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Abstract

A detailed in-situ analysis of a domestic solar/heat pump heating system, combining solar-thermal
collectors, heat pump and a ground-coupled water/ice latent heat storage tank is presented. In an
industrial joint research project with Ratiotherm Heizung + Solartechnik GmbH & Co. KG,
Dollnstein (Germany), a one-family house served as a field-testing building and was equipped with
the solar/heat pump system. Using measurement equipment in the system, a detailed scientific in-
vestigation was carried out by the CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH at
Ingolstadt University. Measurements regarding the overall system performance, the solar system,
the heat pump, the buffer storage tank and the latent heat storage tank were carried out. Further-
more, within the analysis the overall system functionality and operational difficulties with a focus
on practical operation under field-testing conditions were identified and evaluated, e.g. in hydrau-
lics and supervisory control. Finally, the importance of field tests for -often complex- solar/heat
pump heating systems in comparison to standardised laboratory test sequences could be empha-
sised.

1. Introduction and Background

The combination of solar-thermal collectors and heat pumps provides interesting possibilities for inno-
vative and energy efficient heating systems with a high fraction of solar energy. Due to the accelerat-
ing pace of climate change and the rising cost of limited fossil resources, they are gaining more and
more importance. Already in the 1970s, solar/heat pump heating systems were investigated and prom-
ising results were achieved in research projects, as for example described and evaluated by Trinkl et al.
[1]. Advantages of these systems are considered to be an improvement of solar fraction (i.e. by ex-
tended solar collector utilisation time and enhanced collector efficiency) and therewith a reduction of
electric energy demand for the heat pump by management of the source and sink temperatures. Fur-
thermore, favourable system approaches provide a highly flexible application due to their independ-
ence of a typically large area for heat pump ground collectors as a heat source, which often has re-
stricted heat pump distribution. Hence, several producers of heating systems have introduced solar/heat
pump heating systems into the market in the last few years with significant differences in conception,
construction and functionality, as for example shown by Miiller et al. [2] in a market survey. Typically,
solar/heat pump heating systems are rather complex heating systems. The functionality of these sys-
tems can lead to special operating conditions which significantly differ from conditions in standard
solar systems, e.g. low collector temperatures below the dew point. Except for project results from the
1970s and 1980s and results published by Leibfried et al. [3], very limited experiences or measurement



data are available from field test measurements under practical conditions for solar/heat pump heating
systems with glazed collectors.

The CENTRE OF EXCELLENCE FOR RENEWABLE ENERGY RESEARCH at Ingolstadt University has carried
out research and development in the field of solar/heat pump heating systems for several years. In an
industrial joint research project with the industrial partner Ratiotherm Heizung + Solartechnik GmbH
& Co. KG, Dollnstein (Germany), a solar/heat pump heating system combining a brine heat pump and
solar-thermal collectors connected with a water/ice latent heat storage tank, was initially developed [4].
Within this project the conception of the system layout [5], the development of optimised control
strategies and an investigation of the system performance in simulations [6,7] were carried out. Addi-
tionally, the water/ice latent heat storage tank including suitable heat exchangers and storage tank was
developed [8]. In a subsequent research project in cooperation with the industrial partners Ratiotherm
Heizung + Solartechnik GmbH & Co. KG, Dollnstein (Germany), Viessmann Werke GmbH & Co. KG,
Allendorf (Germany) and the research partner Solar-Institut Jiilich (Germany), further work on system
and component basis was carried out. The function and performance of the water/ice latent heat stor-
age tank was for instance proofed in laboratory investigations [9]. In order to gain more experience and
to optimise the overall system under operating conditions, a field test with the solar/heat pump heating
system including in-situ measurements was initiated. Therefore, a one-family house was equipped with
the innovative domestic heating system (figure 1), combining solar-thermal collectors, a heat pump
and a water/ice latent heat storage tank including measurement equipment for a detailed scientific in-

S
o e Weather Data
L=t ‘;:":;9 - Aaguenon
%; % = Agmiciant bTRpErETY
"J-';;- = ATn AR Putuary

;l Ly i | Fild F ki
W ood F|nng Bullfer Eh‘.!rrlge Latent Heal
|Bmchugh Tank Heat Pump Storage Tank

Hi&l HI

Heat Distribubion
System

Figure 1: Schematic of the heating system and measurement equipment (HM: heat metre)



vestigation [9,10]. The in-situ investigation applies to single components as well as to the overall func-
tionality and resultant operational challenges.

The research work shown in the following was carried out in close co-operation with the industrial
partner Ratiotherm Heizung + Solartechnik and was partially funded by the German Ministry for Edu-
cation and Research. It is carried out within the framework of Task 44 “Solar and Heat Pump Sys-
tems” in the Solar Heating and Cooling Programme of the International Energy Agency.

2. System configuration and in-situ measurements

The field-testing building has 277 m? living area and a heating demand of about 70 kWh/(m?a). It is
located in Southern Germany near Crailsheim and is inhabited by three persons. A buffer storage tank
with a volume of about 1,000 litres, which is connected to a heat distribution system, is situated in the
basement boiler room. Additionally to this buffer storage tank, an uninsulated water/ice latent heat
storage tank with a volume of about 7,150 litres is located outside the building in the ground. The
45 m? collector array on the southwest roof of the building supplies the buffer storage tank with solar-
thermal energy (figure 1). By using heat metres, the heat flows in the system can be measured continu-
ously and accessed via Internet. Thus, a detailed monitoring of the system is possible regarding the
overall system, the latent heat storage tank, the buffer storage tank and the heat pump.

3. Water/ice latent heat storage tank

The water/ice latent heat storage tank is
used as heat source for the heat pump and
is regenerated by solar-thermal energy.
The discharging process of the water/ice
latent heat storage tank can be subdivided
in three sections (figure 2): Initially, the
heat pump extracts sensible heat from the L] "
liquid store (section 1). When reaching @+ % 1 ~:;:_3
0°C, the process of freezing begins, i.e. :
phase change takes place. Within this (aieea
phase the temperature remains constant
and the latent heat (334 kJ/kg) is extracted
(section 2). It should be noted that phase
change does not occur at the same time in
the entire store, but starts growing on-
wards from the cold heat exchanger surfaces. As soon as the whole storage medium is frozen, the tem-
perature drops below 0°C (section 3). The process is fully reversible, so that store charging works re-
versely and solar-thermal energy melts the latent heat storage tank. As the charging and discharging
processes are not completely homogeneous in the store and are also accompanied with volume change,
these particular operating conditions during phase change have to be considered in heat exchanger as
well as in storage tank design.

lequie nRaLE CRangs sold

{emperiurs [*C)

.l"-l

@t

T

>

specific enthalgy absored fkdikg]
Figure 2: Diagram of store discharging with phase change

In the field-testing system, the phase change can be illustrated by the temperature supplied from the
water/ice latent heat storage tank to the heat pump extraction circuit (heat pump source-side). Figure 3



shows the freezing process subdivided into the three mentioned phases. It should be considered that a
representative latent heat storage tank temperature is only obtained when the heat pump is operating.
While the heat pump is not operating, the ambient temperature induces a rise of temperature at the sen-
sor. High temperatures, however, display a charging and regeneration of the storage tank with solar-

thermal energy.
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Figure 3: Behaviour of the latent heat storage tank

From beginning to mid of October 2009 the storage tank temperature decreased from 20°C to 0°C as
shown in section (1). From this day on, the water/ice latent heat storage tank is in the state of phase
change from liquid to solid with a supply flow temperature of about 0°C (2). Mid of November (4), the
temperature increased and the water/ice latent heat storage tank was partially regenerated, but did ob-
viously not melt completely. This process took several days with high solar insolation of
750...800 W/m?2. Finally, the supply flow temperature dropped below 0°C in the beginning of Decem-
ber 2009 (3). This indicates that the phase change was finished and the storage medium was com-
pletely frozen.



To analyse the influence of the water/ice la-
tent heat storage tank on the surrounding soil
temperature, sensors are positioned around
the tank (figure 4). As there is no insulation
around the storage tank, the temperature at
the outer wall (figure 5, upper graph) shows

the same behaviour as the temperature of the R ER & TR ER ¢

storage medium (cf. figure 3). The tempera-
ture dropped to 0°C until end of October
(section 1) and remains at this level during U
phase change (2). In section (1) and (2), an
influence of the positive ambient temperature

. . the water/ice latent heat storage tank
cannot be seen. Starting from mid-December,

Figure 4: Positioning of the temperature sensors around

the soil temperature at the outer wall drops and finally reaches a level of approximately -5°C (3).

100 ermy

15

0 . . Tomperaturs Soil om
(TR_ER_a)
5
15 1 ¥ T 1] 1] I T ] 1
Tomperature Soil BOcm
g *“\ (TR_ER_t)
L‘ 5 j &
o1
3 o
- M
a 54
E 15 T I I I T T T | |
© 10 o, Temperature Soil 120cm
5+ \‘\w. (TRER.)
o

L

10

0 Ambiont Temperalure
L]

[

R R e ) R e e R E R T R

113 1uE 16 110340 12114 LFird] m LF
il

Figure 5: Soil temperature at different distances to the latent heat storage tank
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At a distance of 60 cm and 120 cm, the water/ice latent heat storage tank has a lower influence on the
surrounding soil. At a distance of 60 cm, the soil reached the freezing point in the beginning of De-
cember with a notable delay compared to the water/ice latent heat storage tank. Afterwards, the tem-
perature remained constant at approximately -4°C. At a distance of 120 cm, the freezing point was
reached in the mid of December and remained constant at approximately -3°C, which was close to the
ambient temperature at that time.

4. Challenges in practical operation under field-testing conditions

In the course of the continuous analysis of the operational data, also the system functions under differ-
ent operating conditions were evaluated. As one result, for example a problem with the hydraulic sys-
tem was identified, when a simultaneous charging of the buffer storage tank and the latent heat storage
tank with solar-thermal energy appeared in summer 2009 (figure 6). As this behaviour was not consid-
ered in the control strategy, it had to be evaluated as a system malfunction, which finally could be
identified as the probable cause for a damage of the collectors’ heat exchanger. The reason for the si-
multaneous charging was traced back to a defective, meaning not completely closing, 3-way valve
which was replaced subsequently.
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Figure 6: Charging of the latent heat storage tank and buffer storage tank with solar-thermal energy



This example shows, that even failure or malfunction of standard components can cause unintended
system behaviour and damage components in these complex heating systems. Complete malfunction of
the overall system concerning energy-efficient operation has to be considered as one consequence.
Hence, the implementation of control units monitoring the basic functions of the system including ade-
quate self-control strategies is most desirable.

In order to prevent condensation or even frost within the building, it has to be pointed out, that a high
quality (cold) insulation for the whole low-temperature side of the system including hydraulic compo-
nents is of major importance.

5. Conclusion

The presented field-testing analysis of the solar/heat pump heating system achieved revealing results
with regard to practical operation. These implementation experiences provided the possibility to iden-
tify tangible potentials for improvement in system hydraulic and supervisory control, which in part
have already been realised in the system. Aiming at further optimisation of the system, the scientific
monitoring in context of the project with the industrial partner Ratiotherm Heizung + Solartechnik is
continued. Certainly, an energetic evaluation of the system should be carried out on an annual basis.

The experiences in practical operation showed, that on the one hand the implementation of this com-
plex system as well as the operational monitoring is challenging, but on the other hand also the quality
of (standard) components should not be neglected. Both issues indicate the need for the development
of ’plug-and-play’ or ‘ready-to-install’ system kit solutions, at least to avoid errors in dimensioning
and assembling. To ensure energy efficient operation of such solutions, a control unit which continu-
ously monitors the basic functions of the system including adequate system self-control strategies
should be aspired.

Moreover, for the development of solar/heat pump heating systems and adequate components, experi-
ences confirm that intensive field tests are mandatory. Typically, solar/heat pump heating systems are
complex in hydraulics and control technology, which means that besides simulation also practical ex-
periences and identification of potentials for improvement are of essential importance. In conclusion,
these steps are meant to optimise and ensure reliability of series products under diverse operating con-
ditions.

In this context, laboratory tests compared to field tests seem to be of limited significance. In particular,
if only single components or subsystems are tested. Especially solar/heat pump heating systems with
ground-coupled stores are to a high extent subject to site-specific conditions, which cannot be tested in
laboratory without unreasonably high effort and costs.

Special operating conditions for single systems or components, such as the solar-thermal collector,
which can differ significantly from standard collectors, have to be taken into account. At this point, a
considerable amount of effort in research and development at all levels of the product development
process has to be contributed in theory as well as in practice before standardised test methods can be
established.
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