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Abstract 

A solar thermal system with a gross collector area of 3885 m² that was installed on the one hand to supply 

heat to a district heating network especially in summer, and on the other hand to partly cover the heat 

demand of on-site buildings is evaluated in this article. In order to reduce the auxiliary heat needed for the 

on-site buildings and to prolong the running time of the solar thermal system, a heat pump that uses the 

solar collector loop as exclusiveheat source was installed.As a first step dynamic system simulations of the 

installation without the heat pump were performed in TRNSYS to validate the simulation model. The heat 

pump model was then implemented in the simulation to evaluate the effect of the heat pump installation on 

the whole system and to estimate its benefit. 
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1. Introduction 

The combination of solar thermal with heat pump systems (oftentimes entitled as "solar heat pump 

systems") has become more and more popular during the last years, mainly for single family houses. 

However, the idea of this combination is not new - in the literature review of solar heat pump (SHP) systems 

byHaller et al.(2010)publications dealing with differently configured SHP systems from 1979 to 2009 are 

presented.Performing a market survey, Ruschenburg and Herkel(2012) recorded that between 2003 and 

2012 one up to seven companies offering combined solar thermal heat pump systems for individual 

housing(taking into account only systems that are equipped with an electrical-driven heat pump and are 

designed for DHW preparation and/or residential space heating) entered the market each year,with this trend 

probably continuing. Given the great variety in the configuration of these systems several attempts have 

been made to identify characteristics that enablea systematic classification(cf. Day and Karayiannis, 1994, 

Kaygusuz, 2004, Chwieduk, 2012). Frank et al. (2010) introduce a visualization scheme that systematically 

represents different concepts of SHP systems. In line of this scheme seven generic systems can be identified 

that are assessed in ongoing research projects (cf.Hadorn, 2010). 

 

Even if the installation evaluated in this articlegoes far beyond single family house scale, it can be related to 

this research area;its main components are a collector field, a water-filled thermal energy storage (TES)and a 

heat pump (HP) that uses the collector field as exclusive source, see Figure 1. The heat pump was not 

included in the original installation but was retrofitted after the systemhad been in operation for some years. 

The purpose of the installation is on the one hand to supply the main gains - especially in summer - to a 
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district heating (DH) network, and on the other hand to covera part of the heat demand of the on-site 

buildings (residential buildings, laboratories, offices,…).The heat pump is used for times of low solar 

irradiation, when the temperatures reached in the collector field are too low for direct use of the heat in the 

buildings and in the DH network. It offers a possibility to still use the solar gains and therewith prolong the 

running time of the solar thermal system and to reduce the amount of heat purchased from the DH network. 

Returning to Ruschenburg and Herkel(2012) and the therein discussed parameters of system function(s), 

heat pump characteristics, collector type and system concept, the installation can be classified as follows: 

heating and DHW preparation as system functions, flat-plate collectors, serial system concept and solar as 

exclusive source for the heat pump. Considering the share of the different characteristics in the evaluation of 

Ruschenburg and Herkel(2012)it is obvious that this installation belongs to the minority in terms of the 

source for the heat pump (solar as exclusive source only for 9 of 107 investigated systems) and the serial 

system concept (6 of 107 investigated systems). In terms of the collector type the evaluation showed that flat 

plate collectors are the mainly distributed types (89 of 107 systems whereby 31 systems offer to choose 

between flat plate and evacuated tube collectors). 

 

2. System configuration and performance without heat pump 

Figure 1 shows a simplified hydraulic diagram of the installation with the main components of the system. 

The collector field with a total gross area of 3855 m²consists of three fields that have different orientations 

due to local conditions (see Table 1). The slope of all collector arrays is 30°. 

When the system was initially planned, the main operating time was expected to be in summer(heat supply 

to the local DH network) when the solar zenith angle is high. Therefore, the row separation of the collector 

field was chosen smaller than usual in order to place an as large as possible collector area on the available 

ground space. Hence the collector arrays cast a shadow on each other especially in winter.From October to 

March the collector arrays of the south oriented field are shaded by 40 % at noon. 

As shown in Figure 1, the heat gains from the collector loop can either be fed into the water filled 64.6 m³ 

TES viathe heat exchanger HEX Sol-TES or into the local district heating network (HEX Sol-DH),with the 

heat supply to the TES givenpriority. The on-site buildings are supplied via a distribution rack with three 

main lines, each equipped with a heat meter. Asauxiliary heating the TES is charged bythe DH network 

(HEX DH-TES). All pumps in the original system configuration are speed-controlled. 

The heat pump (with 151 kW condenser capacity) that was installed later onis also included in Figure 1. It 

uses the collector loop as exclusive heat source for the evaporator and supplies the heat from the condenser 

to the TES. 

 

2.1. Control 

In the original configuration the collector loop pump turns on when the highest collector temperature is 

above the topmost temperature in the TES or the requested temperature for supply to the DH network, 

respectively. If possible (depending on which temperature is actually reached in the collector loop flow), the 

TES is charged unless its maximum allowed temperature (79 °C because of plastic distribution pipes) is 

exceeded. Otherwise the solar heat is supplied to the DH network. 

The auxiliary heating is activated when the topmost temperature in the TES drops below a certain 

temperature that is given from the facility management system (68 °C at maximum). The TES is then 

charged to a certain height that is depending on the ambient temperature. 
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2.2. Measurements and simulation 

Since its start of operation the whole system's performance is recorded with ca. 150 sensors (temperatures, 

volume flows, pump speed, etc.). The most important sensors for the following evaluations are the 

temperature sensors of the TES and the data from the heat meters (see Figure 1). 

For one year's time period (May 2010 to April 2012) the measured data was evaluated and the system 

modelled in TRNSYS(Solar Energy Laboratory, 2011). For the simulation study the climate data was 

provided by the Central Institute for Meteorology and Geodynamics, Austria's national weather service 

agency for the respective time period (ZentralanstaltfürMeteorologie und Geodynamik, 2012). 

In the configuration without the heat pump, the measured solar fraction (SF, Eq. 1) of the heat supply for the 

on-site buildings was 28 % in the evaluated time period (May 2010 to April 2011).The dynamic simulation 

resulted in an SF of 30 %. �� = 1 −  
� ������  Eq. 1 

QDH  .........  Energy withdrawn from the DH network and fed to the TES 

QLoad

Figure 2

  .......  Energy withdrawn from the TES to the buildings 

 

 shows the annual energy simulated and measured at the heat meters indicated in Figure 1of the 

original configuration on the left side. On the right side a comparison of measured and simulated values for 

the monthly energy that was transferred at HEX Sol-TES is shown.In the annual sum the difference is 8.6 % 

which is due to the months October, December and January. This difference results mainly from changes of 

control parameters in the field (this fact is quite obvious when e.g. looking at the topmost temperature in the 

TES in Figure 3) which could not be reproduced reasonably in the simulation. For the auxiliary 

heating(HEX DH-TES) the annual simulation generated a value 3.3 % lower value than in the 

measurements. Despite its deviations from the measurementsthe simulation setup that produced the results 

shown in Figure 2 was defined as "reference configuration" for the evaluation of the heat pump 

implementation. 

 

3.  Implementation of a heat pump 

The hydraulic integration of the heat pump (HP) into the system is shown in Figure 1: the collector loop 

serves as exclusive heat source for the evaporator, the heat from the condenser is supplied to the TES. To 

keep the evaporator pressure below its allowable maximum a mixing valve where the evaporator inlet flow 

from the collector field can be mixed with the evaporator outlet flow is installed. The basic technical data of 

the heat pump is given in Table 2. 

 

3.1. Simulation of the heat pump 

The heat pump model used in this project is a model developed by SPF, Institute for Solar Technology, 

Rapperswil, Switzerland, and the Institute of Thermal Engineering, Graz University of Technology, Austria 

(Heinz et al., 2011) based on an EES-model developed at NTBBuchs (Bertsch, S., 2009, 

“QuasidynamischerWärmepumpen-Simulator”, Computer - Code in EES, Engineering Equation Solver).It is 

a semi-physical model for compression heat pumps based on a calculation of the thermodynamic refrigerant 

cycle and the thermal properties of the used refrigerant. The properties of the working fluid are obtained by 

polynomial curve fits, which have been determined separately for the two-phase and the superheated domain 

of the different refrigerants. A performance map of the compressor – or alternatively an approach based on 

isentropic and volumetric efficiency – is used for the simulation of the compressor efficiency and the 

electricity consumption. Every heat exchanger in the cycle is calculated using the inlet conditions (mass 

flow rate, pressure, temperature) of the fluids on both sides and the UA value [W/K] of the respective heat 
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exchanger. The model development is still in progress; the following issues that would be necessary for the 

used heat pump configuration in this project cannot (yet) be modelled: two compressors in parallel with two 

power stages each, subcooling with only a partial flow of the heat sink, internal heat exchanger in the 

refrigerant cycle. 

 

3.2. Control of the SHP system 

It is expected that the heat pump operation is reasonable when low solar irradiation is on hand and/or low 

ambient temperatures that provoke low collector efficiency for direct use of the solar gains. The decision 

whether the TES should be charged directly from the collector loop or the solar gains should be used for the 

heat pump has to take two issues into account: on the one hand it is a question of the overall system 

efficiency and on the other hand the limitations of use of the heat pump have to be considered. 

Several authors have dealt with the question how to control a SHP system to significantly enhance the 

overall performance of the system, i.e. increase the solar gains and reduce the (primary) energy demand of 

the supply system during the last decades. Theoretic evaluations have been performedas well as 

experimental evaluations (e.g. Lund, 1984, Kugle et al., 1984, Kaygusuz, 1995, Cervantes and Torres-

Reyes, 2002, Li et al., 2007, Fraga et al., 2012), allof them employing either heat pumps with solar thermal 

collectors as additionalheat source to e.g. ambient air or direct expansion in the collector. Thus, the 

configuration and boundary conditions that are on hand for the herein discussed installation seem to be quite 

special, as no system of the same configuration (glazed collectorsas exclusive heat source for the heat 

pump), especially in that size, could be identified so far. 

Haller and Frank (2011)performed theoretical evaluations for systems where the solar thermal collectors 

serve as additional heat source for the heat pump to e.g. ambient air and identified the solar irradiation to be 

crucial for the control decisions. This approach might be employed for the actual installation as well; 

however, in the field the use of solar irradiation for control decisions is unpopular because of uncertainties in 

the measurements with affordable measurement equipment and the difficulty to find a representative 

position for the pyranometerin a big collector field. The chosen alternative to base control decisions on 

within this work is the collector (outlet) temperature. 

If uncovered collectors are applied (as e.g. in Torres-Reyes et al., 1998 and Fraga et al., 2012), condensation 

on the collectoris a welcome energy gain, but it is not beneficial for covered collectors as it will harm the 

collector if it's not only for short periods. Hence, in periods of expected condensation heat pump operation 

should be disabledeither by locking the heat pump when no solar irradiation is on hand,or–again to omit the 

use of solar irradiation measurement– when the return temperature to the collector is below ambient dew 

point temperature. The latter is the variant realized for the particular evaluation. 

The control strategy itself and several of its parameters can be varied in the optimization process. For the 

simulation results presented in the following section the heat pump is simply "attached" to the original 

control decisionsand the heat pump is operated at its highest power stage. The mass flow through the 

condenser and the evaporator is setto constant values (see Table 2) for the variant indicated with "v23";the 

change made to the variant indicated with "v24" is that a set point temperature for the condenser outlet 

temperature (64 °C) is provided and hence a variable mass flow through the condenser is realized. 

As soon as the heat pump turns on, the collector loop mass flow is set to its maximum in order to reach a 

low temperature spread and hence a high efficiency in the collector loop. Thus,the collector flow 

temperature is lower than it could be with a lower mass flow (speed control of the collector loop pump is 

possible between 25 % and 100 %). As a consequence, as long as the control of the original system is not 

adapted, the direct use of the solar gains may be reduced even though it actually has priority in the control 
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strategybecause there the condition for direct use of the solar gains is dependent on the temperature 

difference between the collector flow temperature and the TES. This issue is currently under evaluation. 

 

4.  Simulation results 

The measurements showed that from April to September the monthly solar fraction (SF) according to Eq. 1 

was higher than 82 %. From October to March, where the main operation period of the heat pump is 

expected, it was between 1.5 % and 53 %. Therefore, and to save computing time, only the months of 

October to March are evaluated in the simulation of the system with heat pump in the following. 

Figure 4shows a comparison between simulation results for the reference system (without heat pump) and 

the two variants of the system with heat pump described previouslyas far as it concernsthe TES. In general 

there is a clearly visible reduction of the auxiliary heating from the DH network (DH-TES); Table 3gives the 

specific values. A slight decrease of the direct use of solar gains (Sol-TES) can also be observed which can 

probably be explained by two effects that lead to a less frequent fulfilment of  conditions for direct charge of 

the TES (comparison of the collector flow temperature with the lowermost temperature in the TES): Firstly, 

the high mass flow in the collector field when the heat pump is in operation causes a lower collector outlet 

temperature than achievable with a lower mass flow. Secondly, the operation of the heat pump leads to an 

increase of temperature in the lower part of the TES (see Figure 5 and Figure 6); this effect was much more 

distinctive in previous variants and could be diminished by adjusting the control as for the shown variants. 

In the special case of this installation where the solar thermal system charges a TES for covering the heat 

load of buildings as well as it supplies heat to a DH network, not only the solar fraction for the buildings is 

of interest but also the total solar gains as even if the TES is fully loaded–partly on account of the heat 

pump– still useful energy can be withdrawn from the collector loop. Table 3gives an overview of the 

simulated change in energy quantities after implementing the heat pump. The last row in the table shows the 

total solar gains with an increase of 17.4 % and 18.7 % for v23 and v24 respectively compared to the 

reference configuration. The minor part of this increase is supplied to the DH network and the major part to 

the evaporator of the heat pump. However, the general aim to increase the solar total gains could bereached. 

For comparing the different variants the seasonal performance factor of the heat pump (SPF) in the 

evaluated time period (October to March) is calculated. As for the solar fraction different definitions are in 

use.Malencovic et al. (2012) give an overview of different system boundaries and performance figures for 

SHP systems. In the following the SPF is evaluated for the heat pump only according to Eq. 2. The solar 

fraction (SF) of the system is evaluated according to Eq. 3. ��� =  
� ���� ���  Eq. 2 

QCond  .......Energy transferred from the condenser of the heat pump to the TES 

WComp

�� = 1 −  
� �  + � ��������  Eq. 3 

Q

  ......  Electrical energy consumed by the compressor of the heat pump 

 

DH  .........  Energy transferred at HEX DH-TES 

QLoad  .......  Energy withdrawn from the TES to the buildings 

WComp

In 

  .....  Electrical energy consumed by the compressor of the heat pump 

 

Table 4 the solar fraction and the SPF of the heat pump are given. For the calculation of the annual solar 

fraction (SF year) it is assumed that from April to September the heat pump is not in use at all, i.e. the 

system performs exactly as it would without the heat pump. It is expected thatin reality even from April to 

September cloudy days with mainly diffuse irradiation occur where direct use of the solar gains is not 
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possible but the collector field can serve as a beneficial source for the heat pump. Thus the solar fraction will 

actually increase. 

 

5.  Conclusions and outlook 

A large scale solar thermal system that supplies heat to a district heating network as well as to on-site 

buildings was modelled in TRNSYS and the model was validated for a one year's time period (May 2010 to 

April 2011). Within the simulation framework a"reference configuration" is used for comparison with 

variants where a heat pump is integrated in the system. Evaluation of two variants with heat pump, where 

the control of the original system is unchanged, showed an increase of the solar fraction (on an annual basis) 

from 30.0 % in the reference configuration to 36.4 %and 37.8 % respectively with the heat pump. The total 

solar gains (direct supply to the TES, supply to the evaporator of the heat pump and direct supply to the DH 

network) increased by 20 % regarding only the period of October to March, where the main benefit from the 

heat pump is expected. 

Further variants with refined control strategies–more preciselyconsidering the interactions of the heat 

generating units in the SHP system –will be evaluated, applied in the fieldand monitored. 

 

Abbreviations 

COP coefficient of performance 

DH district heating (network) 

DHW domestic hot water 

HEX heat exchanger 

HP heat pump 

SF solar fraction 

SHP solar heat pump 

SPF seasonal performance factor 

TES thermal energy storage 

UA overall heat transfer coefficient area product [W/K] 
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Tables 

Table 1: Orientation of the collector fields. 

Aperture area Orientation 

2463 m² south 

782 m² 30° towards west 

286 m² 11° towards east 

 

Table 2: Technical data of the heat pump at design point B30/W65. 

Refrigerant R134a 

Condenser capacity 151 kW 

Volume flow through the condenser 14 m³/h 

Evaporator capacity 120 kW 

Volume flow through the evaporator 24 m³/h 

Power stages 4 

COP at design point 4,22 

 

Table 3: Comparison of energy quantities of reference system and systems with heat pump 

from October to March 

 
 

Table 4: Comparison of solar fraction (SF) and seasonal performance factor (SPF) of reference system and 

systems with heat pump 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Reference with HP v23 with HP v24

[MWh] [MWh] [MWh] [MWh] [%] [MWh] [%]

DH-TES 517.1 446.9 434.6 -70.2 -13.6 -82.6 -16.0

Sol-TES 162.1 141.9 152.2 -20.2 -12.5 -9.9 -6.1

Sol-Evaporator 0.0 72.1 71.9 72.1 - 71.9 -

Compressor 0.0 22.0 24.1 22.0 - 24.1 -

Sol-DH 189.4 198.6 193.0 9.2 4.8 3.6 1.9

Total solar gains 351.5 412.6 417.2 61.1 17.4 65.7 18.7

Difference to Reference system

with HP v23 with HP v24

Reference with HP v23 with HP v24

SF (Okt-Mar) 22.4% 29.6% 31.1%

SF (year) 30.0% 36.4% 37.8%

SPF (Oct-Mar) - 4.09 3.79



European International Journal of Science and Technology                    Vol. 2 No. 2                    March 2013 

 

 

127 

Figures 

 
 

 

Figure 1: Original system configuration (solid lines) and configuration with heat pump (dashed lines), with 

positions of heat meters and temperature sensors in the thermal energy storage (TES).∑J indicate heat 
meters. 

 

 
 

Figure 2: Annual (left) and monthly (right) heat from measurements and simulation results for the reference 

configuration (May 2010 to April 2011). 

 
Figure 3: Measured temperatures in the TES (dark red: topmost, light grey: lowermost sensor according to 

Figure 1). 
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Figure 4: Simulation results (monthly energy) for the system without (Reference) and with heat pump (with 

HP; two variants). 

 

 

 

 
Figure 5: Simulation results (temperatures in the TES - dark red: topmost, light grey: lowermost sensor 

according to Figure 1) for the system withoutheat pump. 
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Figure 6: Simulation results (temperatures in the TES - dark red: topmost, light grey: lowermost sensor 

according to Figure 1) for the system withheat pump (v23). 
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