cooking power that was then computed using equation 2. Then the cooking power P is
normalized to a figure of 700W/m2 using equation 3.

P

T2  T1 m w C w
600

Ps

P

700
Is

(eq. 2)

(eq. 3)

The standardized cooking power Ps was plotted against the temperature difference T d, for each time interval.
A liner regression of the plotted points was used to find the relationship between cooking power and the
temperature difference. A total of 39 observations were made during three different days.
The single performance figure is cooking power which corresponds to a temperature difference of 50 oC, (i.e.
Twater-Tambient) computed using the linear regression.

Thermal efficiency of the solar cooker
The thermal efficiency of the solar box cooker was calculated using the basic equation describing an energy
balance on the thermal mass within the cooking vessel (Shaw, 2007). Therefore:
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mwC w 'T K 0 IAt

(eq. 4)

Isolating the efficiency η, the following equation is obtained:

K0

mw C w 'T
IAt

Since P
K0

m w C w 'T
t

Ps
IA

(eq. 5)
then
(eq. 6)

2.6 Cost Analysis
Family Interviews
An interview was conducted to give subsidy to the research and to obtain input data for the cost analysis. A
total of 30 families using charcoal exclusively, of Maputo suburbs - Polana Caniço, were interviewed. These
families are characterized by low income (i.e., less than the minimum salary in Mozambique which is
approximately USD100), can’t afford cooking by gas or electricity and their main activity is small
businesses. The important parameters analyzed are:
x

Number of family members

x

Number of meals prepared per day and the time of each meal

x

Location of meal preparation

x

Type of charcoal stove used

x

Cost of the fuel (charcoal)

Cost analysis involves several parameters (Habermehl, 1999). In this study, the cost analysis of charcoal
stoves and the solar box cooker involved the insight of the cost acquisition, the running cost, the life cycle
saving and the payback period. Since solar box cooking and charcoal cooking is complementary, the
combination of both cooking technologies was also analyzed.

3.

RESULTS

The local boiling point calculated and used throughout the test is 98.7±0.16 oC. The moisture content of
charcoal computed using equation 1 is 5.0±5.4x10-4 %.
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3.1 The Water Boiling Test Results
Time to Boil
140
120

Time (min)

100
80
60
40
20
0
Traditional

POCA

EMU

Solar box

Type of Stove

Fiure 3.1: Time to boil

According to the figure 4.2, the time to boil 2.5litres of water is less in charcoal stoves (traditional: 34±1
min, POCA: 28.7±2.5 min, EMU: 24±9.2 min) than solar box cooker (113±15 min). This is explained by the
difference of the source of energy (i.e., charcoal and direct solar energy), and the energy density of charcoal
(heating value) is higher than the solar energy density. The duration of performing a certain task have impact
on which technologies is preferable. In this case, charcoal stoves perform better that solar box cooker.
Thermal Efficiency
60

Efficiency (%)

50
40
30
20
10
0
Traditional

POCA

EMU

Solar box

Type of Stove

Figure 3.2: Thermal efficiency

The thermal efficiency of EMU stove is greater (40.3±13%) than solar box cooker (32.8%). The solar box
cooker efficiency is higher than POCA stove (30.7±10%) and traditional stove (20.7±7.9%), see Figure 3.2.
The combination of the factors that pay important role in the efficiency (insulation, combustion chamber)
make EMU stove convert better the chemical energy into useful energy compared to traditional and POCA
stove. In the other hand, solar box cooker transforms better the incoming radiation into useful energy with
grace of good insulation if compared to traditional and POCA stove.

967

Nhabetse,T.M., Cuamba, B.C., Da Silva, I.P. / EuroSun 2014 / ISES Conference Proceedings
(2014)

Cooking Power
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Figure 3.3: Cooking Power

According to figure 3.3, EMU stove has higher cooking power (4512.5±17 W) compared to POCA
(3764.7±6 W), Traditional (3716±9 W) and solar box cooker (61.5 W). The solar box’s ability to perform a
cooking task is very poor when compared to charcoal stoves. Hence, the conversion process of charcoal into
heat energy is faster than the conversion of solar radiation into to heat; and density of energy of charcoal is
higher than the solar radiation density.

3.2 Design Aspects
Solar box cooker has good insulation but the cooking vessel is not sufficient to cook food for a characteristic
African family (with over five members) at a go. The reflective surfaces are not well fixed to the box
resulting in displacement from stove when the wind blows. With an average weight of 12 kg, the solar box
cooker is heavy for a cook to carry to the cooking place. Improved charcoal stoves showed mass reduction
during the tests, i.e., the weigh of stove before the test (ex.: hot start) is higher than the weigh of the same
stove after the test, therefore they need reinforcement of the binding material especially EMU stove that
showed breaking lines. EMU stove has thicker ceramic layer than POCA stove contributing for less heat
losses. The primary inlet air of POCA is very limited and the air mixing holes (ash dropping holes) are few
and the charcoal bottom holder is weak (it broke down duration the tests). Solar cooker needs uplifting stands
or a table to put it up while improved charcoal stoves need to increase the stands to avoid, in both cases,
bending too much when cooking.

3.3 Other Variables
The following table presents other qualitative and quantitative variables to take into account when comparing
both technologies.
Table 3.1: Other variables
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Other variables

Solar Box
Cooker

Charcoal Stove
Tradi
tional
POCA

EMU

Fuel demand

No

yes

yes

yes

Emission

No

yes

yes

yes
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Life span

> 5 years

> 5 years

…..

….

Ease of use
Weather
Dependence

need training

ease

ease

ease

Yes

No

No

No

Cook all Food

No

yes

yes

yes

Cost (USD)

130

5

8

10

From table 3.1 and from the discussion of figures 3.1, 3.2 and 3.3, it is notable that families need to switch
from the use of traditional stove to either ceramic stoves or solar box cooker. Solar box cooker takes
advantage of POCA and EMU because it needs no fuel to operate it, there are no operation emission
associated. Improved charcoal stoves show relative advantage compared to solar box cooker since they are
cheaper, they are no weather dependence and families need no additional training if they shifted from
traditional stove. The weaknesses of solar box cooker are following: the purchase price is high, it depends on
weather conditions and the cookers need training to use it. Improved charcoal stoves decline if CO2 and fuel
emissions and fuel demand is analyzed.

3.4 Interview Results
Table 3.2 Interview results

No
1
2
3
4
5

Parameter
Result
Number of members
6±1
Number of meals per day
2
Period of cooking
1 morning and1 afternoon
Type of Fuel
Charcoal
Place where they prepare the
meal
Outside
6
Type of stove
Traditional = 100 %
7
Cost of fuel (USD/month)
40,3±0.01
The family size is six members per family. Each family cooks twice per day, once in the morning and the
other in the evening. Fifty percent of the families cook outside the main house. All families use metal stove
(traditional) spending USD26.7 per month.

3.5 Cost Analysis
The cost analysis involved life cycle cost (LCC), life cycle savings (LCS), annual savings (AS) and the
payback period (PP).
Life cycle savings of POCA and EMU correspond to 9% (i.e., USD 181.4) and 30% (i.e., USD 592.3)
respectively as compared to traditional charcoal stove. But, the combined cooking solar box and EMU stove
demonstrated much better life cycle savings than the charcoal cooking only which are between 40 and 58%.
The combination of solar box cooker and EMU stove showed precious payback period of cooking over
charcoal cooking only which is less than 3 years in all cases.
If a family shifts from traditional to POCA stove, the payback period is 6 months and 10 days and if EMU
stove is used instead of traditional charcoal stove for meal preparation the payback period is 2 months and 12
days.
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4. CONCLUSION AND RECOMMENTATION
4.1 Conclusion
Water boiling tests were performed with success. Charcoal stoves demonstrated less time in boiling 2.5litres
of water (traditional: 34±1min, POCA: 28.7±2.5min, EMU: 24±9.2min) than solar box cooker (113±15min).
The thermal efficiency of EMU stove is greater (40.3±13%) than solar box cooker (32.8%). The solar box
cooker efficiency is better than POCA (30.7±10%) and traditional stove (20.7±7.9%). In terms of the power
of the stoves, the EMU stove demonstrated superior cooking power (4512.5±17W) compared to POCA
(3764.7±6W), traditional (3716±9W) and solar box cooker (61.5W).
During CCT tests, improved charcoal stoves showed reduction in fuel consumption per Kg of food cooked as
compared to traditional charcoal stove. It was also noted the reduction in time needed to cook a meal.
The life cycle cost and the life cycle savings of the combined solar box cooker and improved charcoal stove
is better than either improved charcoal stoves only or traditional charcoal stoves.
The payback period of the combined solar box cooker and EMU stove is precious and it is less than 3 years
and cooking could save between 40 to 58% of fuel cost every year throughout its life cycle. Improved
charcoal stoves showed short payback period which is less than 3 months when they replace traditional
charcoal stove.

4.2 Recommendation
Based on these research findings, cooking with improved charcoal stove only or combined with solar box
should be massively promoted countrywide. The implementation of solar cooking projects should be piloted
at communities that face scarcity of fuel wood and are in need of alternative cooking technologies.
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Summary
Drain Back systems with ETC collectors are tested and analyzed in a Danish - Chinese cooperation project.
Experiences from early work at DTU, with drain back, low flow systems, was used to design two systems:
1) One laboratory system at DTU and 2) One demonstration system in a single family house in Sorö
Denmark. Detailed monitoring and modelling of the system in the DTU lab is done to be able to generalize
the results, to other climates and loads and to make design optimizations.
The advantage with drain back, low flow systems, is that the system can be made more simple with less
components and that the performance can be enhanced. A combination of the drain back- and system
expansion vessel was tested successfully. Small initial problems with installation and proposals for design
improvements to avoid these in practice are described in the paper. Installer education and training is an
important step to have success with drain back systems.
Key-words: Drain Back, Low Flow, Solar Combi System, ETC collectors.

1. Introduction
This paper gives a status from an ongoing Danish – Chinese cooperation project with the aim to improve and
promote drain back solar combi systems. Drain back systems have been tried and used for a very long period.
Even the first MIT solar house from 1939 did apply drain back [14]. One of the first scientific publications is
from 1981. This ISES paper demonstrates the advantages of drain back systems by both simulation and
experiments at CSU. Also economic advantages are stated [11]. The drain back system type has been very
successful on some special markets, like in the Netherlands, due to special restrictions for antifreeze
solutions in solar collector loops heating domestic hot water [2]. Also low flow in the collector loop applied
here is well known and studied in detail at DTU in combination with drain back [1, 3]. An overview on the
low flow principle is given in [13]. The early work at DTU showed that all barriers for safe operation of
drain back systems, can be overcomed if the system is properly designed and installed.
One of the most important findings from previous DTU work is that only one air volume should be present in
the solar collector loop, as otherwise fluid can be pressed up to or sucked into the collector and then freeze
during cold nights. Also the very common advice to have a continuous slope in the whole collector loop was
verified and with perfect mounting of straight pipes the slope can be almost zero and still drain. The required
speed of the fluid to fill the system was also investigated. A speed of around 0.3-0.5 m/s gives a margin to
flush the system at startup. Smaller pipes need lower speed. Also the risk of freezing during startup of cold
outdoor pipes was shown to be more of an academic problem, if the pipes are not extremely long and outdoor
temperatures very low. Fast filling/startup is advantageous, that also fits to quickly get siphon operation. This
also reduces the pumping power. The DTU reports [1,2,3] (in Danish) contain a lot of measurable advice that
can be used for advanced system design.
In this project the combination of drain back and low flow in the solar collector loop, for a solar combi
system, is studied experimentally and by simulation [6]. In parallel to this project recent market
investigations and experimental work has been done at Kassel University [4,5] showing that there is still a
significant market and that the system operation can be made safer, more efficient and more cost effective,
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with new knowledge and adapted components. Also experiences from a long period of Swedish research and
development [7, 8, 9] have been integrated into the project in a second phase, when the first experimental
experiences were available and small improvements were possible.
2. System design
Early laboratory investigations and experiences from low flow drain back systems at DTU [1] and [3] were
used as basis for the design of the solar combi systems tested in this project. Figure 1 shows the lab solar
combi system layout. Figure 2 shows the demonstration solar combi system (note the special drain
back/expansion tank arrangement, to reduce heat losses and number of components). Also a special
filling/draining collector loop system was built in the lab at DTU and operated for accelerated lifetime
testing. This was done to see if the used evacuated tubular solar collectors would be damaged by frequent
operation of the drain back principle in the long run, by for example thermal chocks. Also the durability of
the solar collector during long and frequent sunny stagnation periods without pump operations was
investigated in this way. Even hot starts were applied that only should occur in practice, if the control system
is not properly adjusted, or out of order. Sunda Seido 5 heat pipe Evacuated Tubular Collectors are used as
solar collectors.
Special fabric stratifiers are also used in the heat storages solar collector loop return inlet to the tank and as
heating loop return inlet to establish thermal stratification and to minimize thermal mixing of the tank. The
lab system is well instrumented for scientific level evaluation and model validation and the demo system is
equipped with energy meters to get energy flows and circulated fluid volumes in the different loops.
In the lab system a traditional drain back tank is used and placed on the forward flow going down from the
collector to the tank. Flexible stainless steel pipes with very large diameter (22 mm outer diameter) were also
used. This created unexpected air/water pockets both indoor and outdoor that made the filling and draining
less reliable due to small extra pressure drop. Also the level indicator in this system was not reliable after
some time and a risk of overfilling was obvious. This is not acceptable in a commercial system as the system
will most likely freeze then in winter. The collector aperture area was 6.1 m². The orientaion was 15° west
and with 45° tilt. The tank volume was 500 liter with a 100 liter immersed DHW tank inside. The tank was
insulated with 100 mm mineral wool except for the bottom. The backup energy was supplied with an
immersed direct electric heater at ¾ of the tank height.
In the demo system a combined drain back and expansion tank arrangement was tried and it has worked
after some minor modifications needed, as a normal solar pump unit was used by the installer that had check
valves with too high pressure drop. The check valves and pump unit are not needed in a later commercial
system. In the demo system half rigid smaller diameter (12mm outer diameter) pipes were used to avoid the
problem with air/water pockets. The fluid level indication for the system was made with a traditional
overflow pipe that is probably safer, as an installer recognizes this from other system types. The collector
aperture area was 12.2 m². The orientaion was 60° west and with 27° tilt. The tank volume 750 liter with an
immersed DHW tank of 150 liter. The tank was insulated with mineral woll inside a square box around the
tank in a corner of the garage. The backup energy was coming from an existing district heating connection to
the house. The space heating loop used floor heating. The demo system is installed in a 225 m² one family
house with 3-5 inhabitants. The house was built in 2006 and has a yearly heat demand of about 20000 kWh.
Heat is supplied to the house from a district heating system by means of a floor heating system.
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Drain Back Laboratory system at DTU

Fig. 1a: Principal drawing of the drain back low flow laboratory solar combi system under test at DTU.

Figure 1b. Lab system at DTU: Photo of the ETC solar collector in winter with snow, storage tank,
controller, auxiliary heater and drain back vessel.

Figure 1c. The collector loop stainless steel flex pipes in the lab system, before and after slope adjustment.
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Figure 2a. Sunda Seido 5, Vacuum tube solar collectors, in the demo system. (The PV system seen to the far
left only interacts with the electric grid.)

All pipes in theDrain
solar loop
tilted min1
cm/meter
Backshould
DemobeSystem
in Sorö

Drain back/
Expansion
vessel ca
100 liter

Figure 2b. Demonstration system inclusive energy meters in Sorö, Denmark. Note the combined drain back
and expansion tank in the upper right corner of the drawing. The expansion tank is connected to the bottom
of the tank, to reduce the heat losses from the tank when fluid is pressed out of the tank during heating.
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Figure 2c: Some more pictures from the demonstration system in Sorö, Denmark. The left picture is before
insulation of the storage tank. Note in the middle picture the small drain back vessels (white) and the
combined expansion tank (red). Note in the right picture, the pump unit that was convenient to use for the
installer, but gave extra pressure drop and malfunction of the combined expansion vessel in the beginning.
3. Experiences from Operation
The overall operational results are very positive for the drain back low flow combi systems. The main
problem is to get all drain back and low flow details properly designed and installed. Also some adapted
components like special drain back low flow pumps would help. The main findings from the experiments are
listed below:
-Flexible stainless steel pipes in the collector loop were hanging down. This was creating small air/water
pockets and freezing and unsafe draining and startup in winter. See example in fig 3.
-Too large diameter pipes for low flow in the collector loop in the lab. This prevents reliable flushing of the
system at startup. Siphon draining is also less reliable and water can stay in pockets and freeze.
-Misleading/malfunctioning fluid level indicator in the drain back vessel. Very important in a commercial
system that the system water level is easy to see and adjust if needed.
-Loose temperature sensor at the collector outlet.
-Air bubbles can enter the storage tank from the collector loop, due to too high flow and not enough air
separation in the drain back tank. The air is collected in the top of the tank. This creates a very unsafe
situation, with two air volumes, that can press fluid into the collector at night in freezing cold nights.
-Clogging of fabric stratifier from small dirt and rust particles. The tank will get less thermal stratification.
-Not intended and not necessary components were installed in the demo system, like check valves and a
pump unit. This gave extra pressure drop and disturbing drain back tank safety operation.
- The steel - tank in tank design is heavier than normal and may be problematic to install without special
equipment, or several persons to help.
- Manufacturing of special components and installation of test systems can take a lot of extra time.
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High risk of air/fluid pockets/traps

Figure 3. This picture shows a probably very common mistake to have a slight wave formed up and down
slope on the collector loop pipes. This can give unpredictable air and fluid pockets/traps and extra flow
resistance. This can delay or even prevent both draining and startup. This was experienced in the lab system
at DTU. Only the cold side is drawn here with wrong installation, but the same problem can occur on the hot
side of the collector.
4. Performance and Model Validation for the Laboratory System
The test system was operated in a bit unusual way to give as good validation data over a long period, so that
many different operation conditions could be included. The domestic hot water draw off was controlled to be
100 l per day and evenly distributed at 07:00 12:00 and 19:00. This is an average Danish consumption, but
can of course vary from house to house depending on number of persons and habits. The heating load was
specially adapted to give a good validation data base and not according to a normal space heating profile
dependent on outdoor temperature and wind for example. Therefore most of the tank energy content below
the heating loop outlet was discharged by a timer every night to get a large temperature swing in the tank
frequently. This gives more stress to the modelling. Also periods without auxiliary heating was applied, to
get even more variability in data for model validation. This also means that long term summations of
measured performance are not comparable to a normal solar combi system in a house, so this is not presented
here. The idea was that after model validation the TRNSYS model could be used to simulate almost any
similar drain back system design, different loads and climate situations that can be of interest to study and
optimize. This later step is not done yet in the project.
A TRNSYS system layout is shown in figure 5. Note that the drain back tank is simulated as an extra pipe at
the outlet of the collector, located before the tank. This simulates the extra time delay and higher heat losses
due to this vessel. In the demo system this loss was minimized by combining the drain back and expansion
volumes into one vessel, see figure 2b.
After collecting enough data in the lab at DTU a simulation model in TRNSYS was validated using the lab
system measurements. Figure 4 shows an input output diagram [15] with TRNSYS results for a full year and
measured results for a period with full experimental operation from October 2013. The diagram indicates that
the TRNSYS system model can simulate the experimental system quite well.

977

Bengt Perers / EuroSun 2014 / ISES Conference Proceedings (2014)

The main deviation comes from higher heat losses for both the collector loop and the tank itself in practice,
which is very common. Also the slightly malfunctioning fabric stratifier adds to the difference between
measurement and simulation. This means that the collector has to operate at higher temperatures in reality
than in the simulation.

Model Validation
Collector Array output [kWh/m2/day]

5.0
4.5
4.0
3.5
3.0

Qcollector TRNSYS

2.5

Q in to tank TRNSYS

2.0

Measured Qcollector

1.5

Measured Q in to tank

1.0
0.5
0.0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

Solar Radiation in collector plane [kWh/m2/day]

Figure 4: Input output diagram for the Lab system at DTU indicating that the TRNSYS model can simulate
the experimental system quite well. The main deviation comes from higher heat losses for both the collector
loop and from the tank. Also less thermal stratification in the real tank due to a clogged fabric stratifier
contributes.

Figure 5. TRNSYS system layout. Note that the drain back tank is simulated as an extra pipe at the outlet
side of the collector located before the tank. This simulates the extra time delay and heat losses due to this
tank.
An overview of the TRNSYS simulation model validation results, is given in table 1 below indicating a good
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match between measurements and simulation almost within the measurement uncertainty of the variables, for
the two week period October 5 - October 19, 2013. The bottom line shows the ratio between TRNSYS
simulation and measurement results. It should be pointed out that the Auxiliary input, Space hating and Hot
water loads, are also simulated according to controller settings and consumption patterns and not input to
TRNSYS as measured values. So it is a more complete model validation and not only of the solar part of the
system.
Table 1. TRNSYS model validation results for a 2 week period for October 5-19 2013 for the lab drain back
system at DTU.

Energy Flow =>
Unit =>
Measured
TRNSYS
TRNSYS/Measured

Net
Total Solar Energy
E hot
Eauxiliary Heat loss Utilized
Solar
Radiation in from solar Ecoll into Espace
water
to the
from
Energy
Coll plane collector tank
tank
heating draw off tank
kWh/m2
kWh
kWh
kWh
kWh
kWh
kWh
kWh
31
112
77
79
44
57
12
66
31
106
79
85
42
58
10
69
1.00
0.95
1.02
1.08
0.95
1.02
0.84
1.05

5. Measurements from the Demo Plant
In the demo plant only energy meters were installed to derive long term performances. Therefore no detailed
information can be derived.
In figure 6 the main energy flows in the demo system are shown. The tank was not insulated in the first
months. There is hot water circulation in some periods. The hot water consumption shown includes this
circulation heat loss so it varies more than the hot water consumption. A point measurement indicates a huge
circulation pipe heat loss of about 2.7 kW. Hot water circulation saves water and it improves the comfort
very much, when hot water pipes are very long as in this case.
The net utilized solar energy, defined as domestic hot water consumption inclusive circulation pipe heat loss
+ space heating - heat supply from district heating, gets negative in winter when the solar contribution is very
small. It is because the heat losses are not included in this definition.
Drain Back Demo System Sorö. July 2013 - August 31 2014 [kWh/month]
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Figure 6. The main monthly energy flows and energy balance in the drain back demo system in Sorö.
As can be seen the solar combi system is oversized for the normal summer load. This is normally reduced to
the domestic hot water consumption. Some comfort floor heating is used in summer as the extra solar energy
use is almost free. Cold unheated ceramic or stone covered floors are avoided then. This is increasing the
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comfort in summer.
An annual energy- and volume balance for September 2013 to August 2014 is given in table 2.
Table 2. Heat demands and thermal performance for one year operation.
Hot
Water

Hot
Floor
Floor District District Collector Collector
Water Heating Heating Heating Heating into Tank
loop

Net Utlized
Solar

Heat
Losses

kWh

m3

kWh

m3

kWh

m3

kWh

m3

kWh

kWh

2196

115

17024

2461

18013

1053

4052

270

1206.5

2846

The net utilized solar energy of 1207 kWh/year, corresponding to 99 kWh/m² collector per year is only one
third of the energy delivered to the tank by the solar collectors. The main difference is the tank heat losses
that are not taken into account in the net utilized solar energy calculation. Part of these losses would have
been covered by auxiliary energy, if not solar energy was present in the system. The tank heat losses are
larger than the tap water consumption including circulation pipe heat loss in this case. This is due to the less
well insulated storage tank. Also some shorter connecting pipes were still uninsulated and add up to the
relatively large heat losses.
The solar energy into the tank corresponds to 332 kWh per m² collector. The collectors have too little load
during summer and operate at very high temperatures then, so the output is reduced. The collectors can of
course not produce more than the load plus tank heat losses.
6. Conclusions and Recommendations
After some minor initial installation problems and redesign, mentioned above, the systems have been in
continuous operation with only minor problems. The operating problems were mostly on the monitoring side
as it is long term measurements and sensors and data loggers can fail after some time.
1) Continuous slope of pipes above the drain back level is very essential. The use of stainless steel flexible
pipes in the collector loop should be avoided, unless mounted very carefully to avoid water pockets.
2) Only one, closed air volume should exist in the system, to make the drain back function 100% reliable and
to avoid oxygen coming in and thereby avoid corrosion inside the system.
3) The combination of a drain back vessel (pipe in this case) and system expansion tank, can be a good
solution, see fig 2. In an extreme design the drain back vessel can be integrated into the top of the tank. This
combined tank should be connected to the bottom of the storage tank to avoid extra heat losses.
4) It is possible to avoid all heat exchangers in the system and use the same fluid (water) everywhere, except
for domestic hot water. For domestic hot water, a tank in tank system solution is recommended, see fig 1b
and 2b.
5) A standard pump can be used in the collector loop, if the drain back tank is placed high enough, but still
indoors.
6) An adapted control system is desirable, that can increase the flow in the collector loop during startup and
thereby flush it, so that the pumping power can go down by siphon action in the forward pipe down to the
tank or drain back vessel. Also blocking of start at extremely cold outdoor temperatures could be one feature
if long outdoor pipes are needed in the collector loop.
7) The mounting of the collector temperature sensor is important to have good thermal contact to the
collector outlet temperature during startup and the outlet fluid during operation, but at the same time avoid
overheating of the sensor during stagnation.
8) Installer education and training is very important (like for normal glycol systems.)
9) A TRNSYS model has been developed for the system type and validated with reasonable accuracy against
measured data.
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Abstract
This paper focuses on the study of cascade heat pump systems in combination with solar thermal for the
production of hot water and space heating in single family houses with relatively high heating demand. The
system concept was developed by Ratiotherm GmbH and simulated with TRNSYS 17. The basic cascade
system uses the heat pump and solar collectors in parallel operation while a further development is the
inclusion of an intermediate store that enables the possibility of serial/parallel operation and the use of low
temperature solar heat. Parametric studies in terms of compressor size, refrigerant pair and size of
intermediate heat exchanger were carried out for the optimization of the basic system. The system
configurations were simulated for the complete year and compared to a reference of a solar thermal system
combined with an air source heat pump. The results show ~13% savings in electricity use for all three
cascade systems compared to the reference. However, the complexity of the systems is different and thus
higher capital costs are expected.
“Key-words: cascade heat pump; solar combisystems; simulation study”

1. Introduction
The use of solar thermal combined with heat pumps for the production of domestic hot water (DHW) and
space heating (SH) has recently increased in central Europe. The boom is related to higher efficiency of heat
pumps compared to conventional heating systems and incentives due to high peak costs of electricity and
environmental reasons. However, the coefficient of performance (COP) of a heat pump drops significantly
when high pressure ratios occur, e.g. with large temperature lift between source and sink. Thus, it is possible
to improve the system’s performance by adopting modified refrigeration cycles (Pottker, 2013), e.g. a dual
stage heat pump configured in cascade (Wang et al., 2005; Wu et al., 2012). The cascade system consists of
two vapor-compression cycles connected via an intermediate heat exchanger (IHX). This solution gives more
stable heating operations and higher water outlet temperatures (Jung et al., 2013), thus is suitable for
applications with high supply temperatures. The main disadvantage is the limited range of working
conditions due to the simultaneous running of the heat pumps. Therefore, by replacing the IHX with an
intermediate tank, the system acquires flexibility meaning that three configurations can be realized: 1) the
low stage heat pump charges the intermediate store; 2) the high stage heat pump discharges the intermediate
store; 3) both heat pumps operate as a cascade via the intermediate heat exchanger. Moreover, the solar
collector can provide heat at a low temperature that cannot be used in the combistore to this intermediate
store. This connection is called solar indirect mode, while the solar direct mode occurs when the solar
collector charges the combistore. The use of indirect mode may increase the coefficient of performance
(COP) of the heat pump and the efficiency of solar collectors at the same time, but this is not a guarantee for
a higher system performance. Haller and Frank (2011) studied the potential of using heat from solar thermal
collectors for heat pump evaporator and one of the conclusions was that the indirect solar mode had a higher
potential for improving the system performance for systems with large temperature lift between source and
sink. The company Ratiotherm (Heizung + Solartechnik GmbH & Co. KG, Germany), has developed a
system concept based on a cascade heat pump. The main focus is on the use with existing buildings where
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heat loads can be relatively high.
The aim of the study was to analyze possible configurations of cascade heat pump in combination with solar
thermal system for SH and DHW preparation in single family houses with relatively high heating demand.
The scope was to compare three different configurations of cascade heat pump to the solution with a single
stage. The solutions included an intermediate heat exchanger (CHP), an intermediate storage (CHPS) and an
indirect solar mode (CHPSS). In addition the influence of the compressor size, the choice of refrigerant and
the size of the intermediate heat exchanger had been investigated. Costs of components were not considered.
Thus, annual electricity consumption and seasonal performance factor (SPF) were used for the comparison.
The study has been carried out within the frame of the European Union’s Seventh Framework Program
FP7/2007-2011 in a project called MacSheep.
2. Methodology
This study has been carried out with TRNSYS 17 (Klein et al., 2011). The reference model was the same as
in Poppi and Bales (2013), but with different boundary conditions. The climate of Zurich and building
SFH100 (Dott et al., 2013; Haller et al. 2013) were chosen for the study. Some key figures for these
boundary conditions are given in Table 1.
Tab. 1: Key figures for SH and DHW for SFH100 and the climate of Zurich

Building

Unit

SFH100

Design supply temperature for SH

°C

55

Design return temperature for SH

°C

45

Design load for heat distribution

kW

7.7

Annual space heating load

kWh

17224

Supply temperature for DHW

°C

45

Cold water temperature for DHW

°C

10

Annual DHW discharge energy

kWh

3038

For this study the outer system boundary was used, meaning that even the space heat distribution pump is
included in the total electricity use. Penalty functions were defined as in Haller (2013) and in addition were
kept below the value of 1% for all simulations to ensure that all systems provided the same comfort level as
well supplied energy. Thus, seasonal performance factor (SPFSHP+,pen) and total electricity use (Wel,SHP+,pen)
were defined as following:
Wel,SHP+dist = Wel,HP + Wel,SC + Wel, EH + Wel,PU + Wel,Ctr+ Wel,dist
ܵܲܨௌுା ൌ

ሺொሶೄಹ ାொሶವಹೈ ሻǤௗ௧
ሺǡೄಹುశೞ ାǡವಹೈǡାǡೄಹǡሻήௗ௧

(eq.1)
(eq.2)

An air source heat pump combisystem, defined within MacSheep (MacSheep, 2012-2015), was considered as
reference. From the reference system, the single stage heat pump has been replaced by a cascade heat pump
cycle (CHP). Then, parametric studies in terms of compressor size, refrigerant pair and size of intermediate
heat exchanger were carried out. The optimized CHP was compared to other configurations with the same
optimized cascade heat pump: cascade heat pump system with integrated storage (CHPS) and cascade heat
pump system with integrated storage and indirect solar mode solar (CHPSS). All solutions were simulated
for the complete year.
3. Reference system
3.1. Description
A schematic of the reference system is shown in Fig.1. The system layout is the same as the one described in
Poppi and Bales(2013). It is a parallel system with the solar collectors that charge the hot water store via an
internal heat exchanger and an air source heat pump that either charges the main store or serves the space
heat load directly. Solar thermal consists of flat plate collectors that are tilted 45° and orientated to the south.
The total absorber area is 9.28 m2. The 750 liters water store has a solar coil in the lower volume of the store
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and a stainless steel heat exchanger that covers the whole store for the preparation of DHW. The air source
heat pump is a R410A split unit coupled with a variable speed compressor. It has a COP of 3.5 at nominal
conditions (air 2 °C/water 35 °C). The heat pump is connected to the store so that it charges either the upper
volume for DHW preparation or the middle volume for space heating system, a so called four pipe
connection. The connection can be switched via two 3-way-valves, so to connect either the heat pump or the
space heating loop to the middle port and the return to the lowest of the three ports. Thus, a parallel
configuration is realized to connect the heat pump and the space heating loop to the store. When the store is
charged for space heating, some part of the flow goes via the space heating distribution system and the rest
through the store in the amount depending on the operating conditions. The starts and stops of the heat pump
are controlled based on the temperature difference between the return temperature and the buffer storage
temperature. The heat pump starts when the storage temperature drops below the set point minus a hysteresis.
During running time, the heating capacity is adapted in order to reach the set point temperature according to
the heating curve. In DHW mode the control principle is the same, with the exception that the compressor
always runs at full speed during the whole charging process and the temperature sensor is located in the
upper part of the store. A single sensor is used for on/off control, with a hysteresis of 4 K.

Fig. 1: Square view diagram (left) and scheme of the reference system (right)

3.2. Modeling
Type 832 QDT multinode model (Haller et al., 2012) was used for the collector with parameters derived for
the Viessmann Vitosol 200 collector based on testing according to EN 12975-2 (2006). Type 340 multiport
model (Drück and Pauschinger, 2006) was used for the store with parameters derived from a test of the
Viessmann store 340 M according to EN 12977-2 (2012). The heat pump was modeled using Type 877
(Heinz and Haller, 2012), which is a relatively new semi-physical model based on a calculation of the
thermodynamic refrigerant cycle and the thermal properties of the used refrigerant. The parameter values
were derived from measurement data for the Viessmann Vitocal 200-S variable speed air heat pump
provided by the manufacturer and then scaled so that the heat pump can cover the maximum heat load plus
an extra 0.5 kW for charging for DHW preparation. The heating capacity of the heat pump is 14.5 kW at
standard conditions (A2W35, defrosting at -2 °C). For variable speed operation, the heat pump heating
capacity is adapted by a PI-controller in order to reach the set point temperature (flow temperature according
to heating curve) in the flow line of the heat pump. The electricity use of the water pumps was not derived
from the component models but was calculated separately in a set of equations using a nominal power for set
conditions of pressure drop and flow rate and corrections depending on the actual flow rate and the (linear)
dependency of the efficiency on the flow rate. Nominal efficiencies of 12% for the solar loop pump and 40%
for the pumps used for charging the store from the heat pump were used. A fixed power of 15 W was used
for the space heat distribution pump. Pipes connecting the collector to the store and between store and heat
pump were modeled explicitly using Type 31. The dimension of the pipes in the collector circuit was defined
according to prCEN 12977-2:2007(E) (CEN, 2007) depending on the flow rate, as is the insulation standard.
The insulation standard of the other pipes was defined using the same standard, but the pipe diameter was
chosen according to thumb rules used by plumbers. Pipe runs were estimated for a standard installation
resulting in 30 m piping in the collector loop (internal diameter 16 mm) and a total of 22 m for all the other
pipes (internal diameter 25 mm). The U-value for the pipes was calculated theoretically based on the
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insulation level but corrected for nominal extra heat losses due to pipe connections of 0.12 W/m2K
(equivalent to a bare copper pipe of 0.1 m with diameter 0.035 m) and 0.24 for a component such as a valve
(equivalent to a bare copper pipe of 0.2 m with diameter 0.035 m). In total 18 connections and 10
components were included.
4. Cascade systems
4.1 Solution with intermediate heat exchanger (CHP)
The system concept consists of a cascade heat pump (CHP) coupled to the combistore that replaces the
reference air source heat pump. As Type 877 has a heat exchanger for the condenser that models a single
phase fluid on the sink side, the cascade heat pump was modelled with two Type 877 in series connected via
a water loop. Fig. 2 shows the schematic of the two stage heat pump with the intermediate storage. The high
stage (Type 877_WSHP) is coupled to the sink and the low stage (Type 877_ASHP) to the source bypassing
the store via two 3-way-valves when system runs in cascade (refer to outer boundaries).

Fig. 2: Schematic of the two stage heat pump with intermediate storage in TRNSYS Studio

The heat losses through the pipes were defined negligible (1 kJ/(h·m2·K)) and the energy consumption for
recirculation set to zero. The mass flow rate was 700 kg/h. The 3-way-valves were simulated by using two
diverter valves (standard Type 11f) and two mixer valves (standard Type 11h). The main inputs and
parameters of the heat pump models were kept the same as reference except for the compressor size, the
refrigerant and the UA-value of the heat exchangers. Their optimization was achieved thanks to parametric
studies. The heat losses of the compressor and the isentropic efficiency were modeled as function of the
compressor frequency and the pressure ratio, similarly to the reference system.
Parametric studies
The compressors size for the refrigerant pairs: R410A/R134a, R407C/R134a, R410A/R404A, R290/R134a
was optimized; the first termed refrigerant refers to the high stage and the second one refers to the low stage.
These refrigerant pairs were chosen based on results from literature. The initial assumptions for the size of
compressor were 4 and 7 m3/h respectively for low and high stage heat pump. Once the best combination of
refrigerant pair and compressor size was defined, the optimal heat transfer coefficient for the intermediate
HX was studied. The UA-values chosen for the parametric study were: 350, 700, 1050, 1400, 1750, 3500,
5250 and 7000 W/K (default value). SPFSHP+,pen and Wel,SHP+,pen were used for the results comparison.
Moreover, penalties were kept lower than 1% to ensure the same comfort level as well supplied energy.
4.2 Solution with intermediate storage (CHPS)
The system concept is based on the CHP with the addition of the integrated storage between the two heat
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pump cycles (Fig. 3). The schematic is still the one shown of Fig. 2, but the two cycles are now decoupled.
For modeling the intermediate storage, the nonstandard Type 534 was used. Details about the model can be
found in Thornton et al. (2005). The store was via direct fluid pipes connected to the condenser of the low
stage and to the evaporator of the high stage. The store was simulated as a fully mixed tank and no internal
heat exchanger were considered. Thereby the store gets charged by the low stage and discharged by the high
stage heat pump. The high stage has the same control function as for CHP. The low stage heat pump runs if
the storage temperature is below a set temperature minus a dead band temperature of 5K until the set
temperature is reached. This is controlled by the standard Type 2b.

Fig. 3: Square view diagram of the CHPS

4.3 Solution with intermediate storage and indirect solar mode (CHPSS)
In CHPSS the main solar collector loop was also connected to the intermediate storage (Fig. 4) so that the
system can use low temperature solar heat (indirect mode).

Fig. 4: Square view diagram of the CHPSS

The fluid flow switches between the combistore and the integrated store thanks to a 3-way-valve. The solar
collector was coupled with the cold store by using a doubleport to avoid the heat resistance of a heat
exchanger. Therefore, the intermediate store was filled with the collector fluid and the fluid loop changed to
the glycol/water-mixture. The control strategy of the solar loop was changed accordingly to provide both
indirect and direct modes. If the outlet temperature of the solar collector is higher than the set temperature of
the intermediate storage (14°C) plus a dead band of 7°C the collectors charged the cold storage; the indirect
mode is active as long as the collector outlet temperature is above the storage temperature plus 3°C.
However, at the time when the solar collector can provide the combistore, this is the preferred mode of
collector operation as suggested by Haller and Frank (2011). In order to set the priority to charge the
combistore first, the integrated store is just provided with solar heat when the combistore solar control is
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switched off.
5. Results and discussion
5.1 Reference system
Fig. 5 shows the annual electricity use of the compressor as a function of the outside ambient temperature
(Tamb) and the inlet temperature to the condenser. The vast majority (84%) of the use of the heat pump occurs
when the ambient temperature is between -5 and +5 ºC and that this coincides mostly with inlet temperatures
of 42 to 50 ºC (71%). There is also a significant amount supplied at lower temperatures, 16% being used for
inlet temperatures between 30 and 37 ºC.

Fig. 5: Electricity use of the compressor in the reference system as a function of ambient temperature and inlet temperature to
the condenser of the heat pump

Fig 6 shows the total electricity use, whereof 86% of the total share is consumed by the compressor and 8%
by fans. Circulating pumps, electrical auxiliary heater and controllers use 2% each. The reference system has
an SPFSHP+,pen of 2.43 and an annual electricity consume of 8.34 MWh. DHW penalties are 0.2% and 0.0%
for space heating, relative to the total load for DHW and space heating respectively.

Fig. 6: Electricity use of the reference system

5.2 Parametric studies of CHP
Size of compressor
Results for R410A/ R134a are shown in Fig. 7. The blue line shows the function profile of Wel,SHP+,pen for
different sizes of the compressors. The function has a minimum in correspondence of V swept,ASHP = 4 m3/h.
Vice versa for the SPFSHP+pen function, which is depicted in green. Red dots show the results with penalties
higher than 1%.
For the case of the high stage, both Wel,SHP+pen and SPFSHP+pen (orange and violet respectively) have a flatter
profile. The best compressor combination with the refrigerant pair is 4 m3/h and 7 m3/h respectively for the
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low and the high stage. In this configuration, the SPFSHP+,pen is 2.76 and the Wel,SHP+,pen is 7.32 MWh.

Fig. 7: Results of the parametric study with the compressor size for the refrigerant pair R410A/R134a. Red points show the
results with penalties higher than 1%.

Refrigerant pair
The compressor sizing was done for each refrigerant pair. Table 2 shows the results for the optimized sizes
of compressors for different refrigerant pairs. Best result is achieved with R410A/R134a. However, the
results of R290/R134a are very close to the best, but with a bigger compressor size for the low stage cycle.
Furthermore, this solution uses propane (R290) in the low stage, which is flammable; thus not suitable for
domestic applications. The solution with the refrigerant pair R410A/R404A employees the smallest
compressor sizes, but lower SPFSHP+pen compared to the best solution.
Table 1: Best results for the compressor size study with the different refrigerant pairs

ሶ
ܸ௦௪௧ǡௌு
ሶ
ܸ௦௪௧ǡௐௌு
SPFSHP
Wel,SHP

Unit

R410A/
R134a

R407C/
R134a

R410A/
R404A

R290/
R134a

[m3/h]
[m3/h]
[-]
[MWh]

4
7
2.76
7.32

7
7
2.71
7.47

4
4
2.64
7.64

7
7
2.75
7.34

Size of intermediate heat exchanger
Fig. 8 shows the results of the parametric study of the size of the intermediate HX.
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Fig. 8: Results of the parametric study with UA-value of the intermediate HX. Red points show the results with penalty higher
than 1%.

In the beginning, the energy consumption of the system quickly decreases with an increasing UA-value,
which then approached a minimum. The SPFSHP+,pen passes in the opposite way, it rises at first with
increasing UA-value, which then approaches a maximum. In order to optimize the heat exchanger size, the
UA-value should be chosen as small as possible while the energy consumption of the system should be near
the minimum and the SPFSHP+,pen near the maximum. The solution with optimized UA-value of 1750 W/K
has a SPFSHP+,pen of 2.75 and a Wel,SHP+,pen of 7.34 MWh.
5.3 Comparison of the systems
Fig. 9 shows the results for one year of the four systems. Blue and red columns represent SPFSHP+,pen and
Wel,SHP+,pen respectively, while the green dots depict the reduction of electricity use compare to the reference
case. All three cascade systems perform equally better than the reference. They have ~13% higher SPF and
12% lower electricity consumption. Thus, the main difference between the three cascade systems and the
reference constitutes the cascade heat pump.

Fig. 9: Comparison of the SPF and electrical use of the systems

Fig. 10 shows the comparison of the energy balances, the condensation energy and the energy losses of the
heat pump for the four systems. Losses are defined as percentage of the total energies out from the heat pump
and count defrosting, starting and heat losses of compressors, pipes and intermediate storage to environment.

Fig. 10: Comparison of the energy balances and the energy losses of the heat pumps

The advantage of the cascade heat pump system is expressed mainly in the lower total pressure ratio and the
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lower condensation temperature (discharge temperature of the high stage HP) that provides the SH and
DHW. As a result the heat losses, which are a function of the pressure ratio and the difference between
compressor and ambient temperature, are 2 MWh smaller. Furthermore, refrigerants in the cascade heat
pump are individually adapted to the temperature levels in the auxiliary loop. Thus the refrigerant effect is
greater and the heat pump operating at their individual optimized conditions. For example, this effect is also
documented in Chua et al. (2010) and Wang et al. (2005). Consequently, the auxiliary loop of the reference
system has a 1 MWh higher energy consumption compared to the cascade solution to provide the same
condensation energy of around 18 MWh to SH and DHW. The compression efficiency for each stage is
higher.
The comparison of the solar energy amounts of the systems for one year reveal that the indirect solar energy
amount of 0.17 MWh is small compared to the direct solar energy amount of 3.49 MWh. Moreover, the
indirect solar mode occurs just around 66 hours in the year. Consequently the indirect solar mode in the
integrated storage has no big effect on the system performance.
The system concept based on the CHPSS has the highest SPFSHP+,pen and lowest Wel,SHP+,pen, but this solution
is the most complex. The use with the intermediate storage implies higher capital costs and a complex
control strategy for running the heat pumps in three different configurations. Furthermore, an extra sensor for
the solar radiation is needed to calculate the outlet temperature of the collector when the solar indirect mode
is on. This involves more cost for the radiation sensor and in the control, because of inaccuracies in the
measurement. However, also using temperature sensors for a control strategy induce inaccuracies. The
system concept based on CHP has 0.4% higher electrical consumption compared to CHPSS, but it has lower
system complexity (the intermediate heat exchanger replaces the storage tank) and simpler control strategy.
The main disadvantage is the limited range of working conditions due to the simultaneous running of the
heat pumps.
6. Conclusion
The analysis of possible configurations of cascade heat pump for solar thermal combisystems has been
carried out. Single family house with a specific space heating load of 123 (kWh/(m2·y)) for Zurich climate
has been chosen as reference for the systems comparison. The solution with an air source heat pump in
parallel with the solar collectors has been chosen as reference system because suggested and promoted by
leading companies in the heating sector in Europe. The reference system has a SPF SHP+pen of 2.43 and an
annual electricity consumption of 8.34 MWh, whereof most of it is used to run the compressor and ventilator
of the heat pump. Three different heat pump configurations have been studied and compared to the reference:
1) cascade heat pump (CHP), cascade heat pump with an intermediate storage (CHPS), cascade heat pump
with an intermediate storage and an indirect solar mode (CHPSS). The cascade system was optimized in
terms of size of compressors, refrigerant pair and size of the intermediate heat exchanger for the CHP
configuration. The solution with integrated storage and indirect solar mode achieves the best results with
12.6% of savings in total electric use. However, all three cascade systems perform more or less equally better
than the reference, but the system complexity is different, thus capital costs are expected to be higher.
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Summary
Performance analyses for integration of solar thermal, PV and geothermal heat pumps to different hotel
typologies have been carried out in order to evaluate the potential of self-consumption promoted by
European Directives. Hotels are located in different climatic zones of Spain and Italy. Using the software
TRNBuild®, the buildings have been created and run under TRNSYS Simulation Studio. Four typologies of
hotels (urban, rural, beach and mountain) and five categories of guests were created (family, couple, youth,
organized travel group and business), reflecting existing different patterns of energy consumption. Three
Spanish provinces and one mountain site in Italy with different weather conditions have been selected to
calculate total thermal, electrical and domestic hot water (DHW) demand. Systems were sized to cover
approximately 70% of DHW demand, according to Spanish Normative. In addition, by using the selected
technologies it is possible to supply all the electricity demand according to different patterns. In particular, it
will be shown that it is possible to supply 50% of total energy with PV panels - a value above the objectives
of the European Union for 2020.
Keywords: Near Zero Energy Building; Smart Energy Building, TRNSYS; Self-consumption; Solar DHW,
Photovoltaic, geothermal heat pumps

1. Introduction
Nowadays, concepts such as “near zero energy building” and “smart energy building” are very common.
These concepts promote the reduction of energy consumptions and integration of renewable energy systems
into buildings. After publication of the European directive for the energy performance of buildings
(European Parliament and Council, 2010), several policies and specific projects have been promoted and
financed to improve technologies and disseminate that concepts. The German institution ENOB (Research
for Energy Optimized Buildings) highlights some of the smart buildings realized in Europe and in the rest of
the world. In particular, this work was carried out within the framework of the Spanish project THOFU
(Technologies for Hotels of the Future). The main purpose of the project was to propose new solutions for
highly sustainable hotels. In this work it is presented the analysis of fusion of several renewable energy
systems and energy saving solutions studied or developed in THOFU project.
Because of many possible definitions for near or net zero energy building (IEA-SHC Task 40, 2013;
Marszal et al., 2011; Torcellini et al., 2006), the analysis in this paper assumes the global energy demand is a
sum of thermal needs for air-conditioning, domestic hot water (DHW) and total electrical demand. Various
authors (Gallo et al., 2014; Mohamed et al., 2014; Oliveira Panão et al., 2013) applied this approach to
estimate building energy balance. Most of these studies analyze offices and residential buildings. In this
work, four hotels with different shapes, climatic conditions and occupancies were simulated to represent the
variety of Spanish hotel industry that may serve as a good guide for other Mediterranean countries. In
particular, selected hotels referred to urban, rural, mountain and beach typologies. Energy efficiency
solutions and renewable energy systems were integrated in the models with an aim of covering the highest
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amount of demand and minimizing external energy dependence. In order to analyze realistic scenarios, most
of the systems included in the model make use of well-known components and technology solutions, though
some innovations proposed at the THOFU project have been introduced as well. Hence, considerable energy
savings and a good exploitation of renewable energy are desired. Moreover, proposed hotels presented
different kinds of services and categories of users. Therefore, different occupancy profiles were defined and
analyzed. Simulations were carried out with software TRNSYS®. Only existing code “types” were used to
reproduce the components in each subsystem. All the types belong to TRNSYS® basic library and TESS®
library.
A detailed description of the analyzed systems is presented in the next section including the specifications of
buildings, load demands and energy systems. The following section presents the methodology used to
simulate the entire system for each case. Simulation outcomes are shown in section 4 and sensibility analyses
complemented the results in order to understand the effects of most important parameters on energy
consumptions. Finally, the results are commented in the conclusion and discussion section.
2. System description
In order to evaluate the existing diversity in Spanish hotel industry, four typologies of hotels were modeled
with TRNBuild®. Afterwards, buildings performances were analyzed in TRNSYS® Simulation Studio. The
analyzed typologies of hotel were beach, rural, urban and mountain. Different shapes, occupancies, climatic
data were proposed for each case. Figure 1 (right) shows annual occupancies.

Fig. 1: Models of hotel buildings proposed (left). Occupancy profiles for different types of hotels (right)

Furthermore, six types of service areas were considered: lobby, bar-restaurant, leisure and night
entertainment, spa, gym and rooms. Table 1 summarizes principal parameters for proposed scenarios.
Because of the lack of climatic data availability for the Spanish mountain location, data from an Italian
mountain site were used. For the sake of simplicity, the proposed buildings were divided into three thermal
zones, corresponding to different floors and services: spa and gym in the same underground zone,
leisure/night entertainment, lobby and bar/restaurant in the same zone at ground floor and the rooms in
another zone composed by several floors.
Table 1: Main characteristic for proposed scenarios.

Scenarios

1

2

3

4

Type hotel

Rural

Urban

Beach

Mountain

Site

Santander (E)

Madrid (E)

Almeria (E)

Terminillo (I)

Coordinates

43º27’N, 3º48’E

40º25’N, 3º41’E

36º 50’N,2º 28’W

42º28’N,12º59’W

Climatic zone

Zone C

Zone D

Zone A

Zone E

Size

Small

Tower

Medium

Medium

Floors

3

15

6

4

Surface

30m x 20m

60m x 20m

60m x 20m

60m x 25m

Nr. rooms

37

300

150

100

Capacity

67

600

353

240
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Services

Lobby, rooms, bar, restaurants, gym, spa, leisure and night entertainment

Therefore, four different buildings were designed (Fig. 1 left) with a rectangular shape and a roof with
ecologic cover (Machado et al., 2000). South façade included water-cooled IntelliGlass® windows (Gimenez
Molina, 2011), a double glazing glass with flowing water inside. North façade was fully opaque. East and
West façades had 50% opaque surface and 50% windowed. Underground wall had no windows. Table 2
summarizes the adopted values of transmittance and solar factor for wall and window in different climatic
zones of Spain, according to current Spanish Technical Building Code (Código Técnico de la Edificación,
CTE, 2011).
Table 2: Transmittance [W m-2 K-1] of walls and windows utilized in the buildings for different Spanish climate zones and
window solar factor.

Orientation

Wall type

Zone A

Zone C

Zone D

Zone E

North

Opaque façade

0.879

0.703

0.639

0.540

Est/West

Window

1.770

1.770

1.770

1.770

Opaque façade

0.879

0.703

0.639

0.540

South

IntelliGlass window

5.411

5.411

5.411

5.411

Roof

Ecological roof

0.203

0.203

0.203

0.203

Underground

Underground wall

0.540

0.540

0.540

0.540

Underground floor

0.523

0.493

0.487

0.480

floor

1.404

1.404

1.404

1.404

Internal

Solar Factor
0.572
0.380

In order to cover the global energy demand for each building, an optimized integration of different renewable
systems was considered. For each case the same kind of devices were simulated, but with different sizing.
Figure 2 shows a simplified flow sheet, similar to the scheme proposed by the authors in a precedent work
(Gallo et al., 2014). So, four subsystems were identified: (i) building, occupancy and weather data, (ii)
thermal subsystem, (iii) solar domestic hot water subsystem (SDHW) and (iv) electrical subsystem.

Fig. 2: Simplified flow-sheet and division into four subsystems.

2.1. Building, occupancy and weather data.
In order to simulate building thermal behaviors, the type 56 (multi-zone building) was used. Types 7, 35 and
109 (Meteonorm weather data reader) were implemented in TNRSYS® Simulation Studio to reproduce
climate conditions. The hourly occupancy for all hotel services were modeled by using several types 14:
thirty normalized hourly occupancies were associated to six services and five categories of users (see figure
3). In order to define the hourly occupancy in each service it was necessary to determine hotel capacity (Ch,
see table 1), user category percentage (Ui) and annual occupancy (Oa, see Fig. 1 right). Knowing daily
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demand (Dd) of electricity or DHW and normalized hourly profile for service (Pn, see Fig. 3) it was possible
to calculate hourly consumptions (Dh) for the user category “i” and service “j”, as reported in eq. 1:
Dh୧,୨ = Ch Oa U୧ Pn୧,୨ Dd୨

(eq. 1)

Total demand is the sum of hourly consumption for each service and user category, as shown in eq. 2:
Dh୲୭୲ = Ch Oa σ i ቀσ ݆ ൫U୧ Pn୧,୨ Dd୨ ൯ቁ

(eq. 2).

Through the link between the building, occupancies, and climatic data, the heating and cooling demands
were calculated for one-year. Infiltration was considered constant to 0.8 volume/h and ventilation was
proportional to occupancy.

Fig. 3: Hourly occupancy profiles for hotel services and categories of users.

2.2. Thermal system.
Two traditional air-water heat pumps (type 940) and one geothermal water-water heat pump (type 927)
composed the thermal system. The traditional heat pumps supplied the thermal needs for underground and
ground zones, the geothermal heat pump supplied the room-zone. Traditional air-water heat pumps
exchanged heat with ambient air at source side and with water at load side. Afterwards a pump circulated this
water into radiant floors inside the building. TRNBuild active layers in underground and ground storeys
modeled radiant floors. In a similar way, geothermal heat pump took advantages of ground-heat exchanges to
condition air inside rooms. In order to simulate geothermal pile foundations and the exchanged heat between
ground and water, a type 557 was used. Some borehole parameters were fixed according to communication
with partners involved in THoFu project and according to literature (Sagia and Rakopoulos, 2012; TrillatBerdal et al., 2007; Yang et al., 2010). Table 3 summarizes those values.
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Table 3: Fixed borehole and pile parameters.

Parameter
Soil thermal conductivity
Soil heat capacity

Value
2.40
2016

Unit
-1

Wm K
-3

kJ m K
-1

-1

-1

Pipe thermal conductivity

0.42

Wm K

Active pile length

40

m

-1

Parameter

Value

Unit

Borehole radius

0.1016

m

Inner radius of U tube pipe

0.0200

m

Outer radius of U tube pipe

0.0219

m

Centre-to-centre half distance

0.0300

m

A TRNBuild active layer, included in the north façade of the building, modeled heat exchanges between
water from the geothermal heat pump and air inside the room zone. With the aim of representing an
intermittent behavior of the thermal devices, temperature controllers (types 108) activated or deactivated
circulation water-pumps (types 114) according to internal zone temperature. This parameter was limited
between 20 and 25°C with a tolerance of 2°C.

2.3. Domestic Hot Water System
This subsystem included all the elements to simulate solar domestic hot water (SDHW) system. SDHW plant
was composed by solar collectors (Type 1b), a circulation pump (Type 3b), a hot water storage tank with
electrical auxiliary resistance, (Type 4c), a temperature-flow control system (Type 2b), a flow-diverter (Type
11b) and a T-piece mixer (Type 11h). The domestic hot water demand was proportional to the occupancy in
each hotel service (see figure 3). Therefore, adding the demand for each service and category of users, total
DHW consumption was estimated.
2.4 Electrical System
A photovoltaic plant (type 180), lead-acid batteries (type 47), inverter-load controller (type 48) and a weather
data reader (type 109-TMY2) formed the scheme of the electrical system. Type 180 could read an external
file with personalized PV panel parameters. Parameters from Conergy PowerPlus 250P data-sheet were used
to simulate the photovoltaic plant. One optimized inclination and orientation for all the PV panels was
considered for each location. In battery type, the connected modular cells were simulated in order to reach
their desired storage capacity, but the voltage effect was neglected. In type 48, an intermediate level between
the minimum and the maximum battery charge was defined in order to control the electricity flow from the
PV. If such a level were reached, load controller would allow the PV to feed load directly. Electricity
exchanges with the grid were allowed and the grid was considered as an infinite source or sink, yet the
battery charge directly from the grid was not permitted. The electrical demand was the sum of different
components. For each service a constant and a variable demand were assigned depending on occupancy. In
addition to these, the electrical consumption from heat pumps, circulating pumps and from auxiliary
resistance in DHW tank was summed too.
3. Methodology
Sizing all the devices included in the flow-sheet was essential for a good simulation. Because of the large
number of parameters and inputs, an iterative process was conducted with the aim of achieving feasible
results in the modeled subsystems. A first annual simulation was run to define the thermal demands and
check if the SDHW system working. In order to determine the heating and cooling demands, the set point
temperatures were fixed to 20 and 25°C, respectively. The parameters in SDHW system were varied, until
the minimum solar contribution for the considered location was reached, according to the restrictions defined
in the Spanish Building Technical Code (CTE, 2009). Afterwards the size of the thermal system was carried
out and included in the model. Regarding the heat pumps sizing, the maximum heating and cooling power
demands were calculated. Therefore, to avoid oversizing, only 70% of maximum powers were covered. The
rated heat pump performance coefficients (COP) were assumed equal to 4. Hence, another run was required
to determine the global electrical demand. At that moment, the PV-battery system was sized to cover 50% of
the annual electrical demand, with the exception of the case of the mountain, in which only 25% of the
demand was covered. Thus, the last simulation was run to collect and to analyze the results.
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Then, the sensitivity analysis was carried out to define the dependence of the thermal behavior on the
occupancy and the set point temperatures. Finally, the parametric analysis for PV system was conducted.
This analysis followed the methodology proposed by different authors in literature (Gallo et al., 2014;
Matallanas and Monasterio, 2011; Téllez-Molina and Prodanovic, 2013): three parameters (self-consumption
SC, capacity fraction CF and load fraction LF) were analyzed to evaluate self-consumption, total production
and load coverage:
ܵ= ܥ

ாುೇ,ೌ ା ா್ೌ,ೌ
ாುೇ

; = ܨܥ

ாುೇ
ாೌ

; = ܨܮ

ாುೇ,ೌ ା ா್ೌ,ೌ
ாೌ

= ܵ ܥή ܨܥ

(eq. 3)

Where EPV,load is the annual PV electricity feeding the loads, Ebat,load is the annual electricity feeding the load
from batteries, EPV is the annual electricity produced by PV array, Eload is the annual electricity consumed by
the load. The first parameter (SC) represents the energy produced by the PV array and instantaneously
consumed, the CF is an indicator of PV array dimensions and LF represents the part of the load covered by
solar energy from the PV system or from batteries. Therefore, as mentioned before, for the reference cases
the PV size corresponded to CF=0.5 with the exception of mountain case, in which CF was 0.25.

4. Results
To evaluate the building thermal energy demand, the obtained results were compared with the values
presented in the IDAE report (IDAE-Aiguasol, 2011), where several types of the existent Spanish buildings
were simulated by using TRNSYS®. According to the project objectives, the simulated hotels demonstrated
lower thermal demand than the existing buildings. Table 4 resumes most important results for each location.
The values for the thermal requirements are expressed in energy per surface unit.
Table 4: Main results for analyzed locations.

Heating
demand
[kWh m-2]

Cooling
demand
[kWh m-2]

Solar
contribution
in DHW

PV power
[kW]
(kWh kWp-1)

PV to battery,

Santander

24.52

0.32

71%

150 (1028)

53%, 14%, 33%

Location

PV to load,
PV to grid

Madrid

20.19

1.45

72%

666 (1320)

55%, 35%, 10%

Almeria

3.70

3.00

73%

336 (1356)

60%, 16%, 24%

Terminillo

75.60

0.00

65%

156 (1155)

64%, 14%, 22%

The solar contribution in DHW demand represents the saved energy from the use of the solar thermal
collectors. The auxiliary electrical resistive heaters supply the remaining DHW demand. The obtained values
meet the Spanish normative. In the fifth column of table 4, PV power represents the total panel power peak
of the installation, while values in brackets represent the specific annual production for considered arrays.
Finally, the last column includes the annual share of the PV production.
In order to evaluate the effect of different user categories on the hotel electrical demand, the sensitivity
analysis was carried out, changing the mix of the occupancy user typology. Table 5 shows the results for the
smallest hotel (Santander). Consumption variation is always lower than 2.62% compared to the reference
case (case 1). For the other hotels, the amount of the electrical consumption was mostly independent of the
occupancy. Therefore, the demand variation with the user mix was found negligible.

997

Alessandro Gallo / EuroSun 2014 / ISES Conference Proceedings (2014)

Table 5: Sensitivity analysis.

Case

Family

Youth

Business

Couple

Travel
group

Consumptions
Variation

1

20

20

20

20

20

0,00%

2

0

0

70

0

30

-2,48%

3

33

33

0

0

34

-0,55%

4

50

50

0

0

0

-1,68%

5

50

0

0

0

50

-1,93%

6

0

50

0

0

50

-1,75%

7

0

0

0

0

100

-2,61%

8

100

0

0

0

0

-2,62%

9

0

100

0

0

0

-2,10%

In order to evaluate the variation of the thermal energy demand with the set point temperature, the sensitivity
analysis was applied to the Spanish test cases. Figure 4 shows the results: heating and cooling were analyzed
independently. In Figure 4a) the heating specific thermal demands are plotted and in Figure 4b) the same
demands are compared with the reference cases at 20°C. A similar analysis was carried out in Figures 4c)
and 4d) for the cooling demand considering the set point temperature at 25°C, as the reference case. For the
simulated cases, the set point temperature has a significant impact and approximately 20% of the heating
consumption can be reduced if the set point temperature is reduced for just 1°C. For the cooling, the savings
are even higher if the set temperature is increased. The Santander case did not present any cooling demand.

a)

b)

c)

d)

Fig. 4: Sensitivity analysis. Total (a) and relative (b) heating consumptions and total (c) and relative (d) cooling consumptions
with set point temperature.

Finally, the parametric analysis was conducted to evaluate the electrical system: LF, SC and CF where
changed as a function of the installed PV power and daily battery storage capacity. Therefore, the size of PV
array was varied in order to achieve CF factors equal to 0, 0.5, 1, 1.5 and 2. In particular, in Figure 5 are
plotted the results for the three Spanish locations, considering the storage capacity equal to 25% and 50% of
the mean electrical daily demand. The storage capacity was also modified by changing the number of battery
cells installed. In Figure 4d, the product of SC and LF is plotted for Almeria case. The maximum is achieved
for the values of CF between 0.5 and 1, and the maximum moves towards CF = 1, towards increasing the
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storage capacity. CF=1 means that annual energy production of PV system is equal to the annual electrical
load and SC is equal to LF.

a)

b)

c)

d)
Fig. 5: Parametric analysis. Variation of CF, SC, LF with installed PV power and daily battery storage capacity.

5. Discussion and conclusions
Four different configurations of buildings have been developed with the integration of several renewable
energy technologies (geothermal active pile foundations, Intelliglass® window, solar PV and solar thermal).
The proposed schemes represent high-energy savings for decarbonized hotels. Main results are:
- Important energy savings can be achieved for thermal demands. In all the cases, the values obtained for the
hotels are above what is established by Directives for existing buildings in Spain.
- Examples analyzed for hotels in Spain demonstrate that it is possible to make use of solar energy as main
energy source. Systems were sized to meet 70% of DWH demand and it was possible to cover all power
demand with the proposed options. In particular, it is possible to supply 50% of the total energy with the PV
panels that is a value well above the objectives set by the European Union under the program 20-20-20.
- Simulations performed demonstrate that the use of geothermal heat pumps can be a good option when
applied to radiant panels. In the event of a high heating demand, an auxiliary system would be required.
- The variation of the temperature set point has a significant effect on the thermal demand of the building,
both for heating and cooling. Variations of up to 40% were obtained for the thermal consumption for each
degree of the temperature set point. By introducing variable profiles for the temperature set point along the
day it is possible to achieve significant energy savings without affecting comfort, in particular during cold
seasons.
- For the analyzed cases, the variation of user mix does not have a significant impact on the global
consumptions
- All the climatic zones analyzed achieve degrees of autonomy higher than 60% (Load Fraction) with the
capacity fraction of 1 and the capacity of daily storage of 50%.
- Best values, in terms of the photovoltaic self-consumptions and load fraction, were achieved for the beach
hotel that was located in Almeria, because of the highest solar radiation.
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- Technical sizing of the PV system should lead to a capacity factor of 1 so that the self-consumption and the
coverage ratio are jointly optimized, in such a way that oversizing of the plant is avoided and a good
autonomy of the electrical system is achieved, according to the European objectives for 2020.
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Abstract
The paper discusses the results of a comparative analysis of the performance of different control strategies
applied to a reference solar DHW system. Three classes of control strategies have been considered: so-called
naïve control strategies based on the on-off control of the solar collectors pump using temperatures difference,
solar irradiation or both; fuzzy-based control strategies; and a reinforced learning-based strategy coupling a Qlearning algorithm to a fuzzy controller. The performance figures used in the analysis are the seasonal
performance factor at the primary side of the circuit (SPF coll), the seasonal performance factor of the whole
DHW preparation process (SPFDHW) and the number of times the circulation pump is switched on and off (NONOFF). The analysis, carried out numerically, has been performed using the TRNSYS simulation software
coupled to a LabVIEW implementation of the controllers. The analysis suggests that controllers able to find a
nearly optimal policy without requiring prior modelling of the system can be implemented using a reinforced
learning algorithm and supports the fact that well designed control strategies can increase significantly the
performance of such systems.
Key Words: Reinforced Learning, Fuzzy Control, Solar Thermal, Solar Domestic Hot Water, TRNSYS,
LabVIEW

1. Introduction
Despite its potential for growth, the market of solar thermal system in Europe is nowadays seeing a stagnation
period. Industries in the field are trying to improve their products by either reducing the production cost of
their components or selling advanced products granting better performance. Moreover, most of the small scale
domestic solar system are still installed without any particular attention to their efficient control. Then it comes
not as a surprise that much attention is paid to the opportunities offered by control optimization and to the tools
that allows it. Currently, the optimization of the solar thermal system control is based on computationally
intensive and time-consuming simulations carried out with specialized software tools. Following the recent
application of soft computing techniques in the field of building automation (Dalamagkidis, 2007) we started
a research line to investigate the applicability of these techniques to solar thermal system, with the long term
aim of developing self-optimizing controllers able to increase their overall performance and reduce the
simulation efforts spent for their development. In this paper we show the results of a simulations campaign
carried out to compare the performance of a reference solar domestic hot water system (SDHW) controlled by
naïve control strategies, a fuzzy logic based control strategy and a coupled reinforced learning-fuzzy logic
based control strategy.
Fuzzy logic (FL) is a rule-based decision making method used for expert system and process control. FL is
based on the fuzzy sets theory, a set theory where membership is a matter of degree, and deals with variables
assuming linguistic values (such as “COLD”, “MILD”, “HOT”) instead of numbers. It has been successfully
applied to several areas of science and technology, in particular to system control (Zadeh, 1965, 1968; Klir,
1995). The key elements of a Fuzzy Controller (FC) are a set of “if-then” rules (knowledge-base), an internal
logic processor (inference mechanism), and two other components called fuzzifier and de-fuzzifier (among the
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vast literature describing fuzzy control see, for example, Zilouchian and Jamshidi, 2001; Passino and
Yurkovich, 1998). In our implementation of the FC we considered the so called Mamdami fuzzy inference
system, characterized by a linguistic variable in the “then” clause of the rules base. The cooperation of fuzzifier,
knowledge base, inference mechanism and defuzzifier results in a non-linear static map between the input and
output of the controller. Fuzzy controllers show the advantage of being much more easily set up and tuned by
people without a controls theory background than the classical controllers.
Reinforcement Learning (RL) is a machine learning (ML) methodology developed in the 1979 (Sutton and
Barto, 1998) inspired by the research in the neurobiology field. It is based on the interaction between an agent
and its surrounding environment (Fig. 1). The interesting discussion about what is concretely meant by “agent”
would lead us too far from the scope of this paper and is avoided. Here it suffices to think at the agent as a
component that can: a) choose what action to perform next on the environment; b) perform that action; c) sense
the modifications caused by that action, including an evaluative feedback signal, called reinforcement. The
reinforcement signal can be seen as a reward (positive) or a punishment (negative) received from the
environment as a consequence of its actions. The learning process of the agent is influenced by the environment
through the rewards. We note that, in general, this agent-environment configuration is identical to that of
feedback-controlled systems where the dualism consist of components controller-process. The difference
between the two paradigms is that in the former, the agent is expected to self-learn how to behave at best in
the environment while in the latter, the controller is expected to drive the process as prescribed by the controller
designer, a very different perspective. In the context of the RL theory, a policy is the set of rules followed by
the agent to determine what action to perform at each time step. The objective of the whole learning process is
to find the optimal policy to perform whatever task the agent is supposed to carry out. Optimality is defined
with respect to the maximization of the cumulative reward.
Reward, State

AGENT
ENVIRONMENT

- function evaluation
- new action selection
Action

Fig. 1: Reinforcement learning scheme.

We applied a variant of a particular RL algorithm called Q-Learning (Watkins, 1989). This algorithm belongs
to class of unsupervised, model-free RL methods. Here the agent does not have any prior knowledge or model
of the system characteristics from which it could estimate the next possible state. Essentially, the agent does
not know what are the effects on the environment of a certain action and chooses the next action on the basis
of the cumulative effect of the actions performed in the past.
A sound and self-consistent recall the fuzzy control and Q-learning theories and the description of the FC and
Q-learning method implementations, which in the Q-learning case required some adaptations with respect to
the implementation found in the textbooks to give satisfying results, are topics outside the scope of this paper,
which will focus on the simulation results obtained simulating a mathematical model of the reference system.
Apart of this brief introduction, the paper is organised in 3 sections. In section 2 are described the reference
system and the simulation set-up as long as the assessed control strategies and the performance figures used to
evaluate them. In section number 3 the results of the simulations are shown and discussed. Finally, in section
number 4, the conclusions of this work are drawn.
2. Reference system, performance figures and control strategies
The background material of this paper is divided further in three sub-sections. The first one is dedicated to the
description of the solar system used as a test-bed for the new controllers. The second one describes what
performance figures have been chosen to assess the quality of the control. The third one describes the
controllers in the arena.
2.1 Reference system
The solar system considered for the assessment is a medium-size solar system for domestic hot water (DHW)
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with 12.15 m2 collector field, 1 m3 storage and a 40 kW electrical backup. The system has been designed to
match a DHW demand of about 50 l/day/person for 12 persons and its layout is presented in Fig. 2. The thermal
storage consists of a container of water with two internal heat exchangers, one for the solar primary circuit and
one for the domestic water circuit. A storage model including a stratification device has been selected, because
this type of storages promote the stratification of the internal temperature with the result of increasing the heat
exchange process between the stored water and the heat exchanger for DHW. The configuration with two heat
exchangers is also commonly used to avoid the problem of legionella. In the primary circuit a mixture of water
and propylene glycol (30% in volume) has been used as it is customary, in the central and northern regions of
Europe, to make use of glycolised water in order to avoid freezing during winter seasons. A collectors area has
been selected using standard design rules of thumbs of solar thermal systems for DHW. The collectors are
faced to the south direction and have a slope of 30° on horizontal. The DHW request profile has been computed
using DHWcalc (Jordan and Vajen, 2000, 2001) considering a four-family house with the afore mentioned
consumption rate. The electrical backup systems has been included in order to satisfy the energy demand in
case not enough solar energy is harvested and stored in the tank. The backup system allows to reach a DHW
set temperature of 40°C.
Big Barrel with
stratification
1000 l

Heater
P=40 kW
DHW HX out
0.875

3Vmix

T2:
0.875
T1, R1

DHW
12 Persons
50 l/gg

Collectors
12 m2
HXbot_in
0.045

Prim_Pump
Water+glycol 30%

HXbot_out
0.044

T4:
0.098

DHW HX in
0.098
water
main
network

Fig. 2: Diagram of the SDHW system used as a test-bed for the control strategies assessment.

The TRNSYS program (Klein et al., 2006) has been chosen as simulation platform and the model of the system
has been developed using its component library. In particular the model of the thermal storage (Drück, H.,
2006) had already been validated previously using monitoring data from a SolarCombi+ installation (D’Antoni
et al., 2011) and following the procedure reported in (D’Antoni M. et al., 2012). Finally, the source of the
climatic data used to perform the simulations is the Meteonorm database. The choice of employing such a
simple solar system has been made for two reasons: the wide application potential of such a system and the
fact that working with a well-studied system, whose behaviour and optimal control strategies are well known,
makes the assessment of the new controllers more intuitive.
In order to ease future implementations on industrial control hardware, the development of the advanced
control strategies based on fuzzy logic and reinforcement learning has been made using the LabVIEW
programming language. The controllers have been interfaced to TRNSYS as custom-made types. Interfacing
the two programs is straightforward, although on some machines we experienced negative interactions between
the LabVIEW Runtime Engine and the TRNSYS executable, preventing the communication between the two
programs. The cause of this problem has been fully understood and a workaround has been developed for the
machine set-ups showing the problem. The development of a more elegant solution requires tinkering with the
TRNSYS or LabVIEW Runtime Engine source code, something that certainly falls well beyond the
possibilities of the average user of the two programs.
2.2. Performance metrics
The assessment of the control strategies is performed considering three different performance figures
calculated from a set of basic quantities readily available within the simulation environment. The basic
instantaneous values include: the collectors heat extracted from the panels (ܳሶ ), the solar global irradiance
incident on the collectors plane () ீܫ, the electrical power used by the primary pump (̴ܹ௨ ), the electrical
power consumed by the backup (̴ܹ௨ ) and the total DHW demand (ܳሶுௐ ). The selected performance
figures are the seasonal performance factor calculated at the primary side of the circuit (SPFcoll), the seasonal
performance factor of the whole DHW preparation process (SPFDHW) and the total number of on-off cycles
performed by the circulation pump (NON-OFF). All these performance figures must be calculated over a reference
period of time. In this paper we show results from the yearly- and monthly-based analyses. Additional figures,
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like the collector efficiency (ߟ ), the gross solar yield (GSY) and the thermal energy lost at the primary
circuit (ܳ௦௦ ) have been calculated to improve the understanding of the results of the comparison by giving to
the reader the widest possible perspective on the problem. The exact definition of these quantities is given in
the following.
The seasonal performance factor “SPFcoll” of the primary circuit is defined as the ratio between the thermal
energy collected by the system over a reference period of time and the electrical energy consumed by the
circulation pump of the solar circuit in the same period of time (eq. 1). As an index it is a measurement of the
effectiveness of the solar system from the point of view of the energy generation.

³ Q colldt

month, year

SPFcoll

³

(eq. 1)

Wel,pumpdt

month, year

Aside to the seasonal performance factor of the collector, the seasonal performance factor of whole system
“SPFDHW” is computed. This is defined as the ratio between the total DHW energy demand and the total
electrical energy employed for satisfy this demand over the same period of time (eq. 2). The total electrical
demand is composed by the consumption of the auxiliary electrical heater and the electrical energy consumed
by the circulation pump of solar circuit (ܹǡுௐ ൌ ܹǡ௨  ܹǡ௨ ).

³ Q DHW dt

SPFDHW

month, year

³ Wel,DHW dt

(eq. 2)

month, year

The collectors efficiency is the ratio between the yearly energy collected by the solar system and the energy
that hit the collectors, estimated using the global irradiance on the collectors plane and the gross panels surface
area (ܣ ).

³ Q colldt

η coll

month, year

(eq. 3)

³ I G  A colldt

month, year

Gross solar Yield “GSY”: gives the energy captured from solar field per unit of collectors area. This parameter
represents how much energy the collectors are able to extract over the time period.

³ Q colldt

GSY

month, year

A coll

(eq. 4)

The global radiation on the collectors plane is simply given by:

GR30q

³

I G dt
month, year

(eq. 5)

where IG is the global irradiance on the collectors plane. Finally, ܳ௦௦ is the heat lost at the primary circuit
when ܳሶ is negative.

Q loss

1
³ Q coll - Q colldt
2 month,
year

(eq. 6)

This inconvenient situation may happen during the initial phases of the system start-up or in the evenings when
the difference between the inlet and outlet temperature of the internal heat exchanger is negative.
2.3. Control strategies
2.3.1 Traditional control
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As introduced in section 1, the traditional method to control SDHW systems is based on the temperature
difference between collectors outlet and thermal storage. More evolved systems make use of the solar
irradiance to switch on the pump of the primary circuit (primary pump), as reported in (Furbo and Shah, 1996).
In this case the control signal of the pump can also be function of the radiation. The new control strategies
assessed in this work, are compared against the four naïve control strategies listed below.
A) Control of the temperature difference between the collectors outlet and the thermal storage (TD) using an
hysteresis between 2-7 °C (the pump, running at constant speed, is switched on and off accordingly to the
hysteresis output);
B) Control of the primary pump using an hysteresis on the irradiance between 100 and 150 W/m2 (the pump,
running at constant speed, is switched on and off accordingly to the hysteresis output);
C) A combination of A and B where the above TD control is activated via the hysteresis on the solar irradiation;
D) A variant of the C strategy where a mass flow modulation proportional to the global irradiation (linear
modulation with maximum at 600 W/m2) is applied whenever required by both the irradiance and TD
hystereses.
Moreover, in order to make the simulation as realistic as possible, in all cases presented above the detection of
storage overheating and collector stagnation was added to the model along with the controls managing them.
2.3.2 Fuzzy control
Following the idea of increasing the control performance of the system, as from the on/off cycles of the pump
and as from the performance point of view, a further analysis on the control strategy “B” (only on the
irradiation) has been made designing a single-input single-output (SISO) fuzzy logic controller (F). The global
irradiation on the panels plane is the controller input, while the pump command is its output. The three
membership functions shown in Fig. 3 have been used to capture the linguistic terms of “LOW”, “MEDIUM”
and “HIGH” irradiance. The output membership functions have been defined in the similar way, with three
triangular membership functions, equally distributed on the interval between 0 and 1, representing the
normalized pump command. The defuzzification step is performed using the centre-of-area method. Three
rules are defined as knowledge base, relating each one of the three input membership functions to a
corresponding output membership function (low radiation with low speed, medium radiation with medium
speed and high radiation with high speed). Two different families of FL controllers have been implemented
and tested. The first family is obtained by varying the value of the Xmax parameter (corresponding to the
maximum of the “HIGH” membership functions) as shown in Fig. 3. The second family is obtained by varying
the “MEDIUM” membership functions. For the sake of brevity we will consider only the first case in the
following. The trans-characteristics of the 7 members of the controllers family resulting from the variation of
the “HIGH” membership function are shown in Fig. 3, where X=1 corresponds to an irradiance of 1200 W/m2.
Xmax

1

Y[-]

0.8
0.6
0.4
0.2
0

0
1

0.2
2

0.4
3

X[-]

0.6

4

1

0.8
5

6

7

Fig. 3: Definition of the input membership functions of the FC.

2.3.1 Q-learning
The third and more advanced control strategy involves the coupling of the above fuzzy controller to the Qlearning algorithm (Q). Q-learning agents have the ability to learn an optimal policy without requiring a model
of the plant they control, which is why we have considered them in the first place. In our case the environment
consists of a discretisation of the continuous domains used to represent the solar irradiation and the storage
temperature. The so-called reward function is computed as a linear combination of the collectors efficiency
and the ratio between the heat supplied by the backup system over the integral of global irradiation on the
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collectors plane. More precisely, the reward function used in the learning process is the following:

r

 dt  w  W
w1  ³ Q
coll
2 ³ el,pumpdt
Δt

Δt

³ I G  A colldt

(eq. 7)

Δt

With this reward structure the controller is rewarded proportionally to the efficient use of the collectors and
punished proportionally to the inefficient use of the primary pump. The choice of using this reward form has
been made with the aim of learning energy efficiency using an as simple and intuitive method as possible to
calculate it. With this regard, the instantaneous SPFcoll would be even more intuitive but early simulations
showed that its use leads to worse performance (in terms of SPFcoll) than those obtainable with the above choice
with the weights w1 and w2 reported in Tab. 1. The application of the Q-learning method requires to identify
the environment states relevant to the application. This identification is critical because the designer has to find
a compromise between two opposite needs: the one of describing the environment at best, calling for more
variables, finer discretisation and therefore a high number of states, and the one of maintaining the problem
tractable, calling for a reduced number of states. No reference was found in literature regarding the more
convenient definition of states for thermal systems nor regarding how to perform optimal discretisation. We
opted for considering two state variables: the global irradiance on the collectors plane and temperature of the
water in the storage. The resulting state space has been discretised by subdividing the irradiance admissible
interval (from 0 to 1000 W/m2) in 11 levels and the temperature admissible interval from 10 to 90 °C in 9
levels. Regarding the actions performed by the agent, as the Q-learning algorithm is applied on top of the FC,
they consist in the selection of one of the FC shown in Fig. 3 for the next iteration. Our implementation of the
Q-learning algorithm makes use of an iteration, or observation, period (߂ )ݐlonger than the control period,
which was set to 1 minute. A subset of the parameters influencing the Q-learning algorithm are summarized
in Tab. 1.
Tab. 1: A selection of the parameters describing the Q-learning algorithm.

Parameter

Units

Value

Number of states Ns

[-]

99

Number of actions Na

[-]

7

Observation period Δt

[min]

5

w1

[-]

1

w2

[-]

370

3. Results
3.1. Naïve control strategies
The comparison of different control strategies has been made using the performance figures introduced in
section 2.3. Starting from the, Tab. 1 shows the results of the yearly analysis of the four control strategies
explained before while monthly data are shown in Fig. 4 (SPFcoll) and Fig. 5 (NON-OFF). The low value of the
SPFcoll in case B is mainly due to the need of keeping the activation threshold rather low (to avoid stagnation)
which result in higher energetic costs and also higher heat losses. The best performance of SPFcoll is related to
the case D where the temperature difference control, activation threshold and pump speed modulation is
adopted. From the system performance point of view, the best performance SPFDHW are achieved when the
losses are decreased (control on DT) with higher levels of temperature in the storage and less usage of electrical
backup (case C). In this case, however, the number of on-off cycles is higher, according with the monthly
profile reported in Fig. 5. An increase of the temperature hysteresis (from 2-7°C to 2-14°C) used in the
controllers (A), (C) and (D) results in a decreased number of on/off cycles but reduces, at the same time, the
performance. The number of on-off cycles, however, remains high, not less than 5200 for all the examined
cases.
Tab. 2: Comparison between the four naïve control strategies - yearly data
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Fig. 4: Monthly SPFcoll profile of the analysed control strategies.
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Fig. 5: Monthly on/off cycles profile of the analysed control strategies.

3.2. Fuzzy logic control
In Tab. 3, the yearly results of the family of FCs obtained by varying the meaning of “HIGH” irradiation are
reported and compared. The first column shows the action names corresponding to the use of each FC while
the second column recalls the irradiance corresponding to the maximum controller output. This analysis has
been conducted in order to understand the effect of different fuzzy controllers and to have an idea of what to
expect from the Q-learning controller.
Increased values of the collectors SPF (from 150 to 415) correspond to increased values of the maximum
irradiance. The SPF of the whole system however shows much little variation and tops when the “HIGH”
membership function has it maximum at 600 W/m2. After this point, highest SPFcoll values are obtained at the
expense of lower SPFDHW. This happens because the pump is driven at a lower speed, the total amount of
collected energy is lower and the need to resort to the backup is more frequent. A similar analysis has been
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conducted by varying the “MEDIUM” membership function. Also in this case the data (not reported here for
the sake of brevity) confirm this trend, although an even more extreme increase of the collector SPF, reaching
a value of 691, is obtained when the “MEDIUM” membership function is shifted to higher values of irradiance.
Also this performance peak in terms of SPFcoll correspond to the poorest performance from the point of view
of SPFDHW, dropping to 4.2.

Wel_Backup

SPFDHW

DHWdemand

Wel_pump

a1

0

0.39

114

367

574

61.1

4.9

1500

547

a2

200

0.40

150

399

581

46.9

5.1

1470

458

a3

400

0.40

188

414

584

37.8

5.1

1450

387

a4

600

0.40

231

406

585

5.1

1460

326

a5

800

0.40

287

420

584

24.7

5.1

1480

271

a6

1000

0.40

352
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583

20.1

5.0

1510

243

a7
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0.40

415
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17.0

4.9

1540

212

[kWh/m2]

1470

[kWh]

30.8

7660

[-]

Qloss

[-]

GR30°

[-]

GSY

[-]

pump

SPFcoll

[W/m2]

on/off

ηcoll

“HIGH”
irradiance

Tab. 3: Comparison of performance using different meanings of “HIGH” radiation - yearly data

[kWh]

Again this situation happens because the primary pump is run at minimum speed most of the time, thermal
energy is collected very efficiently but not enough energy is absorbed (GSY drops from about 580 to 558).
Comparing with data reported in Tab. 2, the effect of the fuzzy controller is clear. A performance increase
ranging from 30% to nearly 4-fold in terms of SPFcoll with respect of the naïve control cases are obtained. The
fuzzy controller greatly reduces the primary pump on-off cycles to nearly 1 a day while increasing the
collectors SPF. The other side of the medal is represented by the system SPF, which decreases about 7% with
respect of what we consider the best overall naïve control, case D.
3.3 Q-learning method coupled to FC
The results of the simulation of the Q-learning algorithm spanning a period of 5 years are reported in Tab. 4.
Over the time, the control algorithm learns what is the best FC in the family obtained by varying the meaning
of “HIGH” irradiation. As a result of this process, the annual SPFcoll value increases, reaching a value similar
to that obtained with the FC number 7. In fact, the same or even a better performance with respect of the best
FC case reported in Tab. 3 was expected, because in principle the Q-learning method has the freedom to choose
different FC in different states. Apparently, this is not the case (or if it is the method is not able to find it) and
the reinforcement drives the learning process towards a uniform policy (the one that prescribes to use FC 7 in
every occasion). Apart from its performance figures, one aspect that in the Authors’ opinion nicely capture
how the algorithm converges to the solution is the SPFcoll time evolution. In particular, the relative error of the
monthly SPF at the beginning of the learning compared with the SPF at the end of the learning, which is
reported in Fig. 7 for the first 15 months.
The first-learning curve shows that the algorithm converges relatively easy if the environmental conditions
stays more or less the same (in February the error drops to 25% from nearly 40% of January). From the second
half of winter and spring the system reaches continuously new states and the algorithm needs to explore them
before exploitation can occur. By the summer time the controller is ready to take benefit from what it has learnt
so far and the performance in these months is almost at top. Finally, at the end of the autumn when the winter
time approaches, other unexplored conditions arise that did not happen at the beginning of the learning and the
relative error of SPFcoll rises again, albeit reaching only about 13% of what recorded at the beginning of the
learning. In order to increase the learning speed of the controller we introduced the possibility of embedding
per-calculated values in the algorithm. The idea is to provide an easily computable estimation of the
information the Q-learning algorithm would store internally at the end of the learning period and use it to
provide controllers with such information already pre-programmed. This is straightforward and boils down to
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initialising a matrix with the right numbers.

Wel_Backup

SPFDHW

DHWdemand

Wel_pump

370

446

582

19.1

5.0

1520

225

2nd

0.40

409

425

581

17.3

4.9

1540

217

3rd

0.40

408

422

581

4.9

1540

216

4th

0.40

410

420

581

17.2

4.9

1540

216

5th

0.40

411

422

581

17.2

4.9

1540

215

[kWh/m2]

1470

[kWh]

17.3

7660

[-]

Qloss

0.40

GR30°

1st

GSY

[-]

pump

[-]

on/off

SPFcoll

[-]

year

ηcoll

“HIGH”
irradiance

Case

Tab. 4: Q-learning applied to the FLC on the high radiation and medium radiation levels

[kWh]

Fig. 7 shows what happens if the Q-learning algorithm is started with a fraction (β) of the knowledge
accumulated over a five year period. Four different values of β are used in this example: 0, 0.2, 0.5, 0.8. This
parameter represents the fraction of the final converged matrix that is used to initialize the algorithm, β = 0
corresponding to learning from scratch starting from a null matrix. As expected, the higher the β parameter the
better the learning performance.

Fig. 7: Monthly SPFcoll relative error (convergence values after five years) comparing the first learning and the second learning
phase with different β 0 (blue), 0.2 (red), 0.5 (green), 0.8 (purple).

Different analyses have been conducted changing internal parameters of the Q-learning algorithm. Many of
them showed to have little influence on the overall performance of the control. Instead, using an higher number
of states, reducing the influence of explorative actions or changing the observation period Δt has a strong
impact on the learning speed, the time required by the algorithm to achieve the best results. As the algorithm
need to perform a minimum of explorative actions per state in order to understand what are the best actions to
perform, the bigger this minimum, the longer the observation time or the bigger the state space, the longer
becomes the learning. The results presented in this paper have been produced with an observation period of 5
minutes, 5 times the simulation time step.
4. Conclusions
This analysis of the fuzzy and Q-learning base controllers applied to a simple SDHW system suggest that the
use modern soft-computing techniques in the field of solar thermal system can bring important practical
advantages. The first one is increased efficiency in the energy collection, in our case SPFcoll goes from 315 of
case A to 370 of case Q after the first year and 409 after the second year. The second one is increased lifetime
of the primary pump. Certainly, the higher the number on-off cycles underwent by an electrical device the
higher the probability of breakage. With this regard, avoiding DT control greatly reduce NON-OFF from about
130 times a day to about 1.3 times a day and controllers (F) and (Q) obtain this result while increasing the
performance on SPFcoll and paying a limited penalty on SPFDHW. Finally, self-learning controllers are attractive
because they can be easily modified to adapt to the plant “aging”. When the aging modifies substantially the
behaviour of the system this characteristic is valuable, although this was not the case of the SDHW considered
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in this study.
The performance shown by the fuzzy controller and the Q-learning algorithm with regard to the SPFDHW figure
deserves a special comment. In both cases, the figure turns out to be about 11% less than with the best naïve
controller (C). This happens because the chosen reward function does not punish the controller for the backup
use, making the controller somewhat blind to that aspect. Moreover, in our case study the maximization of the
collection efficiency does not imply the maximization of the overall system efficiency, because SPFDHW is
totally dominated by the total heat supplied by the solar system and scarcely influenced by the efficiency of
how it is collected (the energy spent for running the primary pump is in the worst case less than 5% of the
energy consumed by the back-up system).
However, a careful analysis of the power flows, reveals that most of the degradation is due to the fact that heat
is lost during heat transfers when DT is negative. Now, the (B) and (F) controls can’t help with this regard
because they are totally independent from DT. The (Q) control cannot help either: although operations with
negative DT are inefficient and punished, it is based on a family of controllers which cannot perform the right
action to overcome the problem (avoid switching on the pump if DT is negative). This strongly suggests to
include DT in the Q-learning by augmenting its state. These facts are not regarded as limitations of the result
of this work, which aimed at assessing the applicability of the Q-learning method on solar thermal systems and
showing its potential, not at developing an optimal control for a system for which this was already known.
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Abstract
The Standard ISO 9459-2 is a standard for the characterization of thermal performance of domestic water
heating systems without auxiliary heating. In this study, 18 domestic water heating thermosiphon systems
have been tested according to this international standard. The objective of the paper is to carry out a
comparative analysis of the results obtained in these systems as a function of their volume and type of heat
exchanger (tubular and double jacket). A comparative analysis of systems performance will be carried out by
calculating the performance without thermal loss (a1/A) and solar fraction fSOL in different reference locations
for different volume/area ratios. Also, a comparative analysis of systems performance and solar fraction will
be carried out at different locations between a tubular heat exchanger tank and a double jacket heat
exchanger tank. The different values obtained will be compared for the storage tank’s heat loss coefficient
(Us). It will determinate the useful energy (energy with temperature above 45ºC) for the degree of mixing in
the storage tank during a draw-off test.
Keywords: solar system; testing; certification

1. Introduction
According to the Spanish Technical Building Code (CTE) and Ministerial Order ITC/71/2007, all solar
thermal systems on the Spanish market must be homologated by the Ministry of Industry to be eligible for
government subsidies, and for this reason they have to pass all the tests from the European Standard EN
12976-2 European Standard tests. This Standard stipulates durability, safety and efficiency tests, user and
installer documents checking.
The CENER (National Renewable Energy Centre) and GTER (Thermodynamic and Renewable Energies
Group) Accredited Solar System Testing Laboratory in Seville have been performing all the tests for factorymade solar thermal systems according to the European Standard since 2008. The European Standard
efficiency test refers to two ISO Standards, ISO 9459-2 (CSTG method) and ISO 9495-5 (DST method). The
CSTG method, named after the group which originally developed it, “Complete System Testing Group”,
makes use of an input-output method, while the DST method, called the “Dynamic System Test”, makes use
of dynamic software for parameter identification of the system characterization.
The objective of this paper is to carry out a comparative analysis of the parameters and performance (K) of
different domestic water heating systems (commercial systems) tested according to Standard ISO 9459-2.
The systems have been classified according to their storage tank and type of heat exchanger (tubular and
double jacket). A comparative analysis of systems performance by calculating the performance without
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thermal loss (a1/A) and solar fraction fSOL has been carried out at different reference locations for different
volume/area ratios. Also, a comparative analysis of systems performance and solar fraction has been carried
out at different locations between tubular heat exchanger tanks and double jacket heat exchanger tanks. It
will compare the different values obtained for the storage tank’s heat loss coefficient (Us). It will determinate
the useful energy (energy with temperature above 45ºC) for the degree of mixing in the storage tank during a
draw-off test.
Manufacturers could make use of the results in order to study the potential improvements of their systems
2. Description of testing method (ISO 9459-2)
This method (CSTG for “Collector and System Testing Group”, also called Input-output method) is a “black
box” procedure. It is applicable to solar-only and solar-preheat systems. It consists of three different parts:
one part for determining daily system performance (part 2.1), another part for determining mixing in the
storage tank during draw-off (part 2.2), and the last part for the determination of storage tank heat losses
(part 2.3).
2.1. Determination of daily system performance
The daily system performance test consists in conditioning the system at least six hours before solar noon,
circulating water in the tank until it is sufficiently uniform. Then, the solar system operates normally for 12
hours. Finally, six hours after solar noon, the tank water is drawn off until outlet and inlet temperatures are
equalized, while the inlet water temperature is maintained constant.
The same test procedure is repeated until a set of one-day points is obtained with a sufficient range of daily
solar radiation H and temperature difference [ta(day) - tmain]. According to the Standard, the set should contain
at least four different days with approximately the same values of [ta(day) - tmain] and daily solar irradiation
values H evenly spread over the range between 8 MJ/m2 to 25 MJ/m2, and also contain at least two additional
days with values of [ta(day) - tmain] at least 9 K above or below the values of [ta(day) - tmain] obtained for the first
four days. The value of [ta(day) - tmain] shall be in the range - 5 K to + 20 K for each test day.
The mathematical model for the output energy production of the solar system Q depends on daily solar
irradiation H and the temperature difference between mean ambient temperature ta(day) and inlet water
temperature tmain as following:

Q

a1 H  a 2 t a(day)  t main  a 3

(eq. 1)

The results consist of the coefficients a1, a2 and a3 obtained by a multiple linear regression using the leastsquares fitting method.
During each testing days, also the draw-off profiles are recorded and normalized for low and for high daily
solar radiation days f(V).
System performance (K) is defined as output energy production of the solar system (Q) divided by daily solar
irradiation (H) and aperture area (A).

K

Q
H  A (eq. 2)

Performance without thermal loss is defined as (a1/A), as ta(day) and tmain is equal and the value of a3 is close to
zero.
2.2. Determination of the degree of mixing in the storage vessel during draw-off
The test consists in conditioning the system, circulating water at a temperature above 60 ºC in the tank at a
rate of at least five times the tank volume per hour until it is sufficiently uniform, while the collector is
shaded from the sun The water in the store is assumed to be uniform as the outlet temperature and the inlet
temperature vary by less than 1 K for a period of 15 min.
Afterwards, the storage tank is drawn off at a constant flow rate of 600 l/h, while the inlet water introduced
in the storage tank is maintained at a constant temperature of less than 30 ºC. The draw off volume should be
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at least three times the tank volume and until that the temperature difference between inlet and outlet water
temperature is less than 1 K.
The procedure aims to determine the mixing draw-off profile g(V).
This test can provide information about the useful energy (Quseful). Useful energy is defined as energy with
temperature above 45ºC.
2.3. Determination of storage tank heat losses
The test consists in conditioning the system, by circulating water at a temperature above 60 ºC in the same
way as the mixing draw-off test. Afterwards, the tank is left for cooling for a time period between 12 h and
24 h at night or without any incident solar radiation. During the cooling period, the air circulates freely over
the collector’s plane with a mean wind speed between 3 m/s and 5 m/s. After this cooling period, the water is
again circulated in the same way in order to measure the drop of temperature suffered by the tank over the
night. The test is carried out with the collector loop disconnected, eliminating the possibility of reverse flow
during the night.
The procedure aims to determine the heat loss coefficient Us of the storage tank.
2. 4. Prediction of long-term performance
With the total energy output characteristics of the system (a1, a2 and a3), the normalized draw-off
temperature profile (f(V)), the normalized mixing draw-off temperature profile (g(V)), the storage tank heat
loss coefficient (Us), the daily meteorological data [daily solar irradiation H, daily mean ambient temperature
ta(day), night mean temperature tn] of the reference locations and the system characteristics (Vc), the
performance of the system is calculated day-by-day for different reference locations and load demand.
The solar fraction (fSOL) is defined as the energy supplied by the solar part (QL) divided by the total system
load (QD = heat demand).

f SOL

QL
QD (eq. 3)
3. Description of comparative analysis

In this section, a comparative analysis of some parameters [Performance without thermal loss (a1/A), solar
fraction fSOL, tank heat loss coefficient (Us) and useful energy for the degree of mixing test (Quseful)] obtained
for different domestic water heating systems tested according to Standard ISO 9459-2 was done.
3.1. Testing samples
The following table describes the diferent analized systems.
Tab. 1: Systems characteristic
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System
number

Aperture
Area A (m2)

Tank
volume V
(l)

Insulation
thickness
(mm)

V/A
(l/m2)

Exchanger
model

Exchanger
area (m2)

Us
(W/K)

1

2.06

200

50

97.09

Tubular

0.45

3.66

2

4.12

320

50

77.67

Tubular

0.91

6.09

3

4

282

50

70.5

Tubular

0.90

4.25

4

2

187

50

93.5

Tubular

0.40

3.90

5

2.16

200

50

92.59

Double jacket

1.41

4.21

6

4.32

287

50

66.44

Double jacket

2.19

4.72

7

2.3

192

40

83.48

Double jacket

1.16

3.34

8

3.6

280

40

77.78

Double jacket

1.57

3.90

9

2

192

40

96

Double jacket

1.16

3.43

10

1.8

145

40

80.56

Double jacket

0.98

3.49
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11

3.84

300

50

78.13

Double jacket

1.67

5.07

12

1.92

200

50

104.17

Double jacket

0.90

4.17

13

1.92

150

50

78.13

Double jacket

0.80

3.23

14

3.81

300

50

78.74

Double jacket

1.8

4.59

15

3.76

300

60

79.79

Double jacket

2.10

5.55

16

2.2

155

40-60

70.45

Double jacket

0.65

3.87

17

2.2

195

40-60

88.64

Double jacket

0.70

4.93

18

4.36

295

40-60

67.66

Double jacket

1.11

5.02

Table 1 shows like manufactures choose to sell systems with double jacket tanks.
3.2. Comparative analysis of performance without thermal loss (a1/A) and solar fraction fSOL.
In this section, a comparative analysis of systems performance is shown by calculating the performance
without thermal loss (a1/A) and solar fraction fSOL in different reference locations (Stockholm, Würzburg,
Davos and Athens) for different volume/area ratios. A comparative analysis of systems performance and
solar fraction to different locations between tubular heat exchanger tanks and double jacket heat exchanger
tanks is also shown.
3.3. Comparative analysis of tank heat loss coefficient (Us).
In this section, different values obtained for the storage tank’s heat loss coefficient (Us) in funtion of tank
volume (150, 200 an 300 l approximately) was compared.
3.4. Comparative analysis of useful energy for the degree of mixing test.
In this section, the useful energy (energy with temperature above 45ºC) for the degree of mixing in the
storage tank during a draw-off test is determinated. In the Fig. 1, it can be observed the useful energy, Quseful,
and not useful energy, Qnot useful, obtain for the degree of mixing test.

Tª =45ºC

Q (MJ)

Q not useful (<45ºC)

Q úseful ( >45ºC)

Volume (l)

Fig. 1: Q vs Volume degree of mixing test

4. Comparative analysis
4.1. Comparative analysis of performance without thermal loss (a1/A) and solar fraction fSOL.
Figure 2 shows performance without thermal loss (a1/A) and for different volume/area ratios. It can be seen
that while the V/A ratios increase, the performance without thermal loss (a1/A) increase too. A relation
between performance without thermal loss (a1/A) and V/A ratios can be determined and is given by:

1015

Vera / EuroSun 2014 / ISES Conference Proceedings (2014)

a1
A

0,155 

V
 34,515
A

(eq. 4)

70
Doublejacketsystems

65

Tubularsystems
Lineal(regresion)

60

a l/A (%)

55
50
45
40
35
30
60

70

80

90

100

110

V/A (l/m 2)

Fig. 2: a1/A vs V/A

Figure 3 shows performance without thermal loss (a1/A) of double jacket heat exchanger is higher than that
of a tubular heat exchanger. A different of 3.9 % for values of V/A ratios about 70 and 5.6 % for values of
V/A ratios about 100.
70
Doublejacketsystems
Tubularsystems

65

Lineal(Doublejacketsystems)
Lineal(Tubularsystems)

60

a l/A (%)

55
50
45
40
35
30
60

70

80

90

V/A

100

110

(l/m 2)

Fig. 3: a1/A vs V/A

Figure 4 shows solar fraction (fSOL) in different reference locations (Stockholm, Würzburg, Davos and
Athens) for different volume/area ratios to 18 domestic water heating thermosiphon systems. It can be seen
that while the V/A ratios increase, solar fraction decrease too. Also, solar fraction (fSOL) of double jacket heat
exchanger is higher than that of a tubular heat exchanger. A different of 0.2-0.3-1.5-0.9% for values of V/A
ratios about 70 and 5.1-5.8-5.8-6.6 % for values of V/A ratios about 100 for locations in Stockholm,
Würzburg, Davos and Athens respectively.
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60

70

Doublejacketsystems
Tubularsystems

55

Doublejacketsystems
Tubularsystems

65

Lineal(Doublejacketsystems)

Lineal(Doublejacketsystems)

Lineal(Tubularsystems)

50

55

fSOL Wüzburg (%)

45

fSOL Stockholm (%)

Lineal(Tubularsystems)

60

40
35
30

50
45
40

25

35

20

30

15

25

10

20
60

70

80

90

100

110

60

70

80

V/A (l/m 2)

90

(a)
70

110

(b)
90

Doublejacketsystems
Tubularsystems

65

Doublejacketsystems
Tubularsystems

85

Lineal(Doublejacketsystems)

Lineal(Doublejacketsystems)

60

Lineal(Tubularsystems)

80

Lineal(Tubularsystems)

75

fSOL Athens (%)

55

fSOL Davos (%)

100

V/A (l/m 2)

50
45
40

70
65
60

35

55

30

50

25

45

20

40
60

70

80

90

100

110

60

70

80

V/A (l/m 2)

90

100

110

V/A (l/m 2)

(c)

(d)

Fig. 4: fSOL results (a) Stockholm (b) Wüzburg (c) Davos and (d) Athens

Figure 5 shows fitted lines solar fraction (fSOL) in different reference locations (Stockholm, Würzburg, Davos
and Athens) for different volume/area ratios.
100
90
80
70

fsol (%)

60
50
40
30

Athens
Davos
Würzburg
Stockholm

20
10
60

70

80

90

V/A

100

110

(l/m 2)

Fig. 5: fsol results in different reference locations
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A relation between solar fraction (fSOL) and V/A ratios can be determined for different reference locations and
is given by Eq. 5-8:
x

Stockholm

f SOL , Stockholm
x

0,362 

V
 68,884
A
(eq. 6)

Davos

f SOL , Davos
x

V
 60,894
A
(eq. 5)

Wüzburg

f SOL ,Wüzburg
x

0,338 

0,469 

V
 86,234
A

(eq. 7)

V
 98,689
A

(eq. 8)

Athens

f SOL , Athens

0,381 

4.2. Comparative analysis of tank heat loss coefficient (Us).
In Table 2, it can be seen the storage tank’s heat loss coefficient summarize for different tank volume range
(150, 200 and 300 l)
Tab. 2: Tank heat loss coefficient

Us average
(W/K)

Us
maximum
(W/K)

Us
minimun
(W/K)

Us /V (W/
l*K)

300± 20 l

4.88

6.09

3.9

0.0165

200± 15 l

3.95

4.93

3.34

0.0202

150± 5 l

3.53

3.87

3.23

0.0235

Volume V
(l)

From the analysis of the Us/volume ratios, it can be observed that 300 l systems has 22,5% lower loss per
storage mass unit than 200 l system, and this 16,3% lower than 150 l systems. This is due to the fact that the
systems with higher volume, it has lower outside exchanger surface/volume ratio.
4.3. Comparative analysis of useful energy for the degree of mixing test.
Table 3 shows that useful energy values, Quseful (45ºC), are between 60-87%. In the absence of a modulating
thermostatic heater as auxiliary energy, it would be convenient higher Quseful (45ºC) value, so it has greater
quantity of water with temperature higher to 45ºC.
Tab. 3: Degree of mixing test results
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Initial
water
temp.

Difference
ti-tmain (ºC)

ti (ºC)

Cold water
supply
temp. tmain
(ºC)

1

63.54

19.15

44.39

2

61.1

13.79

3

61.66

4

Total
energy
extracted

Useful
energy
Quseful (MJ)

Ratio Quseful
/ Q (%)

39.70

34.45

86.8

47.31

64.76

53.6

82.8

12.3

49.36

43.90

35.72

81.4

61.74

13.39

48.35

43.11

35.53

82.4

5

61.83

21.93

39.9

53.36

43.11

80.8

6

65.7

13.44

52.26

66.56

52.7

79.2

System
nº

Q (MJ)
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7

63.26

13.36

49.9

43.68

35.45

81.2

8

67.5

21.95

45.55

26.67

21.6

81.0

9

62.11

15.14

46.97

56.34

41.4

73.5

10

62.05

22.08

39.97

51.15

35.61

69.6

11

67.66

19.16

48.5

38.91

30.49

78.4

12

61.13

16.19

44.94

30.52

23.99

78.6

13

62

16.05

45.95

41.04

29

70.7

14

61.25

24.42

36.83

49.53

41.87

84.5

15

61.69

12.04

49.65

66.81

49.25

73.7

16

61.38

11.96

49.42

39.56

24.07

60.8

17

62.94

20.02

42.92

37.71

27.12

71.9

18

61.01

19.96

41.05

53.14

41.64

78.4

5. Conclusions
The conclusions of this work are summarized below:
The higher is the volume/area V/A ratio of the systems, the higher is performance without thermal loss (a1/A)
and also the lower is solar fraction (fSOL).
Performance without thermal loss (a1/A) of jacket double heat exchanger is higher than that obtained a
tubular heat exchanger. A different of 3.9% for values of V/A ratios about 70 and 5.6 % for values of V/A
ratios about 100.
Solar fraction (fSOL) of jacket double heat exchanger is higher than that obtained a tubular heat exchanger. A
different of 0.2-0.,3-1.5-0.9% for values of V/A ratios about 70 and 5.1-5.8-5.8-6.6 % for values of V/A ratios
about 100 for locations in Stockholm, Würzburg, Davos and Athens respectively.
The higher tank volume, the lower loss per storage mass unit (Us/Volume). 300 l systems has 22,5% lower
loss per storage mass unit than 200 l system, and this 16,3% lower than 150 l systems.
The systems have a useful energy around 60-87% of the total energy of the tank in the degree of mixing in
the storage tank test.
6. Nomenclature
Symbol

Quantity

Unit

A
a1, a2 and a3
f(V)
fSOL
g(V)

solar field aperture area
output characteristics of the system
normalized draw-off temperature profile
solar fraction
normalized mixing draw-off temperature
profile
performance (-)
initial water temperature.
cold water supply temperature.
total energy extracted from the system.
useful energy with temperature above
45ºC.
storage tank heat loss coefficient
storage volume

m2

K
ti
tmain
Q
Quseful
Us
V

ºC
ºC
MJ
MJ
W/K
l
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Summary
Real-like –dynamic- working conditions shall be taken into account in the assessment of the seasonal
performance of thermal system, particularly when these are driven by renewable energy sources. A vapour
compression reversible heat pump installed in a solar combi-plus system was studied to verify the influence of
variable sources and loads on the overall performance. The machine was tested in laboratory, following a
dynamic sequence, which reproduces the seasonal real-like boundary conditions. The results of the dynamic
test highlight the non-negligible influence of dynamic working conditions on the seasonal performance of the
heat pump. Two unfavourable factors were identified, i.e. the presence of many on-off cycles during cooling
mode and fast variations of the boundary condition – i.e. changing of set points in switching the operation from
space heating to domestic hot water preparation. Given the importance of correctly evaluating these aspects, a
short dynamic test procedure was developed and validated. This allows the evaluation of the seasonal
performance of the heat pump, as far as the frequency distribution of the machine performance.
Key words: dynamic test, compression heat pump, seasonal performance, solar combi-plus systems

1. Introduction
In the last decades, heat pumps have become a mature technology and have experienced a large diffusion.
Different commercial solutions are available, which integrate heat pumps with solar thermal systems to
produce domestic hot water and space heating (in addition to space cooling for reversible components) (Chua
et al., 2010), (Lloyd and Kerr, 2008), (Panaras et al., 2014).
The performance of heat pumps, as given by the manufacturers, is assessed following procedures described in
international standards, by means of laboratory tests under steady state conditions. However, the actual
operating conditions under which heat pumps operate are usually quite variable in time, especially if renewable
energy sources are also employed. As a consequence, the performance obtained in real installations can
considerably differ from that rated in steady state conditions.
New approaches have been proposed in the open literature, which foresee the dynamic characterization of heat
pumps performance through dynamic numerical models or dynamic test methods. Numerical dynamic models
validated with monitoring data could be find in (Madonna and Bazzocchi 2013), while dynamic test procedures
were used to study the combination of heat pumps with combi-stores by (Haberl et al. 2014) and (Panaras et
al., 2014). Dynamic laboratory tests allows the characterization of the component but also the optimization of
the control strategies and the evaluation of the component limitations. However, the definition of standardized
procedures to perform dynamic tests is still lacking, especially for what concerns the selection of the boundary
conditions to be tested and the assessment of the seasonal performance starting from the test results.
This paper presents the results of a dynamic tests campaign run over the entire heating and cooling season for
a commercial reversible compression heat pump installed in a solar hybrid system. The goal of the test
campaign was the evaluation of the effects of dynamic working conditions, on-off transients and variable loads
on the performance of the heat pump. The tests showed that, as expected, that dynamic working conditions
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strongly affect the performance of the heat pump, and should therefore be properly evaluated. To this end, a
short dynamic test procedure was defined, which allows the characterization of the seasonal performance of
the machine without a whole season test, starting from a statistical selection of the boundary conditions.
2. Test Method
The tests were performed by reproducing the real-like seasonal boundary conditions of the heat pump in the
laboratory. As a first step, the system in which the heat pump operates was simulated, including all components
and the control logics. The system details and simulation environment are described in (D’Antoni et al. 2011),
while the description of the heat pump’ operative condition can be seen in section 3. The performance here
reported refers to a system located in Bolzano, Italy.
From the results of the system simulation, the instantaneous boundary conditions are extrapolated for the heat
pump, as time series. These include the inlet mass-flows and temperatures of evaporator and condenser of the
heat pump. Starting from the ON-OFF cycles, a continuous period of ON is identified as an Event. The test
boundary conditions are then created as a sequence of Events, each of which includes the corresponding
profiles of temperatures and mass flows. Two consecutive Events are spaced out by OFF conditions, in order
to also account for the transient phases.
The results presented in this paper are obtained first by testing the series of boundary conditions covering the
entire yearly operation, in order to perform a monthly and seasonal performance analysis (around 50 days of
continuous testing 24/7). The results are then compared with those obtained out of a reduced set of Events
selected, which test requires only a few days.
During the tests, the electric consumption, the inlet and outlet temperatures and pressures and the volumetric
flows of the two heat pump circuits are measured every 5 seconds. The thermal powers are calculated from the
measurements and are used to retrieve the instantaneous COP and EER:
 ܱܲܥൌ

ܳሶௗ

ܹሶ

(eq. 1)
 ܴܧܧൌ

ܳሶ௩

ܹሶ

(eq. 2)
where ܳሶௗ , ܳሶ௩ and ܹሶ are respectively the condenser, evaporator and electrical powers. By integration
of the powers, the SCOP (or SEER) is calculated on monthly and seasonal bases:
ܱܵܲܥைே ൌ

σୀଵ ሺܳሶௗǡ ή ߬ ሻ
σୀଵሺܹሶǡ ή ߬ ሻ

(eq. 3)
ܴܵܧܧைே ൌ

σୀଵ ሺܳሶ௩ǡ ή ߬ ሻ
σୀଵሺܹሶǡ ή ߬ ሻ

(eq. 4)
where the index i and n are referred to respective integration period (monthly or seasonal). ߬ is the duration
of the i-th condition.
3. Influence of the control strategy on the boundary conditions
The tested heat pump (CLIVET WSHN EE 31) is part of a hybrid solar system and is used in winter for the
preparation of domestic hot water (feeding a hot water storage) and for space heating (with a radiant floor
distribution), and in summer for space cooling only (again with a radiant system distribution). The water-towater heat pump is connected to a dry cooler (air source) and to a solar field (solar source) having the possibility
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of use one of those two sources. To manage these operating modes, different control schemes for the heat pump
have been identified:
x

SC: space cooling;

x

DHW solar: preparation of domestic hot water with solar source;

x

DHW air: preparation of domestic hot water with air source;

x

SH solar: space heating with solar source;

x

SH air: space heating with air source;

The different combinations of schemes throughout the season result in varying boundary conditions for the
heat pump, influencing thus the overall performance of the machine.
3.1 Heating Mode
Heat pumps perform better with high evaporation temperatures and low condensation temperatures. When the
air source is used, the inlet evaporator temperature is constrained by the external temperature; as a
consequence, air source heating schemes result in a better performance during the mid-season months and in
worse COPs during the colder months.
With respect to the user side, since in winter the heat pump is used both for space heating and for DHW
preparation, two different temperature levels are foreseen. In particular, since the set point for DHW
preparation is higher, the performance of the heat pump in the DHW schemes is worse than during space
heating schemes.
Table 1 shows the number of Events, the number of schemes’ activation and their total duration in the whole
winter season. The control strategy implemented in the system allows changing from one scheme to another
(e.g. from space heating to DHW preparation and back to space heating), without requiring the heat pump to
be turned OFF. This means that during one Event none, one or more changes of schemes could be done. As a
consequence, the number of heat pump activations is independent of the sum of schemes activations. For
example, considering the whole season (first row of Tab. 1), the heat pump is activated 554 times while the
DHW_schemes are activated 253 times (6+247) and the space heating schemes are activated 558 times
(115+443).
Tab. 1: Heating schemes. Activations and durations.

Scheme Activations [N-times]

Scheme duration [h]

Nev

DHWsol

DHWair

SHsol

SHair

DHWsol

DHWair

SHsol

SHair

Seasonal

554

6

247

115

443

1

50

90

785

October

4

0

0

1

5

0

0

1

5

November

93

0

32

16

66

0

7

10

129

December

167

1

95

23

141

0.08

17

22

234

January

130

5

67

33

112

1

14

33

239

February

89

0

36

26

73

0

9

17

144

March

68

0

17

16

43

0

3

7

33

April

3

0

0

0

3

0

0

0

1

To understand how the use of the different loads and sources is distributed throughout the season, the data
contained in Tab. 1 can be represented as percentage distributions of the number of activations, as showed in
Fig. 1a, or as percentage distributions of schemes duration, as showed in Fig. 1b.
From the two figures, it is clear that in October and April the heat pump is not used for the domestic hot water
preparation, which is produced directly with the solar energy. The average temperature at the user’s side
(condenser) is therefore lower than in the other months, and a positive effect on the COP is expected. During
the other months, while the percentage of DHW activation schemes ranges between 22% and 37% (the
maximum is verified in December), the amount of time in which the heat pump works for the DHW preparation
is only 5-6%. This means that DHW schemes are activated frequently and for short periods.
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Similar considerations to those done for the loads, can be done also in terms of use of the different sources.
The months with the lowest evaporation temperatures are November and December, which also have a low
share of solar source use (7% and 8% of the total duration respectively). One particular case is represented by
April, where only the air source is employed (but with higher external temperature). The share of solar source
for the other months ranges between 10 and 18% of the working time.

Fig. 1: Heating mode. 1a) Percentage of schemes activation. 1b) Percentage of schemes duration

3.2 Cooling Mode
In summer, the heat pump works from June to September with one single scheme (space cooling). In Tab. 2,
the number of activations of the scheme for the entire cooling season and for the single months is reported.
With respect to the heating mode, the cooling season is characterized by shorter and more frequent activations
of the heat pump, due to the oversizing of the heat pump capacity compared to the building load. Indeed, the
cooling scheme is activated 660 times in 4 month for a total of 79 working hours (versus the 554 times in 7
months with 937 working hours for the heating mode). The average Event duration is 7 minutes instead of 100
minutes in heating mode.
Tab. 2: Cooling scheme. Activations and durations.

Nev

Duration τon [h]

Seasonal

660

79

June

151

16

July

215

26

August

209

29

September

85

8

4. Seasonal Characterization – Results
The characterization of the heat pump performance was separated into the two working modes: heating and
cooling.
4.1 Heating Mode
Table 3 presents the seasonal and the monthly results for the heating season in terms of number of events, total
duration, average condenser and evaporator temperatures, SCOP, electric energy consumed by the heat pump
and exchanged thermal energies at the condenser and the evaporator.
The considerations streamlined with respect to the schemes distribution help understanding the results in Tab.
3. The SCOP was calculate with eq. 3 considering the integration domain on month and seasonal basis. The
SCOP varies for the different months between 3.36 and 3.85 while the seasonal value is 3.47. The seasonal
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value is lower than the mathematical average of the monthly values because the months with a higher SCOP
present few working hours. In particular, the months with higher SCOP are, as anticipated, April and October,
with one and six working hours respectively. In addition, also March, with a total of 41 working hours, presents
a quite high SCOP, because the air source scheme can work with high evaporator temperatures (mild external
air temperature). The months with lower SCOP are, as expected, the colder ones, i.e. December, January and
February, with respectively 377, 390 and 175 working hours.
Tab. 3: Monthly and seasonal results. Heating Mode.

Nev
Seasonal

554

τon

തതതതതതത
܌ܖܗ܋܂

തതതതതതത
ܘ܉ܞ܍܂

SCOP

Whp

Qco

Qev

[h]

[°C]

[°C]

[-]

[kWh]

[kWh]

[kWh]

937

27.1

1.9

3.47

1873.2

6496.4

4574.2

October

4

6

26.1

4.6

3.85

12.4

47.9

35.1

November

93

147

27.1

1.8

3.59

291.4

1046.5

732.5

December

167

277

27.8

0.4

3.36

558.0

1877.0

1296.1

January

130

290

27.7

-0.2

3.44

580.8

1998.5

1387.6

February

89

175

27.4

0.8

3.49

348.9

1217.9

878.4

March

68

41

25.9

5.6

3.78

80.0

302.2

239.4

April

3

1

25.4

5.6

3.71

1.7

6.4

5.0

Besides the evaluation of the seasonal and monthly SCOPs, dynamic tests also allow a deeper analysis of the
behaviour of the heat pump during transients. This can be done by considering a single Event as shown in Fig.
2, where an example of temperature and power times-series for winter operation with air source are reported.
The Event starts with a space heating scheme at minute 4; at minute 17 the scheme switches to DHW
preparation until minute 38, when the scheme is switched back to space heating.

Fig. 2: Temperature and power profile example. Heating Mode.

The electric power consumption (Whp) is stable from the switch ON and throughout the whole Event, while
the condenser power (ܳሶ ) and, as consequence, the COP vary. In particular, the condenser power presents
two transients moving from zero to a stable value. The first corresponds to the switch ON of the heat pump
(green rectangle 1 in Fig. 2); the second is localized at the switch from space heating to domestic hot water
preparation (yellow rectangle 2 in Fig. 2). In both cases, the outlet condenser temperature (ܶǡ௨௧ ) has to
increase and it does so with a certain delay due to the thermal inertia of the machine. Consequently, the
instantaneous temperature values are similar (or lower) to the inlet temperature (ܶǡ ). This results in a null
instantaneous power, which progressively increases towards a stationary value (with a positive temperature
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difference).
During the switch from domestic hot water to space heating, a third transient phase takes place (blue rectangle
3 in Fig. 2), where the condenser power abruptly increases and then progressively decreases to a new stationary
condition. In this case, the inlet condenser temperature decreases, while the outlet temperature follows with
some delay caused again by the thermal inertia. The high instantaneous values of the condenser power are a
consequence of temperature differences higher than those obtained in stationary operation.
The dynamic behaviour represented in Fig. 2 could be interpreted as a “storage” effect of the heat pump. In
the transient phases with increasing temperatures the heat exchanger of the condenser “stores” energy; this is
“released” during the transient phases where the temperatures decrease. If an Event stops with a domestic hot
water scheme, the energy “stored” in the initial transient is lost most of the times.
To understand how these transients affect the seasonal performance of the heat pump, the instantaneous COPs
obtained during the dynamic tests for the whole season are reported in Fig. 3, as a function of the condenser
temperature. The curves obtained for different evaporator temperatures under steady state conditions are also
plotted as a reference. Different working conditions can be identified in the figure:
x Stationary state operation points corresponding to the cloud of points distributed over the stationary
curves; the red points in dynamic condition(those at evaporator temperature of 10°C) are obtained for only
short time, as consequence the stationary conditions are not reached.
x Initial transient points (indicated with the two green-arrows – 1a/heating and 1b/DHW – in Fig.3).
Depending on the scheme with which the heat pump is activated, these points are localized at different
condenser temperatures;
x Points corresponding to the switch from space heating to domestic hot water (indicated with the yellow
arrow – 2 – in Fig. 3). During these transients the temperature of the condenser is increasing and a “storing”
effect occurs;
x Points corresponding to the switch from domestic hot water to space heating (indicated with the blue
arrow – 3 – in Fig. 3). During these transients the condenser temperature decreases and an “energy
releasing” effect occurs;
x Area without dynamic COP points (indicated by a black ellipse – 4 – in Fig. 3). This zone correspond
to the evaporator temperatures between the space heating and the domestic hot water set points (namely
32°C and 40°C for the examined plant). The machine is never working at steady state conditions in this
range.

Fig. 3: COP comparison in dynamic conditions and stationary conditions. Heating mode.
The series are divided by evaporator temperature (Te) respectively for the case of dynamic test (Dy) and steady-state test (Ss).
The name of the series indicate the typology of test (dynamic - Dy or stationary Ss) and the evaporator temperature (i.e. Te -5)
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4.2 Cooling Mode
Table 4 presents the seasonal and the monthly results for the cooling season, similarly to what already presented
for the heating season. The SEER was calculate with eq. 4 considering the integration domain on month and
seasonal basis. The monthly SEER is varying from 3.55 to 3.85 while the seasonal value is 3.75. September is
the month with the lowest SEER, and it also presents the lowest average duration of Events (about 5 minutes).
In this case, the presence of initial transients has a stronger effect on the performance.
Tab. 4: Monthly and seasonal results. Cooling Mode.

Nev

τon

Tcond

Tevap

SEER

Whp

Qcond

Qevap

[h]

[°C]

[°C]

[-]

[kWh]

[kWh]

[kWh]

Seasonal

660

79

28.2

17.0

3.75

163.7

709.1

613.7

June

151

16

27.8

17.1

3.73

32.2

136.6

120.3

July

215

26

28.5

16.9

3.73

55.0

237.6

205.2

August

209

29

28.4

16.9

3.83

60.8

273.0

232.6

September

85

8

27.8

17.1

3.55

15.7

62.0

55.6

A deeper insight on the behaviour of the machine during transients can be obtained by looking at the
temperature series recorded during a single Event in the cooling season, as reported in Fig. 4. The Event starts
at minute 1 and ends at minute 19. While the electric consumption (ܹ ) is stable over the whole period, the
condenser and evaporator powers present a transient phase of about 3 minutes before reaching the steady state
conditions. The temperature difference at the evaporator obtained during the transient is lower than that
obtained in steady state and so is the instantaneous EER.

Fig. 4: Temperature profile of one Event. Heating mode.

With respect to the winter case, the boundary conditions in cooling mode are less variable (the machine is
working with one scheme only) but a larger number of Events with short duration is present. For example, the
average duration of an Event in cooling mode is 7 minutes but many Events have a shorter duration. As a
consequence, the starting transients have a large impact on the performance and no “storage effect” is
occurring. This can be easily observed in Fig. 5, showing the instantaneous EER as a function of the condenser
temperature along with the steady state curves obtained for different evaporator temperatures. Two main areas
can be identified in Fig. 5. The first one (black rectangle) is located near the steady state curves: it includes the
working points obtained after the initial transient phases. The second cloud (indicated with a green arrow) has
a larger extension and cover the zone from zero EER to the stationary conditions: these points represent the
switch ON transient working conditions.

1027

A. Vittoriosi, D. Menegon, R. Fedrizzi / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 5: EER comparison between dynamic conditions and steady state condition. Cooling mode. The series are divided by
evaporator temperature (Te) respectively for the case of dynamic test (Dy) and steady-state test (Ss). The name of the series
indicate the typology of test (dynamic - Dy or stationary Ss) and the evaporator temperature (i.e. Te 14)

5. Short Test Sequence
The analysis in the previous chapter highlights how, for a correct evaluation of the seasonal performance of a
heat pump, it is necessary to consider its real operation and include also dynamic and transient effects. Of
course, the implementation of a seasonal dynamic test is both costly and time consuming, and therefore not an
option in a real application. Similar evaluations should be performed with a short test sequence, easily
reproducible in a laboratory and, at the same time, capable of capturing all important features of the machine
operation. To this end, a short dynamic test procedure has been elaborated and the results obtained for the two
operating modes have been compared with the whole season tests.
The short test sequence is defined starting from the Events series obtained from the system seasonal simulation.
The Events are classified into equivalent discrete groups, or Classes, i.e. multidimensional vectors defined as
a function of the Event duration, the average and the amplitude of the machine boundary conditions. For a
vapour compression heat pump, the boundary conditions are the evaporator and condenser inlet temperatures
and mass flows. For each Event, 9 parameters can be identified: duration, evaporator temperature amplitude
and average, evaporator mass flow amplitude and average, condenser temperature amplitude and average,
condenser mass flow amplitude and average. From the range of variation of these parameters the Classes are
created identifying intervals of 3 K for temperature parameters, 150 kg/h for mass-flow parameters and 30
minutes for the duration (Menegon et al. 2014).
Considering only those Classes containing a number of Events higher than a threshold value, a representative
part of the seasonal boundary conditions can be selected, and the events that take place with a low frequency
–therefore slightly influencing the performance- are neglected. The results obtained with the short test
sequence can be extrapolated to the whole season on the basis of a proportion between the test duration and
the operation time of the heat pump during the entire season.
5.1 Heating Mode
Table 5 shows the results obtained with the seasonal test and the results extrapolated from the short test
sequence. The duration of the short test is 6 days with respect to 43 days needed for the full-length test (and
representing the whole winter season). The error on the evaluation of the SCOP is 2.6%.
Besides the evaluation of the seasonal performance figures, the proposed test sequence allows analysing also
the frequency distribution of the instantaneous performance figures (COP and powers). In Fig. 6, the COP
distribution obtained during the seasonal and short tests are compared. The COP has a typical normal
distribution spanning between 0 to 5.5 with a peak around 3.7. As a consequence of the transients, about 8%
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of the values are below 2. From Fig. 6, it is clear that the distribution obtained with the short sequence is
comparable to the seasonal one. This is possible because the boundary conditions selection takes into account
the statistical distribution of the seasonal boundary conditions.
Tab. 5: Seasonal and short test results. Heating Mode.

Nev

τtest

SCOP

Whp

Qco

Qev

[days]

[-]

[kWh]

[kWh]

[kWh]

Seasonal

554

43

3.47

1873

6496

4574

Short Test

161

6

3.39

1899

6442

4795

Fig. 6: COP distribution. Heating Mode.

5.2 Cooling Mode
Table 6 shows the results obtained in the seasonal test and the results extrapolated with the short test for the
cooling season. The duration of the short test is half of the seasonal test and the SEER is evaluated with an
error of 1.6%.
Tab. 6: Seasonal and short test results. Cooling Mode.

Nev

τtest

SEER

Whp

Qcond

Qevap

[days]

[-]

[kWh]

[kWh]

[kWh]

Seasonal

660

8

3.75

164

709

614

Short Test

330

4

3.69

163

692

604

Fig. 7: EER distribution. Cooling mode.

Figure 7 reports the comparison of EER frequency distributions as obtained from the whole season tests and
from the short test sequence. The EER varies between 0 and 5.3; in particular, about 14% of the values are
lower than 2. The large amount of points with low EER is due to the presence of short events, with an overall
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duration comparable to the initial transient phase duration. The shape of the short test distribution is close to
the seasonal test one, validating again the boundary conditions selection procedure.
6. Conclusions
This paper presented the results obtained from an experimental campaign analysing the dynamic operation of
a compression reversible heat pump. The applied test procedure consists of the extraction of the real-like
boundary conditions for the machine from a numerical simulation.
The heat pump was studied in both heating and cooling modes. The results of the two seasonal tests highlight
different aspects of the machine behaviour under dynamic and varying working conditions. In heating mode
and for the considered case-study, the heat pump works for space heating and domestic hot water preparation
by using two different sources (air and solar thermal energy). As an effect of the control system, switching
between the different operating modes, the boundary conditions of the heat pump are quite variable, with a
strong effect on the performance. During the ON transient phase and the switch from space heating to domestic
hot water preparation, the instantaneous performance is lower than that obtained under stationary state
conditions. When the heat pump is switching from domestic hot water preparation to space heating, higher
performance than under stationary state are obtained. The effect of this behaviour is not negligible and affects
the seasonal distribution of performance figures. Nonetheless, the majority of working conditions is close to
the steady state operation.
In summer, the heat pump works only for space cooling and the boundary conditions are less variable.
However, the machine operation is characterized by numerous transients (switch ON and OFF) of short
duration. These reflect negatively on the overall seasonal performance and have a stronger impact than in the
winter case.
With the aim of providing a tool for the characterization of dynamic effects, without the need of performing
long seasonal laboratory tests, a short test procedure was developed and the results were presented. The
procedure allows not only a reliable evaluation of the seasonal performance of the machine (within a 2%
margin), but also a correct representation of the frequency distribution of the instantaneous performance
figures.
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Abstract
The company S.O.L.I.D. and Fleischwaren Berger in Austria are operating since the end of June 2013 a solar
thermal plant including a 1.067m² large flat plate field and a 60m³ storage tank. The solar plant is used to
preheat the feed water of a steam boiler operated with fuel oil and also to heat service water up to 70°C (Fig.1).
The solar plant has been installed in the framework of the FP7 demonstration project InSun. The objective of
the InSun project is the demonstration of reliability and quality of large scale solar thermal plants for the
generation of heat used in three different industrial processes working at low and medium temperature ranges.
The first results of the system installed in Austria have already been published (Cotrado et al. (2013)). After
the analysis of first monitoring data, some optimization potentials for the operation of the solar plant were
identified. Using dynamic simulation tools, new operation parameters are set to enhance the system
performance and to achieve higher solar yields (up to 2.4% more). The measures include sharing the gained
heat between both processes and controlling the collector loop flow rate.
Coupling the operation of both primary and secondary side pumps increases the solar gains by approximately
2.3 MWh/a. A season dependent charging of the storage tank enables energy savings of around 650 kWh/a.
Furthermore, several measures to damp the originally high fluctuating supply temperature in the solar loop are
shown.These are the optimization of the PI control parameters, the placement of a temperature sensor and the
XVHRID¨7- instead of a supply temperature set point. This also helps to increase significantly the durability
of the solar pumps.
Keywords: Solar heat; Industrial process heat; solar collectors; solar thermal plant, ham production, operational
improvement.

1. Plant description
Fleischwaren Berger GmbH is a company located in Sieghartskirchen, Lower Austria with about 380
employees. The Production is approximately 80-90 tons of meat and sausage products per day. In Fig.1 a
general diagram of the layout is shown. For the processing of the delivered feed stock / raw material coming
from the abattoirs, Berger installed together with S.O.L.I.D. a solar flat plate collector filed with an overall
area of ca. 1,067 m². The system was originally planned as roof top type to primarily preheat feed water for
the steam boiler. The surplus heat was supposed to increase the supply temperature within the heating water
system up to 70 °C. The feed water (HE2) of the steam vessel shall be preheated from approx. 40 °C up to 95
°C. The steam is internally required for process heating – specifically for ham cooking. The hot water (HE3)
is required for drying the air conditioning systems – specifically in the climatic chamber and the maturation
room for production of long-lasting sausages.
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Fig. 1: General layout of the installation

1.1. System performance
Fig.2 shows the amount of solar irradiance (rad) on the collector plane, the collector useful heat (sol HX), the
heat transferred through HE2 and HE3 during the current monitoring period. The collector utilization ratio
ranges from 7 in the winter to 40% in autumn and spring months. The system utilization ratio varies between
6 and 37% respectively. Due to technical difficulties encountered while planning the roof top solar plant, the
installation was shifted to the ground and the system size was limited to 1,067 m² with significant shadowing
effects. Due to the temperature level reached on the top of the storage, the hot water sink (and not the boiler as
expected) was predominantly assisted by the solar system. The Measurement data are currently being analyzed
to find out how to augment the temperature level in the primary circuit.

Fig. 2: Share of the collector useful heat

1.2. Solar field behaviour
Fig.3 shows a daily course of global irradiance, medium flow and supply temperature in the solar field. The
supply temperature is considerably fluctuating within the medium flow (e.g. medium irradiance) range due to
the fluctuating pump flow in the collector field. The applied controller is obviously unable to cope with the
changing dynamic of the field within this range.
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Fig. 3: Measurement data of the solar loop

In the following, the solar field behavior is addressed and some measures are presented to improve the
temperature course.
2. Control of the solar field
The control logic of the whole system was described in (Cotrado et al. 2013). The control variable in the solar
field is the supply temperature TC08 (see Fig.1). A PI- controller (with anti-windup) is applied to maintain a
constant temperature level. The solar heat exchanger (HE1) has two sides: one source (primary) and one load
(secondary/storage) side.
2.1. Modeling
In order to take the system dynamics and fast irradiance disturbances into account, the originally aggregated
collector field model described in (Cotrado et al. 2013) was extended using the MATLAB Toolbox CARNOT
to consider:
x

3 aggregated collector subfields instead of 1

x

Several pipe diverters

x

Heat capacity of pipe wall

x

Dead time of pump

x

Dead time of temperature sensors

x

Weather data time resolution of 1 min

A PI controller was designed to regulate the solar side supply temperature around 95°C. The controller
parameters were tuned for high flow conditions (>14 l/m²h) using the design rules of Reswick, Hrones and
Chien (1952). The controller input is the temperature tracking error and its control signal is the percentage of
pump speed. The parameters obtained are Kp = -0.087 %/K and Ti = 280 s. The load side pump was regulated
to maintain a temperature difference of 5 K to the source side. The solar irradiation data at 23.08.2013 and the
measured storage temperature at the load side were used as input values for a one day simulation. The flow
and temperature courses of solar and load sides around the solar heat exchanger are presented below in Fig.4.
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Fig. 4: Simulation data initial state

The figure shows a qualitatively similar behavior of temperature and flow as of measurement. The pump keeps
oscillating between maximum and minimum frequency before the system reaches a certain settlement under
high flow. On the load side the temperature oscillation amplitude reaches 20 °C.
2.2. Improvements
All improvements shown in this section were implemented upon the initial state model.
x

T-sensor placement

The compensation time of the whole field was determined to be around 7min. One of the first measures to
enhance the controllability of the system is to decrease the dead time by moving the temperature sensor TC08
closer to the field. Assuming the T-sensor to be maximally shifted by 37 m, which is the distance between the
heat exchanger and the first mixer valve in the field, a better course in terms of temperature stability is obtained
(Fig.5).

Fig. 5: Simulation data T sensor

The fluctuations in flow and temperature significantly decrease. Using the mean value of the output
temperature of all subfields as input signal of the controller would similarly enhance the system controllability
(lower dead and compensation time). This control layout was subsequently implemented by the operator.
x

Optimized PI parameters

The PI controller was then tuned for medium flow conditions using the rules of Chien, Hrones und Reswick
(1952). The parameters obtained are shown in the Fig.6 below (Kp = -0.042 %/K and Ti = 720s). The system
gain at low flow is much higher, so that Kp should be half as much as for high flow.
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Fig. 6: Empirically tuned PI parameters

The application of a medium-flow optimized PI controller leads to the course in the following Fig.7:

Fig. 7: Simulation data optimized PI

Some of the fluctuations calculated in the high flow range can be further decreased by applying an adaptive
control scheme (switching between medium and high flow optimized parameters). The results obtained with
an adaptive control structure are not presented.
x

&RQWURODWFRQVWDQW¨7

The variable speed control logic of pump 01 and 02 described in (Cotrado et al. 2013) was modified to the
following:
Source pump PU01
- ON (max speed) if max. collector T > storage bottom T +hysteresis
- Speed control at constanW¨7EHWZHHQVXSSO\DQGUHWXUQ(between TC08 and TC09)
- Minimal speed 30%
Load pump PU02
- ON (max speed) if TC08 > storage bottom T +hysteresis
- Speed control at TC11=90°C
- Minimal speed 30%
Using ¨7 instead of T as control variable reduces the influence of fluctuating return temperature and offsets
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the sensor dead time. The results of this improvement are presented in Fig.8.

Fig. 8: Simulation data ¨T control

The three improvements shown in this section (in comparison in Fig.9, enhance the temperature course on both
heat exchanger sides. The pump speed signal is significantly dumped, which would lead to higher durability
of the pump components (bearings and other moving parts). The electricity consumption may also be reduced
due to longer nominal operation time. The useful energy transferred to the load side was calculated for each
case. Moving the temperature sensor (in the same magnitude as indicated above) will enable approx. 2.4%
more solar heat gains with respect to the initial non-improved model.

day´s solar gains, kWh

3520

3480

3440

3400

3360
initial

T sensor

opt PI

fixed Tset

delta T

Fig. 9: Solar gains improvements for the 23rd of August

3. High level control of the whole system
The estimated solar gains in a SHIP plant depend on the required temperature at process level. Due to the fact
that the solar heat in the case of Berger is supplied at different temperature levels depending on the heat sink,
the heat share influences the amount of heat that can be transferred.
Using the plant model developed in TRNSYS the heat share between both sinks is varied in order to maximize
the solar gains. The storage is charged depending on its mean temperature. The water flows to the solar heat
exchanger from the middle or the bottom of the tank depending on TC14. A threshold value of 55 °C was
initially applied to switch between both storage outlet nodes. Among all control parameters, it has been shown
that this threshold has the greatest impact on the heat distribution to both processes.
The threshold is first changed from 40 to 85 °C as in Fig.10 in order to vary the mean storage temperature
along the day.
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Fig. 10: Threshold variation

The yearly heat share varies depending on the applied threshold as shown in the figures below (11 to 13). With
increasing threshold value, the feed water share rises and the hot water portion slightly decreases. The
maximum solar heat gains can be reached with a 60 °C threshold. The transferred heat significantly decreases
if the threshold is set to 85 °C because of higher stagnation hours.

Fig. 11: Solar heat for feed water preheating
Fig. 12: Solar heat for hot water

Fig. 13: Total solar gains
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Second, a season dependent threshold value was applied. In a separate parametric study it has been
demonstrated that the combination (60 °C for the summer and 50 °C for the winter) is the most favorable over
the year. As shown in Fig.14 the solar heat gains slightly increase with season dependent storage charging.

Fig. 14: Total solar gains with season dependent threshold

Finally dynamic storage charging was applied. The threshold value was changed according to the following
daily schedule: 65 °C from 0 until 12AM and 55 °C later. The purpose of this measure is to quicker heat up
the top side of the storage during the morning and to be able to supply the steam boiler tank. The improvement
of the solar gains is highlighted in Fig.15.

Fig. 15: Total solar gains with dynamic charging

Around 2.3 MWh more solar gains can be reached if dynamic storage charging is applied. The season
dependent threshold variation leads to an improvement of 2.1 MWh
4. Conclusion
The Berger solar plant installed in the framework of the FP7 demonstration project InSun has been successfully
commissioned in the summer 2013. The system is well equipped with different sensors and the monitoring
data are automatically transferred to the project partners. The system utilization ratio reaches 37% in April
2014. Higher values are expected in the next operation period.
The analysis of the first monitoring data shows weaknesses of the collector loop controller. The system tends
to oscillate in the medium flow range. This paper describes three measures to dump the temperature
fluctuations and to enhance the pump life time. Furthermore, the threshold value for storage charging was
varied to improve the solar gains by 2.3MWh/a. The calculated improvements are -compared to the solar heat
gains- relative low. Further investigations of the heat streams through the whole system are still on going.
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Abstract
In 2012, COLAS, the worldwide leader in the bitumen and road coatings sector, has decided to equip one of
its regional sites with a solar thermal installation for temperatures up to 200°C. Coupled with a gas boiler, the
solar collectors were installed with the dual purpose of meeting the thermal energy needs of a workshop
building and to maintain two bitumen storage tanks above its melting point.
This article gives a short description of the heating system at this industrial site and of its operating modes. It
also describes the numerical model developed for detailed system simulation. First simulation results give a
low annual solar heat gain of 94.6 kWh/m2 which is 2.6 times lower than initial estimations. Further
investigations will be performed during the ongoing project in order to optimize the solar heat gain and to
identify the reasons for this unsatisfactory result.
Key-words: medium temperature applications, solar thermal collectors, thermal storage, bitumen, simulation

1. Introduction
In Europe, the industrial sector is responsible for 26% of the final energy consumption (Eurostat, 2013) which
makes it an important player in the energy consumption and greenhouse gas emissions debate. Moreover,
Werner, 2005 showed that, in european community (EU25) plus seven more countries (including Switzerland),
30% of the industrial process heat demand is lower than 100°C and 27% is between 100 and 400°C, see Fig. 1.

Fig. 1: Share of industrial heat demand by temperature level in the EU25 + Bulgaria, Romania, Turkey, Croatia, Iceland,
Norway and Switzerland (Werner, 2005)

The industrial processes in the temperature range below 100°C are very suitable for the integration of wellestablished solar thermal systems. For higher temperature ranges, several new types of collectors have been
developed recently (cf. Solrico, 2014). Currently, within the framework of the International Energy Agency
(IEA) Solar Heating and Cooling (SHC) Task 49 (IEA-SHC, 2014) 134 solar thermal installations supplying
process heat were reported worldwide, with a total capacity of about 100 MWth representing a very small
fraction (less than 0.1%) of the total solar thermal capacity installed. Those figures demonstrate that there is a
considerable untapped potential for solar thermal energy in the industrial sector.
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Bitumen is needed for the road construction sector which is an industry based on fossil energy with important
heat consumption in temperature range below 200°C. Conscious of the important potential of the solar heat in
its industrial process, but also of the economic and environmental issues related to fossil energy, COLAS
Switzerland, plays a pioneering role in the integration of renewable energy at industrial sites. Thus, COLAS
has implemented high temperatures solar thermal systems to maintain its bitumen tanks above 160°C.
A first pilot project was launched on an asphalt production site in Geneva in 2011. This installation was
designed to reduce energy consumption related to heating bitumen and implicitly, reduce emissions of
greenhouse gases (Maranzana and Bornet, 2011). This first experience has shown that such a coupling is of
real interest in reducing fossil energy consumption. On the other side, simulations showed that the annual
performance of the solar thermal system could be significantly improved with a better orientation and tilt,
lower operating temperature or shorter distance between solar collectors and bitumen tanks. Based on this
experience, COLAS Switzerland has developed a second solar thermal system with several changes and more
flexibility which was installed at a bitumen storage site in Yverdon-les-Bains (Switzerland). In both
installations high vacuum flat plate collectors were used (see section with collector description in the following
chapter).
During 2013, a R&D project funded by the Swiss Federal Office of Energy was started aiming to analyze and
optimize the thermo-economic and environmental performance of this installation, but also to evaluate the
performance of energy storage in bitumen (Bunea et al. ,2013).
2. System description of the Yverdon plant
At the site in Yverdon, COLAS stores bitumen used for road construction. The bitumen is delivered hot from
the production plants and stored in two thermal insulated tanks. A gas boiler and a high vacuum flat plate solar
collector field are used to maintain the temperature of the bitumen, in between 160 and 200°C. In addition, the
heating system delivers energy for space heat and domestic hot water (DHW) for a building located next to the
facility. For this, a storage tank formerly used for bitumen is now being used as water storage. There are two
operating seasons:
•

April to September: “Summer season” - bitumen has to be provided and therefore stored between 160
and 200 °C permanently. Furthermore, DHW has to be provided to the office and workshop buildings on
the site.

•

October to March: “Winter season” - No bitumen is used. Only heat for space heating and DHW has to
be provided.

Figure 2 shows the position of the various components on the site.

Building

Solar thermal collectors
field (roof)

Three storage tanks
20m
Fig. 2: Industrial site in Yverdon with the solar field location
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a. Solar collectors
The solar thermal collectors are manufactured by SRB Energy and were developed at the European Centre for
Nuclear Research (CERN). The SRB Ultra High Vacuum (UHV) collector (Benvenuti, 2013) uses a
technology based on a flat plate collector that can be combined with various mirror structures, which are a
costǦeffective way to increase the aperture area and to improve performance at high temperatures. For the
Yverdon installation collector type c2 was chosen. The efficiency diagram of this collector can be seen in
Figure 3.

Fig. 3: Efficiency diagram for SRB UHV collector type c2 measured by SPF1

These collectors are characterized by excellent thermal insulation provided by the high vacuum (10-8 mbar at
ambient temperature) achieved and maintained using a Getter pump. This pump is activated by solar energy
and it has the ability to remove air or any other gas molecules inside the collector through chemical reaction.
This insulation combined with solar concentration allows the solar collector to reach a stagnation temperature
of 400°C, significantly greater than conventional solar thermal collectors. Moreover, compared to the "classic"
concentration collectors that only use direct solar radiation, these collectors have the advantage to utilize a
great part of the diffuse solar radiation, due to a larger absorber area. In Switzerland, the diffuse radiation is
an important part of global solar radiation (more than 50% for Yverdon-les-Bains climate) (Bunea et al, 2013).
On the Yverdon site the solar thermal field consists of 35 solar collectors spread over 7 rows of 5 collectors in
series for a theoretical peak power of 96.1 kW with a solar irradiation of 1000W/m2. They are placed on a
specially designed metal frame above the storage tanks, with an orientation of 50° West and 20° tilt. The heat
transfer fluid (HTF) used in the system is a Shell mineral oil of type Thermia B supporting over 300°C, without
chemical or physical degradation.
b. Storage tanks
Three insulated storage tanks are presents on the Yverdon site. Two of the tanks are used for bitumen storage
while the third is filled with water and serves as heat storage to meet the energy demand of the building. The
water storage tank has a volume of 50 m3 and the bitumen storage tanks have a volume of 50 m3 and 70 m3,
respectively. The bigger bitumen storage was installed in 2014 whereas the smaller one is old.
The thermal image of the three tanks (see Figure 4) shows the differences between the surface temperature of
these storage tanks. Indeed, the old storage tanks thermal insulation is damaged and not very efficient and as
a result it generates a lot more heat losses than the new one.

1

http://www.spf.ch/fileadmin/daten/reportInterface/kollektoren/factsheets/scf1556en.pdf
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Water storage
tank (50 m3)

Old bitumen
storage tank (50 m3)

New bitumen
storage tank (70 m3)

Fig. 4: Left: Thermal image of the three storage tanks; Right: Position of the three storage tanks

COLAS imagined to store solar heat at two temperature levels:
•

The temperature of the water tank ranges between 60 ° C and 90 ° C depending on the weather
conditions, but also on the building heat demand.

•

The bitumen tanks are maintained at temperatures between 160 ° C (for bitumen viscosity reasons) and
200 ° C (thermochemical decomposition of bitumen beyond this temperature).
c.

Building

The building was built in 2012. It was divided in two parts: a mechanical workshop with a heated volume of
about 1500 m3 and a heated administrative part with a volume of ~1200 m3; the administrative part is composed
of two levels.
The energy consumption of the building is composed of space heat demand for the winter period and DHW
demand for office employees and mechanics who take daily showers. The building heating annual energy
demand was estimated by COLAS at 38'500 kWh. However, a more accurate determination of this
consumption is necessary because of the use of the mechanical workshop. In fact, it has 4 large doors that are
opened based on the workshop activities. The openings of these doors generate significant heat loss.
Measurements during this project are expected to demonstrate the relevance of these estimations.
d. Gas boiler
When solar energy is insufficient, the energy demand for the building or to compensate the bitumen tanks
losses is supplied by a gas boiler with a rated power of 250 kW. This boiler was installed in 2013 and it replaces
an old oil boiler with 1000 kW fixed power.
The boiler contains an important thermal oil storage which gives a large thermal inertia to the boiler. Although
this energy stock generates heat losses, the burner operates mostly at reduced power and provides better overall
performance compared to the old oil boiler. In addition, the natural gas operation will reduce the system
emissions of greenhouse gases.
e. System integration and regulation
The solar installation can operate in different modes, being able to supply heat either to the water storage or
the bitumen storage tanks depending on the heat demand of the site (see Figure 5).
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•

Summer season: If collector temperatures higher than160 °C can be reached, solar heat is delivered to
the bitumen tanks until the maximum temperature of 200 °C is reached. If the set point temperature of
bitumen is reached, the water tank is loaded. Eventual surplus of solar heat can be stored in bitumen
tanks.

•

Winter season: During this season solar energy is delivered to the water tank to supply space heat and
DHW demand.
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Withdraw/refilling
pipes
Fig. 5: Hydraulic scheme of COLAS system in Yverdon-les-Bains.

It has to be noticed that the withdrawing/refilling pipes of the bitumen tanks must be continuously maintained
in temperature by solar energy or by the gas boiler, this to ensure availability of the introduction and removal
of bitumen via tankers.
3. Numerical modeling
A simplified numerical model of the heating system was designed using the Polysun (version 7.0.7) software.
The complexity of the installation does not allow the use of a standard model included in Polysun. Hence, a
specific model was designed to reproduce the behavior of the installation in Yverdon-les-Bains and able to
simulate its annual performance. This model will be then used later in this project to optimize the regulation
procedure of the solar thermal system.
a. Model overview
Figure 6 shows the schematic diagram modeled with Polysun. Different elements can be distinguished:
•

The solar collectors representing the field of 35 solar collectors SRB type c2;

•

The water storage tank of 50 m3 for the on-site building energy needs;

•

The bitumen storage tank of 120 m3 where the bitumen is stored and maintained in temperature;

•

The building and the heating circuit simulating the energy consumption of the building;

•

Two gas boilers integrated into each of the storage tanks.

Water storage tank

Building

Solar thermal
collector field

Bitumen storage
tank

Fig. 6: Schematic diagram of the simulation model for COLAS installation in Yverdon-les-Bains. In the picture the symbols of
heating rods are displayed, however, in the simulation the backup heating was realized using gas boilers.
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The climate of Yverdon-les-Bains is chosen from Polysun database for annual simulations, and the heat transfer
fluid used is the Terminol SP with a flow rate of 2’300 l/h through the collectors. This fluid has similar
properties with the fluid used in Yverdon-les-Bains system.
b. Assumptions and simplifications
Solar collectors
The collector model used in Polysun was provided on request by SRB Energy. This model is not present in
Polysun database yet. The performance coefficients were estimated considering the experimental results for
temperatures up to 100°C. That being the case, this model should be validated for operating temperatures above
100°C up to 400°C. The performance parameters used in the Polysun model are shown in Table 1
Tab. 1: SRB type c2 collector performance coefficients related to the gross area

Parameter
Ș0 (optical efficiency)

Value
[-]

0.47

a1 (heat loss coefficient)

[W/m2K]

0.19

a2 (temperature dependence on heat loss coefficient)

[W/m2K2]

0.0037

[J/K]

11300

Thermal capacity

Storage tanks
Polysun is a simulation software used mostly for domestic installation where tanks are designed vertically.
Therefore, a tank is set as a vertical cylinder and characterized by only two parameters: the height and the
volume. In order to maintain the stratification and the total storage volume according to the installation in
Yverdon-les-Bains where the tanks are placed horizontally, the same height and volumes were chosen as the
real tanks.
The internal heat exchangers of the storage tanks are designed according to the existing heat exchangers of the
system consisting of 57.4 m length of tube (76 mm of external diameter) with a total heat exchange area of
13.7 m2. This value is 3 times lower compared to the general rule of thumb (e.g. Jobin, 1994) for conventional
solar collector applications which suggests using 0.2 m2 heat exchange area for 1 m2 installed solar collector.
Building
The Polysun building module enables various settings based on information available to the user. The chosen
parameterization is based on annual energy demand for heating (without DHW) and heat losses of the building.
According to the heat balance provided by COLAS, the annual energy demand for heating is 38'500 kWh. The
DHW consumption was calculated using the Swiss standard SIA 380.1, according to the floor area and the
appropriation of the two parts of the building. Thus, according to the standard, the demand for DHW is 25
MJ/m2 for both the mechanical workshop and the administrative part. With a gross floor area of 589 m2, the
annual DHW demand reaches 14'725 MJ or 4,100 kWh. This amount of energy is distributed over the 12
months of the year and included in the space heating demand. This simplification is necessary because a second
fluid extraction is not accepted by Polysun and a fluid is already defined for extractions of bitumen.
The building needs and heat losses are introduced in Polysun building model using monthly values and the
yearly heat demand is resumed in Figure 7.
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Fig. 7: Monthly load profile of Colas site in Yverdon-les-Bains.

Gas boiler
The modeling of the gas boiler and the hydraulic system related has been simplified. This element has been
replaced with two integrated gas boilers placed within each of the two storage tanks (see Figure 6). This choice
has as advantage to simplify the system control by removing the pump and piping components connecting the
gas boiler to the storage tanks and should not affect the total fuel consumption. However, thermal losses due
to fluid transport and the gas boiler oil storage will be evaluated and then taken into account.
Bitumen load profile
Polysun software is not designed to operate with tanks that are not fully filled with fluid. Consequently, the
energy consumed by bitumen withdraws and refilling is simulated as first approach similar to a DHW loading
profile. A constant inlet temperature of 100°C (maximum admitted by Polysun) is fixed while the outlet storage
tank temperature is set to 160°C. The amount of bitumen tapped every day varies every month according to
the COLAS estimations for energy needed for bitumen used, cf. Figure 7.
System regulation
The regulation is modeled in accordance with the real system (see paragraph 2.e). In summer time, solar energy
is delivered with a priority to the bitumen tank while the water tank is prioritized during winter time.
c.

First simulation results

Figure 8 gives an overview of the monthly solar and gas consumption of the COLAS system. The high energy
consumption in April is due to the fact that the bitumen is not heated during winter time and this energy is
needed to heat up the bitumen that remained in the tanks from ambient temperature to 160°C.

Fig. 8: Monthly contributions to the storage tanks.
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A heat balance for each of the two simulated storage tanks (bitumen and water) was performed separately
considering the solar and gas contribution, energy consumption and heat loss.
Concerning the bitumen storage tank, a zoom was made for the months from April to September, as this tank
is not heated for the rest of the year. The analysis of Figure 9 shows that even during the summer months, solar
energy cannot supply all bitumen energy needs. Total solar energy yield during these months reaches 12'822
kWh, or 38% of the total energy necessary to maintain the bitumen in temperature.

Fig. 9: Heat balance on the bitumen storage tank.

The analysis of the water storage tank (see Figure 8) shows that there is no solar heat available throughout
period of April to September that exceeds the heating of the bitumen as solar energy is not sufficient to exceed
the 190 °C in this tank. During the months from October to March, the total solar production energy yield is
3’570 kWh, representing about 7% of total demand for the water tank.

Fig. 9: Heat balance on the water storage tank.

Differences in energy balances appear in several months, especially during the months of July and August.
These differences are explained by the fact of having included the DHW demand in the space heating demand.
Thus, a part of the DHW needs can be compensated by the solar heat gain of the building. Still these differences
do not affect considerably the annual results (0.1%) and will be corrected when the model will be validated
with the experimental results.
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Discussion
Overall, the solar productivity is relatively low, especially in winter time when solar gain is very limited for
space heating and DHW even though the operating temperature level is quite low for this type of solar collector.
The annual amount of solar energy reaches 94.6 kWh/m2 (relatively to the aperture area) for a total useful
production of 16’392 kWh and a solar system efficiency of 8.1%. Several reasons were found to be responsible
for this low solar performance:
•

As described in chapter 3.b., the internal heat exchangers of the storage tanks are not properly
dimensioned. A closer analysis revealed important temperature differences (up to 140°C) between the
solar collectors and the water temperature, see Figure 10. This leads to higher operating temperature of
the collectors and implicitly to a lower performance.

•

Attention should be paid to the HTF. Its thermal properties are not defined in detail in the Polysun
database. Adding these parameters can also influence the simulation results (solar production increased
of 44%).

Fig. 10: Collector and water storage tank temperature (simulated) on 24th of March.

In order to check these assumptions, a simulation was performed with several changes to the initial model:
•

Internal heat exchangers with 40 m2 area (solar production increased of 13 %);

•

Doubled heat flow rate to 4600l/h through solar collectors;

•

The HTF chosen for the solar revolution was ANTIFROGEN SOL HT with modified boiling
temperature at 350°C.

Results with this modified model gives solar gains two times higher than the initial one
The solar collector behavior and IAM must also be validated under higher operating temperature. As an
example, a simulation was performed with the SRB collector type c1 (which is theoretically less efficient than
the c2) and the annual solar productivity increased to 216.4 kWh/m2. Nevertheless, the technical performance
of the SRB UHV collector defined by parameters given in Table 3 and used by the simulation model are found
to be very good for temperature ranges up to 200°C (up to 50% efficiency). Moreover, the inaccuracy of the
IAM used for the simulation can be expected to be in the order of a few percentage points.
As this is not a standard simulation and many changes and simplifications had to be introduced for the
simulations so far, the aspects mentioned will be further analyzed and simulation results will be validated with
the experimental results. System regulation and more precisely the high set point temperatures for the storage
tanks should also be investigated as 90°C for the building consumption is very high and bitumen might also
be transferred from tanks under 190°C.
Bunea et al. (2013) performed Polysun simulations with the same model collector and same IAM in order to
evaluate the COLAS solar system potential in the climate of Yverdon-les-Bains. The solar plant was able to
provide 15’090 kWh at 65°C to the water storage during winter and 22’114 kWh at 150°C in summer time
reaching an annual solar yield of 214.7 kWh/m2.
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4. Conclusions
The potential of solar thermal systems in the industry has proven to be substantial and there is a growing need
for reliable and cost-efficient systems in this area. This paper presents the integration of a medium temperature
solar plant on an industrial site and the numerical modelling of this system. Solar energy was proven to be very
suitable for road construction industry.
A numerical model was set up with Polysun in order to represent the behavior of the COLAS installation in
Yverdon-les-Bains. Several assumptions and simplifications were necessary in order to fit this nonconventional model to the real system. Further investigations during the ongoing project are needed to validate
this model.
Simulation results have shown annual specific collector yield of 94.6 kWh/m2 aperture area although a very
efficient solar thermal collector is employed. This value is 2.6 times lower than initially evaluated by COLAS
(238 kWh/m2a), but it is comparable to the Geneva installation results where a yearly solar productivity of 93
kWh/m2 has been reported (Maranzana and Bornet, 2011). A modified model with larger internal heat
exchange area, higher flow rate and modified HTF points out that the solar production can significantly
improve Therefore, it will be analyzed with the simulation model as well as measurements of the plant if and
how the solar thermal system performance can be increased.
Even if the simulation model still needs improvements, this work revealed that gas consumption can be
decreased on the Yverdon heating system with little effort by changing some of the system specifications that
have been neglected during the planning phase:
•

Reduce the set point temperatures for the storage tanks

•

Enable solar heat to load the water tank in summer season if the bitumen tank has not reached the upper
set point temperature, but collectors are above 60°C

Solar thermal simulation represents a powerful tool for plant sizing, optimization and energy yield estimations.
It also allows to explore sensitivity analyses on different design parameters. However, the model presented in
this paper has to be validated with experimental results before performing further analysis.
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Abstract
We describe a novel solar hydrothermal reactor (SHR) under development by Ben Gurion University (BGU)
and the European Organization for Nuclear Research CERN. We describe in broad terms the several novel
aspects of the device and, by extension, of the niche it occupies: in particular, enabling direct off-grid
conversion of a range of organic feedstocks to sterile useable (solid, liquid) fuels, nutrients, products using
only solar energy and water. We then provide a brief description of the high temperature high efficiency
panels that provide process heat to the hydrothermal reactor, and review the basics of hydrothermal processes
and conversion taking place in this. We conclude with a description of a simulation of the pilot system that
will begin operation later this year.
Key words: hydrothermal carbonization, renewable energy, solar thermal, waste management,

1. Introduction and overview
The unique reactive and solvent properties of water heated above its usual boiling point under pressure have
been known for a century, and have become of increasing interest as a means to process biomass, as well as
achieve a range of reactions without the use of expensive and potentially toxic organic solvents. While some
mention has been made of utilizing solar energy to drive hydrothermal processes, this has taken the form of a
glancing reference to a future possibility, or else based on an implementation dependent on large and/or
focusing solar collectors, which have been seen as necessary to achieve the temperatures around and above
200 C required for hydrothermal reactors. Beginning in late 2013, our respective organizations, each with an
interest in translating advanced technologies into broader contexts, and especially in developing countries,
have been engaged in the Solar Hydrothermal Advanced Reactor Project (SHARP), aimed at developing a
pilot device consisting of a small (30-50 litre) hydrothermal reactor powered by the SRB high vacuum solar
panels, which produce high temperature water at high efficiency directly from flat panel collectors. This
instrument is small and robust enough to be moveable, making viable solar powered off-grid in situ
processing of a range of feedstocks that would otherwise be wasted or even a nuisance. As described below,
developing such a device in a way that greatly broadens the range of potential use cases for solar
hydrothermal technologies presents an exciting socio-technical challenge.
2. Several layers of novelty and promise
While solar thermal panels and hydrothermal reactors are familiar technologies, our particular combination
of these, and our effort to harness the combined device to off-grid contexts underscores several subtle but
important layers of innovation. As described below, the SRB solar panels produce high temperature outputs
at high efficiencies, without the need for focusing. In locations where electricity or other sources of energy
are available, the production of high temperature process heat is not a striking achievement, but the ability to
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do this in remote locations is important. The hydrothermal conversion of biomass is in itself remarkable
(allowing conversion of wet biomass to solid and liquid fuels and nutrients with 100% carbon efficiency),
and becomes more so when it can occur in off-grid settings, without costly infrastructures and energy
sources. This is because the kind of biomass most amenable to such conversion is typically widely
distributed, often in rural settings, and difficult and marginally worthwhile to transport for processing. Being
able to bring a reactor to the biomass, rather than the other way round, may bring within the envelope of
viability a range of locations and feedstocks that would otherwise be wasted or discarded with hazard. The
viability of the operation is furthered boosted by the fact that the reaction products become available in the
location of potential use, not requiring packaging, transport, and resale. The promise of the solar
hydrothermal combination extends beyond waste management and fuel production. In essence, the versatile
range of hydrothermal reactions possible under various pressure/temperature/feedstock combinations makes
possible delocalized low input processing (including specialized production and decontamination) that would
otherwise require expensive and toxic reactants in a large facility.
Taking a step backwards to the big picture, we can see that, if achieved, a small off-grid solar hydrothermal
reactor would constitute an important development in the utilization of solar energy. As illustrated in Figure
1, it allows captured solar energy not only to be used directly, but to be used to recreate the high temperature
high pressure conditions in which fossil fuels were formed, and thereby create—but on a much briefer time
scale—a fossil fuel analog (coal), which can substitute for the traditional fossil fuels.

Using solar energy to convert
biomass to fossil fuel analogs
No CO2

PV, solar thermal

Incoming solar
energy
photosynthesis

Carbon
neutral

Traditional bioenergy (burning)
Modern bioenergy (pyrolosis,
gasification, hydrothermal)

Solar hydrothermal

Recently living
organisms and
waste

recreates formation
conditions of coal and oil

Carbon
addition

Conventional
combustion-based

anaerobic
decomposition
& heat &
pressure over
extended period

Fossil
fuels
6

Figure 1: schematic conceptualization of solar hydrothermal within landscape of alternative energy sources

3. Hydrothermal processes and biomass conversion
The relationship between water temperature and pressure is commonly represented on a pressure-temperature
(P-T) diagram, such as that of Figure 2, in which a “coexistence line” demarcates the transition point
between phases at a given temperature/pressure combination. The situation most familiar to us is the
behavior of water around one atmosphere, where water moves between three distinct phases.
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Phase diagram of water (note logarithmic
pressure scale). (Adapted from Brown 2014)
Figure 2: Phase diagram of water

The increase of system pressure brings less familiar behavior. As indicated by the red line, as pressure
increases, the vaporization of liquid water is “suppressed” –it takes a higher temperature in order for the
water’s vapor pressure to exceed the prevailing pressure. In practical terms: we can use pressure to control
the boiling point of water.
Pressurized hot water above the usual boiling point is referred to as “superheated.” It is also called
“subcritical water,” in reference to what is called the “critical point” of water, around 374 °C and 22 MPa
(218 atm.) This is the point beyond which no increase in pressure suffices to retain a liquid state at increased
temperature, and no increase in temperature will vaporize the liquid at this pressure. Beyond the critical
temperature, the kinetic energies of the molecules exceed the attractive forces between them now matter how
much compressive force is applied. In fact, at the critical point, the distinction between the properties of gas
and liquid ceases to exist, a state referred to as a “supercritical liquid” in which the molecules are closely
spaced, like a liquid, but expand to fill their container, like a gas.
While most people are intuitively aware of the ability of superheated water to accelerate chemical reactions
because of their familiarity with pressure cookers, which cook food more rapidly than boiling at room
pressure, its many remarkable properties are less well known. Raised temperature and pressure alters the
density, dialectric constant, and ion dissociation constant of water in ways that alter it from a relatively
inactive polar highly hydrogen-bonded solvent to a highly active non-polar solvent of organic substances.
Three hydrothermal processing regions are commonly referred to, as indicated on the phase diagram of
Figure 3.
•

Hydrothermal carbonization (HTC) (180-280 °C) o hydro-coal (solid fuels).

•

Hydrothermal liquefaction (HTL) (280-374 °C)o crude oil (liquid fuels).

•

Hydrothermal gasification (HTG) often referred to as supercritical water gasification (SCWG)
(374-700 °C) oCH4
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Figure 3: Regions of hydrothermal processing (after Peterson et al., 2008)

The reactor we describe here will operate primarily in the lower range of temperatures and pressure (180-280
°C, and under 5 MPa (50 atmospheres), in which processes of hydrothermal carbonization (HTC) take place,
converting wet biomass into a bituminous-coal like material (HTC coal) as well as water soluble aqueous coproducts useful as fertilizers, and gases (Berge, 2011; Kruse, 2013; Libra, 2011). HTC has attracted
considerable attention for its potential for converting wet waste materials into a range of value added
products and as a means of high efficiency carbon recovery without the process of drying required by
traditional thermochemical processes (combustion, air gasification, pyrolysis). Our preliminary calculations
and experiments confirm that the energy that can be produced from the product is significantly higher than
the energy needed for the HTC treatment: typical wet animal waste requires 2.5 MJ/kg for treatment while
producing biocoal with an energetic yield of >10 MJ.
The chains of reaction in “one pot” HTC transformation are remarkably complex, depending on the pressure,
temperature, residence time (typically from 1-4 hours), moisture content of the feedstock, and, of course, the
nature of the feedstock itself. The components of the feedstock cellulose, hemicellulose, starch, lignin, lipids
and fats, and proteins undergo dehydration (in which hydrogen and oxygen are released from organic
molecules in the form of water), Decarboxylation (which removes a carboxyl group (COOH-) and
releases CO2), and condensation–polymerization-aromatization, in which organic matter is degraded to
monomers which are polymerized and aromatized to form hydro-coal (char). As opposed to alcoholic
fermentation, in which two of six carbon atoms are released as CO2, or anaerobic conversion to biogas, in
which about half of the carbon is released as CO2, in the HTC process almost all of the carbon in the
biomass is converted into carbonized material, with only little generation of CO 2 or CO. Thus, HTC has
high carbon efficiency (Titirici et al., 2007). In this way, as with the natural formation of various coal
products, the hydrogen/carbon and oxygen/carbon ratios of the material are reduced, as illustrated in the
typical representation of coalification pathways in Figure 4
.
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Figure 4: Diagram of coalification (from Ramke, 2009)

The high carbon efficiency of HTC is only one advantage of this approach to processing biomass over other
approaches to bioenergy, such as biogas. The high temperatures destroy pathogens and breaks down many
organic micropollutants (such as pharmaceuticals that may be found in animal or human waste). It can be
performed with a smaller reactor and faster reaction times. It produces comparatively fewer greenhouse
gases and odors. I allows the production of solid fuels, and, also, more effective recovery of nutrients (N-PK). The inputs to HTC can be organic components of municipal solid waste, commercial wastes (from
dairies, slaughterhouses, or canteens, for example), wastes from food and crop processing industries and
agricultural residues themselves (including animal manures), and residues from forestry (Ramke, 2009). The
emphasis of HTC can be as a waste management approach with valuable byproducts, or as energy generation
approach in its own right. The optimal kind of HTC processing infrastructure and pathways for a given
context will depend on this emphasis, on the feedstock and desired product, and on a large range of
considerations related to the transport, availability, and other considerations (Libra, ).
4. The SRB high temperature/efficiency panels
Solar energy has, by large, not been considered as an energy source for hydrothermal reactors because of the
common perception that only concentrating solar collectors can yield the high temperatures needed. In our
project, however, we use another approach to producing high temperatures, namely through utilizing nonfocusing (flat plate) collectors, in which heat losses are minimized by reducing not only radiation losses of
the collector surface, but also thermal losses from gas conduction/convection and mechanical contact (SRB,
2014). An additional gain in this non focusing approach is possible since it allows gathering the energy of
diffuse light, which is around 30% in even sunny climates, and can be as high as 50% in central European
settings. The collector panels are shown in Figure 5.

1055

Bertolucci et al / EuroSun 2014 / ISES Conference Proceedings (2014)

Figure 5: SRB Energy solar thermal collector (left) and its assembly in a standalone structure with cylindrical mirrors (SRB
Energy C1 collector).

The absorbers are fairly standard: copper heat absorbers are electrolytically coated with black Cr oxide, with
selective optical characteristics (absorption coefficient of about 0.9 and infrared emissivity of below 0.07 at
300 °C.), laser welded to stainless steel pipes that allow heat to be extracted by a circulating fluid. The
distinctive aspect of these collectors, which enables their exceptionally high performance and higher output
temperatures, is the maintenance of ultra high vacuum inside the panel over a 30 year panel life. By
evacuating the panel, thermal losses are reduced dramatically compared to traditional solar panels, and panel
temperature is limited only by emission losses through infrared radiation. The vacuum technologies
employed in the panels were originally developed at CERN for use in particle accelerators, and then adapted
by SRB Geneva for solar panels, which are now produced commercially by SRB Spain (SRB, 2014;
Benvenuti 2010; Benvenuti, 2013). The key vacuum technologies that allow these panels to maintain a
vacuum of (10-4 Torr) over the 20 + years of their lifetime are the following.
x

A vacuum-tight connection between the large glass windows and the metal structure, enabled by a
plasma-sprayed metal coating on the glass perimeter, onto which the metal joint is fixed by soft
soldering

x

A non evaporable getter (NEG) pump that consists of a metallic alloy coating that maintains the
vacuum by “soaking up” residual gas molecules in the evacuated panel space by bonding with them.
As the getter surface become gradually saturated, it is “cleaned” by heating in the normal course of
panel operation, which diffuses the trapped molecules from the surface into the bulk of the getter
mass.

x

A mechanical structure consisting of longitudinal supports, spaced at 14 cm to prevent implosion of
the panel windows due to the atmospheric force of 10N/cm-2

Heat is transferred from the collectors to industrial processes, such as the hydrothermal rector, described
below, through heated oil pumped through the collectors (the pumps can also be operated using solar
energy). The panels provide a temperature of above 300 C without focusing mirrors, and with the addition of
simple cylindrical (nonfocusing) mirrors that capture both direct and diffuse light, temperatures above 400 C
can be achieved. A prominent installation of these panels on the roof of the Geneva airport with an aperature
area of 1139 m2 produces 530kW at 130 °C, or an annual solar yield of 566 MWh. As is evident from Figure
6, the thermal efficiency remains high at the necessary operating temperatures, especially in the high
irradiance areas of the pilot installation at Sde Boker, Israel.
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Figure 6: Thermal efficiencies as function of temperature

5. The joint solar hydrothermal system: description and results of initial simulation
Our pilot facility consists of four SRB panels (of 4 M2 each), and one 30 litre reactor, arranged in an
optimized configuration. To perform the simulations presented in the following paragraphs, it is assumed
that four collector are installed as depicted in Figure 7, in a single meander circuit.

Figure 7: Solar collector field made of four SRB Energy C1 collectors connected in series in a unique meander circuit.
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Both panels array and reactor are equipped with sensors and dataloggers, as well as the necessary equipment
for circulation of heating fluid, etc. Prior to installation, a simulation of the system was performed (Pauletta,
2014), based on the specifications of the equipment and solar insolation at the pilot site at the Sde Boker
campus of Ben Gurion University, with daily performance and temperature profile based on heat exchange
modeling and integral approach energy computations.
Under the assumption of water in a liquid phase throughout the process, at 40 bar, about 12.5kWh are needed
to heat the vessel and its 30 litre content from 20 °C to 250 °C (i.e., total heat capacity of 195.5 kJ/K). Using
measured solar data for a sample year, the irradiance, collector temperature and reactor tank temperature
over the course of full days in each of the four seasons are shown in Figure 8, and the mean collector field
efficiencies, which are between 30-38%, are shown in Table 1.

Period

Efficiency

unit

From December to February

30.0

%

From March to May

34.5

%

From June to August

37.9

%

From September to November

37.8

%

Table 1: Mean collector field efficiency between 20 and 250 °C assumed during annual performance calculation derived from
dynamic daily simulations during typical days in SdeBoker.
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Figure 8: Simulation results of the thermal performance of 4 SRB Energy C1 collectors installed horizontally in SdeBoker,
showing the collector and tank temperatures together with the solar irradiance during four representative days of the year.
The collector temperature profile features stepped increase due to the adopted approximations and to the transition of oil flow
from laminar to fully turbulent regime.

A key figure for the economic analysis of the device is the number of batches that can be done over the
course of the year. This was modelled under three separate scenarios. The first is of no heat recovery: after
a batch is complete, all remaining heat is discarded, which means that any subsequent batches can be made
on the remainder of the same day only if the solar energy suffices for a full heating cycle. The second
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scenario assumes that 50% of energy from one day can be carried over to the next. And the third assumes
not only this energetic carry-over from day to day, but, also, that energy recovery (of 50%) between batches
is achieved through the use of a second reactor, so that surplus heat from a first batch can pre-heat a second.
The simulation shows that 700 batches can be processed annually with no recovery, 797 batches under the
daily carry-over, and 1063 batches can be processed with both forms of energy recovery taking place. As is
shown in Figure 9, daily batches can be prepared throughout the year, with four or more batches possible
during the summer months.

Figure 9: HTC batches per month under different energy recovery scenarios

Toward the end of 2014, with the pilot installation operating, our work will focus on characterizing the
system in a variety of ways. These include the following.
•

Inputs: feedstock; optimization of water %

•

Biochemical reactions and their shaping by controlling factors and treatment time

•

Outputs: their mass & energetic / nutritive value

•

Safety and convenience of operation

•

Transportability of device

•

Energetics of operation

•

Economic feasibility
6. The broader contexts of practical and economic feasibility

Biocoal is a carbon-rich, energy dense, porous and sterilized value-added product that can be used as a solid
fuel for bioenergy applications, and it can also be directed to other uses such as adsorbent or permeable
reactive barrier, nanostructure carbon material, a carbon catalyst for use in production of fine chemicals, etc.
The liquid outputs of the HTC reactor can be used in agricultural contexts for their nutrient value.
Additionally, since hot-compressed water is highly reactive, the reactor sterilizes pathogens, and breaks
down many pharmaceuticals, pesticides, and industrial chemicals, which are possibly present in biowaste
(Weiner, 2013). This makes the process additionally attractive for treating animal and human wastes. In
some use scenarios, the waste management function of the reactor will be foremost, allowing relatively
cheap and convenient disposal of troublesome or hazardous biomass, with energy and nutrients as a useful
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byproduct. In other scenarios energy production will dominate, and in others some specialized reaction
process (to produce specialized products or perform decontamination, for example).
The novelty of our reactor is the fact that it uses solar energy as the sole energy input, and it is small enough
to be transported and operated in off-grid locations. This drastically changes the overall feasibility and use
analysis of the technology. Most existing economic evaluations are based on assumptions that are not
relevant to our case, including a large capital cost (hundreds of thousands of dollars) for the reactor, and
significant costs for energy inputs as well as for the transport of biomass inputs and reaction products over
long distances. A typical use scenario for our reactor would assess the payback time for a reactor costing an
order of magnitude less than this, operating in situ on something like 100 liters of biomass a day, using only
solar energy to produce value from the removal of waste as well as energy products (20-30 kg of HTC coal,
with a caloric value of 27 MJ/kg), as well as nutrients, both of which may be able to be used relatively
locally. Our characterization of feasibility, therefore, includes assessment of the kinds of feedstocks and
contexts in which such an arrangement is viable; the role of and means to device moveability (or, even,
portability), to service geographic areas on an as-needed or rotating schedule; and assessments of how much
the device cost can be brought down under conditions of mass production of panels and reactor for the end
use of a robust system dedicated to solar hydrothermal production in a developing country context. We do
not know the answers to these questions, and welcome the insights and suggestions of the solar and
bioenergy/biomass communities as we attempt to clarify them.
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Abstract
This article presents the investigation of modeling solar drying system using partial differential equation
module of MATLAB to predict the thermal conditions of a drying system with pebble beds as heat storage
medium. A 2-dimensional geometry of the air heater was examined using both Dirichlet and Neumann
boundary conditions to define the heat transfer and temperature gradient at the walls of the system.
Appropriate thermal equations were used to define the multi-layer drying system with specific properties of
materials which have significant effect on the performance efficiency of the solar collector. Finite element
method of meshing the system component was employed to solve the heat transfer equation. The dynamic
simulation of the air heater was tested for 5000 s at the average maximum daily temperature of 318 K with
solar irradiation of 800 Wm-2. Despite five cabinet channels design, the temperature gradient of hot air
distribution at various points was less than 1 K. The heat transfer simulation of the system has been achieved
in good agreement with the reported studies. However, the mass transfer aspect of the model still needs to be
improved upon for better and accurate collector characterization.
Key-words: Heat transfer; Hot air distribution; Multi-pass; Numerical; Solar collector

1. Introduction
Energy is a critical function of human survival on earth. The concomitant effects of using organic fuel pose
serious challenges to sustainability. Hence, renewable energy remains the viable source of energy for all. No
doubt that the United Nations and various governments are increasing their annual energy plan contribution,
especially on the research and development of renewable energy sector. Hence, the researchers in the solar
energy are now on their toes to achieve the vision 2030 of UN on renewable energy for all.
Heat transfer is defined by Kaviany (2011) as the transport of thermal energy due to spatial variation in
temperature within the medium or with other surrounding media while Bejan (1993) said that mass transfer
takes place in an environment with non-equilibrium in concentration of chemical species. It was stressed
further that drying process remains the classical example of mass transfer. The thermal and mass transfers
are two principal activities that form the solar drying process whereas solar thermal air heater was viewed as
combination of heating, cooling and humidification processes that are evaluated by conservation laws
(Akpinar et al. 2005, Midilli and Kaushik 2003, Panwar et al. 2012 and Prommas et al. 2010).
Crop drying is a means of reducing the moisture content of edible agricultural product such as grain and
vegetable with the sole motive of extending its shelf span without compromising the quality. It is an
economical technique used to preserve farm products in which moving hot air of temperature between 40 oC
and 60oC remove moisture from crops and medicinal herbs (Janjai et al. 2008, Midilli and Kaushik 2003 and
Panwar et al. 2012). However, a range of temperature between 60 oC and 80oC with air velocity of 1.0 ms-11.5 ms-1 and relative humidity of 0.1-0.2 was reported as favourable condition for drying (Akpinar et al.
2005).
Solar air dryer is a simple and easily made system that harvests the energy from solar irradiance by a flat or
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curved collector. The collector releases the gained energy into the surrounding air by force or free
convection. Porosity, air mass flow rate of hot air, pebble bed material and geometry are some of the factors
that influence the performance of porous rock bed that are used as thermal storage in solar drying.
Several studies have been investigated on transient characterization of solar collector. Nayak and Amer
(2000) have grouped them into nine different classes and brought out the theoretical and cost differences in
each of the group with the Dynamic Solar Collector (DSC) method been the most economical. Dynamic
evaluation of solar absorber is preferred base on economic reason and most importantly when focusing
control problems (Villar et al. 2009). Kong et al. (2012) presented an improved transfer function technique
under transient condition in which the fluid volume and time parameter were obtained as new indicators of
solar collector thermal transfer. A numerical solution of partial derivative of first order for solar collector
under transient mode was studied (Hilmer et al. 1999). The uniqueness of this developed model are that the
non-equilibrium thermal transfer is estimated and the air mass flow rate is a function of time.
A 1-Dimensional numerical analysis of solar absorber has been investigated (Cadafalch, 2009) the model
was configured with a pile of geometrical components and material specifications. Both real and imaginary
data such as environmental temperature and radiant intensity were considered. Flat plate made of polymer
was numerically optimized with an optimum result at 10mm separation distance between the absorber and
transparent polymer cover (Do Ango et al. 2013). The absorption of solar radiation through the glass cover,
quasi-dynamic condition, convective heating of the working fluid and thermal waste as a function of system
temperature still remains the state of art of solar heater in accordance with the European standard EN 129752 (Fisher et al. 2012, Kong et al. 2012 and Osório and Carvalho, 2012). Different collector sizes have been
investigated. Large collector of area 4.340 m2 with thickness of 2.0×10-3 m was used in a modeling (Fisher et
al. 2012), whereas small aperture dimension of 0.9 m by 0.4 m was used in reported investigation (Kurtbas
and Durmuş, 2004). Hence, heat required from solar collector is a principal factor to be considered for proper
sizing. Selection of coating of absorber is a fundamental aspect of optimizing the heat generation by the solar
air heater. An efficient coating improves the solar energy absorbed into the solar system and minimize loss of
energy mostly from infrared radiation by reflection (Joly et al. 2013).
Modeling with MATLAB/SIMULINK has been exhaustively been used in engineering control, mechanics,
dynamics etc. But only few investigations in solar energy system have been reported using this robust tool.
Da Silva and Fernandes (2010) affirmed the relevancy of this tool with good result in a hybrid modeling of
solar energy systems. Several solar drying systems have been made. However, the gap of hot air even
distribution, efficient and modeling optimization of dryer is still remaining unclosed. Therefore, this study is
an attempt to use MATLAB tool to model a drying system with optimum design, operation and
environmental conditions.
2. Assumptions used in the analysis
The following assumptions and approximation were made to simplify the analysis of the multi-pass solar
collector drying system investigation.
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x

Working fluid was air with ideal gas properties.

x

The thermal contribution of steel rod used for heating chamber reinforcement was considered
insignificant.

x

Collector surface harvested radiation with no tolerance for wavelength and direction.

x

Vertical boundary layers were assumed to be perfect insulators.

x

Material properties were isotropic.

x

Moisture content of the material to be dried was considered.

x

The system was considered under dynamic mode.

Kareem et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

3. Theoretical concepts
The design of the required numerical model using partial differential equation solver was based on
convective and radiation thermal transfer. These processes remain dominant in this model in which the
moving hot air and heat energy were considered. Hence, Navier-Stokes Equations and energy laws were
considered relevant in this study. The mass flow rate continuity is shown in Equation 1 while the momentum
principle forms Equation 2. The useful heat flux generated by the system convective and radiation thermal
transfer are depicted in Equation 3 and Equation 4 respectively.

¦m  ¦m
in

out

w
vm
wt

wm
wt

(eq. 1)
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Note that the air velocities and the convective forces in Equation 2 are vector quantities.
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The convective and radiation heat transfer processes are the dominant thermal transfer involved in this
investigation. Hence, Equation 5 reflects the thermodynamic operations within the solar dryer (Tiwari,
2002).

\UC p

§ w 2T w 2T ·
wT
\k ¨ 2  2 ¸
¨ wx
wt
wy ¸¹
©

Qcon  Qr

(eq. 5)

Equations 3 and 4 are substituted into Equation 5 to obtain the system energy balance equation as shown in
Equation 6.
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(eq. 6)

Kalogirou (2004) emphasized that absorber performance efficiency was most paramount value in solar
thermal system characterization. The system performance efficiency can be computed as the ratio of useful
heat flux to the product of solar absorber plate area and the incident solar irradiance as shown in equation 7.

Kc

m UC p dT
AcG

(eq. 7)

Duffie and Beckman (2006) expressed the collector flow factor, F and thermal removal factor, Fr as shown
in Equations 8-10.
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The mass transfer of water content of the crop to dry is governed by Equation 11.
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Equation 12 shows the expression to evaluate the ratio of moisture content of drying crop using Fourier
number of mass transfer ( Z ) which is a function of time and coefficient of mass diffusion. The number of
grains or kernels subjected to drying operation (Pabis et al. 1998).
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The granite porosity ߩ was defined by Kaviany (2011) as the ratio of the fluid in the void to the sum of fluidgranite total volume. This is depicted in Equation 13.

U

fv
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(eq. 13)

4. Model description
Kalogirou (2004) stressed that solar collector modeling is a complicated and difficult task as it compose of
both predictive and non-predictive data. It was emphasized that solar collector modeling should commenced
by system structural representation which enjoys no one way rule. The popular technique of resolving
transient heat transfer problem in recent time is through numerical modeling (Bejan, 1993).
The partial differential equation platform of MATLAB, version 8.1.0.604 (2013a) was employed in this
modeling. Constructive body geometry approach was used to define in detail the size and shape of the
system. This involves putting together of common plane figures such as rectangle and polygon to build the
required 2D system as shown in Figure 1 while Figure 2 shows the flow of working fluid in the drying
system
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Fig. 1 : Hot air dryer in 2D geometry

Fig. 2 : System thermo-fluid (air) flow path

The thermal properties of each elemental part must be defined before the simulation was run for accurate
prediction. However, materials that have little or no influence were ignored for simplicity. Gray (2011)
emphasized that a modeler must know the necessary parameters to consider as input in order to get the desire
outcome. Fischer et al. (2012) affirmed that the adjustment of theoretical parameters to experimental data is
an acceptable procedure to achieve the best fit parameters. Properties of six different materials were
considered for simulation of this model. Table 1 shows some of the parameters and constants considered in
this model. The detailed input variables used form the composition of all material that made up the drying
system including air as thermodynamic fluid.

Table 1: Some of the parameters and constants used for modelling

Quantity
Ambient Temperature
Solar irradiance
Simulation time
Collector area
S-Boltzmann constant
Air density
Specific heat of water
Conductance of Al
Relative humidity
Granite porosity
Air mass flow rate
Wood conductivity

Symbol
T
I
t
Ac
σ

U
Cp
K
H

U
݉ሶ
K

Value
304
800
5000
0.90
5.669×10-8
1.29
4180
205
0.62
0.302
0.035
0.17

Unit
K
W m-2
S
m2
W m-2K-4
kg m-3
Jkg-1K-1
Wm-1K-1
Kgs-1
Wm-1K-1

The mesh of the model geometry was achieved after all needed input variables were inserted and a refined
mesh was done for better accuracy. However, refining of mesh inceased the computer memory and time
required to run the simulation. The refined mesh topology in Figure 3. was achieved when further
discretization has negligible effect on the simulation outcome. The elemental nodes covered the entire
geometry which comprises of both inner and outer nodes. The ambient and operating parameters were
employed to define the system boundary. Combination of Peter Dirichlet and Carl Neumann boundary
conditions were used appropriately to define the entire system boundaries.
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Fig. 3: System mesh topology

5. Results and discussion
Transient partial derivative was employed with 42 decompositions of both lower and upper triangular
matrixes. A total of 454 solution of linear systems were obtained. The thermal transfer within the multichannelled solar drying system is depicted in Figure 4. The harvested thermal flux by the solar collector was
evenly distributed within the cabinents that contained the food crop to be dried. This was achieved with the
help of laminar forced convection mode used for the model with air mass flow rate of 0.04 kgs-1 at system
optimum performance which is in agreement with reported investigation (Sopian et al. 2009).

Fig. 4 : Distribution of hot air
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6. Conclusion
The hot air distribution inside the drying system was evenly distributed. This has significant effect on
performance efficiency of the drying system with the solar collector thermal efficiency of 6.2% at optimum
air mass flow rate when compared with reported experiment on double pass collector mode (Sopian et al.
2009). However, improvement is still needed on the analysis of system mass transfer to make the partial
differential equation technique a better tool for solar thermal modeling. The average error between the
reported experimental result and the predictive outcome was lower than 0.04.
Nomenclature
m

Air mass flow rate (kgs-1)

m

mass (kg)

t

time (s)

v

velocity (ms-1)

P

convective force (N)

Q

thermal source (J)

T

temperature (K)

Cp

specific thermal capacity at constant pressure (KJkg-1K-1)

k

conductivity (Wm-1K-1)

x

horizontal distance (m)

y

vertical distance (m)

h

thermal transfer coefficient (Wm-2K-1)

A

area (m2)

G

global irradiance (Wm-2)

F

collector flow factor

Fr

thermal removal factor

U

heat flux (J)

M

moisture content (kg)

Cd

coefficient of diffusion (m2s-1)

l

characteristic lenght (m)

Gr

granite

f

fluid, thermal transfer ratio

j

number of grains of crop

Greek letters
\

thermal diffusivity

U

density (kgm-3)

H

emisivity

V

Stefan-Boltzmann constant (Wm-2K-4)

K

instantaneous performance efficiency

Z

Fourier number for mass transfer
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Subscripts
con

convective

r

radiative

a

ambient

c

collector

L

loss

db

dry basis

v

volume

eq

equilibrum

i

initial

Acknowledgement
Authors indeed appreciate the Universiti Teknologi PETRONAS for financial support through University
Research Internal Fund (URIF) grant No: 015 3AA B07 which was used for this investigation. The first
author would like to acknowledge Universiti Teknologi PETRONAS for the award of Graduate Assistantship
Scheme as support during the period of this investigation.
References
Akpinar, E.K., Midilli, A., Bicer, Y., 2005, Energy and exergy of potato drying process via cyclone type
dryer, Energy Conversion and Management, vol. 46, pp. 2530-2552.
Cadafalch, J., 2009, A detailed numerical model for flat-plate solar thermal devices, Solar Energy, vol. 83,
pp. 2157-2164.
Bejan, A., 1993, Heat transfer, New York: John Wiley and Sons, Inc.
Da Silva, R.M., Fernandes, J.L.M., 2010, Hybrid photovoltaic/thermal (PV/T) solar systems simulation with
Simulink/Matlab, Solar Energy, vol. 84, pp. 1985-1996.
Duffie, J.A., Beckman, W.A., 2006, Solar engineering of thermal processes, 3rd ed., John Wiley and Son
Inc. USA,pp 1-908.
Fischer, S., Frey, P., Drück, H., 2012, A comparison between state-of-the-art and neural network modelling
of solar collectors, Solar Energy, vol. 86, pp. 3268-3277.
Gray, M.A., 2011, Intronduction to the simulation of dynamics using Simulink, USA, Taylor and Francis
Group, LLC, pp 1-308.
Hilmer, F., Vajen, K., Ratka, A., Ackermann, H., Fuhs, W., Melsheimer, O., 1999, Numerical solution and
validation of a dynamic model of solar collectors working with varying flow rate, Solar Energy, vol. 65, pp.
305-321.
Janjai, S., Srisittipokakun, N., Bala, B.K., 2008, Experimental and modelling performances of a roofintegrated solar drying system for drying herbs and spices, Energy, vol. 33, pp. 91-103.
Joly, M., Antonetti, Y., Python, M., Gonzalez, M., Gascou, T., Scartezzini, J.L., et al. 2013, Novel black
selective coating for tubular solar absorbers based on sol-gel method, Solar Energy, vol. 94, pp. 233-239,
2013.
Kalogirou, S.A., 2004, Solar thermal collectors and applications, Progress in Energy and Combustion
Science, vol. 30, pp. 231-295.

1068

Kareem et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

Kaviany, M., 2011, Essential of heat transfer: principles, materials and applications. Cambridge: Cambridge
University Press.
Kong, W., Wang, Z., Fan, J., Bacher, P., Perers, B., Chen, Z., et al., 2012, An improved dynamic test method
for solar collectors, Solar Energy, vol. 86, pp. 1838-1848.
Kurtbas, I., Durmus̨ , A., 2004, Efficiency and exergy analysis of a new solar air heater, Renewable Energy,
vol. 29, pp. 1489-1501.
Midilli, A., Kucuk, H., 2003, Energy and exergy analyses of solar drying process of pistachio, Energy, vol.
28, pp. 539-556.
Mintsa Do Ango, A.C., Medale, M., Abid, C., 2013, Optimization of the design of a polymer flat plate solar
collector, Solar Energy, vol. 87, pp. 64-75.
Nayak, J.K., Amer, E.H., 2000, Experimental and theoretical evaluation of dynamic test procedures for solar
flat-plate collectors, Solar Energy, vol. 69, pp. 377-401.
Osório, T., Carvalho, M.J., 2012, Testing of Solar Thermal Collectors Under Transient Conditions, Energy
Procedia, vol. 30, pp. 1344-1353.
Pabis, S., Jayas, D.S., Cenkowski, S., 1998, Grain drying, John Wiley and Sons, Inc., New York
Panwar, N.L., Kaushik, S.C., Kothari, S., 2012, A review on energy and exergy analysis of solar dying
systems, Renewable and Sustainable Energy Reviews, vol. 16, pp. 2812-2819.
Prommas, R., Rattanadecho, P., Cholaseuk, D., 2010, Energy and exergy analyses in drying process of
porous media using hot air, International Communications in Heat and Mass Transfer, vol. 37, pp. 372-378.
Sopian, K., Alghoul, M.A., Ebrahim, M.A., Sulaiman, M.Y., Musa, E.A., 2009, Evaluation of thermal
efficiency of double pass solar collector with porous-nonporous media, Renewable Energy, vol. 34, pp. 640645.
Tiwari, G.N., 2002, Solar energy; fundamental, design, modelling and applications, Alpha science
International LTD., England, pp. 1-525.
Villar, N.M., López, J.M.C., Muñoz, F.D., García, E.R., Andrés, A.C., 2009, Numerical 3-D heat flux
simulations on flat plate solar collectors, Solar Energy, vol. 83, pp. 1086-1092.

1069

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 - 19 September 2014

AUTONOMOUS HDH SOLAR SEAWATER DESALINATION
1

1,

1

1

2

3

4

4

T. Simões , L. Varela L. Coelho , A. Abreu , M. Matias , C. Abril , A. Joyce , M. Giestas , D. Loureiro
1

4

2

Polytechnic Institute of Setúbal - Superior School of Technology of Setúbal, Portugal; Energia Própria SA,
3
4
Portugal; Ambilogos-Equipamentos Industriais Lda, Portugal; National Laboratory of Energy and Geology
(LNEG), Portugal.
E-mali adress: david.loureiro@lneg.pt

Abstract
The solar-driven humidification-dehumidification (HDH) cycle is a type of solar thermal distillation technology that
works based on the vapor absorption properties of air combining an evaporation process (humidification) with a
condensation process (dehumidification). The design of the system allows the integration in pilot units of small and
medium size adjusted to the final needs of fresh potable water and with the possibility of relying only on solar energy.
This paper describes an HDH solar unit designed and constructed in Portugal in the framework of project SELFWATER.
A MATLAB model based on energy and mass balance equations in the evaporator and condenser was developed and the
results are compared with preliminary experimental tests performed in the constructed prototype at LNEG thermal
desalination test facility. This comparison shows a good agreement between the model and the test results mainly in
terms of the Gain Operating Ratio (GOR) and Performance Rate (PR) following also the results of similar devices taken
from a literature review.
Keywords: Desalination; Humidification; Dehumidification; Solar Energy; Small-scale water production.

1- State of the art
Demographic pressure, economic and regional conflicts joined with the effects of global warming have been
causing a trend of water scarcity worldwide. So far some conventional desalination technologies have been
an alternative for some large-scale market economies but not shared with other regions of the world in social
and economic process development (El-Dessouky et al., 2010). These are energy intensive technologies
highly dependent on fossil fuels and typically causing environmental hazards due to discharge of brine on the
coastline. Additionally most of these regions had the main difficulty in getting or maintaining their
infrastructure of electrical power and water distribution for most of the population outside the major cities
(PRODES, 2010).
Several countries from Mediterranean basin, African coast and Latin America have in own agenda the urgent
demand for low-cost solutions which minimize water shortages, mainly through decentralized and small
scale desalination technologies using renewable energy sources that could achieved sustainable drinking
water supply in a cost effective way (Farid et al., 1996). For Portugal and Spain the desalination of both
brackish water and seawater is a solution to the recurrent water shortages in some islands or coastal regions
as for example Mediterranean and Atlantic Islands.
In some of these regions projects were developed through photovoltaic solar energy to power reverse
osmosis units for the production of water for human consumption, but the dissemination of this technology is
still limited due to relative high cost of PV modules and specific maintenance problems of RO systems. Even
though the RO process is the most economical desalination system, the specific cost of water production
systems is much higher than for large-scale systems and cannot allow the installation for small-scale
applications (less 100 m3/day) (Müller-Holst, 2007).
A alternative approach is the use of solar energy to develop thermal desalination technologies in an efficient
and low-cost way. The current state of development of solar thermal desalination shows the existence of
previous studies associated with a production on a limited scale with improved experience but no better
results. Experimental research efforts need to be improved having in mind optimized design, construction
and operation of new pilot plants, but attempts to commercialize or to become part of the activities of water
and energy public authorities still lag behind conventional desalination.
A possible evolution of the simple one stage Solar still is the concept of solar-driven humidificationdehumidification desalination cycle (HDH). This technology appears to be promising for small-scale
seawater desalination even the few field results point to relatively high energy consumption. State of the art
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solar of thermal desalination configurations and experimental prototypes resume practical coupled
applications with solar pond with salt gradient in Mediterranean basin.

2 – Introduction
The solar-driven humidification-dehumidification (HDH) cycle is a type of solar thermal distillation
technology that works based on the vapor absorption properties of air combining an evaporation process
(humidification) in a way separated from the condensation process (dehumidification).This technology is the
simplest approach to the natural water cycle and in its most basic version the HDH system has only three
components: evaporator (humidifier), condenser (dehumidifier) and an heat transfer system that can be based
on solar energy, waste heat or geothermal energy..
In the one stage simple solar still the processes of solar energy absorption the salt water evaporation and
condensation and heat recovery are conditioned inside a single chamber while with the HDH cycle these
functions are separated into distinct components. This distinguishes the evolution of HDH desalination
concept by allowing increased thermal efficiency. In this way design and engineering could optimized the
HDH cycle separating the components of the solar heating system or the evaporation and condensation
cycles
The HDH cycle desalination technology has been investigated since the mid-90 (Farid et al., 1996; Joyce et
al., 1998; Nawayseh et al., 1999) and several variations of HDH cycle continued to be reported and in
operation (Mathioulakis et al., 2012). With some experimental realizations but few commercial applications
the HDH technology prototypes applied to small-scale decentralized water production needs additional
research and development to improve system efficiency in comparison with other desalination processes as it
show in table 1, in order to reduce their installation and maintenance costs and ultimately reducing the cost
of fresh water produced.
Desalination Process
Evaporation stage (solar still watercone)
HDH (Solar) (with thermal recovery)
MEH (multiple stages)
VC (thermal cycle)
MSF (multiple stages)
ED
RO
RO (with pressure recovery)

Specific energy
consumption [kJ/kg]
2300
792
384
233
185
108
43
29

Performance r
[dim.]
0,98
2,8
6,0
9,5
12,2
21
52,5
78

References
(Maurel,1981)
(Baumgartner,1991)
(Maurel,1981)
(Joyce,1992)
(Maurel,1981)
(Maurel,1981)
(Maurel,1981)
(Maurel,1981)

Table 1- Comparison of specific energy consumption and performance of distinct desalination processes.

Although there are many known variations of the HDH cycle this technology allows different classifications,
by energy source used, by mass and energy transfer processes or by heat exchange process. Solar energy is
the most significant source of energy that now days it is explored and more promising results will be
expected for autonomous desalination small-scale plants with renewable energy systems. Classification by
mass and energy transfer processes is related to two main HDH configuration (Narayan et al., 2010): the
closed-water open-air (CWOA) cycle where air runs by a in-out circuit and is heated, humidified and
dehumidified; or the closed-air open-water (CAOW) cycle, that is used in the prototype described in this
work, different from CWOA cycle because air flows in a closed loop humidifier-dehumidifier and seawater
flows at in-out cycle. In both configurations air can be circulated by either natural or forced circulation but
featuring results didn´t agree about the best running efficiency (Nawayseh et al., 1999; Al-Enezi et al., 2006;
Müller-Holst, 2007).

Fig. 1 – HDH basic cycle CAOW configuration with its
main components: (a) an air and/or the water heater,
which can use the solar energy power Qin; (b) a
humidifier as water vapor evaporator; (c) a dehumidifier
as water vapor condenser (Narayan et al., 2010).
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3. Prototype chamber description
The prototype here described was developed in the framework of a Portuguese and structural funds
supported project called SELFWATER. This project aimed to develop a desalination based on
humidification-dehumidification technology (HDH) cycle powered by solar thermal energy, for the purpose
of decentralized drinking water supply and energy autonomy for small communities. The design of the
prototype followed a modular type concept for the integration of pilot units of small and medium scale size
adjusted to different needs of potable water. The device is prepared for an innovative pilot plant concept that
will include low temperature solar thermal collectors and PV systems for the electric consumption in order to
reach total energy autonomy.

Fig. 2 – Schematic drawings and exploded view of SELFWATER HDH prototype (LNEG, 2012).

The SELFWATER HDH cycle prototype consists of two circular concentric chambers (Figure 2). The body
of the HDH desalination prototype comprises a sealed polyethylene (LPPE) cylinder with one cubic meter
nominal volume with external 30 mm thick polyurethane insulation: the inner chamber acts as an evaporator
system through a spray of heated brackish or salt water on top of stacked baskets with filler components
based on synthetic or thermoplastic material with thermal, mechanical and chemical properties suitable for
potable water use. These filler components are designed to increase the specific surface area of contact of the
water sprayed increasing the mass transfer and thus increasing water vapor that will condensate in the
condensation chamber.
The cylindrical outer chamber has 300m of multilayer thermoplastic PEX coiled pipe allowing the
dehumidification process through condensation of water vapor which in fact is an air-water heat exchanger
allowing pre-heating cold salt water by recovering latent heat of condensation. The evaporation chamber
operates with typical low values of salt water temperature below 85°C.
The heated salt water is introduced in the evaporation chamber through a polypropylene (PP) circuit pipe
plus a flexible rubber tubing both suitable for low temperature and high sodium chloride salinity. Inside the
body cover polypropylene pipe assumes a dripper configuration that will cover the entire inner chamber
section. The salty solution (brine) rejected of the evaporation process is collected for local pickup after
passing a siphon used for leak tightness of the system. The distilled water produced during the desalination
process is collected directly in the bottom of condensation chamber.

1072

D. Loureiro / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 3 – Assembled views of SELFWATER HDH prototype connected to the thermal test facility at LNEG laboratory. Left: stacked
baskets with synthetic fabrics; Right: HDH prototype body with circular concentric chambers (condenser and evaporator).

4. Innovative test facility
SELFWATER project designed and installed a thermal desalination test facility that enables to simulate
different heating profiles of the salt water including the simulation of a solar thermal installation. A storage
tank allows high thermal capacity to run long test cycles and deliver either constant temperature or variable
temperature according to a simulated solar thermal collector behavior. This flexibility allows the testing of
different desalination chambers under real conditions. The desalination test facility comprises a hot water
system with a hydraulic kit with forced circulation and temperature control through a PLC.
The components of the test facility are as follows (Figure 4): three tanks for artificial seawater and brine
disposal [DO1-D03]; HDH desalination prototype with two concentric chambers; hydraulic skid with two
circuits to flow cold brine (C1-M2-T1-Q1) and hot brine (C2-M4-Q2-Q4); a cascading electric heating
system to maintain stratification temperature levels; a storage 1000 liters water tank (AC01), with an logic
PLC to simulate the rate of heating system.
The thermal facility has a specific monitoring system connected to type T thermocouples and PT100
resistance temperature probes and water flow meter connected to an Agilent 34970A data logger model,
with Bench-Link software and LABVIEW virtual interface environment that updates real-time measured
parameters during performance tests (Figure 5).

Fig.4 - Solar thermal desalination test facility to operate and
testing solar desalination prototypes at LNEG laboratory.

Fig. 5 - Interface NI LABVIEW virtual environment
that post real-time measured parameters during
performance cycle at thermal test facility.

5. Mathematical model
The mathematical model of the system is based on energy and mass balance equations for both evaporator
and condenser chambers. Additionally balanced equation for air circulation was used to implement the
mathematical model of the device. Basic assumption of the model assumes a closed-loop air between
evaporator and condenser and open-loop seawater on evaporator at steady-state conditions. A sectional
drawing of SELFWATER HDH CAOW prototype is showing at Figure 6 with schematic evaporator (center
view) and condenser (side view) and control parameters of mass flow rates and operational temperatures for
air and water processes cycle. A system of equations were solved using MATLAB 4th order range kutta with
accuracy of 0.001.
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.
Fig. 6 – SELFWATER HDH CAOW schematic cycle with
main control parameters - temperature and mass flow – from
evaporator (m3,m4, T3, T4, T5 and T6) and condenser
(m1,m7, T1, T2 and T7. The seawater gets pre-heated in the
process (m1, T1 and T2) and is further heated in a solar
collector (Q) (Joyce, 1998).

.

6. Results and discussion
Preliminary tests processes at evaporator and condenser chambers had been performed with different types of
humidification packing baskets combined with distinct area for coiled thermoplastic pipe at dehumidification
process. These preliminary results have contributed substantially to comprehend and adjust the steady-state
condition of the MATHLAB model. Each experiment lasts several hours with heated seawater at permanent
boundary conditions {T3=73ºC; ሶଷ =100 l/h; 35mS/cm seawater conductivity. An example of the thermal
behavior of principal parameters of the CAOW cycle in terms of gap temperatures in the distinct parts of the
HDH prototype is represented at Figure 7. Apart the transient processes of the first two hours, separate
thermal processes at humidifier and dehumidifier chambers assumed energy and mass model as expected at
the mathematical model.
Temperature gap T3-T4 between mass flows rate from feed water to brine are closely to 40ºC and shows
lower thermal performance for the evaporator that will be expected. Gap temperature T3-T6 less than 30ºC
represents the transferred energy due to evaporation by means of sensible and latent heat. More expressive
drive motion for the CAOW cycle will be expected but relative pressure drop across the condenser was
confirmed. Better performance is achieved to dehumidification process due to meaningful gap temperature
T6-T5 of 20ºC and increasing from top to down condenser evident natural air convection. This outcome
follows the increasing tendency to expand latent heat recovery gap temperature T3-T4 on the condenser and
confirms the good prospect of the HDH as solar desalination promising technology.
45

Temperature: air, water [ºC]

40
35
30
25
20
15

Gap Temp. T3-T6
Gap. Temp.T2-T1
Gap Temp.T6-T5
Gap Temp.T3-T4
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5
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100
108
116
124
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140
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180
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204
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220
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236
244
252
260
268
276
284

0
Time [min]
Fig. 7 – Experimental results evaluated gap temperature in coupled temperatures related
to heat and mass transfer in humidification and dehumidification processes. Boundary
conditions: T3 = 73ºC; m1=m3=100 l/h; 35mS/cm seawater conductivity.
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Experimental results shows that salt recovery ratio (R) reach 97% with performance ratio (PR) around 6%.
Rejected brine with high conductivity around 43mS/cm and permeate salinity measurements under
1000µS/cm are both the confirmation of the effectiveness of the desalination process. The obtained permeate
water conductivity is in good agreement with the international standard recommendations for drinkable
water.

seawater condutivity [mS/cm]
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Numerical results plotted in figure 9 represent estimated performance GOR parameter for the HDH cycle, the
relation between latent heat of evaporation of the water produced to the net heat input to the cycle, related to
air mass flow rate variation grouped at three levels of heating input for feed water. Experimental results at
desalination facility were obtained with a heating power of 3250W for a distinct mass flow rates but no
conclusion yet could be done about measured GOR.

250

m1

m4

m7

Fig 8 – Permeate flow (m7) versus feeding seawater flow (m1). Experimental results
evaluated salt recovery ratio to 97% and performance ratio about 6%. Boundary
conditions: T3 = 73ºC; m1=m3=100 l/h; 35mS/cm seawater conductivity.
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Fig.9 – Model sensitivity analysis of GOR related to mass flow rate ݉ሶଵ . Net heat input
power stages: 2250, 3250 and 4250 W.

Future mathematical model modifications will consider different filler elements at the humidifier in order to
evaluate the implications of feed water temperature and mass flow rate on the calculation of GOR of the
SELFWATER system. Possible modifications on cycle configuration can include forced air convection to
improve Performance Ratio.
7. Conclusion
SELFWATER project HDH based prototype showed good performance in terms of produced water quality
and appears to be a promising technology for small-scale seawater desalination. It follows a modular type
concept in order to facilitate the integration in pilot units of small and medium scale size adjusted to the need
of potable water in small communities.
The setup of a thermal desalination test facility enabling the analysis and monitoring of solar driven salt and
brackish water purification, showed the importance of this device for testing different desalination chambers
under real conditions.
A mathematical model based on MATLAB platform was also an important simulation tool developed in the
framework of project SELFWATER. Preliminary results were obtained for salt recovery ratio (R) reaching
97% and performance ratio (PR) reaching 6%. Future mathematical model improvements will include a
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dynamic model and forced air convection in order to evaluate the yearly production of the device when
connected to solar thermal collectors.
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Abstract
This work presents an overview of the potential use of solar energy systems for agro-industrial processes in
Southern Spain. Specific interest is given to Almería province, a location with high radiation levels where the
existing production model, based on intensive agricultural exploitation, has resulted in the ongoing
implantation of auxiliary industries, most of them with well identified thermal demands. Following the
compilation of specific official socio-economic data sources, we identified and classified the industries and
processes, including their corresponding temperatures and energy flow characterization. In addition to this,
we present a preliminary estimation of the energy performance of different solar technologies for two
selected case studies.
Keywords: process heat, solar energy, Andalusia, solar radiation.

1. Introduction
Industrial process heat is one of the more promising fields for using solar thermal technology, as has been
comprehensively established by recent European reference reports and projects. Nonetheless, the number of
installations presently in operation is still far from significant because of the inherent difficulties faced in
developing a potential solar market; which unlike other solar technologies, such as photovoltaic, DWH or
CSP, is extremely case dependent. Aspects ranging from the location constraints, the process temperature
and the temporal production patterns make it more difficult to obtain uniform solutions in terms of the solar
collector (both the size and technology), energy storage and systems operation. Specific analyses of demand
are particularly valuable because they can provide further insight into potentiality studies not only for overall
energy saving figures but also in terms of suitable systems configurations.
In general, transport and industry sectors are the main consumers of energy in the EU-27. In the case of
process heat, the estimated percentages are 26%, 25%, and 33% for the EU-27, Spain and the Andalusian
region (Southern Spain), respectively (Fig. 1).
EU-27
13
2% %

Spain
11
3% %

26
%

19
%

25
%

Andalusia
9%

25
%

8%

42
%

34
%

Total: 1 088,057 ktoe
Industry

36
%

Total: 85,042 ktoe
Transport

Residential

33
%

14
%

Agriculture/Forestry

Total: 13,349 ktoe
Services

Fig. 1. Annual final energy consumption by sector in the EU-27, Spain and Andalusia (AAE, 2013; EC, 2013).

Many studies have assessed the potential for utilising solar heat in industrial processes (Kalogirou, 2003;
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Taibi, et al., 2012; Vannoni, et al., 2008). Thanks to these studies, the target sectors (chemistry, cement,
metallurgy, ceramics, textiles, food, paper, glass, metal-mechanic, wood, rubber, extractives etc.) are well
identified, as are the corresponding temperatures required for the processes’ energy fluxes (Fig. 2). This
temperature range is a key factor because it determines the most suitable solar collector technology.
Accordingly, we can see that a significant percentage of the thermal demand is in the low temperature range
(↓Tp), meaning flat-plate or evacuated collectors are suitable for use. Additionally, there is thermal demand
in the 120< Tp ≤240ºC range; however, despite this also being process heat, consideration needs to be given
as to the most appropriate solar concentrating technology, thus necessitating a wider approach to the systems
configuration.
This present work particularizes the study of potential in the Andalusian agro-industrial sector (Southern
Spain), and from there, to a more concrete approach that looks at Almería province. The characteristics of
this case result in specific estimations aimed at evaluating the potential use of solar installations to drive such
industries: high availability of solar radiation, the existence of modern and highly productive schemes based
on intensive cropping technologies, the presence of additional thermal requirements related to auxiliary
industries (packaging, plastic manufacturing, food preservation etc.) and, finally, the need to contribute to
existing ecological approaches regarding plant cultivation and processing.

Group / Process

20

60

Temperature, Tp [ºC]
100
140
180

220

Wood / Drying
Wood / Cooking
Wood / Compression
Wood / Pickling
Wood / Steaming
Rubber & plastic / Preheating
Rubber & plastic / Drying
Food & beverages / Washing
Food & beverages / Drying
Food & beverages / Tempering
Food & beverages / Sterilisation
Food & beverages / Cleaning
Food & beverages / Smoking
Food & beverages / Pasteurisation
Food & beverages / Cooking
Food & beverages / Evaporating
Food & beverages / Scalding
Food & beverages / Blanching
Textile / Washing
Textile / Dyeing
Textile / Coloring
Textile / Bleaching

Fig. 2. Process temperature for heating applications in several industry groups (Aidonis, et al., 2002; Kalogirou, 2003;
Lauterbach, et al., 2012; Monjo, 1988; Müller, et al., 2004; Schweiger, 2001).

2. Materials and methods
2.1. Thermal energy demand by industry
The starting point was a Spanish reference document charting the industrial application of solar energy for
the period 2011-2020 (Schweiger, et al., 2011), which used the European Classification of Economic
Activities (NACE) as the basis for identifying and classifying over 30 industrial sectors. This basic
information was then particularized using both regional and national official references (AAE, 2013; GRIA,
2013; IECA, 2011; INE, 2011a; INE, 2011b) as well as consultations, visits and surveys of local industries
and users. Based on this overall approach, certain representative case studies were selected according to the
availability of data for dynamic analysis and for the sizing and selection elements.
For each process, we took into account the thermal energy demand for the process temperature, Tp, as well as
the heat recovery and losses in the distribution system, obtaining the final thermal energy demand as net
demand (the gross demand less recovery) plus losses. For industrial cooling processes, in accordance with
the methodology of (Schweiger, Vannoni, Pinedo Pascua, Facci, Baehrens, Koch, Pérez and Mozetic, 2011),
we considered that these would be covered by solar thermal energy using an activation temperature, Tp*, and
the characteristic coefficient of performance, COP, for the particular -sorption system used. Therefore, the
cooling processes are classified according to their temperature as; cooling (5ºC<Tp, Tp*=85, COP=0.7),
refrigeration (-10<Tp<5ºC, Tp*=95, COP=0.6), freezing (Tp<-10ºC, Tp*=150, COP=0.5).

1078

Pérez-García, M.; Cabrera, F.J. and Silva, R. / EuroSun 2014 / ISES Conference Proceedings (2014)

2.2. Solar thermal energy
The capacity of a solar collector for thermal generation is determined in steady state by its characteristic
curve (ISO 9806, 2013):
ߟȁீ ൌ ߟ

ഇ್ ሺఏሻீ್ǡ ାഇ ீǡ
ீ

െ ܽଵ

ሺ் ି்ೌ ሻ
ீ

െ ܽଶ

ሺ் ି்ೌ ሻమ
ீ

(eq. 1)

where ηa|Gt [-] is the performance relative to the aperture area and the global radiation in the tilted plane of
the collector (Gt [W m-2]); ηo [-] is the optical performance; a1 [W m-2 ºC-1] and a2 [W m-2 ºC-2] are the
characteristic thermal loss parameters; Ta [ºC] is the ambient air temperature; Tcol [ºC] is the average fluid
temperature in the collector; and Kθb [-] and Kθd [-] are the incidence angle modifiers for the direct Gb,t [W m2
] and diffuse Gd,t [W m-2] solar irradiance hitting the collector plane.
The performance of various types of solar collectors has been analysed: Flat plate collectors (FPC),
Evacuated tube collectors (ETC), Ultra-high vacuum (UHV), Linear Fresnel reflectors (LFR) and Parabolictrough Collectors (PTC) Each has a characteristic performance depending on the average fluid temperature in
the collector and the incident radiation and outdoor climate conditions (Fig. 3). We aimed to evaluate the
thermal demand for process heat at various temperatures, Tp≤60ºC, 60<Tp≤120ºC, and 120<Tp≤240ºC and
carry out the simulations at the highest interval temperatures. We analysed the solar contribution for the 8
Andalusian provinces; Almería (AL), Cádiz (CA), Córdoba (CO), Granada (GR), Huelva (HU), Jaén (JA),
Málaga (MA) and Sevilla (SE), using typical meteorological climate data generated with Meteonorm v.7,
thus obtaining the thermal energy production for each type of solar collector (Fig. 3) at each location from
hourly TRNSYS v.17 simulations.
As an overall approach, the simulations were carried out assuming that all the solar thermal energy produced
by the solar collectors was used in the processes - given that, at this first stage, thermal storage was a nonlimiting factor, which could be sized and optimised once each installation’s specific design was undertaken.
Figure 3 summarizes the standard stationary performance of the solar collectors considered in this study. In
spite of the specific primary limitations of the technologies according to these curves, which make FPC and
ETC solar collectors barely suitable for high temperature collector fluids, and PTC and LFR solar collectors
worse than the former for low temperature processes, the simulations for the different Tp ranges were
performed hourly on all the collector types for comparative purposes.

Low

Performance, ηa|Gt

120 ºC

60 ºC

80%
60%

Gt= 1000 W/m2
Gd,t/Gt= 0.20
Ta = 25ºC
Normal incidence

250 ºC

Medium
Temperature

Temperature

100%

Fig. 3. Performance of different kinds of solar
collectors with respect to the global radiation at the
aperture area.
FPC

Flat plate collector

ETC Evacuated tube collector

40%

UHV Ultra high vacuum

20%

LFR Linear Fresnel reflector
PTC Parabolic trough collector

0%

0

50
100
150
200
Averaged fluid temperature, Tcol [ºC]

250

2.2. Solar fraction
Using simulations, the maximum annual thermal energy production Q [MWh yr-1] was obtained for each
type of solar collector, at each location, for each process temperature range (considering that Tcol=Tp) per unit
of aperture area Aa [m2] (Fig. 10).
The annual solar fraction SF [%] (Fig. 11) on an aperture area, for each process temperature range, was
obtained by dividing Q by the final thermal energy that the industry demanded (Net demand + Losses):
ܵ ܨൌ

ொ
ி௧௬ௗௗ

ͳͲͲ

(eq. 2)
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3. Results and discussion
In Andalusia, food product manufacturing (NACE Rev. 2= 10) is the industrial sector with, economically,
the highest final energy consumption, making up 20% of the total - this represents 37% of this sector’s
national total. In the food industry, the subsector with the highest final energy consumption (Fig. 4) is fruit
and vegetable processing (21%), followed by the vegetable and animal oils and fats subsectors (17%), bakery
and farinaceous products (16%) and the processing and preserving of meat (16%). In economic terms, the
main source of final energy consumption in the food industry is electricity – approximately 50% in all of the
subsectors, followed by gas, and petroleum products (Fig. 4). These figures indicate that such industries
possess great potential for using direct solar thermal energy, or conversion systems from solar energy into
electricity (e.g. ORC, PV cells etc.).
MANUFACTURE

OF FOOD PRODUCTS

(FOOD)
Final energy consumption [mills €/yr]
0

Processing and preserving of meat
Processing and preserving of fish
Processing
of fruit
fruit and
and vegetables
vegetables
Proc.. of
Vegetable and animal oils and fats
Dairy products
Grain mill products, starches and…
Bakery and farinaceous products
Other food products
Prepared animal feeds

Coal
derived
Coal and
y derived

Andalucia

100,000

200,000

Processing
87,598and preserving… 26% 16%
Processing and preserving… 40% 6%
14,988
Proc.. of fruit116,475
and vegetables 22% 33%
Vegetable
and animal oils…17% 35%
97,596
I
Dairy products 16% 28%
41,953
22,865 Grain mill products,…12% 36%
Bakery
and farinaceous… 24% 17%
87,822
Other food products 12% 42%
70,779
22,214 Prepared animal feeds 23% 22%

Petroleum products

Gas

Electricity

56%
53%
43%
36%
49%
51%
58%
42%
53%

And. And./Spa. NACE Rev. 2
16%
24%
10.1
3%
21%
10.2
21% 52%
10.3
17%
72%
10.4
7%
20%
10.5
4%
26%
10.6
16%
43%
10.7
13%
29%
10.8
4%
17%
10.9

Other energy consumption

Fig. 4. Final energy consumption in economic terms per industrial subsector and the supply per sector for food production
industries in Andalusia (IECA, 2011; INE, 2011a; INE, 2011b). [And, Andalusia; Spa, Spain]

With regard to agro-industries located in Almería province, the following subsectors have been identified
following a specific survey:
x

Food production (thermal soil disinfection, greenhouse climate control, water desalination).

x

Greenhouse material manufacturing (plastic claddings, piping).

x

Postharvest refrigeration and cooling (packhouses and logistic centres)

x

Postharvest heating (preservation, cooking)

x

Packaging manufacturing (paper, boxes, plastic envelopes for foods etc.).

After estimating the overall figures at a regional level, each basic industrial sector was characterized in terms
of temperature and daily and seasonal operating patterns. Synthetic information was generated which was
oriented to the dynamic analysis and sizing of solar installations for all of the industrial sectors. As an
example, in this work two industrial subsectors are shown: (i) the processing and preserving of meat; as a
transversal subsector, present in all of the provinces, and (ii) the processing and preserving of fruit and
vegetables; as a local subsector of greater interest in the province of Almería.
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3.1. Meat processing and preserving industries
These industries are dedicated to slaughter and meat preservation; the production and preserving of poultry
and the manufacture of meat products.
Tab. 1. General industrial sector data for the meat processing and preserving industries in Andalusia.

10.1 (NACE rev 2)
Processing and preserving of meat
Industrial sites
[nº] (and % AND/ESP)

AL

CA

CO

GR

HU

JA

MA

SE

Andalusia

55

85

57

63

35

40

133

157

625
(16%)

Production [ud. t of meat in
slaughterhouses]
Turnover [M€]

Industry
pattern

823521

1281

1171

2

103

159

106

117

66

75

249

294

Employees [nº]

1230

1898

1262

1397

790

892

2965

3500

13935

22

Fuel consumption [MWh]

68785 106108 70551 78092 44178 49866 165769 195633

778982

1247

Electricity consumption[MWh]

45331 69928 46495 51465 29114 32863 109246 128927

513367

822

Final energy consumption
(heat generation) [MWh]

73318 113101 75200 83239 47090 53153 176694 208526

830319

1329

Electricity consumption
(cold generation) [MWh]

9848

23732 28008

111523

179

151819 234196 155716 172362 97508 110063 365878 431792

1719335
(76%)

2752
(76%)

Available area
[m²] (and % roof)

15191 10100 11180

Heating

7139

Temperature [°C]
25 50 75 100 125 150 175 200 225 250

0

Cooling

6325

Heating buildings and offices
Drying
Washing/cleaning with hot water
Scalding and dehairing
Knives and work tools sterilization
Cooking (water immersion)
Cooking and smoked (dry air furnaces)
Autoclaves, steam ovens, steam other uses
Flamed
Air conditioning buildings and offices
Cooling (T> 5°C)
Refrigeration (-10 <T< 5°C)
Freezing (T< -10°C)
Internal heating

External heating

Process temperature

Fig. 5. Process temperature for heating and cooling activities in the meat processing and preserving industries.

b)
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Fig. 6. (a) annual, (b) monthly, and (c)
hourly thermal energy demand for
process temperature in the meat
processing and preserving industries.
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3.2. Fruit and vegetable processing and preserving industries
These industries are dedicated to the preparation of frozen vegetables; the preparation and preservation of
non-frozen vegetables; the preparation and storage of olives; the manufacture of canned fruit; producing
grape juice; the manufacture of other fruit and vegetable juices and the processing and preserving of
potatoes.
Tab. 2. General industrial sector data for the fruit and vegetable processing and preserving industries in Andalusia.

10.3 (NACE rev 2)
Processing of fruit and vegetables

AL

CA

CO

GR

HU

JA

MA

SE

Andalusia

Industrial sites
[nº] (and % AND/ESP)

25

39

26

29

16

18

61

72

286 (24%)

Production [ud t of finished product]
Turnover [M€]
Employees [nº]

103

159

106

117

66

75

249

294

724

1116

742

821

465

525

1744

2058

Industry
pattern

475642

2426

1171

6

8194

29

Fuel consumption [MWh]

78739 121463 80760 89394 50572 57083 189759 223944

891714

3116

Electricity consumption[MWh]

29180 45013 29929 33129 18741 21154 70323 82992

330462

1155

Final energy consumption
(heat generation) [MWh]

80490 124164 82556 91381 51696 58352 193978 228924

911542

3185

Electricity consumption
(cold generation) [MWh]

4775

11508 13581

54077

189

Available area
[m²] (and % roof)

36496 56299 37433 41434 23440 26458 87954 103799

413312
(74%)

1445
(74%)

7366

4898

Cooling

Heating

0

5421

3067

3462

Temperature [°C]
25 50 75 100 125 150 175 200 225 250

Heating buildings and offices
Pasteurization
Sterilization
Washing/cleaning with hot water
Concentration
Flame peeling
Chemical peeling
Heat and thermophysical peeling
Blanching/scalding with hot water
Blanching/scalding with steam
Frying
Air conditioning buildings and offices
Cooling (T> 5°C)
Freezing (T< -10°C)

Internal heating
External heating
Process temperature
Fig. 7. Process temperature for heating and cooling activities in the fruit and vegetable processing and preserving industries.

b)
Demand [MWh]

2500
2000
1500
1000
500
0
≤60

60-120 120-240 >240

Process temperature, Tp [°C]
Net demand

Recovery

Losses

Fig. 8. (a) annual, (b) monthly, and (c)
hourly thermal energy demand for
process temperature in the fruit and
vegetable processing and preserving
industries.
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3.3. Geographical information
To the above data we have added geographical information (Fig. 9) with the aim of integrating spatial solar
radiation data sources.
b)

a)

Fig. 9. Geographical distribution of (a) regional vegetable preserving industries ( ) and (b) provincial vegetable packhouses
and logistic centres ( ) as well as climate zones.

3.4. Solar contribution
Figure 10 shows the aperture area required to generate 1 MWh yr-1 of thermal energy using different types of
solar collectors, analysed from the different Andalusian provinces. The best performing solar collectors, for
low temperatures (Tp≤60ºC) are ETC, UHV, and PTC (Fig. 10a); for medium temperatures (60<Tp≤120ºC),
the PTC; and for higher temperatures (120<Tp≤240ºC), the PTC (Fig. 10b and c). PTC performance
remained constant for all the temperature ranges since it was the best performing in all of them (Fig. 3).
Variability between Andalusian provinces is low, especially for lower temperature processes and for
collectors with better performance; this is because the climatic conditions are similar.
The FPC collector cannot produce thermal energy at high temperatures due to it suffering the greatest heat
losses.
b) 60≤Tp≤120ºC

2.0

Aa /Q [m2/MWh]

Aa /Q [m2/(MWh/yr)]

a) Tp≤60ºC
1.5±0.1

1.5 1.2±0.0
0.8±0.0

1.0

0.9±0.0

0.9±0.0

0.5
0.0

8

4

ETC

UHV

LFR

PTC

FPC

type of solar collector
c) 120≤T
AL p≤240ºC
CA CO

Aa /Q [m2/(MWh/yr)]

1.4±0.1 1.2±0.0 1.7±0.1 1.0±0.1

2
0

FPC

40

GR

HU

JA

ETC

UHV

LFR

PTC

type of solar collector

MA

SE

AL

CA

CO

GR

HU

JA

MA

SE

30.3±11.9

30
20
10
0

6.3±0.6

6

5.6±0.5
*

FPC

ETC

UHV

2.2±0.1 1.4±0.1

LFR

Fig. 10. Aperture area, Aa, by annual solar thermal
energy production, Q, of different solar collector
types, in the Andalusian provinces - for process
temperatures, Tp, (a) 60ºC, (b) 120ºC, and (c)
240ºC. [*no solar thermal energy production].

PTC

type of solar collector

For both types of industry analysed, the solar fraction, SF, (Fig. 11) is higher for the solar collectors with
consistently better performance over all the aperture areas, obtaining high solar fractions even with a small
solar field size at lower Tp (Fig. 11a.1 and b.1) – this is mainly due to lower thermal demand. For the same
reason, the meat industry (Fig. 11a.) presents higher solar fractions for a given solar field size.
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b.1) Tp≤60ºC
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0

0
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1000
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0
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a.2) 60≤Tp≤120ºC
100
solar field area, Aa [m2]

40
20

FPC
80
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40

0

0
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80
LFR
60
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20

800

1000

solar field area, Aa [m2]

100

UHV

40

0b.3) 120≤T
200 ≤240ºC
400
600
p

1000

SF [%]

SF [%]

ETC
PTC

1000

20

200
400
600
800
a.3) 120≤T0p≤240ºC
100
solar field area, Aa [m2]

FPC
80
LFR
60

ETC
PTC

UHV

40
20

0

0
0

200

400

600

800

solar field area, Aa
FPC

0 60≤T
200 p≤120ºC
400
600
800
b.2)
solar field area, Aa [m2]

ETC

UHV
FPC

1000

0

200

[m2]

LFR
ETC

400

600

solar field area, Aa
PTC
FPC
UHV

ETC
LFR

UHV
PTC

800

1000

[m2]
LFR

PTC

Fig. 11. Solar fraction, SF, for different aperture areas, Aa, of the solar collector types in (a.) the meat processing and preserving
industries, and (b.) the fruit and vegetable processing and preserving industries - for process temperatures, Tp, of (.1) 60ºC, (.2)
120ºC, and (.3) 240ºC in Almería province (AL).

4. Conclusions
We have undertaken an analysis of potential solar energy use in Andalusia (Southern Spain). Geographical
information was backed up with the spatial solar radiation resource. Tables and figures for thermal demand
in the corresponding sectors were produced.
Industrial sectors, and particularly the agro- and food industries, possess great potential for solar thermal
energy use.
The performance indicators for the main types of solar collectors elaborated in this work allow for a more
considered selection of the most suitable technology, in energy terms, capable of meeting the corresponding
heat demand for the sectors analysed.
5. Acknowledgements
This work has been supported by the Consejería de Economía, Innovación, Ciencia y Empleo of the Junta de
Andalucía to whom we are grateful. We would also like to thank the FEDER funds, through Excellence
Project P10-RNM-5927 “Simulation and Control of parabolic-trough solar thermal collector installations for
process heat and cooling applications”.
6. References
AAE, info-Energy. (info-Energía), (2013). from http://www.agenciaandaluzadelaenergia.es/ciudadania/
estadistica-info-energia.
Aidonis, A., Drosou, V., Mueller, T., Staudacher, L., Fernandez-Llebrez, F., Oikonomou, A., Spencer, S.,

1084

Pérez-García, M.; Cabrera, F.J. and Silva, R. / EuroSun 2014 / ISES Conference Proceedings (2014)

2002, PROCESOL II. Solar thermal plants in industrial processes: Design and Maintenance Guidelines., in,
Pikermi, Greece.
EC, Eurostat. Energy
energy/introduction.

statistics,

(2013).

from

http://epp.eurostat.ec.europa.eu/portal/page/portal/

GRIA, Register of food industries of Andalusia. (Registro de Industrias Agroalimentarias de Andalucía),
2013 (2013). from http://www.juntadeandalucia.es/agriculturaypesca/gria/.
IECA, Directory of Companies and Establishments by Economic Activity in Andalusia. Year 2011. (In
Spanish),
(2011).
from
http://www.juntadeandalucia.es/institutodeestadisticaycartografia/iea/
consultasActividad.jsp?CodOper=37&sub=42644.
INE, Industrial Companies Survey. Year 2011 (In Spanish), (2011a). from http://www.ine.es/jaxi/
menu.do?type=pcaxis&path=/t05/p048/&file=inebase.
INE, Survey of energy consumption. Year 2011 (In Spanish), (2011b). from http://www.ine.es/jaxi/
menu.do?type=pcaxis&path=%2Ft04%2Fp01&file=inebase&L=0.
ISO 9806, 2013, Solar energy - Solar thermal collectors - Test methods., in.
Kalogirou, S., 2003. The potential of solar industrial process heat applications. Applied Energy 76, 337-361.
Lauterbach, C., Schmitt, B., Jordan, U., Vajen, K., 2012. The potential of solar heat for industrial processes
in Germany. Renewable and Sustainable Energy Reviews 16, 5121-5130.
Monjo, J., 1988. Aplicación de los colectores concentradores en la industria. Grupo Investigación Gas y
Electricidad, S.A.,Palma de Mallorca. Era Solar Grupo Investigación Gas y Electricidad, S.A.,Palma de
Mallorca. , 31-32.
Müller, T., Weiß, W., Schnitzer, H., Brunner, C., Begander, U., Themel, O., 2004, PROMISE. Produzieren
mit Sonnenenergie: Potenzialstudie zur thermischen Solarenergienutzung in österreichischen Gewerbe und
Industriebetrieben. Studie im Auftrag des Bundesministerium für Verkehr, Innovation und Technologie., in,
Wien, Austria.
Schweiger, H., 2001, POSHIP. The Potential of Solar Heat for Industrial Processes. Final Report, in: Project
No. NNE5-1999-0308, European Commission Directorate General Energy and Transport, pp. 174.
Schweiger, H., Vannoni, C., Pinedo Pascua, I., Facci, E., Baehrens, D., Koch, M., Pérez, D., Mozetic, L.,
2011, Evaluación del potencial de la energía solar térmica en el sector industrial, in: Estudio Técnico PER
2011-2020, IDAE, Madrid, Spain.
Taibi, E., Gielen, D., Bazilian, M., 2012. The potential for renewable energy in industrial applications.
Renewable and Sustainable Energy Reviews 16, 735-744.
Vannoni, C., Battisti, R., Drigo, S., 2008, Potential for Solar Heat in Industrial Processes, in: 33/IV, T. (Ed.),
CIEMAT, Madrid.

1085

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 – 19 September 2014

Characterization Of A Medium Temperature Concentrator For
Process Heat – Tracking Error Estimation

1,2,*

Fabienne Sallaberry

3

2

3

3

, Fabrizio Alberti , Jose-Luis Torres , Luigi Crema , Mattia Roccabruna and
4

Ramon Pujol-Nadal
1

CENER (National Renewable Energy Center, Sarriguren-Pamplona (Spain), email: fsallaberry@cener.com2

UPNA

(Public University of Navarra), Pamplona (Spain)
3
4

FBK (Fondazione Bruno Kessler), Povo-Trento (Italy)

University of Balearic Islands, Physics Department. Palma de Mallorca (Spain)

Abstract
Concentrating solar collectors could be used in industry to meet heating demands. In this study, a solar
thermal concentrator is investigated. This system was designed and built within a European project,
DIGESPO, and a prototype has been installed on a pharmaceutical plant for process heat generation in Malta.
In this paper, the optical efficiency of this collector was characterized using the input and output measured
data obtained during a testing campaign lasting than two months. A thermal analysis was undertaken to
estimate how the solar tracker precision of this collector could influence the solar collector optical efficiency,
based on tracker installation error estimation and the transverse incidence angle modifier curve determined
by ray-tracing program. The results obtained were a optical efficiency η0 of 30.9% and a maximum optical
lost due to incidence angle of 0.5%.
Keywords: Collector testing; variable geometry; optical and thermal characterization; solar tracking error;
process heat

1. Introduction
The solar tracking systems are used to orient the solar concentrator with the sun direction in order to
concentrate the direct solar radiation onto a unique focus point or line. A receiver is located on the focus line
of the linear collector through which a thermal fluid is circulated. In this way the receiver transforms the
solar radiation into heat by increasing the heat transfer fluid temperature.
In order to have an efficient solar concentration, the tracking system has to be appropriately integrated with
the optics of the solar system since if the concentration ratio is high but the required tracking steps or
collocation is not perfectly set, the efficiency of the solar collector may be compromised.
A small size concentrated solar collector has been installed in the industrial area of Birzebbuga in the Island
of Malta, after being designed and realized as part of the European funded project called DIGESPO. The
developed system integrates small-scale concentrator optics with moving and tracking components, solar
absorbers in the form of evacuated tube collectors, a heat transfer fluid, a Stirling engine with generator, and
ancillary heating and/or cooling systems.
In this particular collector the receiver tubes are fixed, and the reflector is moving in order to track the sun.
Hence the relative position between the reflectors and receiver is not constant during the day. This collector
can be defined as a peculiar variable geometry collector. In this paper, the characterization of the optical and
thermal behavior of this prototype was measured over a two months testing period. The ISO 9806 (2013) was
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used as a baseline standard for the data treatment and to calculate the characteristic parameters of this
collector. Finally a sensitivity analysis was performed to estimate the tracking error, which leads to a
conversion efficiency or optical efficiency on the collector production.
2. Materials
2.1 Solar Concentrator
The system is composed of 4 modules with 4 tubes each, for a total collecting area of approximately 12 m2.
A single collector is 2000 mm long, 400 mm wide and 200 mcm of focal length, with a concentration ratio C
= 10.6 (See Fig. 1). The evacuated solar tubes are 12 mm in diameter prepared with a selective coating
absorber, and are located on the focus lines. The reflector is a very thin flexible glass mirror (< 1 mm)
developed during the DIGESPO project. The overall mirror reflectivity was verified at 0.954. See references
(Alberti et al. 2012a, 2013; Crema, 2013) for more information.

Fig. 1: Picture of the DIGESPO solar collector

The absorber consistes of four thin coatings, namely two layers of a ceramic and metallic composite material
plus an anti-reflection and IR reflecting layer on top and back respectively,. The up-scaled receiver tube with
a Cer.Met. coating based on TiO2–Nb, obtained an absorptance α of 0.94 and emittance ε of 0.1 (at 350°C).
A second Cer.Met. coating of SiO2–W demonstrated an absorptance α of 0.93 and emittance ε of 0.09 (at
350°C). A full-evacuated solar tube has been designed and manufactured, with absorber of 12 mm in
diameter and 2 meters long. See the references for more information (Alberti et al. 2012b).
2.2 Testing bench
The inputs and outputs of the collector were monitored, using various sensors connected to a data logger.
The main inputs and outputs were the inlet and outlet temperatures of the thermal fluid through the collector,
the mass flow rate and the direct normal solar irradiance. Two pyranometers were used for the global and
diffuse solar irradiance measurements and were mounted on one of the collectors. For the diffuse irradiance
measurement a pyranometer with a shadow ring was used.
3. Theory and calculation
3.1. Thermal performance
The model for the collector’s efficiency can be written as described in Eq. 1, according to ISO 9806 (2013)
standard and assume no diffuse solar irradiance dependency for the concentrator:
Q
2
dt
= η 0 K b (θ T , θ L )G bT − c1 (t m − t a ) − c 2 (t m − t a ) − c 5 m
dt
Aa

(eq. 1)

The first term η0 represents the conversion efficiency or optical efficiency which is the product F’(ργτα)en
(where F’ the thermal efficiency, ρ the reflector reflectance, γ the intercept factor, τ the cover transmittance
and α the absorber absortance); the second and third terms, c1 and c2, represent the thermal losses; and the
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fourth term, c5,represents the thermal capacity of the collector. The aperture area was measured from the
reflectors pieces as 14.104 m2. GbT is the direct solar irradiance on the collector plane (direct normal solar
irradiance (DNI)*cos(θ)), tm is the average fluid temperature in the collector and ta is the ambient
temperature. Kb is the incidence angle modifier to direct solar radiation, θT and θL are the transversal and
longitudinal angles respectively.

3.2. Optical simulation
The ray-tracing software used in order to simulate the optical efficiency dependency of the collector to the
incidence angle, which is called incidence angle modifier IAM, Kb, was done using a Fortran program for
different transversal and longitudinal angles (θT and θL respectively). This software was explained in Pujol et
al. (2012) and validated experimentally in Sallaberry et al. (2014). In this program four kinds of surfaces has
been introduced: specular surfaces, opaque surfaces, interface surfaces (to implement glasses), and absorber
surfaces (the receiver). The program calculates ray trajectories from one source (called the sun window)
which emits to all the surfaces of the system.
In the ray-tracing, the geometry of the solar concentrator is described by a parabolic reflector with focal
length of 200 mm and a cylindrical tube located in that focal line. The ray trajectories from the sun window
are simulated over each surface of the collector. The simulation optical efficiency η0 is calculated dividing
the number of photons reaching the absorber surface with the number of photon from the aperture area.
Table 1 shows the geometry and the physical properties introduced as inputs in the ray-tracing program. The
simulation was repeated for different transverse incidence angles on the collector (θT ∈ [0, 10]º) along the
tracking plane with steps of 0.1º.
Table. 1. Optical properties of the collector

Element (dimensions or optical properties)

Value

Unity

Reflector parabola length

2000

mm

Reflector parabola width

400

mm

Focal length

200

mm

Mirror solar reflectance ρ

0.95

-

Glass tube length

2000

mm

Receiver glass tube outer diameter

55,7

mm

Glass tube thickness

1

mm

Glass tube transmittance τ

0.954

-

External diameter of the receiver

12

mm

Absorber solar absortance α

0.94

-

The result of this simulation identified the profile of the incidence angle modifier on the transversal plane of
the collector for different longitudinal incidence angle, Kb(θT).
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The collector’s parameters and the incidence angle modifier characterised by ray-tracing are both used to
estimate the optical efficiency losses (Δη) and the angular tracking error in the transversal plane (θtrack =θT)
(See Fig. 2).

1.0

ĐĐĞƉƚĂŶĐĞĂŶŐůĞθĐ
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Figure 2: Scheme of the tracking error analysis

3.3. Sensibility analysis of installation on the tracking error
The second objective of this study was the estimation of incidence angle on the transversal plane of the
collector in order to have the optimum tracking angle movement algorithm. Considering the longitudinal and
transversal incidence angles as the projection of the sun vector on the two planes (the longitudinal plane
parallel to the receiver tubes and the transversal plane in the parabolic plane perpendicular to the tubes), the
sun vector will be defined as the coordinates of the solar vector in the first reference (X0, Y0, Z0).
The two angles, αs the solar elevation and γs the solar azimuth, were determined using the algorithm by
Blanco-Muriel et al. (2001). Three referential rotations were necessary in order to obtain the sun vector in the
collector referential and to calculate the incidence angles, as shown in Fig. 3. The first reference rotation is
around the Z axis with respect to the collector azimuth γC angle; the second rotation is around the Y axis with
the collector tilt β C angle; the third rotation is around the X axis with the tracking angle αC.

z
γ

y
x

Figure 3: Collector position, orientation and tilt

The reference change is according to the Eq. 2 (See Pujol-Nadal 2014).
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§ X rot · § X 0 · § cos γ C
¨
¸ ¨ ¸ ¨
¨ Yrot ¸ = ¨ Y0 ¸ • ¨ − sin γ C
¨Z ¸ ¨Z ¸ ¨ 0
© rot ¹ © 0 ¹ ©

sin γ C
cos γ C
0

0 · § cos β C
¸ ¨
0¸ • ¨
0
1 ¸¹ ¨© − sin β C

0 sin β C · § 1
0
¸ ¨
1
0 ¸ • ¨ 0 cos α C
0 cos β C ¸¹ ¨© 0 sin α C

·
¸
− sin α C ¸
cos α C ¸¹
0

(eq. 2)

Then, the projections of the solar vector on the longitudinal and transversal planes are defined as the Eq. 3-4.

θL = tan-1(Xrot/Zrot)

(eq. 3)

θT = -tan-1(Yrot/Zrot)

(eq. 4)

If the collector is correctly tracking it means that the projection of the sun vector on the transversal plan is
null, which means that θT =0 which is equivalent to Eq. 5:

tan α = −

cosα s cos γ S sin γ C − cosα s sin γ S cos γ C
(eq. 5)
cosα s cos γ S cos γ C sin β C + cosα s sin γ S sin γ C sin β C + sin α s cos β C

Which leads to the Eq. 6.

cosα s cos γ s sin γ C − cosα s sin γ s cos γ C
© cosα s cos γ s cos γ C sin β C + cosα s sin γ s sin γ C sin β C + sin α s cos β C
§

α = tan −1 ¨¨

·
¸¸ (eq. 6)
¹

For a perfectly south oriented collector the tracking the formula is Eq. 7 which is a reduction of Eq. 6 for γC=
0º, and which is used in the tracking algorithm for the DIGESPO collector.

cosα s sin γ s
© sin β C cosα s cos γ s + cos β C sin α s
§

α = tan −1 ¨¨

·
¸¸ (eq. 7)
¹

The Eq. 7 is also similar to the one in the report by Marion and Dobos (2013).
Also, the transverse and longitudinal angles, θT and θL, have been calculated assuming that the installation of
the collector to the south is perfect (γC = 0º), Eq. 7. However, the Eq.6 is used to estimate the possible
deviation on the south in the collector tracker mounting.
The collector tilt βC was measured on the receiver tube as 34.0º with a precision of u(βC) = ±0.5º.
The collector orientation γC has been fixed using the shadow of a weight hanged on a cord at solar noon, but
this technique could results in some error as it is quite difficult to keep the rope perfectly vertical because of
the wind. So, the error to the south orientation was estimated up to u(γC) = ± 1º.
The tracking rotation angle step Δα is around ±0.036º (10.000 motors step on 360º) additionally with ±0.005º
error due to the solar algorithm used by the tracker software, and ±0.008º error due to time setting
imprecision of the tracker controller (2 second). The uncertainty of the tracking rotation angle will be
u (α C ) =

(0.036)2 + (0.005)2 + (0.008)2 = 0.037º.

Other important parameters are the daily stroke of the tracking which is 125° and the "offset east" which is
24.5°.
The optical losses (Δη) were defined by using the transversal IAM fit and the tracker angular error (θT),
according to Eq. 8:

Δη track = (1 − K b (θT )) ⋅ 100

(eq. 8)

The optical losses due to the tracking system (Δηtrack) was calculated by using the transversal IAM fit and all
the three rotation angles uncertainties (u(αC),u(βC),u(γC)).
The optical losses error were estimated using an uncertainty estimation of the transversal incidence angle and
calculated by the propagation law of errors (ISO/IEC Guide 98-3, 2008) which define the uncertainty of the
parameter u(y) from different variable xi as the Eq. 9.
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u( y) =

N

¦ (c
i =1

i

⋅ u ( xi ) )

(eq. 9)

2

So, the uncertainty of the transverse incidence angle would be represented by Eq. 10 considering the three
rotation angles parameters.
§
∂θ
u (θ T ) = ¨¨ u (γ C ) ⋅ T
∂γ C
©

2

·
§
∂θ
¸¸ + ¨¨ u ( β C ) ⋅ T
∂β C
¹
©

2

·
§
∂θ
¸¸ + ¨¨ u (α C ) ⋅ T
∂α C
¹
©

·
¸¸
¹

2

(eq. 10)

Finally, the uncertainty of the optical losses, u(Δηtrack),would be according to Eq. 11.

§
∂Δη track
u (Δη track ) = ¨¨ u(θ T ) ⋅
∂θ T
©

2

· §
∂Δη track
¸¸ + ¨¨ u ( K b ) ⋅
∂K b
¹ ©

·
¸¸
¹

2

(eq. 11)

As there is no formula for the transversal incidence angle modifier Kb(θT) the derivation was calculated by
deriving the simulation curve obtained by ray-tracing according to Eq. 12 and 13.

∂(K b (θ T ))
∂Δη track ∂ ((1 − K b (θ T )) ⋅100)
= −100
=
(eq. 12)
∂θ T
∂θ T
∂θ T
∂Δηtrack ∂((1 − K b (θT )) ⋅100)
= −100
=
∂K b
∂K b

(eq. 13)

The uncertainty of the simulation for the determination of the IAM curve is ± 0.03

4. Results
4.1. Thermal performance
The entire testing period was held over 34 days (between 13/08/2012 and 03/10/2012). Fig. 4 (a-b) shows the
variability of the data, spread over a wide range for each input data representing normal operating conditions
of the collector: where diffuse solar irradiance on collector aperture GdT∈[94, 350] W.m-2, global solar
irradiance on collector aperture GT∈[654, 1020] W.m-2, and temperature difference between fluid and
ambient tm-ta∈[120, 163] ºC. The testing at ambient working temperature (tm=ta±3K as required by the
international standard ISO 9806 (2013)) could not be performed since the collector was working in its
normal operation range and the oil could not be cooled.

(a)

(b)

Figure 4: Input data variability (a) diffuse solar irradiance GdT vs direct solar irradiance GbT (b) temperature difference (tm-ta)
vs direct solar irradiance GbT
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The variability of the data is not enough according to ISO 9806 (2013), more particularly the inner
temperature which is around the operating temperature range of the collector (only from 148ºC to 189ºC) and
complicates the parameter identification according to the model equation Eq 1. Also, the diffuse solar
irradiance does not have a lot of variability (~200 W/m2) due to the fact that the concentrating collector does
not work with diffuse radiation.
Table 2 shows the results of the multiple linear regression (MLR) performed for the parameter identification.

Tab. 2: Test results

Parameter

Value and typical uncertainty

Unit

Optical efficiency η0

0.309 ± 0.046

--

Thermal losses c1

0.317± 0.253

W.m-2K-1

Thermal capacity c5

5103 ± 1439

Jm-2K-1

The second heat losses parameter c2 was ignored due to the high uncertainty. The first heat losses parameter
c1 also showed high uncertainty. Anyway, the poor variability in the mean temperature tm during the test
campaign could not allow a correct characterization of the heat loss parameters. The longitudinal incidence
angle modifier was ignored due to its poor variability since the tracking is polar.
The mean error estimation MAE(Q) is 368.16 W and the root mean square error RMSE(Q) is 527.65 W
which is 48.3% of the measured power Q values.
Fig. 5 shows the distribution of the instantaneous efficiency values η (between 0.10 and 0.30) versus the
reduced temperature difference (tm-ta)/GbT (between 0.15 and 0.22) (grey dots) (GbT is the direct solar
irradiance on the collector plane (=DNI*cos(θ)), tm is the average fluid temperature in the collector and ta is
the ambient temperature.). The thermal curve is presented by the black line for a global solar radiation of
GT= 1000 W/m2. The red brackets present the uncertainty range of the thermal curve. During a conventional
low-temperature collector testing the reduced temperature difference obtained was between at least 0 and 0.1
which allows the characterization ofthe heat loss coefficients accurately.

Figure 5 : Efficiency data and curve fitting

The measurement series for output power calculated using model Eq. 1 and the characteristics parameters
obtained from Table 2, Qmod, having less than a 10% margin of error with the measured output power, Qmed,
is 37%. However, the measurement series for the model output power calculated, Qmod, and the measured

1092

Fabienne Sallaberry / EuroSun 2014 / ISES Conference Proceedings (2014)

output power, Qmed, are close for less than 95% the measurement uncertainty
The efficiency at the same temperature also changed during the testing phase, which leads to difficulties in
identifying the optical efficiency value, η0 = F(ργτα)en, against the same inner temperature. This could have
been due to other thermal losses from the testing bench and degradation of the solar collectors or shadows
projected by each parabola over the others thus reducing the incident solar radiation.
Another possible reason for such low optical efficiency is tracking errors due to incorrect installation of the
solar tracker. This effect is studied in part 4.3.

4.2. Optical simulation

0.6
0.4
0.0

0.2

transversal IAM [-]

0.8

1.0

In this part, the dependency of the optical efficiency η0 to the incidence angle along the tracking plane was
studied. The IAM for different transverse angles is shown in Fig. 6. The number of rays used was 107 in the
ray-tracing program.

0

1

2

3

4

5

transversal incidence angle [º]

Figure 6: Incidence angle modifier profile

The transversal IAM is close to 1 up to 0.5º. The acceptance angle of the concentrator, which is the angle for
an 90% of energy reaching the receiver (Kb(θT)>0.90) (Rabl et al. 1980, Zaaiman and Taylor, 2011), found
around 1.1º. Then, the transversal IAM drops under 0.5 at 1.6º, and finally is also null from 2º.
4.3. Sensibility of installation on the tracking error
The maximum optical losses (Δη) were calculated by using the transversal IAM curve and the incidence
angle (θT) from Eq. 8. The uncertainty of the transverse incidence angle according to Eq. 10 was also
calculated. Fig. 7 shows the uncertainty transverse incidence angle u(θT) (“tetaT” in blue) calculated with its
different uncertainty sources u(αC)δθT/δαC (alfa in green), u(βC)δθT/δβ C (beta in red) and u(γC)δθT/δγC (gama
in black), for one day (21 of June the summer solstice). The uncertainty u(θT) is .
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Figure 7: Transversal incidence angle uncertainty vs the solar azimuth

The u(θT) value is about 0.3º for azimuth angle γs between -90 and 90º, and up to 0.6º at the extreme azimuth

5

The uncertainty of the optical losses, u(Δηtrack), according to Eq. 11 were calculated. Fig.8 shows the
uncertainty u(Δηtrack) (“optical losses” in black) calculated with its different uncertainty sources u(θT)
δΔηtrack/δθT (tetaT in red) and u(Kb(θT)) δΔηtrack/δKb(θT) (Simulation IAM curve in green).
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Figure 8: Optical losses uncertainty vs the solar azimuth

The mean optical error uncertainty was more that 3% but the main uncertainty source is the simulation IAM
curve. The optical error uncertainty source due to incidence angle u(θT) δΔηtrack/δθT is around 0.5%.
5. Conclusions
The optical and thermal characterisation of a medium temperature solar collector was performed based on
ISO 9806 (2013) standard based on a two months monitoring data obtained from an installation in Malta.
Unfortunately, the characterization was not correctly done due to a lack of variability in the inner
temperature data and to some losses in the collector, which did not make it possible to maintain efficiency at
the same temperature and to apply to ISO standard model to define it. The optical efficiency η0 obtained was
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30.9% ± 4.6% and the heat losses 0.317± 0.253 W.m-2K-1.
In a second step, the sensibility of the tracking is analyzed based on three rotation angles which defined the
sun vector on collector plane. The tracking error was estimated as an uncertainty on the optical efficiency
u(η0) of the collector. The maximum optical lost uncertainty due to incidence angle obtained was up to 0.5%,
which could be one of the reasons of efficiency lower than expected, but not the main reason.
Future research would ensure that the optical and thermal characterization of the collector would be done
with a more accurate testing bench in FBK Trento. Moreover, the tracking error would also be estimated by a
home-made optical device which calculates the incidence angles on the collector planes using a webcam and
image treatment.
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Abstract
Industry has a large technical potential for solar thermal systems (STS). One main difficulty of realizing this
potential is the considerable engineering costs associated with the individual data acquisition and technoeconomic assessment of each facility, as they often have unique load profiles, working temperatures, and
solar resource. It is important to reduce this effort and simplify the current, but still necessary, sophisticated
feasibility assessment. Therefore, a guideline is developed to support a quick and accurate analysis for the
integration of STS in industrial processes.
The concept is based on the preparation and processing of an energy audit to identify the main heat
consumers and to assess the integration points. The feasibility assessment of a STS for identified processes is
performed by pre-dimensioning the collector field and storage volume, while including a yield assessment
for the STS. Therefore different process’ load profiles, working temperatures, collector technologies, and
solar resources are examined and included as nomograms into the guideline. With this, planners are able to
obtain a quick but reliable estimation of the costs and performance of solar thermal systems.
Keywords: Process Heat, Solar Thermal Systems, Feasibility, Integration, Dimensioning

1. Introduction
Although there is a large potential for solar process heat, the market has grown slowly due to the lengthy
feasibility assessment. One crucial reason for this is the lack of means for the hydraulic connection to the
existing processes and the pre-dimensioning of the collector field and the storage. To promote development
in the market, successful pilot projects are needed in a range of suitable sectors. These projects must show
that solar thermal is a highly reliable and cost-effective technology to supply heat for industrial needs.
One important reason for slow market development is the still necessary sophisticated feasibility analysis
which often impedes such pilot plants. Before starting with the detailed planning of a STS, it is necessary to
first know whether or not a company has desire to use solar heat and how it can be integrated into their
existing process. Additionally it is essential to choose a suitable solar technology, determine the collector
field and storage size, and estimate the annual solar yield. This information is needed to calculate the project
and energy costs, normally the most important deciding factor for a STS. The difficulty with this
methodology is that it takes significant time and resources to obtain the pertinent data, so most planers do not
included STS in their analysis. As such, this additional cost and time hurdle limits the market development
for solar thermal systems in the industrial sector.
Therefore within the framework of the project “SolFood – Solar heat for the Food Industry”, funded by the
German Federal Ministry for Economic Affairs and Energy, a guideline has been developed which allows a
faster and more simplified feasibility assessment for solar thermal systems in industry. Additionally, there
will be case studies in the food industries to initiate best practice pilot systems. For more information see
www.solfood.de.
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2. Feasibility Assessment
Besides the pre-dimensioning and yield assessment, the guideline explains necessary steps to develop a
suitable STS. These steps consist of:
x

Assessment of some data collected via questionnaire to decide whether or not there is a theoretical
potential for the integration of a STS into the existing thermal processes

x

Preparation and processing of audits on the production side to identify the relevant heat consumers

x

Assessment of heat recovery measures and energy efficiency for intersectoral equipment
(compressor, steam generator, chiller…)

x

Evaluation and selection of potential integration points for a STS

After this, the hydraulic connection and appropriate collector type can be chosen. Based on these decisions,
the guideline describes the approach for the pre-dimensioning of the collector field and the storage.
Therefore values for various locations, process temperatures, load profiles and collector types are taken into
account to cover most low temperature (< 100 °C) processes in industry.
For the pre-dimension of a solar field, the approach from (VDI 6002) can be adopted from a focus of DHW
to the realm of process heat for industry. This approach relies on the dimensioning of a field based on a
“good” summer day (VDI 6002), which often yields between 7-8 kWh/m² of solar radiation per day. This
design point leads to an economically favorable sized system in which excess heat energy produced in
summer is prevented. The heat energy load profile is the main difference between the design phase of a solar
thermal system for process heat generation and domestic applications, which varies in both the consumed
temperature and daily/weekly/annual load profile. The heat store is dimensioned in accordance to the weekly
load profile. Typical annual utilization ratios of selected low-temperature process heat applications are then
determined to facilitate the estimation of a system yield, critical for its economic feasibility assessment. In
addition a classification of industrial heat consumers is necessary to assess potential integration points for the
STS. These aspects are illustrated in detail in the following sections.
3. Classification of Industrial Heat Consumers
Industrial processes contain numerous different heat consumers, all of which have difference thermal and
temporal operating parameters. To assess the multitude of potential integration points, a sector-independent
classification of industrial heat consumers was developed (Schmitt 2014). This classification is especially
helpful to unexperienced developers and technicians which might handle projects in the field of solar process
heat.
The developed classification (see picture below) respects all relevant boundary conditions for the integration
of a STS into any existing system. It is first divided into two levels, Supply and Process. The supply level is
the transport medium of heat energy, directly coming from the main input heat source (i.e. Gas/Oil boiler,
Solar, Heat Pump, etc.). The process level is the type of function or use the heat energy from the supply
level provides to the industrial equipment, normally through a heat exchanger.
The Supply level is differentiated according to its heat transfer medium, whether it is “Steam” (normally
saturated) and “Liquid Heat Transfer Media” (normally pressurized water). This leads to the six potential
applications, such as steam generation or increasing return flow temperature. For each of the six applications,
integration concepts have been developed and can be further explored (Schmitt 2014).
The Process level is differentiated into the three categories of heat consumers “(Pre-) Heating”, “Heating &
Maintaining Temperature” and “Thermal Separation” to which every process can be assigned to. It is
important to note that the heat transfer medium is not so important due to a heat exchanger between the
Supply and Process lines, and this helps to determine the integration of a STS into the conventional heating
system.. Shared between the three Process categories are five general options for conventional heating: use
of internal or external heat exchangers, steam injection, dryers, or evaporators. For example, internal heat
exchangers include tube bundles and coils, heating jackets, electric heating elements and direct burners. For
each conventional heating method (Figure 1) integration points on the Process level were developed and their
concepts can be found in (Schmitt 2014).
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Figure 1 - Classification of industrial heat consumers for the integration of solar heat (Schmitt 2014)

Once a suitable heat consumer on supply or process level is identified, one or more STS integration concepts
are given. These options are normally reduced by the boundary conditions on the production site: solar
radiation, desired temperature, industrial equipment, mode of operation. If more than one integration point is
possible, all need to be compared in detail by using three main criteria: temperature supplied by the solar
system, load profile, and complexity of integration.
For each integration concept suggested in the classification, there is a simplified hydraulic flow chart to
visualize integration, where the STS integration point into the existing process or into the existing heat
supply system is shown. The figure below shows the PL_S_LP integration concept, which signifies that: The
integration is on process level (PL), which will heat a suitable tube bundle heat exchanger to generate steam
(_S), which is supplied by the STS on a low pressure level (_LP). Therefore, solar heat can be used directly
to heat this process to reduce the energy demand of the conventional system, which is through direct steam
injection from an oil/gas burner (Figure 2).
The
shown
integration
concept with the parallel
steam production is a
relative simple way to
connect a STS to an existing
process, but the required
temperatures are fairly high.
Regardless, the heat energy
provided from the sun is
normally significantly lower
than temperature of the
conventionally
supply
system with e.g. 180 °C.

PL_S_LP

Steam
P(M)

Steam (110..135 °C)

PROCESS

P(M)

Qsol

Feed water

Condensate

Figure 2- Example of an integration scheme for solar supplied steam on a low pressure
level for a process conventionally heated by direct steam injection from fossil fuel burner
(Schmitt 2014)

4. Sizing of Collector Field and Storage
A few critical pieces of information are needed in order to conduct a quick pre-dimensioning assessment for
feasibility, which consist of both an estimate of the heat energy supply (solar energy) and heat energy load
(industrial process). Heat energy supply depends on the location of the facility and collector type/orientation.
Heat energy load depends on the industrial process temperature and integration point, and energy load
profile/duration.
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Location: The location of potential solar thermal facility dictates the annual heat yield of such facility, as it
can be logically assumed that more energy can be generated in a sunnier location. The presented predimensioning method includes representative climates in Europe which cover the bulk of possibilities
throughout the world. In order to use this method, an estimate of the annual GHI (Global Horizontal
Irradiation (kWh/m²a)), or radiation on a tilted surface (tilt angle = latitude - 15°) or Ht, should be obtained
for the location of interest. Assuming that this value is between the values in the chart below, an
interpolation can be made to better estimate the solar field, storage size, and annual yield.
Table 1- Locations and related parameters used for the sizing of the collector field and storage

Location

Latitude

Global
irradiation
[kWh/(m²a)]

Ht
[kWh/(m²a)]

July days >
7 kWh/(m²d)
[-]

Ht_day_avg
[kWh/(m²d)]
7.61

Copenhagen

55.7

988

1191

9

Wuerzburg

49.8

1094

1264

11

7.54

Toulouse

43.6

1351

1552

14

7.81

Madrid

40.5

1660

1887

20

7.76

Table 1 shows annual global horizontal and tilted irradiation as well as the number of days with more than 7
kWh/(m²d) and the average daily irradiation for those days on a tilted surface for Copenhagen, Denmark (a
moderate, northern European climate), Würzburg ,Germany (warm, central European climate), Toulouse,
France (moderate southern European climate), and Madrid, Spain (Mediterranean, continental climate).These
“good” summer days are used for the collector field design in the following.
Load Profile: The process heat load profile is important to understand as the collector field and storage must
be sized accordingly. Load profiles are split into three section, Daily, Weekly, and Seasonal. A full list of
different types can be found in (Lauterbach 2014). The relevant load profiles are shown in (Figure 3).
Daily profiles occur over 24 hours, with typical profiles like Daytime (8h -18h operation), Constant (24h
operation), and Cleaning (peak evening load), and their respective profiles are shown below. The weekly
profile is important for the dimensioning of the collector field and especially the heat store. Further, the
achievable annual system yield is influenced by the weekly profile as well. Most relevant/important
examples of typical weekly profiles are Constant and 5 day peak. The annual load profile is important for the
determination of typical annual system yields for different process heat applications. Six profiles were
created, with most common being Constant, Summer Peak, and Space Heating.

Figure 3- Daily, weekly and annual Load Profiles
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Desired temperature level: The temperature level of an industrial process
obviously has a strong influence on the design of the overall solar heat system
and the dimensioning of the collector field, as its efficiency depends strongly
on the provided temperature. Various temperature levels have to be considered
although the pre-dimensioning exercise is focused on process temperatures
below 100 °C (Table 2).
These values were selected as they represent temperatures found in all three
common process heat applications, pre-heating of fluid streams, heating of
baths/vessels/stores, and thermal separation processes. If a process does not
align with the temperature list above, one can pre-dimension a system for the
two most closely aligned temperature ranges and interpolate.

Table 2- Temperature ranges
used for the pre-dimensioning
exercise

Temperature [°C]
Return

Flow (max.)

15

60/80

30

60/80

40

70/90

50

80

60

90

70

90

80

95

Sizing of collector field
The approach of VDI 6002 (VDI, 2004) to dimension the collector field for summer days with good
irradiation shall be utilized for process heat applications. Both design approaches, the VDI 6002 and the one
proposed here, avoid gaining excess energy generation during peak load and therefore lead to an economical
STS. To determine the collector field size with minimal excess energy generation, a design point is chosen
for which the solar fraction on a typical summer day is just below 100 %. Referring to domestic hot water
systems, the utilization ratio on a good summer day is approximately 50 %. This leads to an amount of
4 kWh/(m²apd) that can be delivered to the heat consumer (hot water preparation). However, varying
boundary conditions in Industry such as process temperature and load profile can lead to different utilization
ratios. Therefore, a detailed simulation study was carried out to generate design values for the dimensioning
of collector area. Several scenarios, which vary the location, desired temperature range, collector type, and
the daily, weekly and annual load profiles, were considered to obtain realistic values for the available load
corresponding to a given process.
To determine a design point for the collector field size, a specific heat energy load per square meter
(kWh/m²) on the X axis (Figure 6) is selected on a good summer day which will cover just below 100% of
said load (i.e. solar fraction/coverage rate) on the Y axis. Figure 6 shows an example of the solar fraction and
the utilization ratio on a good summer day (left) and over the year (right) for two processes with different
process temperatures (orange line: 15-60 °C and black line: 40-70 °C, a flat-plate collector, the daily load
profile "daytime "in Würzburg). Other temperature ranges, load profiles, locations, and collector type
combinations can be found in (Lauterbach 2014). Depending on the supply and return temperatures a
process has (i.e. 15-60 °C or 40-70 °C), different values for the specific heat energy load at which the solar
heat energy can supply at nearly 100% is determined. The value for this specific heat energy load, which
leads to a solar coverage rate of just under 100%, can be used as design value (qdesign) for the collector field.

Figure 4- Daily (left) and annual (right) simulation results of the utilization ratio and solar fraction for Würzburg with a flat
plate collector and daytime load profile

1100

Bastian Schmitt / EuroSun 2014 / ISES Conference Proceedings (2014)

As can be seen from Figure 6, the values for qdesign at 4.1 kWh/(m²d) for process temperatures 15-60 °C and
at 3.4 kWh/m²d for 40-70 °C. This means that one m² of collector area (in this case, "good" flat-plate
collector) should be installed for every 4.1 and 3.4 kWh of process heat load per day, respectively.
If the typical daily process heat load for one or more points of
integration is, for example, 1 MWh, with a supply and return
temperature of 70 and 40 °C, respectively, the total net collector area can
be calculated as follows:

A=
A=

QProcess heat, day
qdesign
1.000 kWh/d
3,4 kWh/(m²*d)

(eq. 1)

= 294 m²

Figure 6 (right) shows the annual utilization ratio for the specific heat energy load of the process
temperatures 15-60 °C and 40-70 °C. At these points 4.1/ 3.4 kWh/(m²d), respectively, the annual utilization
ratio no longer increases significantly as the higher specific heat load increases. Thus, the design value
(qdesign) represents a lower limit for an economic interpretation. A higher value would have a smaller
collector field, but should have limited, if any, negative impact on the economics; as long as the specific
costs of the solar system do not increase (smaller projects often have a greater per unit cost, hence the logic
behind “economies of scale”). Smaller values for qdesign however, lead to lower specific system yields and
may worsen the economics. In very favorable process heat applications with high energy yields (very good
location, low process temperatures), a smaller qdesign could be used (larger solar field) which may produce a
more economically viable project due to economics of scale and other factors. This must be (through
simulations) examined in the context of detailed planning, however.
The estimation of the daily process heat load of a selected integration point is of great importance. Normally,
a typical production day in July or August should be chosen to avoid frequent stagnation and thus solar
surpluses. It may also be useful to choose a typical production day in spring or autumn for interpretation if
the process heat load at these times is typically low, as a number of days occur in April or October with high
solar radiation (potential causing stagnation). Furthermore, it may be useful to undersize the solar field
(higher qdesign) with none or with very little thermal storage. This is especially true for high process
temperatures since the heat losses can be reduced by minimizing the storage size.
Sensible design values for different process temperatures and collector types in Würzburg and Madrid are
shown below in Figure 7 (design values for other locations and load profiles can be found in (Lauterbach
2014)). As indicated, the design values (qdesign) are in the range of 2.0 to 5.0 kWh/(m²d).

Figure 5- Design values for difference process temperatures and collector types, for Würzburg (left) and Madrid (right)

The choice of a suitable collector plays an important role in the planning of a solar process heat system. As
stated before there are a handful of different types of collectors suitable for process heat below 100 °C,
which consists of standard flat-plate collectors (FPC) and one with a second cover (FPC-DG), vacuum tube
collectors (ETC) and compound parabolic concentrator (CPC) collectors. The selection of a collector type
and the final plant size can only be done when including information about the annual yield, the specific
process heat application, and the cost of the collector. At process temperatures < 50 °C, inexpensive flat plate
collectors (FPC) in most cases are best suited. As process temperatures increase (> 80 °C), the efficiency of
FPC decreases rapidly, and other, more expensive, collectors (ETC) may soon become the more economical
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solution, as their efficiency remains higher at said temperatures. FPC may also be used in locations with
high radiation and high outdoor temperatures, as long as it has the economic justification.
Sizing of storage volume
Likewise simulations were carried out to gain design values for the dimensioning of the heat storage. The
available capacity of the heat storage depends on the process return temperature into the storage and its
maximum temperature. The necessary storage volume will increase with a higher return flow temperature as
the possible temperature lift in the storage and therefore its’ specific capacity are decreasing. For example, if
a specific store capacity of 5.0 kWh/(m²d) is desired with a return flow of 80 °C, there would be a need of a
specific storage volume of 143 l/m² even if a low pressurized tank with a maximum storage temperature of
110 °C is assumed.
In the preliminary design of the
storage, VDI 6002 recommends a
size of 50 l/m² for large drinking
water systems. However, since the
process heat load profiles are much
more varied, a wider range of storage
capacities must be taken into
consideration. The storage capacity
of the solar storage tank depends on
the process return temperature and
the maximum storage temperature.

Table 3- Specific storage capacity based on the fluid return temperature
Specific store capacity
[kWh/(m²²ap)]

Specific store volume [l/m²²ap]
for return temperature [°C]
15

30

40*

50

60**

70**

80**

1.0

11

13

16/12

19

17

21

29

3.0

32

40

47/37

57

52

64

86

5.0

54

66

78/61

96

86

107

143

7.0

75

93

109/86

134

120

150

201

9.0

97

119

141/111

172

155

193

258

* The specific store volume was calculated for a maximum store temperature of 95/110 °C
** For these return temperatures a flow temperature of 90/95 °C was considered. Therefore, a maximum store temperature of
110 °C was assumed

Table 3 shows the specific storage capacity in l/m² for various specific storage capacities as dependent to the
return temperature of the process.
The dimensioning of the collector field and selection of the specific process heat load affects the sizing of the
storage. Large-scale collector fields (lower specific load) normally have a higher specific storage capacity
than for small-scale collector (higher specific load) which have a lower specific storage capacity. As
previously discussed, the typical specific process heat load is in the range of 2-5 kWh/(m²d), with reasonable
values for many process temperatures in the range of 4 kWh/(m²d).
Figure 8 shows an example of the change in the annual system yield for various specific capacities and load
profiles for a process temperature 15-60 °C and a specific process heat load of 4 kWh/(m²d). As the figure
(left) shows, an increase in the specific storage capacity from 5 kWh/m², for the daily load profile "Daily
load - Constant week” profile, does not show a significant increase to the annual system yield. However, a
reduction of specific storage capacity to 3 kWh/m² leads for the same profile to only a 2% reduction in
annual system yield. For the “Daytime - 5 day peak", system yield is reduced by 5%, while an increase of
the specific capacity to 7 and 9 kWh / m²ap results in a higher, but not too significant, increase of the annual
yield.

Figure 6- Change of annual system for three configurations, Daytime (left), Heated Bath (left), and Constant (right)
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For the daily load profile "Heated Bath (H.B.),” the annual system yield decreases significantly when
specific storage capacity also decreases. Also, there is a significant increase (especially when heat is required
in only 5 days per week) to the annual system yield when a larger specific storage volume is used. For the
daily load profile "constant", Figure 8 (right) shows a reduction of the specific storage capacity reduces the
annual system yield more than in the profile "Daytime," but increasing the capacity does not greatly increase
the annual yield.
In some cases it may be possible and appropriate to reduce the specific storage capacity to 1 kWh/m². This is
true for a constant weekly profile with a specific process heat load of >6 kWh/(m²d), the daily profile
"Daytime" at > 10 kWh/(m²d) for a daily profile "Constant," especially at higher process temperatures. Solar
systems with such small-sized collector arrays (large available load) can be installed with no (or very little)
storage, however leads to a reduced annual system yield, but it does realize a system at lower cost. Another
advantage of such a system is a slightly lower system temperatures, in which heat exchangers can be
eliminated. The design of such systems require more detailed information about the load profile, which
usually are not yet available as part of the planning process. Therefore, they should be designed based on
more detailed load profiles via simulation.
For the accurate estimation of a suitable storage capacity, the cost of a larger storage should be assessed
versus the increase of annual yield. There is a point where having an increased storage size is beneficial, but
eventually becomes oversized and the full volume of the tank is never used. Generally speaking, the sizing of
a storage tank can generally be estimated by the daily energy yield during the peak summer day (for 5/6 day
work weeks). The specific storage size can quickly be estimated by:
ܸ௦௧ =

ܪ௧_ௗ௬_௩
ߩܥ ௧  כοܶ௦௦

(eq. 2)

This “rule of thumb “ is chosen as most manufacturing processes occur during the daytime and not a great
amount of storage is needed to shift the heat supply to other times in the same day. Having one day of
storage allows for some heat supply shifting, stagnation prevention, and utilization of energy on Monday
morning, where energy demands are larger than normal since the facility cools down over the weekend
(particularly helpful for heated bath applications). There may be case where oversizing both the collector
field and storage may yield in a more economic cost of heat energy (higher annual energy yield and a lower
specific project cost due to economies of scale), but this has to be determined by simulation, and is outside
the scope of this quick pre-dimensioning assessment exercise.
These annual utilization ratios for various daily and weekly load profiles, process temperatures, collector
types and specific storage capacities can be taken from (Lauterbach 2014). Together with the current costs
for various storage sizes; one can determined whether an increase or decrease of storage volume would
produce a more economically viable project.
5. Yield Assessment
The annual system yield is the most important value for assessing the economic feasibility of an STS besides
system cost. This yield is influenced by many factors like temperature level, load profile, collector type, and
location. Therefore utilization ratios were developed with respect to these important factors. These ratios can
be used to calculate a system yield for various locations as the estimation of a utilization ratio for a location
not covered in the guideline is much easier than estimation of an annual system yield.
In (Lauterbach 2014) utilization ratios for various process heating applications in selected locations can be
found, which can be used to estimate the yield of solar thermal process heat plants at nearly any other
location. This is possible because the estimation of the yield for other locations as shown here is much
simpler, since the utilization ratio for different locations is quite similar, and thus the annual yield is mainly a
function of the solar radiation available at the location of interest. The system utilization ratio is defined as
follows:
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ߟ௦ =

௨
ܻ݈݅݁݀௦௨௧ௗ
ܪ௧

(eq. 3)

To estimate the annual yield for any given location, the equation can be rearranged.
Here, a slope is assumed for the collector, which corresponds to the latitude of the site, less 15°. Figure 9
shows examples of the utilization rates for different process temperatures, collector types, two different
weekly profiles and the daily load profile in Würzburg. Detailed values for additional locations and shapes
can be found in (Lauterbach 2014).

Figure 7- Annual utilization ratio in Würzburg for different temperatures and collector types, for the Constant weekly profile
(left) and 5 day peak (right)

In order to estimate the yield variations due to different annual load profiles, the simulation was rerun which
resulted in Figure 10. It turns out that a production break of two weeks reduced the yield by about 5% in the
summer. If process heat is only needed during six summer months, the annual system yield reduced by about
25% in Würzburg and about 33% in Madrid. An increased demand for heat (with the same collector array
size) in summer and heating in winter has little effect on the annual system yield. It should be noted that the
collector field can optionally be dimensioned larger to compensate for an increased heat demand in the
summer.
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Figure 8- Sensitivity analysis of the annual system yield by varying the annual load profile
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6. Outlook
The described guideline for detecting main heat consumers, heat recovery potential, and integration points,
for pre-dimensioning the collector field and storage, and calculating thermal yield, can quicken and simplify
the feasibility assessment for STS in industrial processes below 100 °C. It is important to validate this
approach by using it in industrial case studies so planners may gain confidence in this analysis technique. As
such, the validation will be done via case studies in the previously mentioned “SolFood” project in the food
sector. If the benefit of the guideline can be demonstrated within the case studies and it gains conceptual and
physical understanding within the desired target groups, there is a good chance that planners will take STS
for industrial processes into account for future projects.
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Abstract
Today the main problem of Li-ion batteries using is their high tendency to ignition. This paper proposes the
utilization of hydrated inorganic salts as phase-change materials (PCMs) to maintain thermal balance within
battery cells, inasmuch as these salts are not prone to combustion, unlike their organic analogs. Studies of
three inorganic salts with addition of PEG 600 and various nucleating agents to improve their thermophysical
properties were conducted. Results show that adding 20% PEG 600 gives a more cycling stable PCM
without considerable effect on its melting temperature but with decreasing its heat of fusion. This research
shows that mixing an inorganic PCM with an organic additive can be a good option to improve the thermal
performance of the PCM.
Key-words: phase-change material (PCM), latent heat, Li-ion batteries, thermal management systems,
thermophysical properties of inorganic salts.

1. Introduction
Li-ion batteries have revolutionized the portable electronics industry by offering significantly larger power
density and specific energy value than previous technologies. On the other hand, using Li-ion battery packs
have also some inconveniences, the main disadvantage is that during the operating cycles they generate large
amounts of heat, which adversely affects the lifetime of the battery and becomes a problem for its safe use.
Temperature of the battery cell is defined by the heat balance between the amount of generated heat and the
heat dissipated by the cell. According to Balakrishan et al. (2006) when the cell gets heated to a certain
temperature, exothermic chemical reactions between the electrodes and electrolyte set in and a temperature
rise occurs within the cell. In a case when the cell is able to dissipate the generated heat, temperature will not
increase strongly. Otherwise exothermic processes will occur in adiabatic-like conditions and fast
temperature rise takes place. This temperature rise will further accelerate undesirable chemical reactions,
which causes more heat production. Ultimately, it will lead to thermal runaway, whose initial temperature
determines the safety limit of the device. Thus, the vicious circle turns out: the reaction rate increases due to
an increase in temperature causing a further increase in temperature and hence a further increase in the
reaction rate. Moreover, it was shown that the pressure generated in this process may provoke mechanical
damage in cells, causing short circuits and premature cell death. Numerous cases of electric motors fires,
explosions of laptops due to cell ignition are known.
Working temperature is important not only because battery operation at high temperatures can lead to a fire
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or explosion. Operating a battery at elevated temperatures significantly reduces its life. It has been proved by
Waldmann et al. (2014) that high temperature accelerate reactions of degradation, namely degradation of the
cathode, leading to capacity fade and internal resistance increase. Thus, the degradation rate of Li-ion
batteries is very temperature-dependent; they degrade much faster if stored or used at higher temperatures.
The carbon negative electrode of the cell also generates heat. High charge levels and elevated temperatures
(whether from charging or ambient air) accelerate capacity loss. Loss rates vary by temperature: 6% capacity
loss at 0 °C, 20% at 25°C, and 35% at 40°C. The optimal operating temperature range for Li-ion batteries is
from −10°C to +50°C. At lower temperatures, the battery is not able to convert its chemical energy into
electrical energy. At higher temperatures, safety devices called positive temperature coefficient (PTC)
resistors inside the battery prevent it from being used until the temperature falls. However, in event of
extreme temperatures or prolonged overheating, those mechanisms do not work and Li-ion batteries may
suffer thermal runaway and cell rupture. In extreme cases this can lead to combustion. Batteries that are used
in very cold or very hot conditions for extended periods of time can be permanently damaged.
Therefore, there is an ongoing search for the most advanced thermal management system, which would be
able to ensure safe operation of Li-ion batteries, even under extreme conditions. The most promising today is
thermal management system with PCM application.
The principle of phase change material (PCM) is very simple: as the temperature of the medium increases,
phase change occurs and the material passes from the solid state to liquid, absorbing heat and thus offsetting
the rise in temperature. In the same way, when the temperature of the medium decreases, PCM passes from
the liquid to the solid phase releasing heat to the medium and thus offsetting the decrease in temperature.
A material to be used as a phase change material should have high heat of fusion value and good thermal
conductivity. Farid et al. (2004) indicated that for practical uses, the PCM should have a minimum
subcooling, be chemically stable, non-toxic and non-corrosive. As well, they must have a low cost.
Numerous publications in recent years have dealt with application of organic PCMs as a thermal
management system in Li-ion batteries. Most organic PCMs are non-corrosive and chemically stable, they
exhibit little or no subcooling, and have a high latent heat per unit weight. Their disadvantages are low
thermal conductivity, high changes in volume on phase change and flammability. And since Li-ion batteries
have the tendency to ignition, using of organic PCM seems to be very unsafe.
For that reason, if we consider the application of inorganic materials, among all the classes of inorganic
compounds, hydrated salts are the best candidates to be used as PCMs. Hydrated salts have a high latent heat
per unit volume, small volume changes on melting, high thermal conductivity, are non-flammable and low in
cost in comparison to organic compounds. Inorganic PCMs having different melting points (7-120°C) are
commercially available, thus it is possible to select suitable materials for specific heating and cooling
applications; this why they are especially interesting and lend themselves to use in Li-ion batteries.
The main disadvantages that have been identified for this class of inorganic compounds are subcooling
effects and phase instability (Loveday, 1988). The major drawbacks of hydrated salts are recrystallization
and segregation of the salt during repeated cycles of charging and discharging (Rabin et al., 1995; Farid and
Khalaf, 1994). Phase separation can cause a loss in enthalpy of solidification as reported by Cantor (1978).
Several authors have conducted studies to reduce such phase segregation. It can be minimized by the
addition of extra water, use of microcapsules, a rotary storage tank and thickening agents (Ryu et al, 1992).
Another important problem common to salt hydrates is that of subcooling. At the fusion temperature, the rate
of nucleation is generally very low. To achieve a reasonable rate of nucleation, the solution has to be
subcooled and hence energy instead of being discharged at fusion temperature is discharged at much lower
temperature. To prevent subcooling nucleating agents are used. The basic principle of their use is that the
structure of nucleating agent has to be similar to salt hydrate structure.
Hence, the objective of this research is to explore the phase transitions of three hydrated inorganic salts using
DSC method and thereafter, to use those inorganic salts as a thermal management system for Li-ion batteries.
For that we study salts and saline mixtures for their application in Li-ion battery packs. To prevent phase
segregation it is recommended to use gelling or thickening materials. Cabeza et al. (2005) pointed out that
“gelling means adding a cross-linked material (e.g. polymer) to the salt to create a three dimensional network
that holds the salt hydrate together. Thickening means the addition of a material to the hydrated salt that
increases viscosity and thus holds the salt hydrate together”. In our studies we used polyethylene glycol
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(PEG), because we believe that this compound can cover both gelling and phase change material functions.
Only a few authors have studied the application of PEG as an organic PCM (Ahmad et al., 2006; Feng et al.,
2011). In addition, to settle the subcooling problem and to improve thermal performance of hydrated salts,
we used different nucleating agents.

2. Materials and methods
2.1. Materials
For our measurements we used three certain inorganic salt hydrates widespread in the Northern Chile:
Na2CO3·10H2O (Merck), Ca(NO3)2·4H2O (Merck), Na2SO4·10H2O (Merck). Salts were selected according to
their melting temperatures.
It has already been mentioned above that hydrated inorganic salts usually possess two serious shortcomings:
subcooling and phase segregation during crystallization. Therefore, it was needed to select an optimal
nucleating and thickening agent to solve both problems.
Polyethylene glycol from Merck (PEG 600) was used as a thickener additive to improve cycling stability. As
nucleating agents we have also considered the regional minerals and by-products of non-metallic industry of
Northern Chile: boric acid (Boric Acid 99.9% Granular), granulex (Granulex 10% Boron (Granulated
Ulexite) NaCaB5O9·8H2O), quibor (Quibor 15% BORON (48% B2O3) H3BO3+Na2B10O16 ·10H2O) and
Ulexite (Powder Ulexite 9% BORON (Sodium Calcium Borate) NaCaB5O9·8H2O). All four reagents are
from Quiborax.
Three inorganic salts were analysed alone and in different combinations with PEG600 and four nucleating
agents (Table 1).

Table 1. Samples composition of hydrated salts mixtures with PEG 600 and nucleating agents.

Sample
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Composition (% w/w)

I

Na2SO4·10H2O

II

Na2SO4·10H2O + PEG 600 (5%)

III

Na2SO4·10H2O + Quibor (5%)

IV

Na2SO4·10H2O + Granulex (4%)

V

Na2SO4·10H2O + Boric acid (5%)

VI

Na2SO4·10H2O + PEG 600 (5%) + Boric acid (5%)

VII

Na2SO4·10H2O + Ulexite (4%)

VIII

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (1%)

IX

Ca(NO3)2·4H2O

X

Na2CO3·10H2O

XI

Na2SO4·10H2O + PEG 600 (5%) + Boric acid (1%)

XII

Na2SO4·10H2O + PEG 600 (5%) + Ulexite (1%)

XIII

Na2SO4·10H2O + PEG 600 (5%) + Ulexite (5%)

XIV

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (5%)

XV

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (10%)
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2.2 Methods
For the selected PCMs we have measured heat of fusion and fusion temperature. As well, stability of the
PCMs has been analyzed, submitting them to cyclical variations of freezing-melting temperatures.
To determine the phase change temperatures and the latent heat of fusion a DSC 204 F1 Phoenix ®
NETZSCH with N2 atmosphere (volumetric flow 20 mL·min-1) was used. Temperature and heat of fusion
were measured in a range from 20°C to 70°C. Crucibles of aluminium with 25 μl volume capacity were used.
Similarly, this DSC was used to cycle the samples between −15°C and 70°C to determine their cycling
stability.

3. Results and discussions
3.1 Thermal properties
The results of the melting temperature are presented in Table 2. Table 2 also shows the results of heat of
fusion for the samples, which are within the range from 81.86 J·g-1 to 262.5 J·g-1.
Table 2. Temperature and heat of fusion of hydrated salts mixtures with PEG 600 and nucleating agents.

Sample

TF [°C]

∆HF [J·g-1]

Na2CO3·10H2O

36.8

220.5

Ca(NO3)2·4H2O

45.7

148.7

Na2SO4·10H2O

37.4

262.5

Na2SO4·10H2O + PEG 600 (5%)

37.7

181.6

Na2SO4·10H2O + Quibor (5%)

33.1

184.7

Na2SO4·10H2O + Granulex (4%)

37.5

221.9

Na2SO4·10H2O + Boric acid (5%)

33.7

208.7

Na2SO4·10H2O + PEG 600 (5%) + Boric acid (1%)

34.4

193.5

Na2SO4·10H2O + PEG 600 (5%) + Boric acid (5%)

34.9

191.8

Na2SO4·10H2O + Ulexite (4%)

36.6

208.2

Na2SO4·10H2O + PEG 600 (5%) + Ulexite (1%)

35.8

135.1

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (1%)

35.9

137.7

Na2SO4·10H2O + PEG 600 (5%) + Ulexite (5%)

35.0

133.5

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (5%)

35.4

103.8

Na2SO4·10H2O + PEG 600 (20%) + Ulexite (10%)

30.8

81.86

3.2.Cycling stability
The cycling stability of samples was studied during six heating and cooling cycles. Ca(NO3)2·4H2O (sample
IX) and Na2CO3·10H2O (sample X) have proven to be thermally unstable to the heating-cooling cycles, this
why they were excluded from the further analysis; Na2SO4·10H2O (Glauber's salt) has been chosen for our
studies and we have focused on stabilizing its cycling properties.
Curves of heating-cooling cycles for I-VIII samples from Table 2 are shown below (2nd, 4th and 6th cycles are
shown). Curves are stable during cycles, with temperatures of fusion from 30.8°C to 45.7°C. The
crystallization temperatures vary greatly, depending on nucleating agent or thickening agent (PEG 600)
additive.
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Figure 1. 2nd, 4th and 6th DSC curves of 6 heating-cooling cycles. (I) pure Na2SO4·10H2O, (II) Na2SO4·10H2O + PEG 600 (5%),
(III) Na2SO4·10H2O + Quibor (5%) and (IV) Na2SO4·10H2O + Granulex (4%).

Figures disposed show the comparison of thermophysical properties between pure Glauber’s salt and mix of
Glauber’s salt, nucleating agent and PEG600. Ulexite proved to be the most suitable nucleating agent for
Na2SO4·10H2O. As can be seen from Figure 2 (VII) the addition of Ulexite deals with the problem of
incongruent melting and subcooling, however the crystallization temperature varies greatly. On the other
hand, mixing of Glauber’s salt with just PEG 600 neither shows a good result (Figure 1 (II)), giving both
phase segregation and subcooling. Addiction of PEG 600 together with Ulexite is able to handle with these
two problems.
Having analyzed DSC curves, it was concluded that sample VIII (Na 2SO4·10H2O + PEG 600 (20%) +
Ulexite (1%)) revealed the best result. By the addition of PEG 600 it was managed to cope the phase
segregation and the addition of Ulexite partially solved the subcooling problem. In all cases the addition of
both PEG 600 and nucleating agent causes a significant reduction in the heat of fusion (for example, for the
most stable sample XVIII from 262.5 J·g-1 to 137.7 J·g-1). However that is justified, because completely
suppresses phase segregation. Moreover, the value of heat of fusion remains more than 100 J·g-1, which
means that this material still can be used as a PCM.
The aim of further work is to search for such additives which wouldn't cause serious decrease in heat of
fusion, but at the same time would cope with stabilization of phase segregation and improving nucleation
properties of inorganic salt hydrates. Resultant mixtures will correspond to a hydrated salt plus nucleating
agents and gelling or thickening materials, or the mixture of hydrated salts.
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Figure 2. 2nd, 4th and 6th DSC curves of 6 heating-cooling cycles. (V) Na2SO4·10H2O + Boric acid (5%), (VI) Na2SO4·10H2O +
PEG 600 (5%) + Boric acid (5%), (VII) Na2SO4·10H2O + Ulexite (4%) and (VIII) Na2SO4·10H2O + PEG 600 (20%) + Ulexite
(1%).

5. Conclusions
Thermophysical properties for three different inorganic salts of Northern Chile, Na2CO3·10H2O,
Ca(NO3)2·4H2O, and Na2SO4·10H2O, were considered. The results of preliminary measurements reveal that
only sodium sulfate decahydrate (Glauber’s salt) possesses decomposition stability within heating-cooling
cycles. Mixtures of Glauber’s salt with four different nucleating agents (Boric acid, Granulex, Quibor, and
Ulexite) and PEG 600 as a thickener agent were determined to stabilize the thermal properties during cycles
of heating and cooling.
Ulexite proved to be the most suitable nucleating agent for Glauber’s salt, which deals with the problem of
incongruent melting and subcooling, however the crystallization temperature varies greatly. On the other
hand, mixing of Glauber’s salt with just PEG 600 neither shows a good result. Addiction of PEG 600
together with Ulexite is able to handle incongruent melting as well as subcooling.
For the new mixtures the temperature and heat of fusion were in the temperature range from 20°C to 70°C.
The results obtained for the most stable sample VIII (Na2SO4·10H2O + PEG 600 (20%) + Ulexite (1%))
were: TF 35.9ºC and ∆HF 137.7 J·g-1. The heating and cooling cycling were measured in the temperature
range from −15°C to 70°C. The most stable sample turned out to be Na2SO4·10H2O + PEG 600 (20%) +
Ulexite (1%) with a constant subcooling of about 28ºC.
As expected, the addition of PEG 600 and nucleating agent to Glauber’s salt did not change the melting
temperature of Na2SO4·10H2O considerably, but did decrease its heat of fusion, which became 137.7 J·g-1
instead of 262.5 J·g-1. As this value remains higher than 100 J·g-1, this material can be used as PCM yet. In
our case this addition is justified since it deals with a problem of incongruent melting and weak nucleation
properties, still our challenge remains to search for thickening and nucleating agents which do not produce
such drawbacks.
This research has shown that PEG is a good additive to improve cycling stability of PCM, furthermore,
Ulexite reveals to be a proper addition to settle the subcooling problem. Also, it was ascertained that mixing
an inorganic PCM with an organic additive can be a good option to improve the thermal performance of the
PCM. We have demonstrated that Glauber’s salt in combination with Ulexite and PEG600 may serve as a
phase-change material and could be potential used as a thermal management system for Li-ion battery packs.
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Abstract
The Kuwait Institute of Scientific Research (KISR) has been mandated to develop a first industrial complex
of wind, PV and CSP systems at Shagaya, Kuwait. To that end, KISR is also engaged in a full-fledged
resource assessment program, based on both ground-based observations and extensive modeling. In this
study, ground observations of solar radiation at 5 sites are compared to modeled predictions from various
sources. These include a 19-year time series of GHI and DNI obtained from GeoModel’s SolarGIS satellite
model, a 35-year GHI time series from NASA’s MERRA reanalysis model, and a 23-year monthly
climatology of GHI and DNI from NASA’s SSE database. The long-term monthly mean GHI values
obtained from MERRA and site-adapted SolarGIS show reasonable agreement. In contrast, the various
predictions of GHI from the raw SolarGIS and the SSE GHI data, as well as most predictions of DNI, exhibit
significant differences, likely because of diverging estimates of aerosol effects. The SolarGIS time series is
significantly improved by its site adaptation. When derived from either MERRA or SolarGIS, both the GHI
inter-annual variability and its long-term trend disagree substantially, which requires additional scrutiny.
Keywords: Solar resource assessment; SolarGIS; MERRA; aerosols; direct normal irradiance

1. Introduction
Kuwait is actively pursuing the development of renewable energy (RE) to help decrease its domestic
consumption of oil. The Kuwait Institute of Scientific Research (KISR) has been mandated to develop a first
phase of large RE systems and study their performance. This project, now in its execution phase, is planned
to include 10 MW of wind, 10 MW of photovoltaic (PV), and 50 MW of concentrating solar power (CSP)
systems. A reliable resource assessment and characterization are the first steps for a successful introduction
of renewable energies and, in particular, solar energy applications. The best option is to have data from
radiometric/weather stations covering at least 10 recent years (but optimally longer) of continuous
measurements. In the vast majority of cases, no measured data or long-enough time series exist at proximity
of the development sites under scrutiny. The usual practice is to install such a station at a project site as soon
as that site is selected for development, collect local radiation and weather data, and use them for validation
or adaptation of modeled data, etc. However, only very recent data can be collected this way, which is not
enough to describe the long-term weather variability.
Because of these limitations, solar resource assessments need to rely on long historical records of modeled
data. Various types of models are available, and can be classified as either numerical weather prediction
(NWP) models or satellite models. Models of the first category are those that are primarily used to provide
weather forecasts, but they can also be used retroactively in reanalysis mode to provide continuous modeled
records of many weather variables. Examples of worldwide reanalysis data are those derived from the
Modern-Era Retrospective Analysis for Research and Applications (MERRA), Climate Forecast System
Reanalysis (CFSR), or ECMWF re-analysis (ERA) models, developed by NASA, NCEP/NOAA, and
ECMWF, respectively. One of their numerous outputs is global horizontal irradiance (GHI), which is central
to this study. NASA’s Surface meteorology and Solar Energy (SSE) database uses other techniques to offer
global gridded daily and monthly-mean GHI data, as well as monthly mean direct normal irradiance (DNI)
data. Despite its coarse resolution (1x1°), this database is popular because it covers the world and is freely
available. In contrast, satellite models used in resource assessment studies are typically developed on a
commercial basis. They rely on satellite imagery to locate the position of clouds and evaluate their radiative
impact (as well as that of other atmospheric elements) on GHI and DNI. Examples of such models are
Heliosat and GeoModel’s SolarGIS. Typically, reanalysis data have a longer record (dating back to 1979 or
before) compared to satellite-derived data, but conversely have lower spatial and temporal resolution. The
two types of data are used in this study in an attempt to reveal potential differences or synergies.
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At sites where long-term radiometric measurements are not available, combining short-term measurements
and data from meteorological models improves understanding of long-term weather and solar radiation
characteristics, and can decrease the original model bias significantly (see, e.g., Gueymard et al., 2012). Over
arid or desert areas with low cloudiness, this bias is most likely caused by the use of imprecise aerosol inputs
(Cebecauer et al., 2011; Gueymard, 2011). Data providers refer to the model/measurement combination
process just mentioned as “site adaptation” or “record extension”. One of the goals of this study is to
evaluate the effectiveness of one of these techniques.
A first solar resource assessment was carried out by KISR in 2010 to generate solar irradiance and other
related meteorological data. The reported data, although useful, was generally incomplete, not quality
assured and had too large uncertainties to design solar power plants. In 2012, recognizing these problems,
KISR engaged in a full-fledged RE resource assessment program, based on both ground-based observations
and extensive satellite-based modeling. This report provides preliminary results about the solar resource in
Kuwait, and discusses what can be expected from state-of-the-art satellite-derived irradiance predictions and
reanalysis models in a region where a major source of variability is in the form of dust aerosols.

2.

On-site measurements

2.1 Description of sites and instruments
The objective of the KISR measurement campaign is to acquire high-accuracy solar and weather data in a
long-term commitment of reducing uncertainties in the solar resource at different sites, and also as a way to
derive solar resource maps and cumulative data of verified accuracy. Five radiometric stations have been
installed in Kuwait during 2012. These stations are uniformly distributed (Fig. 1a). As a desert country, Kuwait is characterized by intensely hot and dry summers (between May and October), with average highs
ranging from 42°C to 49°C, and short winters (December to February), when air temperature often drops
below 10°C. From June to September very low cloud cover is recorded, with small regional differences
across the country, while strong winds and heavy dust storms frequently occur and may last for days.
To use the solar resource in an optimal way, the proper locations of the projected power plants and weather
stations must be carefully considered. In particular, the Shagaya location (Fig 1b) is of paramount importance here because it is where the RE installations will be first deployed. That location experiences short
rainy seasons spread across winter months. The thunderstorm season (November) is followed by a period of
cloudy weather and cold temperatures (as low as 0°C) until February or March. The autumn and spring seasons are distinguished by their brevity and intermittent weather patterns. Both Shagaya and Kabed are
equipped with two separate monitoring systems: (i) three thermopile radiometers measuring GHI, DNI, and
diffuse irradiance (DIF); and (ii) a rotating shadowband irradiometer (RSI) independently measuring the GHI
and DIF components and deriving DNI by difference, using a silicon detector with proper temperature and
spectral corrections. The three other sites are equipped with only a thermopile pyranometer for GHI and an
RSI. Other weather variables (including temperature and wind) are also measured at all sites.

Fig. 1: (a) Map showing the position of the five radiometric stations; (b) Shagaya station: platform setup for one pyranometer,
one pyranometer with shading ball, one pyrheliometer, one RSI, and standard weather sensors.

A high quality of the radiation data record is achieved by maintaining a stringent program of daily inspection
and cleaning at the two primary stations (Shagaya and Kabed), and a relaxed weekly inspection and cleaning
at the three other stations.
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2.2 Quality Control
A first round of quality control (QC) was applied to the observations by the provider of the weather stations.
GeoModel Solar applied a second round of QC prior to their undertaking of the site adaptation process. That
round of QC was based on the methods assembled into the stringent SERI-QC procedures (NREL, 1993).
The ground measurements were also inspected visually. Moreover the three components (DNI, DIF and
GHI) obtained independently by the dual setups (thermopiles + RSI at Shagaya and Kabed) could be
subjected to robust quality control based on redundancy tests. Data not passing QC were excluded from
further analysis. The effect of the different steps of the QC process is summarized in Table 1. The solar
irradiance and weather data are ultimately provided in both 10-minute and hourly time steps.
Tab. 1: Percent of measured pyrheliometer DNI, RSI DNI, and GHI data samples that did not
pass various quality control tests.

Type of test

Shagaya

Kabed

RSI-DNI

Pyrheliometer

Pyranometer

RSI-DNI

Pyrheliometer

Pyranometer

Physical limits test

6.8%

4.9%

0.7%

7.7%

5.1%

0.7%

Visual test

0.2%

0.1%

0.1%

0.0%

0.2%

0.2%

Redundancy test

0.0%

0.5%

0.5%

0.0%

0.0%

0.0%

Total

7.0%

5.5%

1.3%

7.7%

5.3%

0.9%

The QC results indicate that only a very small fraction of data did not pass the physical limits test. Most of
these occurrences represent data that had very small shifts in time recording, or that were measured around
sunrise and sunset, when sensors are less accurate due to cosine error. The QC tests used in this study are as
stringent as possible to avoid any ambiguity when comparing measured with satellite data.
2.3 Evaluation of stations
The comparison of quality-controlled DNI or GHI measurements from two independent instruments typically
shows differences, which can be expected. In general the GHI data obtained from RSIs shows slightly lower
values than that from pyranometers. In contrast, the RSI-derived DNI is similar to those from the
pyrheliometer at Shagaya, but is slightly lower at Kabed (-2.3%). These differences are within the accuracy
specifications of the RSI instrument. At all five sites, the comparison of GHI measurements shows lower
readings from the RSI for high irradiances. This effect appears systematic, and reaches about 2.5–5% above
1000 W/m2. As could be expected, the discrepancy is less for GHI than for DNI and varies between sites.
The overall difference between RSI and pyranometer measurements of GHI ranges from -0.1 to -2.7%. The
measurements from the Um Gudair and Kabed stations show slightly higher spread of values compared to
the other three stations, which may indicate issues with, e.g., sensor soiling. Nevertheless, these differences
are still within the accuracy specifications of the RSI instrument.
Tab. 2: Difference between RSI and pyranometer or pyrheliometer for five sites, in percent.

Difference (%)

Shagaya

Kabed

Mutribah

Sabryia

Um Gudair

DNI (RSI – pyrheliometer)

-0.1

-2.3

—

—

—

GHI (RSI – pyranometer)

-0.1

-2.3

-1.5

-1.3

-2.7

The scatterplot of DNI values (Fig. 2) closely respects the expected diagonal in the vast majority of cases,
with some clustering above the diagonal for Kabed. Only a small amount of data points (negligible compared
to the whole dataset) shows a larger disagreement for low irradiances. For Shagaya, the DNI data streams
measured by the two instruments over the whole period (Sep. 2012 to Aug. 2014) are remarkably similar.
The monthly-mean difference between the global and direct irradiations measured at Shagaya with an RSI
relative to those measured with thermopile radiometers is shown in Fig. 3. This difference is remarkably low
during the 23-month period—especially for DNI, for which the difference is normally within ±1.5%. This
can be attributed to the stringent calibration procedure that was undertaken prior to commissioning of the
stations, and to the careful maintenance implemented since then. Notable exceptions occurred for DNI in
November 2013 and April 2014, when the mean difference reached 12.4% and 3.2%, respectively. For a few
days, the station had a problem with the backup batteries. This triggered the data-logger control software to
reduce power consumption by shutting down the tracker of the pyrheliometer. The RSI could continue working normally because it does not consume much power. Thus, in such cases, more accurate DNI data are
provided by the RSI. This perfectly illustrates the benefit of redundant measurements for the best possible
quality-assured solar resource data, and also the importance of considering data breaks appropriately when
evaluating monthly statistics (Roesch et al., 2011).
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Fig. 2: Comparison of pyranometer/pyrheliometer and RSI measurements at Kabed. The X-axis is for measurements by
pyrheliometer (DNI, left plot) or pyranometer (GHI, right plot). The Y-axis is for the RSI sensor.
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Fig. 3: Mean monthly percent difference between RSI and thermopile radiometer measurements for
GHI and DNI at Shagaya.

The pyrheliometer (CHP1) and pyranometer (CMP21) used at all stations belong to the highest class of
instruments available on the market. The RSI, which uses a silicon sensor, has a much narrower spectral
response function compared to thermopile instruments. In Fig. 2, this may explain the disagreement between
RSI and pyranometer at high irradiance, when the actual solar spectrum could differ from the specific
spectral conditions that existed during calibration. Considering the daily cleaning frequency at Shagaya and
Kabed, and the low failure rate in the redundancy tests (Table 1), the pyranometer/pyrheliometer setup is
considered more accurate than the RSI, except obviously during periods of malfunction of the solar tracker.
Thus data from the thermopile instruments were used for site adaptation. At Mutribah, Sabriya and Um
Gudair, the relaxed weekly cleaning frequency may have a negative impact on the GHI pyranometer
measurements, as this type of instrument is more sensitive to soiling than an RSI. Although the main soiling
issues were detected by visual check, some small residual errors may be still present even after QC. For that
reason, the site adaptation was based on RSI data for those stations.

3. Results and discussion
3.1 Ground data
The solar resource is found similar at the five radiometric stations, with a slight advantage at Shagaya and
Um Gudair (Figs. 4 and 5). Seasonal variations in DNI are slightly skewed towards the second half of the
year, due to higher aerosol loads during spring. A lower DNI is observed from October to May, with a
maximum occurring in July–August. The effect of aerosols on GHI is not as strong, which induces a
smoother seasonal variation, with minimum in November–February and maximum in June–August.
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Fig. 4: Monthly DNI totals for the 5 ground stations in 2013

Fig. 5: Monthly GHI totals for the 5 ground stations in 2013.

The dust-impacted spring season is a challenge for maintaining the accuracy of radiation measurements due
to rapid soiling and extreme operating conditions. In parallel, the prevalent high atmospheric turbidity
increases uncertainty in solar modeling. Therefore the uncertainty in both measurements and modeled data is
then higher than during other seasons, or than at other, less dusty sites. The uncertainty in long-term GHI and
DNI estimates should be reduced after the ground-measurement campaign reaches a least five years, and by
increasing the cleaning frequency of the RSI stations at Mutribah, Sabriya and Um Gudair to, e.g., twice a
week. Further work will be devoted to a better knowledge of the temporal and spatial variability of the
aerosol regime and its effect on GHI and DNI, e.g., using the sunphotometer now being deployed at Shagaya.
3.2 Satellite Derived-Data
The surface solar irradiance in SolarGIS is obtained from satellite-derived observations and a series of
parameterized models describing cloud transmittance, state of the atmosphere, and terrain conditions. The
methodology is described in Cebecauer et al. (2010, 2012) and Perez et al. (2013). In particular, the clear-sky
irradiance is evaluated by the Ineichen (2008) model, which, however, has been recently found to heavily
overestimate DNI under high-turbidity conditions typical of desert environments (Gueymard, 2014). The
natural variability in clear-sky atmospheric conditions is determined by changing concentrations of
atmospheric constituents, namely aerosols, water vapor and ozone. The cloud index is calculated from
routine radiance observations of meteorological geostationary satellites. The Meteosat satellite data used by
SolarGIS has a spatial resolution of ≈3–4 km over Kuwait and a temporal resolution of 30 minutes. Highresolution SolarGIS time series of irradiance have been purchased from GeoModel to help the KISR resource
assessment program.
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MERRA reanalyses use data from global observations covering the “satellite era” (1979 to present) and
assimilated into a global circulation model (NASA’s GEOS-5). Similarly to other reanalysis projects, the
analysis is designed to be as consistent as possible over time and thus uses a fixed assimilation system. The
MERRA data considers the orography and roughness of the terrain. The time step is one hour and the spatial
resolution is 2/3° long. x 1/2° lat. Unfortunately, MERRA does not provide modeled values of DNI.
The SSE database is derived from satellite observations of clouds for the most part. In the current SSE
Release 6.0, the solar and meteorological data span 22 years from July 1983 to June 2005, and GHI
(available on a daily basis) is derived from appropriate radiative transfer modeling using cloud-retrieved
input data. DNI is empirically derived from GHI, and is only available on a monthly-average basis.
Mean monthly values of GHI and DNI, as obtained from different sources, are compared in Fig. 6. For GHI,
the MERRA and “site-adapted” SolarGIS estimates agree relatively well on both their annual averages and
seasonal variations. In contrast, the original, or “raw” SolarGIS predictions slightly underestimate during
summer, whereas SSE more significantly underestimates GHI during all seasons, compared to the other
modeled determinations. This behavior completely reverses with regard to DNI, which makes SSE’s longterm annual average DNI 16.5% higher than that of the site-adapted SolarGIS. The latter results are
substantially corrected upward during summer compared to the raw SolarGIS data.
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Fig. 6: Modeled and measured monthly-average data at Shagaya for GHI (left) and DNI (right).

As of this writing, the period of measured data is only 23 months, so that their long-term average cannot be
calculated yet. The monthly-mean observations are rather displayed in Fig. 6 for each specific year of
available data, which provides a preliminary visual appreciation of the interannual variability. Despite the
short data period, the current ground observations support the conclusion that, for GHI, MERRA and the
adapted SolarGIS provide unbiased monthly estimates, except maybe in November when they might both
overestimate.
The situation is more complex for DNI. The raw SolarGIS largely underestimates in summer and February,
whereas SSE largely overestimates, except in winter. The SolarGIS site adaptation procedure results in a
strong correction during summer. Since summer is virtually cloud-free, this means the adaptation essentially
consists in a substantial aerosol correction, thus confirming previous findings regarding significant biases in
DNI datasets in regions heavily affected by dust aerosols (Gueymard, 2011; Gueymard et al., 2012).
Over dusty regions, like Kuwait, the site-adaptation procedure appears an essential component of an overall
solar resource assessment, by guaranteeing relatively unbiased long-term solar resource time series, and
ultimately better bankability of solar projects. In turn, the success of this site adaptation process completely
depends on the availability of high-quality and unbiased ground observations during a sufficient period.
The long-term temporal variability in GHI and DNI is an important factor to consider when evaluating the
financial risks of large solar power projects, which must maintain their performance in the future, during at
least two decades. The GHI anomaly, or interannual variation in GHI of a specific year compared to its longterm average, is shown in Fig. 7. The long-term 1994–2013 mean annual value from the adapted SolarGIS
database is chosen here as reference for the MERRA, SSE and SolarGIS anomalies. Interestingly, the
adapted SolarGIS and MERRA data agree quite well during the period 1995–2003. Then, however, their
predictions develop trends in opposite directions, which is a source of concern. Over the long term, an upward trend (or “brightening”) in the resource is apparent when considering the MERRA results, but a reverse
trend (“dimming”) appears when rather using the SolarGIS data—mostly driven by decreasing GHI since
2003. SolarGIS also has larger interannual variations than MERRA. In contrast, SSE displays an upward
trend since the Pinatubo years, with however a remarkable ≈10% reduction in magnitude compared to
MERRA. In 1991, the Pinatubo effect impacted SSE by a loss of ≈19% in GHI compared to the previous
year, in strong contrast with MERRA, for which the loss was only ≈2%. These findings were not anticipated
and call for further scrutiny, since it is essential to correctly evaluate the long-term trend in solar resource.
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Fig. 7: Annual anomaly in the GHI solar resource and long-term trends at Shagaya obtained
from MERRA, SSE and SolarGIS, all relative to the 19-year mean adapted SolarGIS data.

A very important input to radiation models is the Aerosol Optical Depth (AOD). For that quantity, the data
source used by SolarGIS is the chemical transport model known as MACC (Monitoring Atmospheric
Composition and Climate), which is developed by the European Center of Medium Range Weather
(ECMWF), based on the work of Morcrette et al. (2009). In Kuwait the daily variability in AOD can be very
high, which confirms previous findings (Gueymard, 2012). An example of daily MACC-derived AOD
variability is presented in Fig. 8 for the Shagaya station, after site adaptation corrections.


Fig. 8: Daily values of regionally adapted AOD at 670 nm used in SolarGIS for Shagaya, 2011–2013.

Table 3 provides the regionally adapted AOD values obtained by GeoModel after correction of the raw
MACC data, based on one year of radiometric measurements at Shagaya. Figure 9 shows calculations of the
daily clearness indices Kt and Kb for GHI and DNI, respectively, from 1994 to 2012. The MACC data is
available on a 6-hourly basis, but only since 2003. For the years before 2003 (i.e., 1994–2002 in the present
case) SolarGIS only uses a monthly climatology obtained from the post-2003 daily data, which introduces a
discontinuity. As could be expected, DNI (Fig. 9b) is more affected than GHI (Fig. 9a), since it is ≈3–4 times
more sensitive to AOD than the latter (Gueymard, 2012). Separate trend lines for each of the two periods
clearly show a brightening effect before 2003 and a dimming effect thereafter. This discontinuity may be
related to the change in aerosol data just explained, and/or to an increasing trend in regional AOD since then.
The latter explanation would be consistent with the recent dimming period observed in Iran (Rahimzadeh et
al., 2014). The discontinuity can also explain the diverging trends observed in Fig. 7 between MERRA and
SolarGIS after 2003. This serious issue obviously calls for a more detailed investigation.
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Tab. 3: Atmospheric optical depth (AOD) seasonality, as derived from regionally adapted MACC model.
Monthly averages of AOD at 670 nm for 2003–2012.

Station

Jan

Feb

Mar

Apr

Jun

Jul

Aug

Oct

Nov

Dec

Shagaya

0.27

0.33

0.33

0.45

0.50

0.39

0.31

0.29

0.24

0.26

Mutribah

0.29

0.35

0.34

0.48

0.51

0.36

0.30

0.29

0.25

0.26

Kabed

0.28

0.35

0.35

0.48

0.52

0.38

0.31

0.27

0.24

0.26

Sabryia

0.28

0.35

0.35

0.48

0.51

0.35

0.29

0.26

0.24

0.26

Gudair

0.28

0.34

0.34

0.46

0.51

0.38

0.30

0.26
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Fig. 9: Adapted SolarGIS daily clearness index and trend lines at Shagaya for 1994–2012; (a) GHI; (b) DNI.

Further analysis on the effect of aerosol on daily irradiation can be seen in Fig. 10a for GHI and Fig. 10b for
DNI. For DNI during the period 1994–2002, the daily Kb is much less variable than during 2003–2012 because of the use of long-term monthly-mean AOD data, which tends to heavily compress the daily variance.
Although summer months are essentially cloud-free, Fig. 10b shows a high and wide variability in the clearness index from day to day. In Fig. 10, Kt and Kb also display an interesting bi-modal pattern during the year,
with two lows in spring (April) and winter (November). This phenomenon is assumed to be typical of desert
areas of the region, such as Shagaya. In April, a low-level jet wind stream starts to blow and thus elevates
dust, which in turn increases AOD. During winter, dust clouds originating from Syria and Iraq are transported with high-level jet streams and move over Kuwait. This elevated turbidity in November can explain the
slight overestimation of modeled GHI and DNI observed in Fig. 6. As could be expected, these seasonal
patterns appear more clearly in the case of Kt (Fig. 10a).
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Fig. 10: SolarGIS daily clearness index vs. day of the year for 1994–2012 at Shagaya; (a) GHI; (b) DNI.
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As was shown above in Fig. 7, the annual GHI results of the MERRA and SolarGIS models correlate well
before 2003. A good correlation is also generally observed on a monthly basis (Fig. 11), although significant
deviations between the two models start to develop after 2003, for the possible reasons discussed above.
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Fig. 11: MERRA vs. SolarGIS monthly-average GHI for the periods 1994–2002 and 2003–2012 at Shagaya.

4. Conclusion
The resource assessment campaign undertaken by KISR since 2012 has been successful. Based on both wellmaintained ground measurements at five stations and state-of-the-art satellite-derived data, it has provided
the desired high-quality database and solar resource maps for Kuwait. This is the result of an accurate choice
of sites for the weather stations, the installation of high-precision instruments (with redundancy at two sites),
frequent site visits for maintenance and cleaning, and a serious quality control procedure. A very high fraction of valid data points is thus achieved, which is commendable considering the harsh desert environment.
This campaign is expected to continue for at least five more years to reduce the uncertainty in the current
solar resource statistics, since they are affected by significant interannual variability in aerosols and cloudiness. After completing the installation of a sunphotometer at the Shagaya station, it is expected that a full
characterization of the aerosol optical properties will be achieved during the campaign.
Although the use of solar/meteorological models is necessary to derive the surface irradiance and study its
interannual variability, the selection of the most appropriate type of model is still a complex issue. A satellite-based model, such as SolarGIS, can provide accurate determinations of DNI for the last ≈20 years, but
only after site adaptation. Moreover, its handling of aerosol data at different time scales during that period
may introduce artificial trends, comparatively to more temporarily stable reanalysis data, for instance.
Site adaptation of the satellite-based solar irradiance time series with short-term high-quality ground measurements appears essential to reduce the substantial systematic deviations present in these time series at sites
affected by large and variable aerosol loads. In the case of Kuwait, this site adaptation completely transforms
the conclusions that would be drawn from an incomplete resource assessment based solely on modeled irradiance data. For Shagaya, for instance, the annual-average DNI is increased 13% by the adaptation process,
transforming the local resource from moderate (before adaptation) to sufficient for viable concentrating power applications. High-quality aerosol data must be available to accurately model DNI and GHI. The large
underestimation of the raw satellite-derived DNI found during the (cloudless) summer season indicates that
the modeled AOD estimates are then highly overestimated. Improvements and/or corrections to the MACC
model are thus desirable. These should benefit from local ground observations of AOD, to be started soon.
The present findings finally suggest that, over Kuwait, the NASA-SSE database has significant bias in both
GHI and DNI, and higher uncertainty overall, compared to the MERRA and SolarGIS models.
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SHUIRUPDQFHRIDSKRWRYROWDLFV\VWHPLQUHDORXWGRRUFRQGLWLRQV7KLVSDSHULQYHVWLJDWHVWKHYDULDELOLW\RIVRODU
VSHFWUXPDWWKUHHGLIIHUHQWORFDWLRQVDW$OSLQHODWLWXGHV9LHQQD $XVWULD .DQ]HOK|KH $XVWULD DQG/XJDQR
6ZLW]HUODQG  7KH $YHUDJH 3KRWRQ (QHUJ\ $3(  LQGH[ LV XVHG WR TXDQWLI\ WKH VSHFWUDO GLVWULEXWLRQ ,W LV
GHULYHG IURP RXWGRRU PHDVXUHPHQWV DQG FRPSXWHG IRU WKH UDQJH  QP 7KH GLXUQDO DQG VHDVRQDO
YDULDELOLW\RI$3(LVDVVHVVHGXQGHUUHDOFRQGLWLRQVRIFORXGLQHVVDVZHOODVXQGHUFOHDUVN\FRQGLWLRQV7KH
UHVXOWV DUH LQWHUSUHWHG FRQVLGHULQJ WKH DWPRVSKHULF SURSHUWLHV RI WKH LQYHVWLJDWHG VLWHV DQG DQ H[DPSOH RI
DVVHVVPHQW RI KRZ PXFK WKH VSHFWUDO YDULDELOLW\ LQIOXHQFHV WKH SHUIRUPDQFH LQ JHQHUDWHG FXUUHQW RI
SKRWRYROWDLFPRGXOHVLVVKRZQ
.H\ZRUGVVRODUVSHFWUXPVSHFWUDOHIIHFWDYHUDJHSKRWRQHQHUJ\SKRWRYROWDLFVSHFWUDOUHVSRQVLYLW\VSHFWUDO
VLPXODWLRQ
 ,QWURGXFWLRQ
6HYHUDOVWXGLHV *RWWVFKDOJHWDO0LQHPRWRHWDO KDYHLQYHVWLJDWHGWKHUROHRIVSHFWUDOYDULDELOLW\
RQWKHSHUIRUPDQFHRIGLIIHUHQWSKRWRYROWDLF 39 WHFKQRORJLHV5HVXOWVGHPRQVWUDWHWKDWWKHVHOHFWLRQRIWKH
RSWLPDO39PDWHULDOVKRXOGDOVRGHSHQGXSRQWKHVSHFWUDOSHFXOLDULW\RIWKHLQVWDOODWLRQVLWH7KHSXUSRVHRI
WKLVZRUNLVWRFKDUDFWHUL]HDQGFRPSDUHWKUHHORFDWLRQVDW$OSLQHODWLWXGHV.DQ]HOK|KH9LHQQDDQG/XJDQR
ZLWKGLIIHUHQWDOWLWXGHVDQGFOLPDWLFFRQGLWLRQVIURPWKHSRLQWRIYLHZRIWKHVRODUVSHFWUXPYDULDELOLW\7KLV
LVDILUVWVWHSWRZDUGVDQH[KDXVWLYHFRPSDULVRQRIWKHSHUIRUPDQFHRIGLIIHUHQW39WHFKQRORJLHVZLWKUHVSHFW
WRWKHVSHFWUDOGLVWULEXWLRQRIWKHLQFRPLQJLUUDGLDQFHDWWKRVHVLWHV
,QWKHODVW\HDUVDQLQFUHDVLQJQXPEHURIVLWHVLQWKHZRUOGKDYHEHHQHTXLSSHGZLWKVSHFWURUDGLRPHWHUVWKDQNV
WRGHFUHDVLQJFRVWVDQGLQFUHDVLQJDFFXUDF\RIWKHVHLQVWUXPHQWV7RWKHDXWKRUV¶NQRZOHGJHPDQ\VWXGLHV
H[LVWWKDWLQYHVWLJDWHWKHVSHFWUXPDWVSHFLILFORFDWLRQV &RUQDURDQG$QGUHRWWL*RWWVFKDOJHWDO 
EXWYHU\IHZFRPSDUHPHDVXUHPHQWVDWGLIIHUHQWVLWHVHVSHFLDOO\LQ(XURSH)XUWKHUPRUHDFRPSDULVRQRI
UHVXOWV IURP GLIIHUHQW VWXGLHV LV GLIILFXOW VLQFH D  GLIIHUHQW LQGH[HV $YHUDJH 3KRWRQ (QHUJ\ $YHUDJH
:DYHOHQJWK8VHIXO)UDFWLRQ6SHFWUDO0LVPDWFK&RUUHFWLRQHWF DUHXVHGE WKHLQYHVWLJDWHGVSHFWUDVSDQ
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GLIIHUHQWZDYHOHQJWKUDQJHVRUF UHIHUWRGLIIHUHQWWLOWDQJOHVRIWKHSODQHRIVHQVRULQVWDOODWLRQ
 ([SHULPHQWDOVHWXS
7KH WKUHH ORFDWLRQV XQGHU LQYHVWLJDWLRQ DUH HTXLSSHG ZLWK VSHFWURUDGLRPHWHUV DFTXLULQJ VSHFWUD ZLWK D
IUHTXHQF\RIRQHPLQXWH7KHLQIRUPDWLRQFRQFHUQLQJWKHVLWHVDQGLQVWUXPHQWDWLRQLVUHSRUWHGLQ7DEOH
7DE&KDUDFWHULVWLFVRIWKHLQYHVWLJDWHGVLWHVDQGUHODWHGVSHFWURUDGLRPHWHUV
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7KHGDWDEDVHDYDLODEOHIURPHDFKVLWHFRYHUGLIIHUHQWWLPHSHULRGVUDQJLQJRQWKHZKROHIURP-XO\WR
'HFHPEHUIRUDWRWDORIPRQWKVRIVSHFWUDOGDWD
,QDGGLWLRQWRVSHFWUDOLQIRUPDWLRQGLIIXVHDQGJOREDOKRUL]RQWDOEURDGEDQGLUUDGLDQFHLVPHDVXUHGQH[WWRRU
LQSUR[LPLW\RIWKHVSHFWURUDGLRPHWHUV
 0HWKRGRORJ\
3.1. Average photon energy
7KH$3(LVXVHGLQWKLVVWXG\DVWKHLQGH[WRXQLTXHO\TXDQWLI\WKHVSHFWUXPFKDUDFWHULVWLFV 0LQHPRWRHWDO
 LHWKHH[WHQWWRZKLFKWKHVSHFWUDOGLVWULEXWLRQLVVSUHDGWRZDUGVORZHUUDWKHUWKDQKLJKHUZDYHOHQJWKV
$FFRUGLQJWR*RWWVFKDOJHWDO  $3(LVGHILQHGDVWKHDYHUDJHHQHUJ\RIWKHSKRWRQVZLWKLQWKHVSHFWUXP
DVLQWKHIROORZLQJHTXDWLRQ
 ܧܲܣൌ

ܧ ሺߣሻ݀ߣ

ߔ  ݍሺߣሻ݀ߣ
HT 

ZKHUHqLVWKHHOHFWURQLFFKDUJHE WKHVSHFWUDOLUUDGLDQFHDQGĭWKHSKRWRQVSHFWUDOIOX[GHQVLW\+LJKYDOXHV
RI$3(VWDQGIRUDVSHFWUDOGLVWULEXWLRQVKLIWHGWRZDUGVORZHUZDYHOHQJWKV EOXHVKLIW ZKLOHORZYDOXHVRI
$3(VWDQGIRUDVSHFWUDOGLVWULEXWLRQVKLIWHGWRZDUGVKLJKHUZDYHOHQJWKV UHGVKLIW 
,Q WKLV VWXG\ $3( IRU WKH WKUHH VLWHV LV FDOFXODWHG LQ WKH UDQJH  QP LQ RUGHU WR PDNH WKH VSHFWUDO
LQIRUPDWLRQFRPSDUDEOHEHWZHHQVLWHVDQGWRILOWHURXWSRVVLEOHQRLVHLQSUR[LPLW\RIWKHVSHFWURUDGLRPHWHU
PHDVXUHPHQWZLQGRZOLPLWV)XUWKHUPRUHGDWDRIGLIIXVHDQGJOREDOKRUL]RQWDOLUUDGLDQFHDUHDYDLODEOHIRUWKH
FDOFXODWLRQRIWKHGLIIXVHIUDFWLRQ UDWLRRIGLIIXVHDQGJOREDOLUUDGLDQFH LQRUGHUWRFODVVLI\FORXGLQHVVLQD
VSHFLILFWLPHVSDQ
3.2. Spectral simulation
,QRUGHUWRFRPSDUHVSHFWUDPHDVXUHGRQGLIIHUHQWSODQHVDQGD]LPXWK WLOWIRU.DQ]HOK|KHDQG9LHQQD
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WLOWDQGD]LPXWKIRU/XJDQR DVLPXODWLRQRIWKHVSHFWUDLVQHHGHG$VLPSOHWUDQVODWLRQRIWKHPHDVXUHG
VSHFWUDOLQIRUPDWLRQIURPWKHKRUL]RQWDOWRWKHWLOWHGSODQHLVLQIDFWQRWSRVVLEOHLQWKLVFDVHVLQFHQRVSHFWUDO
GDWDRIWKHGLUHFWRUGLIIXVHFRPSRQHQWDUHDYDLODEOH
7KHVLPXODWLRQRIJOREDOGLUHFWDQGGLIIXVHVSHFWUDOLUUDGLDQFHDWDVSHFLILFORFDWLRQDQGWLPHLVSHUIRUPHG
XVLQJ WKH uvspec PRGHO LPSOHPHQWHG ZLWKLQ WKH OLEUDU\ OibRadtran 0D\HU DQG .\OOLQJ   0RUH
VSHFLILFDOO\WKHGLVFUHWHRUGLQDWHVUDGLDWLYHWUDQVIHU ',6257 FRGH 6WDPQHVHWDO KDVEHHQVHOHFWHG
DVUDGLDWLYHWUDQVIHUVROYHU7KHPRVWLQIOXHQFLQJDWPRVSKHULFSURSHUWLHVVXFKDVDHURVRORSWLFDOWKLFNQHVVDW
GLIIHUHQW ZDYHOHQJWKV R]RQH FROXPQ DQG SUHFLSLWDEOH ZDWHU DUH UHWULHYHG IURP DHURQHW QHWZRUN 1$6$
 ZKHQDYDLODEOH,IWKLVLVQRWWKHFDVHGDWDRIDWPRVSKHULFFRPSRVLWLRQDUHUHWULHYHGIURPWKH0$&&
0RQLWRULQJ$WPRVSKHULF&RPSRVLWLRQDQG&OLPDWH SURMHFW7UDQVSRVLWLRQPRGHOV 3DGRYDQDQG'HO
&RO DUHWKHQDSSOLHGWRWUDQVODWHWKHVLPXODWHGVSHFWUDOLQIRUPDWLRQRI.DQ]HOK|KHDQG9LHQQDWRWKH
WLOWHGSODQHDV LQ/XJDQR7KHVN\PRGHODSSOLHGLQWKLVVWXG\DVVXPHVDQLVRWURSLFGLVWULEXWLRQRIGLIIXVH
LUUDGLDQFH /LXDQG-RUGDQ 
3.3. Photovoltaic performance assessment
,QRUGHUWRDVVHVVWKHLQIOXHQFHRIWKHVRODUVSHFWUXPRQWKHSHUIRUPDQFHRIDJHQHULF39GHYLFHWKHVKRUW
FLUFXLWFXUUHQW ,VF LVFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ *RWWVFKDOJHWDO 

ܫ௦ ൌ  ܣන ܴܵሺߣሻܩሺߣሻ݀ߣ
HT 
ZKHUHALVWKHGHYLFHDUHDSRLVWKHVSHFWUDOUHVSRQVLYLW\RIWKHSKRWRYROWDLFWHFKQRORJ\DQGGLVWKHVSHFWUDO
LUUDGLDQFH
 5HVXOWVDQGGLVFXVVLRQ
4.1. Spectral simulation and data verification
2QHZLQWHUDQGRQHVXPPHUFOHDUVN\GD\VKDYHEHHQVHOHFWHGIRUHDFKLQYHVWLJDWHGORFDWLRQLQRUGHUWRSHUIRUP
DVLPXODWLRQRIWKHVRODUVSHFWUXPZLWKDIUHTXHQF\RIRQHKRXU7KH$3(LQGH[KDVEHHQWKHUHIRUHGHULYHGIRU
HDFK WLPH VWHS DQG FRPSDUHG WR WKH FRUUHVSRQGLQJ PHDVXUHG YDOXH )LJXUH  UHSRUWV WKH VLPXODWHG DQG
PHDVXUHGYDOXHVRI$3(IRU.DQ]HOK|KH KRUL]RQWDOSODQH 9LHQQD KRUL]RQWDOSODQH DQG/XJDQR WLOWHG
SODQH 
,QIRUPDWLRQIURPDHURQHWQHWZRUNZKLFKLVFRQVLGHUHGWKHPRVWUHOLDEOHVRXUFHVLQFHLWGHULYHVIURPJURXQG
PHDVXUHPHQWVZDVDYDLODEOHRQO\LQ.DQ]HOK|KHIRUWKHZLQWHUGD\,QWKHFDVHRI.DQ]HOK|KHVXPPHUGD\
/XJDQRVXPPHUGD\DQG9LHQQDDWPRVSKHULFSURSHUWLHVZHUHGHULYHGIURP0$&&SURMHFW)LQDOO\QHLWKHU
DHURQHWQRU0$&&GDWDZHUHDYDLODEOHIRUWKHZLQWHUGD\LQ/XJDQR
,WLVHYLGHQWWKDWLQWKHFDVHRI.DQ]HOK|KHWKHVLPXODWHGYDOXHVVKRZDJRRGDJUHHPHQWZLWKWKHPHDVXUHPHQWV
DVZHOODVLQWKHFDVHRIWKHVXPPHUGD\LQ/XJDQR$VIRU9LHQQDWKHVWURQJGLVFUHSDQFLHVEHWZHHQVLPXODWHG
DQGPHDVXUHGYDOXHVLVGXHWRDSRVVLEOHXQGHUHVWLPDWLRQRIWKHLUUDGLDQFHVDW9,6UHGDQG1,5ZDYHOHQJWKV
RFFXUULQJLQWKHPHDVXUHPHQWSURFHVV)LJXUHVKRZVDFRPSDULVRQRIPHDVXUHGDQGVLPXODWHGVSHFWUXPDW
*07RIWKHFRQVLGHUHGVXPPHUGD\$OVR$0VWDQGDUGVSHFWUXPLVDGGHGDVUHIHUHQFH,WLVHYLGHQW
WKDW WKH VSHFWUDO LUUDGLDQFH GLVWULEXWLRQ DW KLJKHU ZDYHOHQJWKV IURP DURXQG  QP  GRHV QRW DVVXPH WKH
FKDUDFWHULVWLFVKDSHZKLFKLVDOVRYLVLEOHLQWKH$0VWDQGDUGVSHFWUXP$QRWKHUGLVFUHSDQF\VHHPVWRRFFXU
LQWKHUDQJHQP7KLVSUREOHPZKLFKRFFXUVLQDOOVSHFWUDUHODWHGWRWKHWZRVHOHFWHGGD\VPLJKWEH
FDXVHGE\DGDPSLQJLQWKHVLJQDOWUDQVPLVVLRQWKURXJKWKHRSWLFDOILEUHDQGZLOOEHIXUWKHULQYHVWLJDWHG
$OVR WKH VLPXODWHG YDOXHV RI $3( IRU WKH ZLQWHU GD\ LQ /XJDQR EDVHG RQ GHIDXOW YDOXHV RI DWPRVSKHULF
SURSHUWLHVGRHVQRWDJUHHZLWKWKHGDLO\SURILOHRIPHDVXUHG$3(7KLVIDFWFRQILUPVRQFHPRUHWKHYDOLGLW\
RI WKH VSHFWUDO VLPXODWLRQ PHWKRGRORJ\ XVHG LQ WKH RWKHU FDVHV DQG WKH QHHG IRU UHOLDEOH VRXUFHV RI GDWD
GHVFULELQJWKHDWPRVSKHUHFRPSRVLWLRQ
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)LJ6LPXODWHGDQGPHDVXUHG$3(GXULQJDZLQWHU OHIW DQGVXPPHU ULJKW FOHDUVN\GD\LQWKHWKUHHLQYHVWLJDWHG
ORFDWLRQV


)LJ&RPSDULVRQRIVLPXODWHGDQGPHDVXUHGVSHFWUXPIRUDVXPPHUFOHDUVN\GD\LQ9LHQQDLQQRUPDO OHIW DQG
ORJDULWKPLF ULJKW VFDOH$0VWDQGDUGVSHFWUXPLVDOVRUHSRUWHG

4.2. Daily APE profiles on the horizontal plane
$VVHHQWKHPHDVXUHPHQWVRIVRODUVSHFWUXPLQ9LHQQDVHHPWREHDIIHFWHGE\DV\VWHPDWLFORZHULQJRIWKH
VSHFWUDOLUUDGLDQFHDW9,6UHGDQG1,5ZDYHOHQJWKV2QWKHRWKHUKDQGWKHVDPHPHWKRGRORJ\WRVLPXODWH
WKH VRODU VSHFWUXP LQ 9LHQQD ILWV ZHOO WKH H[SHULPHQWDO PHDVXUHPHQWV RI .DQ]HOK|KH DQG ZKHQ UHOLDEOH
YDOXHV RI DWPRVSKHULF SURSHUWLHV DUH DYDLODEOH /XJDQR ,W LV WKHUHIRUH UHDVRQDEOH WR IRFXV RQO\ RQ WKH
VLPXODWHGYDOXHVRI$3(LQRUGHUWRFDUU\RXWDFRPSDULVRQEHWZHHQWKHORFDWLRQVRI9LHQQDDQG.DQ]HOK|KH
RQWKHKRUL]RQWDOSODQH

1127

Author Name / EuroSun 2014 / ISES Conference Proceedings (2014)


)LJXUHUHSRUWVWKHGDLO\SURILOHVRI$3(RIWKHUHODWLYHGLIIHUHQFHLQ$3(EHWZHHQWKHLQYHVWLJDWHGVLWHV
RIWKH$HURVRO2SWLFDO'HSWK $2' DWQPRISUHFLSLWDEOHZDWHUDQGRIVRODU]HQLWKDQJOH,WLVHYLGHQW
WKDWLQJHQHUDOWKH$3(LVORZHULQZLQWHUWKDQLQVXPPHULQERWKORFDWLRQVLHWKHVSHFWUXPLVPRUHUHG
VKLIWHG7KLVLVFRQILUPHGE\VHYHUDOVWXGLHVZKLFKDQDO\]HPHDVXUHGVSHFWUDDW1RUWKHUQVSKHUHODWLWXGHV
&RUQDURDQG$QGUHRWWL*RWWVFKDOJHWDO6FKZHLJHUHWDO,VKLLHWDO DQGVHHPV
WR EH UHODWHG WR KLJKHU OHYHOV RI SUHFLSLWDEOH ZDWHU RFFXUULQJ GXULQJ VXPPHU DW WKRVH ODWLWXGHV 2UWL] GH
*DOLVWHRHWDO DVFRUURERUDWHGE\WKHGDLO\SURILOHVPHDVXUHGDWWKHWZRLQYHVWLJDWHGORFDWLRQV












)LJ)URPWRSWRERWWRP6LPXODWHGGDLO\SURILOHVRI$3(UHODWLYHGLIIHUHQFHRI$3(ZLWKUHVSHFWWR9LHQQDDHURVRORSWLFDO
GHSWKSUHFLSLWDEOHZDWHUDQGVRODU]HQLWKDQJOHIRUDZLQWHU OHIW DQGVXPPHU ULJKW FOHDUVN\GD\
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,QERWKVHDVRQVWKHVRODUVSHFWUXPLQ.DQ]HOK|KHUHVXOWVPRUHEOXHVKLIWHGWKDQLQ9LHQQD7KLVGLYHUJHQFH
LVPRUHHYLGHQWLQZLQWHU GLIIHUHQFHLQ$3(RQDYHUDJH WKDQLQVXPPHU LQ$3(RQDYHUDJH 
)RFXVLQJ RQ WKH ZLQWHU GD\ DQG ORRNLQJ DW WKH UHODWHG $2' LW LV SRVVLEOH WR H[SODLQ WKLV IDFW ZLWK D
FRQVLGHUDEOHGLIIHUHQFHLQDHURVROOHYHOVEHWZHHQWKHWZRORFDWLRQVUHJLVWHUHGRQWKDWGD\,QIDFWDV%HKUHQGW
HWDO  UHSRUWLQFUHDVLQJYDOXHVRI$2'UHVXOWLQDJUDGXDOVKLIWWRZDUGVUHGZDYHOHQJWKVRIWKHVRODU
VSHFWUXPLHORZHUYDOXHVRI$3(
)LQDOO\WKHYDULDELOLW\RI$3(GLIIHUHQFHVEHWZHHQ.DQ]HOK|KHDQG9LHQQDZKLFKDVVXPHVDV\PPHWULF
OLNHSURILOHZLWKDPLQLPXPYDOXHDURXQGQRRQFDQEHH[SODLQHGE\WKHGLIIHUHQFHLQWKHYDOXHVRIVRODU
]HQLWK DQJOH LH RI LUUDGLDQFH LQFLGHQFH DQJOH RQ WKH FRQVLGHUHG SODQH LQ WKH KRUL]RQWDO FDVH  ZKLFK LV
PLQLPXPDWQRRQ
,WLVWKHUHIRUHFOHDUWKDWDQH[KDXVWLYHDQDO\VLVRIVSHFWUDOYDULDELOLW\PXVWWDNHLQWRDFFRXQWQRWRQO\WKH
JHRPHWULFGLIIHUHQFHVLQWKHVRODUSRVLWLRQEXWDOVRDFRPSOHWHFKDUDFWHUL]DWLRQRIWKHYDULDELOLW\RIDHURVRO
DQGZDWHUYDSRUFRQWHQWRIWKHDWPRVSKHUH
4.3. Daily APE profiles on the tilted plane
,WLVLQWHUHVWLQJWRDVVHVVWKHFKDUDFWHULVWLFRIVRODUVSHFWUXPRQDWLOWHGSODQHVLQFHSKRWRYROWDLFPRGXOHVDUH
YHU\RIWHQPRXQWHGRQLQFOLQHGVXUIDFHVWRRSWLPL]HWKHHQHUJ\SURGXFWLRQ)LJXUHVKRZVWKHGDLO\SURILOH
RI$3(RQDWLOWSODQHIRUWKHLQYHVWLJDWHGZLQWHUDQGVXPPHUFOHDUVN\GD\V$FRPSDULVRQLVSRVVLEOH
LQWKLVFDVHZLWKWKH$3(GHULYHGIURPVRODUVSHFWUXPPHDVXUHPHQWVLQ/XJDQR
7KHVSUHDGEHWZHHQ.DQ]HOK|KHDQG9LHQQD$3(GHWHFWHGIRUWKHKRUL]RQWDOSODQHFDVHLVVWLOOHYLGHQWKHUH
VWLOOPRUHSURQRXQFHGLQZLQWHUWKDQLQVXPPHU:LWKUHVSHFWWRWKHKRUL]RQWDOFDVHWKHSURILOHORRNVPRUH
SURQRXQFHGLHWKHUHLVDKLJKHUYDULDELOLW\GXULQJWKHGD\,QSDUWLFXODU/XJDQRVKRZVDJRRGDJUHHPHQW
ZLWKWKH$3(SURILOHVRI.DQ]HOK|KH


)LJ6LPXODWHGGDLO\SURILOHVRI$3(LQ9LHQQDDQG.DQ]HOK|KHIRUDZLQWHU OHIW DQGVXPPHU ULJKW FOHDUVN\GD\RQWKH
WLOWHG SODQH DQGFRPSDULVRQZLWKYDOXHVPHDVXUHGLQ/XJDQR

4.4. Seasonal variability of APE
7KHVHDVRQDOYDULDELOLW\RI$3(LQGH[FDQEHDVVHVVHGE\FDOFXODWLQJGDLO\RUPRQWKO\YDOXHVRI$3(DVDQ
DYHUDJHZHLJKWHGRQWKHEURDGEDQGLUUDGLDQFHLHRQWKHLQWHJUDOYDOXHRIWKHVSHFWUDOLUUDGLDQFH)LJXUH
VKRZVWKHYDULDELOLW\RIGDLO\YDOXHVRI$3(LQDPRQWKVUDQJHIURP-XO\WR'HFHPEHUDV
ZHOODVD]RRPIURP-XO\RQO\RISRLQWVFDOFXODWHGGXULQJFOHDUVN\GD\V7KHYDOXHVRI$3(LQ9LHQQD
DUH OLNHO\ WR EH DIIHFWHG E\ GDPSLQJ RI WKH VLJQDO WUDQVPLVVLRQ DQG VKRXOG QRW WKHUHIRUH EHHQ WDNHQ LQWR
FRQVLGHUDWLRQDVDOUHDG\GLVFXVVHGLQVHFWLRQ$QRWKHUSUREOHPDIIHFWVWKH$3(YDOXHVRI9LHQQDEHWZHHQ
-XO\WR0DUFKZKHQWKH\VXGGHQO\GURSIRUPRUHWKDQWRDVWDEOHYDOXHDURXQGH97KLV
PDOIXQFWLRQLQJLVDFWXDOO\GXHWRDGDPDJHRFFXUUHGWRWKHTXDUW]GRPHZKLFKEURNHOHDYLQJWKHVHQVRUDW
RSHQDLUDQGWRWKHDJLQJRIWKHGLIIXVHUPDWHULDO
)RFXVLQJRQ.DQ]HOK|KHDQG/XJDQRLWLVSRVVLEOHWRVHHDFHUWDLQGHJUHHRIVHDVRQDOYDULDELOLW\,QJHQHUDO
$3( LV ORZHU LQ ZLQWHU WKDQ LQ VXPPHU WKXV FRQILUPLQJ WKH UHVXOWV RI WKH DQDO\VLV RI GDLO\ SURILOHV ,Q
SDUWLFXODUWKLVVHDVRQDOYDULDELOLW\VHHPVPRUHSURQRXQFHGZLWKWLOWHGDQJOHVDVLQ/XJDQR RIUHODWLYH
GLIIHUHQFH LQ $3( ZLWK UHVSHFW WR WKH VXPPHU YDOXHV  UDWKHU WKDQ RQ WKH KRUL]RQWDO SODQH  IRU
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.DQ]HOK|KH 7KLVLVDQRWHZRUWK\IDFWVLQFHLWLQIHUVWKDW39SODQWVLQVWDOOHGRQWLOWHGSODQHVDUHPRUHSURQH
WRSHUIRUPDQFHYDULDELOLW\GXHWRVSHFWUDOHIIHFWVWKDQWKHKRUL]RQWDOFDVH
)LQDOO\WKHYDOXHVRI$3(RQWKHWLOWHGSODQHWHQGWRGLYHUJHPRUHIURPWKRVHRQWKHKRUL]RQWDOSODQHZKHQ
FORVHWRZLQWHU




)LJ6HDVRQDOSURILOHVRIGDLO\DYHUDJH$3(IRUWKHWKUHHVLWHVXQGHULQYHVWLJDWLRQD UHDOFRQGLWLRQVRIFORXGLQHVVE FOHDU
VN\FRQGLWLRQV IURP-XO\ 

4.5. Spectral effect on module performance
,Q RUGHU WR HYDOXDWH WR ZKLFK H[WHQW WKH GLIIHUHQFH RI VRODU VSHFWUXP LQ GLIIHUHQW ORFDWLRQV DIIHFWV WKH
SHUIRUPDQFHRID39GHYLFHWKHVDPHZLQWHUDQGVXPPHUFOHDUVN\GD\VKDYHEHHQWDNHQLQWRFRQVLGHUDWLRQ
$ JHQHULF SRO\FU\VWDOOLQHVLOLFRQ PRGXOH ZKRVH VSHFWUDO UHVSRQVLYLW\ LV NQRZQ KDV EHHQ FRQVLGHUHG WR
FDOFXODWHWKHVKRUWFLUFXLWFXUUHQWXVLQJHTXDWLRQ)LJXUHVKRZVWKHUHODWLYHGLIIHUHQFHLQIscEHWZHHQWKH
VDPHPRGXOHDVLWZDVLQVWDOOHGLQ9LHQQDDQGLQ.DQ]HOK|KH7KHVLPXODWHGVSHFWUDKDYHEHHQSUHYLRXVO\
QRUPDOL]HGLQRUGHUWRPDNHVSHFWUDZLWKGLIIHUHQWEURDGEDQGLUUDGLDQFHFRPSDUDEOH
7KHPRUHUHGVKLIWHGVSHFWUD ORZHU$3( VHHQLQ9LHQQDIRUERWKGD\VUHVXOWLQDKLJKHUSHUIRUPDQFHRIWKH
FRQVLGHUHG 39 GHYLFH LQ WKLV ORFDWLRQ LQ WHUPV RI Isc 7KLV LV GXH WR WKH LQFUHDVLQJ UHVSRQVLYLW\ RI
SRO\FU\VWDOOLQHVLOLFRQPRGXOHVZKHQPRYLQJIURPWKH9,6WRWKHQHDU,5UHJLRQ)RUH[DPSOHDURXQGQRRQ
LQDZLQWHUGD\WKHPRGXOHLQVWDOOHGLQ9LHQQDSURGXFHVPRUHFXUUHQWWKDQLQ.DQ]HOK|KHZKLOHLQ
VXPPHU DOPRVW  PRUH ,W KDV WR EH SRLQWHG RXW WKDW D KLJKHU SHUIRUPDQFH LQ WHUPV RI Isc GRHV QRW
QHFHVVDULO\PHDQDKLJKHUSHUIRUPDQFHLQWHUPVRIHQHUJ\SURGXFWLRQVLQFHWKHPRGXOHYROWDJHLVVWURQJO\
GHSHQGHQWRQWKHDPELHQWWHPSHUDWXUH
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)LJ5HODWLYHGLIIHUHQFHRI,VFRIDSRO\FU\VWDOOLQHVLOLFRQPRGXOHLQVWDOOHGLQ9LHQQDDQG.DQ]HOK|KHIRUDZLQWHUDQG
VXPPHUFOHDUVN\GD\

 &RQFOXVLRQV
6SHFWUDOLUUDGLDQFHPHDVXUHPHQWVIURPWKUHHGLIIHUHQWVLWHVDQGWZRGLIIHUHQWWLOWDQJOHVKDYHEHHQFROOHFWHG
IRUPRUHWKDQWKUHH\HDUVWRDVVHVVWKHYDULDELOLW\RIVRODUVSHFWUXPDWWKRVHORFDWLRQV7KHVWXG\KDVEHHQ
FDUULHGRXWXVLQJWKH$3(LQGH[FRPSXWHGLQWKHUDQJHQP
7KHDQDO\VLVRIGDWDFRQILUPVDVHDVRQDORVFLOODWLRQRIVRODUVSHFWUXPWRZDUGVPRUHEOXHULFKFRQWHQWVLQ
VXPPHUDQGPRUHUHGULFKFRQWHQWVLQZLQWHU7KLVVHDVRQDORVFLOODWLRQLVPRUHHYLGHQWRQWLOWHGSODQHV 
LQ$3(UHJLVWHUHGLQ/XJDQRRQDWLOWHGSODQH 7KHUHODWLYHGLIIHUHQFHRIVRODUVSHFWUDEHWZHHQKRUL]RQWDO
DQGWLOWHGVXUIDFHVSUHVHQWVDPLQLPXPGXULQJVXPPHUDQGDPD[LPXPGXULQJZLQWHU
7KHVSHFWUDOFKDUDFWHUL]DWLRQRIDORFDWLRQVWURQJO\GHSHQGVRQLWVDWPRVSKHULFFKDUDFWHULVWLFVDQGHVSHFLDOO\
RQDHURVRODQGSUHFLSLWDEOHZDWHUFRQWHQW)XUWKHUPRUHDOVRJURXQGDOEHGRZKLFKGHSHQGVRQD]LPXWKDQG
WLOWDQJOHRIWKHSODQHDQGWKHD]LPXWKDOJURXQGYLHZIDFWRURIWKHORFDWLRQSOD\DQLPSRUWDQWUROHHVSHFLDOO\
IRUWLOWHGSODQHV$GHHSHUVWXG\RIWKHYDULDELOLW\RIWKRVHIDFWRUVLQWKHFRQVLGHUHGORFDWLRQVLVWKHUHIRUH
ZRUWK\
5HVXOWVVKRZWKDWGHSHQGLQJXSRQWKHSKRWRYROWDLFWHFKQRORJ\DQGLWVUHVSRQVLYLW\WRVRODULUUDGLDQFHWKH
HIIHFWRIWKHVROHVRODUVSHFWUXPRQLWVSHUIRUPDQFHLQJHQHUDWHGFXUUHQWEHWZHHQGLIIHUHQWORFDWLRQVLVQRW
QHJOLJLEOH XSWREHWZHHQWKHORFDWLRQVRI9LHQQDDQG.DQ]HOK|KHIRUDJHQHULFZLQWHUFOHDUVN\GD\
DQGIRUDSRO\FU\VWDOOLQHVLOLFRQ39GHYLFH 7KLVFRQILUPVRQFHPRUHWKHLPSRUWDQFHWKDWWKHVHOHFWLRQRIWKH
RSWLPDO39PDWHULDOVKRXOGDOVRWDNHLQWRFRQVLGHUDWLRQWKHVSHFWUDOSHFXOLDULW\RIWKHLQVWDOODWLRQVLWH$PRUH
H[WHQVLYHVWXG\RQWKHRYHUDOOHIIHFWRIVSHFWUDOYDULDELOLW\RQWKHLQYHVWLJDWHGVLWHVZLOOEHREMHFWRIDIXWXUH
VWXG\LQYROYLQJPRUHSKRWRYROWDLFWHFKQRORJLHV
6LPXODWLRQVRIVRODUVSHFWUXPFDUULHGRXWZLWK',6257UDGLDWLYHWUDQVIHUHTXDWLRQVROYHUDQGDWPRVSKHULF
LQSXWSDUDPHWHUVIURPDHURQHWQHWZRUNRU0$&&SURMHFWGHPRQVWUDWHVWKHXVHIXOQHVVRIWKLVPHWKRGRORJ\
LQUHFRQVWUXFWLQJVRODUVSHFWUDOLQIRUPDWLRQZKHQPHDVXUHPHQWVDUHPLVVLQJRULQYDOLGDWLQJDYDLODEOHRQ
VLWHPHDVXUHPHQWVWRGHWHFWSRVVLEOHPDOIXQFWLRQLQJLVVXHV7KHXVHRIGHIDXOWRUORZWHPSRUDOUHVROXWLRQ
RUGHURIPRQWK LQSXWYDOXHVIRUDWPRVSKHULFSURSHUWLHVVKRXOGEHDYRLGHG
 $FNQRZOHGJHPHQWV
7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH (XURSHDQ 5HJLRQDO 'HYHORSPHQW )XQG (5')  DQG WKH 6WLIWXQJ
6GWLUROHU6SDUNDVVHIRUFRILQDQFLQJWKHSURMHFWD³39,QLWLDWLYH´
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Abstract
The availability of hourly irradiance data is very important in the assessment of solar energy resources. This
quantity is estimated for hourly global solar irradiance recorded in most radiometric stations. Measurements
of global, diffuse, direct normal irradiance (DNI) and meteorological variables have been recorded and
evaluated in an rural area northwest Spain. Daily solar radiation data show a large annual cycle with a
maximum in June when the influences of summer solstice occur. Maximum hourly and daily direct normal
irradiance occurs in June 2011, 1006.5 W m-2 and 43.70 MJ m-2, respectively. Daily clearness index varies
between 0.79 from June to August and 0.2 in winter. It has been observed that DNI tends to show much
variability than global solar irradiance in December and January months as consequence of cloudy weather
associated with low-pressure systems. The most representative statistical DNI indices (mean, median,
standard deviation, maximum, minimum, quartile, percentiles coefficient of quartile variation) has been
evaluated. In addition four models have been selected for predicting hourly direct normal solar irradiance
from global solar irradiance. Model validation has been performed by comparison with experimental data by
means of two statistic estimators, root mean square error and mean bias deviation.
Key-words: direct normal irradiance; clearness index; DNI modeling; model validation

1. Introduction
The main energy source for the Earth-atmosphere system is solar radiation. One important component of
incident radiation is direct normal solar irradiance, DNI, which is the maximum amount of solar radiation
received per unit area by the Earth’s surface. Solar radiation at ground level depends on geographical and
astronomical factors such as, latitude, (Oña et al. 2013), Earth-Sun distance, solar altitude, and interaction
with atmospheric components such as aerosol, ozone, clouds, water vapour, and gases. Under cloudless
conditions, one of the main factors impacting DNI is atmospheric aerosol, the effect of which on DNI
depends on the aerosol amount, its absorption, and its scattering, (Bilbao and De Miguel 2010; De Miguel et
al. 2011).
The knowledge of DNI arriving at the earth's surface is important for designing solar energy applications,
heating and cooling loads as well as simulations of long-term process operations. In addition, concentrating
solar thermal power requires clear skies and strong sunlight for solar applications, in this case the solar
resource is measured as direct normal irradiance (DNI) which is the energy received on a tracking surface
perpendicular to the sun rays. Locations whose latitude ranges between 45º S and 45º N are within the "solar
belt", and are the most suitable areas for DNI applications if their mean solar DNI resources are above 5 kWh
m-2 day-1, (Meyer at al. 2011)
Long data sets of DNI are rarely available at the location of interest because of problems with maintenance
and the high cost of solar sensors. Available data series are frequently typical reference year data series,
TRY, (Bilbao et al. 2003, 2004). For these reasons DNI must be estimated from other variable recorded at the
place.
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Nowadays there are different method and models for simulating DNI data and they can be classified as a)
radiative transfer models (Bilbao et al. 2011; Ineichen, 2009; Kaskaoutis and Kambezidis, 2008) and b)
decomposition models (López et al. 2000). The first ones are based on interactions of solar direct with the
atmosphere, as scattering by air molecules, water and mineral dust (aerosols) and absorption by gases (ozone,
water vapor, CO 2 ). The decomposition models relate DNI with other solar radiation variable. Some authors
have estimated DNI from diffuse and global solar irradiance and other methodologies evaluate DNI from
global solar irradiance (Bilbao et al. 2004; Gueymard, 2009). Diverse authors have proposed different
relationships between DNI and atmospheric and meteorological variables and as consequence model
algorithms have been developed, (López et al. 2000; Perez at al. 1990).
Several research groups have evaluated solar radiation using remote sensing data, (Espinar et al. 2009;
Hammer et al. 2003) and different authors are involved in different campaigns for monitoring changes in
DNI (Islam et al. 2010).
The aim of this paper is to analyze the DNI characteristics, select and evaluate different algorithm models at
some stations and assess the agreement between measured and estimated values. The results have been
compared to decide with model could be recommended as the best for the continental Mediterranean region.
Section 2 provides detailed information about site description, sensors, data collection and quality are shown.
Methodology is given in section 3 and results and discussion obtained in the study are provided in section 4.
And finally, section 5 summarizes the main results and findings.
2. Location, Instruments and data
The Solar Radiometric Station (SRSUVA) is located in a rural area free from obstructions, at Villalba de los
Alcores, 40 km NW of Valladolid city (Spain). The geographical coordinates are: 41º48´50'' N, - 4º55’48'' W
and 840m a.s.l. The climate is continental, but is also influenced by the Mediterranean, with dry and warm
summers and cold and wet winters. Cloudless skies predominate in summer while cloudy skies are more
frequent in autumn and winter. Typical annual rainfall averages about 476 mm, (Oña et al. 2013). SRS is
equipped with numerous radiometric and meteorological sensors. Direct normal solar irradiance
measurements were recorded using a solar tracker (Solys-2 from Kipp & Zonen) which has a CHP-1
pyrheliometer with a 2% calibration accuracy, 14 µV/W m-2 sensitivity, a 200 to 4000 W m-2 irradiance
range, and a 280-5000 nm spectral range. Global and diffuse solar irradiance were recorded each ten minutes
by two CMP21 (Kipp & Zonen) pyranometer, (Bilbao et al. 2011). The instrument has a flat spectral
response from 305 to 2800 nm, and is well calibrated each two years. The expanded uncertainty (95%
confidence) of the measurements obtained by the CMP21 instrument is about 2% (given by Kipp & Zonen).
All sensors are connected to two CR23X Campbell dataloggers which are programmed to record
measurements each 10 minutes as an average of 10-second values. The DNI data used were recorded
between January 2010 and December 2012 and a quality control data were performed prior to data use.
Hourly and daily data were evaluated and a series of 57,537 global solar and 57,643 direct normal 10-minute
data values were analysed. Meteorological variables such as temperature, relative humidity, and pressure are
recorded by a HMP35AC probe (Vaisala) and a RPT410F Barometric Pressure sensor (Campbell Scientific),
respectively. Also hourly data series for the period 2002-2010 from State Meteorological Agency (AEMET),
in Madrid (Universitary City 40º27'06'' N, 3º43'27'' W and 664m a.s.l.), Cáceres (39º28'17'' N; 6º20'20'' W
394 m a.s.l.) and Valladolid (41º39'00'' N, 4º46'00'' W and 735m a.s.l.) have been used.
3. Methodology
A statistical study of the most representative indices have been evaluated and the following parameters were
assesses: arithmetic average, standard deviation, maximum, minimum, first and third quartile, coefficient of
quartile variation, which is defined by the expression: V = 100(Q 3 - Q 1 ) / (Q 3 + Q 1 ) and P5 and P95
percentiles.
The cloud effect was interpreted by the cloud modification factor, CMF, defined by the following
expression:
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(eq. 1)

where I can be DNI; I meas is the measured irradiance and I cls is the calculated irradiance under cloudless
conditions. The CMF meaning is related to cloud transmittance.
Four algorithms were selected for simulating DNI, Maxwell,(Maxwell,1987), Skarveit and Olseth (Skarveit
and Olseth, 1987) and Erbs, Klein and Duffie (Erbs et al.1982) and RR-model (Perez-Burgos et al. 2015).
They will call as EK&D, S&O, Maxwell and RR models in this study. The Maxwell is a “quasi-physical”
and combines a physical clear sky with experimental fits for other conditions. EK&D was selected because it
has been used by the International Energy Agency, (Perez et al. 1990). The algorithms were selected because
some of them had been the most accurate by the International Energy Agency. Inputs for all models consists
of global irradiance and solar zenith angle, SZA. A statistical study of the most representative DNI indices for
each month of the year has been evaluated. Global solar irradiance and solar zenith angle, SZA and the
clearness index, K T are the variables used (De Miguel et al. 2011).
4. Results
This section aims to evaluate daily DNI values and analyse the distribution characteristics of energy levels,
following the daily evolution at different times of the year at the SRSUVA. An initial analysis of DNI data
characteristics, global irradiance was performed as functions of time of year, and DNI, global irradiance, and
the clearness index frequency distributions are reported. Some previous results about DNI modelling are also
included.
4.1 Maximum hourly direct normal irradiance and daily irradiation
Hourly and daily DNI values were calculated from 10-min recorded data. It can be observed that maximum
hourly DNI ranges between 1006.5 W m-2 and 100 W m-2. Daily values show a high symmetry around June
when irradiance reaches maximum values, while it decreases in spring and autumn and reaches its minimum
in winter
Daily DNI follows the variation of the day length, both being maxima in summer and minima in winter.
Maximum daily DNI irradiation was reached on June 21st, 2011 and it was around 43.70 MJ m-2. The results
can be explained taking into account the symmetry relation between the summer and winter solstices. The
strong fluctuations in the evolution of hourly and daily values are mainly due to the presence of clouds,
which reduce direct irradiance.
4.2 Monthly maximum and mean daily DNI irradiation

Fig. 1: Annual evolution of maximum and monthly mean daily direct normal irradiation for the period 2010-2012 at Villalba de
los Alcores, Valladolid (Spain).

Monthly mean DNI values show greater fluctuations in winter and spring due to clouds (Fig. 1) the
maximum occurring in July, 32.50 MJ m-2. A relative maximum is shown in March, 17.30 MJ m-2 and a
minimum in January, 9 MJ m-2 (blue lines).
4.3 DNI and global irradiance frequency distributions
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An initial analysis of data was performed on the basis of the frequency histograms for 10-min solar data of
DNI and global irradiance levels. Fig. 2 shows DNI frequency distribution, which can be assumed to be a
linear combination of three distinct Beta probability functions: exponential, uniform, and asymmetric
(Assunçao el al. 2003). The exponential range (DNI < 100 W m-2) corresponds to atmospheric conditions in
which direct normal solar irradiance is low and frequency is high. These low DNI values are due to
measurements under low solar altitudes (near sunrise and sunset). The other factor increasing the frequency
of low DNI values is clouds.

Fig. 2: Direct normal and global solar irradiance frequency distribution for the period 2010-2012 at Villalba de los Alcores,
Valladolid (Spain).

Fig. 2 also shows the frequency distribution of global solar irradiance. There is almost a normal distribution
with a positive tail, the low irradiance values corresponding to cloud conditions, which have a weaker effect
on global than on direct normal irradiance. Frequency decreases as energy increases. The authors found that
the bimodal character of the frequency distribution becomes more distinct as the optic air mass increases
(Assunçao et al. 2003). In our work, all data have been included, and the study requires an air mass
classification which will be taken into account in future research.
4.4 Sky clearness index
Clearness index, K T , is defined as the relation between global and horizontal solar extraterrestrial irradiation
during the same period of time. Taking into account (Iqbal,1975), the sky can be considered as clear (K T t
0.7), partly cloudy (0.3 d K T < 0.7), or very cloudy (K T < 0.3). From this index, skies can be classified into
clear, partly clear, and all sky conditions.

Fig. 3: Clearness index frequency distribution for the period 2010-2011 at Villalba de los Alcores, Valladolid (Spain)

The clearness index at SRSUVA varies between 0.78 and 0.45 in summer time, and in winter, DecemberMarch, between 0.7 and 0.25. In our region, clouds affect the clearness index more than any other factor.
Clouds may block the sun and thus reduce the clearness index below the unit. Comparing these results with,
(Islam et al. 2010), it can be seen that in summer time clear skies are more frequent at SRSUVA than in
lower latitude stations; this difference might be explained by the environmental conditions of atmospheric
visibility and by the influence of nearby deserts. The frequency distribution of the observed hourly clearness
index was evaluated and plotted in Fig. 3. The choice of 0.05 wide clearness index bins demonstrates that
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this distribution in our region has a maximum mode close to 0.75 clearness index, even though cloud traces
and even variations in pressure, ozone, humidity, turbidity, albedo certainly contribute to widen this mode.
Fig. 3 also shows that 46% of K T are above 0.7, meaning that 46% of measurements correspond to clear sky.
Compared to other locations, DNI reaches high values in Spain during summer, other countries accumulating
more hours with moderate DNI values, (Islam et al. 2010).
4.5 Statistical characteristics of monthly and yearly average DNI values
The yearly DNI average value was 18.03 MJ m-2 and the standard deviation 12.50 MJ m-2; maximum daily
monthly DNI was reached in June, 43.70 MJ m-2, at Villalba de los Alcores solar station (Spain). DNI
variability has been studied by means of the coefficient of quartile variation V. From this, it can be seen that
it fluctuates between 94.64 in January and 16.77 in July. The monthly average values are between the first
and third quartile. The frequency histograms for 10-min solar data of DNI and global irradiance levels can be
assumed to be a linear combination of three distinct Beta probability functions: exponential, uniform, and
asymmetric (Assunçao et al. 2003).
4.6. DNI and databases
Tab: 1: Monthly mean daily DNI measured and model values for Villalba de los Alcores station, Valladolid (Spain)

Month
January
February
March
April
May
June
July
August
September
October
November
December

DNI (kWh m-2 day-1)
Ground Measured
NASA-SSE model
1.79
3.20
3.12
4.23
3.58
5.36
5.44
5.41
6.37
6.00
8.48
7.38
8.16
7.55
6.34
6.82
6.08
5.83
5.02
4.05
1.91
3.26
2.75
2.83

In addition, there are databases data that provide DNI values for different places and time intervals. These
databases use different kinds of input data (satellite data, ground measurements) and different procedures to
estimate DNI values. In this study the measured DNI values have been compared with NASA-SSE database,
https://eosweb.larc.nasa.gov/project/sse/sse_table.The results are shown in Table 1 and the differences
between measured and database values implied an error (relative deviation) of 4.8% in Villalba de los
Alcores station, Valladolid (Spain), which means that database overestimates DNI and the error in Madrid
was -2.5%, the lowest value. As a conclusion, it can be thought that it is difficult to get reliable DNI data
because database shows different value and there is a source of uncertainty, Table 1 and Table 2. After our
study we have observed that the lack of DNI data and the availability of global solar irradiance have make
interesting to find the most appropriate procedure and model to obtain DNI from global solar irradiance in
order to know if places are favourable for the use of concentrator solar systems, (Pérez-Higueras et al. 2012).
Tab. 2: Annual DNI values for four Spanish locations (kWh m-2).

Location
Cáceres
Madrid
Valladolid
Villalba de los Alcores

Measured
2102
2029
1806
1795

NASA-SSE
2197
1978
1880
1883

4.7 Simulation DNI 10-min values
Four different algorithms were selected, (Erbs et al. 1982, Maxwell 1987, Skartveit and Olseth 1987, and
Perez-Burgos et al 2015) for evaluating DNI 10 minutes values. Inputs to all models were the global
irradiance, the solar zenith angle and the clearness index. Model performance has been evaluated by the
observations of trends in scatter plots (not shown) and by the two statistical estimators RMSE and MBE
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taking into account the DNI irradiance measurements. For cloudless sky conditions (K T t 0.7) and low zenith
angle range (0º - 35º), the Maxwell model obtains the lowest values of MBE and RMSE errors. The
comparison between the estimated (Skarveit and Olseth 1987 model) and measured DNI values shows a
linear fit with a correlation coefficient of 0.969; the study shows that the algorithm proposed by Maxwell
(1987) performs better than those proposed by Erbs, Klein and Duffie and Skarveit and Olseth respectively,
although each model performs better depending on the atmospheric and climatic characteristics of the place,
(Perez et al. 1990).
For clear sky (K T  0.70) Erbs and Skarveit models obtain the lowest RMSE (10%). For all data Skartveit and
Erbs models obtain RMSE of 15%. Under cloudy conditions (K T = 0.20 - 0.45) all models obtain RMSE of
80% except RR model that obtains 50% at Villalba de los Alcores (Spain).
Fig. 4 shows that RMSE ranges between 80% and 9%, depending on clearness and for all data, Skarveit,
Maxwell and Erbs model gives the best results and also for clear skies, low panels. RMSE increases for low
values of K T (0.20 - 0.45). Erbs model does not give good results for k low and intermediate values; Erbs is
a model for clear and all sky values.

Fig. 4: Model RMSE variations as a function of location and clearness index for four different models.

5. Conclusions
Direct normal and global irradiance and meteorological data monitored during the period June 2010 to
December 2012 at a radiometric station near Valladolid, Spain were analyzed. Maximum hourly DNI ranges
between 1006.5 W m-2 and 100 W m-2. Daily DNI follows the variation of the solar altitude angle and day
length, and reaches a maximum in summer and a minimum in winter. Maximum daily DNI irradiation occurs
on 21 June 2011 with 43.70 MJ m-2.
Measurements were compared to modelled data of the 22-year average of the NASA EES model, the results
showing that modelled values are higher than measured ones except in summer months, although yearly
mean results are similar in the two series.
When clearness index results are compared to the corresponding values at lower latitudes near desert areas, it
was observed that Spanish K T index values are higher in summer time due the possible presence of desert
dust aerosol at lower latitudes. The clearness index results confirm the mostly clear sky conditions, although
they are affected by convective evolution clouds during the central hours of the day. In conclusion, it might
be said that skies are clearer in the studied region.
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Solar DNI irradiance was simulated by three different models and the comparison of measured and simulated
values shows that the statistical errors increase when the clearness index and solar zenith angle increase.
The findings from this study are interesting for gaining insights into the potential solar energy received in
central Spain and for climatology, as well as radiative interaction in the atmosphere, and concentrating solar
energy systems.
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Abstract
The assessment of renewable energy resources requires supplementary site specific ground data to validate
the solar irradiation databases derived from satellite information by using numerical modeling of radiative
processes in atmosphere. The quality control is a key aspect of any data acquisition program in order to
guarantee reliability and allow comparison analysis between different observational datasets. The Brazilian
Institute for Space Research (INPE) has implemented the Brazilian Environmental Data Organization System
(SONDA) network to provide solarimetric and meteorological data to support the Brazilian energy sector
regarding to the information demand on solar and wind energy resources. Currently, a better understanding
on solar resource variability (seasonal and interannual) is becoming increasingly required since the growth of
the solar energy share in Brazilian Electricity Matrix is very likely for the next years. This work presents a
detailed description of the SONDA network and all procedures adopted to ensure the data quality before
deliver for free public access.
key-words: Solar radiation database, Remote sensing, Quality Control, SONDA network

1. Introduction
The modern lifestyle demands a continuous and reliable supply of energy. The human development, as
indicated by socio-economic parameters, is strongly related to per capita consumption of energy so that a
strong increase in energy demand is expected along the next decades as a result of the improvement on living
conditions in emerging economies like Brazil (Asif, M and T. Munee, 2007).
The energy planning, as well as renewable power plant projects, requires reliable information and data to
support decision-making processes by investors, energy entrepreneurs, and government and non-government
organizations (Pereira and Lima, 2008; Moradi, 2009; Tang et al., 2010; Journeé and Bertrand, 2011, Martins
and Pereira, 2011). In order to reduce the lack of information, the Centre for Earth System Science at
Brazilian Institute for Space Research (CCST/INPE) has been working in research activities related to solar
and wind resource assessment since second half of 1990’s. After the SWERA project funded by UNEP
(Brew-Hammond, 2011), the SONDA network has been the only research program specific designed to
deliver reliable meteorological and solarimetric data to support the Brazilian energy sector.
The measurements sites are strategically located to evaluate and characterize the solar energy resource in all
typical regional climate conditions in Brazilian territory. All SONDA database is deliver for public access at
http://sonda.ccst.inpe.br/ and it can be used as benchmark for development and validation of numerical
models. The quality tests and procedures used in the SONDA database are in accordance with the standard
requirements of the Baseline Surface Radiation Network (BSRN).
This paper aims in describing the SONDA network, presenting the location and configuration of the
measurement sites, describing the quality control algorithm and, the preliminary results achieved with quality
control. The typical features of solar energy resource in Brazil are discussed as well. The paper will first
describe briefly the solar energy resource in Brazil and the SONDA network in section 2. In section 3 the
quality control procedure used for SONDA database will be presented.
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2. Data
Currently, the SONDA network has 18 measurement stations distributed throughout Brazilian territory as
shown in Figure 1.Thirteen of them are managed by CCST/INPE and partner institutions operate the other
five sites. Figure 2 presents some pictures of measurement sites operating in Southern, Northeastern and
Midwestern regions of Brazil. The following criteria were considered to decide on measurement site
locations:
a)

Representativeness - the site location should be representative of a typical regional climate;

b) Physical security – the location should be inside a closed area under supervision of security team;
c)

Topography and Obstacles – areas should be free of physical obstacles that may affect the
measurements and avoiding areas with complex terrain orography;

d) Land use – sites should be located in areas with low chance of land use changes during the lifetime
of the station to prevent future no-expected obstacles that could affect the data;
e)

Electricity and Internet – areas close to electricity grid and inside the coverage area of INTERNET
services or areas assisted by cell phone service.

Fig. 1: Location map of SONDA measurement sites. The ID number for each measurement site is listed in Table 2.
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Fig. 2: Measurement sites operating in a) Northeastern (Petrolina - PE), b) Midwestern (Brasília - DF) and c) Southern (São
Martinho da Serra - RS) regions of Brazil.

There are three classes of measurement sites in SONDA network. They are classified as solar (S),
anemometric (A) or solar and anemometric (SA) and the differences among them are described at Table 1.
This paper is focused in solar radiation database and, therefore, only classes S and SA will be considered. As
it can be notice from Figure 2, the physical configuration of the measurement site depends on the
infrastructure available for each location. Only sensors class 1, manufactured by Kipp & Zonen or Eppley
Lab is being used in SONDA network to acquire solar radiation data. All the measurement sites meet the
quality criteria established by World Meteorological Organization (WMO) and four of them are providing
data to the Baseline Surface Solar Radiation (BSRN).

Tab. 1: List of observed data in each class of measurement sites in SONDA network.
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Tab. 2: List of measurement sites in the SONDA network including ID number, geographic position and time frame of
available data.

The stations are located in typical macro climatic zones existing in Brazil: Coastal area and Semi-arid area of
Northeastern region, Highlands and Savanna area in Midwestern, Amazon region, Southeastern and Southern
regions of Brazil.
The low relative humidity, shortage and irregular rainfall, and high temperatures, that can exceed 40 degrees
in the long dry season, characterize the climate in Semi-arid zone of Northeastern region of Brazil. Rainfall
is less than 700 mm annually, and usually occurs between January and May. The Petrolina (11) and Caicó
(20) measurement sites are located at this region.
The coastal area of Northeastern region presents a moist climate with temperatures ranging between 25o.C
and 31o Call year round with a strong maritime influence. During summer, the average rainfall ranges
between 2,000 and 3,000 mm. The Natal (17) measurement site is located at this climate zone.
The wet equatorial climate occurs in the coastal area of Maranhão where the São Luiz (16) measurement site
is located. High precipitation rates (between 1,800 and 2,200 mm per year), high temperatures and high air
humidity are the major features of this climate region.
The climate in Midwest region is described as tropical semi-humid presenting two distinct seasons: a wet
summer with rainfall occurring from October till March, and a dry winter, extending from April to
September. The Brasilia (10) measurement site is located at the Central Highlands where a very low relative
humidity value prevails during winter months, mainly in August. The sites Cuiabá (21) and Campo Grande
(12) are located in floodplain, called as Pantanal. This area is one of the hottest places in the country.
Pantanal is usually under the influence of the trade winds coming from the Northeast and heavy rains along
the wet season.
The prevailing climate In Brazilian Northern region is the humid equatorial, characterized by high
temperatures and large amounts of rainfall. Precipitation ranges between 1700 and 3000 mm per year, but its
spatial and temporal distribution are quite complex in the region. There is a dry season all around Amazon
region but it occurs in distinct periods for different zone. The, temperatures generally oscillates around 26° C
all year round. . In some areas at the Western part of Amazon occurs the phenomenon known as “friagem“,
caused by cold air masses moving through Midwestern region from the South Atlantic Ocean. The
measurement sites located at Rolim de Moura (27) and Palmas (19) are in .this climate zone.
Although the climate in Southeastern region can be classified into four distinct zones, most of the region
presents the tropical climate. The, annual average of temperature is around 22° C and the region presents two
typical seasons: a rainy season extending from October till April, and a dry season ranging from May to
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September. The coastal region is naturally more humid, and influenced by the South Atlantic Ocean.
Ourinhos(28) is the only measurement site in Southeastern region. A new measurement site is being
implemented in 2014 in the Eastern area of São Paulo state and data will be available soon.
Finally, the Southern region is a subtropical climate zone presenting average temperature between 16° C and
20° C. The lowest temperatures in Brazilian territory are observed in this region. In addition, daily cycle
presents large temperature range. During the wintertime, temperatures can drop down to 0 °C or below, with
occurrences of frost, or sporadic events of snow precipitation in high altitude areas. The seasons are quite
distinct and the precipitations is well distributed on the entire region and throughout the year.. This region
suffers great influence of Atlantic Polar Mass during the winter time causing large cloudiness and rainfall.
The measurement sites São Martinho da Serra (8), Chapecó (6), Sombrio(5), Florianópolis(1) and Joinville,
SC (4) are located in this region.
3. Methodology
The ground data acquisition is essential in order to get knowledge and developed new technologies on solar
energy area, mainly regarding resource assessment and forecasting. However, the data acquisition without
quality control has no application. The data quality is a key issue in order to provide confidence and
reliability for comparison analysis among observed data and outputs provided by numerical models based on
empirical relationship or numerical solution of radiative transfer equation in atmosphere.
The SONDA quality control algorithm is based on a set of statistical tests and comparisons to reference
values in order to evaluate the database reliability and point out the presence of suspicious data due to
electrical noise, equipment malfunctioning or lack of maintenance. The SONDA data files are delivered for
public access at the SONDA website only after a quality control evaluation by using such algorithm.
The Figure 3 presents the schematic diagram for the SONDA quality control algorithm. The Figure 4 lists all
the quality criteria used by the quality control algorithm (QC) algorithm. The QC evaluate meteorological
data (air temperature, atmospheric pressure, relative humidity, wind speed and direction and precipitation)
acquired at SONDA sites by using criteria established by the US Meteorological Resource Center (WBMET
(http://www.webmet.com) accessed in October, 2013), and the World Meteorological Organization (WMO).
Some adjustments were necessary due to particular features regarding the prevailing climate zones occurring
in Brazil.
The quality control algorithm for solar radiation data is quite similar to the QC program used by WMO for
BSRN. In the first step, ground data are compared to the reference thresholds for physically possible values
in order to identify suspicious observational data. In the second phase, ground data are compared extremely
rare values, in which outliers are identified in SONDA database. The third step aims at investigating data
consistency by comparing measurements acquired by different sensors. Although these tests eliminate most
of the errors, some data still showed some suspicion. One small change in criterion used to identify rare
values in DNI data was necessary due to typical atmospheric conditions in Brazil. The reference value
established for BSRN proved too restrictive signaling many real DNI data as suspicious. Thus, it was
necessary to implement another step, phase 4, where the global, diffuse (beam) and direct irradiation are
compared to output data provided by the clear sky model proposed by Iqbal (1983), called Parametrization
Model C.
The Parametrization Model C is based on two studies developed by Bird and Hulstrom (1981a, b) and it is
described in details in Iqbal (1983).The Parameterization model C provides outputs for the DNI
using the following equation:

ܫ ൌ ͲǤͻͷͳܫ௦ ߬ ߬ை ߬ ߬௪ ߬ ǡ

ሺܫ ሻby

(eq.1)

where߬ ǡ ߬ை ǡ ߬ ǡ ߬௪ and ߬ are the transmittances due to Rayleigh scattering, ozone, uniformly mixed gases,
water vapor and aerosol, respectively. The constant ͲǤͻͷͳ is due to spectral issues in methodology used for
model development.
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Fig. 3: Schematic Diagram for quality control algorithm used in SONDA database before deliver at INTERNET.

Fig. 4: Quality criteria used in SONDA quality control algorithm.
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The model estimates the solar diffuse irradiance by using the following expression:

ܫௗ ൌ ሺܫ  ߠ௭   ܫௗ   ܫௗ ሻߩ ߩ Ȁሺͳ െ ߩ ߩ ሻǡ

(eq.2)

whereߠ௭ is the zenital angle, ܫௗ is the Rayleigh-scattered diffuse irradiance after the first pass through the
atmosphere, ܫௗ is the aerosol-scattered diffuse irradiance after the first pass through the atmosphere, ߩ is

ߩ is the albedo of the cloudless sky. The global solar irradiance on a horizontal

the ground albedo and
surface is given by

ܫ ൌ  ܫ  ߠ௭   ܫௗ   ܫௗ   ܫௗ ǡ

(eq.3)

where ܫௗ is the multiply scattering processes.
It is important to emphasize that the SONDA QC algorithm aims at stamping suspicious data but not take it
off the database files. All SONDA data files available for public access contains both good and suspicious
data, but the last one are flagged in order to leave for the user to decide if it should be used or not.
In following chapter, results obtained from a QC evaluation performed for some SONDA sites are presented
and discussed. The evaluation is based on comparison analysis of indexes K, Kt and Kn. The K index is the
ratio between diffuse solar irradiance ሺܫௗ ሻ and global solar irradiance ሺܫ ሻcalculated by:

 ܭൌ
The

ூ
ூ

ǡ

(eq.4)

ܭ௧ index is a ratio between global solar irradiance ሺܫ ሻand extraterrestrial solar irradianceሺܫ ሻon a

horizontalsurface:

ܭ௧ ൌ 

ூ
ூబ

ǡ

(eq.5)

Finally, the ܭ index is a ratio between direct normal irradiance ሺܫ ሻand extraterrestrial solar irradiance

ሺܫ ሻ on a horizontal surface:

ܭ ൌ 

ூ್ೌ
ூబ

ǡ

(eq.6)

4. Results
In order to evaluate the skill of SONDA QC algorithm to identify suspicious data, it was performed for data
acquired in three measurements sites, São Martinho da Serra (site number 08 in Southern of Brazil), Brasilia
(site number 10 in Midwestern region) and Petrolina (site number 11 in Brazilian Northeastern region). The
timeframe of acquisition data was strategically chosen in order to encompass time periods presenting
operation and maintenance problems and difficulties.
The Figure 5 shows the scatter plots for K vs. Kt and Kn vs. Kt obtained by using solar irradiance data
acquired throughout December/2013 at Petrolina (site number 11) located in Northeastern region of Brazil.
The QC algorithm flagged suspicious data and they are indicated by red dots in Figure 5. There were a lot of
operation and maintenance issues concerning sun tracker during 2010. The QC algorithm was able to identify
suspicious data acquired when sun tracker was not accurately aligned with the sun position. Data presenting
Kt values larger than 0.8 were marked as suspicious in the fourth step of QC due to observational data for
global solar irradiance was larger than the surface solar irradiance data provided by the clear sky model.
It can be noticed that most of suspicious data are due to bad functioning of solar tracker system required for
direct beam and diffuse solar irradiance measurements. Nevertheless, there are some data (less than 10%)
marked as suspicious in the range of good data (red points in the green area of scatter plots). Until this
moment, the reason for these results is not clear and it is under investigation. Similar results were obtained
for São Martinho da Serra and Brasília (Figures 6 and 7).
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Fig. 5: Preliminary results provided by QC algorithm performed for data files acquired at Petrolina (11) to a) K vs. Kt and b)
Kn vs. Kt.

Fig. 6: Preliminary results provided by QC algorithm performed for data files acquired at Brasília (10) to a) K vs. Kt and b) Kn
vs. Kt.

Fig. 7: Preliminary results provided by QC algorithm performed for data files acquired at São Martinho da Serra (08) to a) K
vs. Kt and b) Kn vs. Kt.
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5. Conclusions
This paper presents a short description of SONDA network implemented and operated by the Brazilian
Institute for Space Research in order to acquire and provide reliable data for scientific community working
on numerical modeling applied to renewable energy sector. All observational data base are available after
quality check through SONDA website (http://sonda.ccst.inpe.br/). Data acquired in four measurement sites
(São Martinho da Serra, Florianópolis, Brasília e Petrolina) integrate the Baseline Surface Radiation Network
(BSRN) managed by WMO.
In addition, the paper describes the quality control algorithm fully implemented at the SONDA database. The
major goal is to provide solar and wind data together with information on the confidence and reliability of
observational data acquired in the SONDA data acquisition network. The purpose of QC algorithm is to
point out suspicious data due to operation and maintenance problems during acquisition time period. None
data is removed from the database but suspicious data are flagged in order to give a chance for the user to
decide on the suitability of data for his particular purpose. The preliminary results show that the quality
control procedures are consistent with the goals established. Nevertheless, there are some cases requiring
more investigation in order to explain why some data in range of good data are being classified as suspicious.
The complete article on the SONDA network data is under review.
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Abstract
This study considers the estimation of diffuse solar radiation from global solar radiation. This involves
investigating the correlation of the fraction of diffuse solar radiation in the global solar radiation (or diffuse
fraction) with cloud index. The cloud index is defined in terms of the clear-sky index. Beam solar radiation is
sometimes derived from diffuse and global solar radiation. The variation of the ratio of beam to clear-sky
radiation with estimated diffuse fraction solar radiation has been investigated for this reason. The results
show that the best fit for the plot for fraction of diffuse solar radiation against cloud index and the plot for the
ratio of beam to clear-sky radiation against the estimated diffuse fraction are linear and second degree
polynomial respectively with respective correlation coefficients of 0.800 and 0.840. The results show that
diffuse solar radiation can be estimated from global solar radiation and that beam solar radiation can be
calculated from the estimated diffuse radiation.
Keywords:- diffuse solar radiation, global solar radiation, beam solar radiation, cloud index

1. Introduction
The amount of solar energy at the Earth’s surface is important for solar energy conversion systems. The
Sun’s energy that reaches the Earth’s surface comprises beam and diffuse components. The diffuse radiation
makes up part of the energy utilized by some solar converters. The diffuse component is sometimes used to
estimate the beam component of solar radiation which is needed for some applications. The diffuse fraction
of the total hemispherical solar radiation plays an active role in thermal, chemical and biological processes
on the Earth’s surface (Maduekwe and Chendo, 1994).
The efforts at estimating diffuse solar radiation from global solar radiation include those of Liu and Jordan
(1960), Collares-Pereira and Rable (1979), Iqbal (1980) and Chendo and Maduekwe (1994). Liu and Jordan
(1960) obtained relationships for calculating diffuse solar radiation on horizontal surface on clear days. They
obtained the relations for long term average hourly and daily sums of diffuse radiation as well as for various
categories of days with different degrees of cloudiness. Some of the methods presented by other authors
involve the use of the ratio of diffuse radiation to global solar radiation in the same manner as was proposed
by Liu and Jordan (1960). Maduekwe and Chendo (1994) introduced other parameters such as solar elevation
and turbidity into the Liu and Jordan equation to estimate the diffuse fraction for Lagos - Nigeria. They
reported an improvement in the estimates for diffuse fraction from the introduction of the other parameters.
This study considers the correlation between the fraction of diffuse solar radiation in the global solar
radiation and cloud index; this is with a view to estimate the diffuse solar radiation from global solar
radiation. The cloud index is defined in terms of the clear-sky index as is applied in remote sensing methods
(Cano et al., 1986).
The estimated fraction of diffuse solar radiation is then applied in the estimation of the of beam solar
radiation.
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2. Methodology
The process involves the use of data for instantaneous values of global and diffuse solar radiation for our
location, Akoka - Lagos. The data consists of measurements of global solar radiation and diffuse solar
radiation taken at fifteen minutes interval; it covers the period 7:00UT to 5:00UT for some days in the first
four months of the year 2010. The beam radiation, cloud index and the beam to clear-sky ratio were
calculated from the diffuse and global radiation.
The physical limits from Reindl et al. (1990) were applied as follows:

Limit . 1 :

Gd
G

Limit . 2 :

G

 0 . 90 .. and ..

 0 . 20

GO

Gd
G

! 0 . 80 .. and ..

G
GO

! 0 . 60

From limit 1, if during the fifteen minutes interval the measured diffuse fraction was less than 0.90 for a
clearness index less than 0.20, it was eliminated from the data set. Likewise, the diffuse fraction under clear
sky conditions is restricted under limit 2. This action was meant to negate the effect of spurious data on our
results.

2.1

Cloud index

The cloud index, n, is defined as:
n

1  kC

(eq. 1)

where kc is the clear-sky index which is defined as the ratio of measured global solar irradiance, G, to the
clear-sky irradiance, GC . The clear-sky irradiance was calculated from a clear-sky model. The clear-sky
model adopted is the World Meteorological Organization (WMO1) model (Rigollier and Wald, 2000).

GC

0 . 95 H I O sin Q
1  0 . 2 cos ec Q

(eq. 2)

where ν is solar altitude, Io is solar constant and ε corrects for Sun - Earth distance. The ratio of measured
diffuse solar irradiance, Gd, to global solar irradiance, G, was computed. This was plotted against the cloud
index in figure 1.

2.2

Ratio of beam to clear-sky radiation and atmospheric turbidity

One application of diffuse solar radiation is the estimation of beam solar radiation. The ratio of beam to
clear-sky irradiance was computed for the purpose of investigating the correlation with estimated diffuse
fraction. The beam radiation was calculated from the global solar radiation and the diffuse solar radiation.
The calculated beam was employed in determining the atmospheric turbidity at approximately airmass 2 by
using the following equation (Rigollier et al. 2000):
BC

I O H sin J S exp(  0 . 8662 T L ( AM 2 ). m .G R ( m ))

(eq. 3)

where 10 is the solar constant (i.e the extraterrestrial irradiance normal to the solar beam at the mean solar
distance), H is the correction for the Sun - Earth distance from the mean value, γS is the solar attitude angle,
TL(AM2) is Linke turbidity factor at airmass equal to 2, m is the relative optical airmass, GR(m) is the integral
Rayleigh optical thickness. Equation 3 was expressed in terms of Linke turbidity coefficient.
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2.3

Indicators for assessment of models

The following indicators were applied to determine the performance of the model with respect to estimated
diffuse and beam solar radiation.

i.

Mean Bias Error (MBE):
n

6 ( G i . est  G i . meas )

MBE
i

1

(eq. 4)

ii.

Root Mean Square Error (RMSE):
RMSE

§ 1 n
R¨
( G i . est
¨ n
i 1
©

6

 G i . meas )

2

·
¸
¸
¹

0 .5

(eq. 5)

where the subscripts i.est and i.meas indicate the ith estimated value and ith measured value respectively.

3. Results
The variation of the ratio of diffuse to global solar irradiance (Gd, / G) with cloud index is shown in figure 1.
The following linear equation (equation 6) is the best fit for the curve while the coefficient of determination
is 0.800.
G

d

1 . 316 n  0 . 0859

(eq. 6)

measured diffuse fraction (Gd/G)

G

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

R² = 0.800

0

0.2

0.4

0.6

0.8
cloud index n

1

Figure 1. Variations of the ratio of diffuse to global solar radiation (G d /G) with cloud index n.

The variation of the ratio of beam to clear-sky irradiance (Gb /GC), with estimated diffuse fraction is shown
in figure 2. The following second degree polynomial (equation 7) is the best fit for the curve while the
coefficient of determination is 0.840.
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Gb

ratio of beam to clear-sky solar
radiation Gb/GC

GC

§ Gd ·
1 . 058 ¨
¸
© G ¹

2

§ Gd ·
 1 . 632 ¨
¸  0 . 985
© G ¹

(eq. 7)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

R² = 0.8402
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.8

0.7

estimated diffuse fraction Gd/G
Figure 2. Variations of beam to clear-sky radiation (Gb / GC) with diffuse fraction (Gd,/ G) estimated using equation 7.

The mean bias error (MBE) and root-mean-square error (RMSE) for the estimated diffuse solar radiation
from equation 6 are 56.50Wm-2 and 73.66Wm-2 respectively while the mean bias error (MBE) and rootmean-square error (RMSE) for the estimated beam solar radiation from equation 7 are 8.04Wm-2 and
94.62Wm-2 respectively.
Figure 3 shows the variation of estimated diffuse fraction (Gd/G) with measured diffuse fraction while figure
4 shows the variation of Linke turbidity coefficient at approximately airmass 2 with cloud index.

estimated diffuse fraction
(Gd / G)

1.4
1.2
1
0.8
0.6
0.4

(Gd/G) = 0.7946(Gd/G)* + 0.2554
R² = 0.759

0.2
0
0

0.2

0.4

0.6

0.8

1

1.2

measured diffuse fraction (Gd / G)*

.

Figure 3. Variation of estimated diffuse fraction (Gd/G) with measured diffuse fraction (Gd/G)*
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Linke turbidity coefficient at
airmass 2

25
20
15
10
5
R² = 0.8351
0
0

0.2

0.4

0.6

0.8

1

cloud index
.
Figure 4. Variation of Linke turbidity coefficient at airmass 2 with cloud index

4. Discussion and Conclusion
The results obtained show that diffuse solar radiation can be estimated from global solar radiation. The error
indices for the results of this study are on the high side when compared with the result obtained for the same
location by Maduekwe and Chendo (1994). They applied the Liu – Jordan type equation with the inclusion of
atmospheric turbidity and solar elevation and obtained the smallest RMSE of 0.05 for the diffuse fraction for
two of the four models they employed in their study. Their result may also be attributed to the approach they
adopted which involved analyzing the data according to intervals. This was not considered in this work. The
method presented here however provides a ready tool for use for the assessment of diffuse solar radiation at
the point of application where only global solar radiation data is available.
The relationship between diffuse solar radiation and global solar radiation have been studied using the ratio
of diffuse to global solar irradiance and the cloud index defined in terms of the clear-sky index. An equation
was obtained for the relationship. This equation has been applied in the estimation of beam solar radiation.
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Abstract
A comprehensive study of the performance of 36 separation models selected from the literature is presented
here, using high-quality 1-min data of global horizontal irradiance (GHI) and direct normal irradiance (DNI),
toward the evaluation of the uncertainty in GHI-derived DNI. A detailed performance assessment is
conducted from 9 stations over arid or desert areas of 5 continents, where the solar resource is high and solar
systems have great potential. To evaluate the performance of each model, three summary statistics are
calculated. The random errors are found significant, even though the test stations have only low cloudiness
compared to temperate climates. For some models, the errors are exacerbated by cloud enhancement effects.
The uncertainty in the predicted DNI appears highly dependent on the local radiation climate, the specific
separation model, and the number of predictors used. The two Perez models, which both use a variability
predictor, are most generally those generating the best predictions, although they conversely have more bias
than simpler models, and may occasionally generate spurious results.
Keywords: Direct-diffuse separation; DNI; irradiance variability; cloud enhancement; validation.
1. Introduction
The successful development of solar power requires precise solar resource information, particularly in terms
of direct normal irradiance (DNI). This is essential for concentrating solar power (CSP) or concentrating PV
(CPV) systems, most particularly. Such systems are increasingly being deployed over arid areas, where
cloudiness is low and solar resource is high. One difficulty is that, in most cases, DNI must be derived from
measured or modeled global horizontal irradiance (GHI), by performing its “separation” or “decomposition”
into the direct and diffuse (DIF) components. This is done systematically, for instance, to produce time series
of DNI when GHI is derived from satellite imagery with the common “cloud index” method.
Separation models are empirical by design, consist of locally- or regionally-adjusted functions, and are
derived from data measured most usually at temperate sites. Their accuracy is therefore not verified yet over
arid or desert areas, where many conditions are different: Cloud regime, aerosol loading, and ground albedo,
most importantly. The separation process is a major source of uncertainty when used in the derivation of the
global tilted irradiance used by PV plants (Gueymard, 2009). Furthermore, the proper simulation of CSP
projects requires solar radiation data at time steps shorter than the customary hourly interval. This is because
of the non-linear and transient effects that substantially affect those systems, for which an ideal simulation
time step would be of the order of 10 minutes or less (Hirsch et al., 2010).
In parallel, modern radiometric stations typically report irradiance data as 1- to 10-min averages, while some
commercial providers of satellite-derived irradiance data time series can now provide data at 10- to 15-min
time steps, in addition to the more usual hourly frequency. However, in satellite-derived data, the production
of DNI and DIF still relies on empirical separation models developed from and for hourly irradiances, again
usually obtained using data from temperate sites. A validation of these methods over arid environments and
at sub-hourly time steps is thus desirable, which is the focus of this contribution. To this end, 1-min data
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from 9 sites in diverse environments over five continents and at various elevations are used. The objectives
of this study are multiple: (i) Validate existing separation models at the 1-min data time step; (ii) Determine
which model(s) could potentially be of universal validity under arid conditions; (iii) Determine whether
adding predictors can effectively improve the performance of models; and (iv) Evaluate model performance
under high irradiance conditions.
2. Separation models
The literature has been searched for separation models using GHI at hourly or sub-hourly time steps. In most
cases, the diffuse fraction, K, (i.e., the DIF/GHI ratio), from which DNI can be easily derived via the
radiation closure equation, is first evaluated from the clearness index, Kt, (the ratio of GHI to its
extraterrestrial counterpart). A few other models rather derive DNI more directly from Kt, through a
functional relationship between it and the direct transmittance of the atmosphere, Kn, which in turn provides
DNI. (Note that the fundamental closure relationship Kn = Kt (1–K) is convenient to easily intercompare all
these models.) Following a thorough literature search, 90 separation models have been found in scientific
journals, conference proceedings or reports, which is an indication of the importance of this topic, and of its
vitality since the 1960s. Due to space limitations, only 36 of these models are benchmarked here. The models
under scrutiny have been selected as follows: (i) those most frequently cited in the literature and/or being
used operationally to derive DNI databases from satellite data (recognition criterion); (ii) those showing the
best consistency between sites (universality criterion); and (iii) those performing best at single sites (local
performance criterion). The models are listed in Table 1 and categorized as a function of the number of their
inputs, for reasons that will be discussed in Section 4.3. Model acronyms appear in small caps to distinguish
them from their authors’ names.
Some of the models examined here suffer from typographical errors in their published coefficient values,
which makes their predictions inconsistent or sometimes even unphysical. This is the case for BOLAND2,
POSADILLO, RUIZARIAS2, and TORRES1. The correct coefficients were directly obtained from their respective authors.

Tab. 1: General information on the 36 tested models. The predictors are: Kt, clearness index; Ktc, clear-sky clearness index; Ktm,
mean daily Kt; t, local time; Z, zenith angle; m, air mass, U, surface albedo; V, variability index; RH, relative humidity, T, air
temperature; Tdp, dew-point temperature; Ec, clear-sky global irradiance; Ebnc, clear-sky direct normal irradiance.
# Predictors

Model acronym

Author, Year

Predictor(s)

1

BOLAND1
DEMIGUEL
ERBS
HOLLANDS1
LAM
LI
LOUCHE
MONDOL
MORENO
MUNEER
OLIVEIRA
REINDL1
RUIZARIAS1
SANCHEZ
TORRES1
TORRES2
GONZALEZ
HELBIG
HOLLANDS2
MACAGNAN
MAXWELL
POSADILLO
REINDL2
RIDLEY1
RUIZARIAS2

(Boland et al., 2008)
(De Miguel et al., 2001)
(Erbs et al., 1982)
(Hollands, 1985)
(Lam and Li 1996)
(Li and Lam, 2001)
(Louche et al., 1991)
(Mondol et al., 2005)
(Moreno et al., 2009)
(Muneer et al., 1997)
(Oliveira et al., 2002)
(Reindl et al., 1990)
(Ruiz-Arias et al., 2010)
(Sanchez et al., 2012)
(Torres et al., 2010)
(Torres et al., 2010)
(González and Calbó, 1999)
(Helbig et al., 2010)
(Hollands and Crha, 1987)
(Macagnan et al., 1994)
(Maxwell, 1987)
(Posadillo and Lopez Luque, 2009)
(Reindl et al., 1990)
(Ridley et al., 2004)
(Ruiz-Arias et al., 2010)

Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt
Kt, Z
Kt, Z
Kt, U
Kt, Z
Kt, m
Kt, Z
Kt, Z
Kt, t
Kt, m

2

Remark on Model

Whole year model (Table 2)
Whole year model (Table 1)

Model “G0“
Model 1; corrected coefficient a8 in Table 1
“Model 3”

Corrected coefficient in Eq. 10

Model “G2”; corrected coefficient in Eq. 19
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3
4
5

6

SKARTVEIT1
STAUTER
SUEHRKE
ZHANG
SKARTVEIT2
PEREZ1
REINDL3
BOLAND2
LAURET
RIDLEY2
PEREZ2

(Skartveit and Olseth, 1987)
(Stauter and Klein, 1980)
(Suehrcke and McCormick, 1988)
(Zhang et al., 2004)
(Skartveit et al., 1998)
(Perez et al., 1992)
(Reindl et al., 1990)
(Boland et al., 2013)
(Lauret et al., 2013)
(Ridley et al., 2010)
(Perez et al., 2002)

Kt, Z
Kt, Ktc
Kt, m
Kt, Z
Kt, U, V
Kt, Z, Tdp, V
Kt, Z, T, RH
Kt, Z, t, Ktm, V
Kt, Z, t, Ktm, V
Kt, Z, t, Ktm, V
Kt, Z, Tdp, V, Ec, Ebnc

Paired with Hottel’s clear-sky model

Corrected coefficients in Eq. 4

Paired with Perez-Ineichen clear-sky model

3. Experimental data
Because separation models are empirical in nature, the robustness of their derivation directly depends on the
quality of the data on which they are based. Data quality depends on many factors, including radiometer
calibration, station maintenance, instrument cleaning, as well as radiometer specifications and performance.
To decrease the impact of such factors on this analysis, only data from research-class stations are used here.
A database of high-quality 1-min irradiance measurements has been assembled from nine stations located in
arid or desert areas over five continents (Table 2). They all use thermopile radiometers and all independently
measure the three components (direct, diffuse and global), which is necessary for thorough quality control
postprocessing (Long and Shi, 2008; Roesch et al., 2011). Only data points passing these tests and for a
zenith angle, Z, less than 85° are used here.
Some of the models tested here use more inputs than just Kt. A few use Z or air mass, m, which is not an
issue because these are deterministic quantities. REINDL3 additionally requires temperature, T, and relative
humidity, RH. Such variables are not always measured alongside irradiance or at the same frequency, which
can cause problems, and ultimately can limit the applicability of the model. In the present case, T and RH are
available at all sites except Alice Springs and Tamanrasset, where REINDL3 could thus not be tested. At Sede
Boker, T and RH are only available in 10-min increments. They have been interpolated to 1-min steps with a
cubic spline. PEREZ1 and PEREZ2 use dew-point temperature, Tdp, which is not measured at any of the sites
under scrutiny here. Fortunately, Tdp can be derived from T and RH with appropriate empirical equations
(typically used by meteorological services) for that purpose. The Perez models still work—albeit presumably
in less optimum conditions—whenever Tdp is not available (Perez et al., 1992). This makes it possible to test
them at all sites, including the two sites with no T, RH data.
HOLLANDS2 and SKARTVEIT2 require the surface albedo, U, which is rarely measured. A fixed default value was
thus determined for each site, based on an educated guess. Two models, PEREZ2 and STAUTER, require an
evaluation of clear-sky global and direct irradiance. For PEREZ2, the Perez-Ineichen model is used, as
suggested and described by Perez et al. (2002), along with the popular monthly-mean, high-resolution Linke
turbidity data described by Remund et al. (2003), and available from the SoDa service1. For STAUTER, the
Hottel model was used, as suggested in the original publication (Stauter and Klein, 1980). These clear-sky
models have limited performance (Gueymard, 2012a; Gueymard and Ruiz-Arias, 2015), so slightly better
DNI results could potentially be obtained with other radiation models.

Some separation models use information on the temporal variability of GHI through the use of a specific
variability index, noted V in Table 1,which was originally developed from sequences of hourly irradiances
immediately before and after the moment being modeled. The same algorithms are used here, therefore using
1-min sequences instead. Note that this definition of variability, as currently implemented in these models,
can make them unfit for nowcasting or forecasting applications without proper adaptation. Similarly, a few
models also use the daily-mean Kt as a predictor. This is not an issue here, but this requirement would also
make them unfit for the aforementioned applications.
Tab. 2: General information on the nine test stations. N is the number of valid data points.
The mean measured DNI is expressed in W/m2.

1
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Station
Alice Springs
Desert Rock, NV
Gobabeb
Masdar
PSA
Sede Boker
Solar Village
Tamanrasset
Tucson, AZ

Country

Data Source

Latitude (°) Longitude (°) Elevation (m)

Australia
USA
Namibia
UAE
Spain
Israel
Saudi Arabia
Algeria
USA

BSRN
NOAA
BSRN
Masdar Inst.
DLR
BSRN
BSRN
BSRN
NREL

19.539
36.626
-23.561
24.442
37.091
30.860
24.907
22.790
32.230

-155.578
-116.018
15.042
54.617
-2.358
34.779
46.397
5.529
-110.955

547
1007
407
6
500
480
768
1385
786

Period

N

Mean DNI

2009–2012
2009–2013
2012–2014
2013
2011–2012
2008–2011
1999–2002
2006–2009
2011–2014

732457
971591
511578
90530
240047
719935
750872
878736
781236

667.2
755.3
741.5
544.0
571.1
625.9
585.6
621.7
685.5

4. Results and discussion
4.1 Statistical results
As discussed by Gueymard (2014), various statistical indicators can be used to evaluate the performance of
DNI predictions. However, only conventional indicators are used here for conciseness: Mean Bias Deviation
(MBD), Root Mean Square Deviation (RMSD), and Mean Absolute Deviation (MAD), all expressed in
percent of the mean measured DNI at each station. These statistics are compiled in Table 3 for each model,
considering all stations combined. This complete dataset contains N = 5.677 million data points, for an
overall mean DNI of 662.4 W/m2. All statistics are expressed in percent of the latter value. It is difficult to
compare the present results to those of the literature, because the latter most generally refer to DIF rather
than DNI. A notable exception is the study of Perez et al. (1992), which reports hourly absolute errors
relative to DNI (in W/m2) for some of the same models used here, i.e., ERBS, MAXWELL and PEREZ1. The 1-min
absolute RMSD found here for these three models averages to 112, 103 and 97 W/m2, respectively. These
values are somewhat larger than the hourly RMS errors obtained by Perez et al. (1992) for the same models
and the sunny/arid sites of Albuquerque and Phoenix, for instance. This suggests, as could be expected, that
random errors increase with temporal resolution.
A graphical representation of these results, this time considering each test station separately, appears in Figs.
1–3. The best performer in each of the 6 model categories described in Table 1 is indicated by a color dot.
For each station, the acronym of the best overall performer is also indicated. Note the significant scatter in
the results at all sites. At Masdar, SUEHRKE appears as an outlier, with largest MBD, RMSD and MAD of all
models and all sites. From Figs. 2 and 3, a remarkable localization effect clearly appears: RMSD and MAD
are about twice as large at Tamanrasset than at Gobabeb, most likely because the former site has a much
higher turbidity, which has a substantial effect on DNI (Gueymard, 2012b; Gueymard and Ruiz-Arias, 2015).

Table 3. Summary performance statistics (in percent of the overall mean DNI, 662.4 W/m2) for all 36 tested models
at all test sites combined. Best results in each category are in bold; best results overall are in bold italic and underlined.
Acronym
BOLAND1
DEMIGUEL
ERBS
HOLLANDS1
LAM
LI
LOUCHE
MONDOL
MORENO
MUNEER
OLIVEIRA
REINDL1
RUIZARIAS1
SANCHEZ
TORRES1
TORRES2

#Predictors

MBD

RMSD

MAD

Acronym

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.6
-2.0
-0.6
2.0
-8.3
-4.9
5.0
-7.7
6.7
-4.7
0.2
-0.4
4.7
6.1
-1.5
-0.2

18.0
17.0
16.9
18.7
21.2
18.6
17.4
18.8
19.3
17.9
17.2
16.9
18.3
18.0
17.3
17.1

12.5
13.1
12.5
12.6
18.3
15.4
11.4
16.0
13.0
14.1
13.0
12.5
12.2
12.4
13.7
13.1

GONZALEZ
HELBIG
HOLLANDS2
MACAGNAN
MAXWELL
POSADILLO
REINDL2
RIDLEY1
RUIZARIAS2
SKARTVEIT1
STAUTER
SUEHRKE
ZHANG
SKARTVEIT2
PEREZ1
REINDL3
BOLAND2
LAURET
RIDLEY2

#Predictors

MBD

RMSD

MAD

2
2
2
2
2
2
2
2
2
2
2
2
2
3
4
4
5
5
5

0.2
0.0
-3.6
1.2
4.3
5.7
-4.9
-0.4
-1.9
-4.5
-5.8
-2.7
3.5
-3.9
5.3
-0.4
1.4
4.3
4.9

16.0
16.0
21.4
18.6
15.6
17.8
17.7
18.8
18.1
16.3
19.0
15.7
17.4
16.5
14.7
12.5
15.8
17.4
16.5

11.9
11.6
15.3
14.1
10.6
12.4
14.0
12.8
14.0
13.2
15.3
11.2
11.3
12.6
9.7
9.5
11.0
11.3
10.5
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PEREZ2

6

2.1

13.8

9.3

Fig. 1: MBD results for each station. In each category, the name of the best model is indicated, along with a color code.

Fig. 2: Same as Fig. 1, but for RMSD.
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Fig. 3: Same as Fig. 1, but for MAD.

The results presented here tend to confirm previous studies, (e.g., Ineichen, 2008), to the effect that the Perez
models (PEREZ1 and, even more so, PEREZ2) perform consistently better. The use of a 1-min variability index,
rather than the hourly variability they were designed for, is therefore not detrimental to these two models.
Arguably, their use of a variety of predictors in addition to Kt makes them more robust to changes in local
conditions. However, this would also have benefitted other models with many predictors, such as REINDL3,
BOLAND2, LAURET or RIDLEY2, which do not perform as consistently. The functional form of the Perez models thus
appears as a key to their success. Surprisingly, however, the two Perez models usually have a non-negligible
high bias (MBD). Conversely, those models with negligible bias do not perform as well as the Perez models
with regard to the RMSD or MAD indicators. More discussion on these findings is offered in Section 4.3.
4.2 Impact of cloud enhancement and high irradiances
For CSP/CPV applications, what matters most is when DNI is high and around the design irradiance value. It
is thus desirable to evaluate the performance of separation models when GHI and Kt are high too. Figure 4
shows the frequency distribution of Kt and K at Tucson, considering both hourly and 1-min data.
Remarkably, significant differences in the Kt frequency distribution occur if Kt > 0.65. In particular, when
Kt > 0.9, its hourly frequency is negligible, whereas its 1-min frequency is not. At the sites under scrutiny
here, the absolute maximum value of 1-min Kt is typically ≈1.2, which means that GHI can be occasionally
20% larger than its extraterrestrial counterpart—and still be a valid observation. This is caused by the cloud
enhancement effect (also referred to as cloud lensing or over-irradiance), which is frequent under scattered
cumulus cloud conditions when the sun is high. However, its magnitude decreases rapidly when time
integration increases, which explains why such cases are much less noticeable in hourly data.

Fig. 4: Frequency distributions of hourly and 1-min Kt and K at Tucson.

Figures 5–7 show scatterplots of predicted vs. measured DNI for ERBS, LOUCHE and PEREZ2 at Tucson. The Erbs
model (Fig. 5) is one of the most popular in the literature. Two issues are evident here: The S shape of its
scatterplot, and the large fraction of overestimations when the measured DNI is larger than ≈400 W/m2. This
overestimation culminates when the measured DNI is ≈950 W/m2 but predictions are (unphysically) up to
≈1400 W/m2. This behavior can be explained by the functional form of the model: It assumes that K remains
fixed at 0.165 when Kt > 0.80. By completely ignoring the cloud enhancement effect, the predicted K is much
too low when Kt > 0.9, thus resulting in a largely overestimated DNI.
In Fig. 6, a similar S-shaped scatterplot is obtained for LOUCHE, another popular model. The behavior under
high irradiance is different than with ERBS, however. A strong horizontal cluster is obvious for a predicted
DNI of ≈1000 W/m2, and a sizeable number of considerably underestimated outliers is found when the
measured DNI is in the 800–1000 W/m2 range—a pattern that does not exist in Fig. 5. This can be explained
by the functional form of LOUCHE. It consists of a 5th-order polynomial providing Kn = f(Kt), which reaches a
maximum for Kt = 0.86 and then decreases, to the point where it becomes negative for Kt > 1.05. This
produces unphysical values of the predicted DNI, which need to be zeroed out. Although such cases would
not likely occur with hourly data, they do occur at 1-min resolution, then generating incorrect estimates.
The S shape of the ERBS and LOUCHE scatterplots is a feature that has apparently not been documented until
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now. In any case, the issues described above explain why these two models do not perform as well as they
could when using 1-min data, even though they may perform well with hourly data. In turn, this underlines
the fact that not all hourly separation models work well with shorter time steps. Nevertheless, LOUCHE
remarkably obtains the best overall MAD in its category of single-predictor models, and overall performs
almost identically to LAURET, which uses 5 predictors (Table 3).

Fig. 5: Scatterplot of predicted vs. measured 1-min DNI using the ERBS model at Tucson

Fig. 6. Same as Fig. 5, but for the LOUCHE model

In contrast, Fig. 7 shows a similar scatterplot, but for PEREZ2, which obtains the best performance at Tucson
(among other sites) with respect to the RMSD and MAD statistics. Its S shape is much less pronounced, and
its predicted DNI is well clustered around the diagonal, at least above 700 W/m2. Still, there is a lot of scatter
above the diagonal, and some outliers below it in the range 800–1000 W/m2. This latter feature is similar, but
much less pronounced, than with LOUCHE. The former issue can explain in large part why PEREZ2 (or PEREZ1 for
that matter) tends to overestimate and surprisingly never performs best or too well with respect to MBD.
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Fig. 7: Same as Fig. 5, but for the PEREZ2 model

4.3 Impact of the number of predictors
The present results clearly indicate that models based on many predictors, particularly if they include
variability, tend to obtain the best results, as far as the RMSD and MAD performance indicators are
concerned. A predictor is defined here as a single physical quantity, irrespective of how many times it
appears in a functional form with different exponents, like in fifth-order polynomials for instance. In
contrast, the total number of variables, including their different powers, is referred to here as “degree of
freedom”. Thus, in the case a fifth-order polynomial of Kt is used, such as with LOUCHE, there are 5 degrees of
freedom but just 1 predictor.
The variability-savvy models with the best results are PEREZ2, PEREZ1, SKARTVEIT2 and RIDLEY2, in decreasing
frequency of appearance in the best rankings. Surprisingly, however, the two other models that include
variability, LAURET and BOLAND2, do not perform as well. Equally surprising is that none of the variability-savvy
models obtain the best rankings in terms of MBD. In any case, adding more predictors, most importantly
variability, appears a potentially effective way to decrease random errors in separation models. This is
logical, because these errors most frequently occur under partly cloudy conditions, which correspond to high
variability in GHI. However, just adding variability as a predictor is not a guarantee in itself, since this
predictor can interfere with other aspects of the model and eventually become counterproductive, as could be
the case with LAURET and BOLAND2.
Some of the models reviewed here appear in different categories of Table 1, depending on the number of
predictors of the various model variants proposed by their authors. This is the case for the REINDL (3 variants)
and RUIZARIAS (2 variants) models. When developing a separation model, a central question is which, and thus
how many, predictors should be used. A general trend in the literature has been to increase the number of
predictors (and, sometimes, degrees of freedom too) in an attempt to also increase accuracy. Since all
parameterizations are done empirically, a serious risk behind this approach is what is referred to as
overfitting. Increasing the model’s degrees of freedom, or even the number of predictors, might indeed
improve predictions for the sites where the parameterization was developed, but might as well degrade its
generalization skill. Another aspect of this question is that some predictors might not be readily available
locally, particularly at 1-min resolution, as already mentioned in Section 3.
When considering all results separately for each test station, the present results show that PEREZ1 performs
better than PEREZ2 in one third of cases, which is contrary to expectations, since PEREZ2 has more predictors
and was designed to improve on PEREZ1. This might be caused, at least in part, by inaccuracies in the clearsky radiation model implied in PEREZ2 and/or its input data for specific sites. It is worth mentioning that using
a clear-sky radiation model to directly obtain DNI from atmospheric data under cloudless situations is
significantly more accurate than separating it from GHI (Gueymard, 2005). Similarly, the overall results in
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Table 3 do not provide a clear answer about which variant of those models that offer multiple choices, such
as REINDL and RUIZARIAS, has the potential to perform better under specific arid conditions. Typically, one
variant performs better at some, but not all, sites, and results also differ depending on the performance
indicator being used. For the 9 stations under scrutiny here, more detailed results are assembled in Table 4, in
the form of the total number of stations where each model variant performs best relatively to a specific
statistical indicator. The mixed results obtained in this example confirm the issue of performance rankings
being dependent on the selected statistical indicator (Gueymard and Myers, 2008). A possible solution would
consist in adopting a more robust indicator, such as the Combined Performance Index (Gueymard, 2012a,
2014). A detailed statistical analysis (using, e.g., the Bayesian Information Criterion) would also be desirable
to evaluate whether adding predictors to a basic, simple model can improve its performance in a really
significant way.

Tab. 4: Number of stations (out of a total of 9 for all models—except REINDL3, tested at 7 stations only)
at which each model variant performs best according to different statistics.
Model
REINDL1
REINDL2
REINDL3
RUIZARIAS1
RUIZARIAS2

Best MBD

Best RMSD

Best MAD

4
2
3
4
5

4
3 (tied)
3 (tied)
4
5

4
1
4
7
2

5. Conclusion
A comprehensive statistical analysis of 36 separation models of the literature is described here. Their
performance assessment is obtained by comparison of their DNI predictions with high-quality 1-min
measured data obtained at 9 stations in different arid areas of the world where the DNI resource is high and
thus favorable to the development of concentrating solar technologies, in particular. The uncertainty in the
predicted DNI is found dependent on the specific separation model used, local specificities (such as
atmospheric turbidity), as well as the number of predictors each model uses. The analysis thus considers a
categorization of all models as a function of their number of predictors.
Some of those separation models that include a variability index tend to be more accurate than those that do
not, but it is not a general conclusion, all the more that these models have usually more bias than simpler
models and may generate spurious predictions. Models that use the clearness index as their single predictor
do not necessarily perform worse than those using a higher number of predictors, except (in some but not all
cases) if these include some description of variability.
Modeling issues are found in two models, which prevent them to perform as efficiently with 1-min data than
with the hourly data for which they were designed. This finding is directly related to the significant impact of
cloud enhancement on 1-min data, which may temporarily increase the clearness index to over-unity values.
It is hoped that the present findings will help stimulate the development of advanced functional forms for this
type of radiation model. Indeed, to improve the accuracy of DNI predictions at high frequency and decrease
their current noise, an obvious conclusion is that a more efficient and truly “universal” model is necessary.
Since the statistical results presented here—as well as the ranking of models that can be derived from them—
are dependent on local conditions and statistical indicator, more validation studies are desirable to evaluate
which model performs best over any specific region, with the help of more advanced statistical tools.
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Abstract
The impact of climate change on the energy demand of buildings is significantly higher than on solar
technologies discussed in this paper (photovoltaic, solar thermal and transparent insulation material systems).
On the one hand the heating energy demand will decrease by about 15% and on the other hand the cooling
energy demand will increase by about 50%.
Among the solar energy conversion technologies, solar thermal systems will benefit the most, since they are
positively influenced by increasing temperatures as well as increasing global radiation. The latter has a
positive effect on photovoltaic (PV) systems either, which results even in a net profit considering the
negatively influenced efficiency by higher air temperatures. The energy gains of transparent insulation
material (TIM) systems are similar affected compared to PV systems. However, the useable thermal heat
gains will only slightly increase due to shorter heating periods in the future.
Buildings are especially vulnerable regarding the climate change and should be adapted. Therefore different
adaption strategies and options, which are easy to implement, are available and presented within this paper.

1. Introduction
On the one hand, climate change threatens buildings and infrastructure (roads, railways, etc.) by extreme
weather events like floods and storms. On the other hand, there are also positive impacts on renewable
energy systems utilizing solar energy (PV systems, solar thermal plants, TIM systems).
The impacts of climate change have been subjected to intensive research in the past. However, the focus has
mostly been on agriculture and forestry; partly including the building sector (Weller et al., 2012; Voss and
Künz, 2012; Holmes and Hacker, 2007; Frank, 2005).
The energy demand for buildings is significantly influenced by the changing climate conditions.
Nevertheless, the knowledge of effects from the influence of temperature and global radiation on PV, solar
thermal and TIM systems is rather moderate so far. The present paper defines the climatic impacts
concerning the changing temperatures and global radiation on the energy demand of buildings as well as
energy output of solar conversion technologies until the year 2035.
Due to the remarkable impact on buildings, easy to implement strategies are discussed in order to show
possibilities towards the adaptation to future requirements of buildings concerning the climate change.
2. Climate data and calculation procedure
Depending on climate models, the increase of the yearly mean temperature is medium-term 1 K (until 2035)
and long-term 3 K (until 2100), linked by an accumulation of hot summer days and tropical nights. In
combination with rising global radiation a strong increase of the cooling energy demand will occur. In
contrast to that, the demand for heating energy will decline following the predicted increase of the mean
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winter temperature. The predictions of increasing temperatures are reliable. However, the further changes in
global radiation are subjected to uncertainties. According to the German Meteorological Service (DWD)
there are no reliable information concerning the impact of climate change on global radiation. Other studies
assume a minor increase. (Bernhofer et al., 2011)
The used mean test reference year (TRY) of the DWD for the calculation of the climate change effects
represents the characteristic trend of weather conditions of a whole year. The analyzed TRY data sets are
composed of real weather sections in such a way, that the mean values and scattering of the air temperature
correlate with the long time monthly and seasonable mean values of each weather station. The reference
values and weather sections for the TRY data sets are generated from measurement and observation data
provided by the weather stations of the DWD between 1988 and 2007. TRY 2010 describes the typical year
for the period from 1988 to 2007 and TRY 2035 characterizes the period from 2020 to 2050. Within this
paper, the climate data for Potsdam (reference location for Germany) are used. According to the mentioned
data, the presented results are based on the change in air temperature of 1.2 K for TRY 2035 from currently
9.5°C to 10.7°C as well as in global radiation of 3.2% from 1074 kWh/m² to 1109 kWh/m². (Project report
DWD, 2011)
The heating, cooling and total energy demands of buildings as well as the energy gains of TIM systems are
calculated according to the standards described in the Energy Saving Ordinance (EnEV) 2014. The balance
study of the heating demand is carried out according to the monthly balance sheet procedure in (DIN V
4108-6: 2003-06, 2013) and for the cooling demand in accordance with (DIN V 18599, 2011). A four-storey,
flat roofed office block without a cellar and with the basic size of 47.3 m x 12.5 m is taken as model building
for the calculations according to (Klauß et. al, 2010). The outer volume, that has to be heated, is 7473.7 m3
with a percentage of window area of 38.3% (Klauß et al., 2010). Typical usage behaviour for the office
buildings is assumed. The insulation standards, as a thermal insulation composite system, and the heat
transition coefficients of the reference building correspond to the EnEV 2014. The ventilation system, which
is carried out as window ventilation, is assumed with a mean air exchange of 0.6 h-1.
The calculations for photovoltaic and solar thermal systems are conducted according to a standard approach
(Quaschning, 2011). The balance study of the PV energy yield takes into account particularly the influence
of the cell temperatures. The nominal operating cell temperature is taken into consideration for estimating the
self-heating of the cell. The expected cell temperature is calculated for any radiation and ambient
temperature for a mean wind speed of 5 m/s. Moreover, a good rear ventilation of the PV modules is
supposed. The balance study of the solar thermal systems is based on the efficiency procedure. Typical
values are taken for the optical efficiency as well as the linear and quadratic heat loss coefficients, which are
dependent on the type of collector (Quaschning, 2011). Concerning the forecast for the not covered collector,
the data are reduced by the months, which do not belong to the swimming season (October till June), due to
the fact that the collector is used only within the summer months.
3. Climate change impacts
3.1. Effects on photovoltaic systems
The effects of climate change impacts and their resulting changes in yield on PV systems are examined for
crystalline and amorphous solar cells. The changes in yield compared to the reference period are plotted in
Fig. 1. With a decrease of 0.3% in energy yield, which is approximately equivalent to the temperature
coefficient, the impact of temperature is almost negligible.
Because of the direct correlation between energy yield and global radiation, the relative increase of global
radiation is equal to the increase of PV energy yield. The cell temperature will in fact increase on an annual
average by 0.1 K, but this small temperature rise does not lead to an appreciable change in yield.
The energy yield of photovoltaic systems declines slightly because of higher temperatures. However, due to
the higher impact of global radiation, the overall energy output will increase for 2.9%.
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Fig. 1: Annual change in energy yield of photovoltaic dependent on climate parameters.

3.2. Effects on solar thermal systems
Solar thermal applications, e.g. vacuum tube collectors, flat plate collectors and not covered collectors, will
benefit from the increasing global radiation and increasing temperatures. Therefore the overall output will
increase considerably. The calculations taking into account the assumption that the solar energy is used
totally. For example, this is the case, if the solar energy is used for water heating at low coverage rate; the
values for this case are illustrated in Fig. 2.
The amount of energy yield increase varies depending on the collector type. An increase can be expected for
vacuum tube collectors of 5% of annual energy yield and up to 17% for not covered collectors for the
forecasted period in relation to the reference period. The rise of energy yield for not covered collectors is
equally influenced by the increase of temperature and radiation. For vacuum tube and flat plate collectors the
higher radiation is the main factor for the increased energy output supported by the higher air temperatures.
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Fig. 2: Annual change in energy yield for different collector types dependent on climate parameters.

For other ways of using solar heat, e.g. solar systems for heating and hot water production, the benefit is
influenced by the particular usage of the solar energy. The heating energy demand decreases by application
for the heating support (see section 3.4), whereby the useable energy yields of solar collectors will decrease.
However, the solar coverage rate will increase. Whereas in the case of employing the solar collectors for
solar cooling, the absolute yield increases, due to rising temperatures which cause a longer period with
cooling demand.
3.3. Effects on TIM systems
Another form of passive use of solar energy is the application of TIM systems. The advantages of TIM
systems over opaque insulation are the utilisation of solar radiation for heating support and illumination of
buildings in addition to the effect of heat insulation (low thermal conductivity).
Typical TIM systems are shown in Fig. 3. These systems offer an interesting option for the improvement of
conventional solar thermal applications and for the utilization in the building sector. Additionally, they
contribute to the increase of solar energy use, the reduction of costs and the resource conservation.

Fig. 3: Typical TIM: (1) Aerogel (source: Cabot Corporation), (2) PMMA capillary (source: OKALUX GmbH).
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Fig. 4: Annual change in energy yield for different types of TIM dependent on climate parameters.
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Despite of the mentioned benefits and proven functionality of TIM for more than 30 years, they usually hold
a rather low market share. A recent TIM market study (Dorn et al., 2014) has shown that there is a high
potential for the application of different TIM systems in the building sector. According to the study, some of
the investigated TIM concepts show promising prospects of becoming market-ready soon.
The changes in yield are calculated for a typical residential building for the usable energy gains during the
heating period. Fig. 4 shows the useable change in yield for different types of TIM dependent on various
climate parameters.
The absolute energy gains are all positively affected and the TIM itself will profit from global radiation. The
impact of increasing temperatures is slightly negative. These results are similar to those found for
photovoltaic systems. Due to the higher impact of global radiation, the overall energy output will increase.
3.4. Effects on the energy demand of buildings
Concerning the effects on the energy demand of buildings, model calculations for a typical residential
building with an indoor air temperature of 19°C and a cooling limit temperature of 25°C have been carried
out. The impact of global radiation is low compared to the influence of temperature.
The heating energy demand will decrease by 14% until the year 2035, which is mainly due to the increase of
the ambient temperature. On the contrary, the cooling energy demand will increase in the medium-term by
46%. The overall energy demand for heating and cooling will slightly decrease by 5%.
Regarding the energy demand in total values in the reference period for a typical residential building, the
heating energy demand results in 68.7 kWh/m²a and the cooling energy demand in 12 kWh/m²a. The heating
energy demand is 5.7 times higher than the cooling energy demand. This ratio will decrease to a factor of 3.4
for the TRY 2035. The consequences of an increasing cooling demand will result in retrofitting the buildings
with air conditioning systems and accordingly rising costs for cooling (Lucas, 2014).
The consequence of a decreasing heating demand is a lower economic efficiency of insulation systems. The
sun house concept, which maximizes the solar heat gains, will economically outperform the passive house
concept, which minimizes the heat losses.
Foresighted, the importance of observing the demands for heat protection in the summer will become more
and more necessary for new buildings and renovation of existing buildings. Adaption options for buildings
will become essential due to the high climate impact on energy demand and with regard to the protective
function of buildings.
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Fig. 5: Annual specific energy demand for residential buildings dependent on climate parameters.
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Fig. 6: Climate adaption options for buildings (Herrmann and Dorn, 2014)

Concerning the protective function, constructional modifications of buildings to the expected temperature
and global radiation increase as well as protection measures are necessary. There are several prospects for
new buildings or reconstruction and renovation of existing buildings which should be applied. The main
adaption options are summarized in Fig. 6. With respect to the increase of extreme weather events, design
modifications of buildings and technical systems will be required. Enhanced stability against heavy wind and
proper leak tightness of buildings as well as the employment of moisture resistant and repellent construction
materials will be recommended.
4. Summary
Tab. 1 summarizes the climate change parameters and the depending applications and gives an overview of
the investigated data and values. The impact of climate change on the energy demand of buildings is much
higher than on energy conversion technologies from renewable solar sources. The solar technologies are
mainly influenced by global radiation, whereas the energy demand of buildings is foremost affected by
temperature.
Among the solar energy conversion technologies, solar thermal systems will benefit the most, since they are
positively influenced by increasing temperatures as well as increasing global radiation. The latter has a
positive effect on PV systems either, which results in a net profit considering the negatively influenced
efficiency by higher air temperatures. The energy gains of TIM systems are similar affected compared to PV.
In particular, buildings should be adapted to the climatic changes. Therefore a large number of adaption
strategies and options, which are easy to implement, are available.
The presented approach is being further investigated within the projects “ANWan” (Inorganic-nonmetallic
heat insulating materials with adjusted radiation properties), funded by the European Social Fund (ESF) and
the project “REGKLAM” (Regional Climate Change Adaptation Programme for the Dresden Region),
funded by the German Federal Ministry of Education and Research (BMBF).
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Tab. 1: Overview of changes in output for solar technologies and the energy demand of building for TRY 2035.

Impact of Air
Temperature

Impact of Global
Radiation

Accumulated
Impact

[%]

[%]

[%]

Vacuum tube collector (solar thermal)

+0.9

+3.8

+4.9

Flat plate collector (solar thermal)

+1.8

+4.0

+6.8

Not covered collector (solar thermal)

+6.2

+8.2

+16.6

-2

+5

+3

-0.3

+3.2

+2.9

Heating energy demand

-14

-0.4

-14.3

Cooling energy demand

+41.7

+4.1

+45.5

-5.8

+0.2

-5.4

Changes in output for solar technologies

Transparent insulation materials
Photovoltaic
Changes of building energy demand

Heating and cooling energy demand
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SolarGIS, Global and Beam Components Validation
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Abstract
The use of geostationary satellite observations becomes crucial, since they allow the retrieval of irradiance at
the surface, with the best spatial and temporal coverage. This study, conducted on data from 12 European
sites, over one year, 2013, shows the performance of two of the best irradiance satellite models using MACC
project as daily aerosol data input. A preliminary performance analysis of the new McClear clear sky model
is also done. Typically, the irradiance is derived with a standard deviation of 18% for the global component,
and 38% for the beam with a very low bias.
Key-words: satellite derived irradiance, model validation, MACC aerosols, CSP applications

1. Introduction
The meteorological satellite images as data source to evaluate the ground irradiance components become the
state of the art in the field of solar energy systems. The strongest argument is the high spatial coverage, and
the fifteen minutes temporal granularity when using images from MSG. They also have the advantage to
provide «real time» data used for example to assess the proper operation of a solar plant. On the other hand,
long term ground data are very scarce concerning the beam irradiance. The use of secondary inputs such as
for example from polar satellite data, and ground information increases significantly the precision of the
algorithms, mainly for the beam component. The two evaluated models use aerosol data from the MACC
project (Benedictow 2012, Mocrette 2009) on a daily basis. Following a paper from Zelenka (1998)
concerning the nuggets effect, the interpolation distance to the nearest ground measurement site is limited to
10 to 30 km, depending on the irradiance parameter. This strengths the satellite derived data argument.
2. Ground data
Data from 12 European and Mediterranean sites where used to conduct the validation. The climate range
covers desert to oceanic, latitude from 20°N to 60°N, and altitudes from sea level to 1580 meters. As at the
present time, only the year 2013 is available for the Helioclim v4 algorithm, the validation is done on only
one year. The liste of the ground sites is given in Table I. A more complete validation over a longer period,
18 sites and 6 models was published by Ineichen (2013).
The concerned parameters are the global irradiance on a horizontal plane G (or GHI) and the normal beam
irradiance Gb (or DNI). If only the diffuse component Gd is acquired, the normal beam irradiance is evaluated
by difference.
The ground data are kindly provided by the Baseline Surface Radiation Network (BSRN), the Global
Aerosol Watch project (GAW), the CIE International Daylight Measurements Program (Commission
internationale de l’éclairage IDMP), the Universidad Politecnica de Madrid (UMP), the Ecole National des
Travaux Publiques (ENTPE) of Lyon.
High precision instruments (WMO standards) such as Kipp+Zonen CM10, Eppley PSP pyranometers, and
Eppley NIP pyrheliometers, are used to acquire the data. A stringent calibration, characterization and quality
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control was applied on all the data by the person in charge of the measurements; the coherence of the data for
all the stations was verified by the author and is described in the next section.

Tab. 1: Ground sites: coordinates, altitude, measured components, climate and source
Site

G

Gb

Gd

latitude

Cabauw (The Netherlands)

x

x

x

51.97

Camborne (Great Britain)

x

x

x

50.22

Carpentras (France)

x

x

x

44.08

5.06

Geneva (Switzerland)

x

x

46.20

Kishinev (Moldavia)

x

x

x

47.00

Lerwick (Great Britain)

x

x

x

60.13

Madrid (Spain)

x

x

x

40.45

Tamanrasset (Algeria)

x

x

x

Toravere (Estonia)

x

x

x

x

x

Valentia (Ireland)

x

Vaulx-en-Velin (France)

x

Wien (Austria)

x

longitude

altitude

climate

4.94

2

temperate maritime

BSRN

-5.32

22

temperate maritime

GAW

100

mediterranean

BSRN

6.13

420

semi-continental

CIE

28.82

205

continental

GAW

-1.18

82

cold oceanic

GAW

-3.73

650

semi-arid

UMP

22.78

5.51

1400

hot, desert

BSRN

58.25

26.46

70

cold humid

BSRN

x

51.94

-10.25

14

oceanic

GAW

x

45.78

4.92

170

semi-continental

ENTPE

48.25

16.37

203

continental

GAW

3. Quality control
Sensor calibration is the key point for precise data acquisition in the field of solar radiation. The radiation
sensors should be calibrated by comparison against a sub-standard before the beginning of the acquisition
period, and then every year. Due to possible errors and inaccuracies, a post-calibration is difficult to conduct.
The validity of the results obtained from the use of measured data is highly correlated with the quality of the
data bank used as reference. Controlling data quality is therefore the first step to perform in the process of
validating models against ground data. This essential step should be devised properly and automated in order
to rapidly detect significant instrumental problems like sensor failure or errors in calibration, orientation,
leveling, tracking, consistency, etc. Normally, this quality control process should be done by the institution
responsible for the measurements. Unfortunately, it is not the case at many stations. Even if some quality
control procedures have been implemented, it might not be sufficient to catch all errors, or the data points
might not be flagged to indicate the source of the problem. A stringent control quality procedure must
therefore be adopted in the present context, and its various elements are described in what follows.
Three steps of quality control have been applied on the data before to approve them for the validation:
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x

Time stamp: this can be done by symmetry in the irradiance values for clear and stable days. The
irradiance is plotted against the solar elevation, if the time stamp is correct, the rising and downward
curves should follow the same path. The test can also be done on all the hourly values by plotting in
a different color the morning and the afternoon values of the clearness index Kt (global irradiance
normalized by the corresponding extra atmospheric value) versus the solar elevation angle. In this
case, the upper limits, representing clear conditions, should show a similar pattern. A 10 minutes
time shift is illustrated on Fig, 1. When these tests are fulfilled, the time stamp of the data bank can
be considered as correct, and the solar geometry can be precisely calculated.

x

Calibration factor of the sensors: this can be verified for clear sky conditions by comparison
against data from a nearby station or with the help of additional measurements. For each day, the
highest hourly value of G and Gb is selected from the measurements and plotted against the day of
the year for two nearby sites, or for two different year for the same site on the same graph. These
points are representative of the clearest daily conditions. As the highest value for each day is
selected, the upper limit normally represents clear-sky conditions and should show the same values
(for G, it happens that higher-than-clear-sky values are obtained under partly cloudy or scattered
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clouds, high-sun conditions, this is why this test should not be applied for data with time granularity
lower than hourly). If the aerosol optical depth (aod) and the water vapor content of the atmosphere
(w) are known, a clear sky model like Solis (Müller 2004, Ineichen 2006 and 2008a) can be used to
calculate the highest irradiance, and the obtained values represented on the same graph than the
measurements. Here again, the upper limit should be similar. An illustration is given on Fig. 2
where data from Carpentras are represented for four years. The upper points represent the highest
irradiance hourly value for each day. The blue triangles are ground measurements, the green
triangles represent the clear sky irradiance evaluated with Solis and the aeronet aerosol optical depth
(the water vapor is taken from ground measurements). The lower points represent the corresponding
clearness index. The graphs are given for the global irradiance on the left, and the beam component
on the right.

Fig 1: Time stamp validation: correct time stamp (left graph), and 10 minutes time shift (right graph)

Fig 2: Highest hourly value for each day of the year for the ground measurement and the clear sky values
calculated with Solis and the aeronet aod for the global (left) and the beam (right) components

x

Coherence between the components. If the three solar irradiance components—beam, diffuse and
global—are available, a consistency test can be applied, based on the closure equation that link
them:

Gb

H  Gd
cos(4 z )
(eq. 1)

where 4zis the solar zenith angle. Due to the different measurement methods for each of the
components, the strict equality cannot be verified for all the values and acceptability limits are to be
defined.
If only the beam or the diffuse component is available, the test can be done with the help of the
clearness indices or the diffuse fraction. The obtained graphs are given on Fig 3. On the same graph,
the clear-sky predictions from the Solis radiative model are represented for four different a priori
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values of aod. The corresponding Linke turbidity coefficient TLam2 is then calculated from the Gb
thus obtained:

Gb

Io  e( Gcda  TLam2  AM )
(eq. 2)

where Io is the solar constant, Gcda the clear and dry atmosphere properties and AM the optical air
mass. TLam2 is evaluated for AM = 2 and its correspondence with aod is also indicated on the graph.
Any important deviation between the predicted and measured clear-sky values indicates calibration
uncertainties, pyrheliometer misalignment, soiled or shaded sensors, or miscategorization of clearsky conditions.

Fig. 3: Components coherence test when only the diffuse (left) or the beam (right) is available as a second component

When these conditions are fulfilled, it can be considered that the data are bankable enough to be used for the
validation of the models.
4. Validation statistics
The comparison is done on an hourly, daily and monthly basis, on all the three components. The following
indicators are used to describe the capability of the model to represent the measurements:
x

The first order statistics: the mean bias (mbd), the root mean square difference (rmsd) and the
standard deviation (sd). The visualization is made with the help of scatterplots of the modeled values
versus the corresponding measurements.

x

The dependence of the bias with the type of conditions (clear, intermediate or cloud sky), the seasons
and the aerosol optical depth aod.

x

Comparison in terms of frequency of occurrence and cumulated frequency of occurrence: for the
irradiance, it gives an indication of the repartition for each level of radiation. For the clearness index,
it assesses that the modeled level of radiation occurs at the right time during the day.

x

The second order statistics defined by the Kolmogorov-Smirnov (KS) test (Zarzalejo 2009). It
represents the capability of the model to reproduce the frequency of occurrence at each of the
irradiance level.

x

The distribution of the difference between the model and the measurements around the 1:1 modelmeasurements axis in term of histograms around the mean bias, and the corresponding cumulated
frequency of occurrence.

x

The standard deviation of the bias of all the sites. This value expresses the spatial “smoothness” of
the model, or its capacity to represent any location with a minimal bias.

These statistical parameters include the dispersion due to:

1178

x

The retrieval procedure (clear sky algorithm, input parameters, cloud properties, etc.)

x

The comparison of point measurements (ground data) with spatially averaged values (pixels)

x

The comparison of the average of four instantaneous values (satellite images) with 60 minutes
integrated ground measurements.
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5. Satellite models
The two satellite models using daily values of the aerosol load of the atmosphere retrieved from the MACC
project are SolarGIS from GeoModel Solar, and Helioclim-4 from Mines Paris Tech:
x

x

SolarGIS: the irradiance components are the results of a five steps process: a multi-spectral analysis
classifies the pixels, the lower boundary (LB) evaluation is done for each time slot, a spatial
variability is introduced for the upper boundary (UB) and the cloud index definition, the Solis clear
sky model is used as normalization, and a terrain disaggregation is finally applied. Four MSG
spectral channels are used in a classification scheme to distinguish clouds from snow and no-snow
cloud-free situations. Exploiting the potential of MSG spectral data for snow classification removed
the need of additional ancillary snow data and allowed using spectral cloud index information in
cases of complex conditions such as clouds over high albedo snow areas. The broadband simplified
version of Solis model was implemented in the main schemes as well as in the global to beam
Dirindex algorithms to calculate Direct Normal Irradiance component (Perez 1992, Ineichen
2008b). Processing chain of the model includes post-processing terrain disaggregation algorithm
based on the approach by Ruiz-Arias (2010).
Heliosat-4: the physical model is based on the LibRadTran radiative transfer software (Mayer
2005). Look-up tables are derived for clear and cloudy conditions and used to evaluate the
shortwave irradiance components. The normalization is done with the new McClear clear sky model
also developed by MinesParisTech (Lefèvre 2013). The cloud properties are derived from the
Meteosat images with the APOLLO tool, and the aerosol properties, the ozone amount and the
water vapor content of the atmosphere are retrieved from the MACC-II project.
6. Validation results

In a previous study, a long term validation has been conducted on time series covering up to 16 years
(Ineichen 2013). The Heliosat-4 scheme covers nowadays only the year 2013; this will be the basis of the
validation presented in the present paper. The performance of the previous Heliosat scheme, version 3, is
also included for comparison purpose.
As an outcome from the new McClear clear sky scheme, the clearness indices have been improved from
Heliosat-3 to Heliosat-4; they are now similar to SolarGIS. This is illustrated on Fig. 4 where the global
clearness index Kt is represented versus the solar elevation angle for the two version of Heliosat.

Fig. 4: Clearness index versus the solar elevation angle for the two version of Heliosat

The overall results of the validation are given in Table II in terms of bias (mbd), standard deviation (sd) and
standard deviation of the bias. The first observation shows that the use of daily MACC aerosol optical depths
in Helioclim-4 improves the derivation of the beam component, but reduces the performance of the global
component, particularly the standard deviation of the bias.
Looking into the dependence of the bias with the clearness index and the season, the following points can be
pointed out:
x

The global irradiance biases are very similar for Helioclim-4 and SolarGIS, even if SolarGIS shows
slightly lower dispersions,
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Table II: Overall statistics of the three models for the two components
Global irradiance
helioclim 3
Cabauw 2013

Normal beam irradiance

helioclim 4

SolarGIS

G

nb

mbd

sd

mbd

sd

mbd

sd

254

4106

-3%

22%

12%

25%

-3%

19%

helioclim 3
Gb
209

helioclim 4

SolarGIS

nb

mbd

sd

mbd

sd

mbd

sd

4106

22%

62%

-5%

57%

1%

47%

Camborne 2013

263

4151

3%

20%

11%

27%

-2%

21%

208

4151

38%

63%

-1%

61%

6%

48%

Carpentras 2013

395

3560

2%

12%

7%

15%

0%

12%

459

3560

5%

34%

-1%

25%

-1%

24%

Geneva 2013

293

4226

-3%

22%

10%

28%

2%

20%

279

4226

4%

49%

-1%

64%

5%

45%

Kishinev 2013

309

4096

3%

20%

6%

22%

6%

22%

315

4096

11%

42%

-7%

44%

-7%

44%
97%

Lerwick 2013

201

3526

5%

31%

9%

39%

2%

30%

134

3526

65%

114%

-34%

120%

17%

Madrid 2013

427

3701

1%

15%

8%

16%

1%

13%

484

3701

3%

35%

3%

27%

4%

24%

Tamanrasset 2013

618

3619

-5%

12%

-4%

11%

-10%

12%

641

3619

9%

34%

-6%

24%

-14%

26%

Toravere 2013

276

3536

-4%

27%

3%

28%

-5%

22%

301

3536

1%

63%

-31%

69%

-8%

39%

Valentia 2013

225

4474

4%

28%

14%

33%

-3%

24%

203

4474

15%

66%

-25%

68%

-21%

47%

Vaulx-en-Velin 2013

285

3899

2%

20%

14%

25%

3%

17%

278

3899

9%

47%

3%

47%

0%

36%

Wien 2013

274

4218

-3%

21%

4%

25%

-1%

20%

253

4218

5%

49%

-15%

57%

-6%

41%

All sites

315

3927

0%

19%

7%

23%

-1%

18%

308

3927

11%

49%

-8%

48%

-3%

38%

All sites absolute bias

3%

8%

4%

11%

9%

7%

Standard dev. of the bias

4%

9%

6%

14%

12%

10%

x

Helioclim-4 performs better for the beam component and high clearness indices, but with a higher
dispersion, as given on Fig. 5

x

A slight seasonal pattern is present on the beam bias for SolarGIS and on the global bias for
Helioclim-4, as illustrated on Fig. 6

Fig. 5 Hourly data seasonal bias dependence for the normal beam irradiance at the site of Carpentras

Fig. 6 Daily model seasonal bias dependence for both models at the site of Carpentras

Concerning the bias dependence with the aerosol optical depth aod, no particular pattern can be pointed out,
neither for the beam component, nor for the global irradiance. This is illustrated on Figure. 7 for both
components and the SolarGIS hourly data.
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Fig. 7 Bias of SolarGIS irradiance components versus the aerosol optical depth retrieved from aeronet network

Nevertheless, the use of daily aod instead of climatological values shows a good improvement between
version 3 and version 4 of the Helioclim data. This can be seen on Figure 8 where the beam component bias
for the two versions is plotted versus the aerosol optical depth obtained from the aeronet network.

Fig. 8 Normal beam irradiance bias versus the aerosol optical depth for the two version of Helioclim

The frequency analysis is illustrated on Fig. 9 for the three models and the site of Carpentras. On these
graphs the frequency of occurrence of the measurements are represented by the gray surface, and the models
in different color lines. From this set of graphs, the following points can be underlined:
x

For all the graphs and both components, a good improvement is obtained with Helioclim-4
compared to the version 3 of the model. This is the results of the use of daily aod values,

x

As pointed out on Fig. 5, the frequency distribution shows a underestimation for high beam
irradiances and high corresponding clearness indices for the SolarGIS data, even if the overall bias
is near of zero,

x

The second order statistics given by the KSI% values confirm that Helioclim-4 performs better for
the beam irradiance and SolarGIS for the global component

Fig. 9 Frequency of occurrence distribution of the irradiance for the global and the beam components.
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Fig. 9 (continued) Frequency of occurrence distribution of the clearness indices.
The two last graphs represent the corresponding cumulated frequency distribution

The bias frequency of occurrence around the 1:1 model-measurements axis for the global and the beam
components is given on Fig. 10. The cumulated curve is also drawn on the graphs. The bar charts show that
if the global irradiance bias distribution can be considered as normal, it is not the case for the beam
component. Thus, the standard deviation calculated for the global component is reliable; the results for the
normal beam irradiance are statistically not representative, but nevertheless, they give an idea of the
dispersion.

Fig. 10 Frequency distribution of the bias around the 1:1 axis for the global and the beam components
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7. McClear model analysis
McClear is a new clear sky model developed by MinesParisTech (Lefèvre 2013) with daily MACC aod
values as input. The author of the present paper made a short validation of the model based on the same
ground data but covering the period from 2004 to 2011; this validation will be published in a next validation
report. The main results are the following:
x
x
x
x

The validation is conducted on 45’000 hourly clear sky values selected from data acquired at 18
different sites in Europe, the average global, irradiance are respectively 550 and 770 [Wh/m 2h]
The global component is evaluated with a 2.7% positive bias and a 4% standard deviation, the
normal beam with no bias and a 10% standard deviation. An illustration of the results site by site is
given on Fig. 11,
The bias frequency distributions around the 1:1 axis for all the components show near-normal
distributions as given in Fig. 12 for the global and the beam component. This makes the first order
statistics reliable,
Seasonal pattern are present for the majority of the sites and all the components, but no
generalization could be done. This will be analyzed in the McClear validation paper.
8. Conclusions

A model validation is done on one year of data from 12 European sites. Two models using MACC daily
aerosol optical depths data as input are concerned: Helioclim-4 and SolarGIS. A previous Helioclim model
(version 3) based on climatological Linke turbidity coefficient is given for comparison.
The main conclusion is the use of daily aerosol optical depth values as input to the algorithms is a valuable
improvement to the capacity of the models to reproduce the ground measurements. The MACC project is a
reliable source of these data; it has the advantage to have a high spatial coverage and resolution.

Fig. 11 First order statistics for the McClear clear sky model

Fig. 12 Bias frequency of occurrence around the 1:1 model-measurements axis

The new McClear clear sky model gives good results over 18 European data banks covering the year 2004 to
2011; an in-depth analysis will be conducted by the author and published soon.
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Helioclim-4 and SolarGIS models show specific pattern that should be evaluated and confirmed on the long
term and not only on one year, here 2013. Nevertheless, the performance of SolarGIS over the year 2013 is
similar to the long term analysis given in Ineichen (2013), i.e. a 18% standard deviation for the hourly global
irradiance and 38% for the beam component.
9. References
Benedictow A. et al. 2012. Validation report of the MACC reanalysis of global atmospheric composition:
Period 2003-2010, MACC-II Deliverable D83.1.
Ineichen P. 2006. Comparison of eight clear sky broadband models against 16 independent data banks. Solar
Energy 80, pp 468–478
Ineichen P., 2008a. A broadband simplified version of the Solis clear sky model, Solar Energy 82, 758–762.
Ineichen P., 2008b. Comparison and validation of three global-to-beam irradiance models against ground
measurements. Sol. Energy , doi:10.1016/j.solener.2007.12.006
Ineichen P. 2013. Long term satellite hourly, daily and monthly global, beam and diffuse irradiance
validation. Interannual variability analysis. IAE Solar heating and cooling. Task 46. Geneva.
Perez R., Ineichen P., Maxwell E., Seals R., Zelenka A., 1992. Dynamic global to direct irradiance
conversion models. ASHARE Trans. Res. Series, 1992, 354-369
Lefèvre M., et al. 2013. McClear: a new model estimating downwelling solar radiation at ground level in
clear-sky conditions. Atmos. Meas. Tech., 6, 2403-2418, 2013, doi:10.5194/amt-6-2403-2013.
Mayer B. and Kylling A., 2005. Technical note: The libRadtran software package for radiative transfer
calculations - description and examples of use. Atmos. Chem. Phys., 5, 1855-1877. doi:10.5194/acp-5-18552005
Morcrette J., et al. 2009. Aerosol analysis and forecast in the ECMWF Integrated Forecast System. Part I:
Forward modelling. Journal of Geophysical Research, 114.
Müller, R., et al. 2004. Rethinking satellite-based solar irradiance modelling – the solis clear-sky module,
Remote Sensing of Environment, 91(2), 160–174, doi:10.1016/j.rse.2004.02.009.
Ruiz-Arias J.A., Cebecauer T., Tovar-Pescador J., Šúri M. 2010. Spatial disaggregation of satellite-derived
irradiance using a high resolution digital elevation model, accepted to Solar Energy.
Zarzalejo L.F., Polo J., Martín L., Ramírez L., Espinar B., 2009. A new statistical approach for deriving
global solar radiation from satellite images. Solar Energy, Volume 83, Issue 4, Pages 480-484
Zelenka, A., Perez R., Seals R. and Renné D., 1998. Effective accuracy of models converting satellite
radiances to hourly surface insolation. Proc. 9th Conference on Satellite Meteorology and Oceanography,
Paris, 25-29 May, 1998, 710–713.

1184

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 – 19 September 2014

Availability and variability of solar radiation data for the
modelling of solar thermal installations in Andalusia (Spain)
1

1*

Francisco J. Cabrera , Manuel Pérez-García and Ricardo Silva
1

1

CIESOL Solar Energy Research Centre. Joint Center University of Almeria-CIEMAT. Ctra. Sacramento, s/n, Almería
E04120, Spain. Agro-food International Excellence Campus CeiA3.
*

Corresponding author: M. Pérez-García. Tel.: +34 950015295. E-mail address: mperez@ual.es.

Abstract
A comprehensive analysis was carried out on the data from various weather station networks in Andalusia
(Southern Spain) and standard climate data sources. Special attention was given to characterizing the
different sources of uncertainty that need to be taken into account when inputting solar radiation data used
for solar thermal system modelling - in terms of geographical and statistical representativeness and in terms
of the estimation/measuring procedure considered in direct and diffuse fraction decomposition, a key factor
in concentrating solar system simulation.
Keywords: solar radiation database; direct radiation; diffuse radiation.

1. Introduction
Prior to any simulation of a solar thermal system, one needs to know the typical climatic conditions of the
proposed installation site. Existing standard climate databases generally provide good spatial and temporal
information together with some extra calculation capabilities. However, given the global nature of most of
these databases, they react very slowly to the increasing amount of local climate information sources that, at
present, can provide more specific data related to variability and actual meteorological patterns. These
sources, in turn, can increase the confidence of the standard data both by direct comparison and by
establishing the corresponding uncertainty intervals.
Within the framework of a regional project aimed at assessing the potential use of solar energy as process
heat in Andalusia (Southern Spain), several system simulation codes have been used. Although, as a first
step, an overall analysis can be carried out based on standard meteo inputs (Dumortier, et al., 2009; Perez, et
al., 2001; Súri, 2007; Wald, 2006), the existence of a relevant number of complementary data sources allows
one to better characterize the eventual uncertainties to be considered when inputting solar radiation data into
modelling tasks.
2. Weather stations networks in Andalusia
Andalusia has an extensive network of both automated and manual weather stations distributed evenly
throughout the region (Fig. 1), managed by regional institutions (CMA, 2012) and by the State Spanish
Meteorology Agency (AEMET, 2012).
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Fig. 1. Spatial distribution of the main weather station networks in Andalusia (Southern Spain).

The number of Andalusian weather stations and the main climatic variables measured are shown in Table 1.
In Andalusia, there are about 300 weather stations which measure solar radiation; however very few weather
stations measure direct and diffuse radiation.
Due to the scant availability of measured data for direct irradiation, where necessary it has been estimated on
a horizontal surface, Hb, by the expression:
ܪ ൌ  ܪെ ܪௗ (eq. 1)

Tab. 1. Availability of the principal climatic variables for the main weather station networks in Andalusia and the minimum
time-scale availability (Global solar irradiation, H; direct normal irradiation, DNI; diffuse irradiation, Hd; temperature, T,
and wind velocity, u).

Junta de
Andalucía

AEMET

Instituti
on

Total

H

DNI

Hd

T

u

Name of weather station network

Short
name

Minimum time
scale
[number of weather stations]

Automatic weather station

EMA

Main weather station

PRINCIP

3

1

14

19

10’

Secondary weather station

SECUND

1

1

73

55

Day

Radiometric national network

RRN

9

7

8

8

Hour

Agroclimatic information

RIA

108

108 108

Hour

Alert and phytosanitary information

RAIF

90

90

90

Hour

Automatic and remote weather station

EARM

45

45

45

Hour

Information system for environmental
monitoring

SIVA

51

60

64

Hour

108 105

307

4

4

9

10’/ Hour

506 494

3. Comparison of solar radiation sources
The source of the measured data was the National Radiometric Network, RRN, (AEMET, 2012), providing
data for global solar irradiation, H, beam solar irradiation, DNI, and diffuse solar irradiation, Hd (Tab. 1). The
weather stations from which the measured solar radiation data came are located in 7 provincial capitals;
Almería (AL), Cádiz (CA), Córdoba (CO), Granada (GR), Huelva (HU) and Málaga (MA). Tab. 2 shows the
daily coverage data over a 10-year period (01/01/2001 to 31/12/2010) from the main RRN weather stations.
Using the 10 years of measured values from the RRN stations in Andalusia (Tab. 1) for global, direct and
diffuse solar irradiation, various sources of solar radiation have been analysed (Tab. 3), with radiation data
from the Andalusia EA, METEONORM, HELIOCLIM-3, and SATEL-LIGHT. Special attention was paid to
assessing the geographical and statistical representativeness of standard data as well as the estimation
procedure considered for direct and diffuse decomposition on an hourly, daily and monthly time scale.
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Tab. 2. Daily coverage of the measured climatic variables from the main radiometric national network (RRN) weather stations
in Andalusia for the period between 01/01/2001 and 31/12/2010 (Global solar irradiation, H; direct irradiation, Hb; diffuse
irradiation, Hd; temperature, T, and wind velocity, u).

Parameter

weather station location (RRN)
[Latitude and Longitude]
AL
CA
CO
GR
HU
MA
[36.8º, -2.4º] [36.5º, -6.3º] [37.8º, -4.8º] [37.1º, -3.6º] [37.3º, -6.9º] [36.7º, -4.5º]

H

98%

44%

46%

83%

40%

59%

H b, H d

95%

31%

14%

81%

37%

46%

Starting from the cumulative frequency curves for different irradiation ranges (Fig. 3), we performed a
values comparison using the Kolmogorov-Smirnov test, measuring the maximum distance, DKS, between the
cumulative frequency curves of the modeled values, CDFmod, and the measured values CDFmea. The
Kolmogorov–Smirnov test Integral (KSI) is the integral of the area between the CDFs for the modelled and
measured values (Espinar, et al., 2009; Massey, 1951).
ܦ ൌ ܨܦܥௗ ሺ݅ሻ െ ܨܦܥ ሺ݅ሻ (eq. 2)
ܦௌ ൌ ݉ܽݔȁܦ ȁ (eq. 3)
௫

 ܫܵܭൌ ௫ ೌೣ ȁܦ ȁ  (eq. 4)


A KSI percentage [KSI %] is obtained by normalizing by the critical area, acritical:
ܫܵܭΨ ൌ

ௌூ
ೝೌ

ͳͲͲ (eq. 5)

where acritical is calculated for a number of available data (n≥35) and for a 99% level of confidence:
ܽ௧ ൌ

ଵǤଷ
ξ

ሺݔ௫ െ ݔ ሻ (eq. 6)

The RMSE [MJ m-2] between the modelled, Ymod, and measured, Ymea, values is obtained for each variable
and weather station over the daily and monthly periods. The NRMSE [%] is obtained by normalizing by the
average of the measured values.


 ൫
ܴ ܧܵܯൌ ඨ సభ

మ

ሺሻିೌ ሺሻ൯


; ܴܰ ܧܵܯൌ

ோெௌா
തതതതതതതത

ೌ

ͳͲͲ (eq. 7)

Tab. 3. Radiation sources compared to the values measured at weather stations. [adapted from (Suri, et al., 2008)]

Product
Radiation data
exploitation of
Andalusia
(AAE, 2014)
METEONORM
v7.0
(METEOTEST,
2014)

HELIOCLIM-3
(SODA, 2014)

Provider

Source of
data

Area

Andalusian
Ground
Andalusia
Energy
(RIA/RAIF) (Spain)
Agency (AEA)

time period

time
RMSE/MBE
variables
scale
[%] for GH

measured data,
interpolations and
G, Gb, Gd,
hourly
typical
T, u
meteorological years

METEOTEST

Ground

measured monthly
data from ground
stations, interpolation monthly G, Gb, Gd,
worldwide
T, u
hourly
and estimation
typical
meteorological years

MINES
ParisTech Armines
(France)

Satellite

from -66°
to 66° (lat.
and long.)

2004 - onward

15
G, Gb, Gd
minutes

-

6.2/0
(Remund,
2008)

25/3
(Beyer, et al.,
2009)
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SATEL-LIGHT

European
project ENTPE

(SATEL-LIGHT,
2014)

Satellite

Europe

30
G, Gb, Gd
minutes

1996 - 2000

27/-2
(Beyer, Polo
Martinez, Suri,
Torres, Lorenz,
Müller, HoyerKlick and
Ineichen, 2009)

3.1. Hourly values
Figure 3 shows the annual errors for different hourly ranges of global, direct and diffuse solar irradiation,
between measured and modelled values from the Andalusian EA database located in Almería. There is more
error (the dotted red line) at low irradiance, where the observed values are greater than the estimated values.
Andalusian AE-AL-Annual

Andalusian AE-AL-Annual
1

a)

Cumulative frecuency (CDF)

Cumulative frecuency (CDF)

1
0.8
0.6
0.4
0.2
0
0

1.5
2
2.5
3
3.5
4
HH [MJ m-2]
Measured
|Modeled-Measured|
Modeled
Andalusian
AE-AL-Annual

Cumulative frecuency (CDF)

1

0.5

1

b)

0.8
0.6
0.4
0.2
0
0

0.5

1

1.5
2
-2
HH
[MJ
m
]
b

2.5

3

3.5

c)

0.8

Fig. 2. Annual cumulative frequency for
modelled and measured hourly values of a)
ࡴ
global, ࡴࡴ
ᇹ , b) direct , ࡴ࢈ , and c) diffuse,
ࡴ
ࡴࢊ , solar irradiation from the Andalusian
EA data source in Almería (AL).

0.6
0.4
0.2
0
0

0.5
Modeled

1
HH
[MJ m-2]
d
Measured

1.5

2

|Modeled-Measured|

The monthly and annual errors for hourly global irradiation, KSI%, show variability between different
locations (for all databases) of between 25-30% (Fig. 4b). KSI% is higher in winter for the database of the
Andalusian EA, and Satel-light; whereas it is higher in spring-summer for Helioclim-3. For horizontal direct
solar irradiation (Fig. 4b), the error is greater in the autumn-winter for Andalusian EA and Satel-light; in
summer, it is higher for Meteonorm. In the case of diffuse solar irradiance (Fig. 4c), the error is greater in
winter for Andalusian EA, and in summer for Meteonorm and Helioclim-3. The highest database error is for
Andalusian EA. This may be because the Andalusian EA database uses climate data from the RIA network,
which measures radiation with pyranometers that have less accuracy and wavelength range than the RRN
pyranometers.
3.2. Daily values
For daily irradiation values, the NRMSE error is higher in spring and autumn for all databases measuring
global (Fig. 2a), direct (Fig. 2b), and diffuse (Fig. 2c) solar irradiation. The highest monthly database errors
came for Meteonorm and Helioclim-3. The highest daily error, coming from the Meteonorm database, may
be due to the random value generation process of global, direct and diffuse solar radiation that this software
uses.
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ࡴ
Fig. 3. Monthly and annual error of use for the hourly a) global, ࡴࡴ , b) direct, ࡴࡴ
࢈ , and c) diffuse, ࡴࢊ , solar irradiation from
the Andalusian EA, Meteonorm, Helioclim-3 and Satel-light sources for the main radiometric national network (RRN)
weather stations in Andalusia.
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ࡰ
Fig. 4. Monthly and annual error of use for the daily a) global, ࡴࡰ , b) direct, ࡴࡰ
࢈ , and c) diffuse, ࡴࢊ , solar irradiation from the
Andalusian EA, Meteonorm, Helioclim-3 and Satel-light sources for the main radiometric national network (RRN) weather
stations in Andalusia.

1190

Cabrera, F.J., Pérez-García, M. and Silva, R. / EuroSun 2014 / ISES Conference Proceedings (2014)

3.3. Monthly values
The average monthly NRMSE error is 7±4%, 14±2% and 16±4% for global, direct and diffuse solar
irradiation, respectively (Fig. 5).
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Fig. 5. Annual error of use for the monthly
ࡹ
ࡹ
global, ࡴࡹ
ᇹ , direct , ࡴ࢈ , and diffuse, ࡴࢊ , solar
irradiation
from
the
Andalusian
EA,
Meteonorm, Helioclim-3 and Satel-light sources
for the main radiometric national network
(RRN) weather stations in Andalusia
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Tab. 4. Annual KSI%, RMSE and NRMSE error of use for the hourly, daily and monthly global, ࡴ , direct, ࡴ࢈ , and diffuse,
ࡴࢊ , solar irradiation for different sources in the main radiometric national network (RRN) weather stations in Andalusia.

Hourly
ࡴ

ࡴ

Source

Meteonorm
Helioclim-3
Satel-Ligth

KSI% [%]

Andalusian
EA

Daily
ࡴࡴ
ࢊ

ࡰ

ࡴ

Monthly

ࡴࡰ
࢈

ࡴࡰ
ࢊ

ࡹ

ࡴ

ࡴࡹ
࢈

ࡴࡹ
ࢊ

174±19 435±58 518±73

27±5

140±39

191±69

5±1

29±7

48±21

90±24

140±43 130±51

25±9

75±21

78±13

7±2

21±9

24±8

94±39

96±21

330±51 77±17

77±21

77±46

19±4

17±3

33±16

49±9

51±10

140±87

12±2

15±2

43±25

13

30

73

3

7

NS

102±15 128±30 334±75
31

LSD

ࡴࡴ
࢈

49

77

1.9±0.2 3.8±0.7
(11±1) (28±4)

1.8±0.3 19.1±4.3 66.6±19.0 37.1±10.0
(31±5)
(4±1)
(16±5) (22±8)

Meteonorm

4.1±0.3 6.4±0.7
(23±2) (47±4)

2.6±0.3 22.8±6.7 49.3±16.9 26.7±7.6
(45±3)
(4±1)
(12±4) (15±5)

3.6±0.2 5.0±0.9
(20±1) (37±5)

1.7±0.4 62.9±10.8 63.2±11.1 22.6±7.3
(30±4)
(12±2)
(16±3) (13±3)

2.9±0.2 4.1±1.0
(16±2) (30±6)

1.7±0.5 43.0±8.9 54.2±17.4 27.3±11.1
(28±5)
(8±2)
(13±4) (15±5)

Helioclim-3
Satel-Ligth
LSD

RMSE [MJ m-2] /
(NRMSE [%])

Andalusian
EA

0.3
(2)

1
(6)

0.4
(5)

9.7
(2)

NS
NS

NS
(6)

LSD: Least significant difference; NS: No significant difference (p<0.05).

There are significant differences in the annual error from the various databases when generating solar
radiation data (Tab. 4).
For annual beam solar irradiation values, when comparing data generated by METEONORM for measured
data in Seville between 2000-2012 (Silva-Pérez, et al., 2014), they obtained an RMSE error = 232 MJ m-2
(11%), similar to the one obtained in this study.
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By performing a daily global irradiation estimation, with measured values from nearby weather stations,
(Vázquez, et al., 2014) obtained an annual error lower than 5% with the RRN data for northern Spain.
4. Conclusions
There are significant variations in accuracy between databases. No definitive database exists; instead, one
must choose between one or other of the databases taking the following into account: the location, the
purpose of the application, the time scale and the date of availability etc... all of which are required for the
estimated data.
The radiation error estimation for different databases reduces with increasing time scale.
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Abstract
Knowledge of peak solar irradiance levels and radiation is required to perform holistic photovoltaic system
design for a particular location. In order to quantify solar energy input, c-Si reference cells were installed in
three locations representing the North, middle-East and South of Mauritius. Global horizontal solar
irradiance was measured at high frequency distribution intervals of 30-seconds since March 2012. The high
resolution data was used in order to evaluate the enhanced irradiance levels and to compute average
irradiance, radiation and the sky clearness. The latter were used to develop contour plots representing
distribution of radiation and clearness for the whole year across the island. Enhanced irradiance levels of
above solar constant (1367 W/m2) were recorded in the summer months. The frequency of occurrence of
those values was from a few to as many as 70 times and they lasted for up to 2 minutes. Enhanced irradiance
levels of above 1500 W/m2 were also recorded at least twice in all the three locations. Average daily global
radiation was calculated to be 3.91 kWh/m2, 5.09 kWh/m2 and 3.97 kWh/m2 in the East, North and South
respectively, but even 7.79 kWh/m2 was recorded. Low clearness values, between 0.3 – 0.61 were obtained.
They reflect a higher level of cloud coverage over the island which subsequently increase Mie scattering and
justify the enhanced irradiance levels that were measured. All solar data were compared to countries of the
African continent with the same latitude as Mauritius.
Key words: Enhanced irradiance, Enhanced global horizontal radiation, Near-tropic African region
1. Introduction
Solar energy is considered as one of the promising renewable energy sources and its quantification is of
utmost importance for the realisation of renewable energy projects. Photovoltaic (PV) engineers and
contractors require reliable and valid locally measured solar data to perform system sizing and yield
evaluation. Solar data comprises of solar irradiance, solar radiation as well as information on sky clearness or
cloud coverage. As described by Ransone and Funtan (2005), measurement frequencies higher than 5
minutes are vital for system evaluation. But in order to perform holistic system sizing, in addition to sitespecific solar energy knowledge of peak level of solar power is required. Numerous works have been
performed for the quantification of solar resource and development of solar maps. Suri et al. (2007)
developed a solar radiation database using solar radiation model and climatic data integrated with
Photovoltaic Geographic Information System (PVGIS). The database provides information on solar radiation
for PV potential in 25 European Union member states and 5 candidate countries. Journee et at. (2012)
characterised solar radiation in Benelux countries using a dataset of daily global horizontal radiation based
on on-site observations as well as long-term satellite based data. Solar radiation climatic zones within the
Benelux were also defined. Solar resource have been assessed in US by Gueymard and Wilcox (2011), in
South American countries by Ortega et al. (2010), African countries by Taele et al. (2007), Aksas and Gama
(2011), Zawislka and Brooks (2011), Okoro and Madume (2004), Bugaje (2006) and Munzhedi and Sebitosi
(2009), as well as Asian countries by Li et al. (2011). Information provided by numerous researchers around
the globe on solar radiation data has played a very significant role for increasing the deployment of
photovoltaic projects. Currently, the minimum installed capacity of PV systems around the globe is estimated
by IEA (2014) to be around 134 GW. At least 36.9 GW of PV systems have been installed and connected to
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the grid in the world last year. Being among Africa’s most rapidly developing countries, Mauritius is
boosting the integration of PV systems in the grid through Independent Power Producers (IPPs) and Small
Scale Distributed Generators (SSDGs). The installed capacity has increased from 2 MW to 3 MW in 2012
and Medium Scale Systems (>50kW PV systems) will be implemented in the near future. As information on
solar resource in the Far East side of Africa is not available, Ramgolam et al. (2013) have evaluated the
potential of PV system of a site in the east of Mauritius and have proposed the optimum design
configurations for enhancing the yield of a PV system at the given location by 6% annually. Being in the
tropical region, Mauritius is well located to efficiently harvest solar energy. But, effects of local climatic
conditions of the tropical zone, such as high level of humidity and high cloud cover must be carefully
assessed prior to PV system design.
The energy reaching the Earth's surface is involved in several complex processes such as scattering and
absorption through the atmosphere. The latter, generally, lead to an attenuation of the solar irradiance to
levels lower than the solar constant. But in certain circumstances, due to a combination of forward scattering
and reflection at the border of clouds, global horizontal irradiance (G) may be enhanced. Several researchers
have reported solar irradiance values greater than the solar constant. Yordanov et al. (2013) stated that
irradiance enhancements may be attributed to forward Mie scattering of light. Tapakis et al. (2014)
mentioned that diffuse irradiance may be enhanced due to reflection from the base of clouds and through
scattering of direct irradiance due to cloud particles and reported enhanced global horizontal irradiance
(EGHI) values (>1500 W/m2). Design of PV systems cannot be based only on electrical data given in data
sheets as they correspond to standard test conditions (STC) with irradiance levels of 1 sun. For proper,
inverter and balance of system (BoS) component sizing the peak irradiance levels at the site of installation
must be known. This will lead to reduction of power wastage from PV panels. The power output from PV
panels is linearly proportional to the input irradiance whereas the ouput from inverter is limited to its power
rating. Louma et al. (2012) studied a PV array and an inverter system installed in San Diego, California, in
order to determine the energy losses due to inverter saturation. Emphasis was laid on the importance of cloud
enhancement which extends beyond energy losses to issues such as inverter tripping and blown fuses at large
solar PV plants. Results show that increasing the inverter sizing ratio to R = 1.22 for the studied system
would lead to the greatest yearly energy output. In addition to energy losses due to saturation of inverter,
Tapakis et al. (2014) discussed that regardless of the ability of the inverter to regulate the input power, there
are limits that cannot be overcomed. If the DC input power to the inverter exceeds the maximum DC power
threshold of the inverter, then it may cause irreparable damage to the inverter.
Mauritius is an island which is surrounded by the sea. Therefore the level of humidity and cloud cover is
higher and therefore enhancement of irradiance levels is highly probable. The objective of this study was to
quantify the occurrence of enhanced solar irradiance with high accuracy across the island. For the purpose
three locations that provide a good coverage of Mauritius were selectively chosen to install c-Si reference
cells. Global horizontal irradiance was measured at the three sites in Mauritius at a frequency interval of 30seconds. Such high measurement frequency provides an opportunity to consider all minute changes in
irradiance and allows researchers and engineers to better evaluate incident solar energy. In addition the high
resolution data, compiled since 2012, was used to assess the average daily, monthly and yearly radiation and
hence provided an opportunity for comparison of local solar data with African countries having the same
latitude as Mauritius.
2. Methodology
2.1. Location and overview of climate
Mauritius is an island which lies between latitudes 19º58.8' and 20º31.7' South and longitudes 57º18.0' and
57º46.5' East (Monthly Bulletin of climatological summaries, 2008) nearly 2000 km in the south east of the
African continent. Mauritius is 45 km in width and 65 km in length (Discover Mauritius). Being in the
tropical zone, Mauritius has two seasons: a warm humid summer extending from November to April and a
relatively cool dry winter from June to September. Mean summer temperature is 24.7 ºC and mean winter
temperature is 20.4 ºC. The warmest months are January and February with average day maximum
temperature reaching 29.2 ºC and the coolest months are July and August when average night minimum
temperatures drops down to 16.4 ºC (Climate of Mauritius, 2014). The long term mean of humidity varies
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between 75% in winter and 84% in summer, but lowest and highest noted values are 36% and 100%
respectively (Environment, 2012).
2.2. Equipment details
In order to evaluate the solar resource locally, 80spc Soldata reference cells were installed in three different
locations. They provide a good coverage of the island and represent the middle-East, North and South of
Mauritius. The reference cells have an accuracy of 3%. 12-bit resolution U12 4-channel outdoor HOBO data
loggers were connected to the reference cells. The logger use direct USB interface for launching and data
readout which were performed on a weekly basis. More details of the sites and the reference cells are
provided in Tab. 1.
Tab. 1: Details of measurement sites and pyranometers

Location of reference cells

Calibration factor, mVkW-1m-2

Altitude

Latitude, L

Longitude

Brisee Verdiere: middle-East

144.5

200 m

-20.18

57.66

Cottage: North

156

100 m

-20.06

57.63

Mare Tabac: South

160

200 m

-20.44

57.59

2.3. Solar data
Ground-based measurement provided very accurate G data. The latter is used to assess G and quantify
enhanced solar irradiance (EG), daily irradiation (H) and sky clearness index. Global horizontal irradiance
represents the total amount of incident irradiance that comes directly from the Sun and is incident on a
surface that is perpendicular to the direction of Sun rays. The reference cells were mounted on adjustable tilt
kits and their inclination was set to 0 degrees using a digital clinometer. G data, measured at intervals of 30seconds was warehoused and used to detect enhanced solar irradiance and quantify their frequency of
occurrence. EG values represent global irradiance which exceeds the solar constant, I 0, the intensity of solar
irradiance which is incident to the Earth’s atmosphere. Average daily irradiation (H) was computed for each
month of measurement using the high frequency measurement data. Monthly averaged and yearly H for each
region of Mauritius was hence defined. Solar energy availability for PV applications is characterised by the
sky clearness index, KT. It provides a useful metric for global radiation at the given location. It is obtained by
dividing H at the surface by the extraterrestrial irradiation (H0), on the same time scale. The extraterrestrial
irradiation is measured in kW/m2 and is given by:
ܪ ሺ݊ሻ ൌ

ଶସூబ
గ

ቀͳ  ͲǤͲ͵͵ͶͶ ή ሺ

ଷή
ଷହ

ሻቁ ቀ ሺܮሻ ൫ߜ௦ ሺ݊ሻ൯ ሺ߱௦ ሻ 

గήఠೞ
ଵ଼

ሺܮሻ ሺߜ௦ ሺ݊ሻሻቁ(eqn. 1)

where I0 is the solar constant (1367 W/m2) and ωs(n) is the sunset hour angle which is given by:
߱௦ ሺ݊ሻ ൌ ܿି ݏଵ ሺെሺܮሻሺߜ௦ ሺ݊ሻሻሻ

(eqn. 2)

n – day number with 1st January as day 1, L – the latitude angle and Gs(n) - solar declination.
3. Results and Discussion
3.1. Global horizontal irradiation and Sky Clearness Index
The high frequency resolution solar data from the three sites was used to compute daily H and hence monthly
averaged H. The monthly averaged H distribution throughout a year in Mauritius is represented in Fig. 1 as
colour filled contour map. The solar map reflects the climatic changes that occur in Mauritius, with the high
H levels recorded in summer with lower values in winter. It can be easily noticed that the north receives the
highest amount of daily H from January to November. But in December the southern part receives higher H
with values of 6.25 kWh/m2 compared to 5.99 kWh/m2 in the north. This is attributed to the location of
Mauritius and the sun path in the summer season. During most part of the year, the sun is directed from the
north, whereas during peak summer, the sun is directed from south for the most of December. The middleEast part receives almost the same amount of solar energy as the southern part in the winter months, but
during summer the southern part receives higher level of H. Minimum registered monthly averaged H values
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were 3.67, 2.75 and 2.26 kWh/m2 in the north, middle-East and South respectively.
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Fig. 1: Distribution of monthly averaged global horizontal irradiation over Mauritius

The yearly averaged daily measured H was 3.91 kWh/m2, 5.09 kWh/m2, and 3.97 kWh/m2 daily in the
middle-East, North and South, but even enhanced H over 7 kWh/m2 were recorded in the summer months.
Maximum registered H levels were identified for each region and used to create a contour map (Fig. 2)
which shows the distribution of peak H throughout a year in Mauritius. Peak enhanced H values, 7.1 - 7.71
kWh/m2, were recorded in the north during the months of October to March. Whereas, the east registered
7.01 – 7.44 kWh/m2 during November to February and the south registered between 7.21 – 7.79 kWh/m2
during the same months. It must be noted that in December and January, enhanced H values which were
recorded in the south (7.75 and 7.79 kWh/m2) were higher than those recorded in the north (7.54 and 7.57
kWh/m2).
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Fig. 2: Distribution of maximum measured global horizontal irradiation over Mauritius

On a yearly basis the average radiation that can be yielded is 1428 kWh/m2 in the middle-East and 1450
kWh/m2 in the South whereas the North receives 1803 kWh/m2. For a better analysis and understanding of
solar energy available in Mauritius, NASA SSE solar data were downloaded for sites located in Namibia,
Zimbabwe, Botswana, Mozambique and Madagascar which have the same latitude as Mauritius. The result
has been presented in Fig. 3 as distribution of global horizontal radiation across sites in Africa having
latitude -20.3° for a whole year. It must be noted that NASA SSE data represent monthly average amount of
the total solar radiation incident on a horizontal surface at the surface of the earth for a given month,
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averaged for that month over the 22-year period. Each monthly averaged value is evaluated as the numerical
average of 3-hourly values for the given month. In addition PV GIS (2012) data were extracted from solar
map of Africa for the same countries and compared to annual average H derived from measurement data for
Mauritius. The PV GIS map contains 2 km x 2 km grid resolution of annual mean of daily sum of global
irradiation for horizontal plane.
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Tab. 2: Comparison of global
horizontal irradiation data extracted
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Fig. 3: Comparison of monthly averaged global horizontal irradiation over
Mauritius and African countries with latitude -20.3°

From Fig. 3, it can be easily concluded that, Mauritius receives lower global horizontal radiation across the
year than the other countries of the African continent having the same latitude. It is also clearly noticed that
countries near the sea such as Mozambique, Madagascar and Mauritius receive lower H levels during the
winter months compared to the other countries. The geographical location of Mauritius, surrounded by the
sea, has indeed an impact on the annual solar energy input. This is further confirmed by solar data from PV
GIS. Compared to all the other countries, given in Tab. 2, Mauritius receives the least annual H with a
minimum of 1425 kWh/m2 in the middle-east and a maximum of 2340 kWh/m2 in the north of the island.
The sky clearness index, which is a better metric for assessing solar energy and cloud coverage, was
computed for the different sites and a monthly average was defined for Mauritius. The latter is compared to
insolation clearness index obtained from NASA SSE for the countries in African continent having the same
latitude as Mauritius. The result is shown in Fig. 4 and Tab. 3.
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Fig. 4: Comparison of monthly averaged sky clearness over Mauritius and
African countries with latitude -20.3°
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As seen in Fig. 4 and Tab. 3, during the winter season the cloud cover is lower. The average yearly clearness
index value was found to be 0.41, 0.44 and 0.52 for the middle-East, South and North respectively. It must
also be noted that regions near or surrounded by the sea have lower sky clearness index compared to inland
regions. Compared to the other countries, low monthly clearness values, between 0.3 – 0.61 were obtained
for any location in Mauritius. They reflect a higher level of cloud coverage over the island, which on one
side decreases daily H and on the other side may subsequently increases Mie scattering as well as reflection
at the edges of clouds.
3.2. Irradiance and Enhanced Irradiance

40
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Frequency of occurrence
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Fluctuations in the level of irradiance has a direct impact on the maximum power point of solar modules. As
irradiance increases, the short circuit current increases proportionally and hence maximum power point
voltage. On the other hand, temperature has an inverse impact on open circuit voltage or maximum power
point voltage. As temperature decreases, maximum power point voltage in increases. During cloudy
conditions, temperature decreases. But in the other hand, as described by Piacentini et al. (2011) thick clouds
may scatter solar rays and increase diffuse irradiance. Besides, multiple reflections and even forward Mie
scattering may increase the global irradiance. Instantaneous enhancement of global irradiance has a direct
impact on the power output of solar modules. In case, PV system engineers are not aware of peak irradiance
levels in a site, improper sizing of inverters may lead to energy losses or inverter saturation or even damage
due to over voltage. These enhanced irradiance levels occur during short intervals and only high-frequency
of measurement may detect them. The 30-second interval G data measured in the different sites in Mauritius
was carefully analysed to detect variations in G that occurs and identify the frequency of occurence of
enhanced G. The results are shown in Fig. 5 to 7.
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Fig. 7: Frequency of occurrence of G within 1500<G<1600 W/m2

Following thorough analysis of G data, it was noticed that the southern part of Mauritius received the least
irradiance levels in the winter months, but it increased in summer. Peak irradiance exceeded the standard 1
kW/m2 for most of the months in all the sites of measurements across the island, but especially in summer
enhanced G values were noted. As seen in Fig. 5 - 6, the frequency of occurrence of G > 1367 W/m2 was
from a few to up to 70 during a month. It was also noticed that near solar constant values lasted for up to 2
minutes. Between 1 to 5 enhanced values of G (> 1500W/m2) were noted in all the three locations and that
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was only in December and January. The peak G recorded were between 1510 W/m2 and 1532 W/m2. During
the summer months firstly the elevation of the Sun at solar noon locally is 90 ± 5 degrees and the distance
between the Tropic and the Sun is minimal. This implies that the direct irradiance component has the
maximum value. Mauritius is an island which is surrounded by the sea. As observed by the sky clearness
values provided in Tab. 3 and Fig. 4, the level of cloud cover is higher compared to any inland country.
Hence, Mie scattering, scattering and multiple reflection due to clouds tend to increase the diffuse
irradiance. Hence, the global irradiance values are enhanced.
4. Conclusion
Instantaneous variations in the level of irradiance has a direct impact on the maximum power point of solar
modules. Cloud cover may cause irreperable damage to a PV system’s components, such as inverter and
fuses, if the proper condition of temperature decrease and enhanced solar irradiance which is due to forward
Mie scattering and multiple reflections occur simultaneously. Therefore, for holistic PV system design
engineers must know not only daily, monthly or seasonal variations in solar energy, but also the peak
irradiance values that may be incident on a PV module. Only high-frequency measurement of solar data can
provide highly reliable information on solar energy input and detect any enhanced solar irradiance as the
latter has short durations. During the study, high frequency resolution solar data from three sites which
provide a good coverage of Mauritius were used to compute daily H, hence monthly averaged H and identify
enhanced H. They have been represented in the form of solar maps with distribution throughout a year in
Mauritius. The yearly averaged daily measured H was 3.91 kWh/m2, 5.09 kWh/m2, and 3.97 kWh/m2 daily
in the middle-East, North and South, but even enhanced H over 7 kWh/m2 were recorded in the summer
months. In December and January, the southern part of the island recorded enhanced H values (7.75 and 7.79
kWh/m2) which were higher than those recorded in the north (7.54 and 7.57 kWh/m2). Following a
comparative analysis of H in Mauritius and other near-tropic countries in Africa, it was noticed that
Mauritius receives lower global horizontal radiation across the year than the other countries of the African
continent located in the same latitude. The latter is attributed to the geographic position of Mauritius.
Regions near or surrounded by the sea have lower sky clearness index compared to inland regions.
Compared to the other countries, low monthly clearness values, between 0.3 – 0.61 were obtained for any
location in Mauritius. Peak irradiance exceeded the standard 1 kW/m2 for most of the months in all the sites
of measurements across the island, but in summer enhanced G values were noted. The frequency of
occurrence of G > 1367 W/m2 was from a few to up to 70 during a month. It was also noticed that near solar
constant values lasted for up to 2 minutes. Between 1 to 5 enhanced values of G (> 1500W/m2) were noted in
all the three locations and that was only in December and January. This is attributed to high solar elevation
accompanied by high level of cloud cover during these months.
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Summary

Irradiance levels on arbitrary sloped surfaces is a prerequisite in meteorology, solar energy applications and
building sciences, especially for modelling and monitoring the performance of solar energy systems. In
general, global tilted irradiance is computed as the sum of the beam component of direct irradiation on the
tilted surface, diffuse tilted and reflected irradiance. These three components can be calculated by existing
formulas given the Diffuse, Global Horizontal Irradiance and surface albedo. However, although for some
locations both diffuse and diffuse irradiance are measured as a standard practice, in most locations, the
meteorological data comprise only of measurements of Global Horizontal Irradiance.
The present research regards numerical analysis and development of empirical correlations for the
computation of the hourly diffuse fraction based on the measurements of the clearness index. Solar altitude is
incorporated as a parameter in the computations in order to reduce the error in the computations since it
embraces the effect of the different times and dates in the computations. The extracted numerical equations
are presented in terms of solar altitude in steps of 20o based on measurements recorded at the meteorological
station of Athalassa, Cyprus, for a ten year period (2001-2010). The statistical analysis from the comparison
(in terms of R2, RMSE and MBE) showed better results for higher elevation angles, compared to lower
elevation angles that correspond to early morning or late afternoon.

1. Introduction
Solar Energy is the feedstock for various applications of renewable energy sources. Thus, the necessity of
using global tilted irradiance is acknowledged for the computations of the performance and monitoring of
Photovoltaic (PV) Parks, meteorology, building sciences and other solar energy applications. In general,
global tilted irradiance is computed as the sum of the beam component of direct irradiation on the tilted
surface, diffuse tilted and reflected irradiance. These three components can be extracted using only the
values of Global Horizontal (Gh) and Diffuse (Gd) Irradiances and surface albedo (Muneer, 2004).
Although for some locations both global and diffuse irradiance are measured, in most locations,
meteorological data consist only of on-site measurements of Gh. Alternatively, the components of solar
irradiance can be determined from satellite data; nevertheless, the high cost of satellite data and the low
spatial and temporal resolution of the measurements prevent their usability.
Thus, researchers have adopted empirical correlations for the calculation of diffuse irradiance using only
measurements of Gh. The first empirical model for the computation of Gd, given the Gh was proposed at 1960
by Liu and Jordan (1960). The proposed model related the clearness index (kt) to the diffuse fraction (kd),
where kt is defined as the ratio of Gh to extraterrestrial radiation on a horizontal surface (G o) and kd is defined
as the ratio of Gd to Gh.
݇௧ ൌ

݁ܿ݊ܽ݅݀ܽݎݎܫ݈ܽݐ݊ݖ݅ݎܪ݈ܾ݈ܽܩሺܩ ሻ
݂݁ܿܽݎݑݏ݈ܽݐ݊ݖ݅ݎ݄ܽ݊݊݅ݐܽ݅݀ܽݎ݈ܽ݅ݐݏ݁ݎݎ݁ݐܽݎݐݔܧሺܩ ሻ
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(eq. 1)
݇ௗ ൌ

݁ܿ݊ܽ݅݀ܽݎݎܫ݁ݏݑ݂݂݅ܦሺܩௗ ሻ
݁ܿ݊ܽ݅݀ܽݎݎܫ݈ܽݐ݊ݖ݅ݎܪ݈ܾ݈ܽܩሺܩ ሻ
(eq. 2)

The main objective of the current research is to include solar altitude (α) as a clustering index on the
computations in order to reduce the error since it embraces the effect of the different times and dates. New
empirical correlations were developed and were compared to existing Liu-Jordan type correlations.
2. Solar irradiance data - Measurements and pre-processing
The measurements were recorded at the main Solar Radiation Centre of the Meteorological Service of
Cyprus, located at Athalassa, Cyprus, a semi-rural site located at the centre of the island of Cyprus
(35o28’27’’ North, 33o23’47’’ East, height 165m amsl). The climate of Cyprus is intense Mediterranean
Semi-arid type climate, characterized by hot dry summers and rainy, rather changeable winters. Summers
and winters are separated by short autumn and spring seasons of rapid changes in weather conditions.
Additionally, during spring and early summer, the atmosphere is quite hazy due to dust transferred primarily
by prevailing winds from the Saharan desert (Michaelides et el., 1999).
Hourly values of horizontal (Hh), diffuse (Hd) and direct (Hb) irradiation were recorded for a ten year period,
from January 2001 to December 2010. Hh and Hd were recorded using Kipp and Zonen pyranometers (model
CM21), while Hb was recorded using a Kipp and Zonen pyrheliometer (model CH1). The CH1 pyrheliometer
and the CM21 used for diffuse measurements were positioned on a Kipp & Zonen two axis solar tracker. The
equipment was cleaned and aligned on a daily basis and the sensors were calibrated yearly. The long period
covered by the dataset ensures that the complete range of seasonal solar angles and seasonal variations are
included in the recorded data, reducing the statistical error.
In order to compute the two Liu Jordan parameters (kt - kd), several intermediate pre-processing
computations were performed. At first, the irradiation measurements were converted to irradiance. Then, in
order to compute the Go, the values of the day angle, solar declination, equation of time for the sun, hour
angle, zenith angle and solar altitude were calculated (Pandey and Soupir, 2012). Finally, the kd and the kt
were computed using equations (1) and (2).
A quality control analysis of the dataset was performed in order to eliminate spurious data, data measured
during night-time, possible instrumental errors, misguiding ambiguous measurements, especially cosine
response during the early morning or late afternoon, and enhanced values of global irradiance due to partial
cloudiness (Tapakis and Charalambides, 2014). The procedure performed is proposed by the European
Commission Daylight I, 1993 (Kambezidis and Adamopoulos, 1997) and data not fulfilling the proposed
conditions were removed from the dataset.
The controls used are:
0 ≤ Gd ≤ 1.1Gh

(eq. 3)

0 ≤ Gh ≤ 1.2Go

(eq. 4)

0 ≤ Gd ≤ 0.8Go

(eq. 5)

o

(eq. 6)

0 ≤ Gb ≤ Go

(eq. 7)

a>5

Overall, out of the 87,600 recorded values of the original dataset, only 23,174 measurements fulfilled the
quality control analysis and were used in the correlations; approximately 67% of the rejected values were
during night-time. The resulted dataset of kd over kt, after the implementation of the controls is presented in
Figure 1. As can be seen at Figure 1, despite the implementation of controls at the dataset a few ambiguous
records are still present that do not comply with the general form of the measurements. However, these few
records were not removed from the dataset, since this research intends to provide widely applicable
correlations, where the manual removal of data would not be possible.
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Fig. 1: kd over kt for the dataset after the quality control.

3. Evaluation of existing models with the controlled dataset
In general, Liu-Jordan type decomposition models are based on the variations of kd and kt during clear sky or
cloudy conditions. During clear sky conditions (high Gh, low Gd), kt exhibits high values and kd exhibits low
values. Conversely, during cloudy or partially cloudy conditions, G d is increased due to the scattering of
solar irradiance on water/droplet particles of the atmosphere and Gh is decreased. Thus, kt is reduced and kd
is increased. Finally, during overcast conditions, where Gb is nearly zero and Gh approximates Gd, kt is
minimised and kd approximates one.
The proposed Liu-Jordan type correlations quantify this effect of clouds on kt-kd using analytical equations,
usually in a piecewise polynomial form. The original correlation proposed by Liu and Jordan (1960) was in
the form:
kd = 0.3840 - 0.4160kt

kt < 0.75

kd = 0.16

kt > 0.75

(eq. 8)

The research of Liu and Jordan (1960) set the basis for the development of further decomposition models by
several researchers, to fit datasets from different locations and chronological periods, which have been
successful to varying degrees. Usually, the proposed correlations are simple, consisting only of a single
predictor (i.e. kt), although multinomial models were proposed, introducing additional predictors to the
equations (Soares et al., 2004; Furlan et al., 2012). Since the developed models consist of empirical
equations, they apply to the local dataset used for the development of the model, which is subject to the
latitude of the site and the local conditions, implying that they are site specific.
23 empirical models from literature were evaluated against the dataset (after the implementation of the
controls) using three common statistical indicators: Mean Bias Error (MBE), Root Mean Square Error
(RMSE) and coefficient of determination (R2). Three of the 23 models exhibited the best performance; DM
(De Miguel et al., 2001) that exhibited the highest R2, KA (Karatasou et al., 2003) that exhibited the lowest
MBE and TO (Torres et al., 2010) that exhibited the lowest RMSE. Table 1 presents the three models, the
constrains of the equations and the three statistical indicators. Well worth noting is that all three models were
developed using datasets from Mediterranean sites that have similar characteristics to the current site of
Athalassa.

Table 1: Constrains, correlations, MBE, RMSE and R2 of the three best fit models as applied to the dataset.

1204

Rogiros Tapakis / EuroSun 2014 / ISES Conference Proceedings (2014)

Model

DM

KA

TO

Constrains

kd

kt ≤ 0.21

0.995-0.081kt

0.21<kt≤0.76

0.724+2.738kt-8.32kt2 +4.967kt3

0.76<kt

0.18

0<kt≤0.78

0.995-0.05kt-2.4156kt2+1.4926kt3

0.78<kt

0.2

kt ≤ 0.225

0.9943-0.1165kt
1.4101-2.9918kt+6.4599kt210.329kt3+5.514kt4

0.225<kt≤0.755
0.755<kt

MBE
(%)

RMSE
(%)

R2

-5.79

24.00

0.872

0.31

26.51

0.862

-0.47

23.89

0.870

0.18

4. Dataset Clustering
In order to evaluate the influence of α on the correlations, the controlled dataset was regrouped in smaller
datasets in relation to α. Four sub-datasets were formed, in steps of 20o: 0-20o, 20-40o, 40-60o and 60-80o.
The data of the first sub-group consist of measurements from morning and evening hours, when the sun is
lower at the horizon. Correspondingly, the data of the forth sub-dataset consist of measurements recorded
around noon, during the summer months, when the sun is at higher α. It has to be mentioned that the first
group had no records for a<5o due to the fourth control, while the higher α of the fourth group was 78ο.

1

1

0.8

0.8

0.6

0.6

kd

kd

Figure 2 presents the dispersion of the datapoints on a k d-kt graph for each sub-dataset. A strong dependence
of the kt-kd correlation to the elevation angle is observed, which was expected since it embraces the varying
effects at different times and dates in the computations.
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Fig. 2: Dispersion of the datapoints on a kd-kt graph for each sub-dataset

As expected, the progressive increase of α shifts the measurements towards higher values of kt and lower
values of kd, whilst, since the sky is mostly cloudy free during the summer, their dispersion is decreased.

1205

Rogiros Tapakis / EuroSun 2014 / ISES Conference Proceedings (2014)

Contrary, lower solar altitude angles result in greater values of air mass, thus rendering considerable portion
of global radiation as diffuse component, which can be observed from the lower kt values and larger
dispersion of the first subgroup.
Subsequently, the coefficients of the best-fit polynomial were calculated for each sub-dataset in a piecewise
form, where the constrains for the individual equations consisted of the upper and lower values of α. The
analytical polynomial equations for the four sub-datasets are presented in Table 2.

Table 2: The coefficients of the 5th order polynomial equations for the four sub-datasets

Coefficients of 5th order polynomial equation
Solar altitude

kd = p1 + p2 kt + p3 kt2+ p4 kt3+ p5 kt4+ p6 kt5

Degrees
p1

p2

p3

p4

p5

p6

0-20

-70.91

138.99

-90.86

21.56

-1.88

1.03

20-40

28.50

-39.69

16.59

-3.98

0.36

0.98

40-60

25.21

-42.65

25.29

-8.47

1.07

0.95

60-80

36.17

-80.70

66.08

-25.05

3.26

0.86

Table 3 presents the size of the sub-datasets, and the three statistical indicators (MBE, RMSE and R2) for
each solar altitude interval and the overall accuracy for the entire dataset.

Table 3: Size of each sub-dataset, MBE, RMSE and R2 for each solar altitude interval.

α
( ο)

Number of
data

MBE
(%)

RMSE
(%)

R2

MBE

RMSE

0-20

3974

-0.16

15.068

0.624

-0.0012

0.1177

20-40

8747

0.88

20.431

0.854

0.0047

0.1083

40-60

7023

1.92

24.624

0.897

0.0062

0.0795

60-80

3430

4.61

19.129

0.946

0.0114

0.0472

Overall

23174

1.093

22.85

0.878

0.0051

0.1071

As can be seen from the statistics of Table 3, the sub-datasets of lower solar altitude angle exhibit lower
accuracy in relation to the ones of higher elevation angles, which mainly is caused due to the larger
dispersion exhibited by datapoints at lower angles compared to higher ones (Figure 2). Additionally, the
overall performance indicators (all three indicators) for the entire dataset are slightly improved compared to
the previously presented empirical models (Table 1) which verifies the initial concept of introducing α to the
computations.
An additional notable feature of Table 3 is the difference in the accuracies of the actual and percentage
errors. Due to the profile of the scattering of the datapoints (Figure 2), the measurements of sub-dataset 020o, have lower kt values and higher kd values, approximating unity. Thus, percentage errors (relative RMSE
and relative MBE) at Table 3 tend to exhibit unrealistic results since the mean value of the datapoints at
higher α is very small, resulting to an amplification of the error. Therefore, when dealing with sub-datasets,
the actual error should be used instead of the percentage error.
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It has to be mentioned that the incorporation of α to the correlations does not add additional computation
effort, since it is a prerequisite of the computation of Go (Chapter 2).
5. Conclusions – Future Work

The accurate prediction of the diffuse fraction of solar radiation will enable further improvement of
computational tools in meteorology and the modelling/monitoring of solar energy applications. The
abundance of Gh measurements together with the limitations of (a) adequate on-site diffuse irradiance data,
(b) physical modelling and (c) satellite data have led researchers to adopt empirical correlations for the
calculation of diffuse irradiance using only measurements of G h. These correlations are decomposition
models based on the Liu-Jordan type correlation that relates kt to kd.
The present study introduces solar altitude to the correlations as a clustering parameter, in order to improve
the accuracy of the models. The outcomes of this study are:
•

The progressive increase of α shifts the measurements towards lower values of kd and higher values
of kt, thus, changing the coefficients of the polynomial equations.

•

Datapoints at low values of α exhibit larger dispersion compared to the datapoints at higher values
of α.

•

The correlations of the datasets at lower values of α exhibit lower accuracy in relation to the
datasets with higher values of α.

•

The low accuracy achieved for α less than 20 ο leads to an uncertainty in the modelling of diffuse
fraction for low altitude angles.

Future work will focus on the improvement of the accuracy of the computations, by clustering the dataset in
smaller sub-groups and by integrating α into the correlations using analytical equations in the form k t=f(kd,
α).
Furthermore, it was observed during the analysis that the potential incorporation of additional parameters to
the computations, such as the influence of time and seasons, may improve the accuracy and should be further
investigated. The nonlinearity of these parameters leads to addressing the complexity of the computations
using non-parametric analysis such as Artificial Neural Networks which will be assessed in future research.
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Abstract
For solar energy, radiative environment simulations and forecasts are becoming major challenges. To be
validated, models have to be compared with ground measurements. The latter should be quite exhaustive:
diffuse and direct components, in various representative planes, spectrum, sky images… They need to be
reliable, providing uncertainties and going through a systematic quality control. This presentation describes
our measurement system, the calibration of its components (optical fibers and spectrometers), and the error
characterization. These measurements will be used to validate atmospheric information from satellites as
well as spectral irradiances computed by various RTMs. Our objective is to produce long term variations of
the solar spectrum in Lyon and recommend a modeling procedure.

1. Context
1.1. Solar spectrum fluctuating and different sensor responses
Solar energy is abundant and capable of providing much of our energy needs. It has several uses:
photovoltaic, biomass (wood energy, biogas, biofuel), daylighting... For each use, its potential depends on
the match between the spectral response of the collector (silicon, retina photoreceptors...) and the local solar
spectrum. Increasing the performance of solar technologies by making the most of its spectrum (sun plus
sky), requires a better understanding of its long term variations.
1.2. Radiative Transfer Models requirements
Radiative Transfer Models (RTMs) could be used to produce routinely the spectral irradiance received in the
plane of a solar collector and build this climatology, anywhere on earth. The accuracy of RTMs depends on
how well daily atmospheric constituents are known at the site. This information is becoming available from
satellite data. Spectral measurements are needed to validate the use of RTMs with satellite derived
atmospheric information.
1.3. The measuring station
Since 1992, our laboratory has been maintaining in France, a measuring station specialized in daylight
(Fig 1). This station, part of the CIE-IDMP international network (CIE, 1994), measures the diffuse and
global horizontal sky illuminance, the global illuminances in four vertical planes as well as the diffuse
horizontal, global horizontal and direct normal irradiances. In 2012, we decided to add continuous spectral
measurements to the station. We chose to measure the spectral irradiance in 4 planes useful for daylight and
photovoltaic applications: 1 direct (perpendicular to the sun), 3 global (horizontal, vertical east, south
inclined at 45°). We decided to use 4 spectrometers (Ocean Optics USB 650/4000) coupled to optical fibers
fitted with diffusers.
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Fig 1: ENTPE CIE-IDMP Station with its instruments. For some of them you can see the simulated field of view:
this information is useful for inter-comparison between several instruments (see 4. Outlook).

2. The spectral Measurement system
2.1. Hardware
Our spectral acquisition is composed of four measuring lines:
three for spectral irradiance measurements with different orientations:
•
•
•

seg: global horizontal, which looks at the zenith,
segs45: south global 45°, looks at the south with an altitude angle of 45° (local latitude),
sege: east global vertical, looks at the east with an altitude angle of 0°,

the fourth one for the spectral radiance of the sun:
•

sesn: spectral radiance of the sun.

Each line consists of: a cosine diffusor for photon collection and a 15 m optical fiber guiding the radiation to
a spectroradiometer. These spectrometers are located in a small office room below the station. All these parts
were bought from the Ocean Optics Company. For the purpose of measurement stability and quality, the
spectrometers are installed in a thermostatic cabinet.
The three irradiance lines are preserved from weather conditions with their own glass dome. They end with
three spectroradiometers USB650 with a 5nm spectral resolution and a raw spectral bandwidth from 350 to
1000nm.
For the fourth line, the diffusor is fitted in a tube to limit its field of view to the sun. This tube is fixed on a
STR-22 sun tracker from the Eko Instrument Company. Here, the spectrometer is a USB4000, with a 1nm
spectral resolution and a raw spectral bandwidth from 345 to 1040nm.
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2.2. Acquisition procedure and software
We had the choice between different kinds of acquisitions:
•
•
•

A single acquisition per minute using an integration time optimized for the observed radiation,
A few acquisitions per minute using different integration times (High Dynamic Range acquisition or
HDR),
A continuous acquisition using a short integration time

For reasons that we explain below, we have chosen the last acquisition method: a continuous measurement
using a 200ms integration time (about 292 spectrums every minute due to the latency). Spectrums are first
recorded, in a synchronous way for the four lines, by the OceanOptics‘s software: SpectraSuite. Then, they
are processed by our java code, apart from the first software, according to two methods.
The first one gives us a one minute spectral acquisition. It consists in the integration of one minute of
measurements for one spectrum. It provides its mean values, the range of variability and the uncertainties
associated to these mean values (see §2.3).
The second one gives us an integrated weighted spectrum for each second. It creates one second collections
of spectrums, uses a filter function (for instance, the photopic function) to weight these values, and then
proceeds to a spectral integration. In this way, we produce each second a data and its uncertainty related to
the filter used.
Advantages
The dissociation between the OceanOptics acquisition software and the java pre-processing code allows
maintaining our code without stopping the acquisition.
Keeping a constant integration time avoid a long and difficult study of measurement noise and signal
sensibility for each integration time. Here, we focus on a well-chosen exposure time, constant during all the
year.
The entire working time of the spectrometer is dedicated for an exploitable acquisition. Each acquisition is
useful on its entire spectral range. It means that each detectable photon is effectively recorded, and never
saturates the signal. The integration time is selected to have an unsaturated signal all over the year. There is
no loss of information unlike the two methods previously excluded.
Finally, the large number of measurements in a minute has a significant benefit: it allows some statistical
analysis of radiation variation and measurement uncertainty.
Drawback
A large proportion of measurements are underexposed, so the dark signal is relatively too high. We need to
add an efficient way to process the signal to correct this drawback.
2.3. One minute spectral acquisition
Every ten minutes, the raw spectrumsܺሺߣሻ, recorded by the acquisition software, are stored in a one minute
collection. It gives about ܰ ൌ ʹͻʹ spectrums with a ߬ ൌ ʹͲͲ݉ ݏof integration time for each collection.
These collections are identified as “Dark” or “Signal” (see below). For each collection, we build a file with a
specific header (Fig 2).

Fig 2: Header for a “one minute spectral acquisition” file. It contains all information about the related acquisition.
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After the header, there are four columns which represent the spectrum and its standard deviations (Fig 3).
The first column is always the wavelengths in nanometer.
“Dark” File
This identification is for the files recorded during the hour of the “middle of the night”. That is the hour at
ഥ ሺߣሻ, its
the same temporal distances from the sunset and the sunrise. In these files, the dark mean spectrumܦ
standard deviation ߪ ሺߣሻ and its mean standard deviation ߪۃ ۄሺߣሻ are computed ሺ݁ݍǤ ͳǡʹǡ͵ሻ. The unit is
count/second. They are defined as follows:
ഥ ሺߣሻ ൌ
ܦ

ܺത ሺߣሻ
߬

Ǣ

ߪ ሺߣሻ ൌ

തതതതଶ ሺߣሻ െ ܺത ଶ ሺߣሻ
ඥܺ
߬

Ǣ

ߪഥ ሺߣሻ ൌ

ߪ ሺߣሻ
ξܰ

ሺ݁ݍǤ ͳǡʹǡ͵ሻ

The file structure is shown in the figure below (Fig 3).

Fig 3: Spectrum file structure. In order to decrease the file size and to obtain a consistent format,
the number of significant decimals are based on the mean standard deviation value ࣌ ۄࡰۃሺࣅሻ.

“Signal” File
The spectrums identified by “signal” are recorded during the day, between sunrise and sunset. If the dark
signal ܦሺߣሻ and the transfer function ܶሺߣሻ have been defined for this measurement line, we use them to
convert the raw spectrums ܺሺߣሻ to the corresponding signal (spectral irradiance or spectral radiance). We
will write it generically ܵሺߣሻ in the following. For this kind of measurements, three spectrums are recorded
each minute: the signal mean value ܵҧሺߣሻ, its total standard deviation ߪௌ ሺߣሻ, and the standard deviation ߪௌௌ ሺߣሻ
which is the uncertainty if the radiation source was stable and equal to its mean value ܵҧሺߣሻ (SS: Stable
Source) ሺǤ Ͷǡͷǡሻ. We’ll see the distinction between these two standard deviations in §2.5.
ܺത ሺߣሻ ഥ
െ  ܦሺߣሻ
߬
ܵҧሺߣሻ ൌ 
ሺǤ Ͷሻ
ܶതሺߣሻ
ለ
ള ߪ ሺߣሻ ଶ
ܺത ሺߣሻ ഥ
ଶ
െ  ܦሺߣሻ ള
൬
൰  ߪഥ ଶ ሺߣሻ
ള
ߪ ்ത ሺߣሻ
߬
߬
ള
ተള

ቆ
ቇ
ሺǤ ͷሻ
ߪௌ ሺߣሻ ൌ ተ
ଶ
ള
ܶതሺߣሻ
ܶതሺߣሻ
ത ሺߣሻ
ള
ܺ
ള ቆ
ഥ ሺߣሻቇ
െܦ
߬
ۣ
ߪௌௌ ሺߣሻ ൌ ݂൫ܵҧሺߣሻ൯ሺǤ ሻ
with:
തതതതଶ ሺߣሻ െ ܺത ଶ ሺߣሻሺǤ ሻ
ߪ ሺߣሻ ൌ ටܺ
The measurements ܦሺߣሻ, ܶሺߣሻ and ܺሺߣሻ are independent. This absence of correlation allows the definition
of ߪௌ ሺߣሻ,
݂൫ܵҧሺߣሻ൯ is given by the study of ܵҧሺߣሻ and ߪௌ ሺߣሻ for a stable radiation (see §2.5).
2.4. One second integrated acquisition
This kind of acquisition offers a finer temporal resolution for some spectral range of interest (weighted or not
with some spectral efficiency). For this purpose, the spectrum ܵҧሺߣሻ is multiplied by a filter ܨሺߣሻ of your
choice. Then, the obtained spectrum is integrated on the  ܭwavelengths.
Here are some of these filters:
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•
•
•
•

The CIE’s photopic curve,
Spectral sensitivity of our fisheye camera,
A few spectral bands for O2 and water.
Some molecular free spectral bands,

It is also possible to add an uncertainty ߪி ሺߣሻ to these filters. This way, we obtain for each second and filter,
an integrated value ߦ with its uncertainty ߪక ሺǤ ͺǡͻሻ corresponding to the one second signal ܵҧሺߣሻ ሺǤ Ͷሻ.


ߦ ൌ οߣ  ܨሺߣ ሻܵҧሺߣ ሻ ሺǤ ͺሻ
ୀଵ


ଶ

ଶ

ߪక ൌ οߣඩ ቂ൫ܵҧሺߣ ሻߪி ሺߣ ሻ൯  ൫ܨሺߣ ሻߪௌௌ ሺߣ ሻ൯ ቃ ሺǤ ͻሻ
ୀଵ

During this second, the radiation source is considered as a stable one. So the most significant value to
represent the uncertainty is ߪௌௌ ሺߣሻ. If the source is stable, we have no correlation between the wavelengths,
so we can define ߪక as above.
2.5. Calibration
It is essential to define the spectral sensitivity of each line. This calibration is performed in two steps. The
first step is a relative spectral calibration using a reference spectroradiometer. The second step is an absolute
calibration consisting in an integration with the photopic filter and a comparison to illuminances measured
by a reference cell.
Relative spectral calibration
For this part, we use as a reference, the recently calibrated spectrometer, SPECBOS 1211UV from the JETI
Techniche Instrumente GmbH. After the comparisons of OceanOptics’s spectrums and SPECBOS’s
spectrums we obtain the spectral transfer functions for each complete line (diffusor+15m optical
fiber+spectrometer) and their related uncertainties.

Fig 4: Spectral transfer function for the seg line. The strong uncertainty in the UV band is easily explained by the halogen
radiative source used for the calibration. Its temperature is not high enough to obtain a significant radiation in this part.
Another important observation: even if the spectrometer’s spectral range is quite important (350-1000nm),
the effective spectral range due to the entire acquisition line is far narrower (the measurement is not exploitable below about
400nm and above about 800nm).
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Absolute calibration
This second step of calibration has been made after a first series of “one second integrated” acquisitions of
illuminances computed from the Ocean Optics lines (enough to carry out a statistical study). These
illuminances were compared with those from a BAP 30 FCT cell from LichtMessTechnik (LMT) GMBH
Company. This cell is used on our CIE-IDMP station for global illuminance measurements. After
comparison, we obtained the final correction factor for each Ocean Optics line.
Uncertainties estimation related to known mean values
We need to know in what proportions signal variability is due on one hand to measurement noise and; on the
other hand, to sky radiation variability. This is the comparison (seen above) between ߪௌ ሺߣሻ which takes into
account the whole variability and ߪௌௌ ሺߣሻ which represents the line’s noise measurement for a stable source.
If ߪௌ ሺߣሻ>>ߪௌௌ ሺߣሻ: the sky radiation fluctuated during the measurement and if ߪௌ ሺߣሻ ൎ ߪௌௌ ሺߣሻ: the sky
radiation was stable (or the spectrometer was blind for this spectral range). To evaluate measurement noise,
we analyze measurements of a stable sky (no clouds). We use a series of one minute measurements so that,
the radiation doesn’t fluctuate enough, during each acquisition, to be a problem. In this configuration, the
standard deviation recorded is only due to the noise of measurement. After signal processing, we can see the
link between mean value ܵҧሺߣሻ and standard deviation ߪௌௌ ሺߣሻ (see Fig 5).

Fig 5: Standard deviation function of mean intensity. For each “one minute acquisition”, we obtain a mean spectrum
and a standard deviation spectrum. After hundreds of measurements we can see the behavior for five wavelengths.
We can compare these results to the transfer function (Fig 4).

3.

Results

The careful study of this installation has shown numerous possible error sources. A strict calibration led to
the understanding of the system limitations and allowed to produce for each measurement their own
uncertainty and variability. You can see (Fig 6) example of spectrum for two kinds of sky (clear one and
cloudy one). The effect of weather variability is clearly identified.
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Fig 6: Seg spectrums for clear sky (above) and cloudy conditions (below). We chose on purpose two mean spectrums very
similar. In this case, if you take only the mean spectrums into account there is, almost, no way to know weather conditions.

On the next figure (Fig 7), you can see the other kind of measurements, the one second integrated acquisition
values. They are presented for August 22nd 2014, the same day where the two spectrums shown in Fig 6
were measured.

Fig 7: Comparison between our absolute reference: the LMT cell and the illuminance calculated from the Ocean Optics
spectroradiometer.

You can notice, the strong difference between evg and seg signal. Under clear sky conditions, the main
source of radiation is the sun, a dot of light in the sky, so this difference is mainly due to the very different
angular efficiency of the captors. During cloudy sky, the impact of the angular efficiency is less important.
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4.

Outlook and possible enhancements

Removal of optical fibers
We can see on the spectral transfer function (complete line) that the spectral bandwidth is far narrower than
the spectrometer capability (350-1000nm). The OceanOptics lines are almost blind below 400nm and above
800nm. This limitation is mainly due to the spectral transfer of the 15 meters optical fiber. One way of
improvement would be the suppression of the optical fiber and the installation of the spectrometers on the
station. In our situation, the modifications will be quite heavy.
Relative calibration with a warm source
The relative calibration needs a light source of a blackbody kind. The problem is that it is difficult to find an
intense and warm (above 3400K) halogen lamp which would provide a higher flux below 450 nm.
All sky imaging camera HDR coupling
Our next step will consist in installing an all sky HDR camera. By providing a luminance map of the sky
under any weather condition, this device will be at the center of the comparison between all our illuminance
measurements. By taking into account the angular efficiency of each cell, we will be able to explain and
correct the differences observed in Fig 7.
Comparison with local simulations
Once the spectral measurements will be fully available and coupled to the rest of the station, the next step
will be to produce modelled spectrums. To do that, we’ll use RTM software such as LibRadtran (Mayer and
Kylling, 2005) fed by local atmospheric information from air quality stations (Air, 2014).
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Abstract
A new method was developed to measure the spectral radiance of all sky elements using a general purpose
digital camera with a circular fisheye lens. The method provides sufficient accuracy for solar energy
applications such as daylighting design, photosynthesis analyses and photovoltaic evaluations. The
instrument is portable for field measurements in various climates. The digital camera with the fisheye lens is
colorimetrically calibrated using a xenon lamp and a spectroradiometer to obtain the calibration functions
which transfer the video signal values RGB on a digital color image into the absolute values of CIE 1931
tristimulus values XYZ pixel by pixel. The calibrated fisheye digital camera measures the all sky distribution
of the XYZ tristimulus values which are also useful for measuring all sky distributions of luminance and
correlated color temperature. The XYZ tristimulus values are transferred into the all sky spectral radiance
distribution using the eigenvectors obtained by principal component analysis of spectral radiance data of sky
elements measured by a spectroradiometer under various weather conditions. The accuracy of the method is
experimentally validated by comparing with the spectral radiance of sky elements measured by the
spectroradiometer.

1. Introduction
Most solar energy applications have been designed based on irradiance [W m-2] and radiance [W m-2 sr-1] or
illuminance [lx] and luminance [cd m-2] for a long time. Recently, some applications require spectral
irradiance [W m-2 nm-1] and spectral radiance [W m-2 sr-1 nm-1], e.g. architectural lighting design considering
color rendering property (ISO 8995-1, 2002; Yoshida and Uetani, 2013), investigation of circadian rhythm
(Brainard et al., 2001), photosynthesis analyses of vegetation (Gates et al., 1965) and evaluations of various
photovoltaic cells (Field, 1997).
There are well known spectral models of direct and diffuse solar irradiance (Bird and Riordan, 1986;
Gueymard, 1995), and spectroradiometer products are available to measure global, diffuse and direct solar
spectral irradiance [W m-2 nm-1]. However a few methods to measure the all sky distribution of spectral
radiance [W m-2 sr-1 nm-1] are developed (López-Álvarez, 2008; Roman, 2012) using large-scaled instruments
which are not portable for field measurements in various climates. Another disadvantage of these instruments
is the device dependent scheme in which the spectral calibration might be required to build other instruments.
The purpose of the research is to develop a practical method to measure the spectral radiance of all sky
elements using a general purpose digital camera and a circular fisheye lens. The method is composed of two
techniques: (a) Measurement of the all sky distribution of the absolute values of CIE 1931 tristimulus values
X, Y[cd m-2] and Z; (b) Estimation of the spectral radiance [W m-2 sr-1 nm-1] of a sky element using principal
component analysis from the XYZ values. Each technique is useful itself: (a) all sky distributions of XYZ
are utilized as sky luminance [cd m-2] and colorimetric values such as correlated color temperature [K]; (b)
XYZ values of a sky element measured by conventional telescopic colorimeters are able to estimate spectral
radiance. The accuracy of the method is experimentally validated by comparing with the spectral radiance of
sky elements simultaneously measured by the spectroradiometer.
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2. Colorimetric calibration of the digital camera with fisheye lens in consideration of
correlated color temperature
The Video Colorimetry method (Uetani, 2001) colorimetrically calibrates a digital camera with a lens using a
colorimeter, a xenon lamp, and color samples in a dark room. In the actual measurements, the colorimetric
calibration function convert the RGB signal values (from 0 to 2Q-1) of each pixel to the absolute values of
CIE 1931 tristimulus values XYZ pixel by pixel, where Q is the bit depth of the camera and ‘absolute’ means
that Y has the unit [cd m-2]. The colorimetric calibration functions of each combination of a digital camera
and a lens should be derived because even the same products have individual characteristics differences.
2.1 Basic equations
The Video Colorimetry method is modified (Yatsuzuka and Uetani, 2013) by introducing AdobeRGB color
space (ADOBE, 2005). The color space of the digital camera must be set as ‘AdobeRGB’. The RGB signal
values of a pixel on the Q bit RGB color image (R’vQ G’vQ, B’vQ) are read by appropriate image processing
softwares and normalized to component values (R’v, G’v, B’v) by equation (1).

 R'v R'vQ /( 2Q  1)
°
Q
(1)
®G 'v G 'vQ /( 2  1)
Q
° B' B' /( 2  1)
vQ
¯ v
The absolute values of CIE 1931 tristimulus values (Xs, Ys, Zs) measured by a colorimeter or
spectroradiometer are converted to the tristimulus values (Rs, Gs, Bs) by equation (2), then transferred to the
component values (R’s, G’s, B’s) by equation (3).

ª Rs º ª 2.04159 0.56501 0.34473º ª X s º
«G » « 0.96924 1.87597 0.04156 » « Y »
(2)
« s» «
»« s »
«¬ Bs »¼ «¬ 0.01344 0.11836 1.01517 »¼ «¬ Z s »¼
 R's Rs1 / 2.19921875
°
1 / 2.19921875
(3)
®G 's Gs
1
/
2
.
19921875
° B'
Bs
¯ s
By the regression analysis between the component values (R’s, G’s, B’s) and the normalized component
values (R’v, G’v, B’v), the colorimetric calibration functions (fr, fg, fb) are derived as equation (4).
 R 's f r ( R 'v )
°
(4)
®G 's f g (G 'v )
° B ' f (B ' )
¯ s b v
In the actual measurement, the RGB signal values of a pixel on the captured image (R’vQ G’vQ, B’vQ) are
transferred to the normalized component values (R’v, G’v, B’v) by equation (1), then to the component values
(R’vs, G’vs, B’vs) by equation (4). These values are transferred to the tristimulus values (Rvs, Gvs, Bvs) by
equation (5), then converted to the absolute tristimulus values (Xvs, Yvs, Zvs) by equation (6) where the value
Yvs has the unit [cd m-2].
 Rvs R'vs 2.19921875
°
2.19921875
®Gvs G 'vs
°B
B'vs 2.19921875
¯ vs
ª X vs º ª0.57667 0.18556 0.18823º ª Rvs º
« Y » « 0.29734 0.62736 0.07529» «G »
« vs » «
» « vs »
«¬ Z vs »¼ «¬ 0.02703 0.07069 0.99134»¼ «¬ Bvs »¼

(5)

(6)

2.2 Experiment
In the previous study (Yatsuzuka and Uetani, 2013), achromatic color samples (Macbeth ColorChecker,
No.19-24) are used and found slightly lower accuracy for higher correlated color temperature sky. In this
paper, 21 pieces of chromatic color samples (Color Atlas 5510 Color Guide) close to sky color are added.
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In the dark room, as shown in Fig.1, a color sample is illuminated by a xenon lamp (USHIO Optical
Modulex SX-UI501XQ) with ND filters (BK7). The maximum illuminance on the color sample is
approximately 400,000 lx without ND filter. The transmittance of the ND filters are 1 (without ND filter),
0.1, 0.05, 0.005 and 0.001. The digital camera (Nikon, D300s: 14bit NEF, White balance; Cloudy, ISO; 200,
Shutter speed; 1/250, F stop; 22, Color space; AdobeRGB) and the fisheye lens (Nikon, Fisheye Converter
FC-E8) are connected by the wide lens (Nikon, AF Nikkor 20mm f/2.8D). The luminance range of the
spectroradiometer (Photo Research, PR650, Field of view (FOV): 1°) is from 3.4 to 34,000 cd m-1, and the
maximum luminance is expanded with the ND filter (Photo Research, ND-2) to 3,400,000 cd m-1. The
spectroradiometer is raised up keeping the reflection angle 45° to avoid the interruption by the digital camera.
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Fig. 1: Layout of the instruments
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Fig. 2: 1960uv chromaticity coordinates of color samples measured by the spectroradiometer

Fig. 2 shows that the chromaticity coordinates of the reflected light are distributed along the black body locus
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and the range of correlated color temperature is wide from 2000K to infinity. The data are divided into three
groups (4000K<, 4000-10000K, 10000K t ) by correlated color temperature.
Because the fisheye lens (Nikon, Fisheye Converter FC-E8) is optically designed for the old compact digital
cameras (Nikon, COOLPIX series), the irregular combination with the digital still camera and the wide lens
causes the vignetting shown in Fig. 3. As the preprocessing to the colorimetric calibration, the vignetting
correction functions are applied to each image. At the same time, each equidistance image is converted to
equisolid angle image.
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Fig. 3: Vignetting correction functions of Tristimulus values RGB

The regression analyses are performed to the three groups by polynomial equations (7). Tab. 1 shows the
results as the coefficients of the colorimetric calibration functions and high R2. Fig. 4 demonstrates the good
agreement of the colorimetric calibration functions and measured data by dividing into three groups.

 f r R 'v
°
® f g G 'v
° f B'
v
¯ g

a6,r R 'v 6  a5,r R 'v 5  a4,r R 'v 4  a3,r R 'v 3  a2,r R 'v 2  a1,r R 'v  a0,r
a6, g G 'v 6  a5, g G 'v 5  a4, g G 'v 4  a3, g G 'v 3  a2, g G 'v 2  a1, g G 'v  a0, g

(7)

a6,b B 'v 6  a5,b B 'v 5  a4,b B 'v 4  a3,b B 'v 3  a2,b B 'v 2  a1,b B 'v  a0,b

Tab. 1: Coefficients of the colorimetric calibration functions and R2 as the results of the regression analyses

4000K <

4000-10000K

10000K >=

R
G
B
R
G
B
R
G
B

a6
a5
a4
8.984E+2 -2.511E+3
4.422E+2 -1.475E+3
-3.839E+3
-4.418E+2 1.939E+3 -3.148E+3
-1.145E+3 3.520E+3 -4.437E+3
-1.560E+3 4.929E+3 -6.121E+3
1.611E+3 -1.151E+3 -1.900E+3
1.750E+3 -2.838E+3 6.722E+2
2.317E+2 -9.937E+2

a3
2.592E+3
1.680E+3
3.710E+3
2.520E+3
2.964E+3
3.847E+3
2.498E+3
1.099E+3
1.400E+3

a2
-1.110E+3
-7.539E+2
-1.212E+3
-9.660E+2
-1.012E+3
-1.213E+3
-9.956E+2
-6.968E+2
-7.385E+2

a1
2.880E+2
2.429E+2
2.940E+2
2.645E+2
2.593E+2
2.804E+2
2.615E+2
2.327E+2
2.410E+2

a0
8.276E+0
7.010E+0
3.042E+0
7.194E+0
6.798E+0
6.201E+0
5.235E+0
6.478E+0
9.427E+0

R2
0.999
0.999
0.994
0.999
0.999
0.998
0.999
0.999
0.999

Fig. 5 shows the scatter diagrams of the estimated tristimulus values XYZ by the colorimetric calibration
functions using fisheye digital camera images and the measured XYZ by the spectroradiometer. The values
of the statistical criteria (%RMSE, %MBE) show that the Video Colorimetry method accurately measures
the absolute tristimulus values XYZ. The colorimetric calibration functions cover the luminance from 70 to
50,000 cd m-2 as shown in Tab. 2. This range is able to be raised or lowered by changing the shutter speed.
Tab. 2: Range of XYZ values covered by the colorimetric calibration functions for the shutter speed: 1/250
<>FGP@
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Fig. 4: Colorimetric calibration functions and measured data

Fig. 5: Scatter diagrams of the estimated XYZ by fisheye digital camera and the measured XYZ by spectroradiometer
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3. Estimation of the spectral radiance of a sky element using principal component
analysis from the absolute XYZ values
The XYZ tristimulus values of a sky element are transferred into the spectral radiance using the eigenvectors
obtained by principal component analysis (PCA) of the spectral radiance of sky elements measured by a
spectroradiometer.
The original method (Yatsuzuka and Uetani, 2013) used the three eigenvectors obtained by principal
component analysis of the spectral radiance of sky elements measured by a spectroradiometer. The absolute
XYZ tristimulus values of a sky element directly reconstructed the the spectral radiance [W m-2 sr-1 nm-1]. It
was straightforward but less accurate for the sky of high correlated color temperature. In the further
investigation, the third proportion of variance was considerably lower than first and second coefficients.
The improved method (Yatsuzuka and Uetani, 2014) transfers the absolute XYZ tristimulus values of a sky
element into the CIE 1931 chromaticity coordinates xy, and the relative spectral power distribution is
calculated using the two eigenvectors (Judd et al., 1964). Then it is transferred to the absolute spectral
radiance [W m-2 sr-1 nm-1] by the one of the absolute tristimulus values (luminance) Y [cd m-2].
3.1 Basic equations
The spectral radiance Lmeas(Oi) [W m-2 sr-1 nm-1] of various sky elements measured by a spectroradiometer are
normalized to 1 at 555nm as the relative spectral power distribution Smeas(Oi) by equation (8), then the
eigenvectors Ak(Oi) (k = 1,2) are obtained by principal component analysis.
Lmeas Oi
Lmeas 555

S meas Oi

(8)

The chromaticity coordinates (x, y) are calculated using the tristimulus values (X, Y, Z) of a sky element. The
scalar multiples M1 and M2 are calculated by equation (9), and the relative spectral power distribution S(Oi) is
constructed by equation (10) (Judd et al., 1964).

° M1
°
®
°M
° 2
¯

X r ,1Yr ,2  Yr ,1 X r ,2  Yr ,1 W2  W1 Yr ,2 x  W1 X r ,2  X r ,1 W2 y
Yr ,1 X r  X r ,1 Yr  W1 Yr  Yr ,1 W x  X r ,1 W  W1 X r y

X r ,2 Yr  X r Yr ,2  W Yr ,2  Yr W2 x  X r W2  W X r ,2 y

S λi

Smeas λi  ¦ M k Ak Oi

(9)

X r ,1Yr ,2  Yr ,1 X r ,2  Yr ,1 W2  W1 Yr ,2 x  W1 X r ,2  X r ,1 W2 y
2

(10)

k 1

__

__

__

__

__

where, Smeas(Oi) is the mean of all Smeas(Oi). (Xr,1, Yr,1, Zr,1), (Xr,2, Yr,2, Zr,2), (X r,, Y r, Z r), W and (W1, W2) are
calculated by equations from (11) to (14).

° X r ,k
°
°°
® Yr ,k
°
°
° Z r ,k
¯°

W

m

¦ Ak

Oi x Oi 'O

i 1
m

¦ Ak Oi y Oi 'O
i 1
m

¦ Ak

(11)
k 1, 2

Oi z Oi 'O

i 1

X r  Yr  Zr

(13)


°X r
°
°°
® Yr
°
°
° Zr
¯°

¦ S meas Oi y Oi 'O

Wk

X r ,k  Yr ,k  Z r ,k

m

¦ S meas Oi

x Oi 'O

i 1
m

i 1
m

¦ S meas Oi

(12)

z Oi 'O

i 1

k 1, 2

(14)

The coefficient r is calculated using the luminance Y [cd m-2] and the relative spectral power distribution
S(Oi) by equation (15), and S(Oi) is converted to the spectral radiance L(Oi) [W m-2 sr-1 nm-1] by equation (16).
780

r

Y K ¦ S Oi y Oi 'O

(15)

L Oi

r S Oi

(16)

380

As the statistical criteria %RMSE, %MBE and GFC are used. GFC (goodness-fitting coefficient) is
calculated by equation (17) and the spectral accuracy is evaluated as GFC t 0.995:colorimetrically accurate,
GFC t 0.999:good, GFC t 0.9999:excellent (Romero, 1997).
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m

¦ Lmeas Oi L Oi
GFC

(17)

i 1

m

m

i 1

i 1

¦ Lmeas Oi 2 ¦ L Oi 2
3.2 Experiment
In the first stage, the spectroradiometer (Photo Research, PR650, FOV 1°) are mounted on the angle scaled
platform as shown in Fig. 6(a). We manually scanned the whole sky with the angular resolution of 0.5°, and
measured 1324 spectral radiance data on three days between 2011/12/7 and 2013/2/28. In the second stage,
the spectroradiometer and an USB camera for monitoring are mounted on the automatic pan-tilt unit (FLIR,
PTU-48E) as shown in Fig. 6(b). A LabVIEW program automatically scanned the whole sky in the CIE
IDMP 145 directions (CIE 108, 1994) with the precise angular resolution (Pan:0.006°, Tilt:0.003°), and
measured 1388 spectral radiance data on three days between 2013/12/14 and 2014/1/22.

Fig. 6: Spectroradiometer on the angle scaled platform (a: left) and automatic pan-tilt unit controlled by a PC (b: right)

Fig. 7 shows the eigenvectors and mean derived from 2712 measured relative spectral power distribution
data. The proportion of variance and cumulative contribution shown in Tab. 3 explain that the first and
second eigenvectors are necessary and sufficient. Tab. 4 shows the good accuracy of 2712 constructed and
measured spectral radiance [W m-2 sr-1 nm-1] by the averages of %RMSE, %MBE and GFC.
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Fig. 7: Eigenvectors and mean of the measured relative spectral power distribution
Tab. 3: Proportion of variance and Cumulative contribution
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Tab. 4: The averages of statistical criteria
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4. Measuremet of the all sky spectral radiance distribution using the fisheye digital
camera and the validation

/RQJWHUPPHDVXUHPHQW
The fisheye digital camera is installed at the CIE IDMP station on the rooftop highest in the campus and the
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neighborhood. The camera is covered by a stainless bowl against rain and solar radiation for the long-term
measurement as shown in Fig. 8. The camera is connected to a PC for the interval capturing. The regular
capturing every 15 minute had been performed from 2013/2/25 to 2013/6/26 and from 2013/11/18 to
2014/2/15, from 2 hours before sunrise and 2 hours after sunset. In the period, approximately 9000 images
were captured. Fig. 9 is an example image captured at 12:00 JST on 2014/1/10.

Fig. 8: Installed fisheye camera for long-term measurement

Fig. 9: All sky image captured at 12:00 on 2014/1/10

9DOLGDWLRQ
The preliminary validation using the fisheye camera shown in Fig. 8 and the spectroradiometer mounted on
the automatic pan-tilt unit shown in Fig. 6(b) were performed. The time difference caused errors because the
winds drove out the clouds quickly from the small FOV(1°) of the spectroradiometer.
The spectroradiometer, the USB monitoring camera and the fisheye camera are mounted on the automatic
pan-tilt unit as shown in Fig. 10. The spectroradiometer and the pan-tilt unit are operated synchronously with
the interval capturing fisheye camera.

Fig. 10: Validation instruments on the pan-tilt unit

Tab. 5: The statistical criteria (274 data)

Fig. 12: Reconstructed spectral radiance

The system scanned the whole sky and measured 274 data on 2014/2/16 and 2/17. Fig. 11 shows the scatter
diagrams of the estimated tristimulus values XYZ by the fisheye digital camera images and the measured
XYZ by the spectroradiometer. The values of the statistical criteria show that the Video Colorimetry method
in the unstable field measurements is as accurate as in the dark room experiments. Tab. 5 shows the
colorimetrically accurate results of 274 constructed and measured spectral radiance [W m-2 sr-1 nm-1]. Fig. 12
shows the examples of reconstructed spectral radiance, (c): colorimetrically accurate and (g): good in which
the difference is a little.
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Fig. 11: Scatter diagrams of the estimated XYZ by fisheye digital camera and the measured XYZ by spectroradiometer

5. Prototype of the all sky spectral radiance distribution database
While the long-term measurement was performed from 2013/2/25 to 2014/2/15, the CIE IDMP observation
was in operation. Approximately 9000 images are captured, converted to equisolid angle images, and
transferred to the absolute XYZ values pixel by pixel. Each 180° circular image has 4 million pixels. For
saving the storage and quick response, the sky is divided by the patterns of FOV =1°, 3°, 5° and 11° as
shown in Fig. 12. The pattern of FOV =11° is the same as CIE IDMP recommendation (CIE 108, 1994). For
each FOV pattern, the average values of the absolute XYZ and spectral radiance values are calculated and
stored.
Because the interval of sky images is 15 minutes, the IDMP observed data are stored as 15 minutes average
values which are arranged as the searching sheet shown in Fig. 13. The hyperlink in the searching sheet
opens the display sheet in which the altitude and azimuth angles of the sky element are entered and spectral
radiance graphs of FOV =1°, 3°, 5° and 11° are drawn as shown in Fig. 14.

FOV =1°
Tab. 13: IDMP observed data searching sheet

FOV =11°
Fig. 12: The sky patterns

Tab. 14: Spectral radiance graphs of display sheet

6. Conclusions
The Video Colorimetry method expands the functions of a general purpose digital camera with a circular
fisheye lens to accurately measure the absolute values of the CIE 1931 tristimulus values X, Y[cd m-2], Z
pixel by pixel of all sky images. Using principal component analysis, the spectral radiance [W m-2 sr-1 nm-1]
of each pixel is estimated by the absolute XYZ values. The combination of the two techniques enables the
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fisheye camera to measure the all sky spectral radiance distribution. The experimental validation evaluated
the new method as colorimetrically accurate. In the long-term measurement performed for one year,
approximately 9000 sky images were captured every 15 minute while the CIE IDMP observation was in
operation. The sky images are processed into a prototype of the all sky spectral radiance distribution database
in which the IDMP data are arranged to search the all sky spectral radiance distribution.
The author wishes to acknowledge Mr. Hideki Yatsuzuka for his earnest assistance. This research was
supported by JSPS KAKENHI Grant Number 25630237.
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Summary
Concentrating solar power (CSP) using direct steam generation is a promising technology for renewable
electricity generation. Power plants or solar fields applying this technology using linear concentrators and
absorbers are already in operation in Spain, Australia, and Thailand. The natural transient condition of solar
irradiation and two-phase flow in the absorber tubes result in a strongly dynamic behavior of the steam
generation system. This dynamic behavior has to be studied for proper designing of the power plants. In this
paper, a linear solar steam generator is modeled using the Modelica language and simulated using the
Dymola software. The ThermoSysPro Modelica components library, developed by EDF (French electricity
provider) is used and extended through further component developments. The dynamic behavior of the
modeled linear solar steam generator is analyzed and compared to other models found in literature, and
control strategies to ensure good operating conditions are addressed.

1. Introduction
According to the International Energy Agency, with appropriate support, concentrating solar power
contribution to the global electricity production could reach 11.3% by 2050 (OECD/IEA, 2010). Although
most commercial CSP plants use synthetic oil as heat transfer fluid, direct steam generation (DSG), which
uses water/steam as heat transfer fluid, is a promising technology to be applied in CSP plants. It allows the
heat transfer fluid to be fed directly into the steam turbine for electricity generation, without the need for heat
exchange stages. Previous studies comparing oil and DSG have demonstrated that using DSG can lead to a
reduction of the levelized electricity cost, up to 11% (Feldhoff et al., 2009, Eck et al., 2008). The presence of
two-phase flow inside the absorber tubes provides good heat transfer coefficients, but is also a drawback
because it increases the magnitude of the dynamic phenomena, which are already strong in CSP plants. To
allow proper design and operation of DSG plants, those dynamic phenomena have to be studied, including
through modeling and simulation. Steam turbines that are used in CSP plants are the same as those in nuclear
or fossil fuel power plants, and require to be fed with steam at a temperature as constant as possible. This
paper deals with the modeling and simulation of a linear solar steam generator and the study of its dynamic
behavior and the necessary control strategies to allow for proper operating conditions. To model the solar
steam generator, the Modelica language is used. Modelica is an object-oriented language that can model
multi-physics systems. The ThermoSysPro library is used and further developed for the needs of the models.
Previous work using the library has been carried out in the laboratory (Rodat et al., 2013). For interface and
simulations, the commercial software from 3ds Dymola is used. The first part of this paper deals with the
description of the solar steam generator that is modeled, with emphasis to its architecture, known as
“recirculation” and which is found in the literature to be the most stable under transient irradiation.
ThermoSysPro models are then described in a second part. The third part is dedicated to the dynamics
analysis of the vaporizer section, with the aim of comparing results to the work of Eck & Hirsch (Eck &
Hirsch, 2007). In the final fourth part, a simple control strategy for the solar steam generator is proposed and
evaluated.
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2. The modeled solar steam generator
Direct steam generation, as other technologies, is applied to both central receiver and linear receiver systems.
Commercial DSG plants currently in operation use central tower technology, like Ivanpah SEGS in
California, Fresnel linear receiver technology, like Puerto Errado 2 in Spain, and parabolic trough
technology, like PSE-1 in Thailand. Between central receiver technologies and linear receiver technologies,
thermo-hydraulic and control problematic are different, but they are close between linear Fresnel and
parabolic-trough systems. This work deals with the modeling of a Fresnel receiver type solar steam
generator, but it can applied to parabolic-trough receivers as well, since it does not deal with the optical
parts. Only concentration ratios and overall collector efficiency are used for the design and modeling. Table
1 gives the details of the receivers for the vaporizer and superheater sections. Table 2 gives the operating
conditions at nominal (design) point.
Table 1 : Vaporizer and superheater design parameters

Vaporizer

Superheater

Length

257 m

234 m

Absorber tubes diameter

22.5 mm

42.91 mm

Absorber tubes thickness

2.87 mm

2.87 mm

Number of absorber tubes / row

7

3

Concentration ratio

50

50

Table 2 : Nominal operating conditions

DNI

1000 W/m²

Recirculation mass flow rate

1.41 kg/s

Vaporizet outlet steam fraction

0.7

Superheated steam mass flow rate

3.12 kg/s

Superheated steam temperature

450.8 °C

Solar field outlet superheated steam pressure

85 bar

Solar field outlet thermal power

10.15 MWth

2.1 Operation mode
Figure 1 shows a simple diagram of the modeled linear solar steam generator. It is operated in recirculation
mode, which means that water is pre-heated and vaporized into saturated steam in a first solar field section,
then superheated in another one. A phase separator between the sections separates the two phases, and liquid
water is recirculated at the inlet of the vaporizer.

Figure 1: Simplified diagram of the modeled linear solar steam generator
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Other operation modes, where water is vaporized and superheated in the same solar field section, exist. The
“once-through” mode consists in feeding water at the inlet of the solar field, and the “injection” mode
consists in injection of small flow rates all along the collector row, so that water is vaporized very fastly. To
our knowledge, only a few studies have been carried out about that last operation mode. The once-through
mode has been investigated, and it is the architecture chosen by Ausra (later Areva Solar) for their linear
Fresnel solar fields. However, the most studied operation mode is recirculation. Studies have shown that it is
more suited for handling irradiation transients with more simple control strategies (Valenzuela et al., 2004,
Valenzuela et al., 2005).
2.2 Boundary conditions
At the vaporizer inlet, the feed water flow from the power block is mixed with the recirculation flow from
the separator, and is modeled as a flow source. At the solar field outlet, the superheated steam flow fed to
thermal storage and/or power block is modeled as a constant pressure sink. Thermal power on the absorber
tubes is directly computed from the DNI, concentration ratios, and a collector global efficiency factor. The
DNI nominal value used as design point is 1000 W/m².
3. Models
The object-oriented open-source Modelica language is used to model the solar steam generator. Acausal
modeling allows for a direct writing of the systems equations. The open-source ThermoSysPro library,
originally developed by the French electricity provider EDF for modeling conventional power plants, is used
and further developed. Addressed below are the modeling of the two-phase flow in the tubes, the receivers,
the pressures losses and the “desuperheater” injection. Details on other components models can be found in
the ThermoSysPro 3.0 release (ThermoSysPro).
3.1 Absorber tubes two-phase flow modelling
Tubes are discretized only in the longitudinal direction, since ratio between length and diameter is very large.
Pressure P and specific enthalpy h are state variables. Mass, energy, and momentum conservation equations,
for each i cell of section A, diameter D and length dx, yields:
 ݔ݀ܣቆ

߲ߩ ߲݄
߲ߩ ߲ܲ

ቇ ൌ ܳሾሿ െ ܳሾାଵሿ
߲݄ሾሿ ߲ ݐሾାଵሿ ߲ܲ ሾሿ ߲ ݐሾାଵሿ

 ݔ݀ܣቈቆ݄ାଵ

߲ܲ
߲݄
߲ߩ
߲ߩ
െ ͳቇ
 ቆ݄ାଵ
 ߩሾሿ ቇ

߲ ݐሾାଵሿ
߲ ݐሾାଵሿ
߲ܲ ሾሿ
߲݄ ሾሿ
ൌ ݄ ሾሿ ܳሾሿ െ ݄ ሾାଵሿ ܳሾାଵሿ  ܹ݀ሾሿ

ͳ ߲ܳ
݀ ݔൌ ܲሾሿ െ ܲሾାଵሿ െ ݂݀ሾሿ െ ݀݃ሾሿ െ ݀ܽሾሿ
 ݐ߲ ܣሾሿ

(1)

(2)

(3)

With the densityߩ, pressure P, mass flow rate Q, cell boundary specific enthalpy݄ , exchanged thermal
power ܹ݀, friction pressure loss ݂݀, gravity pressure loss݀݃, acceleration pressure loss ݀ܽ. This last
term is computed with homogeneous flow assumptions, and so is the gravity pressure loss term. On the other
hand, friction pressure loss is computed using separate flows model, and computed as the product of the
liquid only-pressure loss and a two-phase flow coefficient:
݂݀ଶఝ ൌ ை ݂݀ை

(4)

Where ݂݀ை is computed as the pressure drop with only liquid flowing at full rate. The coefficient ை is
computed with empirical correlation (ThermoSysPro).
The heat transfer coefficient in single-phase flow region is computed using Dittus-Boelter equation:
݄ሾሿ ൌ ͲǤͲʹ͵

݇ሾሿ Ǥ଼ Ǥସ
ܴ݁ሾሿ ܲݎሾሿ 
ܦ

(5)

In two-phase flow region, the heat transfer coefficient is computed using the superposition method:
݄ଶఝ
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With the convective boiling term ݄ computed with (5),  ܧits corrective term computed with a correlation to
the Martinelli parameter and the boiling number. The nucleate term boiling term݄ is computed with a
specific correlation (ThermoSysPro), and its corrective term ܵ computed as a function of  ܧand the liquid
Reynolds number. Flow properties are computed using the IF97 water/steam tables.
3.2 Receiver modelling
Figure 2 shows a simplified diagram of the modeled linear Fresnel receiver.

Figure 2: Simple diagram of the modeled receiver

Heat flux on the tube walls is computed with the following equation:
߶ ൌ ߟܥܨܫܰܦ ߨܦ ݊ܮ

(7)

With the direct normal irradiance DNI (W/m²), concentration ratio FC, the overall reflectors-receiver optical
efficiency ߟ , outer tubes diameter ܦ , tube length ܮ, and number of tubes ݊. The product of the last four
terms is the computation of the total tubes external walls area. The modelled heat flux is homogeneous on the
whole area, when only the bottom part of the tube surface actually receives the heat flux. Since this work
focuses on the dynamic behavior with fast transients, another assumption is that the overall optical efficiency
remains constant for the simulations time.
3.3 Pressure drops modelling
Pressures losses outside the absorber tubes are modelled with linear pressure drop components for the piping,
and singular pressure drop components for the bends and junctions.
3.4 Desuperheater modelling
To ensure better superheated steam temperature stability, cold water is injected in the middle of the
superheating part of the solar field. That injection is modelled as a fluid mixer with a simple enthalpy
balance. The physics of the atomization is therefore not modelled here.
3.5 Influence of the tubes discretization
As previously discussed, tubes are discretized in the longitudinal direction. As the ThermoSysPro user can
set the number of cells, its influence has been studied in preliminary simulations. Table 3 sums up the
converged values of the output flows, computed for several numbers of cells. The water mass flow rate
relative difference between the computations with 6 cells and 10 cells goes down to 0.41%, which is low.
The meshing with 10 cells is therefore considered as fine enough for the simulations to come, and the
computation cost is still low.
Table 3: Discretization influence study data

Converged computed mass flow rates

Steam (kg/s)

Water (kg/s)

3 cells

0.3229

2.1327

6 cells

0.3226

2.1511

Relative difference

- 0.09 %

+ 0.86 %

10 cells

0.3225

2.16

Relative difference

- 0.03 %

+ 0.41%

3.6 Influence of the dynamic tubes model options
Others simulations have been carried out to study the influence of the vaporizer tube options, available in the
the ThermoSysPro model. Figure 2 shows the computed mass flow rates at the evaporator outlet, when it is
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submitted to an irradiation step of -70% during at 96 seconds period (see next part). The influence of two
particular options is evaluated: the acceleration pressure loss term ݀ ܽin the momentum balance equation
and the dynamic density term

డఘ
డ௧

in the energy balance equation. These two terms leads to more computation

instabilities with the Dymola solvers, and it seems interesting to find out if they bring precision to dynamic
simulations. Figure 3 shows that the three set of options leads to the same converged flow rates, but the
liquid and steam peaks generated by the DNI step can only be seen with all options. The computed steam
mass flow rate with the acceleration pressure loss term shows a peak of 4 kg/s after the DNI step, when
nominal value is around 3.2 kg/s. Without this term in the equation, no such peak is computed. Although it
might be difficult to be handled by the control system, we are interested in computing such a peak, since the
purpose of this work is to study the dynamic behavior of the system. It seems therefore more appropriate to
carry out simulations with full dynamic options in the models.

Figure 3: Influence of the evaporator tube model options on the computed outlet flow rate, when undergoing a DNI step

4. Vaporizer dynamics without control systems
For this part of study, only the vaporizer section is modelled, as it is the main driver of the dynamics related
to water and steam mass flow rate in the solar field (Eck & Hirsch, 2007). For the sake of simulations
stability, preliminary simulations are carried out for the whole solar field to slowly reach nominal operating
conditions. Once stability is achieved and nominal conditions are reached, computation variable are used as
starting points for the actual simulations. In these simulations, a simple pressure sink models the downstream
part of the solar field (separator, superheater, etc.). Its value is obtained from the vaporizer outlet pressure
computed at nominal conditions for the full solar field simulation. The recirculation flow at the vaporizer
inlet is modelled as a flow source.
Comparison is made with the results of Eck & Hirsch (Eck & Hirsch, 2007), in which the vaporizer of a
parabolic-trough solar field is modelled. Table 4 sums up the operating conditions for the simulations.
Table 4 : Studies operating conditions and vaporizer parameters

Eck & Hirsch

Study

Nominal DNI

850 W/m²

1000 W/m²

Evaporator length

800 m

257 m

Number of tubes/row

1

7

Tube inner diameter

0.055 m

0.0225 m

Tube wall thickness

7.5 mm

2.87 mm

Recirculation mass flow

0.25 or 1.0 kg/s

1.412 or 2.824 kg/s

Feedwater mass flow and temperature

1.2 kg/s – 125°c

3.12 kg/s – 100°c

Operating pressure

70 bar

112 bar

4.1 Step in the feed water mass flow rate
A change in the feed water mass flow rate is simulated with the Dymola-ThermoSysPro vaporizer model, to
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get a general impression of the system behavior. Comparison is made with Eck & Hirsch. To compute the
Eck & Hirsch study density at the vaporizer outlet, simulations data are used. Steam fractions are estimated
from the plots (shown on figure 4) of the water mass flow rate evolution at the outlet:
 ݔൌͳെ

ܳ௪
ܳ௧௧

(8)

with ܳ௪ the liquid water mass flow rate at stationary conditions, and ܳ௧௧ the sum of the recirculation mass
flow rate and the feed water mass flow rate at the inlet.

Figure 4 : Water mass flow at evaporator outlet for
recirculation mass flow of 0.25 kg/s and 1 kg/s,
extracted from Eck & Hirsch (Eck & Hirsch, 2007)

Figure 5 : Two-phase flow rate (kg/s) at evaporator outlet for the
Dymola-ThermoSysPro study

For the computation of the mean velocities and residence time of the Eck & Hirsch study, it is assumed that
the recirculation flow is at liquid saturation conditions, which depends on the operating pressure, assumed to
be constant through the whole loop. We also use the assumption made by Eck & Hirsch that the two-phase
flow is homogeneous. Based on this last assumption, the average density at vaporizer outlet is computed with
the following equation (Eck & Hirsch, 2007):
ߩ ൌ ͳȀ 

ͳ
ͳ
ͳ
  ݔ൬ െ ᇱ ൰൨
ᇱ
ߩ
ߩ̶ ߩ

(9)

with ߩᇱ and ߩ̶the densities at saturation conditions, respectively for water and steam. The overall flow
density in the vaporizer tube is then computed as the average of the density at inlet conditions (mixing of
saturated water and feed water) and outlet conditions. Mean velocities in the vaporizer are then computed:
ܸ ൌ

Ͷܳ
ߩ ߨܦ

(10)

with ܳ the mass flow rate in the tube and  ܦthe tube diameter. Residence times are then computed:
߬ൌ

(11)

ܮ
ܸ
Table 5 : Feed water step reaction analysis

Step in the feed water mass flow rate

Eck & Hirsch

Dymola-ThermoSysPro

1.2 to 1.5 kg/s (+25%)

3.12 to 3.9 kg/s (+25%)

Recirculation mass flow rate

0.25 kg/s

1.0 kg/s

1.412 kg/s

5.648 kg/s

Estimated mean velocity

1.5 m/s

2.17 m/s

0.96 m/s

1.76 m/s

Estimated residence time

534 s

368 s

268 s

146 s

Time to new stationary conditions

1075 s

775 s

2660 s

1780 s

Change in the time to reach stationary
conditions

100%

-28%

100%

-33%

Figure 5 shows the plots of the Dymola-ThermoSysPro study. Table 5 collects the results of both studies.
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The change in the feed water mass flow rate leads to a change in the flow balance and energy balance of the
evaporator. In the Eck & Hirsch study, it takes about twice the residence time in the evaporator to reach
stationary conditions after the step, and increasing the recirculation mass flow rate by a factor 4 reduce this
settling time by 28%. For the Dymola – ThermoSysPro study, it takes about 10 times the residence time to
reach stationary conditions again after the step. This indicates that the evaporator architecture that is
simulated has bigger time constants than the one simulated by Eck & Hirsch, and the dynamic phenomena
induced by two-phase flows and dynamic energy transfers have a stronger influence with this architecture.
To compare thermal inertias of both vaporizer architectures, the tubes mass of steel is calculated, using data
in table 4, and assuming that the tube walls are made of stainless with a density of 8000 ݇݃Ȁ݉ଷ . The mass of
steel in the tubes in the modelled vaporizer is about 13.2 tons, and about 9.4 tons for the vaporizer row in the
Eck & Hirsch study. This difference can also explain the larger time constants, especially the settling time, in
the modelled Fresnel architecture. However, a common finding is that increasing the recirculation flow rate
by factor 4 decreases the settling time by about 30%.
4.2 Irradiation disturbance tests
Simulations are carried out to study the dynamic reactions of the evaporator to irradiation fast transients. The
triple irradiation disturbance test of Eck & Hirsch is applied to the modelled evaporator. Figure 6 shows the
signal that is used in Eck & Hirsch work, which is used with the Dymola-ThermoSysPro simulations. Table
6 gives the simulations parameters.

Figure 6 : Eck & Hirsch triple disturbance test signal
Table 6: Triple irradiation disturbance test data

Dymola – ThermoSysPro

Eck & Hirsch

1234

Feed water flow rate (kg/s)

1.2

1.2

1.2

3.12

3.12

3.12

Recirculation flow rate (kg/s)

0.25

0.25

0.25

1.412

1.412

1.412

ο࢚ (s)

30

120

240

12

48

96

% of residence time

4.6 %

18.4 %

36.8 %

4.6 %

18.4 %

36.8 %

Ramp duration (s)

5s

5s

5s

5s

5s

5s

οࡵ (W/m²)

-875

-600

-600

-1000

-700

-700

% of normal irradiation

-100 %

-70 %

-70 %

-100 %

-70 %

-70 %
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Figure 7: Reaction of the modelled evaporator to triple irradiation disturbance

In order to make good comparison with Eck & Hirsch data, the time characteristics of the disturbance are
chosen to be equally proportional to the estimated residence time of the two-phase flow in the tubes (see
table 5), and ramp durations are chosen to be the same. DNI transient are also equally proportional to their
respective nominal values. Figure 7 shows steam and water mass flow rate reactions to the three irradiation
transients. As it has been seen with figure 3 and the model options study, it takes more than 1500 s to reach
stationary conditions again after a disturbance. Therefore, the effects of the 3 consecutive DNI disturbances
we are studying here overlap. General good agreement for the mass flow rates behavior is found with Eck &
Hirsch results (Eck & Hirsch, 2007). Largest water flow peaks are found to be around 4.5 kg/s, which is
about 3 times the nominal value. This is less than Eck & Hirsch (8 times the nominal value). The situation
where two liquid peaks happen after the DNI disturbance (the first one being due to the sudden drop of vapor
fraction at the outlet, and the second one to the sudden increase in irradiation and its steam-induced liquid
blow out) is also visible with our computations, but the second peaks are not as large as in Eck & Hirsch
study. This is once again partly due to the larger thermal inertia of the Fresnel receiver. General conclusion is
that good agreement is found between the two models, and the vaporizer that is modelled with DymolaThermoSysPro seems to have a larger thermal inertia and a smoother dynamic behavior.
5. Dynamics of the solar field with control system
For this part of the study, simulations of the whole solar field are carried out. We compare its dynamic
response to fast irradiation transients with and without control systems, and some details are addressed about
how the control system is designed.
5.1 Control strategies
As previously mentioned, DNI disturbance simulations start from operating nominal conditions, which were
also used as design point for the sizing of the modeled solar field. The term “nominal” is purely fictional: as
solar irradiation is constantly changing, both in a slow and deterministic way (daily and yearly cycles) and in
a fast and unpredictable way (clouds disturbance), input energy on the solar steam generator is never
constant. This is a challenge for the design of both the solar field and its control system. Figure 8 shows the
control loops that are proposed in this study.
Recirculation mass flow rate is maintained constant by controlling the recirculation pump rotational speed:
pressure and steam quality fluctuations upstream of the pump generate fluctuations in the flow at the inlet.
The rotational speed therefore has to be adjusted to maintain a constant flow rate.
Steam fraction at the vaporizer outlet is controlled by adjusting the feed water flow rate, as the mixing
between recirculation saturated water and “fresh” feed water determines the outlet steam fraction, for a given
heat flux on the tube walls. The model uses a steam quality sensor, which is developed for the need of this
study and uses a simple computation of the steam fraction from the state variables (pressure and enthalpy)
and steam tables. There are to our knowledge no such sensors in reality, as real-time field measurement of
steam quality is only available through very elaborated technologies. However, the value can be computed
through an energy balance. Using this sensor in the models is convenient for a direct control on the steam
fraction (thus avoiding dry-out in the vaporizer tubes) and on the recirculation pump power consumption.
Finally, the superheated steam control loop adjusts the flow injection in the superheater to control the outlet
temperature. All loops use simple feedback with a PI controller.
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Figure 8: Diagram of the proposed control loops

Controller parameters are computed with an open loop step reaction method. For each loop, the control
parameter is given a step disturbance and a process model is then fit to the reaction plot of the controlled
variable. PI controller parameters are then computed according to the fitted model parameters. This method
gives good order of magnitude for the PI parameters, and they are then manually adjusted to get the best
performance. To illustrate the methodology, figure 9 shows the open-loop reaction of the superheater outlet
steam temperature to a 20% step increase of the desuperheater injection flow rate. The fitted first order
model that is used to compute the PI controller parameters is also plotted. Figure 10 is the plot of the
temperature reaction to a +30°C step change in the setpoint, to evaluate the obtained controller performance.

Figure 9 : Superheated steam temperature reaction to a
20% step change in the injection flow rate

Figure 10 : Superheated steam outlet temperature reaction to
a setpoint step change, with PI control (k=0.22, Ti=80s)

Table 7 sums up the parameters for the designed control loops.
Table 7 : Control loops parameters

Control loop

Fitted model

PI parameters

Setpoint

Recirculation mass flow rate

Simple gain k =588

K = 588, Ti = 60

4.12 kg/s

K= -936, Ti = 840

0.7

K = -0.38, Ti = 140

450 °C

Vaporizer outlet steam fraction

1st order,

Superheater outlet steam
temperature

1st order,

5.2 Simulations results
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Figure 11: solar field response to fast irradiation transients with PI control (-) and without (--). ઢ࢚ ൌ ૢ࢙ǡ ઢࡵ ൌ െૠࢃǤ ;

Figure 11 shows the solar field variables response to the triple irradiation disturbance. (see previous part).
Plotted are the vaporizer outlet steam fraction and liquid water flow rate (directly computed from the steam
fraction), the separator pressure and liquid water level, and the superheater outlet steam flow rate and
temperature. Nominal stable operating conditions from which the simulations start are those given in table 2.
It can be seen that without control system, steam fraction and separator level reach new stable conditions
after the disturbances when DNI is back to normal. That is not satisfactory since the solar field no longer
works at design point with the same solar irradiation. The vaporizer control loops stabilize both outlet steam
fraction and separator water level after disturbances. It also strongly diminishes the magnitude of the
fluctuations in the steam quality in the vaporizer tubes, which leads to smaller liquid flow peaks in the
separator. The magnitude of the separator pressure and the steam flow rate fed to the superheating section are
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also decreased with the control loops, but only slightly if compared to the transients without control systems.
They are indeed mainly driven by solar irradiation, and the control system can only have a small influence on
these quantities.
The superheated steam temperature control loop also has a positive influence on the temperature fluctuations.
The plot on figure 11 shows that the peak above 550°C, that happens with no control system after solar
irradiation gets back to normal, does not happen with the controlled desuperheater. Outlet temperature does
not exceed 457°C. However, the control system for this loop is not efficient enough, because the transients’
magnitudes are too high for the steam to be directly fed to a power block turbine. It can be seen that the
temperature drops 27°C in less than 100 seconds. That gradient is too large, and the net change in the
temperature is too high as well. More elaborated control has to be designed.
6. Conclusion and perspectives
A simple linear solar steam generator using Fresnel receiver architecture and a recirculation operation mode
was developed and simulated. ThermosSysPro models for water/steam fluid components were used and
evaluated for this purpose. Dynamic behavior of the vaporizer section was simulated and the results were
compared to a reference study (Eck & Hirsch, 2007) for evaluating the model. Good general behavior
agreement is found between the two models, although a larger thermal inertia of the modelled Fresnel
architecture seems to be shown in the results. Dynamic behavior of the whole solar field was simulated under
fast irradiation transients. Results show that control loops for the vaporizer are satisfactory for this particular
design and operating conditions, but also that the superheater steam temperature control loop is not efficient
enough to handle fast irradiation transient. Further studies have to be carried out to evaluate and propose
more complex control systems. Strategies proposed in previous reference studies (Valenzuela et al., 2004,
Valenzuela et al., 2005, Eck & Hirsch, 2007) will be evaluated for a use with our models, and strategies
including the use of short-term irradiation prediction will be investigated, which is the perspective of this
work.
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Abstract
Within the framework of REELCOOP project, a small scale (10 kWe) solar driven Combined Heat and
Power system is being developed and constructed. Using a thermal storage and hybridized with biomass, the
system core relies on solar collectors and on a ORC power block under development within the project. The
present article addresses a sensitiveness analysis to the overall system design as a function of solar collector
and power block components efficiencies. This analysis takes into account a tentative range for such
efficiency values as well as design operation conditions on the chosen location for the final installation:
Benguerir (Morocco).
Not disregarding further developments of the system model, accounting for variable efficiency conditions
and enabling the study of different operation/control strategies, the pre-design results already point some
relevant aspects to be accounted for at both component and system development levels, namelly the relation
between thermal and optical performance of solar collectors, the impact of expander efficiency in overall
power block and system performance.
Keywords: solar-driven ORC; small scale CHP.

1. Introduction (EuroSun_Heading1)
The REELCOOP project (REELCOOP, 2013) aims at an enhancement in research cooperation and
knowledge creation on renewable electricity generation, involving Mediterranean partner countries (MPC),
while at the same time developing and testing new renewable electricity generation systems. Addressing five
different topics: photovoltaics (PV), concentrated solar power (CSP), solar thermal (ST), bioenergy and grid
integration, the project includes the design and construction of three different electricity generation systems,
representative of small and large scale systems: system 1: a 6 kWe BIPV system including air ventilation
features; system 2: a 10 kWe solar-driven CHP system based on a Organic Rankine Cycle (ORC) power
block; system 3: a 60 kW hybrid solar/bioenergy CSP prototype system. The present article addresses the
pre-design of system 2.
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Having a wider use in waste energy recovery systems, ORC power blocks have also been used in the design
of solar-driven CHP systems (e.g. García-Rodríguez and Blanco-Gálvez, 2007). Providing power and heat
for different applications, such systems have the potential of operating as stand-alone units in isolated offgrid applications, as well as of using low or medium temperature solar collectors with lower operation and
maintenance requirements. Furthermore, The decentralized feature of this power generation solution offers
the opportunity to utilize the low grade heat of the cycle by the close-by end-user and further improve the
efficiency and hence the economics of the system.
The small scale (10 kWe) solar driven CHP system under development and construction in the framework of
the project, uses a thermal storage and is hybridized with biomass. Not new in its concept, the system core
relies, though, on new developments for both the solar collectors and the ORC power block expander.
As means of assessing the impact of solar collector and power block expander efficiencies in the overall
system design, a sensitiveness analysis to the impact of those parameters is presented.
2. CHP system layout and operation mode
The solar driven CHP system layout, illustrated in figure 1, prioritizes the solar field as heat generation
system, connected to a thermal storage providing a thermal buffer between the solar field and the power
block. The system is hybridized with a 60 kWth biomass boiler acting as secondary (backup) heat source,
assuring a constant inlet temperature for the ORC power block, running permanently.
The power block is based on a regenerative Organic Rankine Cycle according to the scheme and T-s diagram
presented in figure 1. The working fluid used in the power block is Solkatherm SES36 (Solvay , 2014).

Fig.1 - Regenerative ORC scheme and T,s diagram representation of cycle points

The operative control of the power block is based on the establishment of saturated vapour conditions for a
given heat source temperature (point 2' on the T-s diagram of in fig. 8). The control procedure presents the
following protocol:
x

1. heat source temperature is acquired, Thot;

x
to

2. evaporation temperature(the cycle is implemented without superheating, expansion from 2') is set

ܶ௩ ൌ  ܶ௧ Ȃ ߂ܶ௧  (eq.1)
(temperature difference accounting for heat exchanger effectiveness and efficiency performances);
x

3. evaporation pressure for Tevap is acquired from the working fluid properties table;

x

4. electrical frequency of the pump electric motor is varied until pump outlet reaches P1 = P2 = Pevap.

Such control assures that the working fluid reaches the expander as saturated vapour, preventing the
occurrence of liquid phase. The pressure (and working fluid mass flow) is, thus, dependent on the hot source
temperature. This stands for a constant temperature/constant flow configuration when a fixed heat input
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temperature is assured or for a variable temperature/variable flow configuration when this is not the case (as
in the case of a solar-only system).
3. System components efficiency range
The solar driven CHP system relies on the assembly of two different types of components:
x commercially available components, in what regards thermal storage, biomass boiler and heat
exchangers (HX): ORC power block evaporator, condenser and regenerator - for whose fixed
efficiency (thermal storage and boiler) or effectiveness (heat exchangers) are considered, given the
constant temperature power block operation framework considered;
x components undergoing new developments within the project framework (solar collectors and ORC
power block expander), for whose a range of efficiencies is herein defined.
Efficiency (or effectiveness) parameters for commercially available components are taken as follows:
x boiler efficiency (not used in the present analysis): 0.93;
x ideal thermal storage (thermally insulated, negligible heat losses);
x evaporator HX: effectiveness defined in terms of a heat exchange related temperature difference
between hot and cold currents,
ܶ௧ ൌ ʹͲǤͲιܥ
x condenser HX: effectiveness defined in terms of a heat exchange related temperature difference
between hot and cold currents,
ܶ ൌ ʹͲǤͲιܥ
x regenerator HX:
ߝ ൌ ͲǤͺͷ
As for the components being developed within the project, solar collector and expander, efficiency
parameters and ranges are related with their present state of development.
3.1. Solar field
The development of the solar collector relies on the use of evacuated tubes with a CPC concentrator.
Departing from the technical specifications of tube transmissivity-absorptivity effects and area dependent
thermal losses, a range of efficiency curve parameters is defined. Efficiency curve parameters estimations
depend on the irrigation factor (linked to the development of the collector inner hydraulic circuit) and
concentration factor, the parameters in stake in the collector design process.
At this stage three different concentration factors are considered: C in [2.5, 3.5, 4.5]. Thermal loss
coefficients:
a1(ET) = 1.0 W.m-2.K-1
and
a2(ET) = 0.01 W.m-2.K-2
are considered to the evacuated tube. The absorber area dependence of both thermal loss coefficients is
related with the concentration factor, a ratio of aperture and absorber areas, so that:
a1(C) = a1(ET) / C; a2(C) = a2(ET) / C

(eq.2)

Optical efficiency values, K0 were obtained for each concentrator under real material optical properties
conditions: absorber absorptivity, D = 0.935; glazing transmissivity, W = 0.9; reflector reflectivity, U = 0.9. On
the other hand, angular acceptance conditions changing with (incidence angle T and) concentration factor are
considered by means of adequate transversal (KT) and longitudinal (KL) Incidence Angle Modifier (IAM)
values for each of the considered collectors, obtained after ray-tracing simulations (Tonatiuh, 2013).
Efficiency curve parameters and IAM values are presented for the three collectors in tables 1 and 2,
respectively.
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Table 1 – Estimated efficiency curve parameters for CPC with concentration factors C in [2.5, 3.5, 4.5]

C

KO

a1

a2

2.5

0.68

0.400

0.0040

3.5

0.66

0.286

0.0029

4.5

0.65

0.222

0.0022

Table 2 – Transversal and Longitudinal IAM values for CPC with concentration factors C in [2.5, 3.5, 4.5] (within the
transversal acceptance range)

C

T

0º

5º

10º

15º

20º

25º

30.

2.5

KT

1.000

1.012

1.046

1.105

1.119

0.012

0.000

KL

1.000

0.901

0.810

0.755

0.712

0.671

0.630

KT

1.000

1.044

1.111

1.145

0.000

0.000

0.000

KL

1.000

0.921

0.851

0.791

0.757

0.724

0.660

KT

1.000

1.048

1.134

0.001

0.000

0.000

0.000

KL

1.000

0.919

0.859

0.820

0.749

0.701

0.602

3.5
4.5

3.2. ORC power block expander
The development of the power block relies on the use of an innovative rotary lobe expander. The 10 kWe
power block is based on a known design benefiting from enhancements not yet fully developed. Based on the
base design efficiency estimations and on the estimated improvements, expander isentropic efficiencies are
tested within the range KT in [0.6, 0.65, 0.70, 0.75, 0.80].

4. System pre-design simulations
The system pre-design analysis is based on the results obtained for solar fraction and electricity yearly yield.
Considering the system layout, operation is set after the following pre-design conditions:
x constant power block operation (24 h/day);
x biomass hybridization fulfills the heat difference between the thermal storage output and the heat
input required by the power block, constrained by boiler maximum power (60 kWth);
x the solar field heats a fixed thermal storage volume (predefined to a 2 m3 volume) with a limited
maximum temperature of 250ºC (related to thermal oil safety/degradation temperatures);
x (in view of the different concentration factors) solar collectors tilt is adjusted seasonally so that: in
each period, collector tilt is centered in the range of solar height values (at solar noon); solar height
(at solar noon) amplitude in the period fits within the (design) acceptance angle of the collector;
x direct flow (without intermediate heat exchanger) of the heat carrying fluid (thermal oil “BP Transcal
N”) between the solar field, thermal storage and boiler;
x maximum power block heat input temperature,
Theat,in = 180ºC;
x evaporation temperature,
Tevap = Theat,in – 'Theat; (eq.3)
x condensation temperature,
Tcond = Tamb + 'Tcool; (eq. 4)
x minimum temperature difference between evaporation and condensation (in view of limited heat
source power and variable ambient temperature),
'TORC = 40ºC;
x optimal thermodynamic cycle conditions for the operating temperatures and working fluid.
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Local climatic conditions are defined after TMY data for the system location: Benguerir (Morocco). Average
monthly values of the relevant climatic parameters are presented in Table 3.
Table 3 – Average monthly values of global (G) and diffuse (Gd) solar radiation on the horizontal plane (kWh.m-2.day-1) and
ambient temperature (ºC) for Benguerir, Morocco

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

G

3.5

4.1

5.6

6.6

7.1

7.4

7.5

6.9

5.6

4.3

3.2

3.0

Gd

1.1

1.3

1.5

1.8

2.0

2.2

2.0

2.0

1.8

1.5

1.3

1.0

Tamb

14.7

16.9

16.0

20.7

23.6

25.2

31.4

30.6

27.9

22.0

17.5

17.2

5. Simulation results
Yearly operation simulations were performed for different system compositions: solar field composed by
C2.5, C3.5 or C4.5 solar collectors; power block expander efficiencies of KT in [0.6, 0.65, 0.70, 0.75, 0.80].
To this end, a pre-existing in-house integrated model (Horta et al., 2008) was adapted to the present system
control and operation conditions. Enabling this pre-design assessment, such model is to be further developed
and validated within the project.
The variation of solar fraction values (defined as the ratio between solar heat and total heat provided to the
power block) and rejected solar heat fraction (defined as the ratio of solar heat rejected for insufficient
storage capacity and total heat provided by the solar field) with solar field area and expander efficiency, for
the different solar collectors, is presented in fig. 2.

(a)

(b)

Fig.2 – Variation of (a) solar and (b) rejected solar heat fractions values with total solar field aperture area and expander
efficiency, for solar collector C2.5, C3.5 and C3.5

The results for solar and rejected solar heat fractions denote that, on the present system design, the thermal
storage capacity acts as a bottleneck for solar fraction values. Over 300 m2 aperture areas significant rejected
solar heat fractions are observed. Under those aperture area values, the results show a relative decoupling of
solar fraction with expander efficiency. Regarding solar collector results, a clear performance improvement
is observed when changing from C2.5 collectors to C3.5 or C4.5 collectors. Between these two, it is
important to note a slightly better performance of C3.5 over C4.5, compensating a lower thermal
performance with a better optical performance, in view of a wider acceptance.
Results for electrical power yield and ORC cycle efficiency (defined as the ratio of useful electrical power,
including consumption at the compressor, and total ORC heat input) are presented in figure 3.
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(a)

(b)

Fig.3 – Variation of (a) ORC net efficiency and (b) daily yield [kWhe/day] values with total solar field aperture area and
expander efficiency, for solar collector C2.5, C3.5 and C3.5

Considering ORC net efficiency results it is possible to conclude for an efficiency variation in line with
expander efficiency variation: roughly, the graphic shows a 15% ORC net efficiency increase with a 15%
expander efficiency. Yield results are in line with ORC net efficiency results, with a 20% yield increase
observed for a 15% expander efficiency increase.
Regarding the impact of solar collector performance on ORC net efficiency, it is possible to observe higher
ORC efficiency values for collectors C3.5 and C4.5, which is explained, under the boiler power limitation
condition, with average higher evaporation temperatures at the ORC. This effect is also patent in the
variation of results with increasing solar field aperture areas, up to the threshold of 300 m2, where solar
rejected heat becomes predominant (after thermal storage incapacity).

6. Conclusions
Within the framework of REELCOOP project, a small scale (10 kWe) solar driven Combined Heat and
Power system, hybridized with a biomass boiler, is being developed and constructed. Considering that the
project is currently in the system components development stage, the present article addressed a
sensitiveness analysis to the overall system design as a function of solar collector and power block
components efficiencies. To this end, system operation simulations within a tentative range for such
efficiency values were performed.
Not disregarding further developments of the system model, accounting for variable efficiency conditions
and enabling the study of different operation/control strategies, the pre-design results obtained have shown:
x the results show a relative decoupling of solar fraction with expander efficiency;
x an increase in solar concentration is not an assurance of a better solar field performance. An
optimized collector design must account for the optical compensation of lower thermal
performances, as is reflected in C3.5 and C4.5 results;
x expander efficiency plays an important role in overall system efficiency and power yield results,
presenting a variation proportional to that parameter;
x higher solar field performances enable (under a limited boiler power condition) higher average ORC
evaporation temperatures, leading to increased ORC efficiencies and yield results;
x thermal storage capacity acts, in the present design, as a bottleneck for increased solar fractions.
As for the later conclusion, the results obtained for solar fraction and power yield with a 10 m3 thermal
storage volume, presented in figure 4, are conclusive and show a 60% increase in solar fraction values and a
10% to 15% yield increase. Also differences on the crossed influences of solar field and expander
efficiencies may be observed (e.g. in solar fraction results) with an increased storage volume, which denotes
the interconnection of components design in the overall system results.
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(a)

(b)

Fig.4 – Variation of (a) solar fraction and (b) ORC daily yield (kWhe/day) values with total solar field aperture area and
expander efficiency, for solar collector C2.5, C3.5 and C3.5

At the present state of system components development, these results already point some relevant aspects to
be accounted for at both component and system development levels, namelly the relation between thermal
and optical performance of solar collectors, the impact of expander efficiency in overall power block and
system performance.
Furthermore, design of the whole system is to be reassessed after the conclusions regarding the impact of
thermal storage capacity on overall system results. Such design optimization has to rely, though, on an
economical assessment possible at a later stage, when solar field, power block, boiler and biomass costs are
available.
The following developments on the system assessment will further include an analysis of system operation
modes and their impact on system results.
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Abstract
Achieving high temperatures in solar receivers is crucial for efficient and competitive solar thermal power
plant operation. However, high temperature receivers enabling working temperatures beyond 1000 ºC are
still subject of research projects. The fundamental problems observed are related to material durability and
reliability. Thus, basic material research forms the core requirement regarding the engineering of advanced
solar receivers that will most probably enable a highly efficient conversion of solar energy into electricity,
paving the way for a broad establishment of clean and renewable energy supply. This work focuses on the
presentation of fundamental research of high performance materials that allow the later development of high
temperature and highly efficient solar receivers. It presents optical and thermal aspects of advanced
materials.
Key-words: Advanced solar receiver materials; high temperature ceramics and metals; high temperature
experiments

1. Introduction
Solar thermal power is a highly promising way of providing renewable electricity as it directly harnesses the
abundant amount of solar energy incident on planet earth (Abbott, 2010), and additionally, features the
important possibility of thermal energy storage and hybridization, enabling dispatchable power generation.
One of the current technological challenges is the development of efficient ways of solar energy collection
for its transformation into high quality heat, being able to efficiently run state-of-the-art thermodynamic
power cycles for electric power generation.
The majority of today’s CSP plants are based on the parabolic trough collector technology that has been
established on commercial level since the 1980’s (SEGS plants in California, USA(Kolb, 1994)). Back then,
annual solar-to-electric conversion efficiencies achieved values up to 10.6% (Kolb, 1994) and are nowadays
still not higher than 14 to 15% (Price, 2003). Achieved peak solar-to-electric conversion efficiencies are in
the range of 20 to 25% (Reddy et al., 2013). Fundamentally, this efficiency limitation is due to the limited
operating temperature (≈ 400 ºC) of the applied heat transfer fluid (thermal oil) (Solutia-Inc., 2008).
Clearly, the move to other heat transfer fluids that enable higher operating temperatures is a must. Viable
options are for example molten salts (upper limit at about 600 ºC (Bradshaw and Carling, 1987)) and air.
Another possibility is the direct steam generation, where the working fluid of the Rankine cycle is directly
evaporated in the solar receiver. However, also a solar collector/receiver technology change is inevitable,
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since higher receiver operating temperatures are only feasible with high area concentration ratios (RomeroAlvarez et al., 2007). Instead of the conventional parabolic trough technology, the power tower concept is in
this context much more favorable.
Generally speaking, in order to make solar thermal power competitive with conventional power generation,
the efficiencies of the solar receivers as well as that of the thermodynamic power cycles have to be
maximized. Since the conversion efficiency of the thermodynamic power cycle is ideally constrained by the
Carnot efficiency, the temperature at heat input must thus be kept as high as possible and the temperature at
heat rejection as low as possible. Given the fact that the temperature at heat rejection is determined by the
ambient temperature, which is usually quite high at typical CSP locations, the only feasible way of
improving the conversion efficiency are high temperatures at heat input, i.e. high temperatures of the plant’s
solar receiver. However, the thermal efficiency of the solar receiver is governed by the heat losses to the
relatively cold environment. Thus, given that the specific heat losses (per area) increase highly non-linear
with increasing receiver operating temperature (especially the radiative losses), advanced and innovative
receiver designs are indispensable and area concentration ratios must be high (concentrated solar power).
On the one hand, when thinking of the optimization of thermodynamic power cycles, al lot of fundamental
research work has already been accomplished for the conventional power technology and the current
technology available needs in principle only slight adaptions for the application in solar power generation.
Thus, an obvious step in engineering is the application of combined cycles in solar power generation, i.e. the
application of solar driven Brayton cycles combined with bottoming Rankine steam cycles (Kribus et al.,
1998).
On the other hand, the development of high temperature receivers that reliably work in temperature ranges
beyond 1000 ºC is still in its early stages and currently being investigated (Ho and Iverson, 2014). The
fundamental problems observed are related to material durability and reliability. Thus, basic material
research forms the core requirement regarding the engineering of advanced solar receivers that will most
probably enable a highly efficient conversion of solar energy into electricity, paving the way for a broad
establishment of clean, renewable and safe energy supply.
Some pioneering work can already be found in the literature, especially regarding accelerated aging tests that
are important when it comes to the estimation of solar receiver service lifetime. For example, Rojas-Morín
and Fernández-Reche (2011) performed accelerated aging tests for the solar absorber material candidate
Inconel 625CF at a parabolic dish located at the Plataforma Solar de Almería. They created Stress-Life (S-N)
fatigue curves, also known as Wöhler curves. They observed that their defined normal operational conditions
fell within the high cycle fatigue region, however when moving to higher operating temperatures (above
800 ºC) thermal stresses easily approached the ultimate strength leading to material failure at a low number
of cycles. Also Boubault et al. (2012) presented a relevant work about accelerated aging of solar absorber
materials. They developed a two-dimensional model of a two-layer material (metal + paint coating) in order
to determine the optimal conditions for accelerated aging via simulations. Several thermal indicators
(temperature and temperature gradients) were analyzed in different configurations and boundary conditions
(irradiance cycles) and the most appropriate loads for accelerated aging tests were selected. To confirm the
simulation results with experimental data, they developed an experimental solar accelerated aging facility.
Further experiments with Inconel 625 are described in their subsequent work (Boubault et al., 2014). The
typical irradiance patterns to which the material samples were exposed were square-shaped pulses with
constant period and amplitude. The solar absorptance of the coating, its thermal conductivity, and the thermal
contact resistance between the coating and the substrate were determined as characteristic parameters that
determine the state of aging of the material.
The objective of this article is the presentation of some fundamental material research activities regarding
promising candidate materials for high temperature solar receiver design for the power tower technology. As
already mentioned in previous works (Rojas-Morín and Fernández-Reche, 2011; Boubault et al., 2012;
Boubault et al., 2014), solar receiver material must withstand relatively harsh operating conditions, first of
all, due to elevated operating temperatures (> 1000 ºC) of future designs (aiming for highest possible
conversion efficiencies of the thermodynamic power cycle), and secondly, high heat fluxes of typically > 1
MW/m2 that in addition show large and sudden variations (due to passing clouds) causing thermal fatigue.
This paper aims at exploring the suitability of high-temperature intermetallics, refractory steels, superalloys,
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as well as dense and porous silicon oxycarbides for the possible application in such harsh and demanding
conditions. Similarly to the abovementioned scientific contributions, this paper aims at performing material
aging tests. Furthermore, optical properties of the candidate materials will be analyzed.
This work is structured as follows: Section 2 presents candidate materials which may be suitable for solar
receiver designs. Section 3 will present some laboratory-scale high-temperature and thermo-shock
experiments, applying on the one hand a tubular oven and on the other hand a Fresnel lens. Section 4 will
deal with the evaluation of optical properties of relevant material samples. Section 5 concludes.
2. Materials under consideration
2.1. Exploration of high-temperature intermetallics in comparison with refractory steels and
superalloys (at CSIC-CENIM)
Heating and oxidation experiments were carried out on a wide range of metallic and intermetallic alloys. The
materials may be classified into several different groups as: (a) refractory steel; (b) iron aluminides;
molybdenum silicide or boro-silicide intermetallics; and (c) nickel-base superalloy. These alloys were
prepared by a variety of methods depending on whether there were any problems of chemical segregation
during solidification. The refractory Ni-Cr-Fe steel was designated ET-45 (supplied by Schmidt-Clemens
and prepared by centrifugal casting). The iron aluminides had Al contents in the range 20-40 atomic percent
and were prepared by drop-casting or mechanical alloying, with grain sizes in the range 1 Pm to 1 mm.
Molybdenum silicides were prepared by mechanical alloying as a MoSi 2-15%SiC composite or a Mo-Si-B
alloy containing a body centered cubic (alpha) Molybdenum matrix with high content of T2 and Mo3Si
phases. The Ni superalloy was a spray-formed Ni3Al-rich alloy with high Cr content.

2.2 Exploration of dense and porous silicon oxycarbides (SiOC) (at CSIC-ICV)
Advanced dense and porous silicon oxycarbide (SiOC) material samples have been prepared at CSIC-ICV. A
preceramic organic-inorganic hybrid material was synthesized by the sol-gel process, and then it was
pyrolyzed under inert atmosphere at 1100 ºC to obtain a porous SiOC material. At the same time, the dense
SiOC material was obtained by the application of the conventional ceramic route over the above mentioned
hybrid. Thus, the hybrid material was attrition milled and pyrolyzed under inert atmosphere at 1100 ºC and
finally the SiOC powders were then shaped and densified at high temperature. A description of the
processing technique can be found in the work of Mazo et al. (2013).
3. Laboratory-scale high-temperature and thermo-shock tests
3.1. Laboratory high-temperature tests
The resistance to high temperature has been tested by exposing the sample to 1000 ºC during 100 cycles. The
temperatures, dwelling time at 1000 ºC, and heating and cooling rates of a high temperature cycle are given
in Table 1. The equipment available for this project is a small tubular oven (Fig. 1) with a maximum
temperature up to 1400 ºC.

Figure 1: Tubular oven used for high temperature tests at CSIC-ICV
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Table 1: High temperature test cycle (Ti, Tf: initial and final temperatures; v: heating and cooling rate; t: time; tac:
accumulated time)

Ti (ºC)

Tf (ºC)

v (ºC/s)

t (s)

tac (s)

25

800

70

11

11

800

1000

5

40

51

1000

1000

0

600

651

1000

600

11

36

687

600

400

4

50

737

400

200

1

200

937

The high temperature experiments were performed with three different samples: SiC (used as reference:
Ref), and a porous (S1) or a dense (S2) SiOC laboratory prepared materials. Figure 2 shows how the samples
were placed within the tubular furnace and the appearance of the samples during the high temperature
treatment. Figure 3 collects the photographs of samples before and after high temperature cycles. It is
observed that as we reported in a preceding work of Sallaberry et al. (2015) (accepted for publication in the
SolarPACES Proceedings 2014) the Ref sample crushed after the third cycle so the subsequent test were
carried out only with SiOC samples. On the other hand, it is observed that both porous and dense SiOC
samples (S1 and S2) remain visually unchanged during the 10 cycles and furthermore remain unchanged
even after 100 cycles.

Figure 2: Details of tubular furnace during the high temperature tests. (a) Starting the test. (b and c) Sample at 1000 ºC for 0
and 600 s.

Figure 3: Photographs of materials before and after high temperature tests (cycle of Table 1).

During high temperature treatments under air atmosphere the SiOC materials experiment several processes
due to an oxidative thermal degradation reaction. At low temperatures these materials experiment a weight
loss associated basically to the thermal decomposition of the Cfree phase reaction (1). Above 800 ºC the SiOC
matrix can be decomposed according to reaction (2) and as a result a weight gain is observed. Finally, at
higher temperatures the SiC can be oxidized and a new weight gain is also observed following reaction (3).
(Bois et al., 1995; Chollon, 2000; Parmentier et al., 2001)
Cfree + O2 →CO2+H2O
SiOC+O2 →SiO2+COx

(1)
(2)

1249

Zaversky et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

SiC+O2 →SiO2+COx

(3)

For the SiOC materials prepared in our study although after 10 cycles it was not observed any change in
weight or dimension for both S1 and S2 samples (Sallaberry et al., 2015), during the subsequent cycles the
S1 sample experimented both weight and dimensional losses close to 4 and 2 %, respectively, associated to
Cfree phase oxidation (reaction 1) but the S2 sample remained unaltered.
On the other hand, the evaluation of the material characteristics was completed by the measure of the solar
reflectance with a spectrophotometer (Perkin Elmer Lambda 40) with integrating sphere, from 400 nm to
1100 nm. As can be seen in Figure 4, S1 samples’ reflectance values are practically not influenced by the
performed temperature test cycles except for that treated after 100 cycles where the reflectance changes.
However in the case of S2 sample, between 0 and 10 cycles the reflectance values show a decrease but from
to 10 to 100 cycles test samples’ reflectance does not change at all.

Figure 4: Reflectance results (a) Ref (b) S1 (c) S2

3.2. Thermo-shock tests using a Fresnel lens
The equipment available for this project is a Fresnel lens mounted on a solar tracker (Fig. 5). The lens is
positioned on an aluminum frame with a polar axis orientation. The lens movement from east to west is
controlled automatically by a computer and the solar height is hand positioned. The physical characteristic of
the lens were previously reported (Padilla et al., 2014). The study considers the use of a wide range of
ferrous and nickel-base refractory alloys, as well as some intermetallic alloys for high-temperature receiver
applications. The materials may be classified into different groups as: a) refractory steel; b) iron aluminides,
molybdenum silicide or boro-silicide intermetallics, and c) nickel-base superalloys.
Samples of 1 cm square section and 5 mm thick were subjected to thermal shock receiving concentrated solar
radiation during heating/cooling cycles. Sample temperature while cycling was registered with a
chromel/alumel thermocouple introduced in a side hole in the sample. Discovering the lens initiates the
shock cycle by concentrating solar radiation fast heating up to 1200 ºC; after maintaining 10 min at this
temperature, the shock cycle ends by fast cooling down to 200 ºC covering the lens to interrupt solar
radiation on the sample. This temperature can be considered correct to within about ± 10 ºC, as evidenced by
the temperatures reached during repeated thermal cycles for identical solar heating conditions. It is obvious
that the Fresnel lens facility is capable of producing sufficiently high temperatures, as well as strong thermal
shocks, that it can be used for the accelerated aging comparison of potential collector materials, as will be
described in the following paragraphs.
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Figure 5: Pictures of the Fresnel lens used for thermal shock tests installed on solar tracker at CSIC-CENIM

An example of the variation of temperature during the thermal shocks using the Fresnel lens is shown in
Figure 6. As can be observed, both the heating rate and the cooling rate vary depending on the temperature
range selected. So, from ambient temperature to 800 °C, a heating rate of 50-70 °C/s was registered. This is
the maximum value of heating rate, because for higher temperatures, for 800 to 1000 ºC the heating rate
decreases to values of 3-5 °C/s. Concerning the cooling, the highest rate occurred from high temperature to
600 ºC, with cooling rate of 9-11 °C/s. The cooling rate decreases for 600-400 °C to 2-4 °C/s and for the
range 400-200 °C to 1 ºC/s. The cooling rate is much lower than the heating rate. Basically, the heating or
cooling rates are governed by the heat loss to the ambient. In order to increase the thermal shock, the cooling
rate could be increased by an external supply of cool air, i.e. active cooling.

Figure 6: Example of a typical temperature (T) cycle achieved with the Fresnel lens.

Following 6 cycles of solar heating and cooling, the samples were removed for examination by optical and
scanning electron microscopy. When the nominal temperature reached 1200 ºC or above, most of the
samples showed a small crater-like region of sample melting. Temperatures at the front center clearly
exceeded the solidus for these materials, of the order of 1300-1400 ºC for most of the materials. More
relevant tests are carried out using a slightly lower solar radiation density, and are confirmed by furnace
cyclic heating at temperatures of 100-1150 ºC. Under these conditions the materials showed oxidation to an
extent that depended very strongly on the specific material. Oxidation of the refractory steel was small, as
was that of the superalloy. The iron aluminides showed behavior that depended strongly on the Al content:
for Al contents near 20% (with or without Cr) there was strong oxidation and loss of scale; for Al contents of
35-40% the oxidation was extremely fine, with no influence of the grain size. Both Mo intermetallics
suffered extensive oxidation with spallation of the oxide.
From these preliminary studies, it is clear that all metallic alloys and intermetallics suffer from rapid
oxidation and often oxide loss at temperatures in the range about 1000-1200 ºC, but nevertheless may be
expected to withstand such cyclic oxidation with only minor damage at slightly lower temperatures. The
possible interest of such alloys (compared with ceramics) for high temperature use lies in the favorable
combination of physical and mechanical properties, especially good conductivity and moderate modulus
combined with good toughness and (sometimes) good compatibility with the oxides formed. Further
investigation is clearly necessary to evaluate such possibilities.
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4. Evaluation of optical properties of relevant material samples
4.1. Influence of different surface textures on the optical properties of metallic surfaces
In order to evaluate the usefulness of surface textures for the application at solar receiver materials, the solar
reflectance of different samples with various surface texture patterns has been analyzed. To do so, the
hemispherical reflectance curve was measured with a spectrophotometer with integrating sphere
(Gooch&Housego, 2011), from 300 nm to 2500 nm. Then, the solar reflectance value, US, was calculated
integrating over the solar spectrum. This solar spectrum was based on the spectral energy distribution from
the standard ASTM G173 (DNI + circumsolar). The solar absorptance of the material, which should be as
high as possible for a good receiver, is calculated as given in Eq. (4), for an opaque material.

DS = 100 - US (in %)

(4)

The results of the reflectance measurements for four samples with two different materials (Inconel 718 and
CrCo), and applying a surface finish (abrasive blasting) or not, are presented in Table 2.
Table 2: Reflectance and absorptance results for two different materials

Type

Surface finish

Reflectance US [%]

Absorptance DS [%]

Inconel 718

with

53

47

Inconel 718

without

46

54

CrCo

with

60

40

CrCo

without

31

69

Considering these measurements, it can be said that CrCo without surface finish has the best optical
properties regarding the application at solar receivers.
Furthermore, six samples with different textures (saw 30, 40, 60º and dents), with or without surface finish
were also tested (see Figs. 7 and 8).

Figure 7: Sample texture concepts (left: dents, right: saw)
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Figure 8: Saw and dent samples

The results of the reflectance measurements for those six samples indicate that the lowest reflectivity value
can be obtained with a saw-type texture with 30º angle. This reflectance value achieved is about 27.6%.
4.2 Characterizing optical properties of ceramic materials
Finally, optical properties of SiOC ceramic materials, manufactured by CSIC-ICV, were measured and
compared to the commercial painting Pyromark (Helling-GmbH, 2008; Ho et al., 2013) widely used on solar
receivers in order to increase solar absorptance (see Fig. 9 for examined samples). The results of the
reflectance measurements for those four samples are presented in Table 3.

Figure 9: Ceramic samples vs. Pyromark
Tab. 3: Reflectance and absortance results for 4 ceramic samples

Samples

Reflectance US [%]

Absorptance DS [%]

P11-35-1 1008

6.36

93.64

P11-34-1 998

6.42

93.58

P11-33-1 1002

5.65

94.35

P11-32-1 1004

6.95

93.05
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Pyromark

4.52

95.48

The material with the lowest reflectance would be the most recommended one for the use in a solar receiver.
In this case, this would be: P11-33-1 1002 (reflectance 5.65%). However, the remaining samples are quite
close and it can be said that all samples have an optical performance in the same order of magnitude as that
of Pyromark paint (the chosen benchmark).
5. Conclusions
The present paper summarizes basic material research activities for high temperature solar receivers. After an
introduction to promising receiver materials in Section 2, laboratory-scale high-temperature and thermoshock tests have been performed indicating sample behavior.
Accelerated evaluation of potential materials for use as solar receivers is being carried out using a Fresnel
lens system. The cyclic heating/cooling achieved can fracture oxide films forming on the material surface
when heated and lead to much more accelerated damage than occurring during static heating as the same
temperature. Such surface damage will cause a major reduction of the load-carrying capability of the
component. Of the materials examined, a superalloy and a Ni-Cr-Fe refractory steel showed little surface
oxidation damage. Iron aluminides show behaviour that depended on the Al content, with very extensive
damage for alloys with low Al content, but damage much below that of the superalloy/refractory steel for
alloys with high Al content. The Mo intermetallics suffered severe oxidation under the conditions used.
Further work is required to refine these observations and improve the selection of suitable receiver materials
The laboratory high-temperature test was carried out over three different materials (Ref, S1 and S2). From
this test, best results are obtained for the S2 sample (SiOC-dense material) which keep all its properties
unaltered (appearance, weight, dimensions and optical properties).
Furthermore, the optical properties of two different materials (Inconel 718 and CrCo) have been compared. It
can be concluded that CrCo without surface finish has the most promising optical properties achieving a
solar absorptance of about 69%. In addition, the influence of different surface textures on the optical
properties of metallic surfaces has been discussed. A saw-type texture with 30º angle has shown to provide
the lowest reflectance value (27.6%) of the examined set of structures. Finally, selected ceramic materials
have been evaluated regarding their optical properties with respect to the widely used Pyromark high
temperature paint, showing that optical performance correlates quite well.
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Abstract
The Galapagos Islands are one of the most biodiverse areas on the planet. Maritime transport there has
serious effects, as occurred with the fuel tanker Jessica grounded on Shiavioni reef at the entrance of Wreck
Bay, Isla San Cristóbal, on 16 January 2001. The vessel oil spilled approximately 240,000 gallons of fuel oil
consisting of 160,000 gallons of Diesel Oil #2 (DO#2) and 80,000 gallons of Intermediate Fuel Oil 120 (IFO
120, or bunker fuel), jeopardizing the ecosystem of these islands. In order to reduce this impact, Ecuador
authorities are driving the development of alternatives through initiatives such as the “National Plan for
Good Living” and the "Galapagos Zero Fossil Fuels in the Galapagos" initiative. One remarkable initiative is
the project of a solar powered catamaran. This study intends to assess the environmental effects related to the
use of this boat as well as to compare the environmental performance of two main scenarios: solar and
conventional boat operations. The results obtained show a significant improvement in the environmental
performance when the solar boat is considered.
Key words: maritime transport, environmental performance, photovoltaics, autonomous ship

1. Introduction
Maritime transport has been a catalyst of economic development and prosperity throughout its history. It
enables trade and contacts, ensures the security of supply of energy, food and commodities, benefiting other
economic sectors. Moreover, the quality of life on islands and in peripheral maritime regions depends on
good maritime transport service.
The Galapagos Islands, one of the most biodiverse areas on the planet, faces serious environmental problems,
which are largely attributable to the scale of maritime transportation in the area. In the Itabaca Channel,
located between Baltra and Santa Cruz islands, 4 boats move about 146,000 people per year between tourists
and residents. As a consequence, oil spills, motor noise, exhaust gas emissions, etc. are serious threats to the
environment. One way to minimize this impact is to use highly efficient solar boats. For that reason, the
Ministry of Electricity and Renewable Energy of Ecuador (MEER) requested to the National Institute of
Energy Efficiency and Renewable Energy (INER) to evaluate the technical, environmental and economic
feasibility of using solar electric boats in Galapagos Islands. The first step of this evaluation was the design
of a solar electric catamaran. At present, the catamaran is under construction and will be in operation next
November 2014. The catamaran will replace one of the conventional boats that consume, on average, 5,000
gallons of fuel and emit 50 Tm of CO2 per year. This project reinforces the "Galapagos Zero Fossil Fuels"
initiative supported by MEER and funded by the Secretary of Higher Education, Science, Technology and
Innovation (SENESCYT).
2. Methods
Considering the solar powered catamaran is under construction, in a first step hydrodynamic behavior was
analyzed using Rhino3D and Orca3D software packages (Rhino 3D, 2014; Orca•3D, 2014) to estimate and
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minimize the energy consumption during the navigation of the ship. The daily energy consumption was
estimated assuming that the boat will cross the Itabaca Channel 8 times a day. Then the energy performance
of the PV system was designed and estimated using the simulation software PVSyst 6.0 (Mermoud and
Wittmer, 2014) considering the meteorological data of Galapagos Islands obtained from NASA climate
website based on satellite data from July 1983 to June 2005.
The Life Cycle Assessment (LCA) methodology has proved to be a valuable tool for documenting and
analyzing environmental considerations of product and service systems that need to be part of decisionmaking process towards sustainability. For the purpose of the present work, the impact assessment was
conducted using the CML 2000 methodology (Guinée et al., 2002). It is remarkable that the environmental
indicators used have been chosen on the basis that there are agreed calculation methods for their
quantification (Table 1).
Tab. 1: Indicators describing environmental impacts.

Indicator

Unit

Global warming potential (GW)
kg CO2 equiv.
Depletion potential of the stratospheric ozone layer (O)
kg CFC-11 equiv.
Acidification potential of land and water (A)
kg SO2 equiv.
Eutrophication potential (E)
kg (PO4)3- equiv.
Formation potential of tropospheric ozone photochemical oxidants (PO)
kg Ethene equiv.
Abiotic resource depletion potential for elements (AD)
kg Sb equiv.
Abiotic resource depletion potential of fossil fuels (AD_fossil fuels)(*)
MJ, net calorific value
(*)
There is no scientifically agreed calculation method for this impact category, so it has not been
considered for the purpose of the present work.

3. Results and Discussion
3.1. Goal definition and scope
The goals of this study were to assess and compare the environmental impacts of both conventional and solar
ship -identification and quantification of the most important environmental burdens related to the alternatives
under analysis- as a basis to discuss the replacement of conventional ships in Galápagos Islands.
Fig. 1 shows both scenarios under study, the conventional ship and the proposed solar powered catamaran.

Fig. 1: Conventional ships operating in the Itabaca Channel (left) and solar powered catamaran designed to operate between
Baltra and Santa Cruz islands (right).

Scenario A comprises the construction and operation of the conventional ship (barge). At present, inhabitants
and tourists of Galapagos Islands require to take one of the four existing barges in order to take them through
the Itabaca Channel (10 minutes trip). One of the barges belongs to the Santa Cruz Municipality and it will
be replaced by the solar powered catamaran. This monohull ship and most of its elements (hull, top cover,
seats, etc.) are made of local palosanto wood. The ship was locally constructed.
The barge has an off-board 80 hp gasoline engine, it is about 13 m long and 4 m wide, and has the capacity
to carry 42 seated passengers. Its fuel consumption is approximately between 9 to 14 US gallons per day,
giving an annual consumption of about 5,000 US gallons.
On the other hand, scenario B comprises the construction and operation of the solar powered catamaran. The
catamaran and most of its elements (hulls, seats, etc.) are made of reinforced glass fiber; it is currently under
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construction in a shipyard close to the city of Guayaquil (Ecuador). A deck roofed with photovoltaic modules
will be installed between the hulls. As far as the dimensions are of concern, the catamaran is about 15.4 m
long and 6.4 m wide.
The solar ship is provided with a stand-alone 4.2 kWp photovoltaic system with panels integrated on the
roof. Due to weight, capacity and durability are important issues in transport, the battery bank consist on 6
Li-Ion batteries operating at 48 V and a total capacity 540 Ah. The electricity produced by the panels is
managed by a 48 V MPPT charge controller and a Li-On Battery Management System (BMS). In addition,
the ship has a 5 kVA inverter-charger to supply power from the local grid because the PV system is designed
to produce a fraction of the electricity demand. All the system will be monitored to obtain the energy
performance parameters to assess accurately the environmental impacts of this alternative for maritime
transport. Fig. 2 shows a schematic diagram of the electric system of the solar powered catamaran.

Fig.2: Electrical diagram of the solar catamaran indicating the main components.

Functional unit
The functional unit provides a reference to which the inputs and outputs are related. For the purpose of this
assessment, the functional unit chosen was the operation of both conventional and solar ships during one
year period. For the allocation -apportioning of the input or output flows of a unit process to the system
under study- of construction phase flows, 15 years of use phase was the period considered.
Data quality
In order to tackle the analysis of the results in greater depth, the systems (scenarios A and B) have been
divided in the subsystems of construction and use. All the data related to the energy and material
consumptions of the subsystems of construction were obtained from the company which manages the
construction of the solar catamaran, with the exception of the electrical system.
The electrical system of the ship is divided into the electric propulsion subsystem and the PV generation
subsystem. The propulsion subsystem consists basically of two electrical drives and their controls. The
elements of the PV subsystem can be classified into three groups: generation (photovoltaic panels), storage
(batteries) and the Balance of System (BOS), which are the support structure, inverters, control, etc. It was
relatively easy to find information to perform Life Cycle Assessment for PV panels (Choi and Ftenakis,
2014, Bekkelund 2014) and Li-Ion batteries (Victron Energy, 2013; EPA, 2013). However, information
regarding BOS and electric motors is rather scarce. For the BOS we estimated the materials of the solar
charger, charger-inverter and cabling escalating the data available at Bekkelund (2013). For the electrical
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motors of the propulsion subsystem, the information of a Life Cycle Assessment of a 10 kW 3-phase motor
was taken into account (Boughanmi et al., 2012). It is remarkable that for this preliminary assessment, mass
and energy balances for the electrical components were inventoried using data from Ecoinvent database.
3.2. Life Cycle Inventory
Life Cycle Inventory (LCI) analysis involves the collection and computation of data to quantify relevant
inputs and outputs of a product system, including the use of resources and releases to air, water and land
associated with the system (ISO 14040:2006). The inventory data were collected for each process unit
included within the system boundaries (construction and use phase). Data sources were previously indicated
in the data quality sub-section.
A comprehensive Life Cycle Inventory (LCI) for the construction of each ship was compiled. In order to
provide an overview of the different models, a general description of the energy employed to build the
conventional and the solar powered boats is summarized in Table 2 and Table 3.
Tab. 2: Energy consumption related to the construction of conventional ship.

Quantity

Power tools /
Equipment

Hours/day

Number of
days

Power (HP)

Total (HP)

3

Grinding
machine

3

35

0.25

78.75

4

Hand drill

2

48

0.18

69.12

1

Crane

4

3

638.75

7,665.00

1

Jigsaw

5

12

0.25

15.00

1

Spray gun + air
compressor

5

8

1.00

40.00

2

Electric chain
hoist

2

6

0.25

6.00

2

Hand saw

4

25

2.00

400.00

1

Edge banding
machine

4

21

1.50

126.00

1

Table saw

4

45

2.00

360.00

TOTAL

8,759.87

Tab. 3: Energy consumption related to the construction of the solar powered ship.

Quantity
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Power tools /
Equipment

Hours/day

Number of
days

Power (HP)

Total (HP)

2

Grinding
machine

3

25

0.25

37.50

3

Hand drill

2

30

0.18

32.40

1

Crane

4

3

365

4,380.00

1

Jigsaw

6

15

0.25

22.50

1

Spray gun + air
compressor

5

8

1.00

40.00

2

Electric chain
hoist

2

6

0.25

6.00
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TOTAL

4,518.40
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Montly solar irradiation kW·h / m2

Electricity kW·h

Figure 3 shows the solar resource, electricity demand and PV production of the ship with a solar fraction
around 80%. The high specific production of 1,650 kWh/kWp indicates the important solar irradiation in
Galapagos Islands and the potential role of PV systems to supply part of the electricity in the maritime
transport. However, the main drawback of this system is the high initial cost, especially for the Li-Ion
batteries.

0

0
Jan

Feb

Mar

Apr

May

Jun

PV electricity kWh
Ship electricity demand kWh
Monthly solar irradiation on PV panels kWh/m2

Jul

Aug

Sep

Oct

Nov

PV annual electricity:
Annual electricity demand:
Annual solar irradiation:

Dec

6926 kWh
8760 kWh
2086 kWh/m2

Fig. 3: Solar resource, PV electricity and electricity demand of the ship calculated with PVSyst.

3.3. Impact Assessment
Figure 4 shows the environmental fingerprint of both options Solar ship and Conventional ship. The diagram
represents a comparative analysis of the environmental advantages and disadvantages of the two alternatives.
For each category, the characterization values were obtained and they are relatively compared, assigning a
value “1” to the least favorable alternative in the category under analysis. With the exception of the category
of Photochemical Oxidation (PO), the results obtained show a significant improvement in the environmental
performance when Solar ship is considered (from 58.42 to 99.99% for the categories analyzed).
AD
1
E

GW

0,5
0

A

O
PO

Solar ship

Conventional ship

Fig. 4: Environmental fingerprint of Solar ship vs. Conventional ship. AD: Abiotic Depletion; GW: Global Warming; O:
Ozone Layer Depletion; PO: Photochemical Oxidation; A: Acidification; E: Eutrophication.

The analysis of the contribution of the different subsystems to the impact categories is required to detect the
“hot spots”. The results for the characterization of scenario 1 show that almost environmental impact is
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associated to the operation of the ship (use phase), for all the categories analyzed. For the case of the solar
powered catamaran, the construction phase play a significant role, mainly associated to the fabrication of the
electrical system components. These preliminary results strengthen the hypothesis that the use of these solar
resource in maritime transport is more sustainable than its use as fuel.
4. Future Outlook
This project aims to explore and test the hypothesis that solar powered transport promotes an
environmentally friendly model. Pressures on transport industry to develop strategies and means to achieve
sustainability are expected to grow. The aforementioned catamaran was selected as a pilot project for the
adoption of a new line of research with the aim of promoting renewable energy and avoid serious threats to
the environment in one of the most biodiverse areas on the planet.
Promoting environmental research and technology innovation was the main goal of the present work, based
on a case study of the development of a solar-powered catamaran used for transporting passengers to the
Galapagos Islands. The findings of the study shed light on whether or not the adoption of solar powered
transport model is favorable from an environmental point of view. However, further research must focus on a
sensitivity analysis considering climatic variations as well as specific data for the manufacture of electric
components.
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Abstract
Quality Infrastructure has been defined as “a system of institutions which jointly ensure that products and
processes meet predefined specifications.” Ideally, a fully and properly developed Quality Infrastructure
(QI) would be fully represented by each of the components: Certification, Standardization, Testing,
Metrology, and Accreditation. However, in reality every component may not be fully developed, depending
on the history and growth of the industry. Standards are an integral component to any Quality Infrastructure.
Compared to other renewable technologies, solar heating and cooling (SHC) standards have been in
development for a long time. We discuss how these Standards fit into a complete quality infrastructure. We
take a look at examples of SHC standards in the U.S.
1. What is Quality Infrastructure?
The International Renewable Energy Agency (IRENA) promotes the widespread adoption of renewable
energies through the sharing of best practices and lessons learned regarding policy frameworks and capacitybuilding activities. Recently, IRENA’s Innovation and Technology Centre (IITC) studied existing Quality
Infrastructure (QI) structures in two small scale renewable energy technologies to provide guidance on how
QI might be implemented to promote and expand these renewable energy technologies. This paper reflects
some of the work done on QI for solar water heating in the U.S., as part of that effort.
Quality Infrastructure is defined as “a system of institutions which jointly ensure that products and processes
meet predefined specifications.” (Goncalves and Peuckert 2011) Recognizing the importance of the pursuit
of quality as a fundamental prerequisite to sustainable growth of any industry including the renewable
industry, IRENA has been championing an effort to promote the concept of QI within the renewable
community. QI helps ensure that quality products and services are produced by mitigating technology risk,
establishing standards for acceptable minimum levels of quality in products and services, and improving
performance and function.
Ideally, a properly developed Quality Infrastructure would be fully represented by each of the components:
x Certification
x Standardization
x Testing
x Metrology
x Accreditation
National or regional QI also interacts with the international QI system to increase harmonization, raise the
local level of quality, and minimize duplicate effort. Each of the components in the national or regional QI is
able to support the end users, or what is described as the “value chain” of consumers, suppliers, vendors, and
integrators. Each of the QI components is interrelated to the others in a network, relying on information
supplied by one and supporting the effort of another. However, in reality every component may not be fully
developed, depending on the history and growth of the industry. One of IRENA’s objectives is to encourage
sustainable growth of the renewable industry in various regions in part by promoting QI within those regions.
The term Solar Heating and Cooling (SHC) recently has become the term preferred by the solar thermal
industry to describe its market, replacing the more traditional term “Solar Water Heating”. This reflects the
fact that the markets are expanding from domestic hot water and pool heat into space heating and cooling and
industrial process heat. “Solar Water Heating” or “SWH” includes those technologies which convert solar
energy directly to thermal energy, or heat. Commonly used collector fluids are water, glycol mixes, and air.
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Historically, the market-dominant solar thermal loads have been the heating of water for domestic use at the
residential level and the heating of swimming pools. Within the U.S., QI is relatively well-established for
these uses. Growth areas include space heating (“combi” systems which provide both hot water and space
heat), small commercial heat loads (hot water and space heat for hotels, laundries, restaurants, etc), process
heat (for agricultural and industrial processes), and solar cooling (the use of solar energy to cool and
dehumidify a conditioned space or process load). In many ways, these loads are natural extensions of the
more traditional potable water and pool heat loads. QI, in the form of applicable standards and certifications,
is being developed for each of these load types. While they can provide peak shaving or electricity load
displacement, and while they typically will interact with an electric or fossil heat source, SWH systems are
typically not connected to the electrical grid. Further, concentrating solar thermal technologies for
centralized utility-scale electricity generation are not considered in this definition of SWH.
Note that there are parts of QI which cover SHC but which also extend beyond SHC. For example, plumbing
and mechanical codes cover all aspects of plumbing in a structure including SHC. The local Authority
Having Jurisdiction (AHJ) will adopt portions of the international Code and require permits for all
construction work including SHC installations. The local AHJ will also require that various trades carry
licenses to perform various types of work including plumbing, roofing, electrical which include SHC work.
Some AHJ’s have license requirements specifically for various types of SHC work. An SHC system is only
one part of a building inspection. Training of building inspectors in SHC technology, like other technologies,
may be part of a required continuing education program.
2. Certification
Within the context of QI, certification refers to attestation of performance or competence by a third party
regarding an Entity such as a product, process, system or even person. Certification of an entity should be
based on consensus standards and protocols. While “accreditation” refers to attestation related to a
conformity assessment body or institution such as a certifying entity, standards development organization, or
test lab, “certification” refers to attestation related to specific product lines, systems or persons. When a SHC
product is certified, a third party has borne witness and confirmed that such product meets or exceeds
specific criteria. Thus, the certification must define which specific criteria have been met. In many ways an
educational degree or certificate attest that the awarded individual has met certain minimum criteria and/or
passed certain tests. While there is no guarantee that the individual will successfully implement those skills
or knowledge, there is an increased level of comfort or assurance that the individual is competent in those
skills or knowledge. Sometimes there can be misunderstanding of the certification in the general public
perception. For example, the UL mark typically means that the product has met certain minimum criteria for
safety but the public may also assume incorrectly some attestation of performance or reliability. It is
important that the public be informed in straightforward and simple terms the extent and limits of a given
certification. The importance of certification by a third party independent of the company producing the
product is not to be underestimated. An entity providing certification should be “independent” of the entity it
is certifying. The certification body and employees of the certification body should not have any fiduciary
interest in the certified entity. To ensure that appropriate and relevant criteria are developed in certification
protocols, industry experts should be involved in the development of those protocols but they should
regularly sign statements revealing potential conflict of interest, and to maintain impartiality they should not
be directly involved in certification decisions regarding specific entities.
3. Testing
Testing of an entity following defined procedures and protocols would be required to accurately assess
characteristics of that entity. Certification testing has always been an essential part of a robust and successful
SHC industry. Testing can easily be the most costly and time-consuming portion of a certification process. It
is important that a test lab meet a minimum threshold of competence. A fundamental aspect is that the lab
and its employees not have any fiduciary interest in the type of product being tested. Thus, labs operated by
manufacturers which test their own products or those of their competitors may have difficulty in eliminating
all conflict of interest, even if the management structure of the test lab is separate from the management
structure of the manufacturer. Labs should hire managers and employees who at once have significant
experience in SHC but also have no fiduciary interest in a particular product or type of SHC product. While
in a small industry such as SHC it can be difficult to find line employees who meet both qualifications and
occasionally subcontractors may be used, these subcontractors must not have any existing or ongoing
conflict of interest in the product being tested. At no time should decision makers have any fiduciary interest
in the type of product being tested, and all employees must sign a statement regarding conflict of interest. At
a minimum, a test lab should endeavor to have its procedures and protocols “accreditable” to a recognized
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standard such as ISO 17025. It can be costly in time and money to develop and maintain the required quality
assurance mechanisms and to obtain the accreditation, especially for a new lab, or for one where the
certification testing market is very small. However, the lab should foster an environment of continuous
quality improvement with the goal of obtaining such an accreditation. A core component is the maintenance
of procedures and logs for calibration and competency training. Site inspections are a somewhat costly but
important aspect of accreditation. These inspections allow a third party to verify that such procedures are in
place and are being followed. Inspections should ultimately include evaluation of error band calculations and
procedures to improve the quality of data by reducing or minimizing the error bands. Inter-comparisons and
“round-robin” testing of reference specimens between test labs allows further verification of the accuracy of
data produced by the labs. “Round-robin” testing is where a reference test specimen is passed from lab to lab
and tested to identical protocols. The test labs then compare their test results and resolve discrepancies in the
data. While somewhat expensive and time consuming, this effort helps define error bands in the data and can
help identify if a test lab is not following a protocol before too many proficiency tests are conducted by that
lab.
4. Metrology
In the context of QI for SHC, metrology refers to how test labs can ensure accurate and repeatable test
results. During qualification testing, sensors are used to measure system parameters such as fluid flow rate,
system (static) pressure, pressure difference, fluid temperature, fluid temperature difference, mass or weight,
and length. Sensors are also used to measure relevant ambient parameters such as ambient temperature,
global irradiation, direct radiation, diffuse radiation, local wind speed, and local wind direction. Sometimes
additional parameters are measured such as ambient relative humidity, infrared radiation, fluid pH, fluid
concentration, fluid density, transmissivity, emissivity, etc.
5. Accreditation
When practical, the process or the entity performing the process should be accredited for an added measure
of confidence whether the process is certification, testing, or standards promulgation. ISO/IEC 17000:2004
defines accreditation as a “third party attestation related to a conformity assessment body conveying formal
demonstration of its competence to carry out a specific conformity assessment tasks.” Accreditation should
be assessed on a specific process or processes that the entity is implementing. While accreditation is not a
guarantee of quality workmanship, its independent third party attestation provides a measure of comfort
regarding the entity’s ability to implement that specific process. While theoretically the accrediting body
itself could also be independently evaluated, many accrediting bodies develop and maintain their reputation
by subscribing to rigid rules of conduct to ensure impartiality, accuracy, repeatability and fairness.
6. Standards
The last component of QI and the subject of this paper is the Standard. A standard typically is a document
which defines important features and/or requirements for a product or process and is preferably developed in
a transparent and open-source type of setting with input from stakeholders of all interests including
competing ones. Standards are an integral component to any Quality Infrastructure.
The ISO/IEC Guide 2 defines a Standard as “a document, established by consensus and approved by a
recognized body that provides, for common and repeated use, rules, guidelines or characteristics for activities
or their results, aimed at the achievement of the optimum degree of order in a given context.” It goes on to
note that a Standard should promote “optimum community benefits” and be based on science, technology
and experience.
There are several important terms used in this definition. “Consensus” is further defined as “general
agreement, characterized by the absence of sustained opposition to substantial issues by any important part of
the concerned interests, and by a process that involves seeking to take into account the views of all parties
concerned and to reconcile any conflicting arguments.” While consensus does not imply unanimity, it does
imply an agreement has been achieved which is substantially more than a simple majority of voting
members. Also, dissenting opinions are reviewed, discussed and responded to in a positive and proactive
manner. A consensus decision may require more discussion and debate when compared to a decision by
simple majority vote. However, when a consensus decision is finally reached, the statement usually has been
thoroughly vetted and there is little if any opposition to it. One potentially negative aspect of a consensus
decision is that, occasionally in an effort to hurry the process, a committee may choose to remove
contentious aspects of the statement under discussion. This could lead to a decision with which everyone
agrees but which has no significant strength or value, i.e. a statement “with no teeth”. This should be
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avoided, even if debate becomes tedious or drawn out. A strong Standard is one which is accurate and fair
and which can withstand the test of time. Stakeholders benefit from accurate and fair standards, not those
which are hastily crafted. While technical experts should review and debate the language to ensure accuracy,
lack of ambiguity, and fairness, a standard should not be heavily influenced by any single opinion or school
of thought. Committees should strive to be balanced by representing all affected stakeholders. Committee
chairs should not have any undue conflicts of interest with the Standard’s intent, and they should encourage
and ensure diverse opinion and discussion among competing interests.
Ideally, the “recognized body” promulgating the standard is one which has been accredited by yet another
recognized and independent accrediting entity. However, there is an administrative and bureaucratic cost to
becoming accredited, which must be weighed against the benefit of accreditation. Regarding development of
SHC standards in the U.S., for decades the industry has been too small to justify the cost of developing
standards by a body which has been formally recognized by another accrediting entity.
As an example, in the 1990’s at the request of solar thermal companies in California where product
certification by an entity accredited by International Association of Plumbing and Mechanical Officials
(IAPMO) had been written into local law, the Florida Solar Energy Center (FSEC) had its testing labs and
certification programs accredited by IAPMO. However, the high cost of obtaining and maintaining this
accreditation could not be justified by the tiny market that it served, and neither FSEC nor the solar thermal
companies could afford to continue paying the costs so the accreditation was dropped after a couple years.
While FSEC’s certification programs are not accredited they are mandated by Statute of the State of Florida.
FSEC was created and therefore recognized by the State of Florida to promulgate SHC standards within
Florida. Standards originally developed by FSEC were developed in collaboration with the industry and
other stakeholders, to the extent possible given the very small industry. Futher, in the last decade, FSEC’s
SHC standards were substantially revised to be based on the relevant consensus standard promulgated by the
Solar Rating & Certification Corporation (SRCC). In addition to improving the harmonization between the
FSEC and SRCC standards, it allowed the FSEC standards to have a consensus-based level of effort similar
to the SRCC standards.
For perhaps a decade SRCC has evaluated getting its standards and certification programs accredited to
ISO/IEC 17065 (formerly Guide 65). Since its inception the SRCC has been generally recognized as the
national body for promulgating SHC standards in the U.S. Standards promulgated by the SRCC have been
developed in an open, transparent, and consensus manner therefore meet the intent of the accrediting process.
Further, its policies and procedures of openness, fairness, accuracy and consensus substantially meet the
intent of an accredited Standards Development Organization (SDO), so few substantive changes would be
required. However, each year the administrative cost associated with documentation, inspection, application
fees, etc. could not be justified against the benefit to the tiny SHC industry. Recently, SRCC began the
process of collaborating with an established and accredited SDO, the International Code Council (ICC), to
review and formally seek ANSI accreditation for the SRCC standards. The projects are titled ICC
900/SRCC 300, Minimum Standards for Solar Water Heating Systems and ICC 901/SRCC 100 Minimum
Standards for Solar Thermal Collectors.
IAPMO recently published Standard S1001.1 Design and Installation of Solar Water Heating Systems.
IAPMO is a Standards Development Organization so the American National Standards Institute (ANSI)
approved S1001.1 as an American National Standard. IAPMO Standard S1001.1 is based on FSEC’s
Standard 104-10, which is itself almost completely based on SRCC’s Standard 300.
Standards should be based on the consolidated results of science, technology and experience, and aimed at
the promotion of optimum community benefits. Standards should be developed in an open, consensus
process by a committee open to the public.
x Committee members should preferably represent every category of stakeholder, preferably with
competing industry interests participating to help ensure fairness.
x All members should commit to be impartial in judgment, to not use their position for personal
benefit (including the company they represent), to actively participate, to disclose all potential
conflicts of interest, and to recuse oneself from any decision which constitutes a conflict of interest.
x Consensus should be obtained first by full and fair discussion of and agreement on each new issue.
x Public comment should be sought from as wide an interested audience as possible on each new
change for a reasonably long period to allow time for studied response, typically 30-90 days.
x All comments must be considered and all dissenting or opposing comments must be addressed,
either with a change to the language to accommodate the opposing comment, or with a written
argument as to why the opposing comment was not accepted.
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x
x

If the new change is considered “substantial”, that is, if it is more than a clerical or grammatical
change and/or it changes the intent of the language, then the newly revised language must be issued
for public comment.
Once a standard is developed, it should be reviewed and if necessary revised on a pre-determined
cycle. Typically in the U.S., the cycle is three years. These procedures make the process slow, but
help ensure impartiality and they minimize the potential for individual interests to write language in
their favor which may not benefit the stakeholders in general.

Standards have been written to document almost every feasible aspect of QI. With regards to SHC, FSEC
promulgates standards for operation of its certification programs, test methods and protocols, and IAPMO
promulgates S1001.1. Both these are substantially based on the SRCC standards and protocols. SRCC
currently promulgates three consensus Standards.
x

Standard 100 “Minimum Standards for Solar Thermal Collectors” specifies test requirements for
collectors required to obtain certification. It references other standards for specific test protocols,
such as ASHRAE 93 for collector performance testing and the ISO 9806 series for performance and
qualification. Collectors meeting the requirements of Standard 100 are certified by SRCC following
the OG 100 protocol.

x

Standard 600 “Minimum Standard for Solar Thermal Concentrating Collectors” specifies
requirements for selection and testing of concentrating collectors which cannot be tested under
Standard 100. Like those of Standard 100, collectors meeting the requirements of Standard 600 are
certified by SRCC to OG 100.

x

Standard 300 “Minimum Standards for Solar Water Heating Systems” defines minimum threshold
requirements as well as evaluation criteria for solar thermal systems. One of the requirements is
that the collector(s) be certified to OG 100. Systems meeting the requirements of Standard 300 are
certified by SRCC to OG 300. This standard originally covered only residential SWH systems, but
has recently has been reviewed to include combi-systems, commercial systems, and cooling
systems.
7. A brief history of SHC Standards in the U.S.

Although solar cooling was attempted in the 1970’s, only recently has it started to gain a legitimate foothold
in the market. Until recently, solar thermal has been used almost exclusively for swimming pool heating and
domestic hot water. Hence, the industry has typically been described as Solar Water Heating (SWH), rather
than Solar Heating and Cooling (SHC). In the late 1970’s and early 1980’s, the U.S. SWH market enjoyed
explosive growth in response to the energy crisis and relatively sudden awareness of the need for energy
efficiency and renewable energy. To encourage SWH growth a tax incentive on the installed cost of SWH
systems was implemented. Hundreds of manufacturers and installation companies were created seemingly
over-night, hundreds of thousands of solar panels were installed. Unfortunately, the incentive language was
not well written, so abuse and misuse of the incentive was rampant. Some knowingly abused the program,
“gaming the system”. Others had good intentions but did not understand that SWH requires more
complexity and durability than “just a plastic garden hose laying in the sun”. Further, many systems were
installed simply to take advantage of the tax benefit, with little regard to reducing thermal loads or to
sustainability.
No substantial QI structure was in place to address QI needs for SWH. FSEC was created to test and certify
SWH collectors in Florida. Several other states also quickly developed certification programs and started
test labs, but consistency across state lines did not exist and quality was highly variable. In response to this
issue, the Solar Energy Industries Association brought many of the states together to create the SRCC in
1980. Only Florida maintained its SWH standards and certification program because its existence was
mandated by state law. As it turned out, FSEC’s mandate served the industry well, because it became one of
only two test labs in North America to survive the collapse of the industry and the subsequent loss of
profitability for testing solar collectors. Over the years, SRCC committees created and promulgated several
standards. These were built on state protocols, ASHRAE standards, and guidelines developed by the federal
agency Housing & Urban Development (HUD). Since then and through today, these standards have been
continuously reviewed, revised, and updated in a transparent, consistent and fair manner by a volunteer
consensus committee made up of voting members representing a balanced cross section of stakeholders.
Proposed changes or issues that are brought to the attention of the SRCC Standards committee typically
include how to address new technologies, how to interpret and clarify vague language, how to reflect
changes in similar trades such as plumbing or heating.
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In 1985, the tax incentive program was suddenly discontinued. The loss of the federal tax credit is generally
blamed for the almost immediate collapse of the SWH industry. It is not as well-documented, but around the
same time as the loss of the incentive in 1985, the poor quality systems began to fail, some failing
spectacularly. Many installer companies continued to survive only by running repair, replacement and
removal businesses. Others moved to solar pool heating, whose polymer collectors were able to compete
with fossil pool heating without incentives. Most companies and test labs simply closed shop and sought
work in non-solar industries. Although the SRCC had been in existence for several years but this point, its
national certification program was voluntary. Also, many of the failed systems had been installed prior to
SRCC gaining traction and recognition, or they were installed using technology that pre-dated the standards
developed by SRCC.
There were some SWH systems which were properly installed in spite of the lack of good standards. It is
telling to note that, many of those high-quality installations (properly designed, manufactured, installed and
maintained) continued to operate and provide excellent service for decades after installation. A small few
have been found still in operation well more than 30 years after installation. However, the poor reputation
that the bad installations gave to the industry endured for decades. Throughout the 1990’s, conventional
wisdom was that “SWH could be great for the environment someday in the distant future, but today it is
ugly, it is too expensive, and it does not work!” Of course, these statements were and are NOT true. Even in
the 1990’s in the U.S., SWH benefited the environment, it did not need to be ugly, in many niche
applications it was competitively priced. Also, if proper QI was followed then it worked well for many
decades.
In the mid-2000’s, the U.S. federal government approved an incentive that increased the benefit to the owner,
was more explicit in what it covered and did not cover, required certification as a condition for incentive, and
(perhaps most importantly) was guaranteed for almost a decade after inception (i.e. to 2016). This last item
allowed manufacturers to make long term marketing plans and develop the infrastructure required to
consistently deliver quality products. The SRCC had already been in place for two decades developing
consensus standards and proper certification programs. These structures were then available to respond to
the second surge in the SWH industry in the 2000’s. While the U.S. SWH industry growth 2008-2013 has
not come close to the explosive growth during the “glory days” of the early 1980’s and while SHW growth
has stagnated recently due to the recession and down turn in residential home building, the industry growth is
now much more manageable and robust. This can be attributed to a relatively mature and stable QI for the
SHC industry, of which quality standards are a significant component.
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Abstract
A laboratory scale packed bed latent heat thermal energy storage (TES) system was designed and built to
study its charging and discharging behavior. Encapsulated sodium nitrate spherical capsules were used as the
storage material and air was used as the heat transfer fluid. A two-dimensional two-phase model was
developed by assuming that the PCM capsules behave as continuous, homogeneous, and isotropic porous
medium, and not as a medium composed of independent particles. The heat transfer coefficient was
calculated based on the phase change process inside the capsule by enthalpy formulation model. The flow
inside the system was predicted by solving the extended Brinkman equation. The developed model was used
to analyze the temperature distribution inside the capsules placed at different axial positions of the bed. The
effect of mass flow rate on the charging and discharging times and melt fraction of the packed bed during the
charge and discharge processes were also analyzed. The results obtained from the model matched well with
the experimentally observed results.
Keyword: Phase change material, Packed-bed latent heat Storage, Encapsulated capsule

1. Introduction
Even though, we have an abundance of solar energy; intermittency of the resource poses a big problem for
continuous use. Integration of thermal energy storage with solar energy systems could be a viable solution to
this problem, especially in CSP plants [1, 2]. Among the thermal energy storage (TES) techniques, latent
heat thermal storage (LHTS) can provide higher storage density than the sensible heat storage that
substantially reduces the size of the storage tank and the associated equipment leading to a significant
reduction in the capital costs [3-5]. In spite of these benefits, latent heat based storage systems have not been
commercially exploited in solar power plants. One of the major reasons is inefficient energy retrieval from
the bulk system due to low thermal conductivity of the PCMs [6, 7]. Different methods have been proposed
and explored to enhance the thermal conductivity of the PCMs such as addition of highly conductive nano or
expanded graphite mixture [8, 9], insertion of metal particles into the PCM matrix, use of extended surface
(fin) [10], and shell and tube heat exchanger [11]. Other methods include micro- and macro-encapsulation of
the PCMs to reduce the path length for heat transfer [12-15].
Many research groups have shown interest in Macro-encapsulated spherical PCMs capsule in a packed- bed
storage system [16-28]. Regin et al. [17] presented a review of the encapsulated PCMs, and their application
in latent heat thermocline systems and also developed a numerical model of a paraffin wax based system
[18]. Saitoh and Hirose [19] experimentally and analytically discussed spherical capsules of different
diameter and HTF flow rate and their influence on overall heat transfer rate. Ozturk [20] worked with
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paraffin as the PCM to experimentally investigate the thermal effect of LHTS on greenhouse heating.
Michels and Pitz-Paal [21] reported an experimental and numerical investigation on a cascaded latent heat
thermal storage system with alkali metal nitrate PCMs. Recently, Esakkimuthu et al. [22], Xiao and Zhang
[23] performed experiments with low-temperature organic PCMs. They have investigated the performance
characteristics of a LHTS packed bed system. Archibold et al. [24] numerically investigated the heat transfer
performance and fluid flow during melting inside a spherical container for TES. They demonstrated the
melting dynamics of capsules of different diameters. A survey of the literature reveals only a few reports on
the high-temperature numerical analysis of LHTS. Bellan et al.[25] developed a transient numerical model
for an encapsulated NaNO3 PCM based LTHS system and optimized the main parameters of storage tanks.
Peng et al. [26] performed a numerical analysis of an LTHS system containing a high-temperature PCM
(NaNO2). They examined the temperature distribution inside the bed and established the relationships of
charging and discharging efficiencies with flow rate and capsule size. Nithyanandam et al. [27] also built a
model to analyze a latent heat thermocline storage system with encapsulated PCMs and proposed guidelines
for designing a PCM based packed bed system.
It is evident from the above literature review that there is no experimental demonstration of the packed-bed
LHTS system available on high temperature (>300°C) encapsulated PCMs. This is in part due to nonavailability of any technique to encapsulate PCM on a large scale. We have successfully developed a nonvacuum encapsulation technique that can fabricate encapsulated spherical high-temperature PCM capsules
on large scale. The encapsulated PCM capsules developed by this technique have survived more than 2200
thermal cycles without any failure. The objective of the present study was to develop a lab scale LHTS
system containing sodium nitrate (NaNO3) capsules and air as the heat transfer fluid (HTF). We have also
developed a two-dimensional two-phase model that was used to analyze the temperature profiles of the PCM
capsules at various axial positions of the storage tank and at three different flow rates. The influence of the
flow rate of HTF over the charging and discharging times, melt fraction and solid faction of the bed was also
investigated. The developed model was validated by the experimentally observed results.
2. Experimental Setup
The experimental packed bed setup consists of a blower, a cylindrical tank, electrical heaters, and flow
measuring device (pitot tube). A schematic of the setup is illustrated in Fig. 1.

Thermocouple

Entrance

Heater

Blower

Packed Bed

0.254 m
Exit

Figure 1: Schematic of the experimental setup (left hand side) and computational domain (right hand side)
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The construction material of the storage tank is carbon steel of 0.254 m (10 inches) height and diameter. The
whole system was well-insulated with thermal insulation of 0.1524 m thickness. The packed-bed was
randomly packed with 770 encapsulated spherical NaNO3 capsules. The average diameter and volume of the
capsules are 2.743±0.038 cm and 10.39±0.21 cm3, respectively. The average porosity of the bed and bed-toparticle diameter were fixed at 0.35 and 10, respectively.
In total, 24 K-type thermocouples were installed along the axial and radial directions of the bed and two
thermocouples were used after the heaters. Axially, thermocouples were installed 0.0508 m apart from each
other, divided into four rows across the length of the bed starting from the top. Thermocouples were also
fitted inside some of the centrally placed capsules that are axially 0.0508 m apart from each other. One
thermocouple was installed at 0.0254 m above the top of the bed to measure the inlet (charging) temperature
of the bed. Another thermocouple was installed at 0.0254 m below the bottom of the bed to measure the
outlet (charging) temperature of the bed.
Air flow in the system was produced by a centrifugal blower and six heaters were used to heat the entering
the bed. Figure 2 shows the complete experimental setup.

Heater
Blower

Packed Bed

Control
Panel

Insulation

Figure 2: Complete experimental setup

Before charging, the air-blower was connected to the top side of the packed-bed system. The whole system
was heated to 286oC and maintained at this temperature. For the charging of the system, the inlet temperature
of the HTF was increased to 326ÛC. Charging was complete when the whole TES system reached 326°C. For
the discharging step, the blower from the top was moved down and connected with the bottom heater which
heated the HTF to 286°C before entering the system. As the system temperature decreases from 326°C to
286°C, the discharging step was considered to be complete. Testing of the system was performed at three
different flow rates (Table 1). Temperature data were collected by Labview Express at 60 sec interval.
Table 1: Operation parameters

case

Flow rate (m3/hr)

Charging temperature (°C)

Discharging temperature (° C)

(Bed initially at 286°C)

(Bed Initially at 326°C)

1

110

326

286

2

131

326

286

3

151

326

286
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3. Numerical Modelling
The schematic of the computational domain is shown in Fig.1. The numerical model is developed based on
the following assumptions:
(1) The thermo-fluid flow is assumed as symmetrical about the axis. Thus, the governing equations for
heat transfer and fluid flow within the storage tank become two-dimensional.
(2) The flow is laminar and incompressible.
(3) The PCM capsules behave as a continuous, homogeneous and isotropic porous medium.
(4) The radiation heat transfer between the capsules is negligible.
(5) The rhombic packing is assumed; the distribution of spherical capsules inside the tank is defined by
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where, İavg and d are the average porosity and diameter of the capsule respectively. The average porosity is
0.3446, and the empirical constants a1, a2 and a3 are 0.955, 0.7 and 10 respectively. These values are found
to be a good approximation to the experimental data. By assuming the above points, the system of the
governing equations to simulate the fluid flow and heat transfer inside the tank are given as follows:

Continuity equation

U.V

0

(eq. 2)

Momentum equation
U f § wV
V ·
 V .
¨
¸
H © wt
H ¹

P
§P
·
¨
 F V ¸ V   2 V  ( P )
H
©K
¹

(eq. 3)

Where ȡ, ȝ, V and P are density, viscosity, velocity vector and pressure respectively. The permeability of the
porous medium K and the Forchheimer coefficient are given as [28].

K

H 3d 2
150 1  H

F

U f H § 1.75 ·
¨
¸

(eq. 4)

2

(eq.5)

K ¨© 150H 3 ¸¹

Energy equation
HTF energy equation
H Uc p

wT f
f

wt

 Uc p

f

V . T f )

. k f eff T f  Ua p Ts  T f

(eq. 6)

PCM energy equation
1  H Uc p

s

wTs
wt

. k s eff Ts  Ua p T f  Ts

(eq. 7)

where Tf and Ts represent the temperature of the heat transfer fluid and PCM capsules respectively, cp is
specific heat capacity, U is the overall heat transfer coefficient, and ap is the superficial particle area per unit
bed volume which is given by
6 1 H
(eq. 8)
a
p
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Effective thermal conductivities kf eff and ks eff are given by
k f eff
Hk f
k s eff

(eq. 9)
(eq. 10)

1  H ks

The last term on the right-hand side of the energy equation, which accounts for the heat transfer between the
PCM capsules and HTF, plays a vital role in the thermal performance of the system. Hence, the overall heat
transfer coefficient (U) is calculated according to the packed-bed configuration, and the thermal resistance
concept, which is described in [25, 29].
Table 2. Thermophysical properties of sodium nitrate

Sodium Nitrate

Properties
3

Density (kg/m )
solid phase

2130

mushy zone

Linear interpolation

liquid phase

1908
0.0119 െ 1.53ݔ10ିହ ܶ

Dynamic viscosity (Pa s)

178000

Latent heat of fusion (J/kg)

306.8

Melting temperature (Ԩ)

444.53 + 2.18ܶ

Specific heat (J/kg/K)

6.6ݔ10ିସ

-1

Thermal expansion coef.(K )
Thermal conductivity (W/m/K)

0.3057 + 4.47ݔ10ିସ ܶ

In this investigation, the spherical capsule contains NaNO3 in a polymer shell of thickness = 0.41 mm. The
temperature dependent thermo-physical properties of NaNO3 are given in Table 2. The thermal resistance
caused by the shell is included in the model. Thermal conductivity of the polymer is 0.25Wm-1K-1. The
boundary conditions are given in Table 3. The melting of the PCM is assumed between Tsol= 305 ºC and Tliq
= 307ºC (mushy zone). Hence, the melt fraction, Ȗ, at each element of the PCM domain is given by

J

0
°
° Ts  Tsol
®
° Tliq  Tsol
°1
¯

if Ts  Tsol
if Tsol d Ts d Tliq
if Ts ! Tliq

(eq. 11)

Table 3. Boundary conditions.

Boundary

HTF

PCM

Inlet

Tf (t)

wTs / wz

Outlet

wT f / wz

0

wTs / wz

0

Wall

U w (Ta  T )

wTs / wr

0

Axial symmetry

wT f / wr

wTs / wr

0

0

0

4. Model Validation
Experiments were carried out under the operating parameters given in Table 1. Simulations were performed
for various transition (phase change range) points, such as (305-307 ºC), (306-308 ºC), (307-309 ºC), for case

1275

Tanvir E Alam / EuroSun 2014 / ISES Conference Proceedings (2014)

1. Fig. 3 shows the temperature distribution of the PCM during the discharge process, at z/L= 0.8, for various
transition points along with the experimentally measured temperatures. The error analysis of temperature
measurements is made with 95% confidence intervals and shown in the figure. It is noticed that the phase
change range (305-307 ºC) provides the temperature distribution close to the experimental results. Hence, by
assuming the melting range is between 305 and 307 ºC (mushy zone) simulations were performed for various
gas flow rates (Refer Table 1).
Experimentally measured and numerically predicted PCM temperature distributions at two axial positions
during charging and discharging modes are compared in Fig. 4. It is observed that the numerical results are
comparable with the experimental results. The maximum difference between the predicted and numerical
results is near the phase change range.
340
Transition Temperature (oC)
305-307
306-308
307-309
Exp

PCM Temperature (oC)

330
320
310
300
290
280
270
0

50

100
Time (min)

150

200

Fig. 3. Temperature distribution of the PCM at z/L=0.8 for various transition temperatures

Fig. 5 shows the charging time of the PCM at various heights of the bed measured experimentally, and also
using the developed model for three different mass flow rates. The charging time refers to the time required
for the PCM at a given height, to attain the temperature of the inlet HTF. It is seen from the figure that the
predicted results are in good agreement with the results of the experiments in all cases. Moreover, the
developed model was extensively validated with various experimental studies [29].

Fig. 4. Experimentally measured and numerically predicted PCM temperature distributions at two axial positions during
charging and discharging modes.
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0
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0.4
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Charging time (min)

200
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Experimental
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Numerical
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Mass flow rate: 151m^3/hr

0
0
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0.4
0.6
Tank height (z/L)
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1

Fig.5. Charging time of PCM at various height of the bed for various flow rates. (Uncertainty of the charging time is ±16.45 min)

5. Uncertainty Analysis
Experiments were conducted several times to observe the repeatability of the measured data. The Root-sumsquare method was used to determine the uncertainty of the measurements [30]. The error calculations were
computed within 95% of confidence level. The Uncertainty associated with the flow rate and temperature
measurements were 5.78% and 2.19%, respectively.
Uc = ξ( ırandom)2 + ısystematic)2)

(eq. 12)

Where, Uc, ırandom and ısystematic are combined standard uncertainty, random error and systematic error
respectively.
6. Results and Discussion
The temperature distribution of the PCM at various axial locations are predicted for various cases and shown
in Fig. 6. It shows that for a fixed flow rate, the charging time of the system was less than the discharging
time. This is because the melting process is a natural convection dominated process where solidification is a
conduction dominant process. It was also observed that with the increase in the flow rate, the charging and
discharging times decrease.
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The melt fraction of the packed bed during the charging and discharging processes are shown in Fig. 7 (a)
and (b) respectively as a function of time for various HTF flow rates. As expected, the complete
melting/solidification times of the tank are decreased when the fluid flow rate is increased, due to the heat
transfer rate. Difference between the complete melting and solidification times is noticed.

Fig. 6. Temperature distribution of the PCM at various axial locations during charging and discharging processes for various
HTF flow rates.

Fig.7 (a) Melt fraction and (b) solidified fraction of the bed during charge and discharge processes for various HTF flow rates.
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7. Conclusion
An experimental investigation was conducted on a high-temperature LHTS system using encapsulated
NaNO3 spherical capsules and air as the HTF. A transient two-dimensional two-phase model for spherical
encapsulated PCM capsules was developed and validated with the experimental results. The model shows
good agreement with the experimental results. Temperature profile of the PCM capsules at various axial
positions of the storage was predicted. Flow rate has an influence on the heat transfer process. With the
increase in the HTF flow rate, decrease in the complete melting/solidification time of the tank is observed.
Also, it is observed that the melting time is shorter than the solidification time due to the heat transfer
coefficient during melting.
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Abstract
Molten salt has been widely used for heat storage on Concentrated Solar Power plants and even as heat
transfer fluid in some cases. Morocco has become in the past years a highly attractive place for CSP projects,
one of the most promising projects under development is a 1 MW Pilot CSP using an Organic Rankine
Cycle. The plant’s particular configuration imposes working temperatures ranging from 170°C up to 270°C285°C, so that the use of salt as a conventional sensible heat storage medium is no more possible. In this
work we focus on how to implement molten salt as a phase change material for storage purposes. A
comparison with other technologies has to be studied in order to define the economical ant technical
competitiveness of this solution toward those other possibilities, and then a numerical model may help
describe the systems behavior in terms charge/discharge processes, HTF temperatures and rated thermal
power output. A small scale prototype shall be built later to test those parameters in real environmental
conditions.
Key-words: Concentrated Solar Power, Organic Rankine Cycle, molten salt, phase change material…

1. Introduction
Morocco is engaged since 2008 in a highly ambitious renewable energy policy, this led to the establishment
of the Moroccan solar plan which aims the achievement of 2000 MW solar capacity by 2020. To support this
solar program by tightening the link between academics and industrials and reinforcing their presence and
participation to research and innovation in this field, IRESEN was created in 2011 under the frame of the
ministry of energy and mines as a research institute and funding agency for universities and industries.
Among the main roles of IRESEN as a research center is to procure research facilities for Moroccan
researchers, this task is now being achieved through the construction of the GREEN ENERGY PARK
platform in the New City Mohammed VI – Benguerir. This new research facility shall include many
laboratories and demonstration projects for both photovoltaic and thermal solar technologies.
Thermal storage is both a strong point for solar thermal power plants and a component with high
improvement potential. The Research Institute on Solar Energy and New Energies (IRESEN) is currently
developing a pilot solar power plant using an Organic Rankine cycle in the framework of the recently
launched GREEN ENERGY PARK research platform, this plant shall operate at relatively low temperatures
in comparison with large scale commercial plants, and then shall require a well suited storage system in order
to improve economic efficiency and enable production shifting to peak hours.
The main features and advantages of the targeted CSP-ORC pilot plant are:
x

Modularity of the power block that makes transport, installation operation much easier,

x The use of relatively low pressures on turbine inlet and atmospheric pressure on the condenser which
results in low maintenance requirements,
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x The low evaporation temperature of the organic fluids and their other properties allow the use of
relatively low working temperatures or “medium grade” heat (TSF-outlet<300C°),
x The use of low working temperatures on the power block reduces the needed temperatures at the heat
source (solar field) and then gives more opportunity to profit from the solar collectors and optimize them.
A study based on the cost and storage capacity has led to the choice of two systems: sensible heat storage in
a rock (quartzite) packed bed and latent heat storage on encapsulated molten salt. A model has subsequently
been developed in order to enable the assessment of both systems’ performances and in particular for the
encapsulated salt solution for which a hexagonal close packing with spherical capsules was selected taking
inspiration from hexagonal crystal structures. This model calculates the heat exchange between the heat
transfer fluid HTF and the storage medium by computing the dimensionless numbers and HTF flow on each
horizontal plane following flow direction and for a whole discharge duration. The results enable to tell
whether the output of the encapsulated salt system is high enough to justify its cost. It also allows choosing
the best design, sizing and the best configuration to optimize the systems’ output to the maximum.
2. Basic comparison of the proposed technologies
Among the existing thermal storage technologies, four alternatives were considered for prototyping, each of
them representing a different approach:
x Sensible heat storage using a direct approach: this is the simplest way of storing thermal energy and
is best suited for small capacities; the efficiency depends on the HTF used;
x Sensible heat storage using an indirect approach: this approach is now used for large solar plants and
has proven a high efficiency and reliability;
x Sensible heat storage using Thermocline approach: this technology is still being improved and new
materials are being studied in order to reduce storage cost;
x Latent heat storage using Thermocline approach: this solution combines the advantages of a direct
storage approach and thermocline technology, the use of phase change materials shall increase further
systems density and reduce costs.
Other TES technologies can be considered for study in the near future. Chemical heat storage for example is
a promising technology that is on development stage and can be deployed on the long term.
2.1. Sensible heat storage using a direct approach
This approach consists on using the heat transfer fluid as a storage medium a storage tank is intended to store
the heated HTF. In this case storage capacity depends on tank volume, HTF thermal properties and
temperature difference between hot stream and cold stream on the solar field. When charging the storage
system, the hot HTF is filed into the tank and is kept at high temperature using a proper thermal insulation.
When discharging the system, a second tank is required in order to store the cold HTF and prevent it from
mixing with the hot fluid.
Storage capacity can be defined as follows:
ο݄ ൌ οܶ ൈ  ܥൈ ߩ ൈ ܸ
(eq. 1)
where ΔT is cold/hot stream temperature difference used on the plant, C & ρ are the specific heat and density
of the fluid and V the total storage volume. In our case the fluid to be considered is Therminol VP-1
(Solutia).
Cold/Hot stream temperatures are respectively 185°C and 285°C meaning a temperature difference of 100°C.
The parameter that needs to be calculated is the required storage volume in order to achieve the desired
storage capacity. Considering storage for 3 hours, this means a storage capacity of 15 MWh. The required
storage volume can then be deducted as follows:
ܸൌ

ο݄
οܶ ൈ  ܥൈ ߩ
(eq. 2)
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Considering Therminol VP-1 properties at 285°C (ρ285=888kg/m3 & Cm185-285=555kJ/kg°K) the total required
volume is 200m3.
In this regard additional piping and a certain amount of HTF needs to be envisaged in addition to two storage
tanks. There is no need in this case for any additional heat exchanger; this must be taken into account when
calculating system's investment cost.
The table below gives an estimated volume requirement for a 15 MWh storage capacity with various heat
transfer fluids.
Tab. 1: Volume requirement calculation for various heat transfer fluids

fluid

density
at
285°C

average C at 185285°C
kJ/kg
K

Wh/kgK

Total HTF
amount (t)

Total volume
(m3)

pressurized water at 75 bar

0,752

4,79

1,33

112,74

149,91

saturated steam at 65 bar

0,032

7,41

2,06

72,875

2277,33

Therminol VP-1

0,833

2,12

0,59

254,72

305,78

Delco therm Solar E15

0,645

2,65

0,74

203,77

315,93

It clearly appears that fluid properties and especially specific heat are the most influential factors affecting
the storage volume requirement. Here for example the approach is more relevant for a cycle with pressurized
water than for oil or steam.
2.2. Sensible heat storage using an indirect approach
In order to overcome the HTF specific heat barrier, an interesting alternative consists on using a high
volumes’ specific heat storage medium/fluid which is different from the used HTF. Consequently the storage
fluid must be placed in a separate circuit and a heat exchanger is needed to transfer the heat from the HTF to
the storage and vice-versa, for this reason it is referred to as indirect storage.
The most common material used for indirect storage in large commercial CSP plants is "solar salt" a binary
eutectic mixture of Sodium Nitrate (60%) and Potassium Nitrate (40%). However, this mixture has the
disadvantage of freezing at temperatures within the range of solar field working temperatures for the CSPORC pilot project. This makes it non relevant for the project as the temperature range in which the mixture
can be used is limited by its freezing temperature and HTF hot stream peak temperature. Other binary and
tertiary mixtures with lower freezing temperatures were developed for solar plants (Agyenim et al. 2009).
One of the most famous is HITEC salt which is a mixture of Potassium Nitrate, Sodium Nitrate and Sodium
Nitrite (Coastal Chemical Co.). The table below summarizes the main properties of tree different salt
mixtures and their storage volume requirement.
Tab. 2: Required volume and thermal properties for some salt mixtures (Janz et al. 1972; Blake et al. 2002; Villada et al. 2014)

Freezing
temperature

density at
300°C

Hitec XL (42% CaNO3,
15% NaNO3, 43%
KNO3) in 59% water

120

Hitec (7% NaNO3, 53%
KNO3, 40% NaNO2)
Solar salt (60% NaNO3,
40% KNO3)

Salt mixture

average C at 300°C

Total salt
amount (t)

Total
volume
(m3)

kJ/kg°K

Wh/kg°
K

1,992

1,447

0,402

373,19

187,34

142

1,67

1,621

0,45

333,13

199,48

220

1,899

1,495

0,415

361,2

190,21

The table shows that in general, salts enable a lower volume requirement than heat transfer oils for the same
heat storage capacity. The required quantity is however much higher for salts than for oils which can affect
the cost of the system. Note that Solar Salt is given here for comparison purposes and cannot be envisaged in
this case for the previously mentioned reasons.
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2.3. Thermocline approach (sensible heat)
Thermocline systems with rocks and slags packed bed were considered since later 90's in order to reduce
storage cost per MWh. It is a passive solution which means that storage material is contained in a separate
tank, the HTF flows into the tank and collects/stores the heat stored in the filling material (rocks/slags/sands)
during a discharge/charge process. In that case one tank is sufficient and no additional heat exchanger is
required as the HTF is placed directly in contact with the filling material. Systems storage density is dictated
here by the filling material and its physical properties, a material with a higher specific heat will enable a
higher storage capacity per storage volume. Several materials have been envisaged as Marble, Quartzite
rocks, NM limestone, Taconite pellets and some local rocks in Morocco. Table 3 shows some Moroccan
rocks which were studied for thermal storage purposes and some of their most relevant properties.
Tab. 3: Volume requirement calculation for various Moroccan rocks (Grirate et al. 2000)

Rock

density

kJ/kgK

Wh/kgK

Total salt amount
(t)

average C at 300°C

Total volume
(m3)

Granite

2,82

0,62

0,172

870,968

308,854

Bazalte

3,02

0,95

0,264

568,421

188,219

Quartzite

2,57

0,84

0,233

642,857

250,139

Marble

2,68

0,93

0,258

580,645

216,659

Hornfels

2,74

0,88

0,244

613,636

223,955

The required amounts of rocks that are needed to fulfill the required storage capacity are tremendous when
compared with the previously studied solutions; this is due to the high density of these materials. However,
even though the mass is high, volume requirement is still around 200m 3. This is also compensated with the
relatively low cost of those materials. It is important to note that the table shows only the amount and volume
of materials that can store the specified 15 MWh of heat, in this particular case the total needed amount of
filler material shall be reduced and compensated with a certain amount of HTF that is sufficient to cover the
lost storage capacity. This HTF addition is due to the structure of the packed bed and the added quantity of
HTF shall depend on rocks size and disposition. This will be discussed in parts 2.4 and 2.5.
2.4. Thermocline approach (latent heat):
In this approach we try to replace the rocks or slag pellets as for the system described in 2.3 with an
encapsulated phase change material. Phase change materials are substances with freezing/melting
temperatures in the range of temperatures encountered in the solar field, and preferably closer to the hot
stream temperature. For our CSP-ORC project we taught it would be sound to opt for solar salt as PCM due
to its compatibility with the range of HTF temperatures.
In order to prevent molten salt from mixing with the HTF and penetrating the solar field piping, an
appropriate encapsulation has to be envisaged in order to separate those components and allow a proper heat
transfer between them. The first encapsulation mode that was considered was inspired from crystal’s
hexagonal close packing; hence the chosen encapsulation shall have a spherical shape (Nallusamy et al.
2007). Solar salt properties were exposed earlier in part 2.2, based on these data we can calculate the gross
necessary amount and volume as follows:
ܸൌ

ο݄
οܶ௦ ൈ ܥ௦  οܶ ൈ ܥ  ܮ

(eq. 3)
Where Lf is the latent heat of fusion which equals 161kJ/kg, ܥ ൌ ͳǤͶͻͷ݇ܬȀ݇݃ι ܭis the sensible heat at
liquid phase, ܥ௦ ൌ ͲǤͺ݇ܬȀ݇݃ι ܭis the sensible heat at the solid phase, οܶ ݏൌ ͵ͷι ܭis temperature difference
between cold HTF stream and salt melting temperature in which salt is on the solid phase and ο݈ܶ ൌ ͷιܭis
temperature difference between hot HTF stream and salt melting temperature in which salt is on the liquid
phase. The resulting volume is around 100m3. This volume is much lower than those observed for other
systems and demonstrates the advantage of exploiting the latent heat of PCM's. As for the previous
thermocline system, salt is not the only component that must be taken into account but also oil and in that
particular case, steel that constitutes capsule’s outer coating for each must be accounted.
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In that case, and due to the hexagonal close packing, the volume occupied by the capsules is 74% of the total
storage system volume; this means a ratio of 26m3 of oil (HTF) for 74m3 of capsules. Capsules coating is
5mm thick for a capsule diameter of 20cm. This results in 63.5m3 of salt and 10.5m3 of steel for a 100m3
total volume. These values however do not allow reaching the desired storage capacity and have to be
updated for a proper economical comparison of all systems.
2.5. Economical comparison of the proposed technologies
Storage density is not the only determining factor for the choice of the appropriate storage technology, the
cost per kWh storage capacity will define which technology is most relevant for the CSP ORC plant in terms
of economic efficiency.
For comparison purposes, the following elements were taken into account (Pacheco et al. 2001):
x Quartzite, marble and a mixture of them both shall be studied as filler material for the “sensible”
thermocline system with the following respective prices (50$/t, 127$/t and 88.5$/t for the mixture);
x

A volume ratio of 74% filler material and 26% HTF shall be used for all thermocline systems;

x For the “latent heat” thermocline system or “PCM system”, the cost set for steel capsules varies from
1 to 6$/unit covering a total of ~18000 capsules;
x

The cost of salt/oil heat exchanger was assumed to be 240000$ for a 5MW heat flow;

x The cost of tanks was assumed to be 155$/m3 except for Water for which a pressurized tank is
intended with an estimated cost of 1500 $/m3.
The following table shows a comparison of volume (with recalculated volumes for thermocline systems) and
system cost for all solutions and with various materials.
Tab. 1: Comparison of total cost and volume requirement for the proposed storage solutions

Storage
solution

Configuration

filling material
material

Cost
(k$)

Sensible
heat storage
using the
HTF

Tanks and
heat
exchangers

total
volume

total
cost
(k$)

Specific
cost
($/kWh)

pressurized
water at 75 bar

Demineralized
Water

0

450000

300

450

30

Therminol VP-1
(thermal oil)

Therminol
VP-1

1009

94891

612,2

1104

73,64

Delco therm
Solar E15

Delco therm
Solar E15

609

96875

625

706

47,10

Sensible
heat storage
with molten
salt

two tanks with
Hitec

Hitec salt

310

302000

400

612

40,84

two tanks with
Hitec XL

Hitec XL salt

534

298125

375

832

55,48

Thermocline
with rocks
and slags

thermocline with
marble

marble

58

36022

232,4

293

19,58

Therminol
VP-1

200

quartzite

248

40695,25

262,55

290

19,38

Therminol
VP-1

225

mixed marble &
quartzite

mixet rocks

54

38207,5

246,5

304

20,27

Therminol
VP-1

211

solar salt and
Therminol VP-1

Therminol
VP-1

176

31852,5

205,5

23 to 29
$/kWh

Solar salt

121

365 to
510
k$

Steel capsules

180 to
108 k$

thermocline with
quartzite

Thermocline
with PCM
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The table shows that both volume and cost requirement for systems with "HTF tanks" using a direct
approach and systems with based on salt (indirect storage) are much higher than thermocline systems. These
appear to be the only capable of achieving a specific cost below 30 $/kWh.
For thermocline system with encapsulated salt, cost highly depends on encapsulation process and the cost per
capsule.
From this first comparison we can conclude that the technologies that have the potential for increasing the
economic efficiency if integrated to a CSP plant are thermocline technologies with both the sensible heat
“quartzite system” and latent heat “PCM system” options.
The economic aspect was very helpful to define the most eligible technologies; however, a technical
comparison between both systems performance is required to decide which one is the most appropriate for
the CSP-ORC project.
3. Thermal output analysis for thermocline solutions
A thermal storage system can be characterized by its storage capacity and its ability to store energy and to
deliver energy with the appropriate heat flow during discharge to allow a sufficient heat input to the Organic
cycle. The studied system was dimensioned to supply a 1MWe Organic Rankine Cycle for three hours of
continuous operation. Assuming that the power block has a rated efficiency of 20%, this means a thermal
input of 5MW. A simple model based on a deterministic approach was developed in order to study heat
exchanges that occur inside the selected storage systems and to evaluate their heat output behavior.
As explained in section 2.4, both selected systems are configured with a close packing of spherical elements,
this spherical shape was selected to allow a larger contact surface with the circulating fluid (HTF) and a
better convective heat transfer. This is also intended to make comparison between systems more relevant as
it is easier to imagine rock pebbles with a spherical shape. Hence, to simplify calculations and put both
systems in an equitable simulation level, quartzite blocks/pebbles were assumed to have a quasi-spherical
shape and an approximate diameter of 20cm.
3.1. Assumptions and boundary conditions
Regarding the existing CSP plants and especially the planed CSP-ORC pilot operation mode, systems
charging will not constitute a big issue, despite the low thermal conductivity limitation, thermal storage
systems have generally sufficient time for charging as solar resource is basically available all day time and
peak solar irradiation can span up to eight hours in summer days. A greater attention was granted to
discharging mode as the system will have to deliver a specific power to the organic cycle to enable an
operation load that guaranties acceptable cycle’s efficiency.
The following assumptions were made for the results presented in this work:
x

Convective heat transfer was the only heat exchange considered for calculations;

x Flow velocities were supposed homogeneous at all point on horizontal planes, the average flow
velocity only depends of height;
x Capsules were considered as solid volumes and heat transfer inside each capsule was not taken into
account;
x

The selected rock is quartzite;

x

Heat losses are not considered.

Initial and boundary conditions were defined as follows:
x

Mass flow is set to 0.03 m3/s;

x

Initial HTF and capsules/pebbles temperatures are respectively 170°C and 270°C;

x

Initial stored energy density is 185kWh/m3 for PCM capsules and for rock pebbles;

x

PCM freezing temperature is 260°C;

x Storage tanks for both systems were programmed with a vertical cylinder shape, base diameter is the
identical for both systems 5m, and only height is different due to the difference in total tank volume;
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x The system is divided into small volume elements “thin horizontal discs”; each disc is 2.8 mm thick
(figure 1).
3.2. Calculation process
The model is built in such a way that enables to calculate the average heat transfer rate at each horizontal
plane and the total heat exchanged at each volume element (disc) between two successive planes. The
diagram on figure 1 shows model operation and the different calculation phases.

Fig. 1: system discs cuttings & layers disposition (left) and algorithm operation steps (right)

Calculations start at the bottom of the system, a first phase calculates steady values for the whole system,
including:
- Contact surface ; ݅ܿܣ
- Initially stored energy at time (t=0) ܳܿ݅ǡͲ ;
- Flow velocity ܸ݅ ,…
The second phase concentrates on dimensionless numbers and heat transfer. Before running those specific
parts, the model starts by calculating the number of capsules needed for the system at each packing level
depending on capsule diameter, this number shall determine the contact surface and flow section but will
have no effect on the stored energy quantity. Flow velocity (ܸ݅ ) is determined from flow section ( ) ݅ܣand the
݀ݒ

volume flow rate ( ) as follows:
݀ݒ

ܸ݅ ൌ

݀ݐ

൘

݀ݐ

݅ܣ

(eq. 4)
i is the plane (disc) coefficient.
HTF properties are calculated at each loop as function of the temperature; these properties in addition to the
parameters calculated earlier (flow velocity, stored energy and contact surface) are necessary to determine
the dimensionless numbers (Re, Pr, Nu). These are calculated for all volume elements and for each minute
from discharge process trigger to complete systems discharging (3 hours later).
Convective heat transfer coefficient (h) and heat flow (ܳሶ ) are calculated through equations (5) and (6). The
amount of energy that was transferred is then deducted from the stored heat on the capsules which leads HTF
and capsules temperatures to be updated at the end of each calculation loop.
݄݅ǡ ݐൌ

݇݅ǡ݅ݑܰ ݐǡݐ
ܮ

(eq. 5)
ܳሶ ݅ǡ ݐൌ ݄݅ǡ ݅ܿܣ ݐ൫ܶܿ݅ǡ ݐെ ݂ܶ݅ǡ ݐ൯
(eq. 6)
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Where L is the characteristic length, k the thermal conductivity of the HTF, Tc and Tf are PCM/Quartzite and
HTF temperatures.
The total heat output (P) of the system is measured by summing-up heat flow at a specific time and for the
whole system.
ܲ ݐൌ σ݅ ܳሶ ݅ǡݐ
(eq. 7)
4. Results and conclusions
The algorithm was applied to thermocline systems with encapsulated molten salt and with quartzite pebbles.
Preliminary results for heat output and outlet temperatures are shown for both systems in the next figures.

Fig. 2: Heat output during 3 hours of discharge for PCM system (left) and Quartzite system (right)

Heat output simulation has shown that both studied systems did not achieve the required 5MWth output. For
the system with PCM capsules, heat flow decreases during the first 40 minutes of discharging than stabilizes
at around 4.4MWth. The first decrease in heat flow is due to a first PCM temperature drop during the liquid
phase, given that the PCM is at 285°C, meaning 25°C higher than freezing temperature, the first minutes of
discharging process cause an automatic PCM temperature drop. A second heat flow decrease was expected at
the end of the process due to PCM temperature drop during the solid phase (Nithyanandam et al. 2012);
Figure 2 does not show such a feature because in that particular case, heat output was not sufficient to totally
empty the system within the 3 hours of discharge. Detailed heat flow simulation has also shown that the
lower PCM layers (discs) are more subject to these temperature drops as temperature gradient with the HTF
is higher at the bottom of the system.
System with Quartzite shows a completely different behavior, heat output starts to decrease during the first
40 minutes of discharge with a less steep gradient than for PCM system. After the first hour, heat flow
decrease starts to accentuate until the end of the process.
When comparing the studied systems, following comments can be made:
x

PCM System allows a more stable heat supply that the Quartzite system;

x By supplying only 4.4MWth, heat delivered by the PCM system is only sufficient to drive the ORC at
80% to 90% capacity;
x During the first hour of discharging, quartzite system can feed sufficient heat to drive the ORC at
more than 80% of its capacity. During the second hour, the average operation rate of the ORC is barely
around 50% of the total power capacity. During the last hour of discharging, Power Block efficiency starts
decreasing critically until the heat flow becomes insufficient to activate the ORC; hence no power is
generated anymore.
Temperature simulations resulted in similar shapes for both systems; however, temperature gradient for the
quartzite system is slightly less accentuated than heat flow gradient.
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Fig. 3: Outlet temperature during 3 hours of discharge for PCM system (left) and Quartzite system (right)

Temperature variation inside the system tends to confirm the analysis that was done for heat output. For
PCM system, a more appropriate salt mixture selection can enable achieving a higher freezing temperature
this combined with a particular operation can lead to a system with a stable 5MWth output. In addition, while
quartzite system power output can still be controlled through mass flow with some difficulty, it is impossible
to maintain outlet temperature when the temperature inside the system. Ultimately the effective “useful”
storage capacity is 50% to 60% the gross capacity for which the system was dimensioned, in other words, the
quartzite system can only deliver half of the stored energy with the appropriate flow and temperature.
As a final conclusion we can say that for the studied systems, cost disadvantage of the PCM solution in
comparison to a rock thermocline is largely compensated by the lower efficiency of the second system.
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Abstract
Bischofite is a by-product from the non-metallic industry which is composed by MgCl2·6H2O in approximately
95%. Both materials show similar thermo-physical properties, the temperature and the heat of fusion is 100°C
and 115 kJ/kg for bischofite, and 114.5°C and 135 kJ/kg for MgCl2·6H2O. The main advantage of the use of
bischofite instead of MgCl2·6H2O is the price, which is significantly lower. The present study consists in two
stages: in the first one, a laboratory characterization of thermal properties such as melting enthalpy and
temperature, heat capacity, as well as density, viscosity and its morphology is performed. In the second stage,
the material is tested and evaluated at pilot plant scale (§ 200 kg). Parameters such as the phase change material
(PCM) charging temperatures, the HTF power, the energy balance in the system and the charging efficiency are
analysed. Moreover, this PCM candidate is also compared with other materials with similar melting
temperature (± 20 ºC) regarding the cost and the energy density. Finally, taking into account bischofite
temperature of fusion (100 ºC), a discussion of its utilization for industrial waste heat recovery or combined
heat and power (CHP) possibilities is done. Thus, the objective of this study is the analysis of the suitability of a
by-product as PCM candidate for thermal energy storage (TES) applications.
Key-words: bischofite, phase change material (PCM), thermal energy storage (TES), by-product, latent heat.

1.

Introduction

According to the International Energy Agency (IEA) (2014), current trends in energy supply and use are
economically, environmentally and socially unsustainable: energy-related emissions of carbon dioxide will
double by 2050 and fossil energy demand will increase over the security of supplies. Moreover, IEA states that
energy storage technologies can support energy security and climate change goals.
Regarding into thermal energy storage, latent heat storage has been widely studied previously using highly pure
thermal energy storage (TES) materials like paraffin and salt hydrates (Zalba et al., 2003; Mehling and Cabeza,
2008). However, by-products or waste materials from different industrial sectors that have also potential to be
applied as TES materials are starting to be studied (Miró et al., 2014). The main advantage of the use of this
material is their availability and lower price comparing them to pure materials.
In the case of the enormous non-metallic industry in North of Chile, they obtain nitrates, carbonates, sulphates,
chlorides and other salts from the Atacama Desert salt flat and mineral rocks on a large scale. Some of these
productive processes leave salts as by-products or waste materials. Bischofite is one of these salts; it
precipitates in the evaporations brines, during the obtaining process of Li2CO3. Bischofite is a hydrated salt
mainly composed by MgCl2·6H2O (95% and the rest are impurities), with thermal properties similar to
synthetic MgCl2·6H2O (Ushak et al., 2014). It is now been applied for the de-icing of roads, and also in Chile,
due to its hygroscopicity is use to abate dust and to improve mining roads in the North region, and it has
become interesting because this salt is available in huge amounts and is also cheaper: the price of low quality
bischofite is around 40 US$/ton, while the price of purified bischofite is closed but lower to that of
MgCl2·6H2O, which is sold at around 155 US$/ton in the north of Chile (Ushak et al., 2014).
Taking into account the advantages of bischofite as TES material, the objective of this study is to evaluate the

1290
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.10.03
Available at http://proceedings.ises.org

Jaume Gasia, Andrea Gutierrez, Laia Miró, Gerard Peiró, Svetlana Ushak and Luisa F. Cabeza /
EuroSun 2014 / ISES Conference Proceedings (2014)
real potential of this by-product at laboratory and pilot plant scale (§ 200 kg) as phase change material (PCM)
as well as comparing it with other PCM with similar temperature of fusion (± 20 ºC) regarding the cost and the
energy density and, finally, to review possible applications for this new PCM.
2.

Laboratory analysis

At laboratory scale, the thermo-physical properties of bischofite are determined. Regarding to the physical
characterization, mineral composition, morphology, density in solid and liquid state and viscosity are
determined. Focusing on the thermal properties, melting temperature, heat of fusion and heat capacity in solid
and liquid state are studied.
The results of the mineralization study of the bischofite (Figure 1, right), according to stoichiometric
calculations based on chemical analysis, shows that it is composed around 95 % of MgCl2·6H2O and the
remaining 5 % is potassium carnalite, lithium sulphate monohydrate, and ionic salts like NaCl and KCl (Ushak
et al., 2014). Due to the similarity in their composition, from now on, properties of bischofite are listed together
with MgCl2·6H2O.

Fig. 1: Chemical composition (left) and mineralization (right) of bischofite (Ushak et al., 2014)

Viscosity was determined for the liquid phase of bischofite and MgCl2 6H2O. As it can be observed in figure 2
viscosity decreases while temperature is increasing, reducing in almost 50% from 105 ºC to 150 ºC. Finally,
density in both states and for both materials was measured pycnometrically (Table 1).

Fig. 2: Dynamic viscosity for liquid phase of bischofite and MgCl2 6H2O (Ushak et al., 2014)
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Tab. 1: Density in solid and liquid state for bischofite and MgCl2·6H2O (Ushak et al., 2014)

Units

Bischofite

MgCl2·6H2O

Density in solid state (ρs)

[g/cm3]

1686 -1513

1517

Density in liquid state (ρl)

[g/cm3]

1481

1422

Thermophysical properties of bischofite and synthetic MgCl2·6H2O (Table 2), are very similar, with slight
differences due to, mainly, the presence of impurities in bischofite composition (Figure 1, right). Focusing on
the thermal performance in DSC analysis (Figure 3), it was observed that both salts present an appreciable
subcooling (37 ºC for bischofite and 29 ºC for MgCl2·6H2O), which is a disadvantage when applying these salts
as a PCM.

Fig. 3: Cycle of heating and cooling for bischofite (continuous line) and synthetic MgCl2·6H2O (dotted line) (Ushak et al., 2014)

Tab. 2 Summary of thermophysical properties for bischofite and MgCl2·6H2O (Ushak et al., 2014)

Properties

Units

Bischofite

MgCl2·6H2O

Melting temperature (Tm)

[ºC]

100

114.5

Melting enthalpy (Hm)

[kJ/kg]

115

135

Heat capacity in solid
state at 25-60ºC (Cps)

[kJ/kg·K]

2.1

1.95-2.1

3.

Possible applications

Thermal properties of this material, and specially its temperature of fusion (100 ºC), make it a candidate for
industrial waste heat (IWH) recovery as well as for combined heat and power (CHP) facilities.
For IWH recovery, the use of bischofite in passive technologies as thermal energy storage (Brueckner et al.,
2014) is proposed. In table 3, the exhaust gas temperatures of different industrial processes are listed. These
exhaust gas temperature could be stored in bischofite for a later use.
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Tab. 3 Exhaust gas temperature of different industrial processes, based on (Brueckner et al., 2014)

Exhaust gas

Process

temperature (°C)

Steam boiler

200 – 300

Coke oven / Stack gas

190

Container glass melting

160 – 200 / 140 – 160

Flat glass melting

160 – 200 / 140 – 160

Ceramic kiln

150 – 1000

Drying, baking, and curing ovens

90 – 230

Cooling water from annealing furnaces

70 – 230

Cooling water from internal combustion engines

70 – 120

Exhaust gases exiting recovery devices in gasfired boilers, ethylene furnaces, etc.

70 - 230

Conventional hot water boiler

60 – 230

4.

Comparison with other PCM candidates у 100 ºC

In figure 4, bischofite is compared with other organic and inorganic phase change temperature materials with a
Tm = ± 20 ºC: acetamide (Tm= 82 ºC), Mg(NO3)2·6H2O (Tm= 89 ºC), xylitol (Tm= 93-94.5 ºC), d-Sorbitol (97.7
ºC), MgCl2·6H2O (Tm=117 ºC) and erythritol (Tm=118 ºC) (Cabeza et al., 2011; Sharma et al., 2002; Kenisarin
et al., 2007). The parameters compared are energy density and cost. A PCM will be more suitable for an
application when the lower the cost and the higher the energy density. An arrow point to the optimum area
represented in figure 4.

Fig. 2: Cost and energy density for some PCM, based on Cabeza et al. (2011), Kenisarin et al. (2007), Stevens (2013), and Ushak et
al. (2014)

5.

Pilot plant testing

The facility used to perform the experimentation presented in this study and to evaluate the behaviour of
bischofite as PCM at pilot plant scale is located at the University of Lleida and is mainly composed of three
parts: the heating system, the cooling system and the storage system (Figure 5). The heating system consists of
an electrical boiler of 24 KWe, that heat the heat transfer fluid (HTF) up simulating the solar energy source
during the charging process, the cooling system consists of a an air-HTF heat exchanger of 20 kWth simulating
the energy consumption in a real installation during the discharging process, and the storage systems consisting
on a storage tank which mission is to store the energy during the charging process and released during the
discharging process. Silicone Syltherm-800 was used as HTF and all the piping that connects the different
systems are insulated using rock wool. Moreover, measuring equipment is placed around the installation in
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order to control and acquire information and data related to the HTF flow rate, HTF temperatures and HTF
pressures.

Fig. 5 Pilot plant facility at the University of Lleida (Gil et al., 2013)

Focusing on the storage tank, the one used to perform the present experimentation is based on the shell-andtubes heat exchanger concept, consisting of a stainless steel vessel, where the PCM is placed, which houses 49
tubes bended in U shape and distributed in square pitch. Moreover, 450 mm of foamglass are installed between
the tank and the floor and 240 mm of rock wool are installed on the lateral walls and on the cover of the tank to
reduce the heat losses to the surroundings. Table 4 shows the main characteristics of the storage tank.
Tab. 4: Main characteristics of the storage tank

Parameters

Units

Values

Tank width

[mm]

527.5

Tank height

[mm]

273

Tank depth

[mm]

1273

HTF pipes average length

[mm]

2485

Heat transfer surface

[m2]

6.55

Tank vessel volume (Vtank)

3

0.154

3

[m ]

Real volume of PCM (VPCM)

[m ]

0.143

PCM mass

[kg]

204

[-]

0.837

Packing factor (VPCM/Vtank)

So as to study and evaluate the thermal behaviour of PCM inside the tank (from TPCM.1 to TPCM.15 in figure 6:
right) 19 temperature sensors PT-100 with an accuracy of ± 0.1 ºC were placed in the main part of the tank.
Moreover, 16 more temperature sensors were placed to study the behaviour of the PCM in the corners and
central part as well as to study the heat losses. These sensors are located within the tubes bundle and distributed
in three different heights, at 31 mm, 126 mm and 190 mm from the bottom of the tank and with three different
lengths: 35 mm, 114 mm and 194 mm.
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Fig. 6. Storage system. Left, shell-and-tubes concept; right, temperature sensors located inside the tank

5.1 Methodology
The experimentation carried out at the pilot plant is focused on a charging process at constant HTF temperature
and flow rate. However, a complete cycle consisting of charging and discharging is done in order to study the
behaviour of the material under the solidification process.
Before starting the charging process a warming period was performed in order to heat the HTF and PCM up to
the set-point temperatures. Once the both the HTF and PCM inside the tank reached the desired initial
temperatures, the charging process started until the desired final temperatures. The characteristics of the
experimentation are shown in table 5.
Tab. 5: Characteristics of the experimentation carried out

Parameter

Units

Charging

Discharging

[kg/h]

1500

1500

[L/h]

1650

1650

HTF inlet temperature

[ºC]

120

80

PCM initial temperature

[ºC]

80

120

PCM final temperature

[ºC]

120

80

HTF flow rate

5.2 Results and discussion
Figure 7 shows the temperature profile of the material located at the area where are placed the two most
representative temperature sensors of the system during two processes of charging and one of discharging for a
flow rate of 1650 L/h (See Figure 6) within a temperature range of 50-120 ºC.
The first charging process took place during the first hour of experimentation within a temperature range of 5080 ºC. Only sensible heat storage is observed and the behaviour of both temperature profiles is the expected,
reaching first the set-point temperature the material located close to the HTF inlet (TPCM.2).
The second charging process took place for 3.2 h within a temperature range of 80-120 ºC and both sensible
and latent heat storage are observed. It can also be seen to see that during this charging process the material
located near the tank inlet reached the desired temperature faster than the rest of the material. Hence, it also
finished before the melting process (99-110 ºC), being the average time to carry out this process of about 20-25
minutes.
Finally, during the discharging process, a very interesting phenomenon can be observed: the subcooling effect
at pilot plant scale is clearly reduced if compared to the results obtained at laboratory scale
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Fig. 7: PCM temperature profile with a flow rate of 1650 L/h for a temperature range of 50-120 ºC

Figure 8 shows the power given by the HTF to the system calculated according to eq. (1). The behaviour of the
power given by the HTF is the expected, being higher at the beginning and decreasing along the time due to the
variation in the HTF temperature gradient. As it can be seen, during the first hour it can be supplied up to more
than 4 kW. Moreover, oscillations along the experiment are mainly due to the actuation of electronic controllers
in the electrical boiler.

ܲ ܨܶܪൌ ݉ሶ ܨܶܪ  ܨܶܪܥ ሺേܶܨܶܪǤ݅݊ േ ܶܨܶܪǤ ݐݑሻ (eq. 1)

Fig. 8: HTF temperature profiles and power with a flow rate of 1650 L/h for a temperature range of 80-120 ºC

The energy balance equation that describes the processes performed in the present study can be written as eq.
(2) shows:

ο ܨܶܪܧൌ ο ܯܥܲܧ ο ݇݊ܽݐܧ ο ݊݅ݐ݈ܽݑݏ݊݅ܧ ο( ݏݏ݈ܧeq. 2)
where οୌ is the energy released by the HTF, οେ is the energy stored by the TES storage material, ο୲ୟ୬୩
is the energy accumulated by the metallic parts of the tank, ο୧୬ୱ୳୪ୟ୲୧୭୬ is the energy accumulated by the
insulation and ο୪୭ୱୱ is the energy lost from the tank to the environment.
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Figure 9 shows the energy balance for the charging process. Notice that the energy released by the HTF at the
end of the process (11.1 kWh) is higher than the stored by the PCM (9.9 kWh) with an efficiency of 89.2 % (eq.
3). Hence, the energy accumulated by the stainless steel of the tank (Etank), accumulated by the insulation and
the energy lost to the surroundings only represents 1.2 kWh.

ߝ݄ܿܽ ݎൌ

ȟܯܥܲܧ
ȟܨܶܪܧ

(eq. 3)

Fig. 9: Energy balance with a flow rate of 1650 L/h for a temperature range of 80-120 ºC

6

Conclusions

Bischofite is a by-product from the non-metallic industry composed mainly by MgCl2·6H2O in approximately
95%. The main advantage of the use of bischofite instead of MgCl2·6H2O is the price, which is significantly
lower, and the availability.
Bischofite is first characterized at laboratory scale. Impurities of bischofite have been identified as potassium
carnalite, lithium sulphate monohydrate, and ionic salts like NaCl and KCl. Viscosity and density was also
determined for bischofite and MgCl2·6H2O. Both materials show similar thermo-physical properties, the
temperature and the heat of fusion is 100 °C and 115 kJ/kg for bischofite, and 114.5 °C and 135 kJ/kg for
MgCl2·6H2O. At pilot plant scale (§ 250 kg), bischofite is charged from 80 to 120 ºC in a shell-and-tube heat
exchanger. During the first hour of charging, the configuration used in the present study can supply up to more
than 4 kW with a peak at the beginning of the experimentation of about 22 kW. For a total amount of 204 kg of
bischofite and 2 hours of process, the energy released by the HTF is 11.1 kWh and the energy stored by the
PCM 9.9 kWh, with an efficiency of 89.2 %. Notice that subcooling behaviour appearing in laboratory scale
(37 ºC for bischofite and 29 ºC for MgCl2·6H2O) disappears completely at pilot plant scale.
Moreover, this PCM candidate is also compared with other materials with similar melting temperature (± 20 ºC)
regarding the cost and the energy density and a list of possible applications on IWH recovery is presented.
6.
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Abstract
In recent years, thermal energy storage (TES) systems using phase change materials (PCM) have been widely
studied and developed for comfort building applications. The PCM are normally encapsulated in containers,
hence the compatibility of the container material with the PCM has to be considered. Therefore, the main aim
of this paper is to study the corrosion effect that four different PCM (one inorganic mixture, one ester and two
fatty acid eutectics) have on five selected metals to be used in buildings comfort applications. Results showed
corrosion on aluminium specimens immersed in SP21E, hence caution must be taken when selecting it as
inorganic salt container. Despite copper has a corrosion rate range of 6-10 mg/cm2·yr in the two fatty acid
formulations tested, it could be used as container. Stainless steel 316 and stainless steel 304 showed great
corrosion resistance (0-1 mg/cm2·yr) and its use would totally be recommended with any of the studied PCM.

1. Introduction
Significant development on energy storage systems has been shown over the recent years. Comfort building
installations and transportation are examples of applications that have been modified with thermal energy
storage (TES) systems in order to improve the energy efficiency and decrease electricity consumption (Azzouz
et al., 2008; Gin et al., 2010; Oró et al., 2012a. 2012b).
The heat storage in TES systems is based on the use of phase change materials (PCM), and more specifically,
on the latent heat of the phase change, which provides high energy densities during the phase change, energy
that can be stored or released depending on the needs. Its use in TES systems has been studied by many
researchers and they are being implemented in different systems, active or passive, regarding cold, medium and
high temperature storage as well as comfort building applications. In all these applications PCM are normally
encapsulated in containers, therefore, the main interest remains on designing a non-corrosive, lightweight, high
conductive and low cost container (Gil et al. 2010; Medrano et al. 2010).
Different material types are nowadays used in systems applied to comfort building applications. Organic
mixtures, paraffins, salt hydrates, organic and inorganic eutectics are examples of materials that have been used
as PCM due to its high latent heat values. However, inorganic materials are commonly corrosive to metals, thus
an accurate selection of the material container is needed in each application.
The aim of the present paper is to study the compatibility of five different metals to be used as container
materials of four different PCM for comfort systems in building applications.
2. Materials
2.1. Phase change materials
Four different PCM were used in this study, all of them with melting points in the range 20-24 ºC. Two of them
were commercial PCM, SP21E by Rubitherm and PureTemp 23 by PureTemp, and the other two were fatty
acid eutectics prepared at the University of Lleida based on formulations found in literature studies (Kenisarin
et al. 2007). Table 1 shows the properties and composition of each formulation.
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Table 1. Composition of the PCM designed for cold storage applications

PCM composition

Family
type

Composition
type

Melting point
(ºC)

Heat of fusion
(kJ/kg)

SP21E

Salt

Inorganic
mixture

21

160

PureTemp23

Organic

Ester

23

200

Capric acid (73.5%) + myristic acid
(26.5%)

Fatty acid

Eutectic

21.4

152

Capric acid (75.2%) + palmitic acid
(24.8%)

Fatty acid

Eutectic

22.1

153

2.2. Metals
The metal container candidates selected were: stainless steel 316, stainless steel 304, carbon steel, copper and
aluminium. The size of each specimen used was 5 x 1 x 0.1 cm.
3. Methodology
Metal specimens needed some pretreatment before combining them with each one of the selected PCM. These
previous stages consisted on polishing the specimens and cleaning them with acetone to remove all the
remaining oils and impurities from the cutting process. The next step was to weigh each metal specimen in a
Mettler Toledo precision balance (4 decimals). At this point, the specimens were ready to be immersed in glass
test tubes containing PCM so that each metal was combined with the four different PCM formulations. To
avoid contact with environmental agents that could damage the specimens, the test tubes were covered with a
plastic lid and kept in a stove at 38 ºC to ensure all PCM were at liquid state.
A total of 60 test tubes were prepared and placed in the stove in order to keep them at constant temperature. The
corrosion rate with time was studied following the ASTM G1-03 standard (ASTM International G1-03. 2011),
a methodology that implied analysing each metal-PCM combination after 1 week (7 days), 4 weeks (28 days)
and 12 weeks (84 days) (Cabeza et al. 2001). Importance was also given to bubbles, colour changes, surface
degradation, precipitation or pitting as qualitative corrosion signs. Every specimen was cleaned with the
corresponding acid solution and polished with abrasive paper when necessary as the ASTM G1-03 standard
recommends.
Equation (1) was followed to calculate the specimen mass loss, considering the initial mass, m(t0), and the
weight obtained after 1, 4 and 12 weeks m(t), respectively.

Δm = m(t 0 ) − m(t )

eq. (1)

The corrosion rate (CR) considers the mass loss (ǻm), the metal sample surface area (A) and the experimental
time (t0-t) and was calculated with equation (2).

CR =

Δm
A·(t 0 − t )

eq. (2)
4. Results and discussion

4.1. Remarkable observations
Corrosion signs were noticed since week one in the carbon steel specimens immersed in SP21E. Yellow
tonality in the test tubes was observed. This fact was also noticed after the fourth test week, this time with
higher colour intensity and some bubbling in the test tubes. After twelve weeks, this coloration had turned into
orange and bubbling and surface degradation of the metal specimen were also noticed, as shown in Figure 1.
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Figure 1. a) Carbon steel specimen immersed in SP21E after 12 weeks. b) The same carbon steel specimen once cleaned. c) Non
tested carbon steel specimen.

Copper specimens immersed in the capric (75.2 %)/palmitic (24.8%) eutectic presented blue coloration of the
PCM after the first week. The blue coloration gained intensity and turned into a greener tonality along the 12
experimental weeks. Brightness loss of the copper specimens was also noticed since week one, and it became
more important with time.
The same phenomena was observed when copper was in contact with the capric/myristic eutectic. Blue
coloration of the PCM was observed since week one and it became greener as weeks passed by. Brightness loss
was also noticed, mainly in the specimen removed after the 12th week, as Figure 2 shows.

Figure 2. a) Copper specimen immersed in capric (73.5%)/myristic (23.5%) eutectic after 12 weeks. b) 12th week copper specimen
after the cleaning process. c) Non corroded copper specimen.

Grey coloration was observed from the fourth week on in the test tubes were aluminium specimens were
immersed in SP21E. Bubbling was notorious on week twelve, when partial solidification of the PCM and the
corroded metal could also be observed. Surface degradation and pitting were evident as shown in Figure 3.
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Figure 3. a) Aluminium specimen immersed in SP21E after 12 weeks. b) 12th week aluminium specimen once cleaned. c) Non tested
aluminium specimen.

4.2. Results
Corrosion rates (CR) of all specimens were calculated according to the guide for corrosion weight loss used in
industry (Table 2), which was the one followed as reference to evaluate the results. It is important to point out
here that the following numerical results are given as indicative results and are tied to the experimental
limitations of the standard followed to do the experimentation. However, these values allow recommending the
useful metal specimens due to the low levels or no evidences of corrosion, which indeed is the main goal of this
study.
Table 2. Guide for corrosion weight loss used in the industry (Sastri et al. 2007)

mg/cm2yr

Recommendation

>1000

Completely destroyed within days

100–999

Not recommended for service greater than a month

50–99

Not recommended for service greater than 1 yr

10–49

Caution recommended, based on the specific application

0.3–9.9

Recommended for long term service
Recommended for long term service; no corrosion, other than
as a result of surface cleaning, was evidenced

<0.2

Low positive CR values in the range 0-1 mg/cm2·yr were obtained for all the metals in contact with PureTemp
23. These values are in accordance to the null corrosion signs observed on any of the metal specimens and can
be considered result of surface cleaning. Therefore, all metals are suitable to be used as PureTemp 23 container.
Figure 4 shows the CR evolution of the metals immersed in SP21E. All metal curves present a similar pattern
but the aluminium one. As shown in the figure, aluminium is corroded mostly after the fourth week of test,
reason why, along with the surface degradation and pitting marks observed caution would be recommended on
its application as container. Carbon steel shows higher CR values after the first week of test, observed as yellow
coloration of the PCM, but despite the decrease of the following values, caution must be taken when choosing
carbon steel as container material for SP21E in long term service applications. Copper and the two stainless
steels tested do not show important CRs at all, thus they are suitable to be used as long term container materials.
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Figure 4. Corrosion rate vs time of all the metals immersed in SP21E.

Figure 5 shows the CR evolution with time of all the metals when immersed in the capric (75.2 %)/palmitic
(24.8%) eutectic mixture. Copper experienced remarkable weight loss during the twelve weeks and its quite
constant CRs along with the blue coloration observed in the test tubes lead to recommend caution when
applying this metal as a container. Carbon steel presented remarkably high CR value after one week compared
to the CR below 0.2 mg/cm2·yr obtained after four and twelve weeks. For this reason, first week results should
be taken with caution and experimental limitations may explain them, thus they are not considered as corrosion
evidence. Consequently, as no corrosion signs were observed on the samples and considering the low/null CR
values obtained at the end of the tests, carbon steel would be a suitable material to be used as this eutectic
container. Stainless steel 304, stainless steel 316 and aluminium presented really low or null CR values during
all the experimentation, thus, all three metals are considered as useful container materials for the capric (75.2
%)/palmitic (24.8%) eutectic.

Figure 5. Corrosion rate vs time of all the metals immersed in the capric (75.2 %)/palmitic (24.8%) acid mixture.

The experimental data logged when the metals were immersed in the capric (73.5%)/myristic (23.5%) eutectic
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is presented in Figure 6. Copper and carbon steel share CR pattern, as they step down from the first week on,
keeping a quite constant value after week four. However, the difference on the quantitative CR values is
important enough to consider the carbon steel first week data as consequence of the cleaning process, hence, it
is not considered as corrosion evidence and its use as container material would be useful for long term services.
Oppositely, copper achieved CR values high enough to, along with the blue coloration observed in the test
tubes, recommend caution on its application as container material. Regarding the other three tested metals, all
of them showed mostly null CR, thus, they are suitable to be used as container materials for long term services.

Figure 6. Corrosion rate vs time of all the metals immersed in the capric (73.5%)/myristic (23.5%) acid mixture.

5. Conclusions
This study analyses the suitability of five different metals to contain four different PCM formulations,
considering the corrosion degradation through time that specimens of these metals suffer when they are
immersed in the PCM during 12 weeks. In addition, visual phenomena such as bubbling, coloration, surface
degradation and pitting were also analysed.
Results show that PureTemp 23 is the only PCM to which all the studied metals are resistant to. Thus, the five
metals are suitable to be used as material containers of this formulation for long term service applications.
Aluminium experiences evident corrosion when immersed in the inorganic salt SP21E, thus caution is
recommended on its use as container material. However, its use should be avoided as better matches have been
found. Although the CR obtained for carbon steel were not remarkably high, corrosion signs were observed on
the specimens, thus caution is also needed when considering this material for container use. Stainless steel 304,
stainless steel 316 and copper showed great resistance to this salt and no corrosion was noticed on the
specimens as well as on their CR patterns, hence, its suitability to be used as SP21E container is total.
Copper experiences corrosion when immersed in both fatty acid eutectic formulations. Despite the CR being
quite low, the observations done during the whole experimentation lead to recommend caution when choosing
it as the material container of these two fatty acid mixtures. On the other hand, stainless steel 304, stainless steel
316 and aluminium did not show corrosion evidences during the twelve test weeks, therefore, its suitability to
be used as fatty acid container materials for long term service applications is total.
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Abstract
The successful use of thermal energy storage systems relays on the stability of the phase change materials
(PCM). The thermal stability of these materials can be determined by measuring its thermophysical properties
after a number of repeated thermal cycles. In this paper, results when three different PCM for domestic hot
water applications (fatty acid, paraffin and salt hydrate) are thermally-cycled 0, 100, 1000 and 3650 times, are
presented. Thermophysical characterization before and after those cycles was performed in differential
scanning calorimeter (DSC) and chemical degradation was evaluated by FT-IR. Results show that there is no
degradation after cycling, therefore the three PCM retain their thermophysical properties after 3650 cycles.

1. Introduction
Thermal energy storage (TES) through phase change materials (PCM) is one of the most fruitful ways to store
thermal energy [1,2] being the most implemented one at this moment and with better performance in real
applications for domestic hot water [3], heating/cooling systems [4], solar cooling [5], concentrated solar power
plants [6], etc. However, this method to store heat presents several drawbacks from an overall system energy
efficiency point of view.
One of the most mentioned issues is the cyclability or the durability of PCM, but it is also one of the less
studied factors at the moment. The successful use of thermal energy storage systems relays on the stability of
the phase change materials (PCM). The thermal stability of these materials can be determined by measuring its
thermophysical properties after a number of repeated thermal cycles and it is of great importance to ensure the
long-term performance of latent heat storage systems. This study must be performed before the implementation
of the PCM in the final system/application [7,8].
However, no methodology standards explaining the best method, equipment and times to cycle each PCM type
can be found. Therefore, important differences on the thermophysical properties of a same PCM are generally
found on literature after cycling as every author applies their own methodology.
This study presents the results obtained when three potential PCM (fatty acid, paraffin and salt hydrate) for
domestic hot water applications (DHW) are thermally-cycled 0, 100, 1000 and 3650 times. These PCM were
cycled in a GENE Q Hangzhou Bioer TC18/H(b) and they were analysed by differential scanning calorimetry
(DSC) and infrared spectroscopy (FT-IR).
2. Materials
The PCM listed in Table 1 are the ones thermal-cycled in this study. Their thermophysical properties were
analyzed before and after thermal cycling.
Note that all these PCM are suitable for DHW as their melting point is around 60 ºC.
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Table 1. PCM under study and their thermophysical properties [9]

Material

Type

Palmitic acid

Organic
(fatty acid)
Inorganic
(salt
hydrate)
Organic
(paraffin)

Na(CH3COO) ·
3H2O
RT-54

Melting
temperature
[ºC]
61

Heat of
Fusion
[kJ/kg]
203

58

226-264

58-60

189

Density
[kg/m3]
847 (liquid,
80ºC)
1280 (liquid)

795 (liquid,
70ºC)
920 (solid,
20ºC)

Energy
density
[GJ/m3]
0.17
0.31

0.16

3. Methodology
PCM samples under study (Table 1) were cycled 100, 1000, and 3650 times using a GENE Q Hangzhou Bioer
TC18/H(b) Techonology thermocycler. This simulates the degradation after the charge and discharge processes
during several years of operation depending on the times the charge process is given per day (if it is accounted
one charge per day, it’ll be considered that these PCM were cycled during 10 years).
The thermal cycling method used is shown in Figure 1: it considers two isothermal steps at two different
temperatures (35 ºC and 75 ºC) during 1.5 minutes.
Based on previous experiments, it was observed that 1.5 minutes are required to melt and solidify the amount of
sample used. For that reason, each step accounts 1.5 minutes.

Figure 1. Thermal cycle method used in the cycling test of the PCM under study

Thermophysical properties were analyzed by differential scanning calorimetry (DSC). The equipment used was
a Mettler Toledo 822e DSC and one measurement was performed after 0, 100, 1000, and 3650 cycles.
The measurements were performed in a 40 µl aluminum crucible filled with around 10 mg of each PCM, with a
heating rate of 0.5 K/min and 80 ml/min N2 flow.
On the other hand, their chemical structures were evaluated by infrared spectroscopy (FT-IR). The FT-IR
instrument used was Spectrum Two™ from Perkin Elmer and supported by Dynascan™ interferometer and
Optics Guard with ATR. Thereby, chemical degradation was evaluated along with the stability of the
thermophysical properties over the PCM cycles.

1307

Camila Barreneche, Aran Solé, Gerard Ferrer, Ingrid Martorell, Luisa F. Cabeza/ EuroSun 2014 /
ISES Conference Proceedings (2014)

4. Results and discussion

From the thermophysical point of view and as results listed in Table 2 show, there are not consistent differences
between the non-cycled samples and the ones cycled 3650 times.
Both melting and solidification point changes for organic PCM (Palmitic acid and paraffin RT-54) are near 0%.
Moreover, the melting enthalpy changes for organic PCM are between 1.5-5%, which are within the equipment
error (around 8%).
However, for the salt hydrate (Na(CH3COO)·3H2O) the melting point difference between 0-3650 cycles is around
5%, which is a small difference. Solidification results were not obtained because of the high subcooling this
PCM presents.

Table 2. Thermophysical results obtained with DSC before and after thermal cycling

Hm
(kJ/kg)
Palmitic acid

Na(CH3COO) ·
3H2O

RT-54

Tm
(ºC)

Hs
(kJ/kg)

Ts
(ºC)

0 cycles

199

63

201

60

3650 cycles

202

63

200

61

Percent change (0-3650 cycles)

1.5%

0%

0.5%

2%

0 cycles

263

57

n.d.

n.d.

3650 cycles

247

60

n.d.

n.d.

Percent change (0-3650 cycles)

6%

5%

n.d.

n.d.

0 cycles

140

51

141

53

3650 cycles

147

51

147

53

Percent change (0-3650 cycles)

5%

0%

4%

0%

*n.d. stands for not determined

where m stands for melting and s for solidification.

The structural degradation of one substance or material is noted when the IR-characteristic peaks disappear or
other peaks appear instead.
Results obtained with FT-IR spectroscopy show that there is no degradation in any of the studied materials
because FT-IR characteristic signals remain constant over cycles as it is shown in Figure 2, Figure 3 and Figure
4.
FT-IR signals are characteristics of each material/substance and they are highlighted in these figures. The
signals will depend on the vibration of the chemical bonds of the chemical structure.
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Figure 2. FT-IR spectrum for RT-54 before and after cycling

Palmitic acid - 0 cycles

Palmitic acid - 3650 cycles

100
90
80

Transmitance (%)

70
60
C-O st

C-H δ

50
CH2 δ

40
30

C=O st

20
C-H st

10
0
4000

3500

3000

2500
2000
1500
Wave number (cm-1)

1000

500

0

Figure 3. FT-IR spectrum for Palmitic acid before and after cycling
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Figure 4. FT-IR spectrum for Na(CH3COO) 3H2O before and after cycling

5. Conclusions
This study presents the thermophysical characterization of three potential PCM for DHW applications (a salt
hydrate (Na(CH3COO)·3H2O), a paraffin wax (RT-54), and a fatty acid (palmitic acid) after a thermal cycling test
(0, 3650 cycles which correspond to 10 years of service considering one charging/discharging process per day).
The thermophysical characterization results before and after cycling show that there are no significant changes
on their thermophysical properties (less than 5% for the melting process and less than 6% for the solidification
process). However, results for the solidification process were not obtained for the salt hydrate under study due
to high subcooling.
Moreover, the chemical stability of these PCM was evaluated by FT-IR. Results showed that there is no
degradation process acting through the cycles and the PCM retain their thermophysical properties after 3650
cycles.
-Summarizing, no degradation regarding neither chemical structure nor thermophysical properties of the PCM
under study were obtained under a thermal cycling test, which means that these PCM are proper candidates to
be implemented in DHW systems complemented with a TES system. However, the thermal cycling test stopped
at 3650 cycles. Therefore, it is recommended to increase the number of thermal cycles in order to determine the
thermal cycle limit.
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Abstract
Energy consumption in buildings has become an important part of the global energy consumed in Europe and
it is mainly related to HVAC systems. Moreover, the implementation of cooling systems is increasing which
causes problems in the electricity grid. Therefore, it is crucial to reduce the energy consumption which can
be achieved by decreasing the energy demand or/and improving the efficiency of the cooling systems. In this
study, an innovative technology for heating and cooling application in buildings is presented. The
experimental set-up of Puigverd de Lleida (Spain) allocates two house-like cubicles, one with a conventional
slab and the other one with an active slab. The target is to use the internal slab as a storage unit by
incorporating phase change material in order to increase the heat storage capacity. The operational summer
mode consists of solidifying the PCM with the outer cool air during the night-time. Then the cold is stored
inside the slab for covering a later cooling demand. Moreover, a solar air collector has been installed in the
South facade of the cubicle to act as a heat source during winter season. The hot air provided by the air
collector is directly pumped to the inside of the slab in order to melt the PCM. Thus, the slab becomes a heat
storage component and when heat supply is required, the heat stored is used to cover the demand.
Experimental analysis will demonstrate the potential of the technology for heating and cooling purposes and
the need of a control strategy to optimize the operational principle.
Key-words: phase change material, cooling system, heating system, hollow core slab, experimental study.

1. Introduction
It is well known that energy consumed by the HVAC systems in buildings represents an important part of the
global energy consumed in Europe. That is the reason why the Horizon 2020 European framework reflects
the necessity of a reduction on the energetic consumption and consequently, the greenhouse gas emissions.
Moreover, the comfort parameters are becoming stricter because of the high requirements from the users,
especially in summer. According to the Energy Performance of Buildings Directive (2010/31/EU), the
installation of air-conditioning systems has increased significantly in the European countries. That causes
problems at peak load times such as, increasing the cost of electricity, and disrupting the energy balance.
Latent heat storage has been widely studied for its potential in many applications for building energy
management, thermal energy storage and thermal inertia enhancement (Cabeza et al. 2011). Many
researchers have focused their studies on the energy demand reduction improving the building envelope with
the addition of phase change materials (PCM). Using passive solutions such as increasing the thermal inertia
of the constructive systems could provide more stable internal conditions to the whole building and therefore,
a reduction on heating and cooling demand (Zhou et al. 2012, Zalba et al. 2003). On the other hand,
improvements on HVAC systems efficiency have been also studied in order to achieve a direct reduction on
the final energy consumption.
Moreover, new technologies that have an active charge and passive discharge have been incorporated in last
decades in public or offices buildings as substitution of the conventional HVAC systems. The TermoDeck
system (Barton et al. 2002) and the thermally activated building systems (Pomianowski et al. 2012) are some
examples of these alternative systems. The common property of these systems is the active charge of a
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building component (wall, floor, and ceiling) for a later passive discharge which gives stable comfort
conditions to the building.
The new technology presented in this paper is designed to cover completely or partially the cooling and
heating demand of a building. A structural component of the building is used as a storage unit with an active
charge and discharge process for covering the energy demand of the building. The novelty of the system is
the inclusion of phase change materials (PCM) inside the storage unit in order to increase the heat storage
capacity.
2. Experimental set-up
In the experimental set-up located in Puigverd de Lleida (Spain) several house-like cubicles were built to
study different constructive systems and materials. One of these cubicles has an internal slab separation with
a prefabricated concrete plate of 30 cm thickness where the PCM is incorporated inside its hollows.
2.2. Description of the active slab
In order to distribute the air throw the internal channels of the slab, an air duct installation is implemented as
shown in Figure 1. Depending on the operational mode, six gates are actuating to take air from outdoors or
indoors which gives versatility to the system.

Fig. 1: Scheme of active slab operation

The PCM used in this application is commercial paraffin, RT-21, macro-encapsulated in aluminium tubes of
115 mm of height and 25 mm of diameter (Figure 2). A total amount of 52 kg of PCM is placed in a mesh of
these tubes. The cross flow distribution of the tubes enhances the heat transfer between the PCM and the air.

Fig. 2: Incorporation of PCM macro-encapsulated in aluminium tubs inside concrete slab

1313

Lidia Navarro, Alvaro de Gracia, Albert Castell, Servando Álvarez and Luisa F. Cabeza/ EuroSun
2014 / ISES Conference Proceedings (2014)
3. Operational principle
3.1. Winter mode
In the winter season (Figure 3), in order to melt the PCM, a solar air collector is installed in the South facade
of the cubicle, where the outside air is heated by the solar radiation and then injected to the inside of the slab.
The system works as a heating supply having stored the solar energy from the solar air collector. During the
day time, when a heating demand is needed, the air of the internal ambient is pumped through the hollows of
the slab and the heat exchange with the PCM provides the heat needed to cover the demand.

Due to the versatility of the system, the heat can be supplied either during the melting process, taking
advantage of the temperature of the air at the outlet of the slab, or in later hours using the storage capacity of
the PCM in the slab. Furthermore, several cycles of charging and discharging of the PCM could be done
during the same day and, therefore, increasing the storage potential of the system.

Moreover, a recirculation mode could be programmed to inject the air coming from the outlet of the slab to
the air collector. Thus, the air could achieve a higher temperature and it could provide a good solution for
days with low solar radiation values.

Fig. 3: Operational principle of the active slab during winter period

3.2. Summer mode
On the other hand, the operational mode in the summer season (Figure 4) is based on night free cooling.
When the external temperatures are below the phase change temperature (20 ºC) the outside air is injected
inside the slab and the PCM is solidified. The storage period starts when the temperatures start to rise up and
the PCM is completely solidified. During the day, when a cooling demand is needed, the internal ambient air
from the cubicle is pumped through the slab and cooled down till 20 ºC due to the heat exchange with the
PCM, covering part of the cooling loads.

At night and during the solidification process of the PCM, the air could also be used to cool down the
internal temperature of the cubicle. Unlike in winter mode, during the summer season the PCM can only
provide one cycle of cold storage a day.
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Fig. 4: Operational principle of the active slab during summer period

4. Methodology
The experiments presented in this paper were designed to test the system concept as well as to analyse the
melting and solidification process of the PCM. For this reason, the system operates under the following
operational schedule during winter period:
•

Winter charging period: From 10:00 to 18:00. Air circulates through the solar air collector in order
to absorb heat from solar radiation. The hot air is pumped through the inside of the concrete slab
and returned again into the collector. During this period the PCM is melted.

•

Winter discharging period: From 18:00 to 10:00. Once there is no incident solar radiation, air is
circulated from indoors to indoors. The system discharges the stored heat in order to provide a heat
supply to the inner environment.

On the other hand, in the experiments performed under summer conditions the active slab had the schedule
described below:
•

Summer charging period: From 00:00 to 07:00. Outside air circulates through the hollows of the
slab, in order to solidify the PCM.

•

Summer storage period: From 07:00 to 11:00. Active slab is not working actively. Outside
temperatures are not low enough to charge the PCM and no cooling supply is needed.

•

Summer discharging period: From 11:00 to 18:00. During daytime, when temperatures are higher,
air is circulated from indoors to indoors. The cold stored in the slab is discharged to the internal
environment providing a cooling supply. During this process the PCM is melted.

In order to quantify the amount of energy stored and released from the system, an energy balance between
inlet and outlet temperatures is performed. Two different parameters have been described to evaluate the
efficiency of the technology during charging and discharging processes. The charge efficiency (İcharge) for
winter conditions is described in Eq. (1) as the ratio between the energy injected by the collector (Qcol) and
the energy received by the slab (Qcharge):

ε ch arg e =

Qch arg e
Qcol

(eq. 1)

where,
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Qch arg e = Aduct ⋅ ρ air ⋅ Cp air ⋅ ³

t e . ch

t i . ch

Qcol = Aduct ⋅ ρ air ⋅ Cp air ⋅ ³

te . ch

ti . ch

vair ⋅ (Tinlet − Toutlet ) ⋅ dt (eq. 2)

v air ⋅ (Tincol − Toutcol ) ⋅ dt

(eq. 3)

Moreover, the discharge process is also analysed by the parameter (İdischarge) defined in Eq. (4). This
parameter is used to define a performance coefficient of the technology during winter and summer periods,
and is defined by the amount of energy used to cover the heating/cooling demand (Qdischarge) and the
energy that has been charged to the slab (Qcharge):

ε disch arg e =

Qdisch arg e
Qch arg e

(eq. 4)

where,

Qdisch arg e = Aduct ⋅ ρ air ⋅ cp air ⋅ ³

t e . dis

t i . dis

v air ⋅ (Toutlet − Tinlet ) ⋅ dt

(eq. 5)

5. Results
The operating principle of the active slab system was tested under winter and summer mode in order to
evaluate its performance under real conditions.

5.1. Winter experiments
Four consecutive experiments are presented to show the performance of the slab during mild winter
conditions. During these four days outside temperatures fluctuated between 1 ºC and 20 ºC. The daily global
radiation incident on the vertical surface was around 25 MJ/m2.
Figure 5 shows temperature evolution of a sunny day experiment. During the charge period, temperature (T
inlet) of the air at the inlet of the slab which comes from the solar air collector has a thermal evolution
dependent on the solar radiation. Moreover, PCM temperatures plotted in Figure 5 belong to two different
points of the slab (inlet and outlet), hence, the melting rate shows different behaviour. While PCM located at
the inlet part is fully melted, the one at the outlet is just inside the phase change range at the end of the
charge period. In addition, air temperature (T outlet) supplied was over 18 ºC during all the discharge period,
which resulted in having an internal ambient temperature above 18ºC almost during 12 hours.

Fig. 5: Daily temperature evolution (winter day 2, March 2014) of the active slab
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On the other hand, Figure 6 presents an experiment with cloudy conditions if compared to the one presented
before. This fact is reflected in the air inlet temperature during the charge period however, PCM inlet was
melted but again PCM outlet did not. In spite of this, the heating supply provides energy to keep the internal
ambient temperature above 18 ºC during 9 hours of the discharge period.

Fig. 6: Daily temperature evolution (winter day 4, March 2014) of the active slab

Table 1 shows the energy values of the charge and discharge processes, as well as the energy received by
solar radiation in the solar air collector surface and the energy injected in the slab. The charge efficiency
(İcharge) of the first three experiments is around 73% while the last experiment has an efficiency of 64%. This
ratio indicates the energy stored by the slab and also the energy lost (28% - 36%), both through the air ducts
when the air is flowing from the collector to the slab and from the slab itself to the cubicle. In this case, a
part of the energy losses become direct passive energy gains since the duct installation is located inside the
cubicle and most of the heat losses from the slab are also to the internal ambient air, contributing to its
heating.
Table 1. Charge and discharge energy of the Active slab.

Energy
Solar Radiation
Injected
Energy (MJ)
(MJ)
Winter day 1
34.86
16.34
March

Energy
Energy
Charged Discharged İcharge (%) İdischarge (%)
(MJ)
(MJ)
11.99
8.80
73.4
73.4

Winter day 2

35.64

18.36

13.56

8.99

73.9

66.3

Winter day 3

32.45

15.96

11.42

8.03

71.6

70.3

Winter day 4

26.65

10.02

6.43

8.97

64.2

139.5

5.2. Summer experiments
Preliminary results have been analysed from the experimental campaign of summer 2014. Maximum outside
temperatures during these experiments were between 36 ºC and 32 ºC, while minimum temperature were
around 14 ºC. Solar global horizontal radiation had maximum values around 950 W/m2.
Temperature evolution of the slab during a daily experiment is presented in Figure 7. Air inlet temperature
drops to 16 ºC at the end of the charging period providing cold for the PCM solidification process. At this
point, PCM at the inlet is completely solidified, but the one at the outlet did not. During the storage period
(from 07h to 11h) PCM inlet temperature rises up 1 ºC which means there is absorption of heat (losses of
cold energy stored). Nevertheless, the heat absorbed comes from the internal ambient due to the integration
of the slab inside the building, providing a passive cooling supply. This fact is reflected in the interior
temperature which decreases during the storage period.
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Moreover, once the PCM inlet is fully melted in the discharge period, the air at the outlet of the slab (T
outlet) is not able to cool down the internal ambient (T interior). In spite of this, internal ambient temperature
was kept under 26 ºC during all day without any conventional cooling system, just with the active slab
supply.

Fig. 7: Daily temperature evolution (summer day 1, June 2014) of the active slab

Energy values during the charge and discharge period are presented in Table 2. During these experiments,
discharge efficiency values are quite low, oscillating from 17% to 6%. An important part of the energy
charged during night time is lost in the storage period. However, as it was previously mentioned, since the
storage system is located inside the building cold losses are contributing to cool down the internal ambient
and the storage period becomes a passive cooling period.
Table 2. Charge and discharge energy of the active slab.

Energy
Energy
Charged (MJ) Discharged (MJ)
Summer day 1
9.00
1.39
June

İdischarge (%)
15.5

Summer day 2

8.83

1.49

16.9

Summer day 3

10.50

1.03

9.8

Summer day 4

7.73

0.44

5.7

6. Conclusions
An innovative active slab system consisting of a concrete slab with PCM inside its hollows was presented in
this paper. The technology design allows the use of the slab as a thermal storage system integrated inside the
building structure as well as a heating and cooling supply. A prototype was installed in a house-like cubicle
at the experimental set-up of Puigverd the Lleida (Spain) where first tests were carried out under real
conditions. The concept was tested under winter and summer conditions, where the charging and discharging
processes were analysed.
During winter period, the active slab is able to charge 70% of the energy injected by the solar air collector.
Moreover, the discharge efficiency varies between 66% and 73% which means an injection of energy
between 8 MJ/day and 8.9 MJ/day for space heating.
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On the other hand, summer experiments showed low discharge efficiencies. Even though the amount of
energy charged were around 8 MJ to 10 MJ per day, the discharge efficiency values did not overcome 15%.
In both winter and summer mode energy losses were registered during charge or storage periods. An
important part of the energy lost through air ducts or convection in the same slab, became direct energy gains
(heating or cooling) to the internal ambient, since the system is integrated in the building.
The potential of the system to store and provide heating and cooling supply has been demonstrated.
However, it should be taken into account that the operational profile of these experiments was designed to
assess its potential. The charge and discharge processes should be well determined in order to maximize the
efficiency of the technology. A control unit is programmed for further experiments to control the system
depending on the weather and the energetic requirements.
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Nomenclature

Aduct

Sectional area of the air duct [m2]

Cpair

Air heat capacity [J·kg-1·K-1]

Qcharge

Total stored heat in the active slab [J]

Qcol

Total injected heat supplied from the solar air collector [J]

Qdischarg e

Total provided heat by the active slab [J]

Tinlet

Temperature at the inlet of active slab [K]

Toutlet

Temperature at the outlet of active slab [K]

Tincol

Temperature at the inlet of the solar air collector [K]

Toutcol

Temperature at the outlet of the solar air collector [K]

ti.ch

Time start of charge process [s]

te.ch

Time end of charge process [s]

ti.dis

Time start of discharge process [s]

te.dis

Time end of discharge process [s]

vair

Air velocity [m·s-1]

Greek symbols
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ρ air

Air density [kg·m-3]

ε charg e

Charge efficiency

ε discharge

Discharge efficiency
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Summary
The financial viability of a domestic sized solar Seasonal Thermal Energy Store (STES) installed in a lowenergy house located in a Temperate Maritime Climate was investigated. Using the figures for the recorded
performance in combination with the installation costs, a financial Life Cycle Analysis was undertaken to
establish the cost effectiveness of this. Three Domestic Hot Water (DHW) usage scenarios were considered on
the impact of DHW consumption on the solar energy available for space heating and the STES surplus (or
deficit) heat.
A Life Cycle Cost (LCC) analysis identified the optimal cost-effective solution. As part of the life cycle cost
analysis the effects of varying service life of the STES was considered. This shows that while a direct heating
and hot water system incorporating STES can be economically viable in a temperate maritime climate in the
long term, the financial viability of the solar/STES installation is seen to be heavily dependent on the profile of
DHW consumption.
Key-words: Seasonal Thermal Energy Storage, Passive House, Solar Combi-systems

1. Introduction
Regulations, such as those mandated as a result of the EU’s Energy Performance of Buildings Directive (EPBD)
(Anon, 2010a), aim to significantly reduce the space heating demand of dwellings while increasing the use of
renewables to meet the residual energy demand. The study of the performance of houses complying with the
low energy Passivhaus standard (Feist & Adamson, 1989, Feist, 1993) provides an insight into the performance
of low-energy buildings. When there is a low space heating demand in the dwelling (such as with the Passivhaus
standard), the opportunity for meeting a significant portion of this with renewable resources such as solar
become feasible.
The changes to the building regulations standards across Europe will see energy demand for DHW equal (if not
exceed) energy demand for space heating for new build dwellings. The variability and relative dominance of
DHW energy consumption is supported by a study undertaken by the UK’s Energy Savings Trust (Anon, 2008)
which estimated the average daily UK DHW consumption at 16.8MJ per dwelling (18.7 kWh.m-2a-1) based on
an average usable floor area of 91m2 (Anon 2010b), which is in excess of the 15 kWh.m-2a-1 space heating
demand required to comply with the Passive House standard.
While previous research has reported on large communal STES (for example Schmidt et al, 2003; Schmidt &
Muller-Steinhagen, 2004) consideration also needs to be given to STES for single dwellings such as that carried
out in this study. There are a number of countries in which the largest proportion of newly constructed houses

1321
© 2015. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of EuroSun2014 Scientific Committee
doi:10.18086/eurosun.2014.10.07
Available at http://proceedings.ises.org

Shane Colclough / EuroSun 2014 / ISES Conference Proceedings (2014)

are detached dwellings such as Ireland where 54.2% (2010), 62.3% (2011), 61% (2012) and 57% (2013) of new
buildings are detached (Anon, 2014a). In addition, detached dwellings often afford the advantage of sufficient
land area (value) for the installation of an STES.
A number of papers have focused on the analysis of STES systems in combination with low Energy houses
through the use of dynamic building simulation software such as TRNSYS, (Badescu & Staicovici, 2006;
Leckner & Zmeureanu, 2010; Hugo et al 2010), a number of which also undertook financial analysis. However,
few examples exist of a financial analysis based on recorded costs and monitored performance of an STES
installation which is the subject of this paper.
The house under consideration is a dwelling with a floor area of 215m2 constructed in 2006 to the Passivhaus
standard and located in Galway, Ireland. It has a very low predicted space heating demand of 1832kWh, as
determined by the Passive House Planning Package (PHPP), when it is used as a residence for a family. In June
2009, an underground aqueous Seasonal Thermal Energy Store was installed. The system is used to reduce the
dwelling’s installed electric space heating. An Evacuated Tube Solar collector array, of 10.6m2 aperture,
collects solar energy and stores it indirectly in a 300 litre DHW (DHW) cylinder. Once the DHW tank reaches
the required delivery temperature of 60°C, solar energy is diverted to meet the space heating demands via
underfloor heating or the heat recovery and ventilation (HRV) system. Energy surplus to the DHW and space
heating demands is diverted to a subterranean STES of capacity 22,730 litres. The energy stored in the STES is
used to provide space heating via the underfloor heating and/or heat exchanger coil in the HRV system.
Overall the arrangement ensures, a) the SF for DHW is high, b) heat surplus to DHW need is used for direct
space heating, c) any surplus heat is stored for winter use rather than rejected (as would be the case in holiday
mode), and d) the space heating SF in winter is increased.
Previous publications have provided details of the installation and reported on the operational performance of
the installation (Colclough et al, 2010; Colclough, 2011; Colclough et al, 2012a; Colclough et al 2012b and the
optimisation of the solar thermal installation used in the dwelling through numerical modeling reported by
Clarke et al 2013.
This paper focuses on a financial analysis to determine the economic viability of the installed solar heating
system based both on recorded performance. In addition the effects of two other DHW consumption scenarios
(the average UK and the PHPP predicted DHW consumption) were estimated, given the atypically low DHW
consumption recorded.
2. System Performance & Costs
2.1

Introduction

The performance of the system has been monitored since June 2009. System optimisation was undertaken in the
first heating season, and the results are thus atypical. In addition, the house was unoccupied or infrequently used
for the period June 2011 to October 2013. The overall period for which results are presented here is from June
2010 to May 2011, which represents the most typical system usage pattern.
2.2

Space Heating

Of the total space heating demand of 1592 kWh between June 2010 and May 2011, only 450 kWh was borne by
the electric heating system. The SF over the space heating season was 72%, with 739 kWh (46%) of the total
space heating demand being met by direct solar space heating via the heat exchanger coil in the HRV System
and the wet underfloor heating system, with the remaining 406 kWh (26%) provided by the seasonally stored
heat. It is noted that the Passive House Planning Package (PHPP) forecast an annual space heating demand of
1832 kWh, 236 kWh above the recorded space heating demand over that period. It is also noted that internal
temperatures of less than 15°C were experienced for 15 days due to the house being unoccupied for part of
December and January and temperatures across Ireland dropping to record lows in December 2010. Thereafter
the internal temperatures always exceeded 17°C, even during periods when the house was unoccupied. In this
paper, the space heating demand was assumed to be that predicted by the PHPP of 1,832 kWh, with the recorded
solar fractions used to determine the direct space heating and STES provided space heating.
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2.2

DHW Consumption

Three DHW consumption scenarios were assumed, and the effect of each on the distribution of energy between
DHW, space heating, and the seasonal storage tank were estimated for the house in Moycullen in Galway,
assuming maximum monthly solar contributions. The resulting distributions as presented previously (Colclough,
2011) were used as the basis for the financial analysis presented here using the financial metrics outlined below.
The domestic hot water consumption recorded at the site was low at 852 kWh. This reflects the use of the
building as an office/showhouse (rather than a domestic dwelling) during the period analysed and also its low
occupancy level. The total solar contribution to DHW was 792kWh for the period reflecting the atypically high
specific ratio of collector to storage DHW volume of 35.3m2/m3 (given the solar array of 10.6 m² feeding a
DHW tank of 300 L). While the recorded DHW consumption is atypical, it does provide a real consumption, the
effects of which on the distribution of energy on the three target systems are analysed under scenario A.
In addition to the recorded DHW consumption, the average UK DHW consumption as reported by the U.K.’s
Department of Environment Food and Rural Affairs (Anon, 2008), was also used. This represents the medium
DHW consumption considered in this analysis under scenario B.
The highest DHW consumption was that considered under the PHPP requirements (PHPP, 2007). Due to the
floor area available within the house in Galway, the default assumption for the occupancy in the house was 6.2
people (based on the area available per person). This leads to a DHW requirement of 2968 kWh, almost twice
that of the typical UK DHW consumption of 1703 kWh. This DHW consumption is considered under scenario
C.
2.3

System Costs

Table 1 provides an itemised breakdown of all the DHW and space heating system generic costs for the
installation in Galway, as recorded by the builder. It excludes the costs of the monitoring equipment, and costs
associated with the site specific tasks such as felling of trees, the installation of a greenhouse over the STES etc.
It also assumes that a heat transport mechanism is installed, this being a reasonable assumption for a house
constructed to the passivhaus standard given that a HRV System is mandatory. Full details of the costs are
available from Colclough (2011). The cost of the solar DHW installation (10.6m2 solar array coupled with a
300 L tank) is considered the base system. The cost of the heat exchanger coil plus a three-way valve (plus
labour costs) are itemised as the direct solar space heating system. The extra cost of the STES is detailed.
x

In compiling Table 1, the following is noted:

x

15% of total manpower costs is attributable to the DHW installation

x

5% of total manpower costs is attributable to the HRV System

x

80% of total manpower costs is attributable to the STES installation and site works

x

Site specific costs are excluded, e.g. greenhouse over seasonal store, tree felling etc.

x

Installation costs of heating equipment in house not included

x

Costs include VAT

Item

Solar DHW
Total cost €

Solar Space Htg
Extra Cost €

Seasonal Store
Extra Cost €

Parts

5057.00

269.00

11822.30

Labour

1679.30

559.77

8956.27

Total

6736.30

828.77

20778.57

Table 1 Estimated Costs of Typical Solar DHW, Seasonal Store and Space Heating System
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The costs were validated against the costs and sizing of European installed combisystems as undertaken by the
International Energy Agency Solar Heating and Cooling programme (IEA-SHC) Task 32 study (Anon, 2003)
and found to be within the normal range of combisystems costs.
3. Method
3.1 Life Cycle Cost and Savings Analysis
A life Cycle Cost (LCC) analysis using the time value of money as outlined by Kalogirou (2009) was carried out
over a 40 year period. Life-cycle cost analysis is a tool to determine the most cost-effective option among
different competing alternatives to do a project, when each is equally appropriate to be implemented on
technical grounds. All the costs are usually discounted and totaled to a present day value known as net present
value (NPV) using a discount factor d, which bring the individual future values of money to their present day
value.
A 40 year period was chosen for the financial analysis given the significant capital investment costs required for
the seasonal thermal energy store and the long service life of the STES. The investment in a STES is not
expected to pay back in a short timeframe, but rather is assumed to be part of the energy infrastructure of the
dwelling in the same way as appropriate orientation and insulation.
The analysis does not take into consideration the cost of financing the investment, tax incentives or annual
corporate tax treatments. Emphasis is given in the life cycle analysis to the service life of the components.
It should be noted that tax incentives, such as the accelerated capital allowances currently available for
investment in renewable energies in a number of countries such as the U.K.'s Renewable Heat Incentive (RHI)
(DECC, 2013) would significantly increase the attractiveness of the installation.
Persson and Westmark (2013) noted the significant emotional, cognitive and social factors at play when
consumers make investment decisions in STES systems, and have analysed the effects of behavioural economics
in such systems. For the purposes of this study, behavioural economics are not analysed and the neoclassical
economics approach has been adopted.
3.2 Expected Life of the Equipment
Given that solar thermal is a mature technology, the various components carry long warranties and it is
anticipated that with minimal intervention, systems will continue to operate for 15 to 40 years (Anon, 2013).
In this analysis, the cost has been allocated for scheduled maintenance (mtce) of the system every six years, in
line with the maintenance schedule carried out at the installation, and it is assumed that the solar thermal system
will continue to operate for 20 years without further capital investment.
Unless otherwise stated, the analysis has assumed that the value of all equipment at the end of the 20 year period
is zero. This leads to the “worst-case scenario“ for the financial analysis, and the approach has been to adopt this
conservative financial modelling throughout the remainder of the analysis.
However, while a 20 year service life is a reasonable assumption in the case of the DHW and space heating
systems, considerable value can still be attributed to the STES at the end of the 20 year period. The question of
how to value this resource can be approached in a number of ways. In this study the scenario of 40 years
operation is considered, and it is assumed that in year 20, a system overhaul of the solar collector, DHW and
direct space heating and seasonal energy storage heat exchanger coils will be required at a cost equivalent to the
initial investment and adjusted for inflation and the discount rate. It is assumed that the STES tank itself and
DHW tank will not require any extra investment.
3.3 Capital Costs
The capital costs in the life cycle analysis are those of the typical installation already outlined in Table 1.
In the analysis it is assumed that the capital costs of the space heating elements are negligible as an electrical
space heating element is typically standard in HRV Systems. Thus they have been eliminated from both the
solar and electric space heating analyses. In addition, it is assumed in the analysis that an existing HRV System
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is available as a heat delivery mechanism and an extra heat transport mechanism is thus not required. As
previously outlined, this is a reasonable assumption given that the house under study is constructed to the
Passivhaus standard. In the house under study, a wet underfloor heating system has been used occasionally in
conjunction with the HRV System. However given that it is possible to heat the house using the heat exchanger
coil in the HRV System exclusively, the costs of the underfloor heating installation are ignored.
One of the most significant variables in the analysis of the financial performance of the complete solar heating
system is that of the value of the STES at the end of the 40 year planning horizon. Thus consideration is
required of the NPV of the terminal value of the STES.
The value inherent in the installed STES is difficult to estimate. Given that it has an exceptionally long predicted
service life and can be used over a longer planning horizon than the 40 years considered, a terminal value of
€7,481 is assigned reflecting that 50% of the initial value of the STES will remain at year 40 assuming an 80
year economic life and adjusting for NPV.
3.4 Pump Operation and associated costs
In analysing the costs associated with the solar heating system, the annual running costs in addition to the capital
costs (which have already been considered) must be included. It was estimated that the underfloor/HRV System
heating pump consumed between 94kWh and 137kWh of electricity during the period of operation (depending
on the scenario considered). This figure is used when calculating the amount of energy consumed by the pump
in transferring heat from the STES.
For the solar circuit, it is calculated that the total consumption over a year is 118 kWh and 141kWh again
depending on the scenario. In the analysis, this energy consumption is spread on a pro rata basis to each of the
three target systems, based on the energy transferred to the target system.
A maintenance check is carried out and a glycol solution is added to the water in the solar circuit every six
years. It is assumed that this costs €150 (at today's prices).
3.5 Treatment of the time value of money
A Life Cycle Cost and Savings analysis has been carried out with a number of different variables and results
presented here using;
Annual Discount Rate d = 3%
This is based on the required IRR (Internal Rate of Return) within the company concerned at the time of the
analysis.
Annual Rate of Inflation i = 2.2%,
This reflects the average of the Irish rates of inflation reported by Eurostat from 2001 to 2011 (Anon, 2012)
Annual Rate of Electricity Inflation ie = 7.3%
This reflects the 11 year average rate of electricity inflation calculated using the eurocent Unit price of Domestic
Electricity in Mar 2002 at 10.71c (source Electricity Supply Board - ESB bills) and in March 2014 at 19.28c
(Anon 2014b). This represents an increase of 8.57c, or 80.01% in 11 years, equivalent to 7.27% on an annual
basis). The rate of 19.28c excludes any Public Service Obligation (PSO) levy, (a government charge to cover the
higher costs of peat and renewable energy in Ireland) as this cost is currently based on an annual charge rather
than a charge per unit of electricity.
4. Results

4.1 Scenario A: Recorded DHW Consumption
Figure 1 shows a graphical representation of the NPV when the DHW consumption is assumed to be 852 kWh
and the space heating consumption 1832 kWh.
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The NPV for the base case (of electrical heating) is €53,184. This represents the most expensive option for
heating the dwelling. The option of using the solar DHW and direct space heating system without the
incorporation of a STES has an NPV of €41,497. Once the terminal NPV for the STES of €7,481 is considered,
it is seen that the least expensive option for providing both DHW and space heating over the considered 40 year
planning horizon is that of using the solar space heating and DHW heating incorporating the STES.
For the lowest DHW consumption scenario, it is seen that the breakeven point between the base case and the
least cost option of using the solar space heating system with the STES occurs in year 32, after which time
savings accrue.
It is seen that the first breakeven point for the DHW and direct solar space heating system occurs in year 19
with a second breakeven point in year 30.

Fig 1. NPV for DHW consumption scenario A

4.2 Scenario B: Average UK DHW Consumption
Figure 2 shows the NPV for the “medium” DHW consumption scenario of 1703 kWh in combination with the
space heating consumption of 1832 kWh.
The base case again is the most expensive option, with an NPV of €69,433, significantly higher than scenario A
due to the higher DHW consumption. Significant savings are seen to occur once solar energy is used for the
DHW and direct space heating, with an NPV of €46,232 without the use of the STES. Without considering the
STES, breakeven for the solar system are seen to occur in year 14. However, the least cost option again is to use
the solar space option incorporating the STES, with a total NPV of €38,203, and savings are seen to accrue
from year 25.
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Fig 2. NPV for DHW consumption scenario B

4.3 Scenario C: PHPP predicted DHW Consumption
Figure 3 shows the NPV for the highest DHW consumption scenario of 2968 kWh in combination with the
space heating consumption of 1832 kWh. While the PHPP predicted consumption is significantly higher than
the average UK consumption, it is included here to reflect the upper end of DHW consumption given the
significant variation in DHW consumption among dwellings.

Fig 3. NPV for DHW consumption scenario C
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The NPV for the base case is €93,587 reflecting the fact that the DHW consumption is more than 50% higher
than the space heating consumption. For this scenario, the next most expensive option is still to use the solar
solution excluding the STES, but it is seen that this is only aproximately €1,500 more expensive than the option
of using the STES.
The breakeven point for the STES solution in scenario C occurs in year 23. However, given the marginal
difference between the solar solutions (i.e. with and without the STES), consideration could also be given to the
option of not including the STES. In this case, the breakeven point for the solar heating system is seen to occur
in year 10, reflecting the significantly lower capital investment costs of the solar solution excluding the STES.
5. Discussion and conclusion
The LCA demonstrated an economically cost effective argument for solar DHW and direct solar space heating
compared to the use of electricity. In addition, the net present value for solar DHW and space heating shows that
the use of the STES reduces overall costs when one considers a planning horizon of 40 years.
The financial analysis undertaken using net present values demonstrated that there is a strong case for direct
solar space heating compared with the use of electricity with payback for the solar space heating “upgrade”
being achieved between year 10 (for high DHW consumption), and in year 19 (in the case of low DHW
consumption). Payback periods for the system including the STES reduce from 30 years to 26 years to 23 years
as the DHW consumption increases under the three scenarios.
It is important to consider the holistic nature of the solar solution. The high ratio of solar collectors to DHW
storage ensures that the DHW solar fraction is exceptionally high, and that significant solar energy is available
for use in space heating. However without the use of a STES, stagnation would occur in the solar collectors
significantly impacting on the long-term reliability of the solution. Thus even without considering the fact that
the long-term business case for the inclusion of the STES is positive, the inclusion of the STES is required for
optimal operation.
The analysis has been carried out for a specific installation in Galway, Ireland for which the system costs were
detailed and validated by benchmarking against the costs of similar combisystems as reported by the IEA.
Further, the financial variables were chosen for the specific company, the country, and the time of the study. All
of the above variables are subject to change with a corresponding impact on the financial viability of the specific
installation considered. It is noted that while a discount rate of 3% was used, this has been influenced by the low
level of building activity and the consequent strategy of generating returns marginally above the rate of
inflation. Further work is required to analyse the use of STES with low energy housing for other markets and
financial variables.
It is noted that the analysis is based on recorded performance figures from the installed system. Previous
publications (Colclough, 2011, Clarke et al, 2013) highlight that the installation carried out by the builder was
not optimally designed. The store design eliminated stratification and the pipeline length to and from the
thermal store was excessive (18m each way), both of which worked to reduce the efficiency of the STES. In the
case of the transfer of heat from the STES to the space heating system, the resultant heat transfer loss of 17.6%
has been recorded (Colclough, 2011). In addition, using a Trnsys model of the installation, a further 30%
reduction in the fossil fuel derived energy demand could have been achieved by increasing the solar array from
10.6 m² to 20 m² (Clarke et al, 2013). The extra costs associated with doubling the solar array is approximately
€3,000 (see table 1). Thus by improved design, the system performance could potentially be increased by
approximately 50% for marginal extra financial outlay. It is anticipated that with an increased system
performance of 50%, there would be a significantly greater advantage to incorporating a STES than is currently
evident from the analysis. In addition, the space heating system utilises direct space heating, (i.e. without the
benefit of a diurnal store). It is anticipated that further increases in efficiency could be obtained simply by using
a combined DHW and space heating buffer tank. Further work is required to determine the impact of a diurnal
store on the performance and financial viability of the installation.
At a policy level, consideration should be given to how best to facilitate citizens in benefitting from the long
term benefits of STES in meeting the EU Near Zero Energy Targets. In the same way that Feed in Tariff’s have
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facilitated the PV industry in a number of European countries, governments should consider incentivising STES.
This could perhaps be achieved through the use of the Renewable Heat Incentives initiative seen in the UK
(anon 2013b). The analysis should be carried out for the UK market, considering the recent introduction of the
renewable heat incentive, where the economic argument for the solar DHW and space heating system may be
significantly enhanced by the inclusion of the STES.
In conclusion, the analysis shows that, for the specific house under study, the use of a Solar Energy system
incorporating an STES for DHW and Space Heating shows financial savings compared with the use of electric
heating given the timeframes consistent with the service life of the STES.
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Abstract
In this paper, the theoretical and experimental investigation of the reaction zone construction of an
absorption/desorption concept with sodium hydroxide (NaOH) and water is described. Both heat and mass
exchangers – absorber/desorber (A/D) and evaporator/condenser (E/C) - constituting this reaction zone are
falling film tube bundles working under reduced pressure (evacuated container). The different choices made
for the construction of the reaction zone are outlined: the container as well as the manifold design, the vapour
pathway with thermal radiation protection, the liquid level measurement cell and the tube bundle are
described. After construction of the reaction zone, the work was focused on the first assessment of the A/D
and E/C units in order to check their proper functioning. In this context, Helium leakage tests were carried
out for the different components and an optical setup enabling to check the efficiency of the manifold with a
substituted fluid is realized for the A/D unit.

Keywords: tube bundle, falling film, absorption, desorption, sodium lye, vacuum, seasonal thermal energy
storage, solar thermal energy.

1. Introduction

Seasonal storage using sensible thermal energy in materials (usually water) has two main disadvantages:
comparably high thermal losses and a low volumetric energy density (Duffie and Beckman 2013). A process
involving absorption and desorption could be a solution to improve both aspects.
In the absorption/desorption storage concept with sodium hydroxide (NaOH) and water, the energy provided
by the solar collectors (solar heat, see Fig. 1) during charging process in summer is used to vaporize under
reduced pressure a portion of the water contained in the diluted caustic soda solution (desorber). Then, the
latent condensation heat (condenser) is released to the ground by means of a bore hole (heat sink) and the
liquid water as well as the concentrated solution generated are separately stored at room temperature. During
discharging, the process is reversed: The ground heat (heat source) is used to evaporate the water under
reduced pressure (evaporator) and the absorption of the vapour into the concentrated caustic soda solution
releases heat (absorber) at a temperature level sufficiently high to satisfy the building’s heating and domestic
hot water production requirements in winter time (Weber and Dorer 2008).
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Fig. 1: The concept of the closed sorption heat pump based heat storage (Fumey et al. 2014).

To perform this storage concept, heat and mass exchangers are core components in the system design; after
having described the layout and the component improvement of the Absorber/Desorber reaction zone
(Daguenet-Frick et al. 2013), the present study will focus on the manufacturing and on the first assessments
of the reaction zone.
2. Reaction zone construction
The seasonal sequential operation of the heat storage allows the combination of the process stages –
absorption and desorption – (absorber and desorber unit) and evaporation and condensation (evaporator and
condenser unit) each in one component (A/D unit presented on the left part of Fig. 2, E/C unit on the right),
leading to a decrease of the volume and hence to an increase of the volumetric energy density of the storage
system.

A/D unit (chamber 1)

vapour feed through

E/C unit (chamber 2)

show glass

NaOH inlet

water inlets

vacuum flanges
heat transfer
medium collectors

level measurement cell

NaOH outlet

water outlet
Fig. 2: CAD drawing of the reaction zone with both A/D (left) and E/C unit (right).

Due to the high heat and mass exchange abilities of tube bundle heat and mass exchangers, a technology
presenting a good compactness is used for both heat and mass exchangers.
Both tube bundles - of the A/D and the E/C - are designed in order to fit, assembled with their manifold in a

1332

Daguenet-Frick et al. / EuroSun 2014 / ISES Conference Proceedings (2014)

400 mm stainless steel tube container ensuring the reaction zone working under reduced pressure. The
processes are running in the absence of air and therefore a not leaking vacuum envelope is required. To
prevent gases -air- leaking into the vacuum chambers, as much as possible of the vessels are welded out of
standard parts available on the market supplied by appropriate manufacturers. To keep experimental
flexibility most of the feed through have a gasket tightening.
A modular concept (each component is easily dismountable) as well as a limited number of vacuum sealing
gaskets were two challenges in the container design. As showed on Fig. 2, two inspection glasses allow the
view at the top of the tube bundles, directly under the feed manifold. Except the both fluid outlets at the
bottom of the containers and a temperature sensor feed through in the A/C envelope, all connections and feed
thoughts are located on the tube bundles flanges (in blue on Fig. 2). These connections enable the feed of the
tube manifolds with caustic soda solution on the A/D side and water on the E/C side. Two other feed through
connections placed on the flanges are for the evacuation of the containers and the operation pressure
measurement. Manifolds are integrated to the flanges for the inlet and outlet of the tube bundles heating and
cooling fluid and further feed through are for the temperature sensors measuring the heating and cooling
fluid temperature inside of the tube bundle tubes as well as outside of these tubes (outside tube wall
temperatures).
For process and handling reasons as well as for fluid separation, both A/D and the E/C units are placed in
different containers (Fig. 2). The vapour feed through connects both units, enabling the required exchanges
of vapour in both directions (evaporator to absorber or desorber to condenser). On one hand the vapour
pressure loss through the feed through should be as low as possible (a value between 50 and 120 Pa is
expected depending on the pressure level inside of the reaction zone) and on the other hand the feed through
should avoid the transfer of liquid splashes from one container to the other. Additionally, the vapour feed
through should only act as mass transfer unit and therefore form a thermal barrier. A nickel plated and
bended metal sheet is implemented for this task and will predominantly form a radiation shield (radiative
disconnection due to the high reflectivity of the Nickel in the infrared).
In order to decrease the parasitical electrical energy consumption and to simplify the control, the A/D unit
design was completed to work without fluid recirculation outside of the tubes and the E/C unit with a
minimal fluid recirculation. According to the simulations, this recirculation should be able to maintain a low
temperature difference (about 2 K) at the outlet of the E/C unit. Due to this water recirculation outside of the
E/C tube bundle, a level sensor equipped vessel able to collect the recirculated water is required. This vessel,
also named level measurement cell in Fig. 2 should avoid vainly pumping water from/to the storage tanks at
each start of the reactor as well as prevent a dry running of the pump.
container
feeding tube
manifold
plate with nozzles

tube bundle
hair pin
vacuum flange
heat transfer
medium collector
level measurement cell

Fig. 3: CAD cross-sectional view of the E/C unit (manifold and tube bundle).

The tube bundle design is completed using tubes of 10 mm diameter. One of the criteria was that the tube
bundles and manifolds (shown on the cross-sectional view from Fig. 4) should fit into a 400 mm diameter
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standard vacuum tube used as container. A numerical model was developed at SPF lab and used to quantify
the performances of the tube bundles (Daguenet-Frick et al. 2013).
Once the tube bundle geometry established, the next challenge was to design manifolds for a homogeneous
liquid distribution taking advantage of the experimental results obtained with the preliminary test rig.
Particularly tricky was the nozzles manufacturing in 1.4404 stainless steel alloy. Above several other
possible designs, a version with nozzles directly machined in a stainless steel nozzles plate was retained.
With this version a high flexibility on the nozzle geometry is reached, enabling a good liquid distribution. A
drawback of the chosen design is that it is expensive.
Special attention was carried to the fluid distribution on the absorber/desorber tube bundle unit as this heat
and mass exchanger is used without fluid recirculation. Like in the preliminary experimentation test rig, the
caustic soda mixture enters the top of the manifold from both sides of a perforated feed tube. The expected
pressure losses through the perforation holes are 3 to 5 time higher than those due to the fluid flow along
inside the tube, ensuring an equalised fluid distribution between both ends of the manifold. A fluid film
formation is aimed on the bottom plate of the manifold (the plate with the nozzles): the resulted height was
between 0.5 to 0.9 mm according to the simulations and 5 to 17 mm according to estimations based on
extrapolation of experimental results. Nevertheless the high discrepancy of these two results is, in all cases
the formation of a liquid film on the nozzles plate will be achieved, ensuring a homogeneous fluid
distribution on the manifold nozzles plate on each side of the feed tube.
For the other unit, the evaporator/condenser sorbate recirculation operation mode leads to high mass flow
rates in the manifold. To limit the flow velocity and thereof the pressure loss inside the sorbate feeding tubes,
a high number of tubes had to be implemented in the manifold and, due to the limited volume inside of the
container envelope tube, the fluid feed could only be realised from one side of the manifold as shown on the
global overview of the manifold assembly given by Fig. 4 (feed tubes - in blue, on the left - and manifold
plate with the nozzles - at the bottom, placed over the tube bundle -). To ensure a homogenous distribution of
the fluid all along the tube bundle, the ratio between the pressure drop through the holes of the perforated
feed tubes and those due to the fluid circulation inside the tube increased to a value between 8 and 10,
depending on the flow rate. According to the simulation results, a good lateral distribution of the water
should also be reached by the existence of a water level height of more than 6 mm on the nozzles plate.

Fig. 4: View of the installed and measurement sensors equipped reaction zone (A/D unit left, E/C unit right). The vacuum
valve - black handle - and the flexible stainless steel vacuum hose - middle right - are used for the ongoing leak test.

The described reaction zone was manufactured, assembled, equipped with sensors and connected to the rest
of the facility (as shown on Fig. 4). Some preliminary tests -like Helium (He) leakage tests - preliminary to
the commissioning of the seasonal heat storage are described in the next part of this paper.
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3. First assessments
This part focuses on the first assessment of the A/D and E/C units in order to check their assigned
functioning.
3.1. Leakage detection:
In the following a short presentation of the He-leakage test method is given and the results of our tests are
shown.
The power and efficiency of closed sorption systems for thermal energy storage are -beside of othersdepending of the tightness of the vacuum components contained in the whole system assembly. During
operation of the sorption storage in the relevant chambers non-condensable gases like air will disturb heat
and mass transfer. In a leaking vacuum chamber of volume V, the pressure p will increase continuously in
time t and a leakage rate Q (in mbar*l/s, see eq. 1) can be determined (Lafferty 1998).

Q

V  'p
't

V  p t2  p t1
t2  t1

(eq. 1)

The leaking air (the non-condensable gas at the operating temperature T and pressure P) will hinder the heat
and mass transfer in the reaction zone – and hence reduce the power Φ and efficiency of the storage unit.
There are different methods to do leakage tests on vacuum chambers (Zapfe 2007). The pressure increase
method (measurement of the pressure evolution over a given duration) is the simplest one, but it does not
allow the identification the exact position of the leakage, which can be a malfunction of a gasket, a pore
containing welding seam, or an internal (artificial) leakage.
For an exact localization of the leakages a mass spectrometer is necessary and its sensitivity sets to the He+
ion line with atomic mass unit 4 (amu = 4). In our tests we use a Pfeiffer Vacuum Mass Spectrometer QMG
220. The mass spectrometer is adapted to the vacuum chamber (see Fig. 5) and separately pumped by a turbo
and a mechanical pump to reach operation pressure lower than p=1*10-4 mbar as at higher pressures
operation the spectrometer is damaged. If required (if too significant leakage), a sintered micro-porous filter
is inserted between the tested container and the mass spectrometer to ensure the low enough operation
pressure. During the leakage test, while the outside wall of the tested container is locally sprayed with
Helium, the ion current I is measured in function of time t. The quadrupole mass spectrometer measures the
He+ line inside of the tested container. Each peak in the measurement curve means an increase of the He +
intensity betraying the location of a leakage.
Mass Spectrometer
Feed through

Vac. chamber
Pressure measurement

Vacuum Pumps 1&2
(Turbo / Mechanical)

Fig. 5: Principle schematic of a leakage test with mass spectrometer (left) and setup of the He leakage tests with an Pfeiffer
QMG 220 (right).

In this context, Helium leakage tests were carried out for each of the different components constituting the
reaction zone. Most of the detected leakages were located at temperature sensor feed through (flat gaskets)
but some were also located at the junction of standard vacuum elements (damaged die spit) and one on a
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welding seam.
After repairing of the leakages, rest gas spectra were taken with the same spectrometer to identify the
“contaminating” gases in the vacuum chambers.

rest gas E/C unit
1.20E-09

H2O+

rest gas E/C unit

1.00E-09

N2+

ion current (A)

8.00E-10

C2H4+

H2+

6.00E-10

4.00E-10

HO+
C2H3+

2.00E-10

C+

C2H2+

C2H5+
(16)

O2+

C3H5+
C3H7+

O(18)O+
C3H3+

C3H8+

0.00E+00

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
mass (amu)

Fig. 6: Rest gas spectrum of the E/C unit.

According to Fig. 6, apart from hydrogen (typical to vacuum application) and nitrogen (air main constituent),
the rest gas consists of water (H2O vapour) and of hydro-carbons (CnH2n+2 vapour) stemming from the
vacuum chamber surfaces.
3.2. Wetting measurements
For a check of the efficiency of the A/D unit manifold, an optical setup was realized (see Fig. 7). In this
experiment, the working fluid pumped by a dosing pump flows through a nozzle manifold from top to down
over the tested tube bundle (see Fig. 8). The flow pattern is measured by a CCD camera taking and averaging
pictures to a mean representation.
An optical method was developed to quantify the wetting of the heat and mass exchanger tube arrangement.
While the fluid flows downward over the tube bundle pictures of the heat and mass exchanger tubes are
taken with the CCD camera. The tubes are illuminated from the front (spotlight) and from the back side
(diffuse backlight) as showed on Fig. 7. On the obtained pictures, the dark areas between the tubes show the
presence of fluid droplets. In order to ensure a high repeatability of the calculated tube bundle surface
wetting fraction, statistics is done on sets of 1000 pictures taken at a frequency of 2 Hz and with an
exposition aperture opening time of 10 μs per single photo.
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Fig. 7: View of the A/D heat and mass heat exchanger during the fluid distribution test.

Profiles giving the recorded light intensity in the gap between two tubes are extracted from the postprocessed pictures in order to find the fluid distribution along the tube bundle. A light intensity threshold is
set and the presence of fluid determined by a Boolean operation, leading to the determination of a wet
surface fraction indicator (ratio of the length where fluid is detected by the total tube length). Thanks to the
profiles set up at the top of the tube bundle (directly under the manifold), the validation of a good
functioning of the absorber/desorber manifold was achieved: on two measurements campaigns (impinging
mass flow rate range between 1 and 30 l/h), the average relative difference on the wet surface fraction
indicator between left and right part of the tube bundle is about 5%. Fig. 8 shows the proper working of the
manifold with water as working fluid: the droplets are properly falling under the nozzles and hit the upper
tubes of the tube bundle on their total length. As shown by the preliminary work on a downscaled
experiment, the replacement of water by caustic soda should not be any problem (Daguenet-Frick et al.
2013).

Fig. 8: Side view of the falling film on the A/D tube bundle heat and mass exchanger (left) and instrumented – temperature
sensors - A/D tube bundle (right); impinging mass flow rate: 30 l/h of water.

Three different measurement campaigns were performed on the absorber/desorber tube bundle in order to
determine the evolution of the wet surface fractions indicator. In these campaigns the impinging mass flow
rates was extended to the foreseen working range of this heat and mass exchanger (see Fig. 9). One further
aim was to check the influence of the temperature sensors mounted outside of the tubes (film temperature
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measurement, see Fig. 8, right) on the fluid flow. Averaged values from two measurement campaigns
without sensors on the tube bundle were used to determine the three curves (18th_avg, 10th_avg and 6th_avg)
presented in Fig. 9. At least at the top of the tube bundle, logarithmic trend-lines (curves in black on Fig. 9)
fit well with the measurement data. For a considered mass flow rate, from the top to the middle of the tube
bundle, a decrease of the wet surface fraction can be observed. It seems that this phenomenon is reversed at
the bottom of the tube bundle. In this part of the tube bundle, a minor increase of the wet surface fraction is
observed while the mass flow rate increased to values higher than 15 l/h.

Fig. 9: Development of the tube bundle wet surface fraction in function of the mass flow rate at different positions (18th row:
top of the tube bundle; 6th row: bottom of the tube bundle).

In Fig. 10, focus is put on the influence of the position along the tube bundle on the wet surface fraction
(measurements were achieved with mass impinging flow rates between 20 and 30 l/h, mass flow rate range
in which the dependence of the wet surface fraction on the impinging mass flow rate is low). The graph in
Fig. 10 shows, as supposed previously, that the highest value of the wet surface fraction is reached at the
top of the tube bundle, directly under the manifold. By trickling down the first 12 tubes, some of the
droplets coalesce, leading to a decrease of the wet surface fraction. After this happen, the trend is
apparently reversed, leading to a little increase of the wet surface fraction. This phenomenon, confirmed by
inspection of the post processed pictures was not noticed during the preliminary experiments as the tube
bundle height was to low (6 tubes rows) - to notice such an evolution.
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Fig. 10: Development of the tube bundle wet surface fraction in function of the position along the tube bundle for different
mass flow rates.

In Fig. 9, the three lasts series of points (18th_sensor, 10th_sensor and 6th_sensor) are measurement obtained
after the installation of the temperature sensors and in the upper mass flow rate domain (working range of
the absorber/desorber). At the top of the tube bundle, the influence of these sensors on the flow pattern
seems to be negligible (measures within the range of the uncertainty bars) whereas at the bottom a
noticeable increase (about 8 %) can be seen. To summarize, the installation of temperature sensors should
not disturb the flow pattern and thus the performances of the heat and mass exchangers.
4. Conclusion
The thermochemical seasonal storage demonstrator reaction zone design is based on two tube bundle heat
and mass exchangers placed in two separate vacuum containers connected by a vapour feed through tube. In
fact, the seasonal sequential running of the heat storage allows the combination of the absorber and of the
desorber in one unit as well as of the evaporator and of the condenser in a second one. The design is carried
out in order to have easy access to the tube bundles and their accessories (maintenance) and to have a good
sight to the process (fluid distribution & control). For a low air leakage rate the number of sealing gaskets is
kept as low as possible (vacuum tight facility). Special attention was paid to the manifold concept and to its
design in order to ensure an optimal working of the heat and mass exchanger (fluid equally distributed all
along the tubes).
Before integrating the reaction zone in the demonstrator facility, a preliminary assessment was carried out:
First, Helium leakage tests enabled us to find and repair all the major leakages. The second step was to
validate the manifolds functioning and to be sure that the temperature sensors clamped outside of the tubes
constituting the tube bundle do not severely disturb the fluid flow, which was proved in an optical study of
the flow profile on the Absorber/Desorber unit within a wide mass flow rate range.
The reaction zone described in the present study was developed in the frame of the EU project COMTES and
will be integrated in a demonstrator facility able to supply heat and domestic hot water to a typical low
consumption single family house.
Acknowledgment - Financial support by the European Union in the frame of FP 7 under the grant number
295568 and the University of Applied Sciences Rapperswil and the Swiss Federal Laboratories for Materials
Science and Technology is gratefully acknowledged.
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Abstract
Given the concern about the depletion of natural resources, some researchers have been motivated to study and
develop new technologies of thermal energy storage (TES). It is well-known that thermochemical storage has
a series of advantages compared to other kind of TES technologies (i.e. sensible or latent). This study starts
with the design, construction, and start up of two experimental setups where the process of thermochemical
storage by water adsorption/desorption of zeolitic systems can be measured. Afterwards, thermal behaviour of
the process is investigated experimentally through operating factors that may influence it (such as degree of
relative humidity, airflow inlet temperature and flow, particle diameter, amount of zeolite and setup). First
results highlight the relevance of trade-off between different factors such as height of the packed bed system
and the airflow.
Keywords: thermochemical energy storage, adsorption, zeolite, TES, experimental
1. Introduction
Methods of thermal energy storage (TES) have the objective to store heat or cold in form of thermal energy
and release it when necessary. TES is mainly divided into three types: sensible, latent and thermochemical.
Thermochemical storage (TCS) includes both chemical reaction and sorption storages. In sorption processes,
thermal energy is stored thanks to an endothermic dissociation reaction that occurs when two reactant
substances are separated. The energy is released when the reverse reaction takes place. Up to now, majority of
TCS studies are related to solar applications (Mette et al. 2012; Yu et al. 2013). However, there are many other
domestic or industrial applications and processes requiring thermal energy to operate but having waste heat
flows that could be managed by a TCS system in a more efficient way. Many researchers have conducted
experimental studies to investigate the equilibrium adsorption capacity, thermodynamic properties and energy
storage capacity of a wide range of storage materials (Abedin and Rosen, 2011; Ding and Rifat, 2013). For the
studies presented here, the adsorbent working pair chosen has been water and zeolite NaY. This working pair
has shown a good cyclic behaviour without degradation over large number of cycles. Furthermore, zeolite NaY
has demonstrated to have better results than other zeolites due to its higher energy density (Boggenbarg et al.
2002; Whiting et al. 2013). The main objective of this study is to design, construct and test an experimental
setup where the process of thermochemical storage by water adsorption/desorption of zeolitic systems can be
measured and thermal behaviour can be studied. Analysis of the experimental outcomes will be the basis to
support the incorporation of such TCS systems in adequate applications (e.g. waste heat recovery in ovens,
waste heat in engines, etc.).
2. Experimental Method
2.1. Thermochemical storage, basics
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The term thermochemical storage is generally used to encompass two TES mechanisms: chemical reaction and
sorption (adsorption and absorption). Both methods are based on a physical-chemical reversible reaction.
According to Fig. 1, component C is the thermochemical material. Considering an input of heat, C is
dissociated into A and B components, which can be stored separately. Both are reactants in the chemical
reaction process or working pair in the sorption process. C can be formed again when A and B are in contact
under certain conditions. The working principle of the process consists of the stages plotted in the figure 1.

Fig. 1: Stages of thermochemical energy storage (Hauer, 2007)

2.2 Thermochemical storage by adsorption
Adsorption is a process that occurs when a gas o liquid stream gets in contact with a solid, and then one or
more components of this stream adhere to the solid. Adsorption takes place by binding forces that are
established between the solid and the stream component(s). A certain amount of heat is released as denoted in
equation 1:
ܧௗ௦௧ = οܪௗ௦௧ ή ݉ௗ௦ௗ

(eq. 1)

It depends on the enthalpy of adsorption and the adsorbed amount of adsorbate. Both, enthalpy and mass can
be determined by specific measuring techniques (i.e. calorimetry, thermogravimetry). Besides, the amount of
adsorbed water can be determined by differential weighing of the solid bed before and after the adsorption
stage.
2.3 Working pair
One interesting working pair for heat storage system by adsorption is constituted by zeolite as adsorbent and
water vapour as the adsorbate (Dawoud et al. 2007; Wang et al. 2009; Dieng and Wang, 2001; Baker, 2008).
Water is a very suitable compound to use as thermochemical adsorbate in storage systems as it has a high
enthalpy of evaporation, which pushed for high heat of adsorption. It is also a non-toxic compound and nonhazard to persons or to the environment when handled (Henninger et al. 2010; Heyden et al. 2009). Zeolites
are a family of hydrous aluminosilicate minerals. They have a porous structure with uniform pore dimensions
(Auerbach et al. 2003). When the zeolite is dehydrated it has a large internal surface which provides a great
capacity for selective adsorption of any molecule that can penetrate into their cavities. Once water vapour is
selected as adsorbed compound, it is necessary to choose a zeolite with a high hydrophilic character. The two
classes of zeolites most widely used for this purpose are type A and faujasite NaX and NaY (Heyden et al.
2009; Levitskij et al. 1996; Henninger et al. 2012). In the study here, NaY faujasite is used.
A characterization of the zeolite NaY is performed to obtain values of certain parameters relevant for the study
and to preliminary check its behaviour. A thermogravimetry analysis was performed at the Department of
Chemical Engineering and Environmental Technology (University of Zaragoza) using a Mettler Toledo
TGA/DSC 1 STARe System (Mettler product catalog, Thermal Analysis). From the thermogravimetry (TG)
curve and its derivative (DTG) shown in Fig.2, the zeolite adsorption capacity (equation 2) and total drying
temperature (250ºC) is obtained.
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Adsorption capacity [%] =

ౄమ ో(౬),ౚ౩ [୫]
ౚ౨౯ ౢ౪ [୫]

· 100 = 30.3 %

(eq. 2)

Later on, for pre-design purposes, the corresponding mass of zeolite required to store a specific amount of
energy can be evaluated.

Fig. 2: Graph of thermogravimetry of NaY zeolite. Heating rate 10°C/min

2.4 The process
The thermochemical energy storage by adsorption process consists of two main stages, namely:
Desorption: Initially, zeolite saturated with water vapour is inside the reactor. As desorption is an endothermic
process, it is necessary an external heat input. In the experimental setup, this heat is provided by a hot and dry
air stream entering from the top of the reactor. When this stream contacts the saturated zeolite, two transfer
phenomena occur:
A. Heat transfer: air stream transfers the heat needed to evaporate the adsorbed water.
B. Mass transfer: water is desorbed from the zeolite and becomes part of the air stream.
The air stream leaves the reactor at a lower temperature than at the inlet and with a higher relative humidity.
While the zeolite is dried, the relative humidity at the outlet will increase. When the zeolite bed is completely
dried, the humidity conditions at the inlet and the outlet are the same.
Adsorption: When the two substances, zeolite and water vapour re-contact, the working material regeneration
occurs. Water vapour enters the system when a stream of humid air at ambient conditions is fed in the reactor.
Again two types of transfers occur:
A. Mass Transfer: water vapour is attracted to the NaY zeolite surface where it adheres.
B. Heat Transfer: the heat released due to condensation of water vapour is taken up by the air stream
leaving the reactor.
While adsorbing, outlet air stream is hotter and dryer that at the inlet. While the zeolite is wetted, the relative
humidity of the output current will be zero. Once the zeolite bed is fully wet, inlet and outlet humidity
conditions will be the same.
3. Description of Experimental Setups
In order to test the thermal performance of sorption-based TCS reactors, two experimental setups have been
developed. The first one (preliminary) allows a rough and coarse analysis, due to its simpler instrumentation
(fish tank air compressor, handmade oven, laboratory impinger, rotameter). The second one is fine-tuned and
all the operating conditions can be set with higher precision thanks to a Controlled Evaporation Mixing (CEM)
and the corresponding mass flow controllers; it is based on Hongois et al. (2011) and on the initial results
obtained with the preliminary setup. Both experimental setups are designed to work as open systems. An air
stream transports different water contents (ranging from 0 to 100% relative humidity) inside a cylindrical
packed bed reactor, glass made, and surrounded by a vacuum chamber. A series of temperature and humidity
sensors (±0.8%HR, ±0.1K) to characterize the processes has been installed, not only for the air streams but
also for the packed bed (multi-temperature sensor). Pressure drop has been measured for different reactor
configurations.
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3.1. Preliminary setup
The purpose of this preliminary setup is to qualitative study the adsorption process taking place between NaY
zeolite and water vapour. The setup is designed with adequate, economical materials, easy and fast purchase,
to perform a preliminary study of the process by varying the initial conditions, and trying to delimit the working
range of modifiable system parameters. The obtained data are the starting point for the design and subsequent
study of the second installation. Fig. 3 shows a block diagram of this preliminary setup and a photo marking
the main components.

Fig. 3: Diagram of the preliminary setup (left) and photo with main components marked (right)

3.2. Fine setup
The purpose of this installation is to study more quantitatively the adsorption and desorption processes taking
place. This setup will get more fine measures and with greater accuracy than in the preliminary setup. Fig. 4
shows a diagram of this final setup and Fig. 5 a photo marking the main components.

Fig. 5: Design of fine setup
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Fig. 5: Photo of the fine setup and main components

One of the core differences between both setups is the CEM. This system is made up by three elements which
show a series of advantages: accurately controlled gas (±0.8%) and liquid (±0.2%) mixture, fast response, high
reproducibility (error <0.1%), very stable vapour flow, flexible selection gas/liquid ratio.
4. First results and Conclusions
The effect of the variation of a series of parameters and variables (air flow, particle size, height of packed bed)
has been studied to analyse the thermal behaviour of the process. All the experiments reported here were done
with the preliminary setup. As a reminder, when the inlet stream is in contact with the zeolite, the process does
not take place in the whole bed at the same time. A zone is delimited. In this zone heat and mass transfers
occur, and for this fact the zone is called transfer zone.
4.1. Airflow
A series of tests were carried out varying the airflow in the range of 4 to 9 litre/min in all cases saturated with
water. Fig. 6 shows the outlet temperature of these flow-tests, keeping other conditions fairly constant. The
most significant results of the study are compiled in Table 1.

Fig. 6: Evolution of the outlet temperature for different flow rates
Tab.1: Results in experiments with different flow

Flow rate [L min-1]
Maximum Toutlet [ºC]
0D[LPXPǻ7>&@

4.4
76.42
51.24

6.6
82.65
57.95

8.8
87.26
61.92

1345

Dolado et al / EuroSun 2014 / ISES Conference Proceedings (2014)

There is a clear trend with the airflow: with this specific configuration, while air flow increases, adsorption is
faster and temperature reached in the initial phase is higher. Also a particular shape of the out temperature
curve is observed with 3 stages: ideal situation will be an step function (very steeper at the beginning, followed
by a plateau at high temperature, and a quick drop in temperature with another steeper stage back to ambient
temperature); in these cases what we can observe is that as air flow increases (meaning also increase in
transported water), and the zeolite has the capability to adsorb, the shape of the curve becomes closer to the
step function. There is a trade-off between a series of parameters that constrain mass and heat transfer (part of
the energy will be used to heat up the air current, another to heat the zeolite, and some will be lost through the
walls of the reactor), at macro level: water content in the air current, air velocity (flow), amount of zeolite,
length of the packed bed, section of the packed bed.
By increasing the inlet flow, the water vapour flow rate is increased, which means that the transfer zone covers
a larger bed length. The consequences are:
x Higher temperatures and ¨T obtained at the outlet as heat release is increased.
x Duration of the stage is shorter since the zeolite is saturated faster.
4.2. Bed Height
Height of packed bed was modified in the range of 3.5 to 15 cm, in four different positions as shown in Fig. 7.
The following experiments were performed by fixing the inlet air flow, which means that the length of the
transfer zone will be the same in all of them. When air leaves the transfer zone loses heat depending on the
length of the remaining bed, due to the transfer of sensible heat between the air and the zeolite in the remaining
bed. Therefore, it is expected that there will be an optimum of operation between bed height and
airflow/relative humidity.

Fig. 7: Evolution of outlet T during adsorption for ܞሶ = 6.6 litre/min (left) and ܞሶ = 8.8 litre/min (right) at various bed heights

The most significant values of the study are shown in Table 2:
Tab.2: Results in experiments with different flow rates and bed heights

࢜ሶ =6.6 L min-1
࢜ሶ =8.8 L min-1

Bed height [cm]
T୫ୟ୶ [ºC]
οT୫ୟ୶ [ºC]
T୫ୟ୶ [ºC]
οT୫ୟ୶ [ºC]

15
82.65
57.95
87.26
61.92

10.5
74.48
51.47
82.81
56.24

7
86.88
61.14
92.86
66.37

3.5
88.15
62.29
88.24
61.88

For a fixed air flow, as bed height decreases:
x The remaining bed length after the transfer zone is smaller. Therefore, heat transferred from the
air stream to the rest of the zeolite is lowered.
x The duration of the stage is shorter. As the amount of zeolite is reduced, it is saturated earlier.
For the same bed height, as the flow rate increases, the outlet temperature profiles resemble and the stage
duration decreases. Presumably, if the rate continues to increase, at some point the temperature profiles will
have almost the same behaviour. When a flow rate of 8.8 litre/min is set, the maximum ¨7 DQG outlet
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temperature are achieved with a bed height of 7 cm and not with the lower bed height. It could mean that
we have found an optimal operation given the design of the installation and the conditions established.
Again, a trade-off between airflow and bed height is noticeable. When setting up a bed height of 10.5 cm
we always get the worst results. In general terms there is not a clear trend so a deeper study will be carried
out with the final setup in order to verify or not this behaviour.
It is observed that there is DPD[LPXP¨7 which could be translated into an optimum point of operation
according to the requirements of a final application of the TCS system. There is a trade-off between design
parameters (reactor), amount of zeolite and content of water available in the air flow. Here, only first order
relations have been studied (factor: bed height; UHVSRQVH¨7 EXWsecond order studies or non dimensional
analysis will be of interest.
4.3 Particle size
A series of experiments were done working with two zeolite bead sizes: 1.6-2.5 mm range, and 2.5-5 mm
range. All other conditions remain fixed. As shown in Fig. 8, the trend of the outlet temperature and the
duration of the stage are almost equal for both experiments.

Fig. 8: Evolution of outlet temperature for different particle size
Tab.3: Results in experiments with different particle diameter

Particle diameter [mm]
Maximum Toutlet [ºC]
0D[LPXPǻ7>&@
Amount of adsorbed water [g]

1.6 -2.5
92.86
66.37
4.506

2.5- 5
80.08
55.33
4.327

The temperature difference ¨7 , as well as the maximum temperature reached, is higher when working
with smaller particles (Table 3). As the particle diameter decreases, the potential for adsorption of the bed
increases because the external mass transfer resistance (found at the external surface of the zeolite bead) is
reduced as the total external surface is increased.

4.4. Determining the exchanged energy
In order to check how far we are from the theoretical limits we compared the energy exchanged during the
adsorption process according to equations 3 (almost theoretical) and 4 (from experimental results). Table 4
shows the results. For such a comparison, an error analysis has been carried out to determine the
experimental error associated to indirect measurement of the total exchanged energy. Uncertainties
propagation has been accomplished in accordance to the GUM guide (2008). Table 5 compiles measuring
equipment errors and equations 5 and 6 state the functions used to estimate air properties depending on
average air temperature inside the reactor.
x

Theoretical- experimental:்ܧ = οܪௗ௦௧ ή ݉ௗ௦ௗ

(eq. 3)
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x

Indirect- experimental:ܧூௗିா௫ = σ ݒሶ  ή ߩ ή ܿ, ή οܶ ή οݐ

(eq. 4)

Tab. 4: Comparative chart of total energy exchanged theoretical-experimental and indirect-experimental

࢜ሶ = 4. 4 L
min-1
࢜ሶ = 6. 6 L
min-1
࢜ሶ =8.8 L
min-1

Bed height [cm]
ETHEO [kJ]
EIND-EXP [kJ]
Difference
ETHEO [kJ]
EIND-EXP [kJ]
Difference
ETHEO [kJ]
EIND-EXP [kJ]
Difference

15
36.2
20.7±0.488
43%
33.8
25.2±0.433
25%
34.3
26.5±0.369
22%

10.5
24.7
15.9±0.375
36%
24.9
21.2±0.365
15%
23.7
19.2±0.267
19%

7
17.4
12.0±0.283
31%
17.5
14.2±0.244
19%
16.8
15.0±0.208
11%

3.5
8.6
6.5±0.154
24%
8.5
7.6±0.130
11%
8.6
7.8±0.108
9%

Tab. 5: Errors derived from measuring equipment and functions

Variable / Parameter

ࢇࢊ࢙࢘࢈ࢋࢊ

࢜ሶ ࢇ࢘

࣋ࢇ࢘

ࢉ,ࢇ࢘

οࢀ

g
M
±0.001

L/min
M
±0.1

kg/L
f1 ǻ7
±0.002

J/(kg·K)
f2 ǻ7
±0.001

K
M
±0.48

Unit
Measurement / Function
Error

f1

U air 1.29733  0.00425·Taverage

(eq. 5)
2

f2

c p , air

2

·
·
§
§
1484
3012
¸
¸
¨
¨
¸
¸
¨
¨
Taverage  273.15
Taverage  273.15
28960  9390·¨
¸
¸  7580·¨
§
§
·¸
·¸
1484
3012
¨
¨
¨
¨
¸
¸
¨ cosh¨ T
¨ sinh¨ T
¸¸
¸¸
© average  273.15 ¹ ¹ (eq. 6)
© average  273.15 ¹ ¹
©
©
28.951

A first approach to estimate heat losses through the reactor walls has been done. Although the glass reactor
was designed with a vacuum chamber, there is a clear thermal bridge where the tubes are joint. Therefore,
depending on the experiment conditions, heat losses through walls can be noticeable. They have been
estimated taking into account natural convection and radiation correlations while measuring reactor external
surface temperatures. However, none of them matches the real situation (not isothermal surface neither
uniform heat flux) but serve as a first approach. Following equations (7-11) have been used:

ܴܽ ܶ(ߚ݃ ؠ௦ െ ܶஶ )ܮଷΤ(߭ܽ)
തതതത ݄ ؠത · ܮΤߣ
ܰݑ
ଵ/ସ
0.59ܴܽ

തതതത
ܰ= ݑ
ݍ௧.௩ = ݄ · ܣത(ܶ௦ െ ܶஶ )
ݍௗ = ߝ · ܶ( · ߪ · ܣ௦ସ െ ܶஶସ )

(eq. 7)
(eq. 8)
(eq. 9)
(eq. 10)
(eq. 11)

Heat losses through the reactor walls have been estimated at every time as the addition equations 10 and 11
while measuring external wall temperatures: for the whole set of experiments in the range of 22% up to
38% of total energy exchanged. This means that although a vacuum chamber is provided, better reactor
design and/or materials to take full advantage of the system thermal capacity is necessary.
For a fixed flow rate:
The two values of exchanged energy decrease with bed height reduction. If mass of zeolite is smaller, the
total amount of water that can be adsorbed is smaller as well. Thereby, the heat released and the stage
duration decrease. If the process is faster, certain heat losses are lower. Therefore, the difference between
the energy values determined by equations 3 and 4 decreases.
For a fixed bed length:
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The theoretical stored energy remains almost constant (obviously).. However, the indirect experimental
energy increases as flow does.. By increasing the flow rate the process is faster, favouring reduction of heat
losses through the reactor walls. Therefore, the difference between the two energy values is smaller.These
differences are caused mainly by the heat losses through the reactor walls. In addition, there are errors
associated to the measurement devices and there is another contribution due to the adsorption enthalpy
datum for NaY zeolite (taken from Whiting et al, 2013).
Therefore next actions will be: repetition of tests with the second experimental setup (fine measuring and
control), get the value of enthalpy of adsorption of NaY zeolite, and reduce heat losses in the reactor
(thermal insulation, selection of other reactor materials…).
Finally, as a brief remark on pressure drop: pressure difference has been measured coarsely between the
inlet and the outlet of the TCS reactor. A baseline has been established for the empty reactor and then the
pressure drop has been measured for different bed lengths. Fig. 90 shows the baseline and a pressure drop
evolution for a specific test (1.6-2.0 mm particle size; 8.8 L/min; 7.5 cm height).

Figure 9. Pressure drop for the tested reactor (arbitrary conditions) and baseline

Initial tests remark the importance not only of pressure drop fine measurements (as this is closely link to
the electrical consumption of the auxiliary systems to provide an airflow to the TCS system in the
corresponding application later on), but also on variation of pressure drop while sorption process occurs.
In this paper two experimental setups have been designed, constructed and started up to characterize the
thermal behaviour of air-water-zeolite systems for sorption-based TES. The combined installation allows
operating with open systems at atmospheric pressure from room temperature up to 200ºC, from 0.08 L/min
up to 10, and for any relative humidity. Both stages, adsorption and desorption can be tested. A packed bed
cylindrical reactor has been tested using zeolite NaY faujasite. Parametrical studies have been accomplish
for air flow, bed height and particle size: given the rank of experimental validity and the specific reactor
design, the best results in terms of released heat have been obtained for the highest flow (8.8 litre/min),
filling half of the reactor (7 cm bed height) with the smaller NaY zeolite (1.6-2.5 mm). With this conditions,
ZHKDYHUHDFKHGǻT = 66.37 °C. Comparing theoretical limits for stored thermal energy and experimental
values there can be differences from 9 up to 43% depending on the experiment. The main reason of these
differences seems to be on the heat losses through the reactor walls. An improvement to reduce these losses
will boost the thermal capacity of the system.
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Abstract
A heat buffer is the missing link for introduction of renewable energy on a large scale. Salt hydrates are a
promising technique to fulfill this task. In this study, we focused on reversibility of sulfate hydrates
dehydration/hydration cycles. Different hydrates are studied with TGA and Nuclear Magnetic Resonance
(NMR). Two hydrates were selected to perform cyclic experiments: CuSO4 and MgSO4. Several heating and
cooling cycles are followed with help of NMR. Pore water was only observed during the first dehydration
cycle.
Keywords: Thermochemical heat storage, NMR, sulfates.

1. Introduction
Systems that buffer heat are needed to match the demand and supply of renewable energy. A promising
storage system is based on hydration and dehydration of salts. A major advantage is the long time storage
and the reversibility of the reaction. The heat density is such systems can be in the order of 2 GJ/m3. In
current research is found that the reversibility is not always reached (Ervin, 1977), e.g. the capacity of water
to lose and absorb drops for Mg(OH)2 from 95% to 60-70% within 40 cycles. In addition,
hydration/dehydration rates can decrease if more cycles are applied, e.g. 2 times slower for Ca(OH)2.
For the development of a storage system with high stability, additional knowledge is needed about the
dehydration and hydration process. Especially understanding of the absorbing and desorbing process of water
on the crystal structure is important. In equilibrium situations the positions of the water molecules in a crystal
and the structure can be analyzed with several techniques, like X-RAY, Raman and IR. In non-equilibrium
experiments techniques are used like Thermo Gravical Analysis (TGA) and Dynamic Scanning Calorimetry
(DSC).
A technique which can measure the mobility of water in combination with the amount of water will improve
the knowledge on the dehydration and hydration processes of salts. In this project, we use Nuclear Magnetic
Resonance (NMR) to study how water absorbs/desorbs during a dehydration/hydration cycle.
2. Experimental setup
In this study NMR is used to measure non-destructively water in a material. The signal of water attenuates in
a NMR experiment according to:
௧

௧

ܵ( ߩ = )ݐቀ1 െ exp ቀ ೝ ቁቁ exp ቀെ ቁ
்
்
భ

మ

(eq.1)

Here ɏ is the proton density, ݐ is the repetition time of the measurement sequence, T2 the transversal
relaxation time and T1 the longitudinal relaxation time. According to this equation it is possible to link the
signal intensity of the NMR to the amount of water. To avoid the influence of the longitudinal relaxation
time, the repetition time of the experiments is chosen as tr > 3 T1. Secondly, the influence of T2 is tried to
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minimize, so the measurement time (t) should be chosen as close as possible to zero. Measuring at t = 0 is
from practical point of view not possible and for that reason the entire signal decay was recorded using the
CPMG pulse sequence (Meiboom and Gill, 1958). During the CPMG pulse sequence a static magnetic field
gradient of 270 mT m-1 is applied. This small gradient adjusts the echoes of the CPMG pulse train in our
recording window. The time between two successive echoes within the pulse sequence was 60 μs, the
repetition time of the sequence was 24 s, 1024 till 4096 echoes were recorded and an accumulation of 4 scans
was performed. A fast Laplace inversion transformation (FLI), Song et al., 2002, was used to analyze the T2
decay curves and calculate the proton density.
With help of the T2 measured with a CPMG measurement it is possible to distinguish mobile and immobile
water molecules. In general the T2 can be related to the mobility of the proton, whereby the T2 increases with
increasing mobility. Two groups of transversal relaxation times (T2) can be observed in hydrates. The first
group has T2 values between 10 to 400 μs, which will be referred to as lattice water and the second group has
T2 values between 1 and 1000 ms, which is called pore water. We define lattice water as water which is
connected to the salt structure and is immobile. All other water in the grains will be referred to as pore water.
For measuring hydrates during dehydration/hydration, we used a home-build RF-coil which resonances at
200MHz (see Figure 1). With this coil it is possible to perform quantitative analysis of the NMR signal,
because of the use of a Faraday coil. The temperature can be controlled of the range of 20-150°C within ±1
K. Samples with a size of 10 mm height and 6 mm diameter are place in a glass cylinder. The glass cylinder
is open from two sides and with help of air flow the RH is controlled. The air flow is kept constant at 0.2
L/min. All experiments were performed at atmospheric pressure. The advantage of this setup is that the air
can blown through the sample, while which most other techniques this is impossible.

Figure 1: The NMR setup used during dehydration experiments. The sample can be conditioned by vapor pressure and
temperature.

3. Single dehydration measurements
The first approach is to study sulfate salts with the metals Mg2+, Co2+, Cu2+ and Zn2+. They are equilibrated at
a constant relative humidity with help of saturated salt solutions. Depending on the RH, these complexes can
form all a stable hepta- and hexahydrate at 25°C. The exception is Cu2+, which can maximally form a
pentahydrate at 25°C.
3.1 TGA experiments
Initially, the salts were measured with TGA (TG50 of Mettler Toledo), with a heating rate of 0.61 K/min.
Dry nitrogen was blown over the samples. The samples had sizes of approximately 10 mg and were placed in
a standard alumina pan of 40μl with a hole of 1 mm in the lid to permit water vapor to escape.
The results are shown in figure 2. As can be seen after heating till 150°C, only one water molecule is left
over. This last water molecule is released between 200 and 300°C.
With help of phase diagrams the TGA curves are analysed, for example for CoSO4.7H2O. In Figure 3 the
phase diagram of CoSO4-H2O is given in temperature and vapor pressure, which is composed of different
literature sources (Washburn, 2003; Kohler and Zaske, 1964; Broers and van Welie, 1965). Each line or dot
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represents an equilibrium RH-T of two phases, what can be two hydrates or a hydrate and its saturated
solution. These three sources are not in agreement with each other, for example the phase equilibrium
between CoSO4.7H2O-solution was measured by two sources, but different values are reported. Additionally
the paper of Kohler and Zaske, 1964 is discussed by Broers and van Welie, 1966, wherein they doubt the
accuracy of these measurements.

Figure 2: The mol water pro mol salt as determined by TGA for a heating rate of 0.61 K/min. The samples had an initial
weight of 13±2 mg.

CoSO4 starts to loose water molecules in the TGA experiment at 60°C. It has a small discontinuity by 4
water molecules water pro mol CoSO4 at 80°C, while it dehydrates till it’s monohydrate at 120°C. These
temperatures and loadings are not in agreement with the phase diagram of figure 3. Firstly, according to the
phase diagram the first transition is expected at 48±2°C. Secondly, a stable phase of CoSO4.4H2O is not
measured in the literature. The difference can be a result of the non-equilibrium situation of the TGA
experiment, while the phase diagram is measured in equilibrium situations. Additional information about the
composition of the sample is needed to understand the difference between the phase diagram and the TGA
experiment.
A more detailed discussion of the TGA curves of the other three salts will be given in combination with the
NMR experiments in section 3.2.

Figure 3: The phase diagram of CoSO4-H2O in the temperature range of 25-150°C existing of data of Washburn, 2003, Kohler
and Zaske, 1964 and Broers and Welie, 1965.

3.2 NMR experiments
In Figure 4A the NMR results are plotted of the dehydration of CoSO4.7H2O. The total water signal intensity
measured with NMR can be compared with the TGA experiments. This signal intensity can be divided in two
groups of water, i.e. lattice and pore water, with help of relaxation analysis as explained in section 2.
Comparing the results of the TGA in figure 2 and total water component of the NMR measurement, the
experiments are in good agreement with each other. The shift to higher temperatures in case of the NMR
experiments was expected because of larger samples used (Crowther and Coutts, 1924). Comparing the
NMR measurement with the phase diagram, an abrupt decrease of lattice water would be expected at 48°C as
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a result of the phase transition of the hepta-hydrate to the hexa-hydrate. If the vaporized lattice water cannot
diffuse out of the grain, the vapor will condensate and pore water will be measured with NMR. According to
the NMR measurements almost all water vapor condensates and partially dissolves the grains. After
condensation the grains start to release its pore water gradually. The lattice water stabilizes till it starts to
decrease around 80°C as well and is finished at 130°C. A second sharp transition like at 50°C is not observed
at higher temperatures by the NMR measurements, this can be a result of the observed pore water. With help
of the solubility of CoSO4 and the NMR results, the loading of the lattice water in CoSO4 is calculate which
was between 50-80°C 5 water molecules pro CoSO4. This implies a 4:1 mixture of CoSO4.6H2O and
CoSO4.1H2O according to the known hydrates of CoSO4. Our hypothesis is that the saturated CoSO4 solution
will decrease the dehydration rate and results in a continuously dehydration instead of the fast transition as at
50°C.

A

B

Figure 4: The dehydration of CoSO4.7H2O in figure 4A and CuSO4.5H2O in Figure 4B with 0.61 K/min with NMR. The signal
intensity plotted against temperature; hereby the total water amount is divided in two types of water: lattice and pore water.
The dashed lines indicate the temperatures of the known triple points of this salt water system.

In Figure 4B the results of the dehydration of CuSO4 is shown, whereby the total water signal is again
divided in lattice and pore water. In the figure the two triple points of the CuSO4 hydrates are indicated,
where CuSO4 should dehydrate to the other phase according to the phase diagram. For CuSO4.5H2O the total
signal intensity initially decreases around 80°C and is stable at a temperature of 120°C. During this
measurement no pore water is observed, and no abrupt changes in lattice water. The results of the TGA
measurement of figure 2 and the NMR measurements are again in good agreement with each other. No
stepwise dehydration is observed during the NMR experiment from five to three and further to one water
molecule pro CuSO4 molecule. This is a result of the used sample size, what was also observed by Hume and
Colvin, 1931. The results of both TGA and NMR are in agreement with the phase diagram of CuSO4-H2O.
In figure 5A, the results of the NMR experiments of MgSO4 are shown. The total signal is again divided in
the same way as in the previous experiments into pore and lattice water. The TGA and total signal intensity
match with each other. Focusing on the lattice and pore water, a similar process is observed as in case of
CoSO4.7H2O. Around 50°C a strong increase of pore water is observed by crossing the triple point of
MgSO4.7H2O, MgSO4.6H2O and solution. In the temperature range of 50-90°C, the lattice water results in an
average loading of 5 molecules of water on MgSO4. The second increase of pore water at 90°C does not
match a triple point in the used phase diagram, an explanation for this is lacking. This might be explained by
pore water effects.
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A

B

Figure 5: The dehydration ofMgSO4.7H2O in figure 5A and ZnSO4.6H2O in Figure 5B with 0.61 K/min with NMR. The signal
intensity plotted against temperature; hereby the total water amount is divided in two types of water: lattice and pore water.
The dashed lines indicate the temperatures of the known triple points of this salt water system (Steiger et al., 2011).

In Figure 5B the dehydration of ZnSO4.6H2O is shown. The total water signal drops from the start of the
experiment, till 120°C. Compared to the TGA experiment, the finial signal intensity is lower as expected at
150°C. This is a result of the dissolving of the grains, what was observed after opening the sample holder. By
analyzing the pore and lattice water content, the salt shows at 70°C an almost complete dissolving of the
crystal. The position of the transition hexa to monohydrate is not well defined in literature, so we cannot
compare it with the transition point of these two hydrates. From 90°C on, ZnSO4 start to recrystallize and at
120°C the salt reached its hydrated state ZnSO4.H2O.
Based on these experiments, we decided to study MgSO4 and CuSO4 in the cycling experiments.
4. Cycling experiments
During cycling experiments the temperature was raised during dehydration from 25 °C to 150 °C by 0.61
°C/min. After reaching 150°C, the temperature is decreased till 25-30 °C in 1 hour (no active cooling
present). During rehydration for 15-24 hours air is blown through the sample with a RH of 50-70% in case of
CuSO4 and 80% in case of MgSO4.

Figure 6: The result of six runs of dehydration-hydration cycles of MgSO4.7H2O; hereby dehydration is performed with 0.61
K/min at 0% RH and the hydration at 30 °C at with an airflow of 22 °C and 80% RH. The signal intensity plotted against the
temperature for the different runs. In the inset the signal intensity at the start of a cycle is plotted against the number of the
run.
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4.1 MgSO4
In Figure 6, the NMR signal intensity is plotted versus the temperature of the sample during the cyclic
hydration/dehydration of MgSO4. In the inset the signal intensity is plotted of the crystal before dehydration
of each run. Initially the water content is 6.5 water molecules pro MgSO4 molecule at 30 °C. During the first
run the signal intensity increases around 50 °C as result of the production of pore water, like we observed by
the dehydration experiment in figure 5A. At the beginning of the second run, the water content is higher than
initially. This can be contributed to a rehydration till 7 water molecules pro MgSO4.
The other runs show a decrease of hydration level at the end of the hydration run, see inset. No pore water is
observed during these runs, so the crystals dehydrate without crossing the deliquescence line. This means
that the vapor transport rate is larger than by fresh crystals. That the structure of the crystals is affected by
dehydration has been observed before and is described by a psuedomorph structure (Mutin and Watelle,
1979). In this model the grain is divided in a compact assembly of well defined microcrystals whereby the
grain keeps its outer shape.
In figure 7 a schematic representation is given of the dehydration-hydration process of MgSO4 with the
crystals during the different hydration/dehydration runs. Our hypothesis is that the space in-between the
microcrystals create pathways for releasing of the water molecules out of the crystal grains. During the first
dehydration step, the crystal forms a pseudomorphic structure with cracks. These cracks will be used as
water pathways during rehydration. First the outer shell of the grains absorbs water and the new formed
hydrates will narrow the pathways of the water vapor to the inner part of the grains. During dehydration the
new formed hydrates will form small microcrystals which can rehydrate quicker. This will result that the
pathways will be blocked faster, what will decrease the total rehydration rate. So the inner part can still
rehydrate, but the water supply is blocked by a layer of freshly rehydrated MgSO4.7H2O. During every run
the easily accessible layer will become smaller until only the outer layer reacts on the change in RH.

Figure 7: A schematic representation of the dehydration-hydration process of MgSO4 where the grain is cracked during the
first dehydration run. In the next runs every time a smaller area of the crystal is accessible for the water vapor applied during
hydration, because more cracks will be blocked during rehydration.

The inset in figure 6 shows that the initial signal intensity decreases abrupt between the third and the fourth
cycle. This can be a result of different hydrate loadings or a smaller ratio of active material. For that reason,
in Figure 8 the water loss ratio is plotted against temperature. The water loss is normalized from maximum
and minimum signal intensity during each run. Comparing the different curves, the shapes of each single
curve fits with the average curve within 10 °C. Therefore, we expect that the formed hydrates have the same
loading every run, only the amount of active hydrates decreases. This strengthens our hypothesis about the
smaller volume of active grain during increasing number of hydration/dehydration cycle.
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Figure 8: The signal scaled from 0 to 1 for each run plotted against temperature. We see that every time the dehydration curve
has a similar shape, what indicates that the ‘active’ hydrates rehydrate till the same hydrate state during rehydration.

4.2 CuSO4
In figure 9 the results are plotted of a rehydration experiment with CuSO4. The signal intensity of the NMR
is plotted against the time, where on the right vertical axes the temperature and RH are plotted. The inset
shows the signal intensity before dehydration for each run. As can been seen, the signal intensity of the
sample does not reach the initial signal intensity during the first 3 runs where the applied RH 50% is. This is
a result of the short cycling time in combination with the small difference between the equilibrium RH and
the applied RH. By increasing the relative humidity to 70% in the other 4 cycles the dehydration was still
incomplete. The measured signal intensities shows that during the first 3 rehydration runs the average
hydration state was almost three, while the hydration state for the last 3 rehydration cycles is 4.3.

Figure 9: Six runs of dehydration-hydration cycles of CuSO4.5H2 O. The dehydration is performed with 0.61 K/min at 0% RH
and the hydration at 25°C. The inset shows the signal intensity at the start of the signal for each run.

Figure 10 shows the signal intensity normalized on the initial and final signal intensities of the different
dehydration cycles plotted against temperature during dehydration. It shows that the grains release their
water differently the first run from the other six runs. It releases its water at a much higher temperature of
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120 °C compared to 60 °C in other runs, measured at the bending point in the dehydration curve. This is
again a result of the pseudomorphic structure in the grains after the first cycle. In addition, this graph shows
that the first 3 rehydration cycles dehydrates at much higher temperatures than the last three. This is different
from the measurements of MgSO4 and proves us that by the rehydration at RH the crystals recrystallize to
CuSO4.3H2O and by an applied RH of 70%, the crystals are rehydrating to CuSO4.5H2O. This is in
agreement with the values calculated from the signal intensities.
The rehydration process happens according to: firstly a fast rehydration to approximately CuSO4.3H2O and
secondly a slower rehydration process reaching the CuSO4.5H2O. No blocking was observed during the
rehydration process as by MgSO4.

Figure 10: The water loss during the different dehydration runs scaled from 0-1 from the minimum (T = 150°C) till maximum
(T = 25°C) water content in a single run. The first 4 runs are rehydrated at a RH of 50%, while the last three are rehydrated at
a RH of 70%.

5. Conclusion
This study showed that the dehydration of salt hydrates with similar structures does not result in similar
dehydration processes. The possibility of water release from the hydrated grains in combination with the
solubility of the salt has a large influence on the dehydration process. Crystals can partially or completely
dissolve, if the water cannot be released and vapor starts to condensate on the structure.
Two types of salts are selected for cyclic hydration/dehydration experiments: CuSO4 and MgSO4, because
MgSO4 partially dissolves and CuSO4 shows no liquid water production. During cycling experiments we
observe this dissolving only happens at the first dehydration run, if the crystals are dehydrating for the
second time no liquid water is observed for the studied salt MgSO4. In case of CuSO4 no pore water was
found during any cycles, but this salt shows also a difference between the first and other cycles. So in general
the crystals cracks ones during dehydration, after this one time the crystals remain constant.
The largest difference between both rehydration cycles was the applied vapor pressure compared to the
deliquescence RH. This can be the reason for the difference between MgSO4 and CuSO4 where in case of
MgSO4 the crystal shows different hydration/dehydration cycles each run and CuSO4 did not.
From application point of view, the first dehydration cycle should be avoided, to avoid complete melting of
the grain structure. In coming research we will focus on the rehydration, because our hypothesis is that
during rehydration the vapor pathways are clogged. Experiments will be performed were the applied RH is
raised above the deliquescence RH of CuSO4.H2O to understand the observed difference between MgSO4
and CuSO4.
6. Acknowledgements
This research was carried out under the project number M75.7.11421 supported by TNO in the framework of
1358

P.A.J. Donkers / Hydration / dehydration cycles of salt hydrates – studied with NMR– / ISES
Conference Proceedings (2014)
the Research Program of the Materials innovation institute (M2i) (www.m2i.nl).
7. References
P. M. A. Broers and G. S. A. van Welie, “The system CoSO4-H2O; vapour pressure measurements from 0°
TO 150°C,” Recl. des Trav. Chim. des Pays-Bas, vol. 84, no. 6, pp. 789–798, 1965.
P. M. A. Broers and G. S. A. van Welie, “Einiges uber das System CoSO4-H2O,” Zeitschrift fur Anorg. und
Allg. Chemie, vol. 346, pp. 221–224, 1966.
E. M. Crowther and J. R. H. Coutts, “A discontinuity in the Dehydration of Certain Salt Hydrates,” Proc. R.
Soc. A, vol. 106, no. 736, pp. 215–222, 1924.
Van Essen, V. M., Zondag, H. A., Gores, J. C., Bleijendaal, L. P. J., Bakker, M., Schuitema, R., Van Helden,
W. G. J., 2009. Characterization of MgSO4 Hydrate for Thermochemical Seasonal Heat Storage. Journal of
Solar Energy Engineering, 4, 134
Ervin, G., 1977, Solar heat storage using chemical reactions. Journal of Solid State Chemistry, 22 , 51–61.
Ford, R. W., and Frost, G. B., 1956, The low pressure dehydration of magnesium sulphate heptahydrate and
cobaltous chloride hexahydrate,” Canadian Journal of Chemistry, 591–599.
J. Hume and J. Colvin, “The Dehydration of Copper Sulphate Pentahydrate,” Proc. R. Soc. A Math. Phys.
Eng. Sci., vol. 132, no. 820, pp. 548–560, Aug. 1931.
K. Kohler and P. Zaske, “Beitrage zur Therrnochemie der Hydrate. III, Der thermische Abbau van
CoSO4.7H2O, FeSO4.7H2O, CuSO4.5H2O und die Isotypiebeziehungen der Abbauprodukte der Epsomitund Melanteritreihe,” Z. anorg. allg. Chem., vol. 331, pp. 7–16, 1964.
Meiboom, S., Gill, D. 1958, Modified Spin-Echo Method for Measuring Nuclear Relaxation Times. Review
of Scientific Instruments, 29, 688
J. C. Mutin and G. Watelle, “Study of a Lacunary Solid Phase and Kinetic Characteristics of its Formation,”
J. Solid State Chem., vol. 28, pp. 1–12, 1979.
Pel, L., Kopinga, K., and Brocken, H., 1996, Determination of moisture profiles in porous building materials
by NMR, Magnetic resonace imaging, 14, 931-932.
Y.-Q. Song, L. Venkataramanan, M. D. Hürlimann, M. Flaum, P. Frulla, and C. Straley, “T(1)--T(2)
correlation spectra obtained using a fast two-dimensional Laplace inversion.,” J. Magn. Reson., vol. 154, no.
2, pp. 261–8, Feb. 2002.
M. Steiger, K. Linnow, D. Ehrhardt, and E. Rosenberg, “Decomposition reactions of magnesium sulfate
hydrates and phase equilibria in the MgSO4–H2O and Na+–Mg2+–&Oí–62í–H2O systems with
implications for Mars,” Geochim. Cosmochim. Acta, vol. 75, no. 12, pp. 3600–3626, Jun. 2011.
E. W. Washburn, International Critical Tables of Numerical Data, Physics, Chemistry and Technology (1st
Electronic Edition), 2003.

1359

&RQIHUHQFH3URFHHGLQJV
(XUR6XQ
Aix-les-Bains (France), 16 - 19 September 2014

Predicted Charging and Discharging Efficiency of a Latent Heat Thermal
Energy Storage System Linked to a Solar Thermal Collector System
Philip C Eames
Centre for Renewable Energy Systems Technology, Department of Electronic and Electrical Engineering,
Loughborough University, LE11 3TU, UK

Abstract
The high latent heat of phase change allows a small volume of phase change material (PCM) to store a
significant amount of energy at constant temperature compared to simple sensible energy storage. This
enables the size of thermal energy storage systems to be reduced. Charging and discharging rates of a PCM
system are limited by the relatively low thermal conductivity of the PCM when solid. Two dimensional
transient finite volume models have been developed that allow prediction of heat transfer to and from a
PCM, with simulation of the progress of the phase transition front and the free convective heat transfer that
occurs within the liquid phase. Simulation results are presented for a storage system geometry comprised of
an outer shell containing PCM modules, a similar store in which the PCM in the modules is replaced with
water and a water store. Isotherm plots are presented at selected times for both charging and discharging of
the store geometry illustrating the effect of PCM melting and solidification on heat transfer to the PCM.
Key-words. Phase Change Energy Storage, Numerical Simulation

1. Introduction
There are many potential advantages that can be realized by the introduction of suitable thermal energy
storage, it is possible to significantly extend the time of operation of systems that utilize intermittent energy
sources, for example solar thermal collector systems, enable the reduction in peak load and thus plant size,
for example in building cooling applications and improve system operational efficiency by maintaining
operational parameters at design optimum levels. An example of this is the thermal regulation of building
integrated photovoltaics, to achieve improvements in solar to electrical conversion efficiency, Huang et al
(2004). The high latent heat of phase change allows a small volume of phase change material (PCM) to store
a significant amount of energy over a small temperature range. This enables the volume of thermal energy
storage systems to be reduced. High effective energy density can be realized if operational temperatures are
close to phase change temperatures and charging and discharging occurs within a cycle. A wide range of
suitable materials with different phase change temperatures are available for thermal energy storage and
temperature control applications, reviews of both materials and systems can be found in Zalba et al (2003) or
Agyenium et al (2010). In this paper simulations of charge and discharge of a thermal energy store using
phase change materials with different phase transition temperatures potentially for use with a domestic scale
solar hot water system are presented.
2. The Adopted Modelling Approach
The numerical model developed and used in the current simulation work is based on the finite volume model
used by Eames and Norton (1998), for modelling low speed laminar flows in stratified thermal storage tanks
with adaptations incorporated to facilitate the solid to liquid and liquid to solid phase transitions. The
developed two and three dimensional transient finite volume models with temperature dependant material
properties allow prediction of heat transfer to and from a PCM, with simulation of the progress of the phase
transition front and the free convective heat transfer within the liquid phase.
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The variation in specific heat capacity of the PCM modelled in the current simulations associated with phase
change during melting and solidification occurs over a pre-set temperature range and is presented in table 1,
this approach is more realistic than that used in much previous work in which a constant specific heat
capacity was assumed for the temperature interval in which phase change is occurring. The model allows the
change from solid to liquid to be simulated in two ways, the dynamic viscosity can be allowed to decrease or
increase in a predefined way over a specified temperature interval, with the PCM viscosity gradually
changing, or the material can be changed from solid to liquid within each finite volume at a predefined
temperature. For melting in the simulations presented the PCM is solid below 57˚C and liquid above this
temperature. For solidification the PCM is liquid above 55˚C and solid below this. The thermal conductivity
of the PCM is 0.19Wm-1K-1 and its density is 820kgm-3. The dynamic viscosity in the liquid state is
0.026Nsm-2.
The solution domain for the energy equations encompasses the phase change material and its enclosing
container and insulation. The solution domain for the momentum and pressure equations is limited to that in
which liquid phase change material or liquid heat transfer fluid exists, this domain changes with melting or
solidification of the PCM. To enable convergence of the solution of the momentum and pressure equations to
be achieved with the changing solution domain, it is necessary to reduce the simulation time-step when
volumes change from solid to liquid or liquid to solid. Momentum, energy and pressure equations are solved
using the Bi-CGSTAB iterative equation solver, Van der Vorst (1992). The model is currently implemented
in Fortran 90 recently being converted to run in parallel allowing large systems of equations representing
complicated geometries to be solved in a reasonable time.
The model at present does not allow for the increase in volume of the PCM when it changes from solid to
liquid, other than that to drive free convection, and does not allow for the movement and settling of solid
PCM when sufficient melting occurs so that the PCM is not attached to the PCM container walls.
Tab. 1: The Specific heat capacity variation with temperature of the PCM used in the simulations

Temperature ˚C
<47
48
49
50
51
52
53
54
55
56
57
>58

Melting
Specific Heat Capacity
KJkg-1K-1
1.8
5
6
8
12
17
23
24
28
16
10
1.8

Solidification
Specific Heat Capacity
KJkg-1K-1
1.8
5
6
8
12
18
25
27
30
16
4
1.8

The cross section of the thermal energy store design simulated is illustrated in figure 1. The store is
comprised of an outer shell of internal dimensions 268mm by 486mm which is externally insulated. Four
PCM modules are arranged in the store to provide a 4mm wide fluid flow path for the heat transfer fluid.
Each module comprises of a 1mm thick aluminium envelope with internal dimensions of 480mm high by 60
mm wide. Modules 1 and 3 rest on the base of the store, modules 2 and 4 are supported 4mm above the base.
To allow for PCM expansion, to be incorporated at a later date, an expansion space at the top of each module
of 40mm or 8.3% is provided. To avoid simulation of air flow in the expansion space, the specific heat
capacity and density of air are used, however the thermal conductivity is increased to 10Wm-1K-1, to prevent
the expansion space behaving like an additional insulation layer. Although the thermal conductivity of the
solid PCM is low, for the simulations presented in this paper none of the heat transfer enhancement
mechanisms, for example fins or carbon fibres, Agyenium et al (2009), Agyenium et al (2010) are included.
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Fig: 1. A schematic of the cross section of the modelled PCM module storage system

Due to the uniform store cross section and assumed store length of 0.5m a two dimensional modelling
approach was adopted for this analysis, based on the assumption that the 0.5m store length is sufficiently
long so that end effects due to the end walls of the PCM modules and store will not influence greatly the heat
transfer and fluid flow in the bulk of the modules and store. The insulation on the top and bottom of the store
was 10mm thick and that on the sides was 50mm, the heat loss from the exterior surface of the insulation to
an ambient temperature of 20˚C was set to 2.5Wm-2K-1.
During discharge at the inlet to the water filled fluid channel a fluid flow velocity of 0.04ms-1 corresponding
to a volume flow rate of 0.08ls-1 and a temperature of 20˚C were specified, the initial temperature of the store
was set to 61˚C. During charging at the inlet to the water filled fluid channel a fluid flow velocity of 0.01ms-1
corresponding to a volume flow rate of 0.02ls-1 was specified. The temperature of inlet was determined based
on the outlet temperature from the store and a calculated temperature rise that would occur through a solar
collector.
The solar collector was specified to have an area of 3m2 and an optical efficiency of 0.75. The incident solar
radiation was a constant 700Wm2 and the loss coefficient from the solar collector was 3.5Wm-2K-1. The heat
loss from the solar collector was calculated based on the assumption that the average flat plate temperature
was 4˚C greater than the average of the inlet and outlet temperature from the previous time step.
The heat gain from the collector Hg was thus,
ܪ ൌ ͵  כሺͲͲ Ͳ כǤͷ െ ቀ
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The variables tout and tin are the outlet temperature from the collector to the store and the inlet temperature to
the collector from the store. The new outlet temperature from the collector to the store is then calculated
based on the heat gain through the collector and the inlet temperature to the collector
ݐ ൌ ܪ Ȁሺ כ ݁ݐܽݎݓ݈݂݈ݒͶʹͲͲ ͲͲͲͳ כሻ (eq. 2)
3. Results
3.1 Charging
At the start of the simulated charging period of duration 5400 seconds it was assumed that the store was at a
uniform temperature of 35˚C. The predicted isotherm plots at times of 2700 and 5400 seconds can be seen in
figure 2.

Fig. 2: Predicted Isotherms for the PCM module store at times of 2700 and 5400 seconds.
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At 2700 seconds, melting of the PCM is only occurring on the left side of the first module, by 5400 seconds
melting is seen all around the surface of the first module and over much of the surface of the second module.
Enlargements showing the extent of melting at the top and bottom of the PCM module are presented in figure
3. There is a fluid circulation that flows around the solid un-melted PCM, this clearly shows a limitation of
the model, in reality settling of the denser solid PCM would prevent this circulation.

Fig. 3: Enlargements to illustrate the fluid flow at the top and bottom of the first PCM module.

To provide an element of comparison simulations were performed in which 1) the PCM was replaced by
water within the aluminium containers and 2) a store was filled with water with no aluminium containers.
The predicted isotherms for these simulations at a time of 5400 seconds are shown in figure 4. It is evident
that the temperatures in the store in case 2 are significantly lower than the stores containing the modules.
This is due to the reduced volume of fluid circulating to the solar collector for the stores including the
modules. Thermal stratification can clearly be seen in both case 1, within the modules and case 2, within the
store.
Figure 5 presents the variation of inlet and outlet temperatures to the store. It is clear that the inlet
temperatures to the store with the PCM modules increases at a greater rate than the other stores. This is a
result of the slower rate of heat transfer into the bulk of the PCM causing a more rapid rise in the PCM
temperature adjacent to the heat transfer surfaces and thus the outlet temperature from the stores. The
levelling out in the rate of temperature rise is due to the establishment of s pseudo steady state operating
temperature gradient through the stores. The rate of increase of the outlet temperature to the water module
store is greater than that for the PCM module store at 5400 seconds and indicates that the higher specific heat
capacity of the PCM is having an effect. Simulations for longer time periods are required to determine if the
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PCM store can provide an advantage in terms of lower solar collector operating temperatures and greater
efficiency. It is also clear from this figure that for the water filled store the tank fluid is all circulated through
the collector before the inlet temperature increases.

Fig. 4: Isotherm plots for the charging of the two different water based stores at 5400 seconds.

Fig. 5: Predicted inlet and outlet temperatures for the 3 stores simulated
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3.2 Store Discharging
The predicted isotherms for discharging of the PCM store at times of 600 and 1200 seconds are presented in
figure 6. It is evident that by 1200 seconds there is a layer of solid PCM on the internal surfaces of the
modules. Due to the temperature difference that occurs across the modules resulting from the flow of the heat
transfer fluid, a number of fluid circulations occur within the liquid PCM in each module. This results in
non-uniform solidification across the surfaces. For comparison in figure 7 the predicted isotherm plots for the
two different water based storage systems are presented. The thermal stratification is clear in the water
module store. Due to the effective thermal stratification in the simple water store the majority of the hot
water is discharged with little mixing. This can also be seen in figure 8 which presents the predicted outlet
temperatures with time for the 3 stores.

Fig. 6: The predicted isotherms for the PCM module store during discharging at times of 600 and 1200 seconds.

1366

Philip C Eames / EuroSun 2014 / ISES Conference Proceedings (2014)

Fig. 7: The predicted isotherms for the water based store during discharging at a time of 1200 seconds

Fig. 8: The predicted outlet temperatures from the 3 stores during the 1200 second discharge period.
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From figure 8 it can be seen that the simple water store effectively discharges at a constant temperature of
61˚C for the first 800 seconds, the outlet temperature then rapidly decreases. This profile is due to the good
thermal stratification that is maintained in the tank during discharge and the relatively small amount of
mixing. The two stores that include modules deliver water at 61 ˚C for less than 75 seconds, corresponding to
the hot water in the fluid flow channels being discharged, after this the temperatures drop to approximately
53˚C with heat being transferred from the modules to the heat transfer fluid. Subsequently the PCM starts to
solidify on the internal surfaces of the PCM modules reducing heat transfer and the fluid exit temperature
below that of the water filled modules. At 800 seconds there is still significant heat within the PCM modules
evident from the isotherm plot in figure 6, however it is not being effectively transferred to the heat exchange
fluid.
4. Conclusions
Results from simulations of a PCM modular storage system using an enhanced PCM model and two water
based stores are presented. Illustrative isotherm plots for selected times during charge and discharge of the
stores were shown. The predictions indicated that for the PCM store, circulation temperatures, to and from
the solar collector would rise more rapidly than for the water based stores. This would enable more heat to be
generated and stored at higher potentially more useful temperatures. Discharging simulations indicated that
although the PCM store contained more energy, due to solidification of PCM on the heat transfer surfaces it
was not possible to realise the advantage of this.
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Abstract
The presented experimental study shows the applicability of an open adsorption process with a moving
material bed of zeolite grains for aims of room heating and hot water supply of domestic buildings. Based on
the idea of continuous-flow adsorption a cylindrical reactor was designed. A prototype was built and
integrated in a test rig to study the operation concept for domestic heating and hot water generation.
Dehydrated zeolite of the types 4A and 13X were used in form of spherical grains and humidified room air
was blown through the rotating bed. Zeolite batches of about 50 kg were able to generate an adsorption heat
of up to 43 MJ and temperature shifts of the process air up to 36 K depending on the inlet air water content
and the initial state of hydration of the storage materials. A first test series of promising composite materials
for the storage process, based on natural zeolite and salt hydrates has been conducted. For the investigated
material-reactor combination design-criteria for optimized reaction technology under realistic boundary
conditions were found. The collected results of batch runs allow clear statements for further system
development and simulation of seasonal heat storage applications.
Key-words: open-sorption process, adsorption, rotating reactor, zeolite, composite material, characterisation
1. Introduction
Sorption heat stores, which utilize the released adsorption heat during hydration of materials, have the
potential to be realized as loss free seasonal heat storages to supply hot water and heating for households.
Recent studies (like Mette et al., 2012) have examined the possibilities and restrictions of such storage
concepts. From the design point of view, in contrast to closed sorption, open sorption has many benefits: free
of complex components like condensers, evaporators and water storage reservoirs. Therefore maintenance of
system pressure and the process control strategy are less complex (Yu et al, 2013).
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Fig. 1: Operation principle of an open sorption system for domestic applications

Open sorption systems can be potentially realized with modest system components. A process for domestic
applications based on the idea of a compact adsorption unit and an external desorption reactor is shown in
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Fig. 1. Material regeneration should rely on solar heat and electricity from renewable energy sources in
periods of oversupply, therefore appropriate desorption concepts are required. Open adsorption reactors,
either fixed or moving beds, are under development to enable continuous heat supply for low temperature
applications. Salt-hydrates or mineral-salt composites are said to reach higher storage densities in principle
(Posern, 2012). Material and reactor development is necessary to overcome limitations concerning reaction
kinetics and material cycling reliability. Therefore a reactor for continuous-flow adsorption, based on a
rotating drum containing a moving bed of granulated sorption material was developed. The concept of this
adsorber and the effect of the variation of parameters like inlet humidity, air flow and material properties for
adsorption has been investigated from Zettl et al., (2014) with commercially available molecular sieves in
granular form.
Additionally, process engineering is needed to meet the requirements of defined applications. The
characterization of innovative adsorption reactors is necessary to identify typical operation behaviors and to
demonstrate advantages over other reactor concepts. The experimental evaluation of the adsorption concept
is presented in this paper. The focus is on the adsorption behavior, considering aspects of heating and hot
water generation for households.
2. State of technical development
2.1 Reactor design
The reactor was designed as a slowly rotating cylindrical drum to enable a steady mixing of the storage
material in order to reach homogeneous temperatures and to avoid over-hydration of the storage material. It
is filled with 70 liter of a granular storage material covering a volume fraction of about 80% of the interior.
The air is guided through the air treatment unit and then into the storage material bed by passing a sieve, like
illustrated in Fig. 2. Humidity is transferred into the storage material while thermal energy is dissipated.

Fig. 2: left: adsorber construction, right: adsorber air flow (schematic)

After passing the material-bed, the air is leaving the reactor through the central pipe of the gas-feed-through
transferring the thermal energy out of the reactor. An axial fan drives the airflow (80-160 m3/h). Potential
advantages compared to other reactor concepts are: high specific thermal power, very good controllability,
low pressure drop inside the reaction bed and high electrical instantaneous coefficient of performance (COP).
Important characteristics for adsorption with zeolite 4A are (Zettl et al., 2014):
• Maximum thermal power 1500 W (per 50 kg of storage material)
• Sufficient temperature shift to supply room heating and hot water
• Humidity uptake efficiency is sufficiently high
• Storage capacity compared to the theoretical potential (Fischer, 2009) is about 90 %
• The process can be characterized by using the temperature shift as function of water content of the
zeolite and process air water content
• COPel >10 by taking into account the electrical power to drive the adsorption process
2.2 Characterisation of new composite materials
Additionally to the used zeolite products, three different composite materials based on natural zeolite and
inorganic salts have been considered for application. Measurements to describe their water uptake and
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calorimetric behavior in a thermo-gravimetric/differential-scanning-calorimetric (TG/DSC) measurement
system were done. As substrate clinoptilolite was chosen as economic alternative to synthetic zeolite
materials. The used impregnated salt mixtures are based on MgSO4, MgCl2 and LiCl as shown in Tab. 1. The
set mass fraction of inorganic salts in the composite is based on the work of Posern (2012), where different
mass fractions of salts and substrate where already tested and evaluated. This study has shown that higher
amounts of salts can cause amongst others a crustification of the surface, which could lead to lower water
uptakes.
Type

Clinoptilolite

MgSO4

MgCl2

LiCl

H2O capacity

wt.%

wt.%

wt.%

wt.%

wt.%

Material 1

78

11

11

0

10.84

Material 2

85

7.5

7.5

0

10.03

Material 3

85

10.5

0

4.5

14.65

Clinoptilolite

100

0

0

0

6.5

Tab. 1: Examined materials and water uptake capacity in test conditions

To evaluate heat of condensation, sorption and hydration effects it is necessary to calibrate the sensitivity of
the TG/DSC sensor. The calibration and the experiments were measured in a nitrogen atmosphere using PtRh crucibles. A sapphire disc was used as reference standard to evaluate the sensor sensitivity. For
humidification of the nitrogen atmosphere a humidity generator was used to enable isobar measurements.
Each material was characterized in the first test series at partial water vapor pressure of 20 mbar. This
number corresponds to a water vapor content of 13 g/kg dry nitrogen under atmospheric conditions.
The material was wetted in the TG/DSC system at an adsorption temperature of 35 °C until no significant
change in mass occurs. Then, by drying with a dry nitrogen gas flow at a temperature of 193 °C the water
uptake capacity was determined. Material 3 shows the highest capacity (14.65 wt.%) in the evaluated
experiments, the detected consumed heat consumed for drying in the test facility was 487.8 kJ/kg. LiCl is
very expensive in comparison to other inorganic salts, so for economical reasons the mass fraction should not
be too high. It is necessary to think about how to optimize the amount of LiCl for future investigations.
3. Adsorption process setup
Design criteria for thermochemical adsorption processes based on continuous-flow adsorbtion rely on the
implementation of sufficient humidity supply. This could in principle be realized by evaporation with energy
sources from underground or solar thermal equipment operated at rather low temperatures all the year round.
Beside active heat supply in an adsorption setup, passive measures have to be considered. The development
of thermal power, the humidity uptake efficiency and therefore the adsorption efficiency during the
adsorption process strongly depend on the operation conditions. To enable studying the parameters for
domestic applications two representative operation modes have been defined and tested with an appropriate
test rig in the laboratory. Based on ambient humidity available and temperatures necessary the inlet airstream
enters the adsorber either via the room (Fig. 3), where additional water vapor sources are located, or it comes
directly from ambience (Fig. 4).

Q surface

system border (house)

Q out

ambience

  
room = heat sink

   

Fig. 3: Domestic heating operation mode (scheme A)
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During wintertime the ambient air humidity is generally low and large variations are occurring depending on
the weather situation. In energy efficient buildings the ambient air enters the room pre-heated via the heat
exchanger of a ventilation system. Then the water vapor content rises due to sources like plants, bathrooms
and occupants. To increase comfort, additional sprayers might be installed to realize at least 40 percent of
relative humidity in houses. With a room temperature of 22 °C a water vapor content of 7 g per kg dry air is
resulting. So the reactor inlet air is at constant temperature and rather stable humidity conditions. The
resulting air temperature shift at the reactor is used for domestic heating. For example, the warm reactor
outlet air can be used to preheat ambient air via a big sized heat exchanger. Then a rather dry and cool
exhausted airstream is resulting, so the specific air enthalpy is close to ambient air. The driving heat flux for
domestic heating ( Q out ) depends on the temperature shift between inlet and outlet airstream (ΔTin-out).
Assuming that the reactor is situated in a dwelling, also convective heat losses via the reactor surface
( Q surface ) contribute directly to heating. For the reactor prototype the convective heat losses were correlated
to the laboratory room temperature.
For hot water generation outlet temperatures greater than 50 °C are necessary. On the one hand, high specific
inlet air humidity (>12 g/kg) in combination with good sorption material properties are necessary to realise
high temperature shifts. On the other hand, heat recovery from the outlet air stream to the inlet air stream is
possible. Thus, moderate temperature shifts, resulting from lower specific air inlet humidity, can potentially
lead to high material bed temperatures in the reactor and sufficient high air outlet temperatures are resulting.
Based on this idea, a second process setup with a well-insulated reaction drum (see Fig. 4) is necessary.

adiabatic
cooling (opt)





 

    


ambience

  

Fig. 4: Hot water operation mode (scheme B)

A stratified water store could be heated via a heat exchanger inside the reaction drum and/or in the outlet air
pipework. A control system would be necessary to act on varying reactor temperatures during a full batch
run. In contrast to operation scheme A, active heat recovery leads to variable reactor inlet temperatures and
the temperature shift between inlet and outlet airstream is reduced by the inner heat sink and drops partially
at the outer heat sink. During summertime the rather dry exhausted air could additionally be used for
adiabatic cooling purposes. The laboratory scheme B was realized with an air-to-air heat exchanger, which
represents both, a heat sink and heat recovery unit. To represent a heat exchanger inside a well-insulated
reaction drum in a first approach, the convective heat losses via the reactor surface imply the second heat
sink.
Batches of zeolite 4A and zeolite 13X in spheres with a diameter from 1.6 mm to 2.5 mm were used as
sorption material. The dry bulk density is 730 kg/m3 for 4A, and 645 kg/m3 for 13 X. Batch masses over 50
kg, depending on the initial water content, were resulting. The amount of water was evaluated by weighing
(0.03 kg max. absolute error) and comparing the material weight to that of very dry (1-2 % water after
heating to 300 °C) or wetted material (containing max. 21-22 % water – according to producer information).
Therefore all water content data can be given with a max. absolute error of 0.8 %. Dehydration of the
material took place in a conventional drying oven at atmospheric pressure.
The reactor prototype is equipped with several sensors: temperature in/out (NTC-sensors), moisture content
in/out (capacitive sensors), and air-out flow rate (impeller-anemometer). To measure the temperatures of the
moving material bed and the rotating drum wall, wireless data-logging sensors (20 mm diameter) were used.
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4. Experimental results
The demonstration of typical characteristics for the investigated material-reactor combination enables clear
statements for system requirements. To illustrate the adsorption behavior for a wide range of material
hydration states in Fig. 5 and Fig. 6, zeolite 4A and zeolite 13X was used in very dry state with an initial
water content of 2.5 %. The development of specific air-outlet humidity and reactor temperatures using both
operation modes (results for scheme B are presented in Fig. 7), have been investigated on batches of zeolite
4A with initial water contents of 6 %.
The humidity of the air is indicated as water vapor content or specific humidity (x), which is defined as the
mass-ration of water vapor to the mass ratio of dry air.
4.1 Domestic heating operation mode (scheme A)
All runs have been carried out with a constant flow rate of about 140 m³/h. The heat-up time results in
dependence of the initial water content of the sorption material (sorbent), the water vapor content (sorptive
agent) and the temperature of the inlet airstream. Fig. 5 gives an overview about the heat transfer
mechanisms at the reactor. Heat from adsorption is set free in the material bed. The red dotted line represents
the course of the adsorption heat transfer rate. In the first hour the material and the drum body are heated up
via internal heat transfer (purple dotted line) until the maximum material bed temperature is reached. The
peak of reactor heat transfer rate (black line, 1500 W after 1.2 hours) which results from the airstream and
the drum surface heat transfer rate (orange dotted line) is damped and occurs some minutes after the reactor
is fully heated up, then the drum surface heat transfer rate is at maximum. As we can see from Fig. 7 in
steady state operation (both modes) the temperature difference between material temperature and outlet air
decreases slowly.
2500
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Fig. 5: Development of heat transfer and thermal power generated with a constant reactor inlet temperature
(operation scheme A) for zeolite 4A

The behavior of reactor heat release in Fig. 5 (black line) and Fig. 6b (blue line) is indicated for the same
batch of zeolite 4A. The specific adsorption heat (red dotted line in Fig. 6b) is very high at the beginning of
the run. Thus, the fast initial rise of temperature is associated with a strong hygroscopic effect of the
synthetic zeolite material, caused by adsorption in micropores. Therefore, for fast heat-up the sorbent should
be at low initial water content. This enables high heating rates of the reactor body material and the storage
material. The rather slow temperature decrease over several hours in steady state operation is connected to a
slow decrease of differential heat release of the material.
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Fig. 6: (a) Temperature shift Δ T between air inlet and outlet (left side), (b) development of adsorption heat and reactor heat
release for Zeolite 4A (right side)

The two lines in Fig. 6a represent zeolite 4A and 13X both in nearly dehydrated state at the beginning (initial
water content 2.5 %) and exposed to relative high specific air humidity (xin = 16 g/kg). Both materials reach
comparable maximum temperature shifts of 36 K. The characteristic temperature plateaus between the
second and sixth hour occurring imply a balance between adsorption heat and heat transfer from the reactor.
Because the air is a heat transfer medium and contains the water vapor, a specific development for each inlet
humidity value results, depending on the initial water content of the sorbent. Besides the reactor temperature,
the heat storage capacity of the material is the most interesting value for storage applications. The total
released heat during the whole batch run (10.5 hours) was calculated by integration of the thermal release
rate over time. The test with zeolite 4A generated 38 MJ of thermal energy and 43 MJ were reached with
13X-zeolite. This means a specific enthalpy release of 740 kJ/kg for zeolite 4A and 870 kJ/kg for zeolite
13X, which has a lower material density. During the first phase the specific adsorption heat (Fig. 6b) can
reach up to 6 MJ/kg-H2O. After a certain amount of water was adsorbed (5.5 % - after one hour of operation
time), the maximum material temperature was reached. It is worth mentioning that the differential heat
generation (blue line) is increasing towards the end. The reason for this effect is the remarkable contribution
(up to 300 W) of internal stored sensible heat to the heat transfer in the second half of the operation period.
4.2 Hot water operation mode (scheme B)
The comparison of the temperature measurement developments between the two operation modes (see
chapter 3) has shown less difference between material temperature and air outlet temperature by using heat
recovery (Fig. 7). During the last operation hours a high share of water vapor uptake takes place in the wider
pores of the zeolite material. Therefore, the hygroscopic property of the sorbent decreases, this is associated
with a drop of specific adsorption heat to about 3 MJ/kg-H2O (Fig. 6b). This means that the outlet air water
vapor content (blue dotted line) and therefore the humidity uptake efficiency of the material bed decreases
with a constant slope over time. The slope is increasing referring to the state of hydration in the material.
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Figure 7: Development of Temperatures and outlet air humidity with variable inlet temperatures (operation scheme B)
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During the batch run in Fig. 7 (xin= 9.5 g/kg) the peak load reached 850 W at 3 hours of operation, when the
outlet air temperature (brown line) and the drum temperature (black dotted line) reached their maximum.
Heat was set free for more than 12 hours. The inlet temperature (orange line) rose up to 55 °C, while the
ambient temperature was kept stable at 23 °C. Higher loads lead to a decrease of inlet air temperatures, and
then all temperatures are shifted downwards. Heat-up could be realized faster by disconnecting the load at
the beginning of the run. Starting from the sixth hour the temperatures of the material bed (red dotted line),
the drum and the outlet air are close together. Because there is also a heat transfer between material and the
wireless data logging sensors, the surface temperature of the material grains is assumed to be slightly higher
as the measured material temperature, especially during the cooling-down of the reactor.
5. Discussion
The high specific heat transfer rates resulting from water vapor adsorption in zeolites enable heat supply for
domestic applications with a compact rotating adsorber unit. Measurements have shown that heating and hot
water generation can be realized with an appropriate operation set-up. While temperatures for heating of
energy efficient buildings could be achieved with a setup regarding to operation scheme A hot water
generation requires additional measures like active humidification (see Zettl et al., 2014) or heat-up of the
adsorber inlet airstream by means of operation scheme B. The material bed temperature and therefore the
reactor outlet air temperature could be raised significantly by heat recovery from outlet airstream to inlet
airstream.
If reaction kinetics of novel materials like salt impregnated zeolites can compete with commercially available
molecular sieves in a rotating adsorber, then thermochemical adsorption processes can enable domestic
applications. The retarded adsorption behavior of thermochemical material could be eventually compensated
by heat recovery from a batch based continuous flow adsorption to reach sufficient reactor temperature. This
has to be proofed in test runs with the experimental setup presented in this paper. On the contrary a decline in
water vapor uptake rate, apart from the development of differential heat release in sorbents, which is
connected to state of material hydration, means always a decrease of the reactor heat release rate. Then the
energy efficiency ratio of heat released and electricity needed for the adsorption process with heat recovery is
lower, because pressure losses and therefore energy consumption of a fan, caused by the airflow through the
material bulk, will remain constant in the continuous flow reaction.
For practical reasons several operation modes should be combined, regarding the development of heat
transfer during a batch run. In general, fast reactor heat-up can be achieved by heat recovery from the outlet
airstream, while high reactor heat release rates are resulting from high inlet humidity and the direct use of the
power from the outlet air. At the end of a batch run the reactor is cooling down because of low differential
heat release from adsorption. Then the outlet air temperature should be close to the material temperature by
the support of heat recovery. The utilization of adsorption heat at lower material temperature, during
advanced hydration of the sorbent, is necessary to achieve high specific energy storage potential of the
sorbents over the whole sorption cycle. Therefore an appropriate controller is a clear system requirement for
a hybrid domestic system for heating and hot water generation.
The theoretical values for adsorption enthalpies of several zeolite materials in dependence of the adsorption
temperature have been evaluated by caloric measurements (Fischer, 2009). Although the peak adsorption
temperature in a rotating reactor can differ from operation mode to operation mode, the adsorption enthalpy
achieved with batch runs of the same initial conditions did not change significantly when the material bed
was cooled down to a comparable end temperature. This means most of the sensitive heat stored in the
reactor was set free.
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Abstract
Water based combi-storages are frequently used in Central Europe for storing heat for space heating and
domestic hot water in one device. The stratification efficiency of direct combi-storage inlets has a decisive
influence on the energetic efficiency of solar thermal systems and even more of heat pumps that are
connected to combi-storages. However, there are currently no simple recommendations for the geometrical
design of direct storage inlets together with scientifically supported values for maximum mass flow rates that
can be used for charging without disturbing stratification in the storage. In this work, the effect of different
geometrical designs and mass flow rates on stratification of the storage was studied for direct storage inlets
with computational fluid dynamics. Selected experiments were validated with laboratory tests.
key words: combi-storage, stratification, heat pump, solar thermal, computational fluid dynamics.

1. Introduction
Water storage devices are used in almost all residential buildings for storing domestic hot water (DHW).
With increasing use of solar thermal heating, heat pumps, pellet heating, and photovoltaic self-consumption,
also the use of storages for space heat is expected to increase. Combi-storage that can store heat for both
DHW and space heating in one device have the advantage of being more economic (more compact and only
one unit to be installed), as well as more energy efficient (less heat losses), than a two storage solution.
However, the efficiency of solar thermal systems as well as of heat pumps decreases significantly if
stratification of the combi-storage is poor (Sharp & Loehrke 1979; Phillips & Dave 1982; Haller et al. 2014).
Computational fluid dynamics (CFD) has been used already in the past to investigate the effect of geometry
and mass flow rates for direct inlets that are placed at the bottom or at the top of a storage tank (Shah &
Furbo 2003; Aviv et al. 2009; van Berkel et al. 2002). However, only few studies were dealing with the inlet
that is usually placed at about half the height of an 800 liter combi-storage and that is used by an auxiliary
heater (e.g. a heat pump) for charging the space heating zone of the storage. This inlet ad mid-height is of
particular importance for the stratification efficiency of solar and heat pump systems. If charging the storage
space heat zone by this inlet disturbs the zone above that is reserved for DHW, the heat pump switches to
DHW charging more frequently than necessary, and is thus providing heat at higher temperatures than
required. This leads to a significant decrease of the systems exergetic and energetic efficiency – as shown by
Haller et al. (2014) and Haberl et al. 2014. A rare example of CFD simulations and laboratory experiments
for the inlet ad mid height of a combi-storage was published by Drück (2007) for water inlet velocities from
0.2 to 2.0 m/s. The stratification was much better with lower mass flow rates. The disturbance of an already
existing hotter DHW section above the inlet or general recommendations for maximum inlet velocities that
do not cause such a disturbance were not part of Drück's publication. For the given reasons, in the work
presented here, CFD was used to simulate different mass flow rates and different geometries for the inlet at
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mid-height of a combi-storage, and the effect on the temperatures of the DHW zone above are presented.
Selected experiments have been validated with laboratory measurements.
2. Methods
2.1 General
For the simulations, ANSYS CFx (Workbench 14.0 and 14.5.7) has been used. 3D geometries have been
designed in NX6 from Siemens.
The volume of the simulated cylindrical storage tank was 800 l. The initial state of the storage was 50 °C (for
DHW) in the upper half of the storage and 30 °C (for space heating) in the lower half of the storage. The 2
inch inner diameter (2" i.d.) inlet was placed at the center of the storage height, and the inlet-temperature was
constantly 30 °C. The outlet was placed half-way between the inlet and the bottom (Fig. 1). Based on the
assumption of a system with an 8 kW heat pump operating with a delta-T of 5 K, the maximum mass flow
rate was assumed to be 1800 kg/h. The simulation results were evaluated after one hour of simulated real
time.

D = 0.75 m
H = 1.8 m
de = 0.0508 m (2")
da = 0.0508 m (2")
E = 0.90 m
A = 0.45 m
V = 0.795 m3

Fig. 1: Dimensions and meshing cutout of the simulated storage device (first set of simulations)

2.2 First set of simulations
A first set of simulations was performed in order to study both the effect of different mass flow rates at the
middle port inlet as well as the influence of different inlet geometries.
A tetrahedron mesh has been used in the inlet and outlet region (height 0.25 to 1.1 m), whereas a hexahedral
mesh has been used in the regions that are further away from the inlet (Fig. 1 right). A mesh size study
revealed that results changed significantly when the mesh size was decreased from 20 mm to 15 mm in the
inlet region, and from 40 mm to 30 mm in the other regions. A further decrease in mesh size showed only
small differences in the temperature profiles after one hour of simulation. The shear stress transport (SST)
model implemented in ANSYS CFx has been used with default settings.
Furthermore, for this study, the following simplifications were made in order to decrease the simulation time:
-

the symmetry of the storage vessel was used and only half of the storage volume was simulated - a
comparison with a simulation with the full storage volume revealed no visible differences in the
results

-

the storage wall was not simulated, only the water body with no-slip condition at its boundaries

-

the boundaries of the water body have been assumed to be adiabatic, hence heat losses of the vessel
are zero

The target of this study was not to reflect reality as closely as possible, but to study the influence of
turbulences created by an inlet jet, if possible excluding the disturbances created by other effects. It is thus
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assumed that for the purpose of showing the influence of mass flow rates and the influence of inlet geometry
on storage stratification over one hour of operation, the simplifications listed above do not influence the
results significantly.
2.3 Laboratory measurements and second set of simulations
Laboratory measurements have been performed using a 750 l storage tank as shown in Fig. 2b. The storage
tank had an inspection opening at the backside for mounting and unmounting of inlet flow velocity
mitigation and stratifier devices.
a)

b)

c)

d)

Fig. 2: The storage tank with (a) and without (b) inspection opening and its tetrahedron meshing in side view (c) and top view
(d)

The piping and instrumentation diagram of the test rig and storage tank can be seen in Fig. 3. The sensors
and their accuracy are listed in Table 1.

Fig. 3: Piping and instrumentation diagram (P&ID) of the test rig and storage tank
Table 1: Measurement devices and their accuracy

sensor

sensor type

Accuracy (in used range)

T1 – T13

immersed resistance thermometers
PT100

+/- 0.1 K

T14 – T15

immersed resistance thermometers
PT100

+/- 0.1 K

F1

electromagnetic flowmeter

+/- 0.5 %

The procedure for the measurement of the disturbance of the 50 °C DHW zone by inlet mass flow at the
middle port was as follows:
1.

emptying the storage tank, mounting or dismounting flow velocity mitigation devices or inlet pipes
as required, and filling of the storage tank, while deaerating
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2.

heating the storage tank to 30 °C (±1.5 K)

3.

waiting for 10 min

4.

charging the storage tank through the top inlet with 50 °C inlet temperature, while discharging from
the middle port, with 0.5 kg/s mass flow rate, for exactly one hour

5.

waiting for 10 min

6.

switching to conditioned inlet temperature of 30 °C at the middle port inlet with exit at 0.25 relative
to the storage height, with a constant mass flow rate that differs from experiment to experiment

7.

stop the mass flow rates after one hour of operation

CFD simulations were adapted to closer match the laboratory conditions. In particular, the following
adaptions and pre-studies were performed:
-

The geometry of the storage tank was adapted from a strict cylinder to the geometry with round top
and bottom as shown in Fig. 2. The meshing had to be redone for this geometry and was redone
with a mesh-size of 20 mm for the water body.

-

The storage tank was simulated once without and once with the inspection hole included in the
storage geometry, for the case of direct horizontal 2" inlet. The inspection hole was found to have
no significant effect on the stratification after one hour of simulations with 0.5 and with 0.125 kg/s
mass flow rate.

-

The inlet diameter was changed from 2" (previous studies) to 1".

-

The storage tank was simulated once with and once without heat conduction within the storage wall
and heat losses through the storage wall. For simulations with storage wall, the wall-meshing was
10 mm, and the meshing of the water body was reduced gradually in the storage wall region in order
to adapt to 10 mm. It was found that heat losses and the storage wall itself had no significant effect
after one hour of simulation with forced mass flow through the storage.

-

The storage tank was simulated once as a whole body and once as half of the volume (see different
colors of the meshing in Fig. 2c+d), using the symmetry of the storage tank without inspection
opening. There was no significant difference between the whole body simulation and the half-body
simulation.

The final results that are compared with simulations in the results section of this paper have been performed
with the whole body, with man inspection opening, and with the storage wall. The mass flow rates and
temperatures used in the simulation were given as inputs through a text-file in order to reproduce exactly the
conditions of the laboratory measurements.
3. Results
3.1 Influence of mass flow rates and inlet geometries
Different inlet geometries were simulated with inlet mass flow rates of 450, 900, and 1800 kg/h. On the one
hand, direct horizontal 2" (HOR 2") and 4" (HOR 4") inlets without any special measures for the mitigation
of inlet flow velocities or turbulences were simulated. On the other hand, the more complex inlet geometries
shown in Fig. 4 were also simulated. These simulations have been performed by Huggenberger (2013).
Fig. 5 shows the disturbance of the upper storage region after 1 hour of storage operation with inlet
temperature of 30 °C at mid-height of the storage for the different mass flow rates. The resulting disturbance
of the temperature stratification after one hour is clearly dependent on the mass flow rate on the one hand,
and on the inlet geometry on the other hand. Mass flow rates of 450 kg/h correspond to inlet flow velocities
of 0.064 m/s for the 2" i.d. (inner diameter) pipe. With this low inlet velocity, not much difference is found
between the temperature profiles resulting from different inlet geometries. However, already with inlet mass
flow rates of 900 kg/h (0.127 m/s) the 2" direct horizontal pipe inlet leads to a significant decrease in
stratification. This decrease in stratification compared to the results obtained with lower mass flow rates is
effectively prevented by a larger inlet diameter of 4" or by a long channel (PLATE-L) that increases the
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hydraulic diameter of the pipe from 2" (50 mm) to 2·4A/P = 120 mm. In contrast to all other inlet
geometries, PLATE-L does not show an increase in the disturbance of the stratification with increasing inlet
mass flow rates up to 1800 kg/h. For this highest simulated mass flow rate, the average inlet flow velocity for
PLATE-L is 0.07 m/s. Interestingly, a shorter channel of the same diameter or T pieces of shorter length do
not prevent the disturbance of the upper zone as effectively as PLATE-L, although the average inlet velocity
of T 2"-3" is only 0.06 m/s.
PLATE-S

PLATE-L

T 2"-2"

T 2"-3"

a = 120 mm
b = 50 mm
c = 70 m

a = 500 mm
b = 50 mm
c = 70 m

a = 120 mm
b = 55 mm
d1 = 2", d2 = 2"

a = 120 mm
b = 55 mm
d1 = 2", d2 = 3"

Fig. 4: Different inlet geometries and their dimensions

HOR 2"

HOR 4"

PLATE-S

PLATE-L

T 2"-2"

T 2"-3"

inlet mass
flow and
velocity
for i.d. 2"

450 kg/h
0.064 m/s

900 kg/h
0.127 m/s

1800 kg/h
0.255 m/s

Fig. 5: CFD Simulations of an originally stratified storage (top 50 °C, bottom 30 °C) with inlet (ø 2", 30 °C) at mid-height of
the storage; status after one hour of simulated operation with different mass flow rates and inlet geometries. The inlet flow
velocities are given for the 2" inner diameter pipe
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3.2 Influence of length of mitigation zone
Simulation results for PLATE-S and PLATE-L as well as the results for T 2"-3" showed clearly, that not
only the hydraulic diameter or the average inlet velocity play an important role in the disturbance of the
stratification, but apparently also the length of the flow velocity reduction zone that was quite longer for
PLATE-L than for the other inlet geometries. For this reason, Kaufmann (2013) analyzed the influence of the
length of the mitigation zone more in detail, by simulating a T-piece with different length of the double-hose
as shown in Fig. 6.
storage wall

z = 0.055 m

T-piece hose

b variable:
0.15 m
0.20 m
0.25 m
0.3 m

Inlet

storage radius

Fig. 6: T-piece 2"-3" with different lengths for the double hose and cross-section scheme for the evaluation of the flow velocity
profile within the hose at different distances from the inlet spout (see Fig. 8)

An evaluation of the temperatures at different storage heights after one hour of simulation for T-piece inlets
with different lengths of the double hose is shown in Fig. 7. It is clearly visible that an increase of the hose
length from 0.15 m to 0.20 m reduces the disturbance of the upper hot zone, whereas a further increase of the
length only has a marginal effect.
1.8

storage height [m]

1.6
b=200mm
b=250mm
b=300mm

1.4

b=150mm

1.2
1
0.8
0.6
30

32

34

36

38

40

42

44

46

48

50

temperature [°C]
Fig. 7: Temperature curves across the storage height after one hour of simulation with mass flow rates of 1800 kg/h and
different lengths b for the double hose of the T-piece

Fig. 8 shows that the velocity profile in the T-piece hose is not homogeneous and the flow not well
developed for angles (see Fig. 6) that are below 40° (0.25 m hose length). However, already at 0.2 m hose
length there was no further advantage in further increasing the hose length. The maximum velocity within
the velocity profile at the outlet of the T-piece with 0.2 m hose length was around 0.12 m/s.
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10°

20°

30°
40°
angle of the cross section

50°

70°

Fig. 8: Velocity profiles at different cross sections of the T-piece hose taken at different angles as (compare Fig. 6) for mass
flow rates of 1800 kg/h

3.3 Validation with laboratory experiments
Laboratory experiments were performed with 1" i.d. pipe connections to the storage tank, with and without
inlet flow velocity mitigation by means of the channel/plate device shown in Fig. 9a. All experiments were
performed with inlet mass flow rates of 450, 900, and 1800 kg/h once with and once without a 90° elbow
(Fig. 9b) before the storage tank inlet. Laboratory experiments as well as the simulation results shown in this
section were performed and evaluated by Lötscher & Podhradsky (2014).
a)

b)

Fig. 9: Inlet flow velocity mitigation plate for inside storage mounting and 90° elbow before the storage inlet

Neither simulations nor measurements showed a significant influence of the 90° elbow on the disturbance of
the 50 °C zone of the storage tank. However, the influence of the flow velocity mitigation plate was quite
pronounced, as can be seen in Fig. 10. The comparison between CFD simulations and laboratory
measurements reveals that the simulations predict adequately the speed of propagation of the thermocline
towards the top of the storage tank. However, there is a significant difference in the slope of the thermocline,
with measurements showing a quite sharper thermocline, i.e. a higher slope in terms of dT/dh in the
thermocline region, than the CFD simulations.
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without inlet flow mitigation

with inlet flow mitigation
1.8

storage height [m]

450 kg/h

storage height [m]

1.8
1.5
1.2
0.9
0.6
0.3

1.5
1.2
0.9
0.6
0.3
0.0

0.0

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]

1.8

storage height [m]

900 kg/h

storage height [m]

1.8
1.5
1.2
0.9
0.6
0.3
0.0

1.5
1.2
0.9
0.6
0.3
0.0

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]
1.8

storage height [m]

1800 kg/h

storage height [m]

1.8
1.5
1.2
0.9
0.6
0.3

1.5
1.2
0.9
0.6
0.3
0.0

0.0

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]

28 30 32 34 36 38 40 42 44 46 48 50 52
temperature [°C]

laboratory measurements

CFD simulations

Fig. 10: Temperature distributions inside the storage after one hour: comparison between laboratory measurements and CFD
simulations with and without inlet flow mitigation

4. Conclusion
CFD simulations for direct storage charging or discharging by inlets at the mid-height of a combi-storage
were carried out and showed that the disturbance of the DHW zone above the inlet strongly depends on the
mass flow rate and on the geometry of the inlet. A comparison of CFD simulations with laboratory
measurements revealed that the simulations are reproducing accurately the speed of propagation of the
thermocline towards the top of the storage tank and hence the rate of increase of the mixed volume of the
tank. However, the slope of the thermocline remained more pronounced for the measurements than for the
results from the CFD simulations. The simulation results show that direct inlets at mid-height of the storage
with an inner diameter of as large as 2" do not preserve the homogenous temperature of the DHW zone in the
upper part of the storage for mass flow rates of 1800 kg/h. For all simulations and measurements with inlet
velocities of 0.1 m/s and lower, the temperature in the upper part of the storage was well preserved as long as
the flow velocity mitigation duct is long enough. This finding is in line with the general recommendations
given without documented scientific proof by Jenni (2000, p.4), but is quite lower than the values that can be
derived from the recommendations given by Carlsson (1993). According to the simulation results, a
minimum length is needed for the flow velocity mitigation ducts inside the storage in order to lead to a
sufficiently developed velocity profile within the duct. If the velocity profile is not sufficiently developed,
locally increased velocities may lead to increased mixing in the storage and disturb its stratification. This
phenomena was observed for several of the flow velocity mitigation devices simulated in the first set of
simulations, and possibly also for the experiment and simulation of 1800 kg/h mass flow inlet with the
channel / plate flow velocity mitigation duct in the second set. Further work is needed in order to confirm the
applicability of these findings for larger storages and pipe diameters and in order to find the required
minimum length of the mitigation ducts for a sufficiently developed flow profiles
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Abstract
An advanced segmented sorption heat store with improved efficiency of the adsorption and desorption
processes is presented in this paper. The basic concept of the solar thermal space heating system with high
solar fraction using an effective long-term sorption store integrated in a conventional mechanical ventilation
system has been developed in previous research projects. Many improvements concerning the system design
and storage material have been achieved in the recent years. A modular storage design with segmented
adsorption units is developed in the current work. A prototype store has been build and experimentally
investigated. The results of the numerical simulations are in good agreement with the experiments.
Key words: thermo-chemical heat storage, adsorption, solar heating, high solar fraction, segmented sorption
store

1. Introduction
Solar assisted space heating systems are already well introduced to the market and have an increasing market
share. The challenging task now and in future is the development of solar only heating systems covering the
complete heat demand by using solar radiation as the only energy source. Towards this goal great
technological improvements have already been achieved in the last few years. Effective long-term heat
storage is one of the crucial aspects for achieving this goal. In this context the technology of thermochemical heat storage offers the advantage of high energy storage densities and minor heat losses. Hence,
adsorption heat storage, a sub category of thermo-chemical heat storage, is being under intensive research in
recent years. This contribution will present the development of a new segmented adsorption storage design
with a significantly improved operating behavior as well as its integration in the so-called “SolSpaces”
building.
2. Solar thermal heating system
Thermo-chemical energy storage represents a very promising storage technology for solar energy, due to
high energy storage densities and significant reduced heat losses. In fact, if a complete air tightness of the
storage unit can be assured, energy losses appear only while charging and discharging the store.
Very good experiences in laboratory scale and with prototype stores have already been achieved with the
adsorption of water on zeolite. Storage densities up to 180 kWh/m³ have been measured, which is a factor of
three compared to water for a temperature difference of 'T = 50 K. However, to reach solar fractions higher
than 70 % under Central European climate conditions storage volumes of several cubic meters are necessary
even for single family houses. In a previous research project the concept of a solar thermal space heating
system using a sorption store integrated in a conventional mechanical ventilation system with heat recovery
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has been developed /Kerskes et al., 2006/. In the current follow-up project this concept will be implemented
for the first time in a real building. The building of the type "Flying Spaces" from the company
SchwörerHaus KG in Oberstetten, Germany is a prefabricated building. It was selected for testing and
demonstrating the newly developed solar only space heating concept because of its dimensions this building
sets highest requirements on the compactness and integration of the heating system. In figure 1 the
"SolSpaces" building located on the campus of the University of Stuttgart near to the premises of ITW, is
shown. The building consists of a living room, a bathroom and a utility room in which the sorption store will
be installed in the autumn of 2014.

Fig. 1: SolSpaces building at ITW, University of Stuttgart, Germany

The newly developed solar heating concept is based on a solar thermal system in combination with a sorption
heat store and is designed for very high solar fraction (up to 100 %).
In figure 2 the operating modes of the solar heating system during winter and summer are schematically
shown. The sorption store is integrated between the mechanical ventilation system of the building and the
indoor exhaust air leaving the space heating zone. In the winter mode the required moisture to drive the
adsorption process to release heat from the sorption heat store for space heating is supplied by the wet indoor
exhaust air. The indoor exhaust air at room temperature (~ 20°C) is allowed to pass through the sorption
storage. The storage material adsorbs the moisture from the air and hence heats up significantly above 20°C
by gaining heat of adsorption. This warm air is then allowed to pass through the heat exchanger, where it
heats the incoming fresh ambient air which is transferred into living space for room heating. Thus, the space
heating continues until the sorption store gets saturated with water vapor by the end of the winter season.
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Fig. 2: Winter and summer operation mode of the solar thermal space heating system with sorption store

In the summer months, when solar radiation is present in excess, the storage material is regenerated
(desorption); this means charging of the sorption store. Vacuum tube solar air collectors are used to heat the
ambient air. The hot air is then allowed to flow through the sorption store system, in order to activate the
regeneration process of the storage material. The warm and humid air leaving the sorption system is then
passed through the air to air heat exchanger to preheat the incoming ambient fresh air, before it enters the
solar collectors.
3. Development of the new segmented storage design
From the points of flow resistance and heat and mass transfer it is not favorable to pass the airflow, used for
charging and discharging, through the store as a whole. The main disadvantages are a very high pressure
drop when blowing an air stream through the entire store, a very large thermal capacity which makes the
thermal behavior of the store very inertial and high heat losses during the adsorption because the entire
amount of storage material has to be heated at once. Especially under transient operation conditions like solar
thermal applications these aspects cause some drawbacks.
A segmented store subdivided into individual sorption units has therefore been developed in the current
research project “SolSpaces”. The sorption store with a cubic shape is planned with a volume of 4 m3. For
efficient operation, it is necessary to subdivide the sorption store into individual segments. For each segment
the adsorption/desorption process can be performed individually. Due to segmentation a significant reduction
of pressure drop is achieved and also a reduction of the mass and thermal capacity of storage material
involved in the adsorption/desorption processes at once. This leads to reduced heat losses due to a smaller
thermal capacity. On the other hand a regular and homogeneous flow distribution within each segment is an
important requirement for the efficiency of the store.
These considerations result in the storage concept, which is schematically depicted in Figure 3. Four areas
arise by two vertical separators on the diagonals and each of them is subdivided by 6 horizontal planes. In
this way, in each storage quarter three pairs of super-imposed segments exist which can be passed through
independently of each other. The air stream exiting the segment is collected in a horizontal air duct. At the
exit of each air duct a flap mechanism is installed to led the air flow to the active pair of segments.
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When hot air is required for space heating, the cold and humid air is supplied through a central, vertical inlet
pipe. The segment pair in operation is passed through. Due to the occurring adsorption process the air is
heated up and leaves the segment pair through the air channel that is opened by the flap (see Fig 3, a - c).

inlet pipe

flaps
horizontal
air duct

(a)

(b)

(c)

Fig. 3: Concept of the sorption store: complete store (a), quarter of the store (b) and vertical section through the center plane
of the store (c)

A prototype of the segmented sorption store has been designed using CFD methods (CFD: Computational
Fluid Dynamics). The main aim was the development of a first segment geometry. By a large flow crosssection and the flat design of the segments, which leads to a short pass length through the fixed bed of
zeolite, a low pressure drop should be achieved. The finally chosen geometry is shown as cross sectional area
in Fig. 3 (c). Figure 4 shows the 3D CAD model of a segment pair as well as an example of the results of the
CFD analyses performed. The fixed bed of zeolite has been modeled as a porous media. The velocity profile
inside the fixed bed is calculated with the extended Brinkman equation. For this analyses no adsorption or
desorption processes have been taken into account.
The results of the CFD simulations show an almost homogeneous flow distribution on the inlet and outlet
surface of the segments. Only in the edge region higher velocities occur. This is depicted in fig 4 (left
picture). In the right picture the flow velocity on the center plain is shown. This also shows a uniform
distribution expect the edge region. Slightly higher velocities occur in the region of the air duct where the
flow length is smaller.

Fig. 4: Results of CFD simulation study: flow velocity (m/s) on the inlet and outlet surface of a segment pair (left) and in the
center plain (right)

The elaborated design of the store with its individual sorption units (segment pairs) fulfills the requirements
concerning low pressure drop and homogeneous flow distribution quite well.
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4. Experimental investigation of the lab scale segmented storage design
A laboratory store with the geometry described in the previous chapter was first constructed in scale 1:4 and
investigated using experimental and numerical methods.. Taking advantage of the symmetry design of the
store only a quarter of the store was build. The aim of the preliminary tests on the lab scale store was to
analyze the adsorption and desorption process and the flow behavior in a pair of segments to gain experience
for the development and construction of the prototype store in real size with a volume of 4 m3. In Fig. 5 the
experimental set up used is depicted schematically. Photos of the set up are shown in Fig.6.

Fig. 5: Sketch of the experimental setup

Since the flow inside the store is hard to measure a number of thermocouples are used to detect the
temperature distribution inside the zeolite bed. The movement of the temperature front inside the bed is a
direct indicator for the flow distribution. In total 40 thermocouples are distributed over the volume of the
segments on significant positions. In Fig. 7 the position of the thermocouples are depicted.
A uniform flow through the fixed bed in each segment and an equally long discharge time of both segments
of a segment pair are important to achieve a uniform energy discharge of the segments. In this case the outlet
temperature of the heated air remains at a constant level for a relative long time and thus a maximum use of
the stored energy can be achieved.

Fig. 6: Photos of experimental setup with laboratory sorption store (right)

In order to illustrate the operation during the adsorption processes, the temperature profiles in the fixed bed
of segment 4 in level 3 (near the outlet surface) are depicted during an adsorption experiment in Fig. 8 as an
example. The schematic flow of the segments 3 and 4 is shown in Figure 3 c). The air enters the segment
with a flow rate of 25 m3/h and an inlet temperature of 20 °C. The inlet moisture corresponds to the humidity
of the air in the laboratory and is in the range of 3.4 g/kg to 4.5 g/kg. The goal is to achieve a homogeneous
flow distribution at the inlet surface of the segment. Thereby a homogeneous flow distribution will also
occur in the bed. In this case the adsorption front will move with the same speed through the entire bed. The
migration rate of the adsorption process can be detected with the help of the temperature measurement. The
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experiment depicted in Fig. 8 shows a temperature rise of 14 K in the bed due to the heat of adsorption. The
outlet temperature is constant over a long period of 8 hours. The subsequent temperature drop at all measured
positions is steep. However, the beginning of the temperature drop at the different measuring points occurs in
a time window of about 4 hours. This behavior indicates a not quite homogeneous flow. The ideal case
would be a simultaneous drop in temperature at all measuring positions. Both the flow and the initial load of
the storage material have an impact on the adsorption time. The temperatures at position 3 in rows 1 and 3
fall off at first. The reason may be the fact that the flow length at positions 3 is shorter and hence the flow
rate is higher. Further improvements on the geometry have to be done to achieve a even more homogeneous
flow distribution. This is discussed in chapter 5 (numerical simulations).

Fig. 8: Temperature profiles in the fixed bed of segment 4 (level 3) during an adsorption experiment
(Key: S segment, E level, R row, P position, numbering see Fig. 7)

In Fig. 9, the temperature profiles of segment 4 in row 2 are plotted during a desorption experiment. The air
inlet temperature was approximately 165 °C. There is a nearly uniform temperature of around 160 °C
achieved in the entire bed that regenerates the storage material homogeneous. At some positions in row 1 and
3, a lower temperature is reached compared to the other measuring points at the end of the experiment. The
reasons for this may be the heat losses to the environment or a non-uniform flow distribution.

Fig. 9: Temperature gradients in the fixed bed of segment 4 (row 2) during desorption experiment
(Key: S segment, E level, R row, P position, numbering see Fig. 7)
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It should be noted that the relative heat losses to the ambient of the prototype store installed in the SolSpaces
building will be less than for the laboratory store, because the side panels of the laboratory store (only a
quarter has been constructed) are then interior walls inside the store.
Furthermore the investigations carried out have shown that the water vapor diffusion between loaded and
unloaded segments during a standstill period of 24 days between desorption and subsequent adsorption is
negligible.
5. Numerical investigation to optimize the segmented design
In addition to the experiments on the laboratory store the segmented sorption store concept was further
investigated using detailed CFD simulations. At this stage a numerical model of the adsorption and
desorption behavior has been implemented into the software COMSOL Multiphysics
The heat and mass transport inside the reactor is described with a quasi-homogenous model, which means
that no difference is made between the solid and fluid phase temperature. The effective transport parameters
for the radial and axial heat conduction and diffusion are calculated with the so-called Ȧ -model. The
adsorption equilibrium of the used binderless zeolite 13X in a temperature range from 25 °C up to 200 °C
was determined by gravimetric measurements of the water vapor adsorption isotherms. The measurements
were performed in a sorption analyzer IGA-002 (Hiden Isochema). The adsorption equilibrium is
approximated using the Dubinin-Astakhov equation. The adsorption enthalpy 'Hads as a function of the water
loading of the zeolite is calculated from the adsorption isotherms by applying the van’t Hoff equation. The
adsorption rate is modeled by a linear driving force (LDF) approach. In the LDF-approach, the mass
transport resistant from the fluid phase into the micro pores of the zeolite pellet is reduced to an overall mass
transport resistant. Details of the numerical model applied can be found in /Mette et al., 2013/.
The simulation model has been validated with the measured data of the experiments on the laboratory
sorption store. Overall, a satisfactory agreement with the measured data and the simulation results could be
found, so that the CFD model can serve as a suitable tool for further investigations.
The result of the experiments discussed above show that there is still some potential for optimization with
respect to the uniform and concurrent flow through the segments. In this regard geometry changes of the
segments have been studied numerically. In Fig. 10 the calculated temperature distribution of an adsorption
process in a segment pair of the laboratory store is shown at different times for the original geometry and an
optimized one. After a period of 13000 s (3.6 h), the adsorption front has passed almost completely through
the upper segment of the existing store, while the adsorption in the lower segment is not yet complete. The
temperature of the air exiting from the sorption store will drop and thus the remaining energy from the lower
segment cannot be fully utilized.
The three figures in the lower part of Fig. 10 below show the temperature fields in an optimized geometry.
The adsorption front passes through both segments in the same time. With this geometry, an equally long
discharge duration is achieved in both segments. This results in a simultaneous drop in temperature in both
segments. In addition a better utilization of space is achieved by this measure the effective usable energy and
hence also the storage density will improve by approximately 15 % compared to laboratory store geometry.
This geometry shown in the lower part of Fig. 10 is optimized with respect to archive the same charging and
discharging time in both segments. However, the influence on the pressure drop by the smaller gap between
the segments and the smaller horizontal air duct has to be investigated.
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t = 5000 s

t = 9000 s

t = 13000 s

Fig. 10: Temperature distribution in a segment pair at three different times during adsorption process, geometry of laboratory
store (top) andoptimized geometry (bottom)

6. Conclusions
A new sorption storage design to be used in an open sorption process has been developed focusing on two
requirements. The thermal mass of the storage material which has to be heated up at the same time should be
reduced to an amount that can be heated up with the heat available from the solar collectors in a period of
several hours. The second requirement is a reduced pressure drop while passing air through the storage. In
open cycle processes low pressure drop is important to minimise the electric power consumption of the
fans/blowers.
The elaborated storage design with its individual sorption units, realized as segment pairs, fulfills these
requirements. Furthermore a homogeneous flow distribution is import to achieve a high efficient discharging
of the store.
The functionality of the newly developed design has been studied by measurement in a laboratory facility
using a store with a reduced scale. Important information and findings were derived from these experiments.
In addition the experimental data has been used to verify the numerical model, developed to analyze the
adsorption and desorption processes inside the store. Due to the fact that the flow distribution was not
optimal the numerical tool has also been used to redesign the shape of the segments.
The experimental and numerical investigations have shown that the idea of the segmented sorption store is
very suitable. Already in this first development stage all the postulated requirements have been achieved
satisfactorily. Progress has been made in the development of a compacted storage containment equipped with
individual compartments that can be adsorbed and desorbed independently. Compared to a non-segmented
sorption store, where the entire storage volume is heated up at once, the advantage of the new design is
characterized by lower heat losses, a lower pressure drop and much higher flexibility in operation.
The research project “SolSpaces” is funded by the German Federal Ministry of Economic affairs and
Energy (BMWi), based on a decision of the German Bundestag by Projektträger Jülich (PTJ) under the
grand number 0325984A. The authors gratefully thank for the support and carry the full responsibility of the
content of this publication.
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Abstract
The sorption behavior of dehydrated magnesium sulfate in porous glasses with pore diameters from 1.7 μm
to 7 nm was investigated by using isothermal calorimetry. The kinetic hindrance of the formation of the
thermodynamically stable product MgSO4·7H2O was not overcome at 85 % RH and 30 °C in the material
with the largest pores. In contrast, in pores below 173 nm the high water uptake clearly indicates the
formation of a solution. The released heat (Qr) can be calculated as the sum of the heat of hydration (Qhyd),
the heat of condensation (Qc) and the heat of solution (Qsol). The water uptake and the overall released heat
both increase with decreasing pore size. Although high energy densities up to 0.95 GJ/m³ were found for the
material composed of Vycor glass (dm = 7 nm) and MgSO4, this composite does not seem to be suitable as
heat storage material due to the formation of a solution and the high humidity of 85 % RH required for the
release of heat. Porous carbon was used as an alternative host material for MgSO4. Isotherms of the water
vapor uptake of a porous carbon composite with three different loads of MgSO4·H2O were determined and
are discussed in this paper. An energy density of 0.74 GJ/m3 can be achieved without formation of a solution
at 72 % RH.
Key-words: thermochemical heat storage, salt hydration, magnesium sulfate, influence of pore size

1. Introduction
Magnesium sulfate is a promising candidate for the application of a salt hydrate as thermal energy storage
material, due to the high theoretical energy density of 2.2 GJ/m3. This calculation is based on the enthalpy of
reaction per mole of salt for the hydration of MgSO4·H2O to MgSO4·7H2O (ǻhydH = –323 kJ/mol, Grevel et
al. 2012) and the molar volume of bulk MgSO4·7H2O (147 cm³/mol). The release of the stored heat in total is
limited by incomplete hydration (Posern and Kaps 2008, Linnow et al. 2014) as well as by the simple reason
that the crystals clump together during hydration, which leads to a lowering of the air flow through a storage
tank severely hindering the release of the stored heat. To avoid such complications the idea arose to disperse
the salt in porous host materials. The volumetric energy density becomes then a function of porosity and the
pore filling as depicted in Figure 1 for the complete hydration of MgSO4·H2O to MgSO4·7H2O. Obviously,
the design of a composite material is only economically feasible, if its energy density significantly exceeds
the values typically obtained using water vapor sorption with zeolites (dotted area in Fig. 1). Hence, highly
porous materials with a high pore filling are required. However, up to now the sorption behavior of salts
dispersed in porous materials is not well understood. Aristov and Vasiliev (2006) reported an increased water
sorption due to the dispersion of the crystals in nanosized pores up to 16 nm. However, a systematic
investigation of the influence of a wider range of pore sizes and the influence of pore filling is rarely found.
In a first research project we studied the influence of pore sizes from 1.7 μm down to 7 nm meadian pore
diameter in porous glasses on the hydration behavior of MgSO4H2O and the released heats at 30 °C and 85
% RH were determined by isothermal calorimetry. It turned out that a solution was formed in pores with
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dm = 173 nm and smaller although the deliquescence humidity of MgSO4·7H2O (89 % RH, 30 °C, Steiger et
al. 2011) was not exceeded. In addition it was found that the released heat (Qr), measured by isothermal
calorimetry, can be treated as the sum of the heat of hydration (Qhyd), heat of condensation (Qc) and heat of
solution (Qsol). Although high energy densities up to 0.95 GJ/m³ were obtained for composite composed of
Vycor (dm = 7 nm) and MgSO4, this material does not seem to be suitable as heat storage material for two
reasons. First, the formation of a solution leads in turn to the uncontrolled transport of the liquid possibly
resulting in efflux of the salt from the interior of the porous host matrix. Second, the high relative humidity
of 85 % required for the complete release of the stored heat might be not always available.
This study deals with the design of composite materials of high energy densities. The influence of the pore
filling on the water vapor sorption behavior of MgSO4·H2O dispersed in porous carbon was investigated as a
first step. Composite materials of a highly porous carbon with spherical pores of 737 nm in diameter with
three different loads of MgSO4·H2O were synthesized (Wang et al. 2008). At low pore filling (11 % with
respect to the MgSO4·7H2O) the formation of a solution was achieved at about 35 % RH. The humidity,
required to achieve the hydration state of MgSO4·7H2O, increases with increasing pore filling. A reasonable
energy density of 0.74 GJ/m³ was achieved for the composite with the highest load of 40 % at 72 % RH.

Figure 1: Volumetric energy densities (isolines) of monolithic composite materials composed of porous materials filled with
MgSO4·H2O as function of porosity I and pore filling Shep. The upper right corner represents the energy density for the
complete hydration to MgSO4·7H2O of bulk MgSO4·H2O. The hatched area represents typical values for water based sensible
heat storage and the dotted area represents typical values for water vapor sorption with zeolites.

2. Materials and Methods
2.1 Impregnation of the porous host matrix
Weighed amounts of crushed porous glasses were impregnated with a solution of 1.2 mol/kg MgSO4, filtered
and dried at 40 °C for three days in a drying cabinet before measuring the overall heat of reaction of each
sample.
Porous carbon with spherical macro pores (dm = 737 nm) and a porosity Im = 1.93 cm³/g (i.e. 81 %),
determined by mercury porosity intrusion, and a minor contribution of Im = 0.03 cm³/g (i.e. I = 1 %) of
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mesoporosity in the range 4–11.8 nm, determined by nitrogen physisorption, was used. Three different
MgSO4·H2O loads were used to measure the water vapor sorption isotherms. The samples of the porous
carbon were treated differently, one was impregnated with a solution of 1.3 mol/kg MgSO4 filtered and
excess solution was dabbed with a paper tissue before drying at 200 °C to constant weight to ensure that
dehydration to MgSO4·H2O was achieved. To achieve higher loads the second and third portion were
impregnated with a saturated solution of MgSO4 (4.1 mol/kg) at 100 °C and filtrated before drying at 200 °C.
This procedure was repeated twice for the third portion to achieve the highest load.

2.2 Instrumentation
Overall heats of reaction were determined at 30 °C and 85% RH in a gas circulation cell using a calorimeter
C80 connected to the controlled humidity generator Wetsys (Setaram Instrumentation, France). Samples of
approximately 1.2 g of each composite material were heated in the cell to 130 °C. The dwell time of two
hours was adjusted to obtain a constant heat flow at the desorption temperature. In the next step, the desorbed
material was cooled to 30 °C at 5% RH. When a constant heat flow signal (ca. 0 mW) was achieved, the
humidity was increased to 85% RH and the resulting heat flow was measured. The overall heat of reaction
(Qr) was determined by integration of the heat flow curve.
A water vapor sorption test system SPSx-1μ (ProUmid, Germany) was used to measure the water vapor
isotherm of the carbon–MgSO4 composites at 23 °C. Isotherms were recorded from 0–84 % RH in steps of
3 % RH. The samples were kept at each humidity until constant weight was achieved.
3. Results and discussion
3.1 Influence of pore size
The total water content expressed as molar ratio of water per mole MgSO4 (x) after hydration at 85 % RH
and 30 °C is given in Table 1. The water content provides evidence that in large pores the kinetic hindrance
of the formation of the thermodynamic stable phase, MgSO4·7H2O, was not overcome. Only in the materials
with pore diameters of 173 nm and below, the water content x is higher than 7. Due to the reasonable
assumption that the thermodynamic stable crystalline compound MgSO4·7H2O is formed, the higher water
content indicates the formation of a solution and the overall reaction that occurs in the composites therefore
is:
nMgSO4·xAH2O + nwH2O(g) ĺ ncrMgSO4·7H2O + nsolMg2+ + nsolSO42- + nw,solH2O(l) (eq. 1)
Considering the concentration of a saturated solution (3.24 mol MgSO4/kg-1 water) at 30 °C (Steiger et al.
2011) it is possible to calculate the partitioning between the crystalline solid and the saturated solution using
a simple mass balance approach for both MgSO4 and water. This calculation reveals that in the material with
dm = 173 nm 27 % of the water is bound in the crystalline hydrate. For the remaining materials this value was
25 % (dm = 96 nm) and 51% (dm = 45 nm), and, only 10 % of the water is present in the crystalline phase in
the Vycor glass composite (dm = 7 nm). However, not only the heat of hydration but also the heat of
adsorption and the heat of solution contribute to the overall heat effect. These contributions were calculated
using the partitioning of water and assuming a thermochemical cycle including the formation of
MgSO4·7H2O, adsorption of the remaining water in the porous substrates and the partial dissolution of the
crystalline MgSO4·7H2O in the adsorbed water. The average enthalpy of hydration (ǻhydH0 = –53.9 kJ/mol
water vapor) was taken from Grevel et al. (2012). The enthalpy of dissolution of a saturated solution at 30 °C
(20.5 kJ/mol MgSO4) was obtained by combining experimental enthalpies of solution at low concentration
and 30 °C (Cappellina and Napolitani 1966) and heats of dilution at 30 °C calculated with an ion interaction
model (Steiger et al. 2011). In lack of exact enthalpies of adsorption for the host materials, the enthalpy of
condensation (–43.8 kJ/mol at 30 °C) was used instead as the enthalpy of adsorption approaches the enthalpy
of condensation with increasing surface coverage. The small differences of the measured heat (Qr) and the
sum of the calculated heats (Qcal) as given in Table 1 column 7 show that the overall heat of reaction can be
treated as the sum of the heat of hydration (Qhyd), heat of condensation (Qc) and heat of solution (Qsol).
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Tab. 1: Water content and released heats of the composite materials at 85 %RH and 30 °C.

x

Qr (J)

Qhyd (J)

Qc (J)

Qsol (J)

Qr-Qcal (J)

ǻrH0 (kJ/mol)

1.7·10

3

6.12

-458

-402

0

0

-56

-63.1

1.7·10

3

6.55

-240

-224

0

0

-16

-59.3

173

8.31

-502

-407

-78

4

-21

-55.1

96

10.32

-353

-193

-117

5

-48

-57.7

96

8.64

-445

-358

-83

4

-8

-53.5

45

9.78

-572

-447

-174

8

+41

-47.7

dm (nm)

45

9.95

-554

-425

-176

8

+39

-47.7

7

15.10

-653

-299

-382

18

+10

-46.8

7

14.81

-620

-289

-356

17

+8

-47.0

Even though theoretical considerations about the influence of a confinement on the thermodynamics have
been published by Steiger (2005, 2009) little is known about the real behavior of salts in confinement.
Nonetheless, the formation of a solution was observed in all materials with pore diameters equal to or below
173 nm although the deliquescence humidity (DRH) of bulk MgSO4·7H2O was not exceeded. Due to the
small pores capillary condensation the partial dissolution of the salt can occur in very small pores (7 nm).
The formation of a solution in the macroporous materials with pore diameters in the range 45–173 nm is
surprising. In general, two competitive effects on the solubility of salts in confinement can be discussed. One
effect is the concave curvature of the meniscus of an unsaturated filled pore which yields a decrease of the
pressure in the pore solution according to the Laplace equation. This leads to a decrease of the solubility and,
consequently, to an increase of the deliquescence humidity. Due to the formation of a solution in the
macroporous materials below the DRH of the bulk salt the pressure drop can be excluded as driving force for
the water uptake at humidities below the DRH. The second effect can be described as the influence of the
crystal size or inter-crystalline porosity formed by the agglomeration of small crystals in a pore. Solubility
increases with decreasing size below about 100 nm (Steiger 2005), which in turn leads to a decrease of the
DRH, i.e. an increased water uptake. If the inter-crystalline pores are small enough that capillary
condensation can take place, the water uptake can also be increased by this effect. However, currently the
morphology and the size of the crystals and the inter-crystalline pore space in the hydrated state are
unknown. Nevertheless, small crystal size and very narrow inter-crystalline void volumes may well be the
reason for the formation of a solution below the DRH of the bulk salt.
The energy densities (ȡE), calculated from the measured overall heat of reaction, for the glass composites are
listed in Table 2. The pore filling (Shep) was calculated under the assumption that MgSO4 is present as
MgSO4·7H2O. It is important to note that at 85 % RH a solution was found in addition to MgSO4·7H2O,
therefore the real pore filling at 85 % RH is higher than given in Table 2. The energy density increases with
increasing porosity (I) and as expected with increasing pore filling. The energy density of the Vycorcomposites (dm = 7 nm) exceeds the theoretical value calculated for the respective porosity (34 %) and pore
filling (see Figure 1). The increased energy density is the result of the excess water content of more than 7
moles H2O per mole MgSO4. Although the high energy densities of the Vycor composites of 0.88 GJ/m3 and
0.95 GJ/m3, respectively, seem to be sufficient for the application as a heat storage material, this composite is
still far from being a satisfactory heat storage material for two major reasons, the formation of a solution
within the pores and the high humidity needed for the heat release. However, as a result of this investigation
it becomes clear that total water uptake and the degree of of hydration are a function of pore size, pore filling
and applied humidity. Moreover the energy density is a function of the total porosity.
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Tab. 2: Porosity (I), theoretical pore filling ratio (Shep) with respect to MgSO4·7H2O and energy density at 85 % RH and 30 °C.

dm (nm)

Shep (%)

I (%)

ȡE (GJ/m³)

1.7·103

66

41

0.46

3

34

41

0.25

173

38

22

0.19

96

77

29

0.60

96

91

29

0.61

45

64

43

0.63

45

65

43

0.64

7

72

34

0.88

7

80

34

0.95

1.7·10

3.2 Water vapor sorption isotherms
Impregnation of the porous carbon resulted in composites with mass ratios 0.20, 0.58 and 0.74 MgSO4·H2O
per gram carbon. These salt contents correspond to pore fillings of 11 %, 32 % and 40 %, respectively,
calculated assuming that the MgSO4·7H2O is present in the pores. The water vapor sorption behavior of the
composites compared to the unloaded carbon is depicted on the left side in Figure 2. The water uptake is
expressed as mass ratio (i.e. in g water per g carbon). The carbon itself shows a water uptake of 10 % at 84 %
RH clearly exceeding the porosity of the mesopores (0.03 cm³/g). It should be stressed that the water vapor
sorption in hydrophobic porous carbon is controlled by the formation of water clusters which adsorb on
existing polar sites on the carbon walls and the pore filling is not only a question of pore width and surface
area but also of surface chemistry (Thommes et al. 2014). The water uptake of the composites clearly
exceeds the water uptake of the carbon indicating that hydration of the salt takes place also at low humidities.
The water uptake increases with increasing load of the carbon with MgSO4. However, the right diagram
shows that the water content per mole of salt decreases with increasing pore filling. The black line in the
right diagram represents the calculated equilibrium water uptake of MgSO4·H2O, which is the
thermodynamically stable phase up to 48.3 % RH at 23 °C. From 48.3 % to 49.6 % RH MgSO4·6H2O is the
stable phase and above 49.6 % the hydration should yield MgSO4·7H2O. However, deviations from
equilibrium were observed during hydration of bulk MgSO4·H2O at 66 % RH (Linnow et al. 2014). It was
found that the hydration was incomplete due to the formation of a product barrier layer below the
deliquescence humidity of the monhydrate. Above 90.7 % RH MgSO4·7H2O deliquesces and forms a
solution.
The isotherms show that the salt confined in the pores of the carbon picks up water below the hydration
equilibrium humidities of the MgSO4·H2O and MgSO4·6H2O (48.3 % and 49.6 %). As discussed above this
may be caused by small crystal sizes and secondary porosity. The water uptake curve of the sample with
11 % pore filling rapidly increases up to 7 mol H2O where an inflection point and a change in the slope of the
curve is observed. The water uptake curve can then be described as nearly proportional at higher humidities
where a solution is formed. A slight step at 35 % RH is visible for the higher salt contents of 32 % and 40 %,
which is slightly above the humidity where the slope of the sample with the lowest salt content changed. A
second step is found above the equilibrium humidity of MgSO4·H2O and MgSO4·6H2O at about 51 % RH,
but the water content indicates that the hydration was not complete at this moment in time, although the
humidity was kept constant for 200 hours. A pronounced step occurs at 54 % RH where the water content
exceeds 6 mole H2O per mole MgSO4. Subsequently, there is only a slightly increase of the water content
with increasing humidity. Since the behavior of the salt in confinement is not yet fully understood, an
explanation for the observed influence of the pore filling on the water uptake isotherms cannot be provided.
In general, regarding the release of heat, a high water uptake is desirable. On the other hand however, the
possible discharge of the salt from the porous substrate as a consequence of the formation of a solution has to
be avoided in order to achieve satisfactory cycling stability of the composite material. Accordingly, the
maximum water content should be limited to 7 mole water per mole MgSO4 or expressed in other words to
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Figure 2: Water vapor sorption isotherms of carbon–MgSO4 composites at 23 °C. The water uptake is expressed as mass ratio
of water and carbon in the left diagram, whereas in the right diagram the water content is expressed as molar ratio of water
and MgSO4. Filled diamonds represent the water vapor sorption behavior of the unloaded macroporous carbon, open squares,
triangles and diamonds represent the water vapor sorption isotherms of the carbon with 11 %, 32 % and 40 % pore filling
with MgSO4·7H2O (Shep). The black line in the right diagram represents the thermodynamic prediction of the sorption
behavior of MgSO4·H2O.

the last crystalline state at which the complete hydration to MgSO4·7H2O was achieved. Obviously, an upper
limit for the relative humidity not only depends on the pore size but also on the pore filling of the material
and has to be investigated for each composite material. Relative humidities at which the hydration state of
MgSO4·7H2O was achieved without formation of a solution are listed in Table 3. In addition, the volumetric
energy densities for the composite materials were calculated by using the enthalpy of hydration. As expected
the energy densities increase with increasing pore filling, but surprisingly the humidity required for the
complete hydration increases with increasing pore filling. In general the energy densities are higher than
typical values of a water based sensible storage tank as given in Figure 1 and the energy density of the
composite filled with 40 % MgSO4·7H2O is quite good compared to typical values of zeolite adsorption heat
storage systems.
Tab 3: Humidity at which the hydration to MgSO4·7H2O is achieved and corresponding energy density of the carbon–MgSO4
composites (dm = 737 nm, I = 82 %) as a function of pore filling (Shep).

RH (%)

Shep (%)

ȡ (GJ·m-³)

33

11

0.19

54

32

0.53

72

40

0.74

4. Conclusions
In conclusion, it is shown that the overall released heat increases with decreasing pore size due to the higher
water uptake. In pores with diameters equal to or below 173 nm a solution is formed. The overall heat of
reaction can be treated as the sum of the heat of hydration, the heat of condensation and the heat of solution.
The average enthalpy of reaction (ǻrH0) decreases slightly with increasing water uptake, as a consequence of
a decreasing contribution of the hydration enthalpy and an increasing contribution of the heat of solution. To
avoid salt transport the formation of a solution is unwanted. Hence, the complete hydration to MgSO4·7H2O
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without formation of a solution is desirable although more heat can be released by increasing the humidity to
allow a higher water uptake. It turns out that the complete hydration to the MgSO4·7H2O is not only a
function of the pore size but also a function of the pore filling. Therefore it can be concluded that the relative
humidity and pore filling need to be optimized for each composite material. It is shown that an energy
density of 0.74 GJ/m3 can be reached without the formation of a solution at 72 % RH in a highly porous
carbon–MgSO4 composite of a pore filling of 40 % with respect to MgSO4·7H2O. As a careful forecast on
upcoming results and as a conclusion of the two investigations presented in this paper, the design of MgSO4–
composite materials with satisfactory energy densities at about 50 % RH appears to be achievable by
adjusting the parameters pore size, pore filling and humidity.
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Abstract
The reversible hydration of ZnSO4Â+2O to ZnSO4Â+2O is a promising way to store solar heat, due to the
high enthalpy of hydration from ZnSO4Â+2O to ZnSO4Â+22 RI ǻhydH = – N-PRO The hydration
behavior was investigated by using isothermal calorimetry at different constant humidities. A lower limit of
5+ZDVFKRVHQZKLFKLVVOLJKWO\EHORZWKHHTXLOLEULXPhumidity for the hydration from ZnSO4Â+2O
to ZnSO4Â+2O, thus, ZnSO4Â+22ZDVH[SHFWHGDVWKHK\GUDWLRQSURGXFW7KHXSSHUOLPLWRI5+ZDV
FKRVHQ EHORZ WKH GHOLTXHVFHQFH KXPLGLW\ RI =Q624Â+2O, therefore, the heptahydrate was the expected
hydration product in this case. It turned out that neither the hydration to ZnSO4Â+22DW5+QRUWKH
formation of ZnSO4Â+22DW5+ZDVDFKLHYHGZKLOVWDZDWHUFRQWHQWDERYHPRO+2O per mol ZnSO4
LQGLFDWHG WKH IRUPDWLRQ RI D VROXWLRQ DW –  5+ 7KH KHDt of reaction was found to be significantly
smaller than the enthalpy of hydration ǻhydH. The heat of reaction for the dehydration was found to be
significantly higher compared to the heat of reaction evolved by the hydration and agrees with the theoretical
expected value. In addition the hydration of ZnSO4Â+22 ZDV LQYHVWLJDWHG E\ XVLQJ 5DPDQ PLFURVFRS\ ,W
turns out that the hydration to the thermodynamic stable products ZnSO4Â+2O or ZnSO4Â+2O does not take
place instead a solution of ZnSO4Â+2O was foUPHG +HQFH WKH ORZHU KHDW RU UHDFWLRQ HYROYLQJ GXULQJ WKH
hydration is caused by the formation of a solution due to a kinetic hindrance of the hydration to the
thermodynamically stable products ZnSO4Â+2O or ZnSO4Â+2O.
Keywords: zinc sulfate hydrate; thermochemical heat storage, reversible salt hydration

1. Introduction
MgSO4Â+2O was often investigated as promising storage material due to the high theoretical storage density
RI*-PñEDVHGRQDQDYHUDJHHQWKDOS\RIK\GUDWLRQ ǻhydH = –N-PRO+22 J IRUWKHFRPSOHWH
hydration of MgSO4Â+2O to MgSO4Â+2O and the density of MgSO4Â+22+RZHYHULWZDVIRXQGWKDWWKH
use of the theoretical storage potential is limited by incomplete and slow dehydration as well as by
incomplete hydration behavior 3RVHUQ DQG .DSV  /LQQRZ HW DO   $OWKRXJK the enthalpy of
K\GUDWLRQǻhydH = -N-PRO+22 J  &KRXDQG6HDO IURPZnSO4Â+2O to ZnSO4Â+2O is higher
as for the hydration of MgSO4Â+2O to MgSO4Â+2O, this promising candidate has been rarely investigated
as heat storage material. Therefore, in the present work, we have studied the drying behavior of ZnSO4Â+2O
to clarify, if it can be dehydrated more easily as MgSO4Â+22 3RVHUQDQG.DSV6WHLJHUHWDO 
The dehydration product, that was found to be ZnSO4Â+2O, was used for the calorimetric investigation of the
K\GUDWLRQ EHKDYLRU DW  & )RU WKH K\GUDWLRQ UHDFWLRQ D ORZHU OLPLW RI   5+ ZDV FKRVHQ ZKLFK LV
VOLJKWO\EHORZWKHHTXLOLEULXPKXPLGLW\IRUWKHK\GUDWLRQIURP=nSO4Â+2O to ZnSO4Â+22 5+DW
&*UHYHODQG0DM]ODQ 7KHUHIRUH=Q624Â+2O was expected as the hydration product. An upper
OLPLW RI   5+ ZDV FKRVHQ ZKLFK LV EHORZ WKH GHOLTXHVFHQFH KXPLGLW\ RI =Q624Â+22   5+ DW
& $SHOEODW KHQFHWKH KHSWDK\GUDWH ZDVH[SHFWHGWREHWKHK\GUDWLRQSURGXFWEHWZHHQ
DQG5+'XHWRWKHOLQHDUWUHQGRIWKHHQWKDOSLHVRIIRUPDWLRQ'fH with the number of water molecules
x -HQNLQV DQG *ODVVHU  of several crystal hydrates MX·x+22 ZLWK YDULRXV K\GUDWLRQ VWDWHV IRU
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example x =  DQDYHUDJHHQWKDOS\RIK\GUDWLRQǻhydH i.e. a nearly constant enthalpy of hydration
SHUPRO+22 J LQGHSHQGHQWRIWKHFKDQJHRIWKHK\GUDWLRQVWDWHFDQEHFDOFXODWHGUHDVRQDble. Thus it is
DOVRUHDVRQDEOHWRDVVXPHWKDWǻhydH RUǻhydH LVQHDUO\HTXDOWRǻhydH. But it turns out that the heat of
reaction measured for the hydration from ZnSO4Â+2O to ZnSO4Â+2O was significantly lower than the
enthalpy of hydration given for the hydration from ZnSO4Â+2O to ZnSO4Â+22IURP&KRXDQG6HDO  
Additional attempts were made to clarify this mismatch of the measured heat of hydration and the theoretical
heat of hydration, as there are in-VLWX5DPDQREVHUYDWLRQRIWKHK\GUDWion and calorimetric measurements of
the dehydration from ZnSO4Â+2O to ZnSO4Â+2O.
2. Materials and Methods
Drying experiments
ZnSO4Â+22 0HUFN   ZDV VLHYHG WR D JUDLQ VL]H OHVV WKDQ  P DQG GULHG DW WZR GLIIHUHQW
FRQGLWLRQV'HK\GUDWLRQDW& for 2 h in a drying cabinet were chosen to simulate dehydration conditions
RIVRODUKHDWFROOHFWRUVDQGLQDGGLWLRQ&DQG5+ZHUHFKRVHQWRSURYHLIWKHGHK\GUDWLRQFDQDOVR
easily be achieved with waste heat at low temperatures. The dehydration products were characterized by XUD\GLIIUDFWRPHWU\ ;5' DQGWKHUPRJUDYLPHWU\ 7* 
Calorimetric experiments
)RUPHDVXULQJWKHKHDWRIK\GUDWLRQRIZnSO4Â+2O and of dehydration of ZnSO4Â+2O WKHFDORULPHWHU&
6HWDUDP FRQQHFWHGWRWKHKXPLGLW\FRQWUROOHU:HWV\V 6HWDUDP ZHUHXVHG$IWHUSODFLQJDERXWJRIWKH
ZnSO4Â+22DOWHUQDWLYHO\JRIZnSO4Â+2OLQWKHH[SHULPHQWDOFHOODGZHOOWLPHRIKZDVDGMXVWHGDW
&WRDFKLHYHDFRQVWDQWKHDWIORZVLJQDORIP:7RDYRLGDZDWHUXSWDNHRUGHVorption the humidity
ZDV NHSW FRQVWDQW DW   5+ IRU WKH K\GUDWLRQ H[SHULPHQWV DQG IRU WKH GHK\GUDWLRQ H[SHULPHQWV WKH
humidity was kept constant at 84 5+GXULQJWKHGZHOOWLPH7KHK\GUDWLRQZDVWKHQVWDUWHGE\LQFUHDVLQJ
the humidity on the desired value whilst the dehydration was activated by decreasing the humidity from 84
5+to the desired humidity. The heat of reaction was determined by integration of the heat flow curve.
The change of the mass was determined by weighing and the water content expressed as mol water per mol
ZnSO4 of the product was calculated.
In-situ Raman microscopy
5DPDQVSHFWUDZHUHUHFRUGHGRQD6HQWHUUD5DPDQGLVSHUVLYHPLFURVFRSH %UXNHU2SWLFV*PE+*HUPDQ\ 
ZLWKDQDXWRPDWHG5DPDQIUHTXHQF\FDOLEUDWLRQV\VWHP 6XU&DO WHFKQRORJ\ 7KHODVHUZDVRSHUDWHGDW
QPDQGP:7KH5DPDQPLFURVFRSHZDVHTXLSSHGZLWKDKXPLGLW\FKDPEHUPDGHRIEUDVV+XPLGDLUDW
DIORZUDWHRIPOÂPLQ- LVSURYLGHGE\WKHKXPLGLW\JHQHUDWRU0+* 3UR8PLG*PE+*HUPDQ\ DQG
humidity is FRQWUROOHGE\D+\FUR&OLS&SUREH 5RWURQLF6ZLW]HUODQG SODFHGGLUHFWO\EHVLGHVWKHVDPSOH
KROGHURIJODVV7KHWHPSHUDWXUHLQ WKH P/FKDPEHULV FRQWUROOHGE\D WKHUPRVWDW )-XODER*PE+
*HUPDQ\  7R REVHUYH WKH K\GUDWLRQ UHDFWLRQV LQ-situ ZnSO4Â+2O was placed into the chamber and the
KXPLGLW\ZDVNHSWFRQVWDQWDWDERXW5+XQWLOWKHWHPSHUDWXUHHTXLOLEULXPZDVDFKLHYHG6XEVHTXHQWO\
the humidity was increased in a single step to the desired value and the phase transition was observed
continXRXVO\E\VXFFHVVLYHO\UHFRUGHG5DPDQVSHFWUDDQGPLFURSKRWRJUDSKV

3. Results and Discussion
Drying experiments
The TG curves for the dehydration of ZnSO4·+2O and ZnSO4·+22XSWR&DUHVKRZQLQ)LJ7KH
thermal decomposition of ZnSO4·+2O with the ORVVRIPRORIZDWHULVGHVFULEHGLQPRUHGHWDLOHOVHZKHUH
6WUDV]NR HW DO   $V WKH 7* PHDVXUHPHQW VKRZV WKH GHK\GUDWLRQ RI  =Q624Â+2O can be easily
DFKLHYHGDWDERXW&ZKLFKZDVSURRIHGE\WKHGHK\GUDWLRQLQWKHGU\LQJFDELQHWDW&IRr 2 hours.
$OVRWKHGHK\GUDWLRQDW &IRUZHHNVZDVQHDUO\FRPSOHWH,QERWKGHK\GUDWLRQH[SHULPHQWVWKHH[DFW
water content of  PRO +2O per mol ZnSO4 ZDV IRXQG ;5' FRQILUPV WKH SUHVHQFH RI =Q624Â+2O by
comparison of the diffractogram with the refHUHQFH SDWWHUQ 3') - ,&&'  
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$OWKRXJKQRRWKHUK\GUDWHGSKDVH =Q624Âx+22[ RU ZDVGHWHFWHGWKHZDWHUFRQWHQWLQGLFDWHVWKH
SUHVHQFHRIDKLJKHUK\GUDWH&DOFXODWLRQVUHYHDOWKDWFRQWULEXWLRQVRIDQG of the hexahydrate
RUWKHWHWUDK\GUDWHUHVSHFWLYHO\\LHOGDWRWDOZDWHUFRQWHQWRIPROLQDPL[WXUHZLWKWKHPRQRK\GUDWH

Figure 1: TG curves of thermal decomposition of ZnSO4.7H2O (blue) and ZnSO4.H2O (red) in dry air

'XHWRWKHOLPLWHGVHQVLWLYLW\RIWKH;5'PHDVXUHPHQWVVXFKVPDOODPRXQWVRf the higher hydrates might not
be IRXQG+RZHYHUWKHVOLJKWO\KLJKHUZDWHUFRQWHQWRIWKHGHK\GUDWLRQSURGXFWRIPRO+2O compared to
the ZnSO4Â+2O only restrict the use of the theoretical enerJ\ GHQVLW\ E\   ZKLFK LV QRW D VHYHUH
disadvantage.

Calorimetric measurements
7KH UHVXOWV RI WKH FDORULPHWULF K\GUDWLRQ PHDVXUHPHQWV DUH OLVWHG LQ 7DEOH  7KH ZDWHU FRQWHQW DIWHU
K\GUDWLRQ H[SUHVVHG DV PRO +2O per mol ZnSO4 x  VKRZV WKDW QHLWKHU DW   5+ QRU DW   5+ WKH
complete hydration to the thermodynamically stable phases hexahydrate or heptahydrate, respectively, is
achieved. Besides, in-VLWX5+-;5'PHDVXUHPHQWUHYHDOWKDWWKHK\GUDWLRQWR=Q624Â+22WDNHVSODFHDW
 5+ DQG  & ZKLOVt the formation of ZnSO4Â+22 ZDV QRW REVHUYHG ZLWKLQ  K +HQFH WKH NLQHWLF
hindrance of the ZnSO4Â+2O formation was confirmed. Besides, this kinetic hindrance is similar as found
for the MgSO4Â+2O 3RVHUQ6WHLJHUHWDO and for the Na2SO4Â+2O formation /LQQRZHWDO
 
7KHKLJKZDWHUFRQWHQWV x DWDQG5+FOHDUO\LQGLFDWHWKHIRUPDWLRQRIDVROXWLRQ
DOWKRXJK WKH PHDVXUHPHQWV ZHUH FDUULHG RXW EHORZ WKH GHOLTXHVFHQFH KXPLGLW\ RI   5+ DW  &
$SHOEODW   7KDW PHDQV WKDW WKH UHDFWLRQ SURGXFWV RI WKH K\GUDWLRQ DUH QRW \HW LQ WKHUPRG\QDPLF
HTXLOLEULXP7KHRYHUDOOKHDWRIUHDFWLRQ Qr,m QRUPDOL]HGWRWKHPDVVRI=Q624Â+22DVJLYHQLQ7DEOH
increases with increasing water content of the hydration SURGXFW7KHDYHUDJHHQWKDOS\RIUHDFWLRQǻrHm is
VLJQLILFDQWO\VPDOOHUWKDQWKHHQWKDOS\RIK\GUDWLRQǻhydH -N-PRO+22 DVJLYHQE\&KRXDQG6HDO
  Additional calorimetric measurements were carried out to validate the theoretical enthalpy of
K\GUDWLRQ ǻhydH. Therefore the dehydration of crystalline ZnSO4Â+2O to ZnSO4Â+2O was measured at
different humidities. 7KHSURGXFWRIWKHGHK\GUDWLRQPHDVXUHPHQWVDWKXPLGLWLHVEHWZHHQDQG5+
as given in Table 2 is in every case the stable ZnSO4Â+2O.
Tab. 1: Water content of the hydration product expressed as mol H2O per mol ZnSO4 (x), measured heat of reaction (Qr,m)
and enthalpy of reaction (ǻrHm) measured during hydration of ZnSO4Â+2O at 30 °C and different relative humidities

RH (%)

x

Qr,m (kJ/g)

ǻrHm (kJ/mol)





-

-





-

-





-

-

82



-

-

84



-

-49.3

85



-

-
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Tab. 2: Water content of the dehydration product expressed as mol H2O per mol ZnSO4 (x) enthalpy of reaction ǻrHm,7/6
measured during dehydration of ZnSO4Â7H2O at 30 °C and different relative humidities

RH (%)

x

ǻrHm,7/6 (kJ/mol)



5.94



54

5.94







5

58

5.95



$FFRUGLQJWR+HVVODZWKHFKDQJHRIHQWKDOS\LVindependent from the pathway i.e. the enthalpy of hydration
KDVWKHVDPHYDOXHDVWKHHQWKDOS\RIGHK\GUDWLRQEXWWKHRSSRVHGVLJQ7KHHQWKDOS\RIGHK\GUDWLRQǻrHP
is almost in agreement with the value RI&KRXDQG6HDO  EXWWKHPHDVXUHGYDOXHLV in general smaller
and a slight trend to a lower enthalpy of hydrations at rapid dehydration conditions can be seen clearly.
+RZHYHU LQ JHQHUDO WKH WKHRUHWLFDO HQWKDOS\ RI K\GUDWLRQ LV FRQILUPHG +HQFH LW FDQ EH FRQFOXGHG WKDW
during the hydration not the expected crystalline phases were formed in the calorimetric measurement cell.
Instead the formation of other metastable phases with a lower change of energy takes place.
In-situ Raman measurements
As an example, micrographs taken during the hydration of ZnSO4Â+2O at 5+ and 2 &are shown in
)LJ2. ,QJHQHUDOWKH5DPDQVSHFWUXPRIWKHHGXFWLVLQWRWDODJUHHPHQWZLWKWKHUHIHUHQFH5DPDQVSHFWUXP
of ZnSO4Â+2O 558)),'5'RZQV 7KHPRVWLQWHQVLYH5DPDQIUHTXHQF\Ȟ was found to be
FP-, which allows the unambiguous identification of ZnSO4Â+2O EHVLGHVWKHPRVWLQWHQVLYH5DPDQ
IUHTXHQF\Ȟ of 982.2 cm- RIDQDTXHRXV6242- VROXWLRQ /LQQRZHWDO After increasing the humidity
IURP 5+DWt WKHVPDOOHVWJUDLQVRIZnSO4Â+2O starts to pick up water from the surrounding air and
GLVVROYHV )LJD $IWHUDQ exposure time RIQHDUO\RQHKRXUDOVRELJJHUFU\VWDOVGLVVROYHE\GHOLTXHVFHQFH
After two and a half hour changes of the appearance could not be noticed any longer )LJ2b . The crystals
in the middle of the droplets were clearly identified to be ZnSO4Â+2O ZKLOVW WKH PRVW LQWHQVLYH 5DPDQ
IUHTXHQF\RIWKHZnSO4Â+2O and ZnSO4Â+2O DWFP- was not found in the droplets, that means that
although the solution is supersaturated with respect to both, ZnSO4Â+2O and ZnSO4Â+2O, neither the
hexahydrate nor the heptahydrate crystallize. 7KHVDPHK\GUDWLRQEHKDYLRUZDVDOVRREVHUYHGDW&DQG
5+DVZHOODVDW&DQG5+DQG 5+7KLVH[SHULPHQWSURYLGHVFOHDUHYLGHQFHRIWKH
capability of ZnSO4Â+2O to dissolve in the calorimetric cell under the conditions applied to hydrate the salt.

Figure 2: Hydration of ZnSO4Â+2O at 75 % RH and 20 °C at the beginning (a) and after exposure times of 2.5 h (b)
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Figure 3: Possible hydration pathways of ZnSO4Â+2O

All possible hydration pathways of ZnSO4Â+2O DUH GHSLFWHG LQ )LJ  &RQVLGHULQJ WKDW WKH
K\GUDWLRQGHK\GUDWLRQUHDFWLRQLVDFKDQJHRIVWDWHVRWKDWWKHHQHUJ\UHOHDVHGDQGenergy consumed has to
be of the same value independent of the pathway, it can be concluded that the hydration in the calorimetric
FHOO DOVR WDNHV SODFH YLD D GLVVROXWLRQ PHFKDQLVP DV GHSLFWHG LQ )LJ ,W LV UHDVRQDEOH WR DVVXPH WKDW WKH
hydration is not FRPSOHWHGZKHQWKHUHOHDVHRIWKHKHDWDFKLHYHWKHFRQVWDQWKHDWIORZYDOXHRIP:GXHWR
the observed kinetic hindrance of either the ZnSO4Â+2O and ZnSO4Â+2O crystallization. Taken into
account the lower enthalpy of condensation ǻconH = - N-PRO  WKH intermediate state of the solution
yields a lower enthalpy of reaction compared to the enthalpy of hydration.
4. Conclusions
$NLQHWLFKLQGUDQFHRIWKHIRUPDWLRQRIWKHWKHUPRG\QDPLFDOO\VWDEOHSURGXFWZDVREVHUYHGDWDQG
 5+ The thermodynamic stable phases ZnSO4Â+2O or ZnSO4Â+2O were not formed under these
conditions. At higher humidities DQG 5+ the water content exceeds the water content of
ZnSO4Â+2O clearly indicating the formation of a solution. The heat of reaction increases with increasing
water uptake, whilst the average enthalpy of reaction ǻrHm = - N-PRO was found to be significantly
smaller than the theoretical HQWKDOS\RIK\GUDWLRQǻhydH= –N-PRO +22 J DQGFORVHUWRWKHHQWKDOS\
of coQGHQVDWLRQ ǻconH = - N-PRO . In contrast the enthalpy of hydration ǻrHP   N-PRO 
measured by dehydrating ZnSO4Â+2O to ZnSO4Â+2O, is almost in agreement with the theoretical value.
The in-VLWX5DPDQPHDVXUHPHQWVSURYHWKDWDWKLJKKXPLGLWLHVZnSO4Â+2O does not hydrate via a solid-gas
reaction, instead it dissolves. The lower heat of reaction during hydration is the result of the formation of a
solutionLQFRQVHTXHQFHRIDNLQHWLFKLQGUDQFHRIWKHIRUPDWLRQRIZnSO4Â+2O and ZnSO4Â+2O. Although
the dehydration to ZnSO4Â+2O FDQ EH HDVLO\ DFKLHYHG DW ORZ WHPSHUDWXUHV LW LV TXHVWLRQDEOH LI WKH KLJK
theoretical energy can be released in a solar energy storage application. A severe hindrance of the release of
the heat in the calorimetric cell was observed.
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Abstract
Thermochemical energy storage materials store heat at higher energy storage densities via reversible
endothermic chemical reactions at ambient temperatures with lower thermal losses than sensible or latent
energy storage systems. This research undertaken as part of the MERITS project, provides an estimation of
the main requirements for domestic thermal energy storage from solar thermal collectors to meet thermal
energy requirements (heating, cooling and hot water) for the mean European domestic dwelling (Floor area
98m2) built to the regulations specified in 1999, 2012 and 2020, assuming that thermochemical energy
storage systems could be effectively developed for seasonal storage of solar energy with a round trip
efficiency of 75% from laboratory test results reported in the literature. The thermal energy demands of the
mean European dwelling was calculated for three different climatic zones across Europe; Atlantic (Belfast
UK), Continental (Berlin, DE) and Mediterranean (Murcia, ES) using the Meteonorm data set for a Typical
Metrological Year (TMY). Solar collector performance was derived from proprietary designs of vacuum tube
collectors assuming a mean system efficiency of 50%. It was estimated that currently only in Spain can a
seasonal thermal energy store meet all the thermal energy demands of a dwelling (heating, cooling and hot
water). However with a super insulated dwelling, using standards close to that of a Passivhaus (<15kWhm2 -1
yr ) thermal energy loads can be met with a reasonable area of solar thermal collector and storage volume
for Atlantic and Continental climates.

1. Introduction
Across the European Union, (EU) buildings consume 40% of primary energy demands and the European
Performance of Buildings Directive (EPBD) specifies that by 2020 new buildings need to have nearly-zero
energy consumption. (Kalogirou, 2013). The UK’s Climate Change Act requires the country to reduce
carbon emissions to 20% of 1990 levels by 2050. Such requirements require substantial change to existing
practice in the provision of heating, cooling and hot water in buildings. These comprise the bulk of energy
use in buildings; in 2011 space heating in the UK accounted for 1.44 x 10 12 MJ (26% of overall energy
consumption), while water heating totalled 3.50 x 10 8 MJ (Thompson, 2012). Space heating can be reduced
through novel fabric and technology interventions, well insulated buildings with low levels of air infiltration,
coupled with novel heating technologies such as solar energy systems and heat pumps reduce fossil fuel use
for space heating demands. The PassivHaus concept of Wolfgang Feist requires a building design with a
space heating requirement of ≤54 MJ m-2 yr-1 (≤15kWh m-2 yr-1), with a total energy use ≤120kWh m-2 year-1
(432 MJ m-2). For a 200 m2 Passivhaus standard house, a space heating energy demand of ≤3000 kWh yr -1
(10.8 x 104 MJ) is substantially lower than the UK average of 14,400kWh yr-1 (5.2 x 104 MJ). The UK
average dwelling floor area is 85m2, needing 170kWh m-2 yr-1 (612 MJ m-2) for thermal energy requirements.
Across the European Union the average floor space of a dwelling is 98m2 so for PassivHaus standards a
maximum average space heating demand of ≤59976MJ must be achieved.
In urban areas solar collectors can be mounted on south facing rooftops, unobtrusively collecting solar
radiation with proprietary designs having projected lifespans of 25 years. Thermochemical energy storage
materials store heat via reversible chemical reactions with lower thermal losses than either sensible or latent
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energy storage materials but a practical application of this concept has not been achieved. Thermochemical
storage materials have a potential storage density 15 times greater than water and 1 to 10 times greater than
latent heat storage materials, (Abedin & Rosen, 2011) As such materials can store thermal energy at ambient
conditions, losses are almost eliminated after cooling allowing longer term storage of solar energy for winter
periods when irradiance levels are low and heating demands high. By investigating the boundary conditions
and requirements of such systems, useful information is provided for the future deployment of technologies
utilizing thermochemical reactions for seasonal solar thermal energy storage systems. Solar energy could be
stored seasonally using larger collector arrays than present systems by storing any excess energy available
after instantaneous demands are met, with a thermochemical storage vessel which due to higher energy
densities would be useful for retro fitting to existing building stock to minimize reduction of living space.
Extensive reviews of solar thermal energy storage methods, materials and working examples have been
reported by (Garg, et al., 1985), (Dincer & Rosen, 2002) and the latest state of the art review of solar
seasonal storage undertaken by (Xu, et al., 2014). A review of a range of published literature on the round
trip efficiency of thermochemical energy storage systems was undertaken to determine if there were any
experimental studies detailing this. Abedin & Rosen, (2012) assessed a closed thermochemical thermal
energy storage system investigating charging, discharging and storage, a round trip efficiency of 50% was
reported. Lovegrove, et al., (1999) undertook an exergy analysis of amonia based thermochemical power
systems. A thermal storage efficiency of 85% was attained but only 54.6% of this was recovered as useful
heat. Lovegrove & Luzzi, (1996) reported that a maximum storage efficiency of 92% could be attained for an
endothermic reactors utilising amonia based thermochemical energy storage.
Seasonal compact thermochemical energy storage is under investigation by the MERITS project (MERITS,
2014) for the European Union’s FP7 programme, to develop, demonstrate and evaluate a thermal battery
based on novel high-density thermochemical materials. This system should supply up to 100% of domestic
thermal energy loads; space heating, cooling and domestic hot water (DHW), via solar energy conversion
devices using the following demand supply priorities, direct supply of heat when possible from the
collectors, from the short to medium term sensible or latent energy storage system if needed, and finally from
the thermal battery which is driven via a low grade heat source transferring the liberated heat from the
reverse exothermic chemical reaction. Solar is proposed as the thermal energy source, as space in urban areas
is at a premium with nearly 75% of the EU population inhabiting these, consuming 70% of Europe’s total
energy requirements, (EU, 2012). In 2013) the total installed capacity of solar thermal systems within the EU
was 30.2GWth , (ESTIF, 2014).
Developing a thermal battery for existing dwellings with large energy loads is problematic, the area of solar
collectors required prohibitively expensive and larger than the average area of a European house (this is
demonstrated in the results and discussion section), hence the research currently being undertaken
concentrates on development of a thermal energy storage and supply system for new dwellings or those
retrofitted to almost Passivhaus standards. The overall objective of MERITS is to develop a thermal energy
storage system capable of supplying up to 100% of thermal energy needs from renewable energy systems for
dwellings constructed or retrofitted to near or Passivhaus standards. It must supply heat at various
temperatures for different thermal energy loads as well as having a volumetric size that fits into domestic
buildings or associated outdoor spaces limiting the size to ≤8m3.
To develop such a system the MERITS project initially identified and estimated the likely boundary
conditions for three different European climatic zones; Northern Maritime, Continental and Mediterranean,
using metrological data sets from Belfast (UK), Berlin (DE) and Murcia (SP) to generate hourly weather
conditions for each location. Storage materials, thermal energy storage capacity, storage sizing, solar
collector array areas (Ac) and the associated control systems must be optimized before building a prototype
for field testing using numerical simulation software such as TRNSYS. This work is currently being
undertaken prior to constructing a prototype field test demonstrator (FTD) that could be used to develop such
systems for market, stimulating manufacturing in Europe, reducing fossil fuel demands and help meet
international agreements on reducing greenhouse gas emissions (EPA, 2010). Compact thermal energy
storage systems would be subjected to a number of interrelated variables involved in collecting, storing and
supplying thermal energy; as shown by figure 1.
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Figure 1 Schematic diagram of interrelationships between energy needs of consumers, renewable energy
supply systems and the boundary conditions to which these are subject

Figure 1 demonstrates the interrelationships between the energy demands from end users, solar
energy system performance, thermal energy storage, boundary conditions, European standards
specifying particular performance requirements; for example DHW must be delivered at
temperatures >56°C and thermochemical reactions require higher grade heat than that supplied to
currently used aqueous sensible stores and perceived user thermal comfort (room temperature). As all
of these factors are interrelated and impact on system design and hence performance the optimal
situation must be identified for enabling the successful development of systems that can utilize
thermochemical energy storage materials allowing their eventual deployment to market.
This research differs from previously published work in that it outlines the requirements and boundary
conditions for developing successful thermochemical energy storage systems. This is achieved by modelling
likely supply, solar radiation, and thermal energy demand scenarios created from degree-days and DHW
requirements. Metrological data from three European sites has been used to determine degree-days. The
demand scenarios are applied to a number of building types to providing information on how supply and
demand scenarios differ according to climate and thermophysical building characteristics. The aim of this
investigation was to determine the requirements needed to develop an effective thermochemical energy
storage system storing thermal energy at higher storage densities (MJ m-3), that could replace or augment
conventional aqueous based sensibly-heated DHW storage tanks (4.178J kg-1K-1). The thermochemical
energy store or thermal battery should have zero standing losses (WK-1) as standing loses inhibit long term
storage in sensible and latent energy storage systems. This would remove the mismatch between the
availability and variability of solar radiation supply and thermal energy demands.

2. Methodology
Figure 2 depicts the TRNSYS model used to generate hourly weather data from the Meteonorm Typical
Meteorological Years (TMY) database (Meteonorm, 2014) for Belfast (UK-Northern Maritime), Berlin (DEContinental) and Murcia(SP-Mediterranean).
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Figure 2 TRNSYS model used to generate weather data

The TRNSYS model shown in figure 2 generated hourly weather data (boundary conditions that the system
was subject to) for; total incident solar radiation both diffuse & direct (MJ), mean ambient air temperatures
(°C), mean wind speed (m s-1) and Relative Humidity (%).
This was comprised of three TRNSYS sub components; one weather data file reader (Type 15-2 which can
read and convert the TMY data) and two online graphical plotters to output the metrological data at a time
step of one minute. This information was used to determine the optimum angle of inclination for maximising
incident solar radiation on south facing surfaces. The optimum angle of incidence for a south facing surface
in Belfast, Berlin and Murcia was found to be 40°, 40° and 30° respectively.
The collectors were inclined optimally at an angle of 40°, 40° and 30° and orientated due south for Belfast,
Berlin and Murcia respectively to determine the input that could be expected from solar radiation Heating
and Cooling Degree Days (HDD and CDD) using the procedure outlined in (Day, 2006) where calculated for
each location from the meteonorm data sets to. European/National building regulations were then used
alongside degree day values (Day, 2006), to estimate the thermal energy demand scenarios for the average
European domestic dwelling (Floor area 98m2), for the locations investigated, table 1 shows the surface area
of each building element.

Table 1 Building element areas
Building element

Belfast (UK)

Berlin
(DE)

Murcia (SP)

Roof area (m2)

64

64

56.5

129.64

129.64

129.64

3.96

3.96

3.96

Windows (m )

12

12

12

Total (m2)

209.6

209.6

202.1

2

Walls (m )
Doors (m2)
2

From table 1 it is observed that the Murcia reference building has a smaller roof area than the other two, this
is because roof pitch was set at the angle optimized for collection of solar energy at this location. The other
two locations (Belfast and Berlin) had their roofs inclined at 40° as this was the value determined as optimal
for collection of solar radiation using the TRNSYS model shown in figure 2. Different building standards
from present (2014), previous (1999) and future (PassivHaus standard <54MJ yr -1, <10Wm-2) time periods,
stipulated minimum values for the thermo-physical properties of building elements (Walls, Roof, Floor,
Windows, Doors and Ventilation rates as total dwelling Air Changes per Hour (ACH)). These were used to
calculate fabric and ventilation heat transfer rates allowing an overall building loss coefficient to be derived.
Solar gain was not included in the calculations.
The Monthly thermal energy demands were determined from calculated degree-days (DD) and using the
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buildings’ overall heat loss coefficient (UA), which was derived from the values shown in tables 1 and 2, see
equation 1.

ܮ௦ ൌ ܷ ܣൈ ܦܦ
(1)

DHW is independent of the size of dwelling, but is dependent upon the number of occupants and to a lesser
extent, their behaviour. DHW usage was calculated using information from previous published research and
the Meteonorm data sets. A study in the UK by the Energy Saving Trust (2008) measured hot water
consumption in a number of dwellings. It found that an assumed temperature rise of 50°C was too high as it
overestimates requirements, resulting in incorrect system sizing. Thermal gain from the building to the water
supplied from the mains had been ignored by previous studies, which results in an over estimation of hot
water needs, leading to the oversizing of hot water system. The other relevant point derived from this study is
the measured mean cold water feed temperature, of 15.2°C, which is higher than the typically assumed mains
water temperature of 10°C (EST, 2008)or 4.2°C higher than the mean UK soil temperature (NASA, 2000). A
daily hot water consumption of 50 litres per person, was assumed (ECOHEATCOOL, 2006). The mean
monthly energy demand for DHW for a typical EU household was estimated using equation 2, (Beckman, et
al., 1977). Where LW was the energy demand (J), Cp the specific heat capacity of water (Jkg-1 K-1), V the
volume of water heated (litres), N the number of days in the month, ρ the density of water and ∆T°C was the
difference between the cold water feed and delivery temperature.

ܳுௐ ൌ ܥ ܸߩሺοܶ°ܥሻ ൈ ܰ ൈ ݏݐ݊ܽݑܿ

{2}

Table 2 U-values applied to the modelled buildings
U-value (Wm-2K-1)
Wall

Floor

Roof

Glazing

1999

0.45

0.45

0.25

3

2012

0.3

0.2

0.2

2

2022

0.1

0.1

0.15

0.8

1999

0.45

0.45

0.25

3

2012

0.28

0.35

0.2

1.3

2022

0.1

0.1

0.15

0.8

1999

1.73

2.34

1.12

5.77

2012

0.52

0.45

0.82

4

2022

0.1

0.1

0.15

0.8

Element
UK

Germany

Spain

Solar collector efficiency was modelled by assuming that an ETC was used with an annual system efficiency
of 50%, (DGS, 2005). The derived weather data, supply of solar energy and the diurnal energy demands of
the building allowed the quantity of thermal energy supplied to the thermal battery for each month of the
year at each location to be estimated. Reported experimental laboratory results of thermochemical energy
storage material efficiencies described in the introduction ranged from 50 to 92%. To estimate the quantity
of useful solar energy that could be potentially collected, supplied and stored in the thermochemical material
a round trip efficiency of 75% was assumed for estimating the quantity of energy that could be stored and
discharged by the thermochemical storage unit.
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3. Results
The methodology described in section 2 provided values for the boundary conditions to which the MERITS
system would be exposed. Table 3 and 4 show the annual mean metrological and solar resource values
respectively derived from the TRNSYS model shown in figure 2 and Meteonorm data sets for the locations
under investigation. Table 5 provides the degree-days values for both heating and cooling of the reference
building calculated using the method reported by (Day, 2006).

Table 3 Annual mean metrological conditions for locations investigated
Parameter

Ambient Temperature

Relative Humidity

Wind velocity

Location

(°C)

(%)

(m s-1)

Belfast (UK)

8.8

83.3

5.0

Berlin (DE)

9.4

73.1

4.5

Murcia (SP)

16.8

80.2

4.3

Table 4 Annual Solar Resource for three cities located in three different European climatic zones
Parameter (Unit)

Symbol

Belfast

Berlin

Murcia

Azimuth

γ

0

0

0

Surface tilt

β

40

40

30

Latitude

Φ

54.6

52.5

37

Solar irradiance (MJ m-2)

HI

3756

4161

7152

Beam irradiance ((MJ m-2)

Hb

1674

1940

4406

Diffuse Irradiance (MJ m-2)

Hd

2082

2249

2746

Table 5 Calculated Degree day data for locations investigated
Location

Climate

HDD

CDD

Belfast (UK)

Northern Maritime

2621

0

Murcia (SP)

Mediterranean

656

153

Berlin (DE)

Continental

2605

49

The annual solar resource available for the three locations investigated varied from, 3756 MJ in Belfast to
7152MJ in Murcia. The total annual solar resource available in Murcia (7152MJ) is higher than for Belfast
(47.5%) and Berlin (41.8%) receiving about 57.5% of incident solar radiation as beam radiation, whereas
Berlin and Belfast receive approximately 60% of the solar radiation from diffuse radiation. The degree-day
values shown in table 6 demonstrate the different thermal energy needs of the reference building under
different climatic zones. The northern maritime climate in Belfast requires no active cooling system, but has
the largest requirement for space heating. Berlin has 16 fewer HDD than Belfast but has a cooling
requirement necessitating the use of active cooling systems to maintain the thermal comfort of the building.
Murcia has the highest requirement for cooling and approximately 25% of the HDD of the other two test
locations investigated.
The annual thermal energy demand, the quantity of energy supplied by the collector array, the energy stored
and the solar fraction for the nine different building scenarios were calculated as described in section 2 and
shown in table 6. Taking into account the variation in the supply of energy from the solar collector, which
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has the ability to supply energy directly at certain times of the year, the model was configured to determine
the total demand, total energy supply, the surplus energy after meeting concurrent demand and the total
amount of energy that would need to be stored.

Table 6 Energy demands, supply, storage and solar fraction of the average European dwelling
Location

Belfast (UK)

Climate

Northern maritime

Year of building

1999

2012

Passivhaus

Energy demand (MJ)

49400

38000

17300

Collector area (m )

28

27.1

13

Collector input (MJ)

57900

45000

20900

Energy Stored

22100

16600

7100

Solar Fraction

0.62

1

1

Location

Berlin (DE)

Climate

Continental

Year of building

1999

2012

Passivhaus

Energy demand (MJ)

52900

41300

19400

Collector area (m )

28

27

13

Collector input (MJ)

64900

50.4

23400

Energy Stored

28900

22000

9800

Solar Fraction

0.69

1

1

Location

Murcia (SP)

Climate

Mediterranean

Year of building

1999

2012

Passivhaus

Energy demand (MJ)

29600

19700

10500

Collector area (m )

10.5

7

3.6

Collector input (MJ)

32700

21800

11200

Energy Stored

5900

4100

2000

Solar Fraction

1

1

1

2

2

2

As shown in table 6 a thermal battery and solar system cannot meet all the thermal energy demands for a
Belfast house of floor area 98m2 constructed to the building regulations stipulated in 1999 and for the house
constructed in 2012 nearly the whole roof needs to be covered in solar thermal collectors. However a house
proposed for construction in 2022 can supply all heating and hot water demands in Belfast with only 13m2 of
collector surface area. A house constructed in Belfast to the technical standards required in 1999 could only
meet 62% of its thermal energy demands and for a similar house in Berlin 69% could be supplied. This
implies that if 100% of thermal energy demands are to be supplied from renewable energy sources for older
buildings then either the buildings fabric needs to be improved by retrofitting or an additional heat source is
identified if buildings of this era are to be used.
The data presented has provided indicative values for the maximum amount of thermal energy that could be
captured and utilised but has not considered losses from the pipe network, or the thermochemical store. The
second law of thermodynamics means that no energy conversion process is ever 100% efficient. In the
physical process under consideration a thermochemical reactor providing thermal energy will require energy
to heat it to its required operating temperature as well as the energy lost when the reactants cool. To date
(September 2014) the amount of actual experimental data available on the efficacy of thermo chemical
storage is limited. This technology has the highest potential energy storage density but is at a lower stage of
development compared to either latent or sensible thermal energy stores, (Muller-Steinhagen, et al., 2007)
which can be bought in the market as proprietary products.
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4. Discussion

After determining the energy requirements of a reference building situated in each of the three European
climatic zones, it is clear that a different approach for each zone is required. During the winter in Belfast and
Berlin (October to March) when space-heating demands are highest, solar radiation supply is minimal,
(NASA, 2000). So northern maritime and continental climates would benefit most from inter-seasonal
storage to provide sustainable space heating during the winter months, though the challenge is to store it with
reasonable efficiency as well as at an economically viable cost. Mediterranean climates are fortunate in that
their greatest energy demand (in this case for cooling) occurs when the solar resource is highest so longer
term (inter-seasonal) storage is not as essential for these areas as it is for more northerly regions, but cold
winters and variability of the solar resource can still occur in southern Europe.
From the calculated monthly thermal energy demands it was found that, currently only in Spain can a
seasonal thermal energy store meet all the thermal energy demands of a dwelling (heating, cooling and hot
water) for the building configurations investigated. For thermal battery to deliever the thermal energy
demands of the average European dwelling in Belfast and Berlin then substantial reductions in space heating
must be achieved, with domestic hot water as the main heating requirement.
5. Conclusion

If sufficient solar energy at a high enough temperature to initiate the required reactions could be collected
annually to generate a solar fuel that could also be reused annually significant reductions in fossil fuels
would be achieved. However this is only possible in northern Europe by significantly reducing space-heating
demand and requires a significant roof area, leading to clashes with PV installations. Though if costs were
competitive with other sources of thermal energy it could significantly augment the use of fossil fuels in
older buildings. Success in achieving this is dependent on the effects of thermal cycling, efficiency, and
durability of the storage chemicals used alongside associated control and containment systems under
development. It has been demonstrated that theoretically it is possible to provide domestic thermal energy
demands from solar energy using a seasonal store across Europe. The figures projected in this research use a
round trip efficiency of 75% for the thermal battery. If the technologies being developed have significantly
lower efficiencies then it would be difficult to deploy these systems in continental and northern maritime
climates. Future work to be undertaken must consider the influence of this and quantify the impacts of lower
storage efficiencies.
Another draw-back for the proposed system is the competition for roof space. The reduction in the unit cost
of photovoltaic panels, and government promotional subsidies such as the UK feed-in-tariff, has led the rapid
deployment of photovoltaics on domestic roofs in recent years, maximising electrical generation by utilising
as much of the roof as possible. Traditional solar thermal systems have an area of 5m2, (EST, 2012). The
proposed collector area required to charge a thermal battery would require similar areas to those currently
used for photovoltaic systems where nearly the whole roof area is covered by solar collectors. This then
leads to competition between solar technologies, or highlights the development of better photovoltaicthermal collector technologies. Though considering across the European Union, (EU) buildings consume
40% of primary energy demands such systems should be given serious consideration to help meet the targets
set
by
the
EPBD.
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Abstract
The collaborative research activities of the industrial and academic communities for the development of the
thermo-chemical energy storage (TES) technology are growing dynamically and new concepts of systems
are appearing. The building sector presents the particular interests field for the implementation of such
technology in accordance with the new EU energy policy. The well-known limitations of the existent TES
technology may be overcome by the development of novel materials as well as by the design of new type of
reactors. In the present work the enhanced energy efficient TES configurations, destined for space heating
applications, have been established and studied basing on simple models using performance data of the
reactive medium. Two major heating techniques have been assessed: low temperature air-to-water integrated
circuits and combined warm air heating. The analysis of the performance criteria of the proposed
configurations allowed concluding about the usability of the TES in the predefined range of operating
conditions.
Key-words: Thermo-chemical energy storage, performance criteria, low temperature heating, combined
warm air heating

1. Introduction
The necessity of the development and promotion of the TES technology arises from the context of energy
saving programs for the building sector, whereas the TES system is liable to reduce the emissions of the
“greenhouse gases”, to fill the gap between the periods of thermal energy consumption and generation, to
boost the heat supply for the peak energy demand.
According to the Annual Report of the Market Observatory for energy analyses, the significant change for
the decline in greenhouse gases and CO 2 emissions between 2008 and 2009 from fossil combustion is due to
the damped growth of the renewable energy utilisation. In contrast to the early EU energy regulation policy
in 2001, where the promotion of the renewable energy has been related directly to the internal electricity
market, the recent directive of the European Parliament (EC 28/2009) has stimulated the support for the
technological demonstration and innovations of every decentralised renewable energy technology. The
dedicated budget for the projects, among which storages design and demonstration, has been estimated of
about of 4 billion Euros (EC 663/2009). The national overall targets for the share of energy from renewable
sources in gross final consumption of energy are fixed at 13 % for Belgium and Czech Republic, 23 % for
France and 34 % for Austria to be achieved by the end of 2020 (EC 663/2009).
Around one quarter of final energy consumption is accounted for the residential sector and the heating
demand encounters around 70 % of the overall household energy consumption, which is estimated to
represent 14 % of greenhouse gases and CO2 emissions. The predomination of the heat energy end use in the
residential sector is the known issue. The losses for the heat delivery and energy transformation include more
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than half of the total energy supply and therefore this huge share can be retrieved be recycling existing heat
losses or by using the thermal storages.
As one may see, the growth of interest to the innovative heat energy systems integrated in the residential
sector from the part of experts of the TES community is due to the recently adopted policy by the European
Commission (from 2009 to 2011) in promoting the scientific research projects on the renewable energy
sources, which allowed within the several past years the formation of the solid basis for the so-called
“thermo-chemical energy storage technology”. This technology is established on the parallel fundamental
research on the suitable materials with high energy density properties and on the applied engineering
approaches to handle those materials in the most efficient way.
Typically the high energy densities in between of 0.9 and 2.2 GJ m-3 are reported for the chemical adsorbents
(the pure salt hydrates), e.g. ܱܵ݅ܮସ ȉ ܪଶ ܱ, ܱܵ݃ܯସ ȉ ܪଶ ܱ or ܵݎܤݎଶ ȉ ܪଶ ܱ (Ferchaud, 2012; N’Tsoukpoe,
2014). The TES applications involving commonly studied physical adsorbents such as silica gel and zeolites
are characterized by much lower energy densities in the range between 0.1 and 0.5 GJ m-3 (Finck, 2014;
Hongois, 2011). The novel composite materials are being synthesised to reach the energy density over 1.4 GJ
m-3 and further experimental framework is going on.
Numerous results issued from the laboratory built apparata including the different design concepts of the
TES plants show the feasibility of the domestic integrated systems (Zondag, 2013; Mette, 2013; Marias
2014). The design affords are mostly dedicated to the seasonal storage concepts, wherein the prototyping
framework addresses the demonstration of the reactor design and experimentation within controlled
conditions. The extensive simulations based on the mathematical modelling of the real-scale systems forecast
the onset performances for the employed domestic integrated systems realising various configurations
(Skrylnyk, 2012; Hennaut, 2012; Hennaut, 2014).
2. Materials and methods
In the assessment of existing configurations, the prevailing part of TES prototypes are designed on the
grounds of fixed bed reactors (Zondag, 2013; Finck, 2013), although a few alternative storages embodying
the moving bed reactor concept has been proposed (Mette, 2013; Zondag, 2009). The former apparata
comprise the coated finned heat exchangers, atmospheric-packed beds, uncoated adsorbers, whilst in the later
installations the motion of material is organised by the mean of mechanical operation.
Considerable shortcoming of closed TES with integrated heat exchanger is the poor heat and mass transfer
between the material and the working fluid. The adsorption column type reactor stands as a better idea, but
may result in the increased pressure drop across the bed and the appearance of preferential paths for the gas
(Marias, 2014). Therefore, the fine layer moving bed reactor is considered to be a good alternative to
overcome the mentioned shortcomings.
The moving bed reactor can be regarded as the counter- or the cross-flow solid-to-gas heat exchanger being
at the steady-state. The particular reason of such assumption is the evaluation of performance criteria purely
from the thermodynamic point of view. It should be also noted that the idealised conditions for the
transportation of the material from the separate storage to the reactor have been considered at the first time.
The list of potentially interesting configurations has been established with regards to the commonly used
heating techniques in the residential sector (Hennaut, 2012; Tanguy, 2012), namely the low temperature airto-water integrated circuits (a) and combined warm air heating system (b). In the case (a) the working fluid at
the outlet of the reactor (hot and dry air) is used to warm the heating fluid (water). In the case (b) the reactor
and auxiliary heat exchangers are integrated directly to the ventilation system.
2.1. Air-to-water low temperature heating
In this type of heating technique the output of the reactor is connected to the air-to-water heat exchanger that
delivers the produced thermal power to the user’s low temperature heating circuit. The low temperature
heating technique is particularly adapted for the TES applications to meet the optimal efficiency of heat
generation process. The conceptual schemes of the selected TES systems with moving bed reactor are
illustrated on the Figs.1 and 2.
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The operation process of the illustrated configurations is described as follows. The granular dehydrated
material is constantly supplied with the feed rate ݉ሶ௦ to the reactor, where it reacts with water vapour carried
by the air with the mass flow rate ݉ሶ . The air, being isenthalpically moistened at constant water
humidification rate ݉ሶ௩ , is blown by the fan unit through the reactor circuit and the related heat exchangers.
The air charged with humidity ݔ enters to the reactor input at the temperature ܶǡ . Due to the chemical
reaction, the air is then heated to the temperature ܶǡ௨௧ . At the output, the TES system delivers the useful
heat ܳሶ௨௦ through the primary heat exchanger to the user’s heating circuit at the temperature ܶ௨௦ǡ௨௧ . The
secondary heat exchanger placed in parallel to the reactor, is used to retrieve the heat losses ܳሶ௦ .

(a)

(b)

Fig.1: Open-loop circuit with heat recovery (a) and closed-loop circuit with heat recovery (b)

Fig.2: Two-cascaded TES system

The open-loop configuration (see Fig.1 (a)) is designed to use the outside cold air charged with initial
humidity ݔ௩ǡǡ௨௫ . The processed air is rejected outdoor. The utilisation of the humidifier for the open-loop
configuration is optional if the outside humidity content ݔ௩ǡǡ௨௫ is fully sufficient for the generation of the
useful heat ܳሶ௨௦ .
In the closed-loop configuration (see Fig.1 (b)) the utilisation of the humidifier is permanent and the
additional heat exchanger, the so-called cold source injecting the amount of heat ܳሶ௦ , is preferably added in
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order to compensate the temperature drop ܶ௩ǡ௨௧ െ ܶ௩Ǥ due to the air humidification process.
The combination of the two former circuits results in the two-cascaded TES configuration shown on the
Fig.2. The main system is the closed-loop circuit and is designed to provide the useful heat ܳሶ௨௦ at the
system output. The auxiliary system is the open-loop circuit which stands as a cold source, thus injecting the
necessary amount of heat ܳሶ௦ .
2.2. Combined warm air heating
The configurations of the combined warm air heating (see Fig.3 (a) and (b)) represent the particular interest,
since those systems can be proposed to the final user as plug-ins to the existing heating circuits. For example,
the traditional mechanical ventilation heat recovery unit contains already air-to-air heat exchanger that would
facilitate the integration of the TES to the domestic infrastructure.
The low temperature heating circuits as well as the ventilation ducts may be used for the combined warm air
heating. Nevertheless, the integration of the TES circuits to the combined warm air heating is restricted by
the national norms of ventilation.

(a)

(b)

Fig.3: Combined warm air heating systems: (a) open-loop plug-in scheme and (b) closed-loop plug-in scheme

The advantage of the open-loop plug-in scheme (see Fig.3 (a)) consists in the simplicity of the integration to
the existent ventilation and heating circuits. The ventilation duct serves to supply the fresh and warm air to
the room. The reactor is plugged to the waste air ventilation duct. The amount of useful heat ܳሶ௨௦ is then
delivered to the user’s heating circuit by the primary heat exchanger.
In case of closed-loop plug-in scheme (see Fig.3 (b)), the reactor and auxiliary components are placed in
loop between waste and fresh air ventilation ducts. This scheme enables injection of the warm and fresh air
to the house. The waste heat coming out from the building performs the role of the cold source to
compensate the temperature drop at the humidifier. The design of this configuration depends on the national
ventilation norms and thus the amount of heat retrieved from the waste air is limited by the domestic air
renewal system.
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2.3. Modelling background
The modelling principles of the depicted configurations have been based on the hypotheses of the steadystate homogenous process of heat and mass transfer over time-invariant conditions for input/output
temperatures ܶ and humidity contents ݔ and ݔ௨௧ . Furthermore, it has been considered that the chemical
reaction takes places at the equilibrium conditions. The energy balance for the reactor is written as follows:
݉ሶ ܥǡ ൫ܶǡ െ ܶǡ௨௧ ൯  ݉ሶ ሺݔ െ ݔ௨௧ ሻο݄௦ ൌ Ͳ

(eq.1)

The process of air humidification is considered to be isenthalpic for which the energy balance in terms of
input and output enthalpy flows is written below:
ܥǡ ൫ܶ௩ǡ െ ܶ௩ǡ௨௧ ൯  ݔ௨௧ ൫ܥǡ௩ ܶ௩ǡ  ο݄௪ǡ௩ ൯ െ ݔ ൫ܥǡ௩ ܶ௩ǡ௨௧  ο݄௪ǡ௩ ൯ ൌ Ͳ

(eq.2)

Here ο݄௪ǡ௩ is the heat of water vaporisation and ο݄௦ is the isosteric heat of adsorption. For every heat
exchanger, the energy balance includes the set of equations to define the heat flow ܳሶ from the hot side to the
cold one:
݉ሶ ܥǡ ൫ܶǡ௨௧ െ ܶǡ ൯ െ ܳሶ ൌ Ͳ

(eq.3)

݉ሶ ܥǡ ൫ܶǡ௨௧ െ ܶǡ ൯  ܳሶ ൌ Ͳ

(eq.4)

ߝ௫ ȉ ൛݉ሶ ܥǡ ǡ ݉ሶ ܥǡ ൟ ȉ ൫ܶǡ െ ܶǡ ൯ െ ܳሶ ൌ Ͳ

(eq.5)

Here ߝ௫ is the effectiveness of the heat exchanger. For the general description purposes, it is supposed that
the inlet and outlet temperatures on the hot side are ܶǡ and ܶǡ௨௧ , and similarly on the cold side are ܶǡ
and ܶǡ௨௧ . Moreover, the product of the heat capacity of the fluid on the hot side and its mass flow rate is
݉ሶ ܥǡ , while at the cold side it is ݉ሶ ܥǡ .
a. Performance criteria
The performance criteria used for the evaluation and comparison of different configurations are:
x

Coefficient of performance (COP), which is defined as the ratio of the useful heat and the overall
energy consumption by the auxiliary equipment:
 ܱܲܥൌ

ܳሶ௨௦
σ ܹǡ

(eq.6)

The consumption of the electric power by the fan unit can be found from the next relation:
ܹ ൌ ܸሶ οܲ ȉ ߟ ିଵ

(eq.7)

Where ܸሶ is the volume flow rate of the gas, οܲ is the total pressure rise from the fan inlet to outlet and ߟ is
the overall fan efficiency which includes the drive efficiency, the hydrodynamic fan efficiency and the fluid
hydromechanical efficiency.
x

System productivity rate (SPR), which is the ratio of the useful heat and the total hydration power:
ܴܵܲ ൌ

ܳሶ௨௦
σ ܳሶ

(eq.8)

The hydration power is defined by the Eq. (9):
ܳሶ ൌ ݉ሶ ሺݔ െ ݔ௨௧ ሻο݄௦
x

(eq.9)

Total solid feed rate, that indicates on the mass of the material to be processed for the heat
generation. At the same time this criterion determines the size of the material storage:
݉ሶ௦ ൌ ݉ሶ ሺݔ െ ݔ௨௧ ሻ ȉ ሺοݔ௦ ሻିଵ

(eq.10)

Here οݔ௦ is the difference of the water uptake in the material between hydrated and dehydrated states.
x
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(eq.11)

݉ሶ௩ ൌ ݉ሶ ൫ݔ௩ǡ௨௧ െ ݔ௩ǡ ൯

Where ݔ௩ǡ௨௧ corresponds to the humidity content at the outlet of the humidifier and is strictly ݔ for all
systems; ݔ௩ǡ is the humidity content at the inlet of the humidifier and is strictly ݔ௨௧ for all closed-loop
circuits or respectively is ݔ௩ǡǡ௨௫ for all open-loop circuits.
x

Cold source necessity ܳሶ௦ that means if the additional heat has to be supplied to the TES. This
quantity is determined from the energy balance equations (Eq. 1 – 5) at the appropriate heat
exchanger.
3. Results and discussion

The numerical values of the known process variables and parameters are presented in the Tab.1.
Tab.1: Numerical assumptions and working conditions of the TES configurations

Name

Parameter

Value

Isosteric heat of adsorption (kJ kg-1)

ο݄௦

3000

Water uptake difference (kg kg-1)

οݔ௦

0.2

Useful heat delivered to the user (kW):
x Air-to-water low temperature heating (a)
x Combined warm air heating (b)

ܳሶ௨௦

3
-

Reference temperature to the user heating circuit (K):
x Air-to-water low temperature heating (a)
x Combined warm air heating (b)

ܶ௨௦Ǥ௨௧

303.15
299.35

Return temperature from the user heating circuit (K):
x Air-to-water low temperature heating (a)
x Combined warm air heating (b)

ܶ௨௦Ǥ

298.15
293.15

ܲ

101.32

Total pressure at the reactor input (kPa)

οܲ௫

150

ߝ , ߝ௦ , ߝ௦ , ߝ௨௫

0.8

Nominal fan unit efficiency

ߟ

0.48

Nominal outdoor relative humidity

߮

0.6

Pressure drop per heat exchanger (Pa)
Heat exchangers effectiveness

The isosteric heat of adsorption and the water uptake difference are issued from the characterisation
conditions of the composite material (porous matrix – inorganic salt) for which the estimated theoretical
energy density reaches 1.4 GJ m-3. The useful heat ܳሶ௨௦ and the reference temperature ܶ௨௦Ǥ௨௧ are the
boundary conditions for the configurations with low temperature heating (a). The value of 3 kW is chosen
from the condition of the power that the average heating installation must provide to come across with
heating demand. For the case (b) this value is not fixed, since the thermal power that must be carried with
warm air depends on the outdoor temperature and only the reference temperature ܶ௨௦Ǥ௨௧ is taken for the
boundary conditions.
The return temperature represents the boundary conditions at the outlet of user’s heating circuit for case (a)
and is the comfort temperature for the case (b). The total pressure ܲ is the pressure at which the installation is
supposed to run. This pressure corresponds to the standard atmosphere pressure. The pressure drop per heat
exchanger is set to be constant for the reasons of simplicity and its value supposed to fit the elevated air flow
rates. The effectiveness of heat exchangers is some arbitrary parameter that is put constant in the present
study for the reasons of simplicity and the absence of full information about characteristics of real heat
exchangers. The value of the nominal fan unit efficiency represents the average characteristics of the axial
flow fan type; however it is a subject of the variation according to the type of fan which would be used in the
TES configuration.
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3.1. Evaluation of working cycle
In order to find the unknown variables, the calculations have been performed in the range of outdoor
temperatures ܶ between 271.15 K and 283.15 K. However, it should be noted that the solutions obtained for
the configuration from the Fig.1 (a) are not meaningful in this range of outdoor temperatures and for chosen
boundary conditions, since this system requires very high air flow rate to deliver 3 kW of the useful heat.
Therefore, the temperature range ܶ for this configuration has been shifted to 284.15 – 288.15 K.

Fig.4: Working cycle diagrams of the configurations used for the low temperature heating

Fig.5: Working cycle diagrams of the configurations used for the combined warm air heating

The most representative results for all listed configuration are published on the Figs. 4 and 5. The
temperatures and humidity levels for the open-loop circuit are calculated at ܶ ൌ ʹͺͶǤͳͷ, while for the
rest of configurations the outdoor temperature is equal to ܶ ൌ ʹͺ͵Ǥͳͷ.
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It has been concluded that the temperatures above 283.15 K approach to the building base temperature,
where the heating is not needed due to the thermal inertia of building and to the solar gains. Therefore, the
operating range of the stand-alone open-loop TES configuration is limited for the adopted useful heat of 3
kW. The utilization of this TES is unreasonable for the high power applications.
It was found that the configurations destined for the low temperature heating require quite large air flow
rates, because of the imposed high power at the system output. Thus the designer’s temperature drop across
the primary heat exchanger of 3 – 5 K must be maintained either with temperature boost from the cold
source, or by increasing the flow rate. The closed-loop circuit configuration from the Fig. 1 (b) does not
depend on the outdoor temperature conditions, but only on the flow rate of the heating medium ݉ሶǡ௨௦ on
the cold side of the primary heat exchanger and the amount of heat injected from the cold source ܳሶ௦ ; whilst
the rest of configurations depend on the outdoor temperature and the air flow rate ݉ሶ (with the effectiveness
ߝ ), because the ambient air plays the role of the cold source for those configurations.
3.2. Evaluation of the performance criteria
The main results of the performance criteria evaluation of the selected configurations are summarized in the
Tab.2. It has to be reminded that the evaluation of the configurations taken from the case (b) is based on the
constant reference temperature equal to 299.35 K, while for the case (a) the constant output heat flow equal
to 3 kW is used. Therefore, the performances criteria are also dependant on the useful heat.
Tab. 2: Performance characteristics of the studied configurations

Configuration
name

Outdoor
temperature
(K)

air flow
rate
(kg s-1)

COP

SPR

Solid feed
rate
(kg s-1)
ൈ ି

air humidification
rate 
(kg s-1)
ൈ ି

Cold
source
necessity
(kW)

Air-to-water low temperature heating (a)
Open-loop
circuit

Closed-loop
circuit

Two-cascaded
TES1

Two-cascaded
TES2

284.15

3.75

3.25

15.7 %

31.78

5.23

-

285.15

0.39

31.25

75.0 %

7.00

0.69

-

288.15

0.53

23.06

65.8 %

7.59

0.85

-

-

0.28

1.84

53.7 %

5.16

1.03

2.48

-

0.35

1.74

51.6 %

5.63

1.13

2.43

-

0.49

1.57

47.6 %

6.59

1.32

2.33

273.15

0.54 (1.44)

2.48

26.5 %

18.81

2.79

2.29

275.15

0.54 (0.62)

2.99

37.2 %

13.48

2.05

2.29

283.15

0.54 (0.24)

3.31

44.2 %

11.31

1.75

2.29

271.15

0.97 (0.80)

1.16

29.3 %

17.04

2.75

1.96

275.15

0.97 (0.41)

1.72

33.5 %

14.94

2.49

1.96

283.15

0.97 (0.19)

1.75

36.1 %

13.84

2.34

1.96

Combined warm air heating (b)
Open-loop
plug-in

Closed-loop
plug-in

271.15

0.08 (0.041)

4.42

14.4 %

2.07

0.42

-

275.15

0.08 (0.044)

5.83

20.7 %

2.07

0.42

-

283.15

0.08 (0.073)

8.00

39.8 %

2.07

0.42

-

271.15

0.71 (0.080)

1.28

36.4 %

6.83

1.37

0.800

275.15

0.64 (0.080)

1.27

38.5 %

6.19

1.24

0.804

283.15

0.45 (0.080)

1.54

44.3 %

4.91

0.98

0.809

The overall useful heat for the open-loop plug-in has been calculated as the sum of heat amount transmitted
to the primary heat exchanger and the heat injected by the ventilation. Therefore, the overall useful heat
varies proportionally in between of 0.18 and 0.421 kW in accordance to the outdoor temperature range for
the indoor humidity evaluated as 40 %. Concerning the closed-loop plug-in configuration, the useful heat on
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the primary heat exchanger has been calculated between 1.491 and 1.305 kW.
It can be seen that the performances of the open-loop circuit are high only for the given range of outdoor
temperature, however as it was pointed out before, this configuration is not relevant for the stand-alone
domestic heating application. The advantage of the simple closed-loop circuit is the independence on the
outdoor temperature, but the significant shortcoming of this configuration is a large demand of the cold
source reaching up to 80 % in the share of the useful heat. The price of diminishing of the cold source share
on 6 % by increasing the air flow rate results in the drop of the COP on 15 % because of the electric power
consumption by the fan unit. Moreover, the cold source technique, e.g. the geothermal energy, can be an
expensive option.
The two-cascaded system has more degrees of liberty for the design and merges together the advantages of
the open-loop and closed-loop circuits. The most representative results in the range of outdoor temperature
taken between 271.15 K and 283.15 K are shown for the lower (1) and upper bounds (2) of the air flow rate in
the main circuit (see Tab.2). The air flow rate for the auxiliary circuit is cited in the parentheses. It was found
that the higher flow rates in the main circuit allow extending the operating range of the outdoor temperatures
and reducing the cold source demand on 14 %. However, the COP in this case dramatically drops down onto
42 ... 47 %. The quantity of the material and water for the humidification process also increase for the higher
flow rates in the main circuit. Therefore, the special regulation technique has to be implemented to keep the
performances of this configuration optimal.
The open-loop plug-in configuration exhibits indeed quite interesting performance characteristics and does
not require the presence of the cold source, since it is as a matter of fact included in the indoor comfort
conditions. But its SPR factor is insufficient in comparison with other configurations. Besides, the hydration
power of this configuration has to be controlled in accordance to the internal humidity comfort level. The
closed-loop plug-in allows overtaking the lack of SPR resulting in the amplification of the useful heat. The
utilization of the warm waste air allows retrieving up to 46 % of the heat to assure the cold source demand.
No internal humidity control is required for this configuration. The air flow rates in the parentheses for the
configurations (b) are those denoted as ݉ሶǡ௨௦ .
4. Conclusions
The closed-loop systems are easy to integrate into existent domestic systems and they have more degrees of
freedom for the air flow rate adjustment and useful heat generation, but they require the presence of the cold
source and the humidifier. Open-loop systems may strongly depend on the existent air ventilation, sanitary
norms and ambient conditions; however they do not require any additional heat input. Additionally, the
open-loop plug-in scheme may disturb the internal comfort acting as a dehumidifier. The two-cascaded
system is a combination of the closed-loop and open-loop circuits and is a self-alimentation process that
covers the needs of the cold source, but the increased autonomy degree results in a double quantity of the
material in comparison to the simple loop TES.
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Abstract
Basically, pipe internal recirculation (PIR) at storage connections is a known phenomenon. However, it is not
sufficiently considered by storage manufacturers and installers. There is still a lack of awareness and
quantification of the PIR effect in typical installations and practice-oriented solutions.
Within this paper, the final results of a research project aiming at the detailed qualitative description and
quantification of the effect including extrapolation of the results regarding the PIR impact on storage heat
losses are presented. This includes the results regarding the influence of the pipe’s material (copper, stainless
steel, plastic), diameter, insulation and connection type (direct to storage, indirect via immersed or external
heat exchanger) on PIR including their effects on the overall heat losses of ready installed storage tanks.
Derived from generalized measurements, a calculation method has been developed, which enables to determine
the annual heat losses caused by PIR in domestic hot water storages using dynamic system simulations
(TRNSYS). In conclusion, different measures for the reduction of PIR induced heat losses and their
effectiveness may be presented.

1. Introduction
Pipe internal recirculation (PIR) in storage connection pipes is a known phenomenon (Suter, 2001) which has
been evaluated in different projects (e.g. Andersen, 2007; Huhn, 2007; SPF, 2011). Anyway, many questions
still remained unanswered and the issue is not considered enough by installers and manufacturers. In order to
find answers to some of the most important questions with regard to typical and practice-oriented storage
connections, ISFH has carried one preliminary study supported by the proKlima – Der enercitiy Fonds,
Hannover ,(Steinweg, 2012), followed by research project founded by the Deutsche Bundesstiftung Umwelt
The aim was to work out and to evaluate the different influences on the development of PIR. Furthermore,
different PIR reducing measures have been tested according to their effectiveness and, using this information,
optimal guidelines for minimizing PIR losses have been derived. On the one hand, connection pieces for the
integration between heated elements and connection pipes like back flow preventers, convection brakes or heat
traps (pipe pieces in U- and Z- shape) and on the other hand measures designed by manufacturers like slanted
storage connections have been tested. On the basis of the collected database, a model realized for dynamic
system simulations in TRNSYS has been developed, which enables the determination of the dynamic heat
losses caused by PIR in storage connections for typical installations (Steinweg, 2014a). Associated to that,
recent outcomes have been spread to installers and manufacturers by presentations and workshops to discuss
practical aspects in expert’s workshops. This paper summarizes the most important research outcomes and the
project conclusions.
2. Development of PIR
PIR develops with increasing temperature difference between the fluid of the storage tank and the content of
the connected pipe. This happens for example after the end of a hot water drawing because the pipe content
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cools, due to the higher surface to volume ratio, much faster than the storage fluid which is nonetheless often
kept on high temperatures by an auxiliary heater. With the increasing temperature difference the density
difference between warmer, lighter water of the storage and colder, heavier water in the pipe increases, too.
The cold water of the pipe is not in equilibrium and therefore is submitted to an increasing force to sink below
the hot water in the storage. Therefore it begins to “fall” towards the storage bottom. To keep the mass balance,
hot storage water begins to flow into the pipe in equal measure. The warm forward flow spreads along the axis
of the pipe while cooling down slowly and then closes the circulating flow inside the pipe by turning back into
the storage as cold backward flow. A circulating pipe internal flow with wide spread continuously draws heat
out of the storage. A detailed analysis of the development process of PIR can be found in (Steinweg, 2014a).
3. Results of the measurements
3.1 Determination of PIR induced heat losses
The circulation flow which spreads inside the connection pipe generates a characteristic temperature profile
inside the pipe. The heat losses of a pipe connected to a customary thermal storage tank are determined using
the axial temperature distribution of the pipe, which is measured accurately by up to 50 temperature sensors.
The mean pipe temperature is used to calculate the heat losses of the pipe arrangement using the pipes specific
heat loss coefficient and the effective temperature difference between mean pipe and ambient temperature. By
dividing the heat loss rate at fully developed PIR in steady state conditions by the difference of storage and
ambient temperature, the heat loss coefficient of the arrangement (UA)k in W/K can be calculated. This heat
loss coefficient is the essential parameter for the evaluation of the considered connections and is subsequently
used as characteristic value. In connection with a sophisticated test method the heat loss coefficient has been
determined with an uncertainty below 0.02 W/K. It furthermore can be summed with further heat loss
coefficients e.g. the storage heat losses according to its test report. A more detailed description of the
experimental and evaluation method is explained in (Steinweg, 2014a).
3.2 Influence of the pipe material
For evaluating the influences of the pipe material the PIR induced heat losses have been measured for Cu-,
CrNi- and plastic pipes. Figure 1 displays the increase of the (UA)k value caused by stainless steel and PEX
(polymerized polyethylene) compared to a copper reference pipe with equal inner diameter at three different
pipe temperatures.
0,45

Heat loss coefficient (UA)k in W/K

0,40
0,35

Storage temperature
40°C
65°C
90°C

+ 25 %
+ 52 %
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Figure 1: Increase of PIR induced heat losses for CrNi- and PEX- pipes compared to a Cu pipe with equal inner diameter
for three different storage temperatures (all pipes orientated horizontal, 6,5 m length, 25 mm insulation)

It displays that the increase of the heat loss coefficient is higher if storage temperatures rise or the thermal
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conductivity of the pipe material sinks. The reason for this is the influence of these parameters on the
temperature difference between warm forward and cold backward flow inside the connection pipe as driving
force of PIR. High storage temperatures increase this temperature difference. Moreover, low thermal
conductivity of the pipe material reduces the tangential heat conduction inside the pipe’s wall which supports
the vertical temperature stratification in the pipe’s fluid and thereby stabilizes and thus amplifies the PIR flow.
The experiments show, that the temperature difference between upper and lower surface of the pipe is far more
pronounced than at a copper pipe. This leads to a larger spread of the circulation flow inside the pipe and thus
to higher PIR heat losses (Kliem, 2013), if low conductivity materials are used. As a result, the utilization of
PIR reducing measures becomes even more important if pipe materials with low thermal conductivity are
deployed.
3.3 Influence of the pipe diameter
For evaluating the influence of different pipe diameters the (UA)k values of five copper pipes, each with the
same wall thickness but varying inner diameters between 10 mm to 26 mm have been measured. The left
diagram of Figure 2 displays the results for three different storage temperatures. The thermal resistance of the
pipe insulation has been kept constant for all diameters.

Figure 2: Heat loss coefficient (UA)k of horizontally connected Cu pipes with different diameters, wall thickness 1 mm,
length 6.5 m. Left: (UA)k values at different storage temperatures. Right: (UA)k values as function of pipe diameter with
calculated share of pure thermal conduction via pipe material and water (cooling fin effect), storage temperature 90 °C.

The diagram on the left clearly shows the high impact of the pipe diameter on PIR losses. Starting from the
reference pipe with 22x1 mm (20 mm inner diameter) a diameter enlargement of 6 mm (28x1 mm, 26 mm
inner diameter) results in a nearly doubled (UA)k value. Since larger pipe diameters have a much lower
hydraulic resistance, the measured spread of circulation flow inside the pipe extends. Supporting that, the
(counteracting) tangential heat conduction lowers its influence due to larger pipe diameters. Smaller pipe
diameters however lead to lower PIR losses as a consequence of the decreasing spread of circulation flow due
to higher hydraulic resistances and increasing influence of tangential heat conduction.
The diagram on the right of Figure 2 displays (UA)k value shares at a storage temperature of 90 °C. A basic
amount of the overall PIR losses is caused by the cooling fin effect of the pipe connected to the storage – these
losses are solely caused by thermal conduction inside the pipe’s wall and fluid. They may also be found without
PIR and lead to continuous storage heat losses. The second fraction is caused only by PIR. This illustration
reveals that for the reference case (22x1 mm pipe, 20 mm inner diameter) the share of PIR induced heat losses
makes up more than 75 % of the overall losses. The share of losses due to longitudinal or axial heat conduction
increases with lower pipe diameters and dominates the overall heat losses at smaller diameters or lower storage
temperatures. Both diagrams clarify that even without PIR reducing measures the choice of small pipe
diameters contributes significantly to a reduction of PIR induced heat losses of a configuration. Furthermore,
there exists a lower limitation given by thermal conductivity within pipe and fluid. This limitation may be
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lowered further by choosing pipe materials with low thermal conductivity.
3.4 Impact of the connection type
Within a further measurement the impact of different storage connection types on PIR losses has been
evaluated. The resulting (UA)k values are given in Figure 3. Besides the results of direct connected pipes, an
internal heat exchanger (“int. HX”) and an exemplarily installed external heat exchanger of a solar heat transfer
module (“ext. HX”) are included. Since the external heat exchanger aroused both PIR (“only PIR”) and
circumferential circulating fluid flow between heat transfer module and storage (“circ. circulation”), there are
heat loss coefficients given for both cases. Additionally, the impact of imperfect insulation at the storage
connector has been measured and is also given below. Hence, a pipe segment of 100 mm remained uninsulated
(“100 mm ins. missing”).
1,6

With circumferential
circulation between
storage and HX module

Heat loss coefficient (UA)k in W/K

1,4
Storage temperature
1,2

40 °C
65 °C
90 °C

1,0

Bars with cross hatch:heat losses
due to a rise of HX module
temperature during standby

0,8
0,6
0,4
0,2
0,0
Direct
direkt
connection

Direct, 100 mm

direkt,
10 cm
ins. missing
Däm. fehlen

Int. HX

int. WUT

Ext. HX

ext.
onlyWUT
PIR
nur ERZ

Ext. HX
ext.circulation
WUT
circ.

Zirk. SpKr.

Figure 3: Heat loss coefficients for different storage connection variants and storage temperatures of 40 °C, 65 °C and
90 °C.
Direct connection, internal heat exchanger and pipe with imperfect insulation measured with a 22x1 mm Cu pipe,
horizontal orientation, length 6.5 m, 25 mm insulation.
External heat exchanger as part of a solar heat transfer module with two storage connections: length supply pipe (HX to
storage) 0.93 m, length return pipe 1.96 m, 22x1 mm Cu pipe, 25 mm insulation, secondary circuit of heat exchanger
emulated with uninsulated pipe loop, in all cases related to single pipe connection

The missing insulation at the storage connection, a deficit which may frequently be observed, increases the
local heat losses dramatically. Though, it does not reduce the spread of PIR, the temperature profile remains
unchanged. Therefore, the heat losses rise significantly.
The consideration of the heat loss coefficients of the internal spiral tube heat exchanger connection clarifies
that measures inside the storage tank do not influence PIR heat losses. Although a direct exchange of fluid
between storage and pipe is not possible, the thermal contact between the two fluid circuits is sufficiently
intensive for developing nearly the same PIR losses.. Therefore, it is quiet unlikely that any measures
implemented inside the storage volume like e.g. upwards bended pipe outlets lead to an efficient PIR reduction.
The heat loss coefficients of a single pipe at the external heat exchanger appear to be low in case of exclusively
occurring PIR. Nonetheless, for a representative comparison they need to be doubled since external heat
exchangers are always coupled using two pipes. Furthermore, it has to be considered that the length of the
connection pipes are about one and two meters, respectively, while PIR spreads especially at high temperatures
far beyond that. Moreover, especially at high storage temperatures or with occurring circumferential circulation
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in the storage connection circuit of the heat exchanger a considerable warming of the solar heat exchanger
module occurs. The hereby additionally resulting heat losses at the modules surface (shown as cross hatch bar
parts in the diagram) increase the heat losses significantly to 1.3 W/K per connection pipe which corresponds
to 2.6 W/K for the whole arrangement.
Measures for PIR reduction
For the evaluation of the effectiveness of different PIR reducing measures, these parts have been inserted
between storage connector and a horizontal copper reference pipe (22 x 1 mm) and tested. Their PIR induced
heat losses have been determined. The effectiveness of some extracted measures may be compared in Figure
4. The diagram shows the PIR induced heat loss coefficients of each measure for three different storage
temperatures. The following assessment distinguishes “recommended measures”, “still satisfying measures”
and “inadequate measures”.
x Recommended measures
The test results allow the conclusion that copper heat traps or Z- profiles with long downward orientated
side lengths and inclined storage connectors show good results. The downwards oriented side length of the
copper heat traps should at least be 13 times the inner pipe diameter, due to the high longitudinal heat
conduction. The 45 ° sloped storage connectors made of steel (placed within the storage insulation) appears
to be acceptable with six times the inner pipe diameter. Nonetheless, the effort to properly install the
insulation material around the sloped pipe is higher an additional thermal bridge effect has to be expected.
Best effectiveness is achieved by heat traps made of CrNi steel pipes (also corrugated pipes) whereas these
may be designed with remarkably shorter downward side lengths. In this case, six times the inner pipe
diameter can be recommended as well. Because of their compact size they can be considered as the most
effective solution.
x Still satisfying measures
Short copper heat traps and convection breaks achieve still satisfying heat loss coefficients. Their use may
be justified at arrangements, where a lack of installation space or material choice leaves no alternatives.

Figure 4: (UA)k values of different PIR reducing measures. Measurement with connected Cu pipe, 22x1 mm, horizontal
orientation, length 6.5 m, 25 mm insulation, storage temperature 40 °C, 65 °C and 90 °C.
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x Inadequate measures
Back flow preventers do only reduce PIR losses to a low extent, when being at full function. Their moving
parts however have a high risk of malfunction, i.e. they may not close properly.. In that case no PIR reduction
effect has been measured. Furthermore, all measures that are placed inside the storage volume are considered
to be inadequate if the heat transfer between tank water and tube water is not avoided.
4. Annual PIR induced heat losses of a domestic hot water (DHW) system
With help of a simulation study in TRNSYS, the annual PIR induced heat losses of a typical solar DHW system
with 7 m² collector area and 370 l storage volume have been evaluated. For that purpose, a model for the nonsteady state calculation of PIR induced heat losses has been developed and implemented as TRNSYS type.
Based on the simulation model of EN 12977-2 (Deutsches Institut für Normung e.V, 2012) for the forecast of
the long term behavior of custom build solar collector systems the PIR model has been implemented. Further
information is given in (Steinweg, 2014b).
The following Figure 5 summarizes the annual heat losses due to PIR and pipe cooling of the DHW system’s
storage connection pipes for two different DHW demand profiles. On the one hand a profile with a single draw
off per day, based on EN 12977-2, and on the other hand a profile with about 23 draw offs per day with different
mass flow rates, based on the IEA SHC Task 44 (Haller et.al., 2012). Both profiles remove 200 l/d at 45 °C
from the tank, resulting in an end energy demand of about 2025 kWh/a. ). It has to be noted, that all calculations
have been carried out under ideal conditions, no circumferential flow and perfect insulation according to
German regulations have been considered.
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500

500

400

400

Heat losses in kWh/a

Heat losses in kWh/a

EN 12977-2:

300

200
93
51

80

0
53

99

85

0.03

0.55

0.68

Col,in

NH,out

100

0

12
0.01

DHW,in Col,out

300
466
200

88

102

53

100
114

6
55

78

0

Pipe cooling losses

48

0.78

0.98

NH,in DHW,out
PIR losses

0
0.01

0.03

DHW,in Col,out

98

74
104

0.55

0.68

Col,in

NH,out

Pipe cooling losses

152

0.78

0.98

NH,in DHW,out
PIR losses

Figure 5: Overview of the annual heat losses of the connection pipes of a solar DHW storage for DHW profiles based on
EN 12977-2 (left) and IEA SHC Task 44 (right).
DHW: connection pipes for domestic hot water, Col: connection pipes for thermal collector, NH: connection of the
auxiliary heater, in: inlet connection pipe, out: outlet connection pipe, the numbers given on the x axis are relative
connection heights

Depending on the DHW demand profiles the pipe losses are separated into PIR losses and the instantaneous
cooling down of the pipe (capacity loss). The latter are almost inevitable but may be minimized by choosing
the smallest pipe diameter possible. The annual PIR induced heat losses account for between 270 kWh/a (Task
44) and 340 kWh/a (EN 12977-2).
The developing PIR increases the storage heat losses by 30 % to 40 %. These losses mainly appear within the
auxiliary heating zone due to the position of the storage connections and need to be covered mainly by the
auxiliary heater. That’s why the end energy demand of the auxiliary heater increases about 20 % to 25 %. For
this example, it resembles an annual increase of fuel costs of approximately 30 €/a.
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The PIR induced heat losses account up to 100 kWh/a per storage connection. Hence, the duration of the
standby period and the mean storage temperature at the storage connection layer is of most importance. The
longer the time without water draw, the higher the share of PIR induced heat losses.
Consequently, PIR reducing measures for storage connections within the auxiliary heating zone are
extraordinary profitable and highly recommended.
The PIR induced heat losses are independent of the quality of insulation and of the storage volume.
Accordingly, PIR losses have – in relative terms –a massive impact on storage tanks with small volume and
high quality insulation.
An equivalent study for a solar combi storage reveals, due to the higher amount of storage connections, annual
heat losses of 340 kWh/a (Task 44) to 400 kWh/a (EN 12977-2
5. Conclusions
The results of the described evaluations of PIR induced heat losses at a typical storage installation identify the
mechanisms which drive the development of PIR in pipe connections and the different parameters that
influence the amount of PIR induced heat losses. In particular, PIR losses become higher if pipe materials with
low thermal conductivity are used. The pipe diameter as well significantly influences the absolute value of PIR
induced heat losses. A diameter change from 22x1 to 28x1 nearly doubles the PIR losses. Anyway, the smaller
the pipe diameter the higher will be the share of heat losses caused by heat conduction inside the pipe walls
(cooling fin effect).
Neither the omission of a section of the pipe insulation nor the existence of internal or external heat exchangers
leads to a reduction of PIR induced heat losses. Especially when using external heat exchangers, PIR losses
may provoke circumferential circulation flow between the storage and heat exchanger connections resulting in
far higher heat losses. This is of extraordinary importance especially for the installation of fresh water modules
at the upper hot zone of the storage.
Although pipe materials with low thermal conductivity show higher losses when installed horizontally, they
are excellent in order to minimize PIR induced heat losses when used as material for heat traps in U- or Zshape. Even with short downward side lengths they have a high effect. While copper as pipe material requires
downwards oriented side lengths of at least 13 times the inner pipe diameter, CrNi steel, PEX or other plastics
only require six times the inner pipe diameter. Downwards sloped pipe connectors welded on the tank mantle
as a manufacturer measure also may be recommended for effective PIR reduction.
On the basis of the collected measurement data, especially the numerous time dependent temperature profiles
along the reference pipes, a calculation method for the development of PIR induced heat losses at storage
connections has been established. This method has been implemented in a simulation model which enables the
dynamic calculation of the annual heat losses of typical (solar assisted) heating systems. The identified energy
savings of about 300 kWh/a point out that easy to establish and highly cost effective PIR reducing measures
like heat traps already depreciate in short terms. This is especially valid for new installations.
Finally, PIR may not only be found at connections between thermal storage tanks and the pipe installation but
also at other components which are often kept on higher temperature levels than the ambient temperature, like
boilers, manifolds, and others. Thus, the relevance of PIR caused heat losses may be considered as an important
efficiency potential, which may easily be made accessible.
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Abstract
This paper presents a study of the evolution of a zeolite sorption vessel for heat storage, using a 1D
mathematical model and an experimental bench. The test bench and the main model hypothesis and
equations are presented in this paper. The model involves coupled heat and mass transfers inside the reactive
porous bed and is used to study the humidity and the temperature of the flowing air at the reactor outlet
during both charging and discharging phases. The simulation results fit correctly the experimental results,
thus this model could be used to simulate the reactor evolution. The results show that the temperature
reached by the air exiting the storage reactor (>55°C) under typical operating conditions that could be
observed in a building are appropriate for building heating. The desorption of the reactor at a temperature as
low as 120°C is possible, thus the use of solar collectors to heat up the reactor during the charging phase is
possible, even though a desorption at a temperature higher than 150°C will allow a higher storage density of
the system.
Keywords: sorption, zeolite, storage, modeling, experimentation.

1. Introduction
The mismatch between sunny and heating periods leads to consider heat storage as a solution for solar
thermal energy recovery to fulfill heating demands for thermal comfort in buildings. To this end, solid/gas
sorption based systems are potentially good candidates (Tatsidjodoung et al., 2013; Yu et al., 2013). These
systems can achieve interesting energy densities (between 100 and 250 kWh/kg sorbent (Yu et al., 2013))
and allow to avoid heat losses during storage (heat is stored in the form of a chemical potential). In this
study, a solid/gas heat storage reactor filled with zeolite-13X beads is considered. Air flowing through the
bed causes the hydration or dehydration of the zeolite, thus the corresponding exothermal adsorption and
endothermal desorption processes allow the storage of heat in this reactor. The principle of the charging and
discharging phases are presented in Figure 1. The final aim of this project is to evaluate the performances of
this type of reactor in the framework of solar heat storage for building heating purposes. The temperature of
the hot air used during the charging phase should be reached by solar collectors and the warm air generated
during the discharging phase should be at sufficiently high temperature to fit the building needs. In this
paper, the modeling and experimental results obtained on a zeolite reactor are presented and analyzed.
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Fig. 1 : Principle of the storage charging and discharging phases

2. Model
2.1. Model assumptions
The one-dimensional model describing mainly air and zeolite beads temperatures and humidities as a
function of position and time, is primarily based on the following assumptions:
x the zeolite beads size and porosity, and the bed porosity are supposed uniform;
x

the water vapor and the humid air behave as ideal gases;

x radiative heat transfer between solid and gas phases is negligible compared to convective heat
transfer ;
x mass diffusion in a direction other than that of the flow is neglected compared to convective
transport;
x zeolite physical properties such as thermal conductivities and specific heat capacities are not a
function of temperature;
x water vapor adsorbed by the zeolite beads is supposed in liquid phase and in thermal and chemical
equilibrium with the solid material;
x at the outlet of the experimental bench, it is assumed that pressure of the air flow is equal to the
atmospheric pressure.
With the above assumptions, the proposed model consists of conservative equations of heat and mass transfer
on each phase (humid air, zeolite beads), and a kinetic equation based on solid-vapor sorption interactions.
To solve the mentioned equations, the finite volume method is used and the sorption bed is divided into a
number of segments of equal thickness. For each segment, energy balances are formulated for the air flow
and for the zeolite beads. The resulting system of discretized equations is solved by the DASSL integration
algorithm of Dymola solver (Dassault Systems AB., 2011).
2.2. Governing equations of the model
Equations expressing the mass balances in the reactor are based on the laws of mechanics flow in porous
media (Duval F. et al., 2004, Hager J. et al, 2000, Nield D. A. and Bejan A., 1999, Sozen M. and Vafai K.,
1990). They are the following:


Mass balance for the fluid phase

߲ሺߦ ߩ ሻ
߲ܺ௭
 ሾߩ Ǥ ݑሿ  ሺͳ െ ߦ௧ ሻߩ௭
ൌͲ
߲ݐ
߲ݐ
where ߦ ߩ is the apparent humid air density, ሾߩ Ǥ ݑሿ the mass balance and ሺͳ െ ߦ௧ ሻߩ௭

(eq.1)
డ
డ௧

the sorption

source term (positive or negative given the sorption phase, adsorption or desorption). Equation (1) is
rewritten for water vapour only as follows:
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ߦ ߩ


߲ሺܺ ሻ
߲ܺ௭
 ሺߩ ݑሻሾܺ ሿ  ሺͳ െ ܺ ሻሺͳ െ ߦ௧ ሻߩ௭
ൌͲ
߲ݐ
߲ݐ

(eq.2)

Momentum equation

The velocity of the fluid flow along the bed axis is determined by using the following Darcy’s equation
(inertial effects are assumed negligible compared to viscous effects, given the low average value of the
Knudsen number of the sorption considered bed - Kn = 9.5 x 10-5):
ߦଷ Ǥ ݀ଶ
(eq.3)
ܲ
ͳʹͲǤ ሺͳ െ ߦ ሻଶ Ǥ ߤ
where parameters ݀ and ߤ are respectively the particle diameter and the air flow dynamic viscosity.
ݑൌെ



Energy conservation equation for the fluid phase

Heat transfer inside the fluid phase in the sorption bed is described as follows:
ߦ

߲൫ߩ ܿ௩ǡ ܶ ൯
ൌ ܽ௩ ݄௩ǡǡ௭ ሺܶ௭ െ ܶ ሻ  ݑǤ ߘൣߩ ܿǡ ܶ ൧  ܣǡ ݄௩ǡǡ ൫ܶ െ ܶ ൯
߲ݐ

(eq.4)

where ൫ߩ ܿ௩ǡ ܶ ൯ is the internal energy of the fluid phase, ܽ௩ ݄௩ǡǡ௭ ሺܶ௭ െ ܶ ሻ the convective heat
transfer between the zeolite beads and the air flow, ݑǤ ߘൣߩ ܿǡ ܶ ൧ the enthalpy balance of the fluid
phase, and ܣǡ ݄௩ǡǡ ൫ܶ െ ܶ ൯ the heat exchange between the air flow and the wall of the reactor. The
zeolite beads specific surface area (ܽ௩ , m2/m3) is determined by the correlation (Holdich R.G., 2002):

ܽ௩ ൌ ሺͳ െ ߦ ሻ כ
(eq.5)
݀
The heat transfer coefficient (݄௩ǡǡ௭ ) between air and the zeolite beads can be described by Dittus and
Boelter’s equation (Bejan A., 1995, Mhimid A., 1998):
݄௩ǡǡ௭ ൌ

݇
ሺʹ  ͳǤͺ  ݎܲ כǤଷଷ  ܴ݁ כǤହ ሻ
തതതതത
݀

with

ܲ ݎൌ ߤ Ǥ ܿǡ Ȁ݇

(eq.6)

Volumetric heat capacities of the fluid phase can be determined using the following correlations:
ܿ௩ǡ ൌ ܺ Ǥ ܿ௩ǡ௩  ሺͳ െ ܺ ሻǤ ܿ௩ǡ௦

;

ܿǡ ൌ ܺ Ǥ ܿǡ௩  ሺͳ െ ܺ ሻǤ ܿǡ௦

(eq.7)

where ܿ௩ǡ (resp.ܿǡ ) is the volumetric heat capacity at constant volume (resp. at constant pressure) of
humid air.


Energy conservation equation for the solid phase

Heat transfer inside the zeolite beads is described as follows:
ߩ௭ ሺͳ െ ߦ௧ ሻ൫ܿ௭  ܺ௭ ܿ௪ ൯

߲ሺܶ௭ ሻ
݀ܺ௭
ൌ Ǥ ሾ݇௭ ௭ ሿ  ܽ௩ ݄௩ǡǡ௭ ሺܶ௭ െ ܶ ሻ  ሺͳ െ ߦ௧ ሻߩ௭
ܳ 
߲ݐ
݀ ݐோ

(eq.8)

where Ǥ ሾ݇௭ ௭ ሿ represents the conduction heat transfer, ܽ௩ ݄௩ǡǡ௭ ሺܶ௭ െ ܶ ሻ the convective heat transfer
with the fluid phase and ሺͳ െ ߦ௧ ሻߩ௭

ௗ
ௗ௧

ܳோ the heat source/sink term. The heat exchange between the zeolite

beads and the reactor walls is assumed negligible compared to other transfers, given the low particles contact
area with the reactor walls.
2.3. Sorption kinetics
The performance of such systems is largely determined by the kinetics of the processes in the zeolite bed.
The LDF model (originally proposed by Gleuckauf et al., 1947) can be used to determine the sorption rate or
internal mass transfer inside the porous media for systems with long characteristic times (


మ
ௗ

 ͳͲିଷ , which

is the case here with a value of less than 10-4) (Chahbani M. et al, 2002). The mass transfer resistance from
the adsorbate phase into the micro-pores of the zeolite beads is reduced to an overall mass transfer resistance
݇ as described in the following correlation :
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߲ሺܺ௭ ሻ
ൌ ݇ Ǥ ൫ܺ െ ௭ ൯
߲ݐ
with

݇ ൌ ݇

ܦ
݀ଶ

(eq.9)

ܦ ൌ ܦ  ൬െ

ܧ
൰
ܴܶ௭

(eq.10)

The zeolite’s water mass fraction at equilibrium is determined using a polynomial fitting approximation of
measured sorption isotherms (Bales et al., 2005) over a wide range of temperature and partial water vapour
pressure range:
ܲ௩
(eq.11)
ܺ ൌ ሺܽଶ Ǥ ܶ௭ଶ  ܽଵ Ǥ ܶ௭  ܽ ሻ  ͲǤͲʹʹͺ   כ
൨
ܲ௦௧
with a2=3E-06 K-2, a1=-0.0017 K-1, and a0=0.3206. The water vapour partial pressure (ܲ௩ ) is determined
using the Dalton law as follows (Ravi R.,2011):
ͳͶǤ ܺ
ܲ௩ ൌ ൬
൰ Ǥ ܲ
ͻ  ͷǤ ܺ

(eq.12)

ܲ௦௧ is estimated using the Dupre correlation (-50°C - + 200°C) (Jannot Y., 2005):
ܽଷ
ܲ௦௧ ൌ ͳ͵͵Ǥ͵ʹʹ   כͶǤͺͶ െ െ ͵Ǥͺͺ ሺܶ௭ ሻ൨
ܶ௭
with a3=6435 K.

(eq.13)

2.4. Isotherms equations
A polynomial fitting approximation to the experimental curves from (Bales et al., 2005) of measured heat of
adsorption (at 40 °C and 90 °C) of the zeolite 13X/H2O couple was used to determine the expression of the
heat of adsorption ܳோ at water loading ௭ :
ܳோ ൌ ܾହ Ǥ ܺ௭ହ  ܾସ Ǥ ܺ௭ସ  ܾଷ Ǥ ܺ௭ଷ  ܾଶ Ǥ ܺ௭ଶ  ܾଵ Ǥ ܺ௭  ܾ

(eq.14)

with b5=8.4E+06 J/g, b4=-6.1E+06 J/g, b3=1.41E+06 J/g, b2=-7.3E+04 J/g, b1=-1.5E+04 J/g and b0=4124 J/g.
3. Experimental setup
A reactor test bench was developed to validate the above-presented model. The bench consists of two
cylindrical vessels of 140 liters, filled with zeolite beads of 2 mm diameter, disposed over the entire section
of the bed (0.48 m2) at an height of 20 cm. To be able to test the zeolite vessels under various operating
conditions (flow rate and variable humidity), the bench is designed with a modular configuration as shown in
Figure 2. The parallel configuration, with valves V1, V2, V3, V5, V6 and V7 open and valve V4 closed,
allows to observe the sorption behavior of both vessels and to have a comparison of their thermochemical
performances. The series configuration is obtain with the valves V1, V3, V4, V6 and V7 open and valves V2
and V5 closed. This configuration allows to observe the effect of the upstream vessel M1 on the sorption
behavior of M2.
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Fig. 2 : Schematic of the experimental bench (CETIAT, 2014)

Valves V1 and V7 maintain the air tightness of the device during off periods. Figure 3 shows a picture of the
experimental bench as built. The thermal insulation of each vessel is made of a 5 cm thick layer of glass
wool (0.8 W/(m.K)). The sealing at the contact surfaces between the various zones of each module is
provided by grout resistant to high temperatures. The air is always flown downwards in the vessels, to ensure
mechanical stability of the beds over the successive absorption/desorption cycles.

Fig. 3: Picture of the experimental bench with open and filled vessels (CETIAT, 2014)

3.1.Instrumentation
Table 1 shows a list of the main measurement sensors used during the experimental investigations. The
temperatures profile of the airflow at the inlet and the outlet of each zeolite vessel is measured with type K
thermocouples (± 0.1 K, see Table 1). Before testing, all thermocouples have been calibrated and adjusted.
The pressures of the airflow at the same positions are obtained from differential type DT-ULP sensor, with
an accuracy of 0.25%. Volume flow rates of the air at the inlet and the outlet of the experimental bench are
measured with an ultrasonic flow meter (with an accuracy of 0.3%). During the discharging phase, the air
humidity upstream and downstream of each zeolite vessel is measured with a chilled mirror hygrometer with
an accuracy of 0.3% -0.8% over the dew point temperature range of [-40°C-20°C]. Since this hygrometer is
not suitable high temperatures airflows (> 90°C), these humidity measurements are only conducted upstream
of the heat source during the charging phases.
Table 1: List of the main measurement sensors of the experimental bench
Sensor
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Thermocouple type
K
type : TPI A

- range : 0 – 200 °C
- accuracy : ± 1°C

Ultrasonic flow
meter

- range : 10 m3/h -750 m3/h
- accuracy : 0.3 %

Differential
pressure sensor
type : DT-ULP
Chilled mirror
hygrometer

- range : ± 500 Pa
- accuracy : 0.25 %
- range : - 65 °C à + 25 °C
- accuracy : 0.3%-0.8%

3.2.Measurement campaign
Table 2 presents a description of some of the tests that have been conducted on the bench. For each of the 2
working configurations of the experimental bench previously described, a charging phase followed by a
discharging phase is conducted according to the following specifications:
x during the discharging phase, a stream of hot air (120 to 180 °C, ambient humidity, 180 m 3/h) is
flown at the inlet of the experimental bench to perform the desorption of water from zeolite beads;
x during the charging phase, a cold and humid air stream (20 °C, 10 g/kg as , 180 m3/h) is circulated at
the inlet of the experimental bench. The air is dried and heated by the adsorption phenomenon.
These specifications were chosen to represent real conditions that could be observed in a storage system
connected to solar collectors and a building, as described in (Tatsidjodoung, 2014). For all experiments, the
reactors were filled with 40 kg of dry zeolite. The bulk density of zeolite beads is calculated to ρ = 690
kg/m3, assuming a porosity of ߝ = 0.42 and a fix bed porosity of ߝ = 0.39.

Table 2: Measurement campaign conditions

Configuration

Designation

M1 and M2 in
parallel

Test 1
Test 2
Test 3
Test 4

M1 and M2 in
series

Type

Inlet air
temperature
(°C)

charging
discharging
charging
discharging

180
20
120
20

Volume
flowrate
(m3/h)
180
180

Relative
humidity of
inlet air
(%)
Ambiant
70
Ambient
70

4. Results: model validation and reactor analysis
Table 3 presents the main parameters used in the numerical simulations. Without an experimental
characterisation of the sorption kinetic of the used sorbent, the reference mass transfer resistance coefficient
(݇ ) has been varied until good agreement between measured and calculated temperatures and air humidity
profiles in the reactors were obtained. The numerical model is very sensitive to this parameter. Good
agreement between experiment and simulation results has been obtained for a value of 2 x 10 5 s-1 for the
reference mass transfer coefficient.
Table 3: Model input parameters

Parameter

Unit

Value
3

Zeolite beads density

ߩ௭

kg/m

960

Zeolite bulk thermal conductivity

ߣ௭

W/(m.K)

0.20

Bed porosity

ߝ

0.39

Zeolite beads porosity

ߝ

0.42

Reference
Breck D. W.,
1964
Ergun S.,
1952
Ergun S.,
1952
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particle diameter

݀

mm

Activation energy

ܧ

J/mol

Reference diffusivity

ܦ

m2/s

Specific heat capacity of the zeolite

ܥ௭

J/(kg.K)

900

Total mass of zeolite beads

ܯ௭

kg

40

Specific heat capacity of the bed’s wall

ܥ

J/(kg.K)
3

2
2.95 x
104
0.02 x
10-4

Experiment
Breck D. W.,
1964
Breck D. W.,
1964
Breck D. W.,
1964
Experiment

450

Density of the bed’s wall

ߩ

kg/m

8010

Thickness of the bed’s wall

݁

mm

2

Experiment

Thickness of the bed’s insulation

݁

mm

50

Experiment

Thermal conductivity of the bed’s insulation

ߣ

W/(m.K)

0.08

Number of axial nodes

ܰ

Initial temperature

ܶ

5
°C

Test 1
Initial water mass fraction of zeolite
beads for

Test 2

25
0.24

ܺ௭

kg/kg

0.03

Test 3

0.24

Test 4
Initial water mass fraction of air volume inside
bed’s macropores

0.06
ܺ

kg/kg

Experiment
Ceca
Arkema
Group, 2008
Ceca
Arkema
Group, 2008

0.001

4.1. Charging test
Figures 4 and 5 show a comparison between experimental and numerical results for the temperature of the
airflow at the outlet of vessels M1 and M2 during the discharging tests 1 and 3. A good agreement is
obtained, confirming thus the good approximation of the LDF model. Test 1 (resp. test 3) is performed with
M1 and M2 in parallel (resp. M1 and M2 in series), an airflow inlet temperature of 180 °C (resp. 120°C) and
a volume flow rate of 180 m3/h. At the beginning, the zeolite beads are supposed saturated with water,
corresponding to water mass fraction of 0.24. An analysis of the temperature profiles shows that 3 phases can
be observed during the desorption process inside the vessels:
x Phase 1: During this phase (lasting approximately 1/2h), the temperature of the air at the outlet equals
the initial temperature of the zeolite beads (~20°C). The heat provided by the incoming air is absorbed by
the desorption process in the top layers of the bed.
x Phase 2: This phase (lasting up to 2h) is characterized by a small jump followed by a plateau at 3540°C of the air temperature at the outlet of the vessels. It is a consequence of the re-condensation process
in the bottom layers of the bed of the water desorbed in the top layers. As the airflow exiting the top of the
bed is saturated with vapor, its cooling as it flows through the zeolite beads located at the bottom of the
bed causes a re-condensation of a fraction of the vapor previously desorbed. The heat released by this
phenomenon causes an increase of the exit air temperature.
x
Phase 3: This last phase occurs when the temperature of the zeolite beads inside the whole reactor is
higher than the wet bulb temperature of the vapor-saturated airflow exiting the bed. As a consequence, the
outlet temperature of the airflow remains constant until the sorption front has crossed the bottom layers of
the zeolite bed, which results in an increase of the outlet temperature of the airflow.
Another result from Figure 4 concerns the unequal distribution of the airflow between M1 and M2. M1
seems to be crossed by an airflow at a lower rate than M2 as its sorption duration is 2h longer than that of
M2. Also, the difference between the inlet and the outlet temperatures at the end of the desorption process
shows the existence of different heat losses through the bench’s different walls. In consequence, as it can be
seen in Figure 5, the temperature of zeolite beads in vessel M2 at the end of the desorption process (105 °C)
is lower than in M1 (120 °C) due to thermal losses in the pipes between the two vessels when air is circulated
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in series. This results, at the end of the corresponding charging process, in the water mass fraction of the
zeolite beads in vessel M2 higher than that of zeolite beads in vessel M1.
Inlet

Outlet-Exp (M2)

Oulet-Sim

160
120
80
40
0
0

1

2

3
4
Time in h

5

6

7

Fig. 4 : Measured and simulated temperature at the inlet and
outlet of vessels M1 and M2 during test 1

Temperature in °C

Temperature in °C

200

Outlet-Exp (M1)

135
115
95
75
55
35
15
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0
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3

4 5 6
Time in h

Outlet-Exp (M1)
Outlet-Exp (M2)
Inlet-Sim (M2)

7

8

9

Fig. 5: Measured and simulated temperature at the inlet and
outlet of vessels M1 and M2 during test 3

4.2. Discharging test
Following the charging tests, a discharging of the vessels is conducted for each of the tested configurations
with an airflow at a temperature of 20 °C, a specific humidity of 10 g/kg as and a volume flow rate of 180
m3/h. Figures 6 to 9 show a comparison between experimental and numerical results for the temperature and
the specific humidity of the air at the outlet of vessels M1 and M2 during the discharging tests 2 and 4. A
good agreement is obtained, confirming thus the good approximation under the LDF model assumption.
For both tests, the maximum temperature rise of the airflow at the outlet of the vessels is 38 °C, with a longer
discharging time for test 2. A higher charging temperature (180°C for test 1 and 120°C for test 3) and a lower
flow rate (split in 2 due to the parallel configuration during test 2) of the air crossing the vessels during
discharging both explain the higher discharging time observed for test 2. Figure 6 shows a faster fall of the
air temperature at the outlet of vessel M2 during test 2, which implies that vessel M2 is flown by an airflow
at a higher flow rate than vessel M1. This explanation also applies to the humidity of the air at the outlet of
the vessels shown on Figure 8. This difference, also observed during the charging tests as said before, is due
to different pressure losses in the two vessels even though the zeolite beads are identical and the charging
process procedures were strictly followed for both of them.
The results on the specific humidity of the airflow (Figures 8 and 9) show that for both tests almost all the
water contained in the air is adsorbed by zeolite beads during the first hours of the experiments; which
illustrates the high affinity of zeolite towards water vapor. Results from test 4 (Figure 7) show that the
temperature of the air at the outlet of the experimental bench with vessels in series is at its maximum (58 °C)
during vessel M2 adsorption period (time > 3.5 h). As a matter of fact, a significant part of the heat generated
during the adsorption process inside vessel M1 is also used to heat up the zeolite beads of both vessels (up to
the adsorption temperature) and some is also dissipated to the surroundings.
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Fig. 6: Measured and simulated temperature at the inlet and
outlet of vessels M1 and M2 during test 2
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Fig. 8: Measured and simulated specific air humidity at the
inlet and outlet of vessels M1 and M2 during test 2
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Fig. 7: Measured and simulated temperature at the inlet
and outlet of vessels M1 and M2 during test 4
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Fig. 9: Measured and simulated specific air humidity at the
inlet and outlet of vessels M1 and M2 during test 4

5. Conclusion
A numerical and experimental study of the evolution of a zeolite based thermochemical reactor is presented.
Results show that the temperature reached by the air exiting the storage reactor (>55°C) under typical
operating conditions that could be observed in a building are appropriate for building heating. The desorption
of the reactor at a temperature as low as 120°C is possible, thus the use of a solar collector to heat up the
reactor during the charging phase can be foreseen, even though a desorption at a temperature higher than
150°C will allow a higher storage density oft he system. The simulation results fit correctly the experimental
results, thus this model could be used to simulate the system evolution when coupled to a solar building.

6. Nomenclature


heat exchange surface, m

୴

specific surface area solid – gas, m2/m3
specific heat capacity at constant pressure,
J/(kg.K)
specific heat capacity at constant volume,
J/(kg.K)
equivalent diffusivity in the adsorbent particles,
m2/s
reference diffusivity, m2/s
diameter of zeolite beads, m
average pore diameter, m
heat of adsorption, J/g of water
activation energy, J/mol
convection heat exchange coefficient, W/(m2.K)
constant of Carman-Kozeny
mass transfer coefficient within the adsorbent

୮
୴

ୣ
୭
୮
തതതതത
୮ୠ
ୖ
ୟ
ୡ୭୬୴
ܭ
୫
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Greek symbols
Ɍ
ɏ
Ɋ

porosity
density, (kg/m3)
dynamic viscosity (Pa.s)

Sub- and super-scripts









humid air
dry air
equilibrum
wall
saturation
total
water vapor
liquid water
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k
Kn

particles, 1/s
thermal conductivity, W/(m.K)
Knudsen number



mass, kg



pression, Pa



Prandtl number

ܴ݁

Reynolds number



temperature, K



velocity, m/s



water mass fraction, kg of water/kg de compound



zeolite
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Abstract
A seasonal storage demonstration unit coupled with an experimental single family house is being built as part
of a solar test platform. It is designed to cover a large fraction of the winter heat load of the house by means
of the solar energy collected during summer period.
The core technology consists of an open-cycle thermochemical reactor with strontium bromide as reactant
and operated with moist air, acting also as a heat carrier for the space heating system of the house.
The installation includes a solar field, a storage tank, a reactor and a heat-management circuitry conceived
with a high degree of flexibility to allow testing different operation modes. This article presents how the
system was designed and optimized to reach the best performance both in terms of energy efficiency and
compactness.
Keywords: seasonal heat storage, thermochemical storage, moist air, strontium bromide, solar, reactor
design.

1. Introduction
Space heating and domestic hot water account for most of the 40.8% households and service final energy
consumption in Europe (European commision, 2012, p. 117). Thermal solar panel offer high energy
conversion efficiency but without an efficient long term storage system, seasonal time lag reduces solar
fraction for heating application. Thermochemical technology offers several major assets such as highest
energy density and no systematic energy losses over time. For those reasons, we decided to use it as the core
of a seasonal heat storage for an experimental single family house with emulated occupancy behavior
(sensible and latent loads). This full scale entire process is a world premiere as is to be launched in 2014 for a
two years field test.
2. Thermochemical technology
The thermochemical salt has two stable levels of hydration, so that endothermic dehydration can take place
with abundant solar heat, while exothermic hydration is possible when heating is needed.
Those two reactions involve mass transfer of water vapor between thermochemical salt and its environment.
Due to working temperatures adapted to space heating and solar collectors, pure water vapor is not available
at or above atmospheric pressure. Therefore, the system works either with pure water vapor at a lower
pressure, or with a gas mixture including water vapor like moist air.
In any case, the required storage volume depends on its density and on energy needs, which means at least
several cubic meters for our single family house. When working with pure water vapor at low pressure, solid
reactant material and water have to be stored in vacuum proof containers. In addition, water has to remain in
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a closed loop circuit in order to limit auxiliary power. Therefore, a specific heat exchanger is required for
collecting heat produced or absorbed by the process.
On the other hand, when working with moist air system under atmospheric pressure, there is no need for
water storage since water vapor freely available in the air can be used as the second reactant (Michel, et al.,
2014) (Bertsch, et al., 2014) Moist air flowing through the thermochemical salt bed porous medium also
allows efficient convective heat transfers without the use of any heat exchanger (Ding & Riffat, 2012). For
those reasons and because large low pressure vessels are much more complex and expansive to build than
atmospheric ones, we chose to build an open loop moist air thermochemical system, as shown in Fig. 1.
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Fig. 1 Thermochemical open loop system, winter and summer circuits

3. Storage size
The required hydrated salt storage size for an entire heating season depends mainly on house heat demand
but is also affected by other factors: on one hand, direct solar heating is possible during mid-seasons, but on
the other hand, additional heat has to be provided during the days when there is not enough water vapor
available in the outside air.
Therefore, for a proper dimensioning of the storage, a dynamic simulation was performed taking into account
the complete system. The numerical model includes solar system, thermochemical storage, ventilation,
building and duct network. Detailed results of this study are presented in a separate paper, and we focus here
on the final strontium bromide hexahydrate storage mass for the tested experimental house: 6000kg. This
represents 1580kWh and allows reaching an 84% space heating solar fraction.

4. Reactor typology
The thermochemical solid-gas reaction used for this storage system involves strontium bromide salt and
water vapor, as shown in the following equation:
ܵݎܤݎଶ Ǥ ͳܪଶ ܱ  ͷሺܪଶ ܱሻ  ֖  ܵݎܤݎଶ Ǥ ܪଶ ܱ  ͷ߂( ݎܪeq. 1)
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Where :
ǻHr

reaction enthalpy

J/mol

Several setups can be found in the literature (Michel, 2012), where reactor and storage are integrated or
separated, some of them working under vacuum conditions and others working at atmospheric pressure
(Marias, et al., 2014). The fixed bed system under atmospheric pressure was selected for its minimal amount
of moving parts and its overall lower technological level. With this technology, moist air flows through bulk
salt crystals as it would flow through any porous medium, allowing a good enough residence time between
the two reagents. In the same time, this type of circulation means that pressure drop has to be properly
assessed when defining system architecture and reactor design, as well as several additional parameters:
-

Total solid reactant mass to be stored

-

Floor space available for the entire storage

-

Maximum floor space and mass per reactor, for transportation and commissioning issues

-

Thermal inertia at startup

-

Compactness

-

Internal air flow repartition

-

Internal and external insulation

-

Output power correlation to space heating and solar regeneration

After analyzing the above constraints, the best compromise was to have 5 reactors, each with a footprint of
1,5m² and containing 1200kg of hydrated salt. However, splitting the stock into 5 units induces the need for a
specific air distribution system able to adapt to different operational modes as described in the following
section.

5. Air distribution for a multiple units storage
The system’s thermal output power is not constant over seasons, which means that it can use either one or
several reactors at a time and operate in parallel or in series. During summertime, a parallel circuit allows
solar panel’s high thermal power to be absorbed by the storage system, whose individual reactors work at a
significantly lower power rate. Besides, as output power of a single reactor decreases with the reaction
progress, in wintertime and when reaction is almost complete, the air temperature exiting the reactor falls
below the minimum acceptable value for the heating process. At this stage, it is possible to switch to next
available reactor, but the first reactor would not be totally discharged. Therefore, a better control strategy
would rather temporarily assemble reactors 1 and 2 in series so that reactor 1 can be totally discharged
without affecting system’s output temperature.
A specific ducting layout was developed to realize all those different circuits with a minimum amount of
parts, as shown in Fig. 2. There are 3 dampers and 2 actuators per reactor allowing circuits in series, parallel
or with a single reactor. As a result, thermal inertia is reduced, output power variations are possible through
dynamic air flow allocation, and only a very small amount of salt remains unused.
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Fig. 2 Reactor with specific air distribution system

6. Reactor Design : pressure drop
Reactor’s internal design is highly influenced by pressure drop issues, especially for moist air fixed bed
systems. When the salt bed is not reacting, it can be considered as a porous medium that generates a pressure
drop as a linear function of air speed. However, there is no simple relation between medium parameters and
fixed bed’s height. In addition, hydration and dehydration reactions induce geometric changes, thus
modifying medium parameters. For those reasons, a number of tests were performed on different fixed bed
geometries so that fine interpolations of permeability and porosity can be made in both opposite states, in
order to find the best dimensions of the fixed bed, as shown in figure Fig. 3.
Knowing geometric parameters and air flow conditions for a fixed bed reactor, two equations can be written
involving pressure drop, permeability and porosity. Following equations come from Darcy’s law for fluid
flow through a porous medium and from porosity definition.

Δ P = es ⋅

es =

Q μ
n⋅S k

(eq. 2)

mh
(eq. 3)
n ⋅ (1 − ε ) ⋅ ρ h ⋅ S

Where: ǻP

Pressure drop

Pa

Q

Volume air flow rate

m3/h

ȝ

Air dynamic viscosity

Pa.s

n

Number of storey

[-]

S

Fixed bed horizontal surface

m2

k

Permeability

m-3

mh

Hydrated salt mass in one reactor

kg

İ

Fixed bed porosity

[-]

ȡh

Hydrated salt density

kg/m3

p

spline polynomials degree

[-]
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Fixed bed permeability and porosity depend on surface density and hydration level. Multi cycle tests
performed with SrBr2 hexahydrate show that fixed bed’s geometry is not reversible. Therefore, the amount
of cycles has to be taken into account for permeability and porosity correlations. However, we did only have
upscale experimental available data for three cycles of hydration/dehydration.
Surface density of a storey :

mh
.
n⋅S

Permeability per fixed bed thickness is correlated as a spline interpolation of surface density, according to
equation
(eq. 4) for each interval


ቀ ቁ

ೞ ǡ



ൌ σୀ ܽǡ ή ቀ

 
Ǥௌ

ቁ

(eq. 4)

Similarly, porosity is correlated as a spline interpolation of surface density, according to following equation
for each interval


ߝǡ ൌ σୀ ܾǡ ή ቀ

 
Ǥௌ

ቁ

(eq. 5)

Where :
Subscript h stands for hydrated state
ai, bi are polynomial coefficients
k is the interval index

Fig. 3: Permeability spline interpolation as a function of hydrated fixed bed surface density

Similar correlations are set for dehydrated state. In both cases, spline polynomial coefficients are calculated
from a set of experimental values as shown in figure Fig. 3. Due to the important upscale factor between
laboratory experimentation and this project’s reactor size, the first reactor was built using the few test data
available at that time. Then, this first reactor was tested, and results were added to available experimental
data for further spline interpolation that helped us better optimize the design of the other four reactors.
The reactor’s pressure drop influences the fan electrical consumption; therefore we evaluated the maximum
allowable value from the target coefficient of performance. The result was a maximum pressure drop of 336
Pa for a given flow rate of 300 m3/h.
In this case, the maximum pressure drop for a 300 m3/h flow rate was set at 336 Pa.
Using
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(eq. 2) to

(eq. 5), it is then possible to define the amount of internal parallel
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channels needed to reach this maximum pressure drop. In this project, the first reactor features 5 channels
(Fig. 6); while the 4 others feature 6 parallel channels. This adaptation results from the test data of the first
reactor as cited above.

7. Reactor design : air flow repartition and compactness
As it was shown in the previous section, a reactor is made of five or six parallel channels. In order to reach
better reaction performances, air flow through the channels must meet the following criteria:
-

Air flow rates running through each channel have to be similar

-

Air flowing through the fixed bed has to be evenly distributed over the section plane

In the proposed reactor, the pressure drop induced by the fixed bed predominates the one generated by the
surrounding ducts. A CFD analysis was performed in order to assess the issue of air distribution and to
validate the final design before manufacturing.

ŝƌƐƉĞĞĚ
ŵ͘ƐͲϭ

Fig. 4: Streamlines for a partial section of one channel
Fig. 4

shows:

-

Gradual air speed decrease in the upper distributor

-

Gradual increase in the lower collector

-

Generally low speed flow through the porous medium

-

No dead zone in the porous medium

-

Maximum speed around 2 m.s-1

Surface flow homogeneity is assessed by measuring flow rate through virtual surfaces in the simulation
model. The results showed that relative deviations stay below 2%.

The whole reactor was also simulated, with a total of 3.6 million CFD cells, as shown in figure 5.
The porous medium model used for this simulation represents the salt bed in its dehydrated state, which is
the less favorable for air distribution. Nonetheless, results showed similar flow rates in each channel, with
fairly small duct size. This means that we reached a good compromise between air distribution quality and
energy density.
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ŝƌƐƉĞĞĚ
ŵ͘ƐͲϭ

Fig. 5: Whole reactor with streamlines

Fig. 6

shows from left to right:

-

One reactor storey with its salt bed and side ducts, also called channel in the CFD simulations

-

One whole reactor made of 5 storeys assembled on top of each other

-

The experimental house with its storage extension hosting 5 reactors

Fig. 6: Left to right : Salt fixed bed – 5 fixed beds assembled in one reactor – experimental house with its storage extension

8. Energy density discussion
With a density of 2385 kg.m-3 and a molar mass of 0,35543 kg.mol-1, the ideal energy density of strontium
bromide in its raw and compact version is 628 kWh.m-3. However, for air to flow through the bed, salt
should have a minimum degree of porosity, which yields to a significantly lower energy density. Besides, the
reactor contains substantial dead volumes represented for example by the heat and mass transfer ducts and by
the clearance that must be reserved between the storeys to allow for salt bed volume variations with reaction
progress. These dead zones have also a direct impact on the overall reactor density as it is shown in Fig. 7.
Finally, though thermochemical potential remains constant over time, heat losses occur during charging and
discharging since both reactions happen at higher temperature than ambience. Therefore, a proper insulation
has to be provided to improve the system performance and here again we contribute to another energy
density reduction, which is now around 127 kWh.m-3.
During heating season, storage can be partially regenerated, typically during a clear mid-season day. This
maneuver increases energy density since the stock is used more than once during the year. Numerical
simulations of the global system helped evaluate the annual use rate and its impact on the final energy
density (Fig. 7).
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Fig. 7 Volume energy density

To conclude, reactor’s energy density is almost 3.8 times lower than that of the raw material. Even though, it
is still higher than other storage technologies when considering final product rather than materials. This also
shows that there is still a great potential for improving thermochemical reactor energy density by working on
its implementation.

9. Conclusion
A first full scale thermochemical seasonal storage demonstrator was built and connected to an experimental
house. The expected solar fraction for space heating is up to a record 80%. Reactor design has been
optimized to enhance global performance and compactness. CFD simulations helped reducing internal duct
sizes while maintaining good flow distribution in each reactor storey. In addition, a specific inter-reactor
ducting network was developed to allow heating power modulation and material use-rate optimization. All
those improvements made possible to build a heat storage system of 1580 kWh that fits in 12.5 m3, which is
a great performance for a final product compared to other technologies. However, thermochemical material’s
exceptional built-in energy density shows that further works on implementation techniques can still lead to
significant system compactness improvements.

10. References
Bertsch, F. et al., 2014. Comparison of the thermal performance of a solar heating system with open and
closed solid sorption storage. Energy Procedia, Volume 48, pp. 280-289.
Ding, Y. & Riffat, S. B., 2012. Thermochemical energy storage technologies for building applications: a
state-of-the-art review. International Journal of Low-Carbon Technologies.
European commision, 2012. Statistical pocketbook. s.l.:s.n.
Marias, F., Neveu, P., Tanguy, G. & Papillon, P., 2014. Thermodynamic analysis and experimental study of
solid/gas reactor operating in open mode. Energy.
Michel, B., 2012. Procédé thermochimique pour le stockage intersaisonnier de l’énergie solaire :
modélisation multi-échelles et expérimentation d’un prototype sous air humide http://tel.archivesouvertes.fr/docs/00/81/88/38/PDF/ThA_se_MICHEL_Benoit.pdf.
Michel, B., Neveu, P. & Mazet, N., 2014. Comparison of closed and open thermochemical processes, for
long-term thermal energy storage applications. Energy, Volume 72, pp. 702-716.

1451

Author Index

A
G. Abdellatif
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

A. Abdul-Zahra
Evaluation of the Combination of Hybrid Photovoltaic Solar Thermal Collectors...

303

M. Adam
Market and Simulation Analysis of PVT Applications for the Determination...

368

O. Adan
Hydration / Dehydration Cycles of Salt Hydrates - Studied with NMR

1351

J. Addy
Experimental Evaluation of a Novel Tube Bundle Solar Driven Liquid Desiccant...

597

F. Airong
One Solar Heating and Hot Water Supplying Combined System for Rural Area...

771

L. Aisong
One Solar Heating and Hot Water Supplying Combined System for Rural Area...

771

R. Ajmat
An Alternative Methodology of Light Source Spectral Distribution Selection...

175

Daylight in Museums: Exhibition vs Preservation

57

J. Akhatov
Experimental Investigations of a Solar Dryer under Laboratory Condition

362

T. Alam
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

1453

M.T. Alarcón-Herrera
The Effect of Solar Reflectance, Infrared Emissivity, and Thermal Insulation...

27

F. Alberti
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

S. Al-Hajraf
Solar Resource Assessment over Kuwait: Validation of Satellite-derived...

1114

A.H.H. Ali
Investigation of the Performance of a Solar Driven Refrigerator for Post-Harvest...

569

Solar-Driven Refrigeration Systems for Post-Harvest Crops Reservation:...

579

M. Al-Rasheedi
Solar Resource Assessment over Kuwait: Validation of Satellite-derived...

1114

J.D. Álvarez
A Comparative Analysis of Room Air Temperature Modelling for Control Purposes

226

S. Álvarez
Experimental Study of Active Slab with PCM During Summer Period

1312

J.M. Álvarez-Prieto
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

R. Anne
Solar in West African Energy Policies - State of the Art and On-going Development

113

D.D. Arachchige
Using History Based Probabilistic Irradiance Forecasts for Supporting the...

919

F. Arana Sema
An Alternative Methodology of Light Source Spectral Distribution Selection...

175

F. Arya
Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

1454

313

A. Aurousseau
Modeling of Direct Steam Generation Linear Concentrating Solar Plants:...

1228

S. Avesani
Integration of Sorption Collector in Office Curtain Wall: Simulation Based...

513

B
S. Bachmann
Energy Labelling and Testing of Hot Water Stores, Collectors and Solar...

779

C. Bales
Demonstration of Solar Heating and Cooling System Using Sorption Integrated...

523

Seven PHD Studies on Solar District Heat

652

Simulations Study of Cascade Heat Pump with Integrated Storage for Solar...

982

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

C. Barreneche
Corrosion of Metal Containers for Use in PCM Energy Storage

1299

Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

G. Barrios
Interaction Between Walls and Roofs in Non Air Conditioned Rooms.

14

D. Baumgartner
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

F. Bava
Comparative Test of Two Large Solar Collectors for Solar Field Application

320

Seven PHD Studies on Solar District Heat

652

Thermal Performance of Solar District Heating Plants in Denmark

743

1455

R. Baviere
Modeling of Solar District Heating: A Comparison Between TRNSYS and MODELICA

696

D. Beckenbauer
Simulation Study for the Solar Retrofitting of a District Heating System

662

M. Beeckmans
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

S. Bellan
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

G. Belluardo
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

I. Ben Hassine
Operational Improvements of a Large Scale Solar Thermal Plant Used for...

1032

Small Scale Solar Thermal Heat Integration in District Heating Networks

672

E.G. Bennouna
Thermal Storage System Development for a 1 MW CSP Pilot Plant Using an...

1281

C. Benvenuti
THE BGU/CERN Solar Hydrothermal Reactor

1051

P. Bernhard
Powerhouse – Integrating Solar in an Energy Plus Refurbishment of Office...

123

S. Bertolucci
THE BGU/CERN Solar Hydrothermal Reactor

1051

D. Bestenlehner
Energy Labelling and Testing of Hot Water Stores, Collectors and Solar...

779

Solar Active Houses: Simulation Based Analysis of Building Concepts with...

871

D. Bettoni
Performance of a Coupled Reinforced Learning-Fuzzy Control Approach to...

1456

1002

H.G. Beyer
Using History Based Probabilistic Irradiance Forecasts for Supporting the...

919

J. Bilbao
Measurements and Model Evaluation of Direct Normal Irradiance in Central...

1133

C. Blackman
Demonstration of Solar Heating and Cooling System Using Sorption Integrated...

523

H. Blazek
First Operation Months of World’s Most Powerful Solar Cooling System in...

633

F. Bockelmann
Smart Building as Power Plant – Energyplus House with Energy Charge Management

131

S. Boller
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

L. Bonfiglio
Ray-Tracing Modelling of an Asymmetric Concentrating PVT

46

C. Bongs
Two-stage Air-dehumidification System for the Tropics – Assessment of Conceptual...

624

S. Bonk
Extended Laboratory Test Method for Combined Solar Thermal and Heat Pump...

936

S. Bonnot
Comparison of Different Modeling Methods for a Single Effect Water-Lithium...

542

Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

T. Boström
Carbon Nanotube Spectrally Selective Solar Absorbers

806

R. Botpaev
Experimental Investigation of the Filling and Draining Processes of the...

785

1457

F. Boudehenn
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

F. Boudéhenn
Comparison of Different Modeling Methods for a Single Effect Water-Lithium...

542

Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

J. Bougard
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

J. Bouvier
Experimental Study of a Micro Combined Heat and Power System: Characterisation...

329

C. Boyle
Development of a Polymer-Carbon Nanotubes based Economic Solar Collector

388

S. Brandmayr
Analysis of Polymeric Solar-thermal Collectors in Drain Back Systems by...

337

A Novel Production Technique for Flat Plate Solar Collectors with a Fully...

460

Simulation Study for the Solar Retrofitting of a District Heating System

662

R. Braun
Performance Analysis of Uncovered PV-T Collectors for Radiative Cooling...

378

B. Bressan
THE BGU/CERN Solar Hydrothermal Reactor

1051

J. Brouwer
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

M. Brychta
Simulation Based Optimization of Dynamic Power Contro for Small Capacity...

616

L. Bugge
Powerhouse – Integrating Solar in an Energy Plus Refurbishment of Office...

1458

123

M. Bunea
Medium Temperature Solar Thermal Installation with Thermal Storage for...

1041

C. Büttner
New Control Strategy for Solar Thermal Systems with Several Heat Sinks

843

C
L.F. Cabeza
Bischofite as Phase Change Material (PCM) for Thermal Energy Storage (TES)...

1290

Corrosion of Metal Containers for Use in PCM Energy Storage

1299

Experimental Study of Active Slab with PCM During Summer Period

1312

Thermal Characterization of Different Materials for Extensive Green Roofs

19

Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

F.J. Cabrera Corral
Availability and Variability of Solar Radiation Data for the Modelling...

1185

Solar Heat for Agro-Industrial Processes: an Analysis of its Potential...

1077

J. Cap
Model of H2O/LiBr Absorption Machine Using Falling Films

552

D. Carbonell
Simulation of Combined Solar Thermal, Heat Pump, Ice Storage and Waste...

795

J.M. Casas
Interaction Between Walls and Roofs in Non Air Conditioned Rooms.

14

R. Casasola-Ríos
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

1459

F. Caspers
THE BGU/CERN Solar Hydrothermal Reactor

1051

A. Castell
Experimental Study of Active Slab with PCM During Summer Period

1312

M.d.M. Castilla
A Comparative Analysis of Room Air Temperature Modelling for Control Purposes

226

J. Castro
Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

A. Charalambides
Influence of Solar Altitude on Diffuse Fraction Correlations in Cyprus

1202

Z. Chen
Carbon Nanotube Spectrally Selective Solar Absorbers

806

Drain Back Low Flow Solar Combi Systems. Design, Monitoring and Simulation

972

M. Chendo
Estimating Diffuse Solar Radiation from Global Solar Radiation

1150

D. Chèze
Impact of Small Weather Data Time Steps on the Simulation of Solar and...

853

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

J. Chunxia
One Solar Heating and Hot Water Supplying Combined System for Rural Area...

771

S. Citherlet
Medium Temperature Solar Thermal Installation with Thermal Storage for...

1041

S. Colclough
Economic Analysis of an Installed Single Dwelling Seasonal Thermal Energy...

1321

Solar Thermal Energy Storage for the Typical European Dwelling; Available...

1407

1460

J. Coma
Thermal Characterization of Different Materials for Extensive Green Roofs

19

J. Coronas
Packed Bed Zeolite Experimental Setup to Study TCS Systems up to 200ºC

1341

M. Cotrado
Operational Improvements of a Large Scale Solar Thermal Plant Used for...

1032

E. Courbon
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

L. Crema
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

J. Cremers
Performance Analysis of Uncovered PV-T Collectors for Radiative Cooling...

378

B. Criollo
Environmental Policies in Maritime Transport: A Case Study of Solar Ship...

1257

C. Cristina
Solar in West African Energy Policies - State of the Art and On-going Development

113

B. Cuamba
Comparative Performane Analysis of a Solar Box Cooker and Improved Charcoal...

962

1461

D
M. D'Antoni
Techno-Economic Analysis of Air-to-Water Heat Rejection Systems

560

I. Dafnomilis
Towards Intelligent Operation of Data Centres Integrating Renewables and...

236

X. Daguenet-Frick
Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

J. Dalenbäck
Analysis of a Novel Solar District Heating System

717

BAPV and BIPV Installation Trends in Sweden

248

I. Da Silva
Comparative Performane Analysis of a Solar Box Cooker and Improved Charcoal...

962

A. de Gracia
Experimental Study of Active Slab with PCM During Summer Period

1312

H. Demasles
Comparison of Different Modeling Methods for a Single Effect Water-Lithium...

542

Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

A. de Miguel
Measurements and Model Evaluation of Direct Normal Irradiance in Central...

1133

L. Deschaintre
Solar District Heating - Fundamental Correlations Regarding Energy and...

678

L. Deschamps
Innovative Solar Products for Architectural Integration: A Joint Task 41...

1462

288

G. Descy
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

J. Dhau
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

P.E. Dias da Silva
Quality Control of Solar Radiation Data within Sonda Network in Brazil:...

1141

D. Dikli
Calculation of Solar Energy Use as a Part of Determination of the Energy...

912

P. Dolado
Packed Bed Zeolite Experimental Setup to Study TCS Systems up to 200ºC

1341

P. Donkers
Hydration / Dehydration Cycles of Salt Hydrates - Studied with NMR

1351

C. Dorn
Climate Change Impacts on Photovoltaics, Solar Thermal Energy, Transparent...

1168

J. Doucet
PV Domestic Hot Water System

834

M. Dovjak
Assessment of Sustainability Aspects of Daylighting in Buildings

64

Solar Potential in the Existing Slovenian Building Stock

278

H. Drück
Extended Laboratory Test Method for Combined Solar Thermal and Heat Pump...

936

Prototype Development and First Test Results of a Facade-Integrated Solar...

204

Solar Active Houses: Simulation Based Analysis of Building Concepts with...

871

SolSpaces - Development of a Segmented Sorption Store

1386

H. Drueck
Energy Labelling and Testing of Hot Water Stores, Collectors and Solar...

779

1463

D. Dumortier
Measuring the Solar Radiation Spectrum in 4 Planes for Daylight and PV...

1209

J.L. Duomarco
Long-term Performance Prediction for Domestic Solar Water Heating Systems

824

P. Dupeyrat
PV Domestic Hot Water System

834

A. Duret
Medium Temperature Solar Thermal Installation with Thermal Storage for...

1041

E
P. Eames
Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

313

Predicted Charging and Discharging Efficiency of a Latent Heat Thermal...

1360

M. Ehrenwirth
Analysis of Polymeric Solar-thermal Collectors in Drain Back Systems by...

337

U. Eicker
Performance Analysis of Uncovered PV-T Collectors for Radiative Cooling...

378

Small Scale Solar Thermal Heat Integration in District Heating Networks

672

A.A.M. El-Bahloul
Investigation of the Performance of a Solar Driven Refrigerator for Post-Harvest...

569

Solar-Driven Refrigeration Systems for Post-Harvest Crops Reservation:...

579

M. Elci
Decentralized Solar District Heating Systems

1464

735

B. El Ghali
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

G. Englmair
Characterisation of a Rotating Adsorber Designed for Thermochemical Heat...

1369

N. Erusiafe
Estimating Diffuse Solar Radiation from Global Solar Radiation

1150

F
J. Fan
Drain Back Low Flow Solar Combi Systems. Design, Monitoring and Simulation

972

M.M. Farid
Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

I. Farkas
Study, Comparisson and Evaluation of Model Parameters of Photovoltaic Cells

92

J. Farnós Baulenas
Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

T. Faßnacht
Evaluation of the Combination of Hybrid Photovoltaic Solar Thermal Collectors...

303

R. Fedrizzi
Evaluation of Dynamic Operation Effects for a Heat Pump in a Solar Combi-plus...

1021

Integration of Sorption Collector in Office Curtain Wall: Simulation Based...

513

New Generation Solar Cooling and Heating Systems with IEA SHC TASK 53:...

607

Performance of a Coupled Reinforced Learning-Fuzzy Control Approach to...

1002

Techno-Economic Analysis of Air-to-Water Heat Rejection Systems

560

1465

A. Feng
Design and Benefits Analysis of Building Integrated Photovoltaic Project

96

Research on Solar Heating Technology for Rural Single-Family Homes in Severe...

929

A.i. Fernández
Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

G. Ferrer
Corrosion of Metal Containers for Use in PCM Energy Storage

1299

Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

M.N. Fisch
Smart Building as Power Plant – Energyplus House with Energy Charge Management

131

M. Fischer
Development of a Smart Energy Management System Based on Plus-Energy-Houses

151

S. Fischer
Comparison of Thermal Performance of Different Solar Collector Technologies...

686

D. Fleig
Experimental Evaluation of a Novel Tube Bundle Solar Driven Liquid Desiccant...

597

S. Fortuin
Modelling Results of Covered PVT Collectors Regarding Low-E Coatings and...

417

S. Föste
Heat Pipe Collectors for Cost Reduction of Solar Installations

345

J. Foster
Comparative Performance of BAPV Systems in Scotland: 4 Case Studies with...

294

G. Fraisse
Towards a Generic Methodology to Model Solar Thermal Systems using Neural...

1466

881

E. Frank
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

Editorial to the Proceedings of the ISES EuroSun Congress 2014

1

Hardware in the Loop Tests on Eleven Solar and Heat Pump Heating Systems

861

Medium Temperature Solar Thermal Installation with Thermal Storage for...

1041

Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

Simulation of Combined Solar Thermal, Heat Pump, Ice Storage and Waste...

795

H. Frej
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

Thermal Storage System Development for a 1 MW CSP Pilot Plant Using an...

1281

M. Frere
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

P. Frey
Extended Laboratory Test Method for Combined Solar Thermal and Heat Pump...

936

G. Füldner
Integration of Sorption Collector in Office Curtain Wall: Simulation Based...

513

B. Fumey
Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

S. Furbo
Comparative Test of Two Large Solar Collectors for Solar Field Application

320

Drain Back Low Flow Solar Combi Systems. Design, Monitoring and Simulation

972

Thermal Performance of Solar District Heating Plants in Denmark

743

1467

G
Y. Galazutdinova
Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

A. Gallo
Analysis of Demand and Energy Saving at Different Types of Hotels with...

992

P. Gantenbein
Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

Y. Garb
THE BGU/CERN Solar Hydrothermal Reactor

1051

A. Garcia de Jalón
Direct Tracking Error Estimation on a 1-Axis Solar Tracker

469

E. Garcia-Rivera
Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

J. Gasia
Bischofite as Phase Change Material (PCM) for Thermal Energy Storage (TES)...

1290

E. Gautier
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

V. Gavan
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

L. Georges
A Comparative Study of Different PV Installations for a Norwegian NZEB...

1468

141

M. Giestas
Autonomous Solar HDH Seawater Desalination

1070

F. Giovannetti
Heat Pipe Collectors for Cost Reduction of Solar Installations

345

Performance and Reliability of Insulated Glass Collector Prototypes

355

C. Giovinazzo
Ray-Tracing Modelling of an Asymmetric Concentrating PVT

46

L. Giraud
Modeling of Solar District Heating: A Comparison Between TRNSYS and MODELICA

696

J. Glembin
New Control Strategy for Solar Thermal Systems with Several Heat Sinks

843

Pipe Internal Recirulation Losses in Storage Connections - An Underrated...

1426

B. Glumac
Energy Services for Business Districts

707

N. Gohl
Prototype Development and First Test Results of a Facade-Integrated Solar...

204

J. Gomes
Ray-Tracing Modelling of an Asymmetric Concentrating PVT

46

J. Gonzalez-Aguilar
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

J. González-Aguilar
Analysis of Demand and Energy Saving at Different Types of Hotels with...

992

C. Good
A Comparative Study of Different PV Installations for a Norwegian NZEB...

141

Y. Goswami
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

1469

M. Grágeda
Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

M. Granzotto
Impact of Small Weather Data Time Steps on the Simulation of Solar and...

853

Simulation of Combined Solar Thermal, Heat Pump, Ice Storage and Waste...

795

P. Griffiths
Economic Analysis of an Installed Single Dwelling Seasonal Thermal Energy...

1321

Solar Thermal Energy Storage for the Typical European Dwelling; Available...

1407

A. Gross
THE BGU/CERN Solar Hydrothermal Reactor

1051

U. Gross
Climate Change Impacts on Photovoltaics, Solar Thermal Energy, Transparent...

1168

Concept and First Energy-Balance Results of an Energy- Autonomous House

166

D. Gstöhl
Control Strategies of an Adaptive Glazing

36

M. Guadalfajara
Software for the Analysis, Predesign and Performance Evaluation of Central...

753

C. Gueymard
Performance of Separation Models to Predict Direct Irradiance at High Frequency:...

1156

Solar Resource Assessment over Kuwait: Validation of Satellite-derived...

1114

A. Gutierrez
Bischofite as Phase Change Material (PCM) for Thermal Energy Storage (TES)...

1290

Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

1470

H
R. Haberl
Hardware in the Loop Tests on Eleven Solar and Heat Pump Heating Systems

861

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

A. Häberle
PV Performance Benchmarking in India. Results from the Project “Solar Mapping...

102

K. Habib
Numerical Modeling of Hot Air Multi-Pass Solar Dryer

1061

M. Haegermark
Analysis of a Novel Solar District Heating System

717

BAPV and BIPV Installation Trends in Sweden

248

N. Hagino
Hydropower Generation by Solar Thermosyphon

506

A. Halimov
Experimental Investigations of a Solar Dryer under Laboratory Condition

362

N. Hall
Facade Farm: Solar Mediation Through Food Production

258

M. Haller
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

Simulation of Combined Solar Thermal, Heat Pump, Ice Storage and Waste...

795

M.Y. Haller
Hardware in the Loop Tests on Eleven Solar and Heat Pump Heating Systems

861

Impact of Small Weather Data Time Steps on the Simulation of Solar and...

853

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

1471

O. Hallström
Demonstration of Solar Heating and Cooling System Using Sorption Integrated...

523

Integration of Sorption Collector in Office Curtain Wall: Simulation Based...

513

M. Hauer
Comparative Thermal Simulation of Conventional and Daylight-deflecting...

72

J. Heintz
Water Adsorption on Zeolites for Solar Heat Storage: Modelling and Parametric...

1434

F. Hengstberger
Numerical and Experimental Approaches for the Characterization of Heat...

450

H. Henning
Two-stage Air-dehumidification System for the Tropics – Assessment of Conceptual...

624

M. Henry
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

P. Henshall
Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

313

S. Herkel
Decentralized Solar District Heating Systems

735

M. Hermann
Modelling Results of Covered PVT Collectors Regarding Low-E Coatings and...

417

Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

A. Herrmann
Climate Change Impacts on Photovoltaics, Solar Thermal Energy, Transparent...

1168

A.G. Hestnes
A Comparative Study of Different PV Installations for a Norwegian NZEB...

1472

141

N. Hewitt
Economic Analysis of an Installed Single Dwelling Seasonal Thermal Energy...

1321

Solar Thermal Energy Storage for the Typical European Dwelling; Available...

1407

N. Heymans
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

M. Hiller
Comparative Thermal Simulation of Conventional and Daylight-deflecting...

72

C. Holter
First Operation Months of World’s Most Powerful Solar Cooling System in...

633

U. Horn
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

P. Horta
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

A. Houlihan Wiberg
A Comparative Study of Different PV Installations for a Norwegian NZEB...

141

A. Huggenberger
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

T. Hyde
Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

313

1473

I
S. Ibrahim
Solar in West African Energy Policies - State of the Art and On-going Development

113

F. Ille
Market and Simulation Analysis of PVT Applications for the Determination...

368

H. Imada
Hydropower Generation by Solar Thermosyphon

506

P. Ineichen
Satellite Based Irradiance: Long Term Global, Beam and Diffuse Validation....

1175

A. Ismail
Solar Resource Assessment over Kuwait: Validation of Satellite-derived...

1474

1114

J
S. Jack
Heat Pipe Collectors for Cost Reduction of Solar Installations

345

M. Jaradat
Experimental Evaluation of a Novel Tube Bundle Solar Driven Liquid Desiccant...

597

A. Jenkins
Facade Farm: Solar Mediation Through Food Production

258

C. Jerg
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

C. Jia
Design and Benefits Analysis of Building Integrated Photovoltaic Project

96

Research on Solar Heating Technology for Rural Single-Family Homes in Severe...

929

V. Jirka
Use of Polysiloxane Gel as Laminate for Solar PVT Collectors

427

X. Jobard
Performance Analysis of Uncovered PV-T Collectors for Radiative Cooling...

378

U. Jordan
Experimental Evaluation of a Novel Tube Bundle Solar Driven Liquid Desiccant...

597

A. Joyce
Autonomous Solar HDH Seawater Desalination

1070

E. Juraev
Experimental Investigations of a Solar Dryer under Laboratory Condition

362

1475

K
A. Kaemmerlen
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

C. Kaps
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

Investigations of ZnSO4 Hydrate for Solar Heat Storage Applications

1401

M.W. Kareem
Numerical Modeling of Hot Air Multi-Pass Solar Dryer

1061

B. Karlsson
Ray-Tracing Modelling of an Asymmetric Concentrating PVT

46

N. Karwa
Thermal Performance Analysis of a Concentrating Beam Splitting Hybrid PVT...

487

G. Kashkarova
Solar Cooling in High Latitudes Conditions

636

M. Kaufmann
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

H. Kayal
Modelling of Heat Transfer in a Trapezoidal Cavity Receiver for a Linear...

477

G. Keeffe
Facade Farm: Solar Mediation Through Food Production

258

F. Kennemann
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

1476

397

H. Kerskes
SolSpaces - Development of a Segmented Sorption Store

1386

T. Kientz
Experimental Study of a Micro Combined Heat and Power System: Characterisation...

329

S.I. Kim
Development of a Polymer-Carbon Nanotubes based Economic Solar Collector

388

M. Kirchner
Performance and Reliability of Insulated Glass Collector Prototypes

355

J. Kissick
Development of a Polymer-Carbon Nanotubes based Economic Solar Collector

388

D. Kizildag
A Multi-Functional Ventilated Façade Model within a Parallel and Object-Oriented...

268

Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

C. Kley
Smart Building as Power Plant – Energyplus House with Energy Charge Management

131

F. Kliem
Pipe Internal Recirulation Losses in Storage Connections - An Underrated...

1426

A. Klingenschmidt
New Control Strategy for Solar Thermal Systems with Several Heat Sinks

843

F. Klinker
Dynamic Thermal Behaviour of Two Newly Developed PCM Cooling Ceiling Prototypes

184

S. Kobelt
Solar Active Houses: Simulation Based Analysis of Building Concepts with...

871

L. Koch
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

1477

C. Kofler
Comparative Thermal Simulation of Conventional and Daylight-deflecting...

72

A. Köhler
Development of a Smart Energy Management System Based on Plus-Energy-Houses

151

C. Kok Nielsen
Seven PHD Studies on Solar District Heat

652

W. Kong
Drain Back Low Flow Solar Combi Systems. Design, Monitoring and Simulation

972

C. Konstantinidou
Dynamic Thermal Behaviour of Two Newly Developed PCM Cooling Ceiling Prototypes

184

Measurements of the Performance of the Room Integrated PCM in the New Energy...

194

W. Körner
Daylighting And Shading of the Energy Efficieny Center

82

M. Kosir
Solar Potential in the Existing Slovenian Building Stock

278

M. Košir
Assessment of Sustainability Aspects of Daylighting in Buildings

64

A. Krainer
Assessment of Sustainability Aspects of Daylighting in Buildings

64

W. Kramer
Decentralized Solar District Heating Systems

735

T. Kristjansdottir
A Comparative Study of Different PV Installations for a Norwegian NZEB...

141

Z. Kristl
Solar Potential in the Existing Slovenian Building Stock

1478

278

Ž. Kristl
Assessment of Sustainability Aspects of Daylighting in Buildings

64

T. Kroyer
Modelling Results of Covered PVT Collectors Regarding Low-E Coatings and...

417

B. Kubicek
Numerical and Experimental Approaches for the Characterization of Heat...

450

A.K. Kumar
PV Performance Benchmarking in India. Results from the Project “Solar Mapping...

102

L
D. Lager
Characterisation of a Rotating Adsorber Designed for Thermochemical Heat...

1369

D. Lagre
Water Adsorption on Zeolites for Solar Heat Storage: Modelling and Parametric...

1434

S. Lalami
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

S. Lambeck
Development of a Smart Energy Management System Based on Plus-Energy-Houses

151

M. Lämmle
Modelling Results of Covered PVT Collectors Regarding Low-E Coatings and...

417

C. Lauterbach
Fast Feasibility Assessment for Solar Thermal Systems in Industry

1096

1479

A. Lazaro
Packed Bed Zeolite Experimental Setup to Study TCS Systems up to 200ºC

1341

A. Lazrak
Comparison of Different Modeling Methods for a Single Effect Water-Lithium...

542

Towards a Generic Methodology to Model Solar Thermal Systems using Neural...

881

K. Lebedeva
Solar Cooling in High Latitudes Conditions

636

R. Le Berre
PV Domestic Hot Water System

834

A. Leconte
Extensive Validation and Possible Improvements of the FSC Method

892

On the Use of the FSAV/FSC Characterization to Monitor and Guarantee the...

902

Towards a Generic Methodology to Model Solar Thermal Systems using Neural...

881

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

A. le Denn
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

F. Lefrançois
Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

O. Lehmkuhl
A Multi-Functional Ventilated Façade Model within a Parallel and Object-Oriented...

268

P. Leibbrandt
Numerical Investigation on Heat Transfer, Fluid Distribution and Solid...

407

K. Lenic
Calculation of Solar Energy Use as a Part of Determination of the Energy...

912

G. Lennermo
Seven PHD Studies on Solar District Heat

1480

652

N. Le Pierrès
Experimental and Numerical Studies of a Porous Material for a New Indirect...

4

N. Le Pierres
Water Adsorption on Zeolites for Solar Heat Storage: Modelling and Parametric...

1434

G. Leroux
Experimental and Numerical Studies of a Porous Material for a New Indirect...

4

T. Leukefeld
Concept and First Energy-Balance Results of an Energy- Autonomous House

166

A. Li
Design and Benefits Analysis of Building Integrated Photovoltaic Project

96

Research on Solar Heating Technology for Rural Single-Family Homes in Severe...

929

Z. Li
Design and Benefits Analysis of Building Integrated Photovoltaic Project

96

Research on Solar Heating Technology for Rural Single-Family Homes in Severe...

929

B. Lie
Using History Based Probabilistic Irradiance Forecasts for Supporting the...

919

I. Lillo
Comparative Analysis of Domestic Water Heating Thermosiphon Systems Tested...

1012

F.J.L. Lima
Forecast of Short-term Solar Irradiation in Brazil Using Numerical Models...

215

A. Lindsay
PV Domestic Hot Water System

834

K. Linnow
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

Investigations of ZnSO4 Hydrate for Solar Heat Storage Applications

1401

1481

Z. Liu
Design and Benefits Analysis of Building Integrated Photovoltaic Project

96

Research on Solar Heating Technology for Rural Single-Family Homes in Severe...

929

A. Loose
Extended Laboratory Test Method for Combined Solar Thermal and Heat Pump...

936

Prototype Development and First Test Results of a Facade-Integrated Solar...

204

A. Lopez Aguera
Experimental Investigations of a Solar Dryer under Laboratory Condition

362

J. López-Villada
Environmental Policies in Maritime Transport: A Case Study of Solar Ship...

1257

L. Lötscher
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

D. Loureiro
Autonomous Solar HDH Seawater Desalination

1070

Y. Louvet
Seven PHD Studies on Solar District Heat

652

M.A. Lozano
Software for the Analysis, Predesign and Performance Evaluation of Central...

753

J. Lucero Álvarez
The Effect of Solar Reflectance, Infrared Emissivity, and Thermal Insulation...

27

L. Luo
Water Adsorption on Zeolites for Solar Heat Storage: Modelling and Parametric...

1434

J. Luther
Two-stage Air-dehumidification System for the Tropics – Assessment of Conceptual...

1482

624

M
K. Mahama
Solar in West African Energy Policies - State of the Art and On-going Development

113

O. Marc
A Method to Guarantee the Performance of Solar Heating and Cooling Systems

642

I.R. Martin-Dominguez
The Effect of Solar Reflectance, Infrared Emissivity, and Thermal Insulation...

27

V. Martinez-Moll
Study Case of Solar Thermal and Photovoltaic Heat Pump System for Different...

952

V. Martínez-Moll
Comparison Between Curved-mirrors and Flat-mirrors of the Fixed Mirror...

444

F. Martins
Quality Control of Solar Radiation Data within Sonda Network in Brazil:...

1141

F.R. Martins
Forecast of Short-term Solar Irradiation in Brazil Using Numerical Models...

215

I. Martorell
Corrosion of Metal Containers for Use in PCM Energy Storage

1299

Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

C. Matschi
Control Strategies of an Adaptive Glazing

36

T. Matuska
Comparison of Solar Photovoltaic and Photothermal Domestic Hot Water Systems

946

Use of Polysiloxane Gel as Laminate for Solar PVT Collectors

427

1483

M.A. Mazo
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

E. Mehmet
Decentralized Solar District Heating Systems

735

B. Meier
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

R. Mena
A Comparative Analysis of Room Air Temperature Modelling for Control Purposes

226

D. Menegon
Evaluation of Dynamic Operation Effects for a Heat Pump in a Solar Combi-plus...

1021

S. Meyers
Fast Feasibility Assessment for Solar Thermal Systems in Industry

1096

S. Michaelides
Influence of Solar Altitude on Diffuse Fraction Correlations in Cyprus

1202

G. Michaux
Experimental Study of a Micro Combined Heat and Power System: Characterisation...

329

L. Migla
Solar Cooling in High Latitudes Conditions

636

A. Mimet
Thermal Storage System Development for a 1 MW CSP Pilot Plant Using an...

1281

I. Miranda
Packed Bed Zeolite Experimental Setup to Study TCS Systems up to 200ºC

1341

L. Miro
Bischofite as Phase Change Material (PCM) for Thermal Energy Storage (TES)...

1484

1290

I. Mitra
PV Performance Benchmarking in India. Results from the Project “Solar Mapping...

102

A. Moià-Pol
Comparison Between Curved-mirrors and Flat-mirrors of the Fixed Mirror...

444

A. Moia-Pol
Study Case of Solar Thermal and Photovoltaic Heat Pump System for Different...

952

I. Mojic
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

A. Mojiri
Thermal Performance Analysis of a Concentrating Beam Splitting Hybrid PVT...

487

A. Montero
Environmental Policies in Maritime Transport: A Case Study of Solar Ship...

1257

S. Morales
Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

C. Morgan
Towards Low Carbon Homes – Measured Performance of Four Passivhaus Projects...

156

A. Morgenstern
Two-stage Air-dehumidification System for the Tropics – Assessment of Conceptual...

624

D. Morris
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

D. Moser
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

R. Moss
Design and Performance of Evacuated Solar Collector Microchannel Plates

433

Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

313

1485

D. Mugnier
DHW/Cooling Hybrid Strategy for Solar Cooling: One Successful Year Monitoring...

611

New Generation Solar Cooling and Heating Systems with IEA SHC TASK 53:...

607

M. Munari Probst
Innovative Solar Products for Architectural Integration: A Joint Task 41...

288

N
L. Navarro
Experimental Study of Active Slab with PCM During Summer Period

1312

R. Nazmitdinov
Study Case of Solar Thermal and Photovoltaic Heat Pump System for Different...

952

F. Nepveu
Experimental Study of a Micro Combined Heat and Power System: Characterisation...

329

D. Neyer
Simulation Based Optimization of Dynamic Power Contro for Small Capacity...

616

J. Neyer
Collector Efficiency Calculation Tool for the Plastic Collectors with Temperature...

497

Simulation Based Optimization of Dynamic Power Contro for Small Capacity...

616

Q. Nguyen
Carbon Nanotube Spectrally Selective Solar Absorbers

806

T. Nhabetse
Comparative Performane Analysis of a Solar Box Cooker and Improved Charcoal...

962

C. Nielsen
Analysis of a Novel Solar District Heating System

1486

717

M. Niermann
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

O
N. Obot
Estimating Diffuse Solar Radiation from Global Solar Radiation

1150

F. Ochs
Large-Scale Thermal Energy Stores in District Heating Systems – Simulation...

727

M. Olefs
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

A. Oliva
A Multi-Functional Ventilated Façade Model within a Parallel and Object-Oriented...

268

Decentralized Solar District Heating Systems

735

Preliminary Results of a 7kW Single-Effect Small Capacity Pre-Industrial...

589

Solar Active Houses: Simulation Based Analysis of Building Concepts with...

871

A. Oliveira
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

S. Ookawara
Investigation of the Performance of a Solar Driven Refrigerator for Post-Harvest...

569

Solar-Driven Refrigeration Systems for Post-Harvest Crops Reservation:...

579

E. Oró
Towards Intelligent Operation of Data Centres Integrating Renewables and...

236

1487

P
N. Palla
Performance Analysis of Uncovered PV-T Collectors for Radiative Cooling...

378

P. Papillon
Editorial to the Proceedings of the ISES EuroSun Congress 2014

1

Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

Extensive Validation and Possible Improvements of the FSC Method

892

On the Use of the FSAV/FSC Characterization to Monitor and Guarantee the...

902

Towards a Generic Methodology to Model Solar Thermal Systems using Neural...

881

Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

C. Paulus
Modeling of Solar District Heating: A Comparison Between TRNSYS and MODELICA

696

L. Péclat
Medium Temperature Solar Thermal Installation with Thermal Storage for...

1041

L. Pel
Hydration / Dehydration Cycles of Salt Hydrates - Studied with NMR

1351

J. Penneau
PV Domestic Hot Water System

834

E.B. Pereira
Forecast of Short-term Solar Irradiation in Brazil Using Numerical Models...

215

E. Pereira
Quality Control of Solar Radiation Data within Sonda Network in Brazil:...

1141

S. Pereira
Quality Control of Solar Radiation Data within Sonda Network in Brazil:...

1488

1141

B. Perers
Drain Back Low Flow Solar Combi Systems. Design, Monitoring and Simulation

972

Thermal Performance of Solar District Heating Plants in Denmark

743

G. Perez
Thermal Characterization of Different Materials for Extensive Green Roofs

19

M. Pérez
A Comparative Analysis of Room Air Temperature Modelling for Control Purposes

226

N. Peréz de la Mora
Seven PHD Studies on Solar District Heat

652

M. Pérez-García
Availability and Variability of Solar Radiation Data for the Modelling...

1185

Solar Heat for Agro-Industrial Processes: an Analysis of its Potential...

1077

M. Perez Zamora
Daylight in Museums: Exhibition vs Preservation

57

T. Perrson
Towards an Harmonized Whole System Test Method for Combined Renewable Heating...

814

R. Pesch
Small Scale Solar Thermal Heat Integration in District Heating Networks

672

C. Pfieffer
Using History Based Probabilistic Irradiance Forecasts for Supporting the...

919

C. Philipp
Concept and First Energy-Balance Results of an Energy- Autonomous House

166

D. Philippen
Simulation of Combined Solar Thermal, Heat Pump, Ice Storage and Waste...

795

D. Pietruschka
Operational Improvements of a Large Scale Solar Thermal Plant Used for...

1032

1489

A. Plotton
PV Domestic Hot Water System

834

J. Podhradsky
Disturbance of Stratification Caused by Direct Horizontal Inlets into a...

1377

S. Poppi
Simulations Study of Cascade Heat Pump with Integrated Storage for Solar...

982

C. Porteous
Comparative Performance of BAPV Systems in Scotland: 4 Case Studies with...

294

K. Posern
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

Investigations of ZnSO4 Hydrate for Solar Heat Storage Applications

1401

V. Poulek
Use of Polysiloxane Gel as Laminate for Solar PVT Collectors

427

M. Pravettoni
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

M. Prodanovic
Analysis of Demand and Energy Saving at Different Types of Hotels with...

992

R. Pujol
Direct Tracking Error Estimation on a 1-Axis Solar Tracker

469

R. Pujol Nadal
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

R. Pujol-Nadal
Comparison Between Curved-mirrors and Flat-mirrors of the Fixed Mirror...

444

Study Case of Solar Thermal and Photovoltaic Heat Pump System for Different...

952

J. Pujol Ramo
An Alternative Methodology of Light Source Spectral Distribution Selection...

1490

175

R
R. Radosavljevic
Market and Simulation Analysis of PVT Applications for the Determination...

368

M.M. Rahman
Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

Y.K. Ramgolam
Enhanced Insolation and Global Irradiance in Near-tropic Region

1194

L. Ramos Seleme
DHW/Cooling Hybrid Strategy for Solar Cooling: One Successful Year Monitoring...

611

D. Redpath
Economic Analysis of an Installed Single Dwelling Seasonal Thermal Energy...

1321

Solar Thermal Energy Storage for the Typical European Dwelling; Available...

1407

J. Redriguez
Software for the Analysis, Predesign and Performance Evaluation of Central...

753

C. Reichl
Numerical and Experimental Approaches for the Characterization of Heat...

450

M. Reim
Daylighting And Shading of the Energy Efficieny Center

82

C. Reiter
Analysis of Polymeric Solar-thermal Collectors in Drain Back Systems by...

337

M. Rennhofer
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

1491

S. Riedel
Concept and First Energy-Balance Results of an Energy- Autonomous House

166

H. Riess
A Novel Production Technique for Flat Plate Solar Collectors with a Fully...

460

J. Rigola
A Multi-Functional Ventilated Façade Model within a Parallel and Object-Oriented...

268

A. Ripka
Decentralized Solar District Heating Systems

735

D. Ritter
Fast Feasibility Assessment for Solar Thermal Systems in Industry

1096

V. Ritter
Control Strategies of an Adaptive Glazing

36

B. Rivela
Environmental Policies in Maritime Transport: A Case Study of Solar Ship...

1257

M. Roccabruna
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

D. Rochier
Experimental Study of a Micro Combined Heat and Power System: Characterisation...

329

G. Rockendorf
Heat Pipe Collectors for Cost Reduction of Solar Installations

345

New Control Strategy for Solar Thermal Systems with Several Heat Sinks

843

Pipe Internal Recirulation Losses in Storage Connections - An Underrated...

1426

F. Rodríguez
A Comparative Analysis of Room Air Temperature Modelling for Control Purposes

226

J.A. Rodríguez-Cortés
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1492

1246

C. Roecker
Innovative Solar Products for Architectural Integration: A Joint Task 41...

288

R. Román
Measurements and Model Evaluation of Direct Normal Irradiance in Central...

1133

D. Romeli
Techno-Economic Analysis of Air-to-Water Heat Rejection Systems

560

M. Romero
Analysis of Demand and Energy Saving at Different Types of Hotels with...

992

Comparison of an Experimental and Numerical Investigation of a Packed-Bed...

1271

G. Rosengarten
Thermal Performance Analysis of a Concentrating Beam Splitting Hybrid PVT...

487

J.A. Ruiz-Arias
Performance of Separation Models to Predict Direct Irradiance at High Frequency:...

1156

D. Rusirawan
Study, Comparisson and Evaluation of Model Parameters of Photovoltaic Cells

92

M.H. Ruslan
Numerical Modeling of Hot Air Multi-Pass Solar Dryer

1061

1493

S
M. Safi Zadeh
Two-stage Air-dehumidification System for the Tropics – Assessment of Conceptual...

624

F. Sallaberry
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

Comparative Analysis of Domestic Water Heating Thermosiphon Systems Tested...

1012

Direct Tracking Error Estimation on a 1-Axis Solar Tracker

469

Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

J. Salom
Towards Intelligent Operation of Data Centres Integrating Renewables and...

236

J. Sandoval
An Alternative Methodology of Light Source Spectral Distribution Selection...

175

Daylight in Museums: Exhibition vs Preservation

57

C. Saraiva
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

T. Schabbach
Numerical Investigation on Heat Transfer, Fluid Distribution and Solid...

407

V. Schacht
PV Performance Benchmarking in India. Results from the Project “Solar Mapping...

102

W. Schaefer
Energy Services for Business Districts

707

B. Schiebler
Heat Pipe Collectors for Cost Reduction of Solar Installations

1494

345

T. Schmidt
Solar District Heating - Fundamental Correlations Regarding Energy and...

678

B. Schmitt
Fast Feasibility Assessment for Solar Thermal Systems in Industry

1096

M. Schubert
First Operation Months of World’s Most Powerful Solar Cooling System in...

633

V. Schubert
Simulations Study of Cascade Heat Pump with Integrated Storage for Solar...

982

D. Schwarz
Control Strategies of an Adaptive Glazing

36

T. Selke
New Generation Solar Cooling and Heating Systems with IEA SHC TASK 53:...

607

L.M. Serra
Software for the Analysis, Predesign and Performance Evaluation of Central...

753

A. Shantia
Modelling of Heat Transfer in a Trapezoidal Cavity Receiver for a Linear...

477

Seven PHD Studies on Solar District Heat

652

T. Sharpe
Towards Low Carbon Homes – Measured Performance of Four Passivhaus Projects...

156

D. Shearer
Towards Low Carbon Homes – Measured Performance of Four Passivhaus Projects...

156

P. Shipkovs
Solar Cooling in High Latitudes Conditions

636

S. Shire
Design and Performance of Evacuated Solar Collector Microchannel Plates

433

Fabrication and Characterisation of Slim Flat Vacuum Panels Suitable for...

313

1495

M.A. Silva
Comparative Analysis of Domestic Water Heating Thermosiphon Systems Tested...

1012

R. Silva
Availability and Variability of Solar Radiation Data for the Modelling...

1185

Solar Heat for Agro-Industrial Processes: an Analysis of its Potential...

1077

A. Skrylnyk
Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

A. Snegirjovs
Solar Cooling in High Latitudes Conditions

636

J. Soares
Small Scale Solar-Driven CHP System Pre-Dimensioning Sensitiveness to Solar...

1239

A. Sole
Corrosion of Metal Containers for Use in PCM Energy Storage

1299

Thermal Cycling Test of PCM to Ensure Long-term Performance of Domestic...

1306

R. Söll
Operational Improvements of a Large Scale Solar Thermal Plant Used for...

1032

A. Soppelsa
Performance of a Coupled Reinforced Learning-Fuzzy Control Approach to...

1002

A. Sotnikov
Seven PHD Studies on Solar District Heat

652

B. Sourek
Comparison of Solar Photovoltaic and Photothermal Domestic Hot Water Systems

946

B. Souyri
Towards a Generic Methodology to Model Solar Thermal Systems using Neural...

881

K.M.S. Soyjaudah
Enhanced Insolation and Global Irradiance in Near-tropic Region

1496

1194

S. Spence
Development of a Polymer-Carbon Nanotubes based Economic Solar Collector

388

A.N. Srivastava
PV Performance Benchmarking in India. Results from the Project “Solar Mapping...

102

C. Stanley
Thermal Performance Analysis of a Concentrating Beam Splitting Hybrid PVT...

487

S. Stark
Prototype Development and First Test Results of a Facade-Integrated Solar...

204

M. Steiger
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

Investigations of ZnSO4 Hydrate for Solar Heat Storage Applications

1401

F. Steinbach
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

J. Steinweg
New Control Strategy for Solar Thermal Systems with Several Heat Sinks

843

Pipe Internal Recirulation Losses in Storage Connections - An Underrated...

1426

L. Stephan
Design of a Thermochemical Seasonal Storage Demonstrator for a Single-Family...

1444

Experimental and Numerical Studies of a Porous Material for a New Indirect...

4

T. Storch
Concept and First Energy-Balance Results of an Energy- Autonomous House

166

W. Streicher
Collector Efficiency Calculation Tool for the Plastic Collectors with Temperature...

497

Comparative Thermal Simulation of Conventional and Daylight-deflecting...

72

Modelling of Heat Transfer in a Trapezoidal Cavity Receiver for a Linear...

477

Simulation Based Optimization of Dynamic Power Contro for Small Capacity...

616

1497

D. Strepparava
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

G. Stryi-Hipp
Solar Active Houses: Simulation Based Analysis of Building Concepts with...

871

T
T. Talreja
Calorimetric Investigation of Magnesium Sulfate Hydration in Porous Glasses

1394

A. Tamayo
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

G. Tanguy
Design of a Thermochemical Seasonal Storage Demonstrator for a Single-Family...

1444

Evaluation of the Performance Criteria of Combined Thermo-Chemical Energy...

1416

R. Tapakis
Influence of Solar Altitude on Diffuse Fraction Correlations in Cyprus

1202

P. TATSIDJODOUNG
Water Adsorption on Zeolites for Solar Heat Storage: Modelling and Parametric...

1434

E. Tekkaya
Steelabsorbers in Mass Production - Challenges, Opportunities and Produced...

397

M. Thornbloom
SHC Standards: An Integral Component of Quality Infrastructure

1263

A. Thür
Collector Efficiency Calculation Tool for the Plastic Collectors with Temperature...

497

Simulation Based Optimization of Dynamic Power Contro for Small Capacity...

616

1498

R. Thygesen
New Generation Solar Cooling and Heating Systems with IEA SHC TASK 53:...

607

J. Torres
Characterization of a Medium Temperature Concentrator for Process Heat...

1086

G. Tourasse
Measuring the Solar Radiation Spectrum in 4 Planes for Daylight and PV...

1209

D. Triché
Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

D. Trier
Towards District Heating with 80-100 % Solar Fraction

764

C. Trinkl
Analysis of Polymeric Solar-thermal Collectors in Drain Back Systems by...

337

A. Trp
Calculation of Solar Energy Use as a Part of Determination of the Energy...

912

1499

U
Y. Uetani
Measurement of the All-Sky Spectral Radiance Distribution Using a Fisheye...

1217

J.S. Urieta
Packed Bed Zeolite Experimental Setup to Study TCS Systems up to 200ºC

1341

S. Ushak
Bischofite as Phase Change Material (PCM) for Thermal Energy Storage (TES)...

1290

Thermal Management System of Li-Ion Batteries Using Inorganic Phase-Change...

1106

V
D. Vaca
Environmental Policies in Maritime Transport: A Case Study of Solar Ship...

1257

K. Vajen
Experimental Evaluation of a Novel Tube Bundle Solar Driven Liquid Desiccant...

597

Experimental Investigation of the Filling and Draining Processes of the...

785

Fast Feasibility Assessment for Solar Thermal Systems in Industry

1096

H. van der Zanden
Energy Services for Business Districts

707

A. Vázquez
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1500

1246

J. Vera
Comparative Analysis of Domestic Water Heating Thermosiphon Systems Tested...

1012

A. Vittoriosi
Evaluation of Dynamic Operation Effects for a Heat Pump in a Solar Combi-plus...

1021

W
A. Wagner
Evaluation of the Combination of Hybrid Photovoltaic Solar Thermal Collectors...

303

R. Weber
Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

SolSpaces - Development of a Segmented Sorption Store

1386

A. Weidinger
Simulations Study of Cascade Heat Pump with Integrated Storage for Solar...

982

P. Weihs
Solar Spectral Characterization of Three Different Locations at Alpine...

1124

H. Weinläder
Daylighting And Shading of the Energy Efficieny Center

82

Dynamic Thermal Behaviour of Two Newly Developed PCM Cooling Ceiling Prototypes

184

Measurements of the Performance of the Room Integrated PCM in the New Energy...

194

T. Williamson
Seasonal Thermal Energy Storage with Aqueous Sodium Hydroxide - Reaction...

1331

H. Wirth
Market and Simulation Analysis of PVT Applications for the Determination...

368

1501

E. Wurtz
Experimental and Numerical Studies of a Porous Material for a New Indirect...

4

J. Wyttenbach
Design of a Thermochemical Seasonal Storage Demonstrator for a Single-Family...

1444

J. Wytttenbach
Development and Experimental Study of a 5 kW Cooling Capacity Ammonia-Water...

533

Y
N. Yada
Hydropower Generation by Solar Thermosyphon

506

H. Yoshida
Hydropower Generation by Solar Thermosyphon

1502

506

Z
C. Zauner
Numerical and Experimental Approaches for the Characterization of Heat...

450

F. Zaversky
Innovative and Advanced Materials Research for High Temperature Solar Receivers

1246

B. Zettl
Characterisation of a Rotating Adsorber Designed for Thermochemical Heat...

1369

L. Zhong
One Solar Heating and Hot Water Supplying Combined System for Rural Area...

771

L. Zongjiang
One Solar Heating and Hot Water Supplying Combined System for Rural Area...

771

W. Zörner
Analysis of Polymeric Solar-thermal Collectors in Drain Back Systems by...

337

A Novel Production Technique for Flat Plate Solar Collectors with a Fully...

460

Simulation Study for the Solar Retrofitting of a District Heating System

662

1503

