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Abstract 

Solar heat pump systems (SHPs) are systems that combine solar energy and 

heat pumps. Solar thermal systems can be used for delivering thermal heat 

directly to the system loads and/or as source for the heat pump, while solar 

photovoltaic systems provide electricity to the system.   

In this thesis, solar thermal and photovoltaic systems combined with heat 

pumps for heating applications are treated. Moreover, a specific focus is 

given to solar thermal systems in “parallel” configuration with heat pumps, 

so called when solar thermal is used directly for covering heat loads of the 

system.     

The overall aims of the thesis are to: a) investigate techno-economics of solar 

systems, both thermal and photovoltaic, in combination with heat pump 

systems; and b) investigate possible solutions for improving system 

performance of a reference solar thermal and heat pump system for 

residential heating applications. In this thesis, a systematic approach is 

presented and used for analyzing system improvements in the reference 

system. The effect of the system improvements on system performance of the 

reference system was evaluated by means of system simulations. 

Techno-economics of SHPs are investigated in the first part of the thesis. An 

economic comparison, based on the available literature of systems for 

residential heating applications, showed that there are clear trends for 

decreasing payback times of SHPs with increasing solar resource and with 

decreasing heating degree-days; however results for photovoltaic heat pumps 

may vary significantly according to metering policies in place. Simulation 

results of the reference solar thermal and heat pump system in two central 

European climates confirmed the general trend of variation in payback with 

increasing solar resource. Furthermore, it was shown that payback time of 

the reference solar thermal system becomes significantly longer by 

increasing the collector area. 

Cost-effective solutions for improving system performance of the reference 

solar thermal and heat pump system are investigated in the second part of 

the thesis. As cost-effectiveness depends significantly on boundary 

conditions (climates and building heat loads) as well as on assumptions 

concerning costs, general conclusions were difficult to derive. 
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For the chosen boundary conditions (Carcassonne and Zurich climates as 

well as two house standards with specific heat demand that varies from 23 to 

123 kWh/m2·year in the two climates), the configuration with the “four pipe” 

connection showed potential for being more cost-effective for the system that 

works with relatively low temperature (35/30°C) in the heating distribution 

system (floor heating) than the system with radiators (55/45°C). Heat pump 

with vapor injection cycle was shown to be interesting, especially for 

delivering heat at high temperatures for hot water preparation and in the 

heat distribution system. The use of variable speed compressor was shown 

not to be always economically justifiable. Despite that, this technology is very 

common and represents state of the art for systems with air source heat 

pumps. 

Finally, the thesis ends with a cost-effectiveness analysis of a novel solar 

thermal and heat pump system. The system was designed for the house 

building with higher demand for space heating (123 kWh/m2·year) and with 

a heating distribution system with radiators, and in the Zurich climate. For 

the given boundary conditions, the novel system had 14% (relative change) 

higher seasonal performance compared to the reference system, and used 

much less electricity (>1230 kWh/year less).  

Results of the cost-effectiveness analysis showed small cost benefits 

(expressed in terms of “additional investment limit”) for the novel system 

compared to the reference system. As the novel system is much more 

complex than the reference system, it is very difficult for the novel system to 

be more cost-effective than the reference system for the given economic 

boundary conditions. 

 

Keywords:  

Solar heat pump systems; techno-economics; solar thermal; system 

improvements; cost-effectiveness; 
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Sammanfattning 

Solvärmepumpsystem (SHPs) är system som kombinerar solenergi och 

värmepumpar. Solvärmesystem kan användas för att leverera termisk värme 

direkt till värmelasten och/eller som värmekälla till värmepumpen, medan 

solceller tillhandahåller el till systemet. 

I denna avhandling behandlas solvärme och solceller i kombination med 

värmepumpar med ett fokus på solvärmesystem i "parallell" konfiguration 

med värmepumpsystem vilket innebär att solvärme används direkt för att 

täcka värmelasten i systemet. 

Målen med avhandlingen är att: a) undersöka de tekno-ekonomiska 

förutsättningarna för solvärme och solcellssystem i kombination med 

värmepumpsystem; och b) undersöka kostnadseffektiva lösningar för att 

förbättra SPF (årsvärmefaktor) hos ett kombinerat solvärme- och 

värmepumpsystem jämfört med ett referenssystem. I avhandlingen 

presenteras en systematisk metod för att analysera systemförbättringar. 

Effekten av dessa förbättringar på systemets prestanda i referenssystemet 

utvärderades med hjälp av modellering och simulering. 

I den första delen av avhandlingen undersökts de tekniska och ekonomiska 

förutsättningarna för solvärmepumpsystem. En ekonomisk jämförelse, 

baserat på den tillgängliga litteraturen, visar på en tydlig trend där ökande 

solresurser och med minskat antal graddagar ger en minskad 

återbetalningstid för solenergi i kombination med värmepumpar. Resultatet 

kan emellertid variera väsentligt beroende på lokala regelverk för mätning 

och avräkning av el. Simuleringsresultat för referenssystemet med solvärme 

och värmepump i två centrala europeiska klimat bekräftar den allmänna 

tendensen för variation av återbetalningstiden med ökad solstrålning. Det 

framkommer även att återbetalningstiden för referenssystemet blir betydligt 

längre om solfångarens area ökas. 

I den andra delen av avhandlingen undersöks kostnadseffektiva lösningar för 

att förbättra referenssystemets prestanda. Kostnadseffektiviteten beror 

väsentligt på randvillkoren (lokalt klimat och värmelast) liksom på 

antaganden om kostnader varför generella slutsatser är svåra att dra.  

För de valda randvillkoren (klimat som Carcassonne och Zürich samt två 

husstandarder med specifikt värmebehov som varierar från 23 till 123 

kWh/m2) visade sig konfigurationen med "fyra anslutningsrör" vara mer 
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kostnadseffektivt för system som arbetar med relativt låg temperatur 

(35/30°C) i värmedistributionssystemet (golvvärme) jämfört med system 

med traditionella radiatorer (55/45°C). En värmepump med s.k. "vapor 

injection" har visat sig vara intressant, speciellt för att leverera värme vid 

höga temperaturer för varmvattenberedning och radiatorer. 

Varvtalsreglerade kompressorer visar sig inte alltid vara ekonomiskt 

motiverad. Trots det är denna teknik mycket vanlig och är i dag högsta 

teknikstandard för värmepumpsystem med luft som värmekälla. 

Avhandlingen avslutas med en kostnadseffektivitetsanalys för ett nytt 

solvärme- och värmepumpsystem. Systemet är designat för hustypen med 

högre specifik värmebehov (123 kWh/m2·år) med radiatorer i Zürichs klimat. 

För de givna randvillkoren har det nya systemet 14 % (relativ förändring) 

högre SPF jämfört med referenssystemet och använder betydlig mindre el (> 

1230 kWh/år). 

Resultatet av kostnadseffektivitetsanalysen visade små kostnadsfördelar för 

det nya systemet jämfört med referenssystemet. Det nya systemet är dock 

mycket mer komplext än referenssystemet så det är en utmaning att få det 

mer kostnadseffektivt än referenssystemet inom de givna ekonomiska 

randvillkoren. 

 

Nyckelord: 

Solvärmepumpsystem; techno-ekonomi; solvärme; systemförbättringar; 

kostnadseffektivitet  
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Nomenclature  

 AN Annuity [€/year]  Subscript 
 

ASHP Air source heat pump  AS air source 

C Electricity cost [€/year]  BLDG building 

CA Carcassonne 
 

Cond heat pump condenser 

CA100 
House standard SFH100 in 
Carcassonne  

 
cpr compressor 

CA45 
House standard SFH45 in 
Carcassonne  

 
Ctr controller 

COP Coefficient of Performance   DHW domestic hot water 

Cost Annual cash flow [€/year]  dist circulation pumps 

CS Constant speed  el electrical 

DHW Domestic hot water  HP heat pump 

FSC Fractional Solar Consumption   n year 

HP Heat pump  pen penalties 

I Annual solar radiation [kWh/year]  Q thermal load 

i Interest rate (%)  S south  

j Increase of inflation (j)  SC solar collector 

LCC; LCCA 
Life Cycle Cost ;  
Life Cycle Cost Analysis  

 
SH space heating 

M Maintenance costs [€/year]  SHP solar heat pump 

NPV Net Present Value 
 

ST storage 

PV Solar photovoltaic 
 

Start/stop 
heat pump start  
and stop 

PV/T  Photovoltaic and thermal collector  tot total 

Q Annual thermal energy [kWh/year] 
 

ε percentage error 

SFH Single family house 
 

45 
tilt angle of  
solar collector 

SH Space heating  + with  
circulation pumps 

SHPs Solar Heat Pump system(s)  

  SPF Seasonal performance factor  

  ST Solar thermal  

  T Temperature [°C]  

  T44/A38 IEA SHC Task 44/HPP Annex 38    
UA UA-value of heat exchanger [W/K]  

  
W 

Annual electrical energy 
consumption (kWh/year) 

 

  VIP Vacuum insulation panels  

  VS Variable Speed  

  ZEB Zero Energy Building  

  ZH Zurich  

  ZH100 House standard SFH100 in Zurich    

  ZH45 House standard SFH45 in Zurich   
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1 Introduction 

1.1 Background and motivation 

Solar heat pump systems (SHPs) are hybrid systems in which (electric) heat 

pumps are combined with solar thermal, solar photovoltaic, or both. While 

solar thermal collectors convert solar energy into thermal energy, solar 

photovoltaic panels provide electric energy to the system.   

Solar thermal collectors can be used either in parallel or in series with heat 

pumps. In parallel systems (Figure 1), both solar collector and heat pump 

provide heat for the loads either directly or via the store, while in series 

(Figure 2), heat from the solar collector is used indirectly as the heat source 

for the heat pump evaporator.  

 

Figure 1 Parallel configuration: hydraulic scheme (left) and square view chart (right) based on 

T44/A38 (Hadorn, 2015) 

 

Figure 2 Configuration in series: hydraulic scheme (left) and square view chart (right) based on 

T44/A38 (Hadorn, 2015) 
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Parallel configuration is simpler in design, installation and control and, 

furthermore, is more energetically efficient when radiation is high enough 

(Haller and Frank, 2011). 

Solar thermal collectors are dived into two main categories: 1) covered or 

glazed and 2) uncovered or unglazed. At temperature levels typical for space 

heating (SH) and domestic hot water (DHW) preparation, covered collectors 

have higher efficiencies compared to uncovered collectors thanks to their 

transparent cover that reduce heat losses to environment. Covered collectors 

are divided into flat plate collectors and evacuated tube collectors. Flat plate 

collectors in parallel to heat pump represent state of the art for this type of 

systems for residential heating applications (Hadorn, 2015). 

Solar photovoltaic systems can be integrated with heat pumps for: a) 

increasing the share of locally consumed electricity with respect to the total 

electricity generated by the photovoltaic array; or b) reducing electricity 

feed-in peaks to the electric distribution grid (Fischer and Madani, 2017). As 

buying/selling electricity from/to electric grid has become more expensive 

than using electricity generated by photovoltaics, at least in the residential 

sector, self-consumption has become an economically viable option (Fischer 

and Madani, 2017). In solar photovoltaic heat pump systems, self-

consumption can significantly be increased by using the thermal storage 

already included in the system (Dar et al., 2014) or with forecasting 

(Thygesen and Karlsson, 2016) and controls (Pichler et al., 2016; Salpakari 

and Lund, 2016). 

Solar hybrid photovoltaic/thermal collectors can provide both heat and 

electricity. When combined with ground source heat pumps, 

photovoltaic/thermal collectors are often connected in series and used to 

regenerate the borehole heat exchanger (Sommerfeldt and Madani, 2016; 

Bertram et al., 2012; Joyce et al., 2011). Less often, photovoltaic/thermal 

collectors provide heat to the house in parallel to heat pumps (Putrayudha et 

al., 2015). 

Solar thermal heat pump systems have better energetic performance than 

heat pumps with no use of solar (Hadorn, 2015), while solar photovoltaic 

heat pump systems use less electricity purchased from the grid. On the other 

hand, SHPs have higher investment costs compare to equivalent heat pump 

systems with no use of solar due to the additional solar components. The 

need for SHPs with improved system performance and reduced costs has led 

researchers to investigate several aspects of SHPs: technology (Omojaro and 
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Breitkopf, 2013); system design and configuration (Kamel et al., 2015); and 

system integration in buildings (Yang and Athienitis, 2016); in order to 

improve cost-effectiveness of SHPs.  

Most of the aforementioned aspects of SHPs were investigated in the joint 

Task of the International Energy Agency’s Solar Heating and Cooling 

Programme and of the Heat Pump Programme (T44/A38). Within T44/A38, 

it was found that good system integration and efficient use of the thermal 

storage enhance significantly system performance of SHPs. Solar 

combistores, i.e. storage tanks used for hot water pre-heating or as back-up 

of the space heating, should have good thermal stratification and good 

control of the way the heat pump charges the store (Hadorn, 2015). In 

addition, heat pumps should be optimized for variable conditions and a wide 

range of evaporator inlet temperature. Moreover, compact systems reduce 

installation time and cost, and reduce the risk of installation mistakes 

(Hadorn, 2015).  

This thesis summarizes the work performed by the author within two 

European research projects, “MacSheep” (MacSheep, 2012) and “iNSPiRe” 

(iNSPiRe, 2017a).  

MacSheep (2012-2015) investigated solar thermal and heat pump systems 

that serve space heating and hot water for residential heating applications. 

The objective of MacSheep was to develop new innovative products and 

advanced test methods using system improvements in the field of ICT 

(information and communications technology), materials and technology. 

The goal of MacSheep was to achieve 25% energy savings compared to state 

of the art systems at the time the project started, with still competitive prices 

on the market. A systematic approach was used to evaluate cost-effectiveness 

of the identified system improvements. Four system prototypes were 

developed and three out of four were built and tested. 

iNSPiRe (2012-2016) investigated several renovation packages that aim at 

reducing the use of primary energy for heating, cooling, ventilation, lighting 

and DHW in residential and commercial buildings. Solar thermal and 

photovoltaic systems combined with heat pumps were investigated as one of 

the possible energy generation packages. Energetic and economic 

performance of such systems were evaluated by means of annual simulations 

and a life cycle analysis -LCA- (Ryding, 1999). Results were compared for 

different European climates, as well as type of buildings and energy 

distribution systems (Fedrizzi et al., 2015).   
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As the vast majority of the work summarized in  this thesis was carried out 

within the framework of the project MacSheep, the contents of the thesis are 

mainly related to solar thermal heat pump systems.   

Motivation 

The European Performance of Building Directive (EPBD) (European 

Commission, 2010) implies an almost zero energy building (ZEB) standard 

for new buildings by 2021. This shall lead to a large scale diffusion of hybrid 

renewable energy systems, among which SHPs.  

SHPs have been investigated for several decades (Kumar et al., 2016; 

Mohanraj et al., 2009; Aye et al., 2002; Abou-Ziyan et al., 1997; Andrews, 

1981) and have been proven to increase the share of renewable energy and 

reduce electric energy demand of systems for heating applications. Despite 

many studies being available in the relevant literature of SHPs for residential 

heating applications, literature that discusses techno-economics of SHPs in a 

systematic manner is still lacking.  

SHPs are complex systems with many components that may or may not be 

included in the definition of total electricity use. Clearly defining the system 

boundary becomes crucial when performing techno-economic analysis of 

SHPs, since energetic performances can be significantly affected by the 

definition. In addition, many different economic indicators can be found in 

the literature of SHPs and thus to directly compare the merits of different 

SHPs is not an easy task. To the best of author’s knowledge, there is no 

broadly accepted method for performing techno-economic analyses of SHPs. 

Many solar thermal heat pump systems have become market-available in 

recent years, however these systems are still not widely employed in the 

residential sector. This is due mainly to the high initial costs (investment and 

installation costs) of solar thermal heat pump systems, which limits their 

cost-effectiveness. Enhancing cost-effectiveness of solar thermal heat pump 

systems is necessary for a more effective and broader market penetration.     

1.2 Overall aims and objectives 

The overall aims of this thesis are to: a) investigate techno-economics of 

SHPs in a systematic manner and b) investigate possible solutions for 

improving system performance of solar thermal and heat pump systems for 

residential heating applications.  
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In particular, the research objectives of the thesis are to: 

1) Investigate how economic performance of SHPs is influenced by 

climatic boundary conditions; 

2) Investigate energetic and economic performance of a reference solar 

thermal and air source heat pump (ASHP) system and the influence of 

boundary conditions and component size on the system performance; 

3) Identify possible advances in the field of technology and control for 

improving performance of the reference solar thermal and ASHP 

system and investigate cost-effectiveness of potential system 

improvements;    

4) Design and test a novel solar thermal and ASHP system and 

investigate cost-effectiveness of the novel system.     

1.3 Thesis structure  

Figure 3 gives an overview of the structure of the thesis.  

Chapter 1 (this one) defines the research territory and summarizes the 

motivation and research objectives of the work of this thesis.  

The overall methodology is described in the following three chapters of the 

thesis. Chapter 2 summarizes briefly the chosen systematic approach while 

Chapter 3  summarizes how system boundaries as well as economic and 

energetic performance indicators are defined. Chapter 4 describes briefly 

how the investigated SHPs are modelled.  

Main results are given from Chapter 5  to Chapter 8. Chapter 5 shows results 

of an economic inter-comparison based on studies available in the relevant 

literature of SHPs for residential heating applications (paper 1). In addition, 

the results of an economic analysis of SHPs for their use in office buildings 

are described (paper 2). In Chapter 6 system performance of a reference 

solar thermal and ASHP system are summarized. In particular, the influence 

of boundary conditions and size of main components on total electricity use 

(paper 3) is described. In Chapter 7 potential solutions for improving system 

performance of the reference solar thermal and ASHP system are discussed 

(paper 4). Chapter 8 presents: a) a novel solar thermal ASHP system for 

residential heating application and b) results of a cost-effectiveness analysis 

for the specific system (paper 5).   

Finally, discussion and main conclusions of this thesis are summarized in 

Chapter 9 and in Chapter 10, respectively.    
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Figure 3 General overview of the structure of the thesis and related papers. The thesis is based on 

five papers which are published in scientific journals and conference proceedings.    
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2 A systematic approach 

A systematic approach is a heuristic method based on a step by step 

procedure. According to Pahl and Beitz (2013), the following 

steps/conditions should be followed/verified when using a systematic 

approach: 

 Define the overall goal and the goal of each step or task; 

 Clarify the boundary conditions; 

 Dispel prejudice to ensure the most wide ranging of possible 

solutions; 

 Search for variants that is find a number of possible solutions or 

combinations of solutions from which the best can be selected; 

 Evaluate based on the goals and requirements; 

 Make decisions.  

A systematic approach is (often) used in engineering projects that aim at 

developing new solutions or for finding solutions of existing problems.  

In this work, a systematic approach was used (Table 1) in order to investigate 

how to improve system performance of a reference solar thermal heat pump 

system for heating applications with limited change in system’ costs.    

 Table 1 The systematic approach used in this work. For each step, aim(s) and methods are listed 

together with the thesis chapters where main results shall be found   

Step  Aim(s)  Method(s) Thesis Chapter 

I 

a) Investigate the influence of climatic 
boundary conditions on economic 
performance of SHPs  

Literature study 5 

b) Investigate the influence of boundary 
conditions and size of main components 
on system performance of a reference 
solar thermal ASHP system   

System simulation 6 

c) Identify potential system improvements for 
enhancing system performance of the 
reference solar thermal ASHP system 

Literature study 7 

II 
a) Investigate cost-effectiveness of the 

identified system improvements  
System simulation and 
economic analysis 

7 

III 

a) Design and model a novel solar thermal 
ASHP system  

System modelling 8 

b) Estimate potential system performance of 
the novel solar thermal ASHP system  

System simulation / 

IV 

a) Verify the whole system model of the 
novel solar thermal ASHP system     

Whole system test 8 

b) Investigate cost-effectiveness of the novel 
solar thermal ASHP system 

System simulation and 
economic analysis 

8 
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As is shown in Table 1, the chosen systematic approach consists of several 

steps. For each step of the systematic approach, the chosen methods used for 

achieving the aims are summarized here below.   

In Step I, a literature survey is performed on the following three topics: a) 

techno-economic studies on solar thermal and photovoltaic systems 

combined with heat pumps; b) solar thermal and heat pump systems for 

residential heating applications; c) advances in the field of materials, 

technology (collectors, heat pumps, storage, and control) and control for 

improving system performance or for reducing costs of solar thermal heat 

pumps systems. Thanks to the literature survey, many possible solutions for 

improving system performance or reducing system costs of solar thermal 

heat pump systems were found.     

In Step I, system performance of a solar thermal and heat pump system and 

the influence of boundary conditions and component size on system 

performance of the aforementioned system are investigated by means of 

computer simulations. The simulation study (paper 3) is performed on a 

reference system, which is one of the two systems defined by Bales et al. 

(2014; refer to the system with ASHP). The modelling of the reference 

system is summarized, briefly, in Chapter 4.2.1.     

In Step II the most promising advances selected in Step I are included in the 

system model of the reference system and their effect on system performance 

of the reference system is evaluated by means of system simulations. 

Simulation results for the reference system, expressed in terms of seasonal 

performance factor (SPF) and total electricity use, are used for system 

comparison. Definitions of the total electricity use and SPF are given in 

Chapter 3.2.1 and 3.2.3, respectively.  

In Step II, solutions not fully available on the market are investigated and 

costs are difficult to determine. A singular economic model (Chapter 3.3.2) is 

developed that derives investment costs that satisfy given cost-effectiveness 

criteria, rather than using known investment costs to determine feasibility. 

The most promising system improvements are identified at the end of Step II 

based on results of the cost-effectiveness analysis.  

In Step III, the development of a novel solar thermal ASHP system starts. 

The novel system concept includes the most promising system 

improvements investigated in Step II for the boundary conditions (climate, 

heating load, type of heating system) the novel system is designed for. The 
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identification of system improvements and further development of the novel 

system are carried out together with an industrial partner.  

In Step III the novel solar thermal ASHP system is designed and modelled. 

At this stage of process, the system model is not verified against laboratory 

measurements. System performance of the novel system is estimated by 

means of system simulations, the results of which are not included in this 

thesis, but can be found in Bales et al. (2014). 

In Step IV the system model of the novel solar thermal ASHP system is 

verified against laboratory measurements of a whole system test1 (Haberl et 

al., 2015). Results of the system model verification are shown in Chapter 

8.2.2.    

The verified system model is simulated for the whole year and results are 

compared to those for the reference system. Results of the comparison are 

included in paper 5, where authors referred to the reference system as with 

the term “state of art benchmark system”.       

Step IV ends by assessing cost-effectiveness of the novel solar thermal ASHP 

system. The economic model developed within Step II is used in the analysis.  

Working in a team 

The systematic approach consists of several steps and many tasks have to be 

accomplished. Moreover, different methods are applied for achieving the 

different tasks. This requires experiences, qualifications, and skills that are 

unlikely to be found in a single person. Thus, working in a team of people 

that have complimentary skills and experiences is necessary for the key 

success of the work!  

This thesis is a summary of the work carried out by the author as part of a 

research team. Other participants were researchers from different European 

institutes and universities as well as partners from industry. The research 

institutes and universities profited from the long-term experience of the 

industrial partners for designing and manufacturing systems and their 

components. On the other hand, the industrial partners benefited of the 

know-how of research institutes and universities.  

                                                

1In the whole system test, the complete system is assembled in a test rig and tested as whole under 
realistic boundary conditions. The annual system performance is derived from a direct 
extrapolation.  
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The author of this thesis is responsible for most of the work included in Step 

I and II, except for modelling the reference solar thermal heat pump system, 

the results of which were used for comparison in papers 3-5, and the system 

included in paper 2.  

In Step III and IV, the author of this thesis has worked on the development 

of the novel solar thermal ASHP system in close collaboration with an 

industrial partner. In particular, the author of the thesis contributed to the 

choice of improvements to be included in the design of the novel system and 

did a preliminary sizing of the main heat pump components (compressors 

and heat exchangers) by using the selection software of respective 

manufacturers. Moreover, the author of the thesis: a) did the modelling of 

the novel system; b) did the model verification against the laboratory 

measurements for the whole system and c) performed the cost-effectiveness 

analysis.    

  



System boundary and performance indicators | 11 

 

 

3 System boundary and performance indicators  

3.1 System boundary  

When assessing the energetic performance of SHPs, it is important to clearly 

define system boundaries. 

The system boundary of generic SHPs is shown in Figure 4. This a modified 

version of T44/A38 based on the on-going work of the IEA SHC Task 53 

(IEA SHC, 2014). Heat sources are identified in green (top) while purchased 

electricity, which enters the system, and domestic electricity are both 

identified in grey (left). Electricity produced by the photovoltaic array is 

transferred to the system via a switch board (SB) and then to either the 

battery storage or the grid network (left). System loads (red objects, right) 

are interpreted as quantities that leave the system.  

 

 Figure 4 Different system boundaries (figure modified from T44/A38 and based on the ongoing 

Task 53 work). A) System boundary SHP does not include circulation pumps for space heating and 

hot water preparation, while B) System boundary SHP+ does include these pumps; C) System 

boundary SHPBLDG includes PV array, battery storage and domestic electricity. 



12 | System boundary and performance indicators 

 

 

On a system level, the boundary SHP includes main system components 

(heat pump, solar collector, thermal storage, etc.), but hydronic circulation 

pumps for SH and DHW are not included (red dashed line). In the case 

where these pumps are included, system boundaries are defined as SHP+ 

(green dashed line). System boundaries SHP+ and SHP are relevant for solar 

thermal heat pumps and recommended when comparing different system 

configurations among each other, as well as for the assessment of the 

environmental impact of the systems in operation (Hadorn, 2015). The 

system boundary SHP+ is used in papers 3-5.  

System boundaries SHPBLDG are relevant for solar photovoltaic heat pumps 

and they include battery storage and domestic electricity. SHPBLDG should 

always be used for photovoltaic heat pump systems as in practice the 

electricity generated by the photovoltaic array goes to all electrical loads in 

the building via the switch board. In paper 2, the equivalent SHPBLDG 

boundary is used for a photovoltaic and heat pump system, but no battery 

storage is included in the specific system. The electricity produced with the 

photovoltaics is used within the building: firstly for the heat pump, and 

secondly for electrical appliances.  

3.2 Energetic key performance indicators   

In this section, the definitions of total electricity use and final energy use as 

well as the seasonal performance factor (SPF) and fractional energy savings 

are summarized. While total electricity use and final energy use quantify the 

amount of energy input necessary for driving the system, the SPF quantifies 

the efficiency of the system under given conditions. Total electricity use and 

final energy use are fundamental KPIs for assessing energy costs in a techno-

economic analysis, while SPF is a complementary indicator, and is often used 

for discussing results and system modus operandi. 

3.2.1 Total electricity use 

Total electricity use for the generic system boundary SHP+ (Wel,SHP+) is given 

in Equation (1).   

 𝑊𝑒𝑙,𝑆𝐻𝑃+ =  𝑊𝑒𝑙,𝐻𝑃 + 𝑊𝑒𝑙,𝑆𝐶 + 𝑊𝑒𝑙,𝐴𝑆 + 𝑊𝑒𝑙,𝑆𝑇,𝐻 + 𝑊𝑒𝑙,𝐻𝑃,𝐻 + 𝑊𝑒𝑙,𝐶𝑈

+ 𝑊𝑒𝑙,𝑆𝐻 + 𝑊𝑒𝑙,𝐷𝐻𝑊 
(1) 

The definition of total electric energy includes: the heat pump compressor 

(Wel,HP) and the fans (Wel,AS); the solar collector circulation pump (Wel,SC); 
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the hot storage circulation pumps (Wel,ST,H); the circulation pump between 

heat pump and the storage (Wel,HP,H); the electric auxiliary back-up heater 

(when included); all controller units (Wel,CU); and the circulation pump for 

SH (Wel,SH) and DHW (Wel,DHW) preparation. 

When comparing like systems, it is important to ensure that the systems 

provide the same level of comfort, thus same standard to the user. One 

method for ensuring this is the concept of penalty functions (Weiss, 2003).  

Penalty functions for SH (Wel,SH,pen) and DHW production (Wel,DHW,pen) are 

added whenever the investigated system is not able to fulfil the user demand 

for  the  room  temperature  and  DHW  supply  temperature. Wel,SH,pen and 

Wel,DHW,pen are calculated for every time step and then integrated on a yearly 

basis, and included in the definition of total electricity use.  

The definition of total electricity use including penalties (Wel,SHP+,pen) is given 

in Equation (2). 

 𝑊𝑒𝑙,𝑆𝐻𝑃+,𝑝𝑒𝑛 =  𝑊𝑒𝑙,𝑆𝐻𝑃+ + 𝑊𝑒𝑙,𝑆𝐻,𝑝𝑒𝑛 + 𝑊𝑒𝑙,𝐷𝐻𝑊,𝑝𝑒𝑛 (2) 

In papers 3-5, Wel,SHP+,pen is used for analyzing main results of the 

investigated systems. 

3.2.2 Final energy use 

The final energy use (FE) is the amount of energy supplied to the user 

(Equation 3). This type of energy has passed through some kind of 

conversion and transportation. For systems driven by electricity, the FE 

equals the electricity used to drive the systems (Wel,tot), while for systems 

driven by gas or biomass, the FE equals the heating value of the specific fuel 

(HCV), i.e. gas or biomass, multiplied by its mass consumption (mc).  

 𝐹𝐸 = 𝑊𝑒𝑙,𝑡𝑜𝑡 + 𝐻𝐶𝑉 ∙ 𝑚𝑐 (3) 

In paper 2, where systems with electric driven heat pumps are compared to 

systems with gas or pellet boilers, final energy use is used for the calculation 

of energy costs.   

3.2.3 Seasonal performance factor 

The SPF is generally defined as the ratio of overall useful thermal energy 

(QDHW and QSH) supplied to satisfy the needs of the application to the overall 

electrical energy (Wel) used for powering the system. The definition of SPF is 
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given in Equation (4) for a generic system that provides space heating (SH) 

and domestic hot water (DHW).  

 𝑆𝑃𝐹 =
𝑄𝑆𝐻 + 𝑄𝐷𝐻𝑊

𝑊𝑒𝑙
 (4) 

There are different versions of SPF, like SPFHP, SPFSHP, SPFSHP,PV, SPFSHP+ 

(Poppi et al., 2018), depending on which Wel is considered in Equation (4). 

3.2.4 Fractional energy savings 

The fractional energy savings (fsav) describe the influence of a specific 

optimization such as the combination with a solar thermal system in relation 

to a reference system (Hadorn, 2015). The definition of fsav is given in 

Equation (5) for a reference system that has a heat pump and no use of solar. 

 
𝑓𝑠𝑎𝑣 =  1 −

𝑆𝑃𝐹𝐻𝑃

𝑆𝑃𝐹𝑆𝐻𝑃

 (5) 

fsav is defined for heat pump systems driven by electricity. If another energy 

carrier is included in the system, a more appropriate KPI, e.g. the fractional 

primary energy savings, should be considered instead. 

fsav  is used in  chapter 6.2.2 for analysing the impact on system performance 

of the size of solar collectors.   

3.3 Economic key performance indicators 

There are many economic indicators used by investment professionals, 

however techno-economic studies concerning solar investments tend to 

focus on the payback time or other fundamental indicators, e.g. the net 

present value (NPV), based on life cycle cost analysis-LCCA-(Fuller, 2010).  

In this section, the following economic KPIs are defined: payback time, total 

cost of ownership and additional investment limit.  

3.3.1 Payback time 

The (marginal) payback time (Equation 6) in years is defined as the ratio of 

additional investment cost (ΔCI) to the change in running costs for a SHPs 

compared to the same system with no use of solar. ΔCI is the difference in 

investment costs for SHPs (CI,SHP) compared to HP only systems (CI,HP). The 

change in running costs for the SHPs compared to the respective HP systems 
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with no solar is calculated by multiplying the change in total electric energy 

use (ΔWel) and the price of purchased electricity (pel).  

 
𝑃𝑎𝑦𝑏𝑎𝑐𝑘 =  

∆𝐶𝐼

(∆𝑊𝑒𝑙 ∙  𝑝𝑒𝑙)
 (6) 

Payback time is used in paper 1 for addressing an economic comparison of 

SHPs for residential heating applications. CI,SHP and CI,HP as well as Wel,SHP 

and Wel,HP are taken from relevant studies in literature. 

In paper 1, payback time is used for a comparison of SHPs and HP-only 

systems. ΔCI for the investigated solar systems and ΔWel for the SHPs in 

comparison to HPs are summarized in Appendix III. 

The total cost of ownership (TCO) is the amount of money that a customer 

pays for running a system within a time period (Fedrizzi et al., 2015). 

Investment costs of system components, costs for maintenance and for 

running the system are taken into account for the whole period of 

investigation (30 years) as well as costs for replacing components that are at 

the end of their lifetime and the residual value of components that does not 

reach the end of their technical lifetime.  

In the life cycle cost (LCC) calculations, net present values (NPV) of future 

costs are considered with an interest rate of 4% including 1% inflation. NPV 

is also used to consider costs for replacing components that are at the end of 

their lifetime, as well as the residual value of components that does not reach 

the end of their technical lifetime. Energy prices are assumed to increase by 

2%/year (including inflation), starting at 0.20 €/kWh for electricity 

(iNSPiRe, 2017b).   

In paper 2, a LCCA of energy renovation packages for European office 

buildings is presented. The results of LCCA are shown in terms of TCO. A 

detailed list of assumptions for costs and technical lifetime of the 

investigated renovation packages can be found in paper 2. 

3.3.2 Additional Investment limit 

The additional investment limit is defined as the maximum allowed extra 

investment cost, between a system variation and a reference, in order to have 

a specific payback time. In paper 4 and 5, where additional investment limit 

is used for addressing cost-effectiveness of solar thermal ASHP systems, a 

payback time of 10 years is used. 
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The framework of the economic model consists of Equations (7-10) that are 

solved by successive iterations.  

Equation (7) is used to define the change in annual cash flow at year n 

(Costn). Costn is calculated by summing the annuity cost (AN,n) and the 

change in total electrical energy use for the system variation compared to the 

reference system (Wel,SHP+) and the annual electricity cost (Cel,n). 

Equation (8) is used to define the uniform annuity payment, the annuity cost 

(AN,n). The same maintenance costs are assumed for all system variations 

and thus the change in maintenance costs is set to zero. The additional 

investment limit (Cost10), which is the result of Equation (10), is an input of 

Equation (8). 

Equation (9) is used to define the annual electricity cost (Cel,n). An electricity 

price (pel) of 0.20 €/kWh was assumed, which is the average value (with all 

taxes and levied included) for private householders of 27 European countries 

in the second semester of year 2013 (Eurostat, 2015). An interest rate (i) of 

3% and an annual increase of inflation (j) of 2% were assumed (Ng Cheng, 

2013; Leckner and Zmeureanu, 2011). 

Equation (10) is used to define the additional investment limit (Cost10) that 

is the maximum allowed change in cost between the system variation and the 

reference in order to have a payback time of 10 years. The Solver function of 

Excel is used to numerically identify Cost10 that gives zero for the 

cumulative additional cost over a period of 10 years. 

 ∆𝐶𝑜𝑠𝑡𝑛 = 𝐴𝑁,𝑛 +  𝐶𝑒𝑙,𝑛 ∙ ∆𝑊𝑒𝑙,𝑆𝐻𝑃+ (7) 

 
𝐴𝑁,𝑛 = ∆𝐶𝑜𝑠𝑡10 ∙

(𝑖 ∙ (1 + 𝑖)𝑛)

((1 + 𝑖)𝑛 − 1)
 (8) 

 𝐶𝑒𝑙,𝑛 = 𝑝𝑒𝑙 ∙ (1 + 𝑗)𝑛 (9) 

 
∆𝐶𝑜𝑠𝑡10 = ∑ ∆𝐶𝑜𝑠𝑡𝑛

10

𝑛=0

= 0 (10) 
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4 Modelling the solar heat pump systems  

4.1 Simulation tools   

Different commercial tools are available for modelling (renewable) energy 

systems in buildings: EnergyPlus (2010), IDA-ICE (2014), Matlab/Simulink 

(2006), Polysun (2011), TRNSYS (2011). In most cases, the choice of the tool 

to use is not arbitrary and much depends on the aim of analysis.  

If the aim is to study energy performance in buildings with a specific focus 

on thermal indoor climate, IDA-ICE is a preferable tool. The simulation of 

renewable energy systems is also possible in IDA-ICE and in EnergyPlus, 

however the choice of models is limited to existing components.  

TRNSYS, instead, allows the creation of new component models thanks to its 

open source code. Therefore, TRNSYS is one of the preferable choices for the 

simulation of “new” systems or rather complicated systems that require the 

logical programming of control strategies.   

Matlab/Simulink, like TRNSYS, can be used for an accurate simulation of 

buildings and energy systems. Matlab/Simulink has a library of available 

components for modelling energy systems and thanks to its graphic interface 

no code writing is needed. Just like TRNSYS, MATLAB/Simulink is rather 

complex and may take long time to learn.   

Polysun is a design tool of solar thermal systems, photovoltaics, heat pumps 

and geothermal systems. Polysun has a user friendly interface and is easier 

than TRNSYS to use. On the contrary, Polysun is not as flexible and versatile 

as TRNSYS.  

In papers 2-5, TRNSYS is used for modelling the SHPs, buildings and 

heating systems. TRNSYS was chosen among the other tools due to the large 

number of models that are available for modelling the main components of 

SHPs. Moreover, a detailed heat pump model is necessary for the work and 

the most suitable model is only available in TRNSYS. TRNSYS is used by 

many researchers in the field of SHPs, and thus has become a common tool 

for modelling SHPs.     
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4.2 TRNSYS 

4.2.1 System models 

Table 2 shows how the reference solar thermal heat pump system is 

modelled in papers 3-5.  

The non-standards models, type 832 (Haller et al., 2012), 340 (Drück and 

Pauschinger, 2006) and 877 (Heinz and Haller, 2012) are used for modelling 

the solar collectors, storage tank and heat pump including the compressor 

and the heat exchangers.  

Standard models available in the TRNSYS library are used for hydraulic 

components (not included in the Table 2), like valve and pipes, while the 

electric consumption of the circulation pumps is modelled with equations. 

Table 2 Details of how the reference solar thermal heat pump system is modelled. Details of the 

parameters of collector, storage tank and heat pump were derived for component products. A list of 

identified parameters can be found in Appendix I and Appendix II. 

Component 
 

TRNSYS types 
available  

TRNSYS type 
chosen  

Source for parameters 

Solar 
collectors  

132, 202/203, 
222, 301, 832, 
types included in 
the TESS library 

832 Viessmann Vitosol 200F, (2011) 

Storage tank 
4, 38, 39, 60, 340, 
types included in 
the TESS library 

340 Viessmann Vitocell 340-M/360-M, (2013) 

Heat pump 
176, 372, 204, 
401, 504, 505, 
665, 668, 877 

877 Viessmann Vitocal 200-S, A., (2010) 

 

Most of the models available for solar collectors are applicable for glazed 

collectors. Nearly all are semi-empirical models, i.e. they are derived from an 

energy balance equation of the collector, but they use empirical correlations 

for simplifying one or more of the heat transfer mechanisms (Hadorn, 2015).  

Type 832 (Haller et al., 2012) is a semi-empirical collector model that 

considers the effects on heat exchange of: 1) wind speed; 2) condensation for 

operations below dew-point; 3) infrared radiation balance. Type 832 is also a 

multi-node model, which means the collector can be split into several 

segments for the calculation of the outlet temperature. This way of modelling 
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avoids unexpected temperature “spikes” that may occur when relatively 

small simulation time steps are chosen (Haller et al., 2012).   

Sensible energy storages with liquid are very common in solar energy 

systems. Sensible energy storages can be modelled with standard TRNSYS 

models type 4, type 38, type 39, type 60 or with the non-standard type 340. 

Type 4 and type 60 are multi-node models with two auxiliary heaters that are 

controlled via temperature dead-band thermostats. Type 38 is suitable for 

the simulation of highly stratified storage tanks while type 39 models fully 

mixed tanks. The non-standard type 340 (Drück and Pauschinger, 2006) is 

quite universal and can be used for nearly all kinds of solar thermal stores. 

Type 340 models stratified storage tanks (up to 100 nodes) with up to four 

heat internal heat exchangers, an internal electrical auxiliary heater and a 

maximum of ten double-ports2 for direct charge and discharge with either 

stratified or fixed inlet positions.  

Performance map models for heat pumps are commonly used for annual 

simulations. Performance map models use the inlet-temperature of the heat 

source to the heat pump and the desired outlet-temperature on the heat sink 

side of the heat pump to calculate the thermal output of the heat pump and 

its electricity demand. Performance map models are often used when a 

detailed modelling of the heat pump is not necessary, i.e. when the aim is at 

comparing between different heat pumps or with other heat generating 

technologies.  

Type 877 (Heinz and Haller, 2012) is a semi-physical model based on a 

calculation of the thermodynamic refrigerant cycle and the thermodynamic 

properties of the refrigerant medium. This steady-state model is augmented 

with a simple time constant approach to consider the start and stop behavior 

and the corresponding heat pump start/stop losses. Compressor heat losses 

and defrosting are also included in the model. Further details of the type 877 

model are found in paper 3 and paper 4.  

A detailed description of the system model for the reference solar thermal 

and heat pump system in included in papers 3 and 4, while system model for 

the novel solar thermal ASHP system is described in Chapter 8.2.1.   

 

                                                

2 A double port is a pair of two pipes that belong to the same circuit  (e.g. mains connection and hot 
water outlet or inlet and outlet of a direct charge loop) 
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4.2.2 Building models 

Modelling the building includes: geometry, orientation, ventilation, shading 

and internal loads. All of these can be modelled in TRNSYS with standard 

Type 56. Type 56 models the thermal behavior of a building divided into 

different thermal zones. Material and thickness of the walls and windows 

must be defined as well as the building orientation. Heat gains from solar 

from direct and diffuse radiation are calculated for each room based on 

window surface and heat transfer properties.  

Single family house 

In papers 3-5, the house buildings are simulated with type 56 with one 

common thermal zone. The parameters for the building models are defined 

in T44/A38 (Dott et al., 2012). A general overview of the building geometry 

and its orientation is shown in Figure 5.   

 

Figure 5 General overview of the house building (Dott et al., 2012) 

The net floor area (first plus second floor) of the house building is 140 m2, 

while the total inside façade area is 203.5 m2 with a total window area of 23 

m2. Depending on the level of insulation, two buildings are defined and 

named SFH (Single Family House) 45 and 100. The two labels signify their 

rounded specific heating demand in kWh/m2 in the climate of Strasbourg 

(Hadorn, 2015). The SFH45 house represents a renovated or new building 

that has a lightweight structure and good thermal quality of the building 

envelope, while the SFH100 represents a non-renovated existing building 

with a heavy structure. The overall UA-values of the two houses are 168 W/K 

and 290 W/K, respectively. Natural ventilation, shading and internal 

loads/gains profiles are the same as in Dott et al. (2012).  The reason why 

two buildings and two heating systems with different supply/return 
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temperature are chosen is to give a range of heat demand for SH as well as 

different operating conditions for the heat pump.  

Office building 

In paper 2, the office building model is defined as a typical European office 

building from the period 1945-1970 (Dipasquale et al., 2017; Birchall et al., 

2014, 2016).  

The building model has six thermal zones: two thermal zones each (south 

oriented and north oriented) representing the ground floor, a middle floor 

and the top floor, respectively. No heat transfer or air exchange is considered 

between the thermal zones. By multiplying inputs and outputs for the 

heating and cooling system of the middle floor by three or five, buildings 

with five or seven floors could also be simulated. The office building has five 

floors and a heated area of 1620 m². The building is oriented at a 45° angle 

from north-south, with the longest façades towards south-east/north-west, 

and had a glazing ratio of 30% on all façades. A layout of the building model 

is shown in Figure 6. 

 

Figure 6 The building model had three floors with two zones on each (north and south). Inputs and 

outputs for the middle floor were multiplied by three to represent additional floors 

Two different renovation standards, “25” and “45”, are investigated.  These  

labels signify an ideal heating demand of 25 kWh/(m²∙year) and 45 

kWh/(m²∙year), respectively, which is the resulting heating demand when 

ideal heating is applied in TRNSYS, keeping the  indoor  temperature  exactly  

at  the  set  temperature (21°C) during  the  heating  season. Further details 

concerning natural ventilation, shading and internal loads/gains profiles can 

be found in paper 2 and in (Fedrizzi et al., 2015). 
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4.2.3 Heating (and cooling) system models 

In papers 3-5, two heating systems with different operating temperatures are 

considered. The SFH45 house has a heating system with floor heating, while 

the SFH100 house has radiators. The supply temperature to the heat system 

is dependent on the outside ambient temperature (heating curve) as is 

common in central Europe. The design supply/return temperatures are 

35/30°C for the floor heating system and 55/45 °C for radiators.  

The controls of the heating systems are set in a way that the room 

temperature is kept around 20 ± 0.5°C with a set-point of 20°C and never 

drops below 19.5°C during heating season. The  mass  flow  through  the  

heat distribution system is regulated by the  simulation  of  a thermostatic  

valve with a PI controller output  signal  that  is  multiplied  with  the 

maximum mass  flow in  order  to  obtain  the  actual  mass  flow  that  varies  

with  time  in each simulation. 

In paper 2, radiant ceiling (RC) and fan coils (FC) are considered as for both 

heating and cooling system. RC and FC have supply temperatures of 35 °C 

for heating, and 15 °C and 7 °C for cooling, respectively. The control of each 

thermal zone simulated is done using the sensible temperature with a 

hysteresis of ±0.5°C. The set point of the sensible temperature is 19.5+0.5°C 

for the winter period and 25 -0.5 °C for the summer period. 

4.3 Domestic hot water loads 

In paper 3-5, the following DHW load is considered. It is a realistic DHW 

profile chosen with many variations in flow rates and large number of 

discharges with small flow rates. A total volume of 73 m3 is withdrawn at 

45°C (delta temperature of 35°C), with an average number of tapping per day 

of 28.8. Min and max flow over time step is 3 and 997 kg/hr., respectively. 

The profile was derived with the program DHWCalc developed by Jordan, 

with the theory described in Weiss (2003). Details of total DHW discharge 

energies are given in Table 5 (chapter 6.2.1). 

In office buildings (paper 2), the DHW demand is disregarded due to: a) 

DHW demand in office buildings is irrelevant compared to heating and 

cooling ones; and b) covering such small demand with a centralized system is 

meaningless since the thermal losses through the pipelines are significantly 

larger than the demand itself. 
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5 Influence of climatic boundary conditions on economic 

performance indicators  

5.1 Solar availability and heating degree-days  

Figure 7 shows the amount of solar irradiance in a year (on a 1 m2 surface 

tilted 45° and oriented to the South) and the number of heating degree-days 

(HDD15)3  for many European locations.  

Solar irradiance ranges from about 850 kWh/m2 year in Bergen (Norway) to 

more than 1900 kWh/m2 year in Murcia (Spain) while HDD15 ranges from 

nearly 680 in Valencia (Spain) to almost 4400 in Stockholm (Sweden).  

 

Figure 7 Solar irradiance (Itot,45S) and Heating degree days (HDD15) for many European locations 

As is shown, solar irradiance and HDD15 vary significantly from locations in 

northern Europe to locations in the south giving a large range of climatic 

boundary conditions for SHPs. 

 

                                                

3Heating degree-days (HDD) reflect building heating demand, which is mostly dependent on the 
outside ambient air temperature. The degree-days are a summation of the differences between the 
outdoor temperature and a specified base temperature over a specified time period. HDD15 is 
derived by assuming a base temperature of 15°C (reference).  
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5.2 Economic performances of solar systems for residential 

heating applications  

In paper 1, an economic comparison based on the available literature of 

SHPs for residential heating applications is given. Payback time, which was 

found to be the economic indicator most used by authors in the relevant field 

of research, was used for the economic comparison (Figure 8).  

Interest rate was not included in the investment costs of solar systems and 

discounting of future revenues was not considered in the calculations, as 

they would add another source of uncertainty. Maintenance and installation 

costs were also neglected. Moreover, running costs of the systems were 

(re)calculated using the same electricity price.  

Figure 8 shows payback time against solar irradiance (Itot,45S) and heating 

degree-days (HDD15) assuming that solar systems are added to heat pump 

only systems.  

Results are for three SHPs in the different European locations shown in 

Figure 7: 

1) A solar thermal heat pump system for SH preparation (ST_SH);  

2) A solar thermal heat pump system for both SH and DHW preparation 

(ST_SH&DHW);  

3) A solar photovoltaic heat pump system for SH and DHW preparation 

(PV_SH&DHW).  

Results of the system for SH only are derived using data from (Girard et al., 

2015) by assuming the same collector area (6 m2) and an optimum tilt angle 

at each location in order to maximize the solar collectors’ capacity during 

winter (Girard et al., 2015).  

Results of both systems, solar thermal and photovoltaic, for SH and DHW 

are derived using results of simulation (iNSPiRe, 2017b) for an air to water 

heat pump combined with either a 4.6 m2 solar thermal field or a 7.9 m2 

photovoltaic array.   
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Figure 8 Payback time against solar irradiance (left) and heating degree-days (right). Each point 

corresponds to a location in Figure 7.Results are for a value of electricity price of 0.20 €/kWh (excl. 

VAT).  

Payback time of SHPs varies with solar irradiance and inversely with heating 

degree-days. By increasing solar availability, i.e. moving towards locations 

with high solar irradiance, the payback becomes shorter (Figure 8 left).  

Payback time is shown to be longer than 25 years in northern climates (solar 

irradiance of 850-1200 kWh/m2·year and heating degree-days over 3000), 

while payback is shorter than 20 years in southern climates (solar irradiance 

over 1500 kWh/m2·year and heating degree-days smaller than 700). General 

trend for systems for SH only is similar than that of systems for SH and 

DHW preparation, but a direct comparison is not possible due to the 

different size of solar systems and cost assumptions.  

By moving towards colder climates, payback time becomes longer (Figure 8 

right). At high heating degree-days (3200 HDD15), the payback time of a 

solar thermal system for SH preparation is 45 years with an electricity price 

of 0.20 €/kWh. This is a very long period and is due to the larger impact of 

the increase in investment costs (ΔCI) over the reduction in running costs 

(ΔWel ·pel). While ΔCI is fixed, ΔWel changes from 3419 kWh/year in Murcia 

(764 HDD15) to 472 kWh/year in Bergen (3215 HDD15). ΔWel is much smaller 

in Bergen than in Murcia due to the scarcity of solar resource and the 

significant decrease in heat pump COP that occurs at high latitude locations 

(Girard et al., 2015). 
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As the payback time becomes significantly long at high latitude locations, i.e. 

longer than the normal life-time of main components, a solar thermal and 

heat pump system for SH-only is less “attractive”. 

When solar thermal is added to a heat pump, the increase in SPF, as 

compared to a heat pump with no use of solar leads to a reduction in 

electricity use, hence a reduction in operating/running costs. Increasing 

solar availability, i.e. moving towards locations with high solar irradiance, 

the payback becomes shorter. Solar availability could be enhanced also by 

increasing the collector area, albeit with an increased costs. As shown in 

(Deng et al., 2016) for a solar thermal heat pump system for SH in Beijing, 

payback time becomes significantly longer as the collector area increases. 

This is related to the solar heat price (Deng et al., 2016), which increases 

with the collector area due to the higher initial investment costs and reduced 

specific collector output.  

Payback time of photovoltaic and heat pump systems varies like solar 

thermal systems. However, payback of photovoltaic and heat pumps can vary 

significantly according to metering policies in place (Thygesen and Karlsson, 

2013). When long term net-metering is available (e.g. over a day, month, or 

year), a building owner earns more revenues from overproduction than the 

case where hourly balances are used (instantaneous net-metering). The 

negative correlation of solar supply and heat pump demand means there are 

a limited number of hours where electricity generated by the photovoltaic 

array can be used directly by the heat pump. Therefore in places where net 

metering or feed-in tariffs are unfavorable, there is a greater need for smart 

heat pump control strategies and storage capable of increasing self-

consumption (Poppi et al., 2018). 

5.3 Economic performances of solar photovoltaic systems for 

applications in office buildings 

In paper 2, economic feasibility of SHPs was investigated as one the energy 

renovation packages for European office buildings. South-east oriented 

photovoltaic array was considered to be installed on the roof or on the façade 

of a 5-storey office building in three different locations: Rome, Stuttgart and 

Stockholm. 

Roof mounted arrays of 81 m² and 162 m² (25% and 50% of the total roof 

area, respectively) and façade mounted arrays of 85 m² and 255 m² (30% 
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and 90% of the opaque façade area, respectively) were considered, assuming 

peak powers of 1 kWp per 7.5 m² photovoltaic panels.  

Electricity produced with the photovoltaic panels was used within the 

building: firstly for the HVAC system, and secondly for electrical appliances. 

Excess electricity from the photovoltaic field was assumed to be fed to the 

grid, without taking into account any economic benefits. 

5.3.1 Payback analysis 

Table 3 shows result of a payback analysis for the photovoltaic heat pump 

systems investigated in paper 2. Results are shown for different photovoltaic 

installations in the three locations as well as for two energy levels, “25” and 

“45”.   

Table 3 Payback time of a PV and heat pump system with an ideal energy level (EL) of 45 

kWh/m
2
·year. Values in parenthesis are for EL 25 kWh/m

2
·year   

Location Itot45S 81m2_roof 113m2_roof 162m2_roof 85m2_facade 170m2_facade 255m2_facade 

Rome 
(HDD15 1306) 

1765 
9 10 11 11 15 18 

(9) (10) (12) (12) (15) (18) 

Stuttgart 
(HDD15 3024) 

1226 
13 15 18 16 21 26 

(14) (16) (18) (17) (22) (27) 

Stockholm 
(HDD15 4373) 

1211 
15 17 20 18 23 30 

(16) (18) (21) (18) (24) (31) 

 

Payback time becomes longer when moving towards locations with lower 

solar irradiance. Payback time is 9-11 years for installations on the roof in 

Rome, while the payback is 15-20 years for the same installation in 

Stockholm. In Stuttgart, payback time varies within the same range and with 

values in between those of Rome and Stockholm.  

Payback time is 1-8 years longer for installations on building façade, 

depending on photovoltaic area and solar availability, with longer payback 

being for the largest photovoltaic area. 

Building energy level has a small impact on payback time. As shown, 

payback time is 0-1 years longer for the energy level “25” than for the "45".  

With a lower price of electricity (0.17 €/kWh, not shown in Table 3), payback 

time becomes 1-4 years longer in all cases, as cost savings for running the 

systems are smaller with lower price of electricity.  
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5.3.2 Life cycle costs analysis 

Figure 9 shows total annualized costs of energy generation, ventilation and 

distribution systems for office buildings for the two energy levels, “25” and 

“45”, in Stockholm, Stuttgart and Rome. Bars show results for the heat pump 

systems with no solar.  

By adding solar photovoltaic to heat pump systems, investment costs 

increase and final energy use decreases due to the increased self-

consumption. Each of the dots in Figure 9 shows the change in investment 

costs and final energy costs for adding solar photovoltaic to the heat pump 

system. Changes are shown for a roof installation of 113 m2 (~15 kWp) and 

for a façade installation of 255 m2 (~34 kWp). 

 

Figure 9 Annualized costs over 30 years for different energy levels and energy generation and 

distribution systems for the office building in the Nordic, Continental and Mediterranean climates. 

Total annualized costs for the cases with fan coil ranges from about 30 

€/m2·year for the “25” building in Stockholm to nearly 35 €/m2·year for the 

“45” building in Rome. Systems with radiant ceiling systems have 1-3 

€/m²∙year lower total costs than the fan coils systems in Stuttgart, 1-2 

€/m²∙year lower in Stockholm, and less than 1 €/m²∙year in Rome, mostly 

due to the lower maintenance costs.  
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Total annualized costs are lower for the “25” level compared to the “45”. This 

is due to the reduced costs for energy generation and distribution systems 

and for purchased energy.  

With solar photovoltaic, the energy costs decrease by up to 1.6 €/m²∙year in 

Stockholm, 1.8 €/m²∙year in Stuttgart and 2.6 €/m²∙year in Rome, while the 

annualized investment and maintenance costs increase from 1.3 €/m²∙year 

for the smallest roof array to 4.2 €/m²∙year for the largest façade 

configuration. In Stockholm and Stuttgart, the total costs increase by 0.2 – 

3.0 €/m²∙year (maximum increase for the largest façade configuration in 

Stockholm), while in Rome the total costs vary from a 0.4 €/m²∙year 

reduction with 81 m² photovoltaic on the roof to a 2.2 €/m²∙year increase for 

the largest façade configurations. The excess electricity fed to the grid could, 

depending on the local regulations and feed-in tariffs, further reduce the 

total costs. 

5.4 Concluding remarks 

As is shown in Figure 8, there are clear trends for decreasing payback times 

of SHPs for residential heating applications with decreasing heating degree-

days and with increasing solar resource. The payback can be very long in 

locations in northern Europe; however results for photovoltaic heat pumps 

are very much dependent on the net-metering considered. Results derived by 

Poppi et al. (2018) for the photovoltaic heat pump system investigated by 

Thygesen and Karlsson (2013) show a payback time of 39 years (price for 

purchased electricity of 0.17 €/kWh, excl. VAT) in the case of instantaneous 

metering, while the payback is only 17 years in the case of monthly net 

metering.    

Solar availability is larger in locations in southern Europe compared to 

northern Europe; however there is much less need for heating in locations in 

southern Europe. In these locations, space cooling is needed as much as 

heating (in some cases cooling load dominates), and thus SHPs are normally 

sized for both heating and cooling.  

Results of SHPs for both heating/cooling can be a lot different than those 

shown in Figure 8 due to: a) very different investment costs of the main 

system components; b) the higher operating/running costs for systems for 

both heating/cooling given the larger electrical energy consumption over the 

year.     
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In Central Europe, solar availability is good (1300-1600 kWh/m2·year) and 

heating season is still relatively long (1500-2500 HDD15). For the specific 

climatic boundary conditions, SHPs for both SH and DHW are theoretically 

more cost-effective than systems for SH only, as there is a good simultaneity 

of radiation and need for DHW in the summer, while it is not so good for SH 

only systems. Instead, Figure 8 shows shorter payback for systems for SH 

only, and thus results are contradictory to theory. This is due presumably to 

the different assumptions used by the authors in their studies.    

In office buildings, DHW production is often disregarded as the thermal load 

for hot water is irrelevant compared to the load for space heating and 

cooling. The economic analysis in paper 2 for a photovoltaic and heat pump 

system for applications in office buildings showed that the payback time 

becomes shorter by moving towards a location in southern Europe (Rome), 

and this confirms the general trends shown for SHPs for residential heating 

applications (Figure 8). However, a direct comparison of the results is not 

possible for the reasons mentioned above.  
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6 System performance of the reference system 

6.1 System description  

Figure 10 shows the schematics of the reference solar thermal heat pump 

system. This system was used in paper 3-5 as reference for comparison.   

 

Figure 10 Reference system with air source heat pump (ASHP) 

The reference system is a parallel system with solar collectors that charge the 

hot water store via an internal heat exchanger and a 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 for four modules is 9.28 m2 (10 m2 nominal area), 

which is a typical size for this kind of system. The 750 liters water store has a 

solar coil in the lower volume and a stainless steel internal coil heat 

exchanger that covers the whole store height for the preparation of DHW.  

The heat pump is a split unit coupled with a variable speed compressor. The 

starts and stops of the heat pumps 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 (3 K). During running time, the 

heating capacity of the ASHP 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. The temperature in the upper part of 
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the store is kept between 48°C and 52°C (on/off temperature settings for 

DHW mode) at the sensor due to a heat exchanger being required for DHW 

preparation. A single sensor is used of on/off, with a hysteresis of 3 K.  

The heat pump is connected to the store via three-way valves so that it 

charges either the upper volume for DHW preparation or the middle volume 

for SH, a so called four pipe connection. The SH distribution system is 

connected in parallel to the volume of the store for SH. When the store is 

charged for SH, part of the flow goes via the SH distribution system and the 

rest through the store, depending on the operating conditions.  

An auxiliary electric heater is placed in series with the heat pump before the 

three-way valve between heat pump and store. The auxiliary heater switches 

on when the heat pump cannot supply the set point temperature for SH or 

DHW preparation. It switches off once the temperature of the heat pump 

supply line reaches the set point temperature. 

6.2 Energetic performance  

The reference system was modelled and simulated for the whole year. 

Results in Figure 11 are for the house standard SFH45 in the Zurich climate. 

“IN” energies account for the use of auxiliary electric heater and the heat 

pump compressor as well as thermal energy of the heat pump evaporator  

and solar energy from the collector field. “OUT” energies account for the 

thermal losses of the whole system (thermal storage, pipes and auxiliary) and 

for the thermal load (SH and DHW preparation). Auxiliary losses are in the 

amount of 1610 kWh/year and include the start/stop losses of heat pump, 

the compressor heat losses to ambient and losses due to defrosting. Storage 

heat losses are in the amount of 1178 kWh/year, corresponding to 8% of the 

total “OUT” energies of the system. 
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Figure 11 Energy balance for the reference system with ASHP. Results are for the SFH45 house in 

the Zurich climate   

Figure 12 shows the electricity use in the reference system. Over 80% is used 

by the compressor, whereas pumps and auxiliary electric heater only use 4% 

and 3%, respectively. The heat pump ventilator uses 8% while the electric 

energy consumption of controllers and electric devices has a share of 5%. 

 

Figure 12 Electricity consumption of the reference system. Results are for the SFH45 house in the 

Zurich climate  
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6.2.1 Impact of boundary conditions on electricity use 

In paper 3, the influence of climates and loads on electricity demand of the 

reference solar heat pump system was investigated. The reference system 

was simulated for the combination of two central European climates, 

Carcassonne and Zurich, as well as two houses with different insulation 

standards (SFH45 and SFH100).  

Details of the two climates and key figures for the loads are shown in Table 4 

and Table 5, respectively.  

Table 4: Climates data for Carcassonne and Zurich 

Location 
 

Latitude 
 

Altitude  
[m] 

Itot,45S 

[kWh/(m
2
·year)] 

Heating Degree Days 
HDD15 

Carcassonne 43.22° N 130 1561 1339 
Zurich 47.37° N 413 1306 2461 

 

Table 5: Key figure for the loads  

 CA45 CA100 ZH45 ZH100 

Annual DHW discharge 
energy; 
[kWh/year] 

2691 2691 3038 3038 

Annual SH energy; 
[kWh/year] 

3673 9172 8269 17224 

Total heating energy; 
[kWh/year] 

6364 11863 11307 20262 

 

The total heating energy for the combinations of two climates and house 

standards ranges from 6364 kWh/year for the SFH45 house in Carcassonne 

(CA45) to 20,262 kWh/year for the SFH100 house in Zurich (ZH100).  

The SFH45 house has floor heating with design supply/return temperatures 

of 35°C/30°C, while the SFH100 has radiators with design supply/return 

temperatures of 55°C/45°C. The supply temperature to the heat distribution 

system is dependent on the outside ambient temperature (heating curve) as 

is common in central Europe, while supply temperature for DHW is kept 

45°C for all cases. 

Seasonal performance factor (SPF) of solar thermal heat pump systems is 

affected by the operating temperatures of the SH systems, the higher the 

temperature the lower the SPF. The impact of SH operating temperatures on 

SPF depends on the amount of energy delivered by the system for SH only 

purposes compared to the total energy delivered by the system.  



System performance of the reference system | 35 

 

 

Figure 13 shows the cumulative energy delivered to the SH system 

normalized to the total energy delivered (y-axis) versus the maximum 

temperature (x-axis) of the flow and return. These curves were derived from 

the hourly averaged heat supply to the SH distribution system and the hourly 

averaged values of the inlet and outlet temperatures (Hadorn, 2015). For 

each temperature on the x-axis, the y-axis is obtained by integrating the 

space heating power of all hours of the year where the temperature of space 

heat distribution supply was below the respective value. The cumulative 

energy is dived to the total energy (SH+DHW) delivered by the system.     

  

Figure 13 Energy-temperature of the two heating systems, floor heating (continuous line) and 

radiators (dotted line) for the two house standards and the two climates, Carcassonne (left) and 

Zurich (right)   

In Carcassonne (left), the system supplies most of the heat for SH at ~30°C 

in the SFH45 house and at ~47°C in the SFH100. In Zurich (right), the 

mechanism is similar, but at slightly higher temperature levels. As main 

result, the system for the SFH45 house has a superior SPF than for the 

SFH100 house and in Carcassonne more than in Zurich. 
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Figure 14 shows results of SPF and total electricity use for the reference 

system for the range of two climates and two house buildings.  

 

Figure 14 SPFSHP+ and Wel,SHP+ of the reference system for the two climates and two house 

standards 

The total electricity use varies from 1.65 to 8.33 MWh/year while the system 

SPF varies from 3.86 to 2.43 in reverse order. The larger electricity use in the 

SFH100 house compared to the SFH45 and in Zurich more than in 

Carcassonne is due to the larger heating demand.    

6.2.2 Impact of component size on electricity use 

In paper 3, the impact of component size on electricity use of solar thermal 

heat pump systems was investigated. The collector area, the tank volume, the 

UA-value of DHW heat exchanger, and the heat pump size were varied by 

using scale factors (0.50, 0.75, 1.50).  

Solar thermal collector area and tank volume 

By increasing the collector area, and thus collector yield, a larger amount of 

solar heat is available in the tank that reduces the use of heat pump. Since 

the amount of heat delivered is unchanged, this means an increase in 

fractional solar consumption (FSC). FSC takes into account the heat load for 

the system and the solar availability as well as their simultaneity.   

Weiss (2003) defines FSC as follows: 

“The FSC is the ratio of the usable irradiation available on the collector field 

to the useful heat delivered calculated for a complete year with values being 

between 0 and 1. FSC takes into account the climate, the building (space 

heating and domestic hot water loads) and the size of the collector area and 
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its orientation and tilt angle, but which does not depend on the choice of 

any particular solar combisystem”. 

FSC has been correlated with the fractional energy savings of solar thermal  

heat pump systems (Hadorn, 2015). 

Figure 15 show fractional energy savings (fsav) as function of FSC for the 

reference system (green triangles) in comparison to the same system with no 

use of solar. FSC for the reference system ranges from 0.22 for the 5 m2 

collector field and SFH100 house in Zurich to 0.91 for the 15 m2 collector 

field and SFH45 house in Carcassonne. Blue diamonds show results for the 

systems investigated by Carbonell et al. (2014).  

 

Figure 15 Fractional energy savings (fsav) against fractional solar consumption (FSC). Results for 

the air source systems (blue diamonds) are those shown in (Hadorn, 2015).  

Results of the reference system are in agreement to those shown in the 

T44/A38 handbook (Hadorn, 2015) for similar systems with ASHP 

(Carbonell et al., 2014). 
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Figure 16 shows the change in total electricity use (Wel,SHP+,pen) for the sizes 

of the collector compared to the nominal size for the reference system. The 

range of variation in collector area is from 5 m2 to 15 m2.  

 

Figure 16 Change in system electricity use as function of the size of the collector 

As expected, Wel,SHP+,pen is smaller for larger collector areas, with the biggest 

variation being for the SFH100 building. The reason is due to the larger 

electricity use of system in the SFH100 house. These results are consistent 

with those found by T44/A38 in terms of increased electricity savings for 

increased collector area.  

Changing the total tank volume (not shown in Figure 16) from 0.38 m3 (scale 

factor 0.50) to 1.13 m3 (scale factor 1.50) has little influence on the electricity 

use unless the set temperature for the DHW volume in the store had to be 

increased to maintain the chosen level of thermal comfort.  

UA-value of internal DHW heat exchanger 

When UA-value changes from 184 W/K (scale factor 0.50) to 552 W/K (scale 

factor 1.50) Wel,SHP+,pen varies from -138 kWh/year to 303 kWh/year, which 

is similar to the range shown for both the collector area and storage volume. 

To ensure same supply temperatures for hot water preparation, temperature 

settings of DHW charge of the store were adapted in each case. 
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Size of heat pump 

Figure 17 shows the change in Wel,SHP+,pen as a function of the size of heat 

pump. The range is only for scale factor from 0.75 (heating capacity of 3.75 

kW4 and 6.15 kW for the SFH45 and SFH100, respectively) to 1.50 (7. 5 kW 

and 12.3 kW) as most sizing rules suggest values of at least 75% of the design 

heating load. 

 

Figure 17 Change in system electricity use as function of the size of heat pump 

The largest variations are for the Zurich climate, with variations for 

Carcassonne being relatively small. This is partly due to the fact that the total 

electricity use is smaller in Carcassonne than in Zurich.  

At scale factor 0.75 and for the SFH100 house standard, the reduction of 

start and stop losses is larger than the increase in the use of auxiliary 

electrical heater and this leads to an overall reduction in total electricity use. 

At scale factor 1.5 and for the SFH100 house, the increase in start/stop losses 

leads to an overall increase in total electricity use. The number of 

starts/stops significantly increases in comparison to the reference heat 

pump, but the average hourly number of starts/stops is still within the 

maximum limit recommended by compressor manufacturers.   
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6.3 Impact of collector size and solar availability on economic 

performance 

Figure 18 shows payback time of the reference solar thermal system as 

function of FSC for different size of collector and for the two house standards 

in the two climates. Payback time is shown as function of FSC in order to 

eliminate the mutual dependency of the payback on solar irradiance and 

heating degree-days. 

 

Figure 18 Payback as function of FSC for the sizes of collectors    

Two general trends are discernible with the results.  

First, payback time becomes shorter when FSC increases. Results are with 

fixed collector area, and thus the increase in FSC is due mainly to the 

increase in solar availability when moving to locations with higher solar 

irradiance, i.e. from Zurich to Carcassonne (Figure 19). The trend in 

variation of payback time with solar irradiance is in agreement with the 

general trend of Figure 8 for a solar thermal heat pump system for SH and 

DHW production in dwellings.  

Second, payback time becomes longer by increasing the collector area due to 

the larger change in additional investment costs (ΔCI) over the change in 

running costs (ΔWel). 
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Figure 19 Payback against solar irradiance. Values for the reference system are for the 5m
2
 

collector field, for the SFH100 house in the two climates. 

 

6.4 Concluding remarks 

The reference solar thermal and heat pump system was simulated for two 

house standards (SFH45 and SFH100) and in two central European 

locations (Carcassonne and Zurich). For the full range of climates and loads 

simulated, the total electricity used by the reference system varies from 1655 

kWh/year (SFH45 in Carcassonne) to 8340 kWh/year (SFH100 in Zurich) 

while system SPF varies from 3.85 to 2.43, respectively, and in the reverse 

order for the same boundary conditions. This gives a factor of over five in 

electricity use from the largest to the smallest values, giving a wide range of 

conditions for the system. 

Increasing the collector area from 5 to 15 m2 results in a decrease in total 

electricity use between 452 and 552 kWh/year, the smaller values being for 

the SFH45 building in Zurich while the largest values are for the SFH100 in 

Carcassonne. On the other hand, by increasing collector area the payback 

time of the solar thermal systems becomes longer due to the larger impact of 

additional investment costs over the electricity savings.  

Changes in heat exchanger size for DHW preparation are shown to give 

nearly as large changes in electricity use due to the fact that the set 

temperature in the store was changed to give the same thermal comfort in all 

cases.  

0

10

20

30

40

50

500 750 1000 1250 1500 1750 2000

P
a

y
b

a
ck

 (
y

ea
rs

) 

Itot,45S (kWh/m2·y)  

ST_SH&DHW_Reference ST_SH&DHW_iNSPiRe



42 | System performance of the reference system 

 

 

Decreasing the size of heat pump, so that it covers 75% of the design heat 

load, results in a decrease in electricity use for the whole system in the range 

of 90-110 kWh/year for the building with larger heat demand (SFH100), 

while electricity savings are much smaller (~20 kWh/year) for smaller heat 

demand (SFH45). However, it is common or mandatory in several European 

countries to size the heat pump for 100% of the total heat load.    
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7 Cost-effectiveness analysis of the system 

improvements 

7.1 Literature study  

In paper 4, a literature study of advances in the field of heat pump cycle, 

thermal storage and system integration is presented. Due to lack of space, 

the complete literature survey is not included in here. Instead, a list of 

studies on the related topic is given in Table 6.  

Table 6 List of studies on advances in the field of heat pump cycle, thermal storage and system 

integration   

Field   System improvements Study 

Heat pump cycle 

Multistage cycles 

Poppi et al. (2014) 
Jung et al. (2013) 
Wu et al.(2012) 
Wang et al. (2005) 

Refrigerant injection 

Baek et al. (2014) 
Heo et al. (2011)  
Liegeois and Winandy 
(2008) 

Heat pump control Compressor speed control 
Mader and Madani (2014) 
Karlsson and Fahlén 
(2007) 

Refrigerants Hydrocarbons and natural refrigerant 
Palm (2008)  
Nekså et al. (1998) 

Storage stratification 
Internal stratifiers; Andersen et al. (2007) 

Stratification enhanced by discharge; Jordan and Furbo (2005)  

 External heat exchangers Bales and Persson (2003) 

Storage insulation Vacuum insulations Fuchs et al. (2012) 

System integration 

Four-way valve; 
Glembin and Rockendorf 
(2012) 
Lorenz, et al. (2000) 

Integration of heat pump condenser 
into the storage tank 

Fernández-Seara et al. 
(2012) 
Guo et al.(2011) 

Four and three pipe configuration Poppi and Bales (2014) 

System control Sensor placement and DHW priority Haller et al. (2014) 

 

Main conclusions of the literature study are listed below. 

 Cascade heat pump system, i.e. a system in which two vapor-

compression cycles are connected via an intermediate heat exchanger, 



44 | Cost-effectiveness analysis of the system improvements 

 

 

gives more stable heating operations at higher water temperatures 

(Jung et al., 2013); 

 A cascade heat pump combined with a solar thermal system for 

heating applications at relatively high supply temperatures 

(55°C/45°C) shows ~13% savings in electricity use compared to an 

ASHP with the same solar system (Poppi et al., 2014);  

 By injecting refrigerant vapor into the scroll compressor of heat pump, 

both COP and heating capacity increase (Heo et al., 2011; Liegeois and 

Winandy, 2008) when the heat pump delivers heat at high 

temperatures. Moreover, vapor injection enlarges the operating map 

of the compressor towards lower evaporation temperatures (Liegeois 

and Winandy, 2008) making it possible for the heat pump to run in 

cold climates;         

 The use of variable speed (VS) compressor in ASHP systems is not 

always cost-effective, but is profitable in a colder climate (Mader and 

Madani, 2014). However, VS compressors are commonly employed in 

ASHP and represent state of the art for this kind of systems; 

 Hydrocarbons (isobutene, propane, propene, butane) are low GWP5 

refrigerants and their use can significantly reduce the impact of global 

warming of refrigeration and heat pump systems. Working with these 

fluids requires careful design and skilled personnel for manufacturing 

and servicing (Palm, 2008);  

 Storage stratification is very important in solar thermal heat pump 

systems in order to not diminish system performance of solar heat 

pump systems (Hadorn, 2015). Many studies on solar systems with 

other auxiliary heater than heat pumps, i.e. pellet or gas boiler, 

showed potential for improving system performance by improving 

storage stratification, but relative improvements were dependent on 

system design and operation as well as the solar fraction; 

 A significant reduction of the storage tank heat losses is possible with 

the use of vacuum insulation panels (VIPs). VIPs are not used in many 

commercial heating systems due to their relatively high cost, but as the 

price of VIP has reduced considerably over the last years, VIPs will 

                                                

5 Global warming potential (GWP) is an index used to compare the relative radiative forcing of 
different gases without directly calculating the changes in atmospheric concentrations. GWPs are 
calculated as the ratio of the radiative forcing that would result from the emission of one kilogram of 
a greenhouse gas to that from the emission of one kilogram of carbon dioxide over a fixed period of 
time, such as 100 years (http://www.photius.com/energy/glossaryg.html). 
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soon become more cost-effective compared to traditional insulation 

technologies; 

 Simulation studies showed solutions in hydraulics and control that 

lead to important energy savings in solar thermal systems. Some of the 

studies were for fixed boundary conditions (Haller et al., 2014; Poppi 

and Bales, 2014) or for systems with no heat pumps (Glembin and 

Rockendorf, 2012; Lorenz et al., 2000). Other solutions, like the 

integration of heat pump condenser into the storage tank, may not 

lead to any energy savings but rather reduction in costs.   

 

Based on results of the literature survey, several system improvements were 

chosen to investigate further. These improvements were: vapor injection 

cycle, VS compressor, four/three pipe connection, four-way valve in the 

space heating circuit, vacuum insulation panels on the storage tank as well as 

integration of the heat pump condenser in thermal store. The improvements 

were modelled and simulated for the whole year and results were compared 

to those of the reference system. Details of the modelling of the system 

improvements and results of the simulations are included in paper 4, while 

main conclusions from the analysis of the investigated system improvements 

are summarized below, from Chapter 7.2 to Chapter 7.7. 

In paper 4, a cost-effectiveness analysis was performed for each of the 

aforementioned system improvements. Main results of the cost-effectiveness 

analysis are summarized in Chapter 7.8. 

7.2 Vapor injection  

Figure 20 shows a schematic of the heat pump with (right) and without (left) 

vapor injection. As shown, the heat pump unit with vapor injection needs a 

supplementary liquid receiver (flash tank) and an additional expansion valve 

as well as an extra pipe for connecting the flash tank to the compressor. 

Moreover, the compressor requires an injection port for the vapor refrigerant 

at intermediate pressure. By injecting vapor refrigerant from the flash tank 

into the compressor, the refrigerant mass flow on the high pressure increases 

compared to the low pressure side and this leads to an increase in heating 

capacity when operating with high water temperatures in the sink. As the 

increase in heating capacity is larger compared to the increase in 

compressor’s electrical power this results in an increase of heat pump COP. 
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Figure 20 Schematic of the heat pump with (right) and without (left) vapor injection (Hengel et al., 

2014) 

The use of an ASHP with vapor injection cycle led to a significant reduction 

in electricity demand of a solar thermal system that operated at high 

temperature in the space heating circuit (SFH100 house) and in cold climate 

(Zurich).  

For the specific boundary conditions, electricity savings were ~950 

kWh/year compared to the reference with standard vapor compression cycle. 

For the systems that operate with lower supply temperatures in the SH 

circuit (SFH45 house) and in the case of warmer climate (Carcassonne), 

electricity savings were much lower, in the range of 120-400 kWh/year.  

7.3 Variable speed compressor  

Variable speed compressor (VS) was already included in the heat pump of 

the reference system. Therefore, the VS compressor was replaced with a 

constant speed (CS) compressor with the same heating capacity at design 

conditions.  

Simulation results showed small differences in total electricity use between 

the system with CS compared to the system with VS, except for a single case. 

For the SFH100 house in Zurich, the system with VS used ~380 kWh/year 

less electricity than the system with CS and was due to the significant 

reduction in defrost and start/stop losses. With a VS control, the heat pump 

is on average operated with lower pressure ratios, and thus higher 

evaporation temperatures, and therefore there is less need for defrosting in 
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the ASHP system with VS. Start/stop losses are reduced due to more 

continuous operation.  

For the SFH100 house, the storage capacity of the heating system is lower 

because radiator heating system was used, while for the SFH45 floor heating 

was used and this gives longer running time. The reduction of start/stop 

losses is thus less pronounced in the case with the SFH45 house due to the 

higher storage capacity of floor heating system and thus longer running 

times with fewer starts/stops.  

7.4 Four-pipe and three-pipe connection 

Figure 21 below shows the schematic of a three-pipe connection (left) and a 

four-pipe connection (right). With the four pipe connection, the heat pump is 

connected to the store on the top and on the middle of the tank for charging 

the DHW part and the SH part of the store, respectively. With the three pipe 

connection the return flow of the heat pump comes from the bottom 

connection of the tank instead. Thus, the hotter water in the DHW zone is 

pushed down into the SH zone leading to higher temperatures than 

necessary there, while with four pipes connection, only the upper (DHW 

zone) is heated. The four pipe connection was already included in the 

reference system and thus the three pipe configuration was modelled and 

simulated.   

 

Figure 21 Schematic of three pipe connection (left) and four pipe connection (right) between heat 

pump and storage tank 

Significant electricity savings (up to ~420 kWh/year for the SFH45 house in 

Zurich) were achieved with four pipe connection in comparison to three-pipe 

connection and for the SFH45 house more than the SFH100. The reason for 

increased electricity use in the three pipe connection is that the heat pump 
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operates more often in DHW charging mode instead of SH mode than in the 

four pipe connection, resulting in higher average operating temperatures and 

lower SPF. For the SFH45 the temperature difference between SH and DHW 

operating temperatures is larger than for SFH100, and thus the effect of 

increasing the temperature of the SH part of the store to DHW charge 

temperature is larger for SFH45 than SFH100.  

7.5 Vacuum insulation panels 

Vacuum insulation panels (VIPs) on the storage tank 1) reduce significantly 

storage heat losses to environment and 2) lead to a better performance of the 

heat pump (SPFHP). The reason for the better SPFHP is due to the reduced 

losses of the upper volume of the tank with the effect that the heat pump 

runs less in DHW mode.  

Results of simulation showed a reduction of the load cycles for DHW 

preparation by 14%-19% for the SFH45 house, depending on the climate, 

which is the main cause in the reduction in system electricity use. Total 

electricity savings were in the range of 89 kWh/year for the SFH45 house in 

Carcassonne to 137 kWh/year for the SFH100 house in Zurich. 

7.6 Condenser integrated into the storage tank 

A system with heat pump condenser integrated into the storage tank has 

lower SPF than similar system with the condenser placed in the heat pump 

unit (reference system). The reason is that in the reference system, the heat 

pump charges the DHW part of the store separately from the SH part and 

therefore the heat is supplied at appropriate temperature with respect to 

current DHW or SH energy and flow temperature demand. This separated 

management of the store charging is not possible with the fixed position of 

the condenser integrated in the tank and leads to the SH volume of the store 

having a temperature close to that for DHW use because the SH part of the 

store is heated at the same time as the DHW part. In addition, all heat 

supplied to SH goes via the store, and thus a large part is supplied indirectly 

by the heat pump in DHW charging mode, which operates at a lower COP 

than in SH mode due to higher condenser temperatures. 

For the SFH45 house, the system with the heat pump condenser integrated 

into the storage tank showed 9% lower system SPF compared to the 

reference system. In Zurich, this means an increase in electricity use of 332 

kWh/year compared to the reference system. Absolute differences in 
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electricity use were smaller in Carcassonne and for the SFH100 house due to 

the smaller load and the smaller temperature difference between SH and 

DHW operating temperatures. 

7.7 Four-way valve 

Figure 22 shows a system with four-way valve in the SH circuit. The four-way 

valve takes heat from two sources: 1) from the standard connection in the 

reference system (directly from the heat pump or from the middle of the 

store); 2) from an outlet in the store lower down than the standard outlet 

and also below the temperature sensor controlling the charging of the space 

heat part of the store. 

 

Figure 22 Schematic of system with four-way valve for SH 

Electricity savings were small compared to the reference system, in 

percentage amount below 2% in all cases, because the potential of the use of 

solar for SH is small. The solar input to the SH circuit is placed in the storage 

tank above the return line to the heat pump and this results in a use of heat 

pump in SH mode being similar to the reference system. Results of Glembin 

and Rockendorf (2012) and Lorenz et al. (2000) show larger savings (relative 

changes are up to 7%) and the reason for is due to the larger volume of the 

store heated by the solar collectors, i.e. below the volume heated by the 

auxiliary heater.  
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7.8 Results of the cost-effectiveness analysis  

Figure 23 shows the additional investment limit (Cost10) for the system 

improvements for the climates of Carcassonne and Zurich and for the house 

standards SFH45 and SFH100. Results have to be interpreted as the 

potential for the system improvement for being cost-effective: the larger 

Cost10 the larger potential. For the CA45, negative values of Cost10 are 

interpreted as cost benefits for the CS compressor compared to the VS 

compressor. The value of the error bars corresponds to the change in Cost10 

with electricity price (0.1 €/kWh and 0.3 €/kWh) with fixed, default values 

for the other economic parameters. 

 

Figure 23 Additional investment limit (Cost10) for the system improvements for the combination of 

the two climates and two house standards.  

Cost10 for the system with vapor injection varies from 160 € to 1273 € with 

an electricity price of 0.2 €/kWh (excl. VAT). The bigger value is for the 

SFH100 in the climate of Zurich, while the smaller is for the SFH45 in 

Carcassonne. 

For the SFH45 house, the system with four pipe connection shows larger 

Cost10 than the system with vapor injection and in Zurich more than in 

Carcassonne. 

Cost benefits for the VS compressor compared to the CS compressor is a bit 

more than 500 € for the SFH100 house in Zurich, while for the other 
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boundary conditions the difference with CS compressor is either small or 

hardly notable.   

VIP’s panels show values of Cost10 that range from 78 € to 276 € in Zurich 

and similarly from 60 € to 206 € in Carcassonne for all boundary conditions. 

The system with four-way valve shows very small values of Cost10, less than 

65 € for all boundary conditions.    

For the SFH45 house in Zurich, the system with condenser integrated in the 

store (not shown in Figure 23) needs to be 670 € less expensive in order to 

be cost-effective with an electricity price of 0.3 €/kWh. For the other cases of 

climate and building, it needs to be at most 233 € less expensive in order to 

be cost-effective. 

Further economic considerations 

A vapor injection heat pump unit needs a supplementary liquid receiver 

(flash tank) and an additional expansion valve as well as an extra pipe for 

connecting the flash tank to the compressor. Moreover, the compressor 

requires an injection port for the vapor refrigerant at intermediate pressure. 

This will lead to a significant increase in costs, but as the additional 

investment limit is shown to be high, there is good potential that this can be 

cost-effective. 

The VS compressor has smaller swept volume than the CS compressor, but 

requires an additional inverter for adjusting the speed and thus it is difficult 

to say which solution leads to higher/lower costs. VS compressor represent 

state of the art for system with ASHP. 

The system configuration with four pipe connection requires an extra three 

way-valve and an extra pipe compared to the case in the three pipe system; 

thus system complexity as well as cost increases slightly. If a four-way valve 

is used in the SH circuit, an extra pipe is also needed; however changes in 

investment costs are expected to be relatively small. 

The complexity of the system with VIPs increases due to the fact that all 

hydraulic components are mounted under the insulation. This leads to a 

more compact system with more complex design requirements of the 

insulation and hydraulic components positioning. 
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The system with the condenser integrated into the store is less complex than 

the reference system as the following components are not required: two 

three-way valves and the piping between heat pump and tank. The system is 

also more compact, and would require less installation time, thus increasing 

cost savings. 

7.9 Concluding remarks 

For the investigated climates and building heating loads, the configuration 

with the four pipe connection is preferable for the systems that work with 

low operating temperature of the heating system, e.g. floor heating systems. 

For high temperatures of the heating system, the four pipe connection is less 

profitable since the system performs similarly to the three pipe connection, 

but system complexity is higher.  

Vapor injection cycle was shown to be interesting, especially for delivering 

heat at high temperature for DHW preparation or higher temperature heat 

distribution systems. The use of variable speed compressor was shown not to 

be always economically justifiable.  

Vacuum insulation techniques for insulating thermal storages have larger 

potential for being cost-effective in the future than now, as it is expected that 

more designs and products will be available in large scale and thus at more 

affordable price.  

 

Choice of improvements to be included in the design of the novel system 

In Step III, some system improvements were chosen for being included in 

the novel SHPs concept. The novel system was designed for relatively high 

operating temperatures (55°C/45°C) in the SH circuit and for higher heat 

loads (SFH100 house).  

In order to provide the higher space heating temperatures with good COP, a 

heat pump with variable speed compressor and vapor injection was chosen 

to be used together with a well stratified tank and external heat exchangers 

for solar and DHW preparation. In order to reduce heat losses, all 

components were designed to be mounted close to the store, and with all 

connections to the store at the bottom of the store. In addition, vacuum 

insulation panels (VIP) were chosen for insulating the side and top of the 

store to further reduce thermal losses. A fuller description of the novel 

system is given in chapter 8.1. 



Cost-effectiveness analysis of the novel system | 53 

 

 

8 Cost-effectiveness analysis of the novel system 

8.1 System description 

Figure 24 shows the schematic of a novel solar thermal and air source heat 

pump system. The system configuration is with solar thermal collector in 

parallel to the heat pump and thus similar to the reference system and with 

the same collector field.    

 

Figure 24 Schematic of the novel system. The heights of connections to the stratifier unit and the 

position of temperature sensors in the store are shown in proportion 

The thermal storage is a 920 liters water tank with a “stratifier” unit6 in the 

store and external plate heat exchanger for solar and for DHW preparation. 

All pipe connections to the water store are at the bottom and nearly all 

connected to the stratifier unit. This way of connecting forms natural heat 

                                                

6 The main purpose for the stratifier unit is to allow the incoming fluid to enter the tank at the 
"proper" height of thermal equilibrium and thus to help forming a uniform thermal profile in the 
store. 
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traps and creates an unbroken VIP insulation cover over the sides of the 

store. This results in very low heat losses, in the amount of 334 kWh/year.  

The air source heat pump is a R410A split unit with vapor injection and 

variable speed compressor. The heating capacity7 varies between 2.46 kW 

(A-12W35) at 2160 rpm and 9.08 kW (A-12W35) at 7020 rpm, covering the 

whole range of design heat loads for the chosen boundary conditions. The 

heat pump is connected to the stratifier in the store, so that it charges either 

the upper volume for DHW preparation (DHW mode) or the volume for 

space heating (SH mode) using a so called four pipe connection. Two three-

way valves are used to switch between the two modes.  

In SH mode with HP operation, part of the flow goes via the space heating 

distribution system and the rest through the store, the fraction depending on 

the operating conditions. In SH mode without HP operation, the store 

supplies heat to the SH system directly. 

The starts and stops of the heat pump are controlled based on the 

temperature difference between the required supply temperature (according 

to the heating curve) and the buffer storage temperature. The heat pump 

starts when the storage temperature (S3) drops below the set point minus a 

hysteresis of 3K. During running time, the heating capacity of the heat pump 

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 two temperature sensors are used in the upper part of store, 

S1 for ON-control and S2 for the OFF. The set point temperature is chosen 

according to the required temperature for DHW preparation.  

An auxiliary electrical heater is placed in series with the heat pump before 

the three-way valve between the heat pump and the store. The auxiliary 

heater switches on when the heat pump cannot supply the set point 

temperature for SH or DHW preparation. It switches off once the 

temperature of the heat pump supply line reaches the set point temperature. 

 

 

 

                                                

7 This is the heating capacity of the compressor. Data are derived from manufacturer’ selection 
software by considering suction superheat of 5K and no subcooling.    
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8.2 System model and model verification 

8.2.1 System model 

Table 7 summarizes how the main system components were modelled and 

how the model parameters were derived. Identified parameters for the 

storage and heat pump are listed in Appendix II. 

Table 7 Summary of how solar collectors, storage tank, heat pump and heat exchangers were 

modelled 

Component 
 

TRNSYS type 
chosen 

Source for parameters 

Collector 832 Viessmann Vitosol 200F, (2011) 

Storage tank 340 Laboratory measurements 

External heat 
exchangers 

5, 805 Laboratory measurements 

Heat pump 887 
Manufacturer data for compressor efficiencies and  
UA-value of HXs. Time constant derived from 
laboratory measurements  

Circulation pumps Equations Typical values 

Pipes 31 Typical values 

 

The solar thermal collector field was modelled similarly to the reference 

system, as the flat-plate collector of the novel system has same 

characteristics. 

The storage tank was modelled with type 340. The stratified unit was not 

modelled in details. Instead, all connections from/to the store were modelled 

via double ports as stratified inlets, except for the heat pump connections for 

charging the store in DHW mode, which were modelled as fixed inlets. 

Details of sensor and double port connection heights are given in Table 8.  

Table 8 Summary of how solar collectors, storage tank, heat pump and heat exchangers were 

modelled 

Parameter DHW charge DHW 
discharge 

SH charge SH 
discharge    

Solar charge 

Inlet height (-) 0.85 0.20 0.75 0.06 0.68 

Outlet height (-) 0.55 0.97 0.37 0.75 0.08 

Sensor height (-) 
(S1) 0.88 
(S2) 0.78 

- (S3) 0.57 - 0.09 
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Results of laboratory measurements on the complete system revealed that 

mixing occurred in the upper half of the store while the heat pump was 

charging the store, due presumably to the high flow rate of the heat pump. In 

order to model the effect of mixing in the store, an extra double-port was 

modelled as fixed inlets and the flow rate through this double-port was 

adjusted so that measured and simulated temperatures matched well.  

The total UA-value of 1.9 W/K for store heat losses was derived from the test 

of the store with VIP insulation according to the EN 12897 (2006). Vertical 

thermal conductivity within the store was calculated theoretically and a value 

of 1.4 W/(m K) was set. 

The external solar heat exchanger was modelled by using Type 5, while the 

external DHW module was modelled with the non-standard Type 805 

(Haller, 2006). The heat transfer of the heat exchangers was modelled using 

fixed UA-value derived from laboratory tests carried out on the storage tank. 

Heat losses from the two heat exchangers were modelled by means of two 

extra pipe models. The U-value for these pipes was calculated based on the 

results of Andersen and Furbo (2007). For the case with the DHW heat 

exchanger, it was assumed flow through this pipe was only during DHW 

discharging. 

The heat pump with vapor injection was modelled with Type 8878 (Hengel et 

al., 2014). The injection port position is defined by means of the ratio of the 

high pressure section of the compressor's swept volume to the total 

compressor's swept volume. A value of 0.69 was assumed in the study, as the 

compressor was the same as in Poppi et al. (2016).  

The modelling of the compressor efficiency was done with an approach that 

uses the overall isentropic efficiency (is) and the overall volumetric 

efficiency (vol). Polynomials were used for the dependency of is and vol on 

evaporation temperature, condensation temperature and compressor speed 

and fitted to the detailed data from the manufacturer. Same values of is and 

vol were assumed for both stages of compression.  

Compressor heat losses were modelled as a percentage of the electrical 

power of the compressor and the percentage value varied according to the 

compressor speed and the pressure ratio.  

                                                

8 Type 887 is an extended version of Type 877 that was used for the rest of the studies. 
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Polynomials were used for the dependency of the UA-value of heat 

exchangers (condenser and evaporator) on mass flow rate and temperature 

of the fluids on both sides and values were fitted to the detailed data from the 

manufacturer. 

The heat pump time constant was derived by fitting the corresponding 

parameter of the heat pump model in order to result the same SPFHP of the 

measurements for a specific store charging process. 

The electricity use of the water circulation pumps and connecting pipes were 

modelled as in the reference system. 

8.2.2 System model verification 

The complete system was assembled and tested in the laboratory according a 

whole system test (Haberl et al., 2015).  

All main components, i.e. the heat pump, the storage tank, heat exchangers 

and main hydraulics (pipes and valves) as well as the necessary control unit 

and sensors needed for the control of the system were placed in a test room 

conditioned to 20 °C ± 0.5 K. The outdoor unit (air evaporator, fan(s) and 

expansion valve) was placed in a climatic chamber which reproduces the 

condition of outdoor ambient air temperature and humidity according to the 

climatic conditions of the test. 

The test rig emulates and simulates the solar thermal collector field and the 

building load as well as emulates domestic hot water draw-offs according to 

a predefined load file. Details of the six-day test sequence and draw-offs load 

profile are shown in the Appendix IV. 

Measured quantities were compared against simulated ones for fitting the 

simulation model. The  input  data  for  the  simulation  is  based  on  

measurements  that  were  acquired  before  the emulated time step (2 min.). 

Due to wrong settings and problems that occurred while performing the 6-

day test, the whole system model could not be validated in one step. Instead, 

the following procedure was used:   

1) Verification of the heat pump model: This was performed based on a 

control signal derived from the measured compressor power during the 

whole test sequence. (Note  that  the  compressor  power  is  not  linearly  

related  with  the  compressor speed, i.e. the control signal of the model); 
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2) Verification of the rest of the system model: The measured heat pump 

heating rate was supplied to the system model. (Note that the wrong 

settings of the system during the test were implemented in the model in 

order to be able to calibrate it). 

The percentage error (ε) in total transferred energies was calculated 

according to Equation (11).  

 
ε = 

(Wc – Wm )

Wm
 ∙ 100% 

(11) 

Where Wc is the calculated amount of energy that is transferred through the 

component and Wm is the measured amount of energy that is transferred 

through the component. 

Percentage error (ε) was calculated for the electricity consumption of the 

heat pump (Wel,HP), for the condenser thermal energy (Qcond,HP) and for the 

heat pump SPF,HP as well as for the SH energy (QSH), the DHW energy 

(QDHW) and collector energy (QSC). 

Results for the model verification are summarized in Table 9.  

Table 9 Results for validation of heat pump model and system model for the 6-days of the test.  

Quantity Xm Xc 

Wel,HP  
[kWh] 

54.6 54.7 0.2 

Qcond,HP  
[kWh] 

164.6 163.0 -1.0 

SPF  
[-] 

3.0 3.0 -1.2 

QSH 
[kWh] 

147.4 147.6 0.1 

QDHW 
[kWh] 

48.1 47.1 -2.1 

QSC 
[kWh] 

47.7 47.0 -1.3 

 

As is shown, all values of ε are within 2 % range of one another. 
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8.3 Results comparison with reference system 

Table 10 shows results for the novel system compared to the reference 

system and for the range of two climates (Carcassonne and Zurich) and two 

house buildings (SFH45 and SFH100). 

Table 10 Change in electricity use (Wel,SHP+,pen) and system SPF (SPF) for the novel system 

compared to the reference system. Negative values are interpreted as savings for the novel system 

compared to the reference system 

 Unit CA45 CA100 ZH45 ZH100 

Wel,SHP+,pen  [kWh/year] +10 -440 +74 -1233 

Wel,SHP+,pen  % +1% -12% +2% -17% 

SPF  % -1% +11% -2% +14% 

 

Wel,SHP+,pen has negative and positive values and the complete range varies 

from -1233 kWh/year for the SFH100 house standard to 74 kWh/year for the 

SFH45. Best results are for the boundary conditions the novel system was 

designed for. For the SFH100 house standard in Zurich, the novel system 

shows 14% better system SPF (relative change) compared to the reference 

system.   

The novel system performs better for the SFH100 house than for the SFH45. 

For the SFH100, results in Zurich are better than in Carcassonne. The 

relative change in heat pump SPF (SPF,HP) is +11% in Zurich, while is +6% 

in Carcassonne. This is due to the higher benefit of the vapor injection cycle 

for Zurich compared to Carcassonne, which is consistent with previous 

studies (Poppi et al., 2016). Wel,SHP+,pen are also larger in Zurich than in 

Carcassonne due to the larger demand for SH and DHW.  

For the SFH45 house, the novel system performs as well as the reference 

system in Carcassonne while performs worse in Zurich, however the changes 

in SPF are very small.  

Results for the SFH45 house are different than what would be expected from 

Poppi et al. (2016) where no mixing in the storage tank is modelled. The 

reasons for the different results are discussed below. 
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Impact of mixing in the store on system performance 

The impact on system performance of mixing flow in the upper half of tank 

was investigated. Two cases were simulated: case 1) with the mixing flow 

activated only when the heat pump charges the store in DHW mode and case 

2) with no mixing. The aforementioned cases were simulated for the two 

house buildings in the Zurich climate and results were compared against the 

case with mixing. Main results for the SFH45 house are summarized in Table 

11.  

Table 11 Change in electricity use (Wel,SHP+,pen) and system SPF (SPF) for the SFH45 house in 

Zurich and for the two cases compared to the novel system  

 Unit Case 1) Case 2) 

Wel,SHP+,pen  [kWh/year] -207 -235 

Wel,SHP+,pen  % -6% -7% 

SPF  % +6% +6% 

  

As is shown, the impact of mixing flow on total electricity use is significant. 

Results are very similar for the cases 1) and 2) and show electricity savings of 

more than 200 kWh in a year compared to the case with mixing. The 

reduction in electricity use leads to a 6% increases in system SPF for the 

cases 1) and 2) compared to the case with mixing. 

The mixing flow affects the modus operandi of heat pump. In case 1) the heat 

pump charges the DHW volume of the store a lot less than the case with 

mixing (-3852 kWh/y) and instead the heat pump charges the SH loop 

directly and in similar amount (3588kW/y). As the mixing in case 1) occur 

“only” for 21% of the total charging time (SH+DHW), the top volume of the 

tank is kept at higher temperature than the case with mixing, and thus no 

need for the heat pump to charge the store in DHW mode (at lower COP). 

Store losses are not affected by the mixing and are ~370 kWh in all cases. For 

the SFH100 (not shown in Table 11), the impact of mixing on system 

performance is indiscernible. Both electricity savings (in percentage) and 

increase in system SPF are ~1% for both cases 1) and 2). These results are a 

lot different than those shown for the SFH45 house and are due to the 

different operating level of the SH circuit. The SFH100 house is supplied 

with a 55/45 °C heating system (radiator), and thus closer than SFH45 to the 

temperature level for DHW preparation. 
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8.4 Results of the cost-effectiveness analysis 

A cost-effectiveness analysis was performed for the novel system and results 

were compared to those of the reference system for the specific house 

standard (SFH100) the system was designed for, and in the two climates, 

Carcassonne and Zurich.  

Figure 25 shows the change in system electricity (Wel,SHP+,pen) and 

additional investment limit (Cost10) for the novel system compared to the 

reference system for the SFH100 house in the two climates. Results of a 

sensitivity analysis on the main economic parameters (electricity price, 

inflation rate and interest rate) are also given and are shown with the use of 

error bars. The value of the error bars corresponds to the change variation in 

Cost10 with electricity price (0.1 €/kWh and 0.3 €/kWh), ceteris paribus, as 

the electricity price affect Cost10 much more than the other economic 

parameters. 

 

Figure 25 Changes in system electricity Wel,SHP+,pen (bottom) and additional investment limit Cost10 

(top) for the novel system. Error bars show range for electricity price of 0.1 – 0.3 €/kWh. Results are 

for the case with mixing 

Cost10 varies similarly to Wel,SHP+,pen. The change in Cost10 is larger in 

Zurich than in Carcassonne due to the larger electricity use. The total range 

of Cost10 varies from 827 € (0.1 €/kWh electricity price) to 2482 € (0.3 
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€/kWh electricity price) for Zurich and similarly from 295 € to 886 € for 

Carcassonne.  

8.5 Concluding remarks 

The novel system was designed specifically for the house standard SFH100 

in the climate of Zurich. The system includes the use of vapor injection cycle 

in order to provide high COP for high temperature lifts and with VIPs for 

reducing thermal losses together with a stratified tank and external heat 

exchangers for improving storage efficiency. 

For the specific boundary conditions, the system has a SPF of 2.84 and an 

electricity consumption of 7094 kWh/year. In comparison to the reference 

system, the novel system has 14% higher SPF and uses 17% less electricity. 

Cost-effectiveness of the novel system was investigated for the house 

standard SFH100 in the climates of Carcassonne and Zurich. The results 

showed positive values of Cost10 for the novel system compared to 

reference, but system complexity of the novel system is much higher.  

Results of the cost-effectiveness analysis are for the specific boundary 

conditions investigated. Moreover, different assumptions for electricity 

price, inflation rate and interest rate, may also lead to very different results. 

Therefore, more general conclusions on cost-effectiveness of the novel 

system are not possible to derive.   
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9 Discussion 

In paper 1 and 2, the influence of climatic boundary conditions on economic 

performance of SHPs is shown. While paper 1 focuses on the combination of 

heat pump systems with both solar thermal and photovoltaic systems for 

residential heating applications, the focus of paper 2 is limited to solar 

photovoltaic systems for heating/cooling applications in office buildings. 

Due to the different system configuration and size of main components for 

the investigated systems, which lead to very different investment and 

running costs, a direct comparison of the results of the two aforementioned 

papers is not possible. Moreover, different economic performance indicators 

were used: payback time was used in paper 1, while in paper 2 total 

annualized costs over a period of 30 years was used.  

In papers 1 and 2, no feed-in tariff for electricity sold to grid and solar 

incentives were assumed. These assumptions are on the conservative side, as 

some form of feed-in tariff can improve economic feasibility of solar 

photovoltaic and heat pump systems. Moreover, no installation costs were 

included in the comparison. Adding installation costs on top of the marginal 

investment costs of the solar systems would prolong the payback time of 

SHPs, but this should not affect main conclusions. 

In paper 3, energetic performance of the reference solar thermal and ASHP 

system is investigated. The investigation was conducted for two house 

standards and two central European climates (Carcassonne and Zurich). The 

reference ASHP was sized so that it covers 100% of the designed space 

heating load for the climate of Zurich. Due to the strong dependency of the 

heat capacity of ASHP on evaporation temperature, the ASHP results in 

being slightly “oversized” in most of the operating conditions and for the 

Carcassonne climate due to the lower design space heating load.  

Solar thermal heat pump systems, like any kind of system that includes a hot 

water tank, present a risk of legionella colonization. While legislation on how 

to prevent the legionella colonization varies from country to country 

(Cabeza, 2005), there are common measures for controlling legionella, like 

pipe flushing or water reheating, and to ensure that the whole system 

(including all dead pipes or pipes that have not been flushed) is covered.  

Measures for controlling legionella were not modelled in the investigated 

solar thermal heat pump systems (papers 3-5), as they are normally 

implemented in practice.  
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In paper 4, a cost-effectiveness analysis of system improvements of solar 

thermal heat pump systems was performed. In the analysis, a singular 

economic indicator, the additional investment limit, was defined ad hoc for 

the specific study. The additional investment limit has not been used by any 

other author in the relevant literature of SHPs for residential heating 

application, and thus a direct comparison of the results is not possible. 

Instead, the reader should focus on the general trends and main conclusions 

from the analysis rather than the exact numbers. On other hand, the strength 

of the chosen approach is that it provides information about cost-

effectiveness without the need for determining costs of the specific 

components. Since solutions not fully available on the market were 

investigated, costs were difficult to determine.   

In paper 5, results for the model verification (Table 9) of the novel system 

were shown to be very good. The component models for the reference system 

are the same as well as the approach used for deriving the parameters for the 

component models. Moreover, many parts of the system are the same in both 

reference and novel system. The good results for the model verification of the 

novel system show that the overall methodology and level of detail are good, 

and as the same approach was applied to the reference system the results 

should be equally accurate. 
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10 Conclusions  

In the first part of this thesis, the influence of climatic boundary conditions 

on economic performance of SHPs has been investigated by means of: a) an 

economic comparison of SHPs found in the relevant literature and b) system 

simulations of a reference solar thermal heat pump system for residential 

heating applications.  

A common general conclusion can be derived from the results of papers 1 

and 2, and that is the economic performance of SHPs is significantly affected 

by the change in climatic boundary conditions and the different assumptions 

concerning costs. Furthermore, there seems to be clear trends of variations 

in payback time with solar irradiance and heating degree-days (Figure 8) as 

well as with the fractional solar consumption (FSC) and collector area 

(Figure 18). 

Payback time of SHPs can be very long in locations in northern Europe; 

however results for photovoltaic heat pumps are very much dependent on 

the net-metering considered. Results derived by Poppi et al. (2017) for the 

photovoltaic heat pump system investigated by Thygesen and Karlsson 

(2013) show a payback time twice as short in the case of monthly net 

metering compared to instantaneous metering for the specific economic 

boundary conditions.  

The influence of climatic boundary conditions on the payback time of solar 

thermal systems combined with heat pumps can also be shown against the 

fractional solar consumption (FSC). Heating degree-days and solar 

irradiance are correlated and the FSC takes both into account in a single 

value. Simulation results of the reference system have shown that by moving 

the 5 m2 collector (45° tilted and oriented towards south) from Zurich to 

Carcassonne, FSC varies from 0.22 to 0.34 due to the increase in solar 

availability, and this leads to a shorter payback time. Moreover, the trend in 

variation of the payback with solar irradiance is in agreement with the 

general trend derived for other SHPs found in the literature.  

Results for the reference system have shown that FSC can also be enhanced 

by increasing the collector area, albeit with increased costs. As the change in 

marginal investment costs is much larger than the change in system 

electricity, payback time becomes significantly longer.   
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Energetic performance of the reference system has been investigated for two 

house standards, SFH45 and SFH100, that have different heat distribution 

systems and in two climates: Carcassonne and Zurich. The SFH45 house 

represents a renovated or new house with floor heating system, while the 

SFH100 represents a non-renovated existing house that has a heating system 

with radiators.  

For the full range of climates and loads simulated, the total electricity used 

by the reference system varies from 1655 kWh/year (SFH45 in Carcassonne) 

to 8340 kWh/year (SFH100 in Zurich) while system SPF varies from 3.85 to 

2.43, respectively, and in the reverse order for the same boundary 

conditions. 

By increasing the reference collector area from 5 to 15 m2, the FSC ranges 

from 0.22 to 0.91 for the full range of boundary conditions. As the fractional 

energy savings are function of the FSC, this leads to total electricity savings 

in the range of 452-552 kWh/year, with the smaller values being for the 

SFH45 house in Zurich, while the largest values are for the SFH100 in 

Carcassonne.  

Changing the tank volume is shown to have little influence on the electricity 

use of the reference system unless the set temperature for the DHW volume 

in the store has to be increased to maintain the chosen level of thermal 

comfort.  

Decreasing the size of heat pump from 8.2 kW (reference) to 7.5 kW, total 

electricity use decreases by 91-108 kWh/year for the SFH100 house standard 

in the two climates, with the smaller value being in Carcassonne. For the 

SFH45 house, the changes in total electricity use are much smaller, 19-20 

kWh/year, when heat pump size is decreased from 5.0 kW (reference) to 3.75 

kW. Note that the reference heat pump was sized so that it covers 100% of 

design heat load for the two house standards in the climate of Zurich.       

In the second part of the thesis, possible advances in the field of heat pump 

cycle, thermal storage and system integration have been identified by means 

of a literature study. Cost-effectiveness of the identified system 

improvements has been investigated and main conclusions from the analysis 

are summarized here below. 

Cost-effectiveness depends significantly on system boundary conditions 

(climates and building heating loads) and thus general conclusions are 
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difficult to derive. While relative differences in thermal performance can be 

similar for different boundary conditions, the large variation in absolute 

differences in saved electricity due to different total heat demand lead to 

significant changes in additional investment limit.  

For the given climates and heat loads, the configuration with the four pipe 

connection is preferable for the systems that work with low operating 

temperature (35/30°C) of the heating system, e.g. floor heating systems.  For 

higher temperature (55/45°C) in the heating system, the configuration with 

four pipe connection is less profitable since the system performs similarly to 

the three pipe connection, but system complexity is higher. 

Vapour injection cycle is shown to be interesting, especially for delivering 

heat at high temperature for DHW preparation and for heating distribution 

systems with high operating temperatures. For the use in real applications, 

the control of vapour refrigerant at the injection port is crucial. In this study, 

a perfect control was assumed.  

The use of variable speed compressor is shown not to be always economically 

justifiable. Despite that, this technology is very common and represents state 

of the art for systems with ASHP.  

Vacuum insulation techniques for insulating thermal storages have larger 

potential for being cost-effective in the future than now, as it is expected that 

more designs and products will be available in large scale and thus at more 

affordable price. 

Based on results of the cost-effectiveness analysis, some of the investigated 

system improvements were chosen for being included in the design of a 

novel solar thermal and ASHP system concept. The novel system was 

designed specifically for the house standard SFH100 in the climate of Zurich 

and includes the use of vapor injection cycle in order to provide high COP for 

high temperature lifts and with vacuum insulation (VIP) together with a 

stratified tank and external heat exchangers for improving storage efficiency. 

The system model of the novel system has been verified against laboratory 

measurements and results of the model verification have shown good 

agreement between measured and simulated quantities.    

Finally, the thesis ends with a cost-effectiveness analysis of the novel system. 

For the specific boundary conditions the system was designed for, the novel 

system has shown a superior SPF (relative change of 14%) compared to the 
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reference system and uses less electricity, in the amount of >1230 kWh/year 

less. These electricity savings lead to a positive change in additional 

investment limits for the novel system compared to the reference system. 

However, the changes are relatively small compared to the increase in 

system complexity. 
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11 Future work 

The suggestions for future work are summarized here below. 

Studies that discuss techno-economics of solar photovoltaic and hybrid solar 

thermal/photovoltaic systems in combination with heat pumps are still quite 

limited, and thus more studies are required.  

Payback time of the reference solar thermal heat pump system was shown as 

function of the fractional solar consumption (Figure 18). Results were for a 

limited range of variation in system heat loads, as well as for a specific type 

of solar system and system configuration (parallel). A suggestion for further 

work is to extend the study by including results for a hybrid 

thermal/photovoltaic collector and for different size of the 

thermal/photovoltaic yields as well as for other possible system heat loads 

and system configurations (e.g. series and series/parallel). 
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Appendix I List of parameters for main components 

(reference system) 

Table AI.1 Identified parameters for the TRNSYS non-standard type 832 for the reference collector 

 Parameter Value Unit 

1 Collector field aperture area (C_area) 9.28 m
2
 

2 Zero loss efficiency at normal incidence 0.793 - 

3 IAM for diffuse radiation 0.9 - 

4 Linear heat loss coefficient of collector  3.95 W/(m
2
K)  

5 Quadratic heat loss coefficient of collector  0.0122 W/(m
2
K

2
) 

6 Wind speed dependency of heat losses  0 J/(m
3
K) 

7 Infrared radiation dependency of collector  / / 

8 Specific effective thermal capacitance of the collector  7000 J/(m²K) 

9 Wind speed dependency of the zero heat loss efficiency  0 s/m 

10 Specific heat capacity of the collector fluid  3.8160 kJ/(kg K) 

11 Tilt angle  45 ° 

12 Collector mode  1 - 

13 Wind speed factor 0.5 - 

14 Sky radiation factor 0 - 

15 Optical mode 1 - 

16 not used / / 

17 not used / / 

18 
Angle dependence of the transmittance absorptance 
product  

0.18 - 

19 not used / / 

20 
Number of collector segments in flow direction for heat 
capacitance calculation 

1 - 

21 Mode for segmented heat loss calculation 1 - 

22 Collector azimuth angle 0 ° 

23 Logical Unit for input file 85 - 

24 not used / / 

25 not used / / 

26 
u-value of the absorber or material between fluid and 
surface of the absorber to ambient boundary for 
condensation gain calculation according to Bertram  

8 W/(m
2
K) 

27 not used / / 
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Table AI.2 Identified parameters for the TRNSYS non-standard type 340 for the reference thermal 

storage  

 Parameter Value Unit 

1 Store height 1.74 m 

2 Store volume 0.763 m
3
 

3 Spec. heat capacity of the fluid in the storage 4.19 kJ/(kg K) 

4 Density of the fluid in the storage 998 kg/m
3
 

5 Effective thermal conductivity in the storage 2.16 W/K 

6 Number of heat exchangers  4 - 

7 Initial temperature of the whole system 60 °C 

8 Heat loss capacity rate through bottom of the store 2.41 kJ/(h K) 

9 Heat loss capacity rate through top of the store 1.08 kJ/(h K) 

10 Relative length of first zone with  (UA)s,a1 1 - 

11 
Heat loss capacity rate of the store through the 
first zone 

10.12 kJ/(h K) 

12-
16 

Not used / / 

17 Rel. height of inlet position from double port -1 1 - 

18 Rel. height of outlet position from double port -1 0.49 - 

19 Additional parameter for double port (not used)-1 0 - 

20 Stratified charging with double port(=1)-1 0 - 

21 Rel. height of inlet position from double port -2 0.49 - 

22 Rel. height of outlet position from double port -2 0.26 - 

23 Additional parameter for double port (not used)-2 0 - 

24 Stratified charging with double port(=1)-2 0 - 

25 Rel. height of inlet position from double port -3 0.26 - 

26 Rel. height of outlet position from double port -3 0.49 - 

27 Additional parameter for double port (not used)-3 0 - 

28 Stratified charging with double port(=1)-3 0 - 

29 Rel. height of inlet position from double port -4 0.26 - 

30 Rel. height of outlet position from double port -4 0.49 - 

31 Additional parameter for double port (not used)-4 0 - 

32 Stratified charging with double port(=1)-4 0 - 

33-
56 

Not used / / 

57 Rel. position of temperature sensor-1 0.65 - 

58 Rel. position of temperature sensor-2 0.65 - 

59 Rel. position of temperature sensor-3 0.44 - 

60 Rel. position of temperature sensor-4 0.44 - 

61 Rel. position of temperature sensor-5 0.18 - 

62-
68 

Auxiliary heater in the storage is not used / / 

69 Rel. inlet position of the heat exchanger-1 0.45 - 

70 Rel. outlet position of the heat exchanger-1 0 - 

71 Volume of heat exchanger-1 -0.012 m
3
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72 Specific heat capacity of the fluid in the heat exchanger-1 3.816 kJ/(kg K) 

73 Density of the fluid in the heatexchanger-1 1016 kg/m
3
 

74 
Heat transfer capacity rate from the heat exchange to the 
store-1 

1.125 MJ/(h K) 

75 Mass flow dependency of collector HX UA-value 0.388 - 

76 Delta-T dependency of UA: (Thx-Ts)^dUaXhx_dt 0 - 

77 Temperature dependency of collector HX UA-value 0.422 - 

78 
Heat loss capacity rate from the heat exchanger to ambient-
1 

0 kJ/(h K) 

79 
Stratified charging with first heat exchanger if sch1=1 or 
sch1=2-1 

0 - 

80 Factor for secondary mass flow rate (only if sch1=2)-1 0 - 

81 Factor for time dependency of (UA)h1,s-1 0 - 

82 Rel. inlet position of the heat exchanger-2 0.03 - 

83 Rel. outlet position of the heat exchanger-2 0.95 - 

84 Volume of heat exchanger-2 -0.033 m
3
 

85 Specific heat capacity of the fluid in the heat exchanger-1 4.19 kJ/(kg K) 

86 Density of the fluid in the heatexchanger-1 998 kg/m
3
 

87 
Heat transfer capacity rate from the heat exchange to the 
store-1 

1.32408 MJ/(h K) 

88 Mass flow dependency of collector HX UA-value 0.387 - 

89 Delta-T dependency of UA: (Thx-Ts)^dUaXhx_dt 0 - 

90 Temperature dependency of collector HX UA-value 0.861 - 

91 
Heat loss capacity rate from the heat exchanger to ambient-
1 

0 kJ/(h K) 

92 
Stratified charging with first heat exchanger if sch1=1 or 
sch1=2-1 

0 - 

93 Factor for secondary mass flow rate (only if sch1=2)-1 0 - 

94 Factor for time dependency of (UA)h1,s-1 0 - 

95-
120 

Not used / / 

121 Accuracy for calculating the temperatures 0.001 K 

122 Accuracy for temperature-dependence of (UA)hx 1 % 

123 Precision of the mixing process in the store 1000 - 

124 Flag if temperature-dependence time step control is used 0 - 

125 Number of nodes for the store 100 - 

126 Emulation of former versions (number of version) -7 - 
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Table AI.3 Identified parameters for the TRNSYS non-standard type 877 for the reference air 

source heat pump storage 

 Parameter Value Unit 

1 
Choice of working fluid / Refrigerant (1: R410A, 2: R407C, 
3: R134a, 4: R290, 5: R404A) 

1 - 

2 
Size factor for the thermal capacity of the heat pump. 
Only used if a compressor data file is used (if Par10=0) 

1 - 

3 Specific heat of the sink side fluid 4.19 kJ/(kg K) 

4 Specific heat of brine (source) 3.816 kJ/(kg K) 

5 Electricity consumption of controller 0.01 kW 

6 Nominal air volume flow rate VfrHP
(2)

 m³/h 

7 
Evaporation temperature below which defrosting of the 
evaporator (air heat source) is calculated 

-2 °C 

8 Efficiency of defrost-cycle 0.5 - 

9 
Number of minutes heat pump stays on error (compressor 
and ventilator OFF) if it has been tried to run it with inlet 
temperatures out of limits 

0.08333 min 

10 
Swept volume flow rate of the used compressor. 
If this Par is set to 0, the data from the provided 
Compressor data file (Label 1) will be used  

VSwept,HP
(3)

 m³/h 

11 Minimum evaporation temperature of the heat pump -20 °C 

12 Maximum evaporation temperature of the heat pump 12 °C 

13 Minimum condensation temperature of the heat pump 22 °C 

14 Maximum condensation temperature of the heat pump 65 °C 

 

A scale factor (fSize)(1) approach was used to size the heat pump so that it 

could supply 100% of the design heating load for the climate of Zurich and 

for each of the two house buildings (SFH45 and SFH100). The scale factor 

was used for the UA-values of heat exchangers, the swept volume flow rate of 

heat pump compressor, mass flow of condenser and evaporator (VfrHP).  

(1)fSize = 0.6728 (SFH45 house); 1.123 (SFH100 house) 

(2)VfrHP = fSize*VfrHP,Ref (m3/h); 

VfrHP,Ref = 7550.57 (m3/h) 

(3)VSwept,HP = fSize*VSwept,HP,Ref 

VSwept,HP,Ref = 10.098 (m3/h) 
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Appendix II List of parameters for main components 

(novel system) 

Table AII.1 Identified parameters for the TRNSYS non-standard type 340 for the novel thermal 

storage  

 Parameter Value Unit 

1 Store height 1.99 m 

2 Store volume 0.92 m
3
 

3 Spec. heat capacity of the fluid in the storage 4.19 kJ/(kg K) 

4 Density of the fluid in the storage 998 kg/m
3
 

5 Effective thermal conductivity in the storage 4.932 W/K 

6 Number of heat exchangers  4 - 

7 Initial temperature of the whole system 60 °C 

8 Heat loss capacity rate through bottom of the store 1.24 kJ/(h K) 

9 Heat loss capacity rate through top of the store 0.55 kJ/(h K) 

10 Relative length of first zone with  (UA)s,a1 0.33 - 

11 
Heat loss capacity rate of the store through the 
first zone 

4.97 kJ/(h K) 

12-
16 

Not used / / 

17 Rel. height of inlet position from double port -1 0.85 - 

18 Rel. height of outlet position from double port -1 0.55 - 

19 Additional parameter for double port (not used)-1 0 - 

20 Stratified charging with double port(=1)-1 0 - 

21 Rel. height of inlet position from double port -2 0.75 - 

22 Rel. height of outlet position from double port -2 0.37 - 

23 Additional parameter for double port (not used)-2 0 - 

24 Stratified charging with double port(=1)-2 1 - 

25 Rel. height of inlet position from double port -3 0.06 - 

26 Rel. height of outlet position from double port -3 0.75 - 

27 Additional parameter for double port (not used)-3 0 - 

28 Stratified charging with double port(=1)-3 1 - 

29 Rel. height of inlet position from double port -4 0.68 - 

30 Rel. height of outlet position from double port -4 0.08 - 

31 Additional parameter for double port (not used)-4 0 - 

32 Stratified charging with double port(=1)-4 1 - 

33 Rel. height of inlet position from double port -5* 1 - 

34 Rel. height of outlet position from double port -5 0.5 - 

35 Additional parameter for double port (not used)-5 0 - 

36 Stratified charging with double port(=1)-5 0 - 

37 Rel. height of inlet position from double port -6 0.2 - 

38 Rel. height of outlet position from double port -6 0.97 - 

39 Additional parameter for double port (not used)-6 0 - 

40 Stratified charging with double port(=1)-6 1 - 
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41-
56 

Not used / / 

57 Rel. position of temperature sensor-1 0.88 - 

58 Rel. position of temperature sensor-2 0.78 - 

59 Rel. position of temperature sensor-3 0.57 - 

60 Rel. position of temperature sensor-4 0.57 - 

61 Rel. position of temperature sensor-5 0.09 - 

62-
120 

Not used / / 

121 Accuracy for calculating the temperatures 0.001 K 

122 Accuracy for temperature-dependence of (UA)hx 1 % 

123 Precision of the mixing process in the store 1000 - 

124 Flag if temperature-dependence time step control is used 0 - 

125 Number of nodes for the store 100 - 

126 Emulation of former versions (number of version) -7 - 

*A mass flow rate of 150 kg/hr was set for modelling the mixing effect via double port-5 
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Table AII.2 Identified parameters for the TRNSYS non-standard type 877 for the reference air 

source heat pump storage 

 Parameter Value Unit 

1 
Choice of working fluid / Refrigerant (1: R410A, 2: R407C, 
3: R134a, 4: R290, 5: R404A) 

1 - 

2 
Size factor for the thermal capacity of the heat pump. 
Only used if a compressor data file is used (if Par10=0) 

1 - 

3 Specific heat of the sink side fluid 4.19 kJ/(kg K) 

4 Specific heat of brine (source) 3.816 kJ/(kg K) 

5 Electricity consumption of controller 0.01 kW 

6 Nominal air volume flow rate VfrHP m³/h 

7 
Evaporation temperature below which defrosting of the 
evaporator (air heat source) is calculated 

-2 °C 

8 Efficiency of defrost-cycle 0.5 - 

9 
Number of minutes heat pump stays on error (compressor 
and ventilator OFF) if it has been tried to run it with inlet 
temperatures out of limits 

0.08333 min 

10 
Swept volume flow rate of the used compressor. 
If this Par is set to 0, the data from the provided 
Compressor data file (Label 1) will be used  

VSwept,HP m³/h 

11 Minimum evaporation temperature of the heat pump -25 °C 

12 Maximum evaporation temperature of the heat pump 12 °C 

13 Minimum condensation temperature of the heat pump 22 °C 

14 Maximum condensation temperature of the heat pump 65 °C 

15 Fraction of high pressure part of compressors swept volume 0.69 - 

 

The novel heat pump was sized so that it could supply 100% of the design 

heating load for the climate of Zurich and for SFH100 house. 

VfrHP= 5000 (m3/h) 

VSwept,HP = 6.54 (m3/h) 
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Appendix III Assumed costs for the solar systems  

Table AIII.1 Assumed costs of solar systems in the iNSPiRe project  

Components Costs  Unit 
Solar thermal system investment cost (including TES and 
pumps) 

500 €/m
2
 

Solar thermal system installation cost 100 €/m
2
 

Solar photovoltaic system investment cost 1900 €/kW 
Solar photovoltaic system installation cost 380 €/ kW 
Solar pipes investment cost 0.9 €/m/mm 
Solar pipes installation cost 0.18 €/m/mm 
Solar insulation investment cost 0.7 €/m/mm 
Solar  insulation installation cost 0.14 €/m/mm 

 

Table AIII.2 Assumed costs* of solar systems in the MacSheep project  

Components Costs  Unit 
Flat plate Collector + mounting system 350 €/m

2
 

Combistore 750 L 3000 € 
Collector field piping 30 €/m

2
 

* A labour cost of 40 €/hr (excl. VAT) was assumed. Installation time was assumed to be: 10 hr for 

the collector field, 3 hr for collector field piping and 4 hr for the combistore.   

 

Table AIII.3 Marginal investment costs (CI) and annual electricity savings (Wel) for the solar 

systems included in the economic inter-comparison (Figure 8)  

Type of 
solar 
system 
(ST;PV) 

Application 
(SH; 
SH&DHW) 

Collector area; 
PV array 
[m

2
] 

Marginal 
investment costs 
[€] 

City Annual 
Electricity 
savings 
[kWh/year] 

ST SH 6 4250 Bergen 472 
ST SH 6 4250 Aberdeen/Dice 1054 
ST SH 6 4250 Belfast 1272 
ST SH 6 4250 Hamburg 877 
ST SH 6 4250 Amsterdam 1328 
ST SH 6 4250 London/Gatwick 1433 
ST SH 6 4250 Frankfurt 1130 
ST SH 6 4250 Paris/Orly 1463 
ST SH 6 4250 Nantes 2040 
ST SH 6 4250 Lyon 1693 
ST SH 6 4250 Bordeaux 2245 
ST SH 6 4250 Marseille 2635 
ST SH 6 4250 Rome 2933 
ST SH 6 4250 Madrid 2480 
ST SH 6 4250 Valencia 3302 
ST SH 6 4250 Murcia 3419 

ST SH&DHW 4.6 2576 Stuttgart 2943 
ST SH&DHW 4.6 2576 Rome 2337 
ST SH&DHW 4.6 2576 Stockholm 3399 
ST SH&DHW 4.6 2576 Gdansk 3257 
ST SH&DHW 4.6 2576 London 2973 
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ST SH&DHW 4.6 2576 Lyon 2830 
ST SH&DHW 4.6 2576 Madrid 3036 

PV SH&DHW 7.9 1900 Stuttgart 2961 
PV SH&DHW 7.9 1900 Rome 2448 
PV SH&DHW 7.9 1900 Stockholm 3371 
PV SH&DHW 7.9 1900 Gdansk 3254 
PV SH&DHW 7.9 1900 London 2949 
PV SH&DHW 7.9 1900 Lyon 2891 
PV SH&DHW 7.9 1900 Madrid 3103 
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Appendix IV Six-day test sequence and DHW load file   

 

 

Figure AIV.1 The 6-day test sequence (Haberl et al., 2015). The sequence consists of: 1 winter day, 

1 spring day, 2 summer days, 1 autumn day, and 1 winter day. The days are chosen so that solar 

gains, SH demand and total electricity use are close to the simulated annual quantities after a 

multiplication with 365/6  

 

Figure AIV.2 The DHW load profile (Haberl et al., 2015). The average energy drawn per day is 8.3 

kWh, and the mass flow rates range from 300 l/h to 1080 l/h. 

 


