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 A B S T R A C T

This study investigates a parallel indirect-expansion solar-assisted heat pump (SAHP) system integrating 
photovoltaic–thermal (PVT) collectors to meet domestic space heating, hot water, and appliance electricity 
demands for a typical household in Germany. A transient mathematical model captures the interdependencies 
between heat and electricity flows, enabling evaluation of thermodynamic, economic, and environmental 
performance across 54 heat pump designs with 3 refrigerants. The SAHP is compared to standalone heat 
pumps and natural gas boilers under varying electricity and natural gas prices. Results indicate that the SAHP 
system can cover over one-third of annual heating demand and half of appliance electricity demand using solar 
energy, with Munich achieving the highest solar coverage (39 %). HFC-32 (R32) outperforms propane, which 
in turn outperforms R410A, with levelized costs of energy, in electricity equivalents, of 0.272, 0.276 and 0.283 
Euro/kWh, respectively. The SAHP system proves more cost-effective than standalone heat pumps or natural 
gas boilers unless energy prices are exceptionally low. Optimizing water tank designs for lower-temperature 
operation could further enhance SAHP competitiveness against PV-driven heat pumps.
1. Introduction

Greenhouse gas (GHG) emissions, primarily carbon dioxide, con-
tinue to rise due to human activities, with electricity and heat gen-
eration contributing nearly one-third of global emissions in 2019 [1]. 
Within the EU, the heating and cooling sector holds significant impor-
tance, accounting for nearly 50% of final energy consumption. Despite 
this, decentralized fossil-based technologies, such as gas boilers, remain 
the dominant heating method in Europe, with fossil fuels comprising 
80% of the heating and cooling sector’s energy mix [2]. Efforts to re-
duce this dependency are underway. Notably, the 2023 revision of the 
Energy Performance of Buildings Directive aims for carbon neutrality 
in all buildings by 2050, mandating carbon neutrality for new buildings 
as early as 2028 [3].

Heat pumps (HPs) are pivotal in the decarbonization of heating 
and are rapidly gaining popularity. Within the EU, the HP sector has 
already become the largest contributor to the growth of renewable 
energy production in the heating and cooling sector [2]. Similarly, solar 
technologies play an essential role in the transition to cleaner energy 
sources. Solar thermal (ST) technologies directly harness the sun’s heat 
for use, while photovoltaic (PV) technologies generate clean electricity 
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to power electrified heating systems, including HPs. Together, these 
technologies support the shift toward sustainable heating solutions.

Solar-assisted heat pumps (SAHPs) integrate HPs with solar energy 
technologies, reducing the electrical workload and lowering emissions 
compared to standalone HPs [2]. Current state-of-the-art SAHP systems 
encompass various configurations that have been extensively studied 
and are beginning to penetrate the heating market [4]. SAHPs can 
be categorized based on three key characteristics: the type of solar 
technology utilized, ST or photovoltaic–thermal (PVT); the circulation 
method of the heat transfer fluid (HTF), direct-expansion (DX) or 
indirect-expansion (IDX); and the system configuration, parallel, serial, 
or dual source [4].

Using PVT instead of ST collectors can increase the share of renew-
able energy in domestic SAHP systems and ensure good performance 
and reliability [5]. Novel research suggesting a covered PVT-SAHP 
system, concludes that electrical efficiencies surpass those of traditional 
PV modules for the same conditions because of the cooling effect 
offered by the solar HTF on the PVT modules [6]. Additionally, a 
study showed PVT SAHPs show better performances in terms of primary 
energy consumption in comparison to ST SAHP or standalone HPs [7].
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Nomenclature

Abbreviations

COP Coefficient of performance
DX Direct-expansion
ETS Emission trading system
GWP Global warming potential
HEX Heat exchanger
HE High electrical
HP Heat pump
HTF Heat transfer fluid
HWD Hot water demand
IDX Indirect-expansion
MPP Maximum power point
NTU Number of transfer units
PPTD Pinch point temperature difference
PVT Photovoltaic thermal
PV Photovoltaic
SAHP Solar-assisted heat pump
SFH Single-family house
SHD Space heating demand
ST Solar thermal
Variables

𝛼 Absorptivity, dimensionless
𝛽 Temperature coefficient of MPP power, in 

K−1

𝛥𝑃 Pressure drop, in Pa
𝑚̇ Mass flow rate, in kg/s
𝑄̇ Heat flow rate, in W
𝜂 Efficiency, dimensionless
𝜌 Density, in kg/m3

𝜎 Stefan–Boltzmann constant, in W∕m2/K4

𝜀 Emissivity, dimensionless
𝐴 Area, in m2

𝑎1 First-order heat loss coefficient, in W∕m2 K
𝑎2 Second-order heat loss coefficient, in 

W∕m2 K2
𝐶 Costs, in Euro
𝑐 Energy purchase price, in Euro/kWh
𝑐p Specific heat capacity, in J/kg K
𝐶𝑆 Cost savings, in Euro
𝑑 Discount rate, dimensionless
𝐷h Hydraulic diameter of the pipes, m2

𝐸 Electrical energy, in kWh
𝐸𝑃𝐶𝑆 Environmental penalty cost savings, in 

Euro
𝐸𝑅 Emission reduction, in kgCO2
𝑓 Emission factor, in kgCO2/kWh
𝐺 Incident irradiance, in W∕m2

ℎ Heat transfer coefficient, in W∕m2/K
𝐼 Initial investment, in Euro
𝑖f Inflation, dimensionless
𝑘 Thermal conductivity, in W/m K
𝐿 Length, in m
𝐿𝐶𝑂𝐸 Levelized cost of energy, in Euro/kWh
𝑀 Mass, in kg
2 
𝑛 Investment horizon, in years
𝑁𝑃𝑉 Net present value, in Euro
𝑃 Power, in W
𝑃𝐵𝑇 Payback time, in years
𝑄 Thermal energy, in kWh
𝑅 Thermal resistance, in W∕m2 K
𝑟 Radius, m
𝑠 Energy selling price, in Euro/kWh
𝑇 Temperature, in ◦C
𝑡 Time, in s
𝑈 Overall heat transfer coefficient, in W∕m2 K
Subscripts

0 Optical
app Appliances and lighting
aux Auxiliary
a Ambient
conv Convective
cov Covered
el Electrical
eq, el Electricity equivalents
exc Excess
e Electricity
HW Hot water
ins Insulation
i Inner
lim Limit
MF Mean fluid
mod Module
ng Natural gas
O&M Operation and maintenance
o Outer
prod Production
ref Reference
SH Space heating
th Thermal
uncov Not covered
u Absorbed
WT Water tank

In DX SAHPs, ST or PVT collectors function as evaporators, elim-
inating the need for a separate solar loop. In contrast, IDX systems 
require a solar and HP loop, connected either in series or parallel. The 
literature does not present any comparative studies between DX and 
IDX SAHPs, either experimentally or through modeling [8]. However, 
the advantages of each configuration can be summarized. DX systems 
require fewer components and reduce the risk of evaporator frosting in 
the HP, but the ST collectors in these systems are susceptible to heat 
losses to the ambient when overheated [8,9]. On the other hand, IDX 
systems feature insulated ST collectors, minimizing heat losses while 
also offering improved stability and ease of control at the expense of 
higher complexity [8,10].

In IDX systems with a series connection, a heat exchanger (HEX) 
acts as the evaporator, linking the solar and HP loops. In a parallel con-
figuration, the solar and HP loops operate independently [8]. Among 
all SAHP configurations, the IDX parallel configuration is considered 
the most practical and commercially viable [4]. A study comparing 
different types of IDX SAHPs, including parallel and serial configu-
rations, found that the parallel IDX SAHP could achieve significantly 
higher seasonal performance factors than a typical air-source HP [11]. 
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Fig. 1. Schematic of the investigated solar-assisted heat pump system.
Research suggests that when air serves as the parallel heat source, 
this configuration outperforms serial configurations, delivering higher 
annual average coefficients of performance (COP) and reducing overall 
energy consumption [12]. Furthermore, the benefits of serial SAHP 
configurations are less pronounced in colder climates, making paral-
lel configurations more advantageous under diverse conditions [13]. 
Simulation models of parallel IDX SAHPs have been developed and 
experimentally validated, demonstrating their energy efficiency as an 
alternative for space and water heating compared to traditional boilers 
or HPs [14,15].

The applications of SAHPs include water and space heating in 
both residential and commercial environments [16]. Some studies also 
explore the potential for space cooling using the same system. A 
ground-source SAHP, capable of providing both heating in winter and 
cooling in summer by leveraging stable deep-ground temperatures, 
could lead to significant electricity and CO2 emission savings [17–19]. 
Another promising application of SAHPs is drying, relevant in agricul-
ture, commerce, construction, and housing. Compared to standalone 
HPs, SAHPs not only enhance energy savings but also offer advantages 
such as higher drying rates and superior quality dried products [20,21].

Most existing modeling studies on SAHPs primarily focus on en-
ergy analysis, while comprehensive evaluations integrating energy, 
economic, and environmental aspects are limited to a handful of stud-
ies. Considering that the high cost of SAHPs remains a significant 
barrier to widespread adoption, economic analysis is particularly cru-
cial [4,9]. Additionally, a key research gap lies in the role of HP design 
within SAHP systems [21]. The performance of different HP designs 
varies significantly depending on operating conditions and refrigerant 
types, yet this area has not been extensively explored.

This study seeks to bridge gaps in the existing literature by examin-
ing an IDX parallel SAHP system integrated with a PVT array through 
a transient model developed in MATLAB, and a HP design model. The 
novelty of the methodology developed in this work is threefold. First, 
the study analyses and establishes the feasibility of the IDX parallel 
SAHP configuration through comprehensive economic, environmental, 
and thermodynamic performance modeling, a perspective not found 
in previous literature for this specific SAHP configuration. Second, 
the study utilizes detailed component-level techno-economic models to 
systematically evaluate a comprehensive set of 54 potential distinct HP 
designs, incorporating three commonly used refrigerants representative 
3 
of state-of-the-art systems. For each HP model the SAHP performance is 
assessed, providing a level of technical detail that is a significant con-
tribution to current research. Third, the work includes a comprehensive 
and holistic comparison of the SAHP system against alternative conven-
tional heating technologies, including standalone HPs and natural gas 
boilers, under varying economic conditions. This comparative analysis 
offers insights into the competitiveness of the proposed system across 
various market scenarios.

Germany, with its high dependence on fossil fuels and significant 
growth in installed solar technologies, is chosen as the case study, 
focusing on the residential sector, which accounts for 54% of heating 
and cooling demand in the EU [2], through an examination of a 
single-family house (SFH).

2. Methodology

2.1. Solar systems description

The studied SAHP system features an indirect-expansion, paral-
lel configuration. The storage tank is heated via two separate loops: 
the PVT collector loop, utilizing a submerged coil, and the HP loop, 
employing an external HEX. The storage tank serves dual purposes, 
meeting both hot water demand (HWD) and space heating demand 
(SHD) through two additional HEXs. The system schematic is illustrated 
in Fig.  1.

2.1.1. Photovoltaic thermal (PVT) collectors
The PVT modules heat the solar HTF, which is water in this 

study [22]. When sufficiently warm, the water is circulated through 
the tank coil for heat transfer. The cooled HTF is then pumped back 
to the thermal components for reheating. The amount of heat absorbed 
by the PVT collectors is determined by the thermal efficiency, which 
allows for the calculation of the outlet and inlet temperatures of the 
circulating water within the PVT array.

The thermal efficiency is calculated according to the ISO 9806:2017 
standard for solar thermal collectors, expressed as a second-order func-
tion of the temperature difference between the mean fluid temperature 
𝑇MF, and the ambient temperature, 𝑇a, as shown in Eq.  (1) [23,24]: 

𝜂th = 𝜂0 − 𝑎1

(

𝑇MF − 𝑇a
)

− 𝑎2𝐺
(

𝑇MF − 𝑇a
)2

, (1)

𝐺 𝐺
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where 𝜂0 is the optical efficiency, 𝑎1 is the first-order heat loss coeffi-
cient, 𝑎2 is the second-order heat loss coefficient that accounts for the 
quadratic heat loss variation, and 𝐺 is the incident irradiance.

The heat transfer from the PVT circulation water to the water tank 
in the coil is obtained with the effectiveness of the coil in Eq.  (2) [25]: 

𝑄̇PVT = 𝜀HEX1𝑄̇𝑢, (2)

where 𝑄̇PVT is the heat transferred from the circulating water to the 
water tank, 𝜀HEX1 is the HEX effectiveness, and 𝑄̇u is the heat absorbed 
from solar energy in the PVT collectors. Applying the number of 
transfer units (NTU) method to a single-stream HEX gives Eq.  (3) [25]: 

𝜀HEX1 = 1 − 𝑒-NTU. (3)

The PVT module also generates electricity, and the distribution of 
this electricity to its various uses follows this order of priority: powering 
the pump in the PVT water circulation system, supplying appliances 
and lighting, powering the HP, and finally, selling excess power to 
the grid. The power consumption of the circulation pumps is detailed 
in Appendix  A. Since their consumption is minimal, it is aggregated 
with the power usage of the appliances. Grid electricity complements 
the power requirements during periods of reduced solar irradiation. 
The electrical power generated in the PVT array is determined by 
the electrical efficiency of the module which is modeled in Eq.  (4), 
using maximum power point (MPP) tracking. The equation allows to 
determine the efficiency at a given irradiance and module temperature 
from an efficiency at reference conditions [26]: 

𝜂el(𝐺, 𝑇mod) = 𝜂el(𝐺ref, 𝑇ref)(1 + 𝛽(𝑇mod − 𝑇ref)), (4)

where 𝜂el is the electrical efficiency of the module as a function of 𝐺
and 𝑇 , 𝑇mod is the temperature of the PVT module, 𝐺ref is the reference 
irradiation, set to 1000 W∕m2, 𝑇ref is the reference module temperature 
set to 25 ◦C, and 𝛽 is the temperature coefficient of MPP power.

During periods when solar irradiance is insufficient to raise the 
circulating water temperature above that of the water tank, the loop 
is closed to prevent the tank from cooling. The collector temperature 
is no longer determined by water temperature but instead influenced 
by other, less significant factors. To determine the module temperature 
in this case, which is essential for calculating electrical and thermal 
efficiency, a new energy balance is considered. This balance takes 
into account the solar thermal energy absorbed by the panels, the 
convective heat transfer with the air above the panels, and thermal 
energy radiation, and is represented by Eq.  (5) [27]: 

𝑀PV𝑐p,PV
𝑑𝑇mod
𝑑𝑡

= 𝐴PVT(𝛼𝐺(1−𝜂el,ref)−ℎconv(𝑇mod−𝑇a)−𝜎𝜀(𝑇 4
mod−𝑇

4
sky)),

(5)

where 𝑀PV is the mass of PV cells in the PVT module, 𝑐p,PV, is the 
thermal capacity of the PV cells in PVT module, 𝐴PVT, is the module 
aperture area, 𝛼 is the absorptivity, 𝜂el,ref is the electrical efficiency 
of reference, ℎconv is the convective heat transfer coefficient between 
the PVT module and the surrounding air, 𝜎 is the Stefan–Boltzmann 
constant, 𝜀 is the emissivity, and 𝑇sky is the representative temperature 
of the sky.

Several studies have based their PVT collector models on real manu-
facturer data, frequently referencing the company Endef Solar Solution 
for this purpose. Their Ecomesh model, showing high thermal effi-
ciency, particularly important in colder climates such as Germany, is 
selected. The selection of the Ecomesh is also supported by its use in 
previous studies with similar objectives, increasing its compatibility 
with existing research [28–32]. The characteristics for the Ecomesh are 
summarized in Table  1.
4 
Table 1
PVT system parameters.
 Category Parameter Ecomesh Unit  
 General Type flat plate cov. –  
 Price 494 Euro  
 Aperture area 1.55 m2  
 Mass flow rate 50 kg/h c  
 Electrical Electrical eff. (ref) 16.0 %  
 Temp. coef. (𝛽) −4.70 ⋅ 10−3 1/K  
 Reference temp. 298 K  
 Nominal power output 260 W  
 Thermal Optical eff. 51.0 %  
 1st-order heat loss coef. 4.93 W/m2 K  
 2nd-order heat loss coef. 0.04 W/m2 K2 

2.1.2. Heat pump
The HP cycle is a basic four-component refrigerant cycle, with an 

evaporator, a compressor, a condenser, and an electronic expansion 
valve. The assumed HP possesses a variable-speed compressor and a 
control system able to provide part-load heating from half of the design 
output and upwards depending on the working conditions. Moreover, 
just as for most recent HP models, a small electrical immersion heater 
is assumed to be integrated in the HP design to compensate for hours 
of high heating demand. The HP is governed by a control system 
surrounding two conditions:

1. Maintaining the tank temperature above 50 ◦C.
2. Making use of the excess solar electricity remaining after cover-
ing all the electricity demand for the appliances and lighting.

The first condition has priority over the second and the control of the 
HP varies between an on–off system for condition 1 and a variable heat 
output for condition 2. Eq.  (6) summarizes the conditions by giving the 
instantaneous HP heat output: 

𝑄̇HP =

⎧

⎪

⎨

⎪

⎩

𝑄̇max, if 𝑇WT ≤ 𝑇min
𝑓 (𝑃exc,app), if 𝑃exc,app ≥ 𝑃exc,lim&𝑇min < 𝑇WT < 𝑇max
0, if 𝑃exc,app < 𝑃exc,lim&𝑇WT > 𝑇min,

(6)

where 𝑄̇HP is the heat output from the HP, 𝑄̇max is the design heat 
output from the HP, 𝑇WT is the water tank temperature, 𝑇min is the 
limit temperature, set to 55 ◦C, above which the HP is activated at full 
power, 𝑇max is the limit temperature, set to 65 ◦C, above which the 
HP is not activated even if the excess electricity is abundant, 𝑃exc,app is 
the excess solar electrical power after use from appliances and lighting, 
and 𝑃exc,lim is the limit on 𝑃exc,app above which the HP is activated 
as a function of 𝑃exc,app. The variable heat output function, denoted 
as 𝑓 , which correlates with the surplus electricity after fulfilling the 
requirements of appliances and lighting, varies based on the quantity 
of this surplus. Its formulation is described in Eq.  (7): 

𝑓 (𝑃exc,app) =

⎧

⎪

⎨

⎪

⎩

𝑄̇max∕2, if 𝑃exc,app < 𝑄̇max/(2 ⋅ COP)
𝑃exc,app ⋅ 𝐶𝑂𝑃 if 𝑄̇max/(2 ⋅ COP)≤ 𝑃exc,app ≤ 𝑄̇max/COP
𝑄̇max if 𝑃exc,app > 𝑄̇max/COP,

(7)

where 𝐶𝑂𝑃  represents the HP coefficient of performance. 𝑃exc,lim is set 
to half the minimum part load, i.e. one fourth of the design heat output. 
The motivation for this choice, is to maximize the use of solar electrical 
power. It is more advantageous to pre-charge the water tank using up 
to 50% grid electricity and the remainder from PV-sourced electricity, 
rather than relying predominantly on grid electricity for immediate 
heating needs.

The electrical heater is activated only to boost the tank temperature 
if the HP is insufficient, which only happens infrequently. Its thermal 
output is regulated by an on–off control and its COP is assumed to be 
equal to 1.

This study aims to test the SAHP for a wide variety of HP de-
signs, obtained through a separate technoeconomic  HP design model 
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Table 2
Design parameters and mean COP in off-design for the 9 selected designs. The reference design is highlighted in gray.
Design Heat output 

(W)
PPTD (◦C) Total cost 

(Euro)
Refrigerant Design 

temp. (◦C)
Mean COP

High
performing

5500 3 4976.6 R32 −6.1 3.12

5500 3 5021.0 R410a −6.1 2.93

5500 3 5300.3 Propane −6.1 3.11

Medium
performing

 5500 5 4931.1  R32 −6.1  2.86
5500 5 4868.6 R410a −8.3 2.2

5500 5 5122.1 Propane −6.1 2.85

Low
performing

5500 10 4783.6 R32 −6.1 2.47

5500 10 4711.9 R410a −6.1 2.0

5500 10 4977.9 Propane −6.1 2.28
Fig. 2. Plots including 18 designs for each refrigerant depicting: (a) the range of COP/temperature correlation, (b) the mean COP in off-design and the costs off all HP designs, 
specifying the designs selected for further investigation.
developed internally partially by the authors, prioritizing different 
characteristics such as thermodynamic performance, costs and environ-
mental impact [33]. The design of each HP is based on the following 
input parameters: cold-source temperature, hot-sink temperature, heat 
output, refrigerant, compressor type, and the pinch-point temperature 
difference (PPTD), defined as the smallest temperature difference be-
tween brine and the working fluid in the HEXs. A range of values 
is tested for most design parameters, with the motivation explained 
in Appendix  B. The combination of all different parameters yield 54 
designs summarized in Table  B.1.

The HP model is a detailed thermodynamic model that provides 
optimized estimates of COP as a function of Ta, assuming a fixed 
hot-sink temperature. Exponential regression fits are obtained from 
these estimates and are used as input to the SAHP model. A range of 
COP/temperature correlations containing 18 designs for each refriger-
ant are depicted in Fig.  2(a), while the mean COP values are illustrated 
in Fig.  2(b). For each refrigerant three designs were selected:

1. A high-performing, more costly design, corresponding to the one 
with the highest mean COP, without compromising too much for 
cost.

2. A low-cost, lower-performing design, corresponding to the one 
with the lowest total cost.

3. A medium performing design, corresponding to the one offering 
an average COP for a reasonable price.

The 9 selected designs are summarized in Table  2 and Fig.  2(b). Given 
its prevalence in newly installed HPs, the R32 refrigerant is the most 
widespread choice. Therefore, among the nine selected designs, the 
medium performance R32 variant was chosen as the reference design 
for generating results in Section 3.
5 
2.1.3. Water storage tank
The thermal energy demand does not always coincide with the 

thermal energy production, and the tank serves as thermal energy 
storage to compensate for the mismatch. Given the use of a one-
node (fully mixed) tank model, a relatively large storage volume was 
required to meet system constraints, particularly the minimum hot 
water temperature [34–36]. A 750 L tank by the manufacturer RVR 
Energy Technology was chosen as reference for the thermal tank [37]. 
The water storage tank energy balance constitutes the main equation of 
the SAHP system. It relates the energy inputs to, and the outputs from, 
the tank to the change in the stored tank energy, as depicted in Eq.  (8): 

𝑀WT𝑐p,water
𝑑𝑇WT
𝑑𝑡

= 𝜂𝐻𝐸𝑋𝑄̇HP + 𝑄̇PVT − 𝑄̇SH − 𝑄̇HW − 𝑄̇losses + 𝑄̇aux, (8)

where 𝑀WT is the total mass of water in the storage tank, 𝑐p,water is 
the specific heat capacity of water, 𝜂𝐻𝐸𝑋 is the HEX efficiency, set 
to 0.9, 𝑄̇SH is the heat flow from the water tank to the space heating 
water, 𝑄̇HW is the heat flow from the water tank to the domestic hot 
water, 𝑄̇losses is the heat flow between the water storage tank and the 
environment, and 𝑄̇aux is the heat flow from the auxiliary electrical 
heater to the water tank.

The differential Eq.  (8) is solved for TWT and the temperatures at 
the inlet and outlet of the PVT collectors using the backward Euler 
method on an hourly time scale. The main assumptions required for 
the numerical resolution are threefold [29]:

1. Perfect mixing: there are no spatial gradients in the physical 
envelope of the water inside the tank.

2. The total mass of the tank is constant.
3. The specific heat capacity is assumed to be constant in the 
relevant temperature range.
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Replacing the one-node model by a vertically stratified tank model 
could improve storage efficiency and reduce the necessary tank size. 
This is recommended for future work but left outside of the scope of 
this study.

Losses through the tank are the only losses accounted for in the 
SAHP model. Other losses are assumed to be negligible due to the 
shorter retention times and smaller HTF volumes in the other compo-
nents compared to the water tank. The surface area and the insulation 
thickness are used to determine the losses through the tank insulation 
to the surrounding air using Eq.  (9) [38]: 

𝑄̇losses = 𝐴WT𝑈ins(𝑇a − 𝑇WT), (9)

where 𝐴WT is the external surface area of the water tank, 𝑈ins is the 
overall heat-transfer coefficient that accounts for heat losses from the 
tank to the ambient air see Appendix  A.

2.2. Economic and environmental indicators

In addition to assessing thermodynamic performance, this study 
analyzes economic and environmental indicators [29,39–41]. The cost 
savings (𝐶𝑆) in comparison to a natural gas boiler heating system 
are determined by subtracting the operating costs of the SAHP system 
from those of the boiler system, and adding the revenues from excess 
electricity production as in Eq.  (10):
𝐶𝑆 = 𝐶O&M,boiler − 𝐶O&M,SAHP + (𝐸app,cov − 𝐸HP,uncov)𝑐e

+
(𝑄HW +𝑄SH)

𝜂boiler
𝑐ng + 𝐸exc𝑠e, (10)

where 𝐶O&M,boiler and 𝐶O&M,SAHP are the costs of operation and main-
tenance for the boiler and the SAHP respectively, 𝑐e is the cost of 
electricity, 𝑠e is the selling price of electricity, determined from the 
German feed-in-tariff system, 𝐸app,cov is the electricity demand of ap-
pliances and lighting covered by the solar-sourced electricity, 𝐸HP,uncov
is the electricity demand of HP not covered by solar-sourced electricity, 
𝑄SH and 𝑄HW are the SHD and HWD respectively, covered by the SAHP, 
and 𝐸exc is the electricity sold to the grid. The net present value (𝑁𝑃𝑉 ) 
is calculated with Eq.  (11): 

𝑁𝑃𝑉 = −𝐼o +
𝐶𝑆
𝑑 − 𝑖f

(

1 −
(

1 + 𝑖f
1 + 𝑑

)𝑛)

, (11)

where 𝐼o is the initial investment, including PVT array, HP, water 
storage tank, HTF, mounting costs, installation costs, piping, pump 
station, controller, expansion vessel, 𝑑 is the discount rate, 𝑖f is the 
inflation rate, 𝑛 is the investment horizon considered, set to 20 years. 
The payback time (𝑃𝐵𝑇 ) is obtained with Eq.  (12): 

𝑃𝐵𝑇 =
𝑙𝑛

(

𝐼o(𝑖f−𝑑)
𝐶𝑆 + 1

)

𝑙𝑛
(

1+𝑖f
1+𝑑

) (12)

The levelized cost of energy in electricity equivalents (𝐿𝐶𝑂𝐸eq,el) 
evaluates the total costs per energy unit associated with the actual 
electrical and thermal energy output. The thermal output is assumed 
equivalent to the electricity which could have been produced from that 
heat in a natural gas power plant. The 𝐿𝐶𝑂𝐸eq,el is calculated using Eq. 
(13) [42]: 

𝐿𝐶𝑂𝐸eq,el =

𝐼o +
𝑛
∑

i=1
𝐶prod(1 + 𝑖f)𝑖−1(1 + 𝑑)−𝑖

𝑛
∑

i=1
(𝑄el +𝑄th𝜂th)(1 + 𝑑)−𝑖

, (13)

where 𝐶prod are the yearly costs related to energy production, 𝑄el is the 
net annual production of electricity, 𝑄th is the net annual production of 
heat, 𝜂th is the typical efficiency of a modern natural gas power plant, 
from thermal to electrical, set to 55%. Moreover, emission reduction 
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(𝐸𝑅) is determined to estimate the environmental penalty cost savings 
(𝐸𝑃𝐶𝑆) see Eqs.  (14) and (15): 

𝐸𝑅 = (𝐸exc + 𝐸app,cov − 𝐸HP,uncov)𝑓el +
(𝑄SH +𝑄HW)𝑓ng

𝜂boiler
, (14)

𝐸𝑃𝐶𝑆 =
𝐸𝑅 𝐶𝐶𝑂2

𝑑 − 𝑖f

(

1 −
(

1 + 𝑖f
1 + 𝑑

)𝑛)

, (15)

where 𝑓el is the CO2 emission factor of electricity, 𝑓ng is the CO2
emission factor of natural gas, 𝐶CO2

 is the cost of unit emission of CO2, 
according to the EU emission trading system (ETS). Despite the absence 
of environmental penalty costs in the residential sector presently, future 
carbon pricing initiatives are expected, explaining why the unit cost of 
CO2 emissions was considered in Eq.  (15) [42–44]. 𝐶𝑆 and 𝐸𝑃𝐶𝑆 were 
summed to determine the total cost savings (𝑇𝐶𝑆).

2.3. Data acquisition

2.3.1. Thermal energy demand
In this study thermal energy demand is described in terms of useful 

energy demand, representing the net energy required to satisfy SHD 
or HWD [45]. Model input parameters include the annual SHD and 
HWD of a typical SFH and its normalized hourly heat demand load 
profile. The annual SHD and HWD is obtained from the EUs Moderate 
project, which offers comprehensive data on the European building 
stock across different building types, including SFHs [45]. The heating 
demand profiles for Germany in the year 2020 are obtained from the 
When2heat database, providing country specific normalized profiles for 
the EU28 [46].

Typical winter and summer week profiles are selected for further 
analysis and are provided in Fig.  3. Weeks with the closest match to the 
average weekly heat demand for each season are used as representative 
periods. Data aggregated by month is summarized in Fig.  4.

2.3.2. Electricity demand
To incorporate electricity demand into the model, both the elec-

tricity load profile and the total yearly electricity load for appliances 
excluding any electricity used for heating purposes are necessary. Data 
on final energy consumption for lighting and electrical appliances in 
the residential sector, sourced from Eurostat, are employed for the 
total load [47]. Developing a load profile specifically adapted to SFHs 
or the residential sector also excluding electricity used for heating 
was deemed overly precise. Instead, the actual total hourly load for 
Germany for 2020, obtained from the Entsoe Transparency Platform, is 
utilized to derive a normalized load profile. Data aggregated by month 
is summarized in Fig.  4.

2.3.3. Weather data
The SAHP model requires hourly temperature, irradiation, and wind 

speed profiles to predict the behavior of the PVT collectors, the HP, and 
the water tank. Data from 2020 for the three studied cities were sought. 
The PVGIS-SARAH2 tool from the European commission provided the 
researched figures, given as 2-m air temperature, global irradiance on 
the plane of the array and 10-m total wind speed [48].

Test simulations revealed that heat demand coverage by solar en-
ergy for the reference SAHP in Munich reached around 38% while it 
only reached 35% in Berlin and 31% in Hamburg. As a result, weather 
data from Munich was selected for subsequent analysis.

2.3.4. House specifications
House-specific parameters provided as model input are reported in 

Table  3 [45]. To translate the constructed floor area of the house to the 
rooftop area, the average amount of floors and average roof slope was 
used [49]. Additionally, to convert the rooftop area into usable area for 
PVT arrays, an average rooftop utilization factor is employed.
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Fig. 3. SFH total heat demand for the average week: (a) summer, and (b) winter.
Fig. 4. Thermal and electrical energy demand by month.

Table 3
House specifications.
 Specification Value Unit  
 Heated floor area 89.1 m2  
 Floor area 93.1 m2  
 Roof area 82.4 m2  
 Rooftop utilization factor 0.4 ratio 
 Area covered by PVT 32.9 m2  

2.3.5. Economical and environmental parameters
𝐶0 and 𝐶O&M for the components of the studied systems are sum-

marized in Table  4. 𝐶0 for the HP designs are given by the HP model 
and include the auxiliary electrical heater. These figures are applicable 
to HP systems within the size range of 3 to 10 kWth. For the PVT 
systems, which are neither excessively small nor large, the provided 
figures are reasonable within their size range. Values given per unit of 
power, W, refer to the nominal electrical power. Parameters relevant 
for all studied system are summarized in Table  5. Instead of selecting 
values from the same reference year as for the energy demand and load 
profiles, prioritizing recent data was considered more crucial, given the 
aim of assessing the future potential of SAHPs. Typically, values are 
reported annually, and the most recent ones available are selected.

3. Results and discussion

3.1. Hourly transient operation

This section provides results from the transient SAHP model for 
different scales, showcasing different trends. The  focus is not on 
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Table 4
Investment costs for the systems.
 System Component Value Unit  
 PVT system PVT collector 1.9 [28] Euro/W  
 Expansion vessel 140 [29] Euro/set  
 Pipes 11 [42] Euro/m  
 HTF 3.3 [42] Euro/L  
 Mounting 59 [42] Euro/collector 
 Installation 40 [42] Euro/m2  
 𝐶O&M 0.01 𝐶0 [42] Euro/year  
 Controller 110 [29] Euro  
 Inverter 0.2 [28] Euro/W  
 HP system 𝐶0 4712 < 𝐶0 < 5673 Euro  
 Installation 2529 [50] Euro  
 𝐶O&M 115 [50] Euro  
 Water storage tank 𝐶0 0.874 ⋅ 𝑉𝑡 (L) + 763.5 [29] Euro  
 Standalone boiler 𝐶0 1724 [51] Euro  
 Installation 2625 [51] Euro  
 𝐶O&M 115 [52] Euro/year  

Table 5
Economic parameters.
 Variable Value Unit  
 Exchange rate 1.1495 [53] Euro/pound 
 Electricity purchase price 0.2333 [54] Euro/kWh  
 Electricity selling price 0.086 [55] Euro/kWh  
 Natural gas price 0.093 [56] Euro/kWh  
 Interannual inflation rate 0.0459 [57] Rate  
 Discount rate 0.0366 [58] Rate  
 SAHP lifetime 20 [59] Years  
 HP lifetime 20 [59] Years  
 Boiler lifetime 14 [60] Years  
 Emission factor of electricity 0.381 [61] kgCO2/kWh 
 Emission factor of natural gas 0.20099 [62] kgCO2/kWh 
 Cost of unit CO2 emission 0.084 [63] Euro/kgCO2 

comparing different HP designs. Therefore, only the reference design 
and weather data for Munich are utilized for this section.

3.1.1. Temperature-dependent parameters
The annual profiles for 𝑇a, 𝑇WT, and 𝑇PVT (the temperature of the 

water exiting the PVT collectors is considered) are shown on an hourly 
resolution in Fig.  5.

𝑇PVT is influenced by the circulating water only during periods of 
high irradiance and temperature when the loop is open. When the loop 
is closed, 𝑇PVT is affected by 𝑇a and wind conditions. This results in the 
rapid temperature variation for 𝑇PVT compared to 𝑇WT and 𝑇a, observed 
both on a daily and seasonal basis. Indeed, during the day, specifically 
during summer, the increased 𝑇a and solar irradiance make it more 
likely for the solar loop to be open. The opposite is true during the night 



H. Arnesson et al. Energy 331 (2025) 136563 
Fig. 5. Water tank temperature profile (𝑇WT), PVT outlet temperature (𝑇PVT) and 
ambient temperature profile (𝑇a), provided with hourly scale.

and during winter and 𝑇PVT occasionally drops below 0 ◦C. The risk of 
freezing is discussed in Section 5, defrosting for IDX SAHPs should be 
included in future modeling work.

𝑇WT is successfully maintained above 55 ◦C for the majority of 
the modeled hours. 𝑇WT never dips below 50 ◦C, as the tank is large 
enough to prevent such dips, with assistance from the auxiliary heater. 
Noteworthy, is that the auxiliary heater remains inactive for almost the 
entire year, only engaging for a few hours intermittently during the 
winter. 𝑇WT only exceeds the upper HP temperature limit of 65 ◦C when 
the solar loop is open, and the PVT collectors heat the tank instead of 
the HP.

The electrical and thermal efficiency of the PVT collector, and the 
HP COP, are influenced by the temperature profiles and are depicted 
in Fig.  6:

When irradiance is zero, the electrical efficiency of the PVT module 
drops to zero. Similarly, the thermal efficiency of the PVT collectors 
is zero when the temperature within the collectors is too low. Due to 
diurnal fluctuations in electrical and thermal efficiencies, the maximum 
daily efficiencies are plotted instead of hourly efficiency values to 
enhance readability and comparability.

Regarding electrical efficiency, 𝜂el, shown in Fig.  6(a), it never 
reaches zero since some daily solar irradiance always persists through-
out the year. According to Eq.  (4), 𝜂el increases as 𝑇mod decreases. 
One advantage of the PVT collectors is that the temperature of the 
PVT collectors decreases because the circulating water absorbs heat. 
However, 𝜂el decreases in the summer. Meaning that the increase in 
ambient temperature during the summer leads to a rise in 𝑇mod, which 
the heat absorption by the collectors cannot fully compensate for. A 
suggestion for future modeling work, left beyond the scope of this 
study, is the inclusion of an air heater to dissipate excess heat and 
reduce 𝑇mod during the summer.

The thermal efficiency, 𝜂th, plotted in Fig.  6(b), remains at zero 
for many days of the year, especially in winter, due to insufficient 
temperature and irradiance levels to open the solar loop, resulting in no 
solar thermal energy transfer to the tank. When the solar loop is open, 
𝜂th decreases with increasing 𝑇a and irradiance but increases with a 
higher 𝑇MF, according to Eq.  (1). 𝑇MF is in its turn determined by 𝑇WT
and is kept above 55 ◦C, explaining the much smaller 𝜂th in comparison 
to the reference optical efficiency in Table  1. As 𝜂th increases during 
the summer months, as shown in Fig.  6(b), it suggests that the rise in 
ambient temperature and irradiance outweighs the increase in 𝑇 .
MF
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Finally, the COP of a HP increases when the temperature difference 
between the hot sink and the cold source decreases. Since 𝑇WT varies 
by no more than 10 ◦C when the HP is activated, the COP is primarily 
influenced by 𝑇a. Coherently, the peak COP, shown in Fig.  6(c), occurs 
at the warmest point of the year in September.

3.1.2. Typical week profiles
Demand coverage is plotted in Fig.  8 for heat and in Fig.  9 for 

electricity. In Fig.  8, thermal energy supplied to the tank is split into 
solar thermal or HP input. The HP input is further divide based on 
the electricity used, grid or solar-sourced. Fig.  9 distinguishes between 
grid and solar-sourced electricity not only for the HP but also for the 
rest of the appliances. Excess electricity is also considered. Consistent 
parameters and descriptive legends are used throughout the plotted 
results in this paper. To explain the parameters and legends in Figs. 
8, 9, and subsequent figures, flow diagrams are presented in Fig.  7.

A common trend in all the figures is the daily peaks in solar energy 
production, corresponding to the hours of peak irradiance. Specifically, 
Fig.  8(a) shows that the irradiance peak corresponds to a peak in 
𝑃𝑉 𝑇 , 𝑡ℎ; Fig.  8(b) shows a peak in 𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙; Fig.  9(a) shows a peak 
in 𝑒𝑥𝑐; and Fig.  9(b) shows a peak in 𝐻𝑃 𝑃𝑉 𝑇 .

During a typical summer week, observed in Figs.  8(a) and 9(a), most 
of the low heating demand is met by the thermal output of the PVT 
collectors, meaning that less solar electricity is used by the HP and 
more is used by the rest of the appliances. This leads to a large demand 
coverage by solar for the rest of the appliances as well as large excess 
electricity generation, as shown in Figs.  8(a) and 9(a). The HP cannot 
run on either solar or grid electricity because the water tank is already 
charged to a high temperature, exceeding the 65 ◦C limit, most of the 
week.

On the contrary, during a typical winter week, observed in Figs. 
8(a) and 9(a), the HP is running on full load (5500 W) frequently 
throughout the week. However, the unfavorable weather conditions 
hinder the effective operation of the PVT solar loop, and solar energy 
is instead occasionally used by the HP in the form of electricity. Only 
a small portion of the large heating demand is met by solar energy, as 
seen in Fig.  8(b). However, when it comes to electricity use around half 
of the demand from the rest of the appliances can still be covered, but 
minimal excess electricity is produced, as shown in Fig.  9(b).

3.1.3. Monthly aggregation
Aggregating the results on a monthly scale provides a clearer un-

derstanding of demand coverage throughout the year. The heat demand 
coverage and electricity use are illustrated in Figs.  10 and 11, following 
the legend description from Fig.  7.

When it comes to the heat input plot in Fig.  10, the coverage by 
solar energy is more substantial during the summer months. In July 
and August, nearly all heat demand is met by solar sourced energy, 
specifically by the solar thermal input (𝑃𝑉 𝑇 , 𝑡ℎ). From April to Septem-
ber, the majority of the heat input to the tank originates from solar 
energy, both as solar thermal input and as input from the HP running on 
solar-sourced electricity (𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙). During the autumn and winter 
months, the months with the highest heat demand, the heat input to 
the tank primarily comes from the HP operating on grid electricity. 
Indeed, 𝜂th is generally lower during the autumn and winter, oftentimes 
zero, when the solar loop is closed, as observed in Fig.  6(b). 𝑇MF is too 
high to ensure continuous efficient solar thermal provision throughout 
the year, and future research on the topic of emerging heating systems 
with low temperature thermal storage such as fan coils or floor heating 
would be of relevance to address this issue.

Over the course of the year, the HP powered by solar electricity 
generally contributes more than the solar thermal input, with the 
exception of July and August. This deviation is due to the HP’s control 
system: during these months. As the PVT collectors generate thermal 
energy and the tank temperature exceeds the HP’s upper limit of 65 ◦C, 
the HP can no longer use solar electricity for charging. The HP’s ability 
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Fig. 6. Efficiency metrics on hourly scale: (a) PVT electrical efficiency, (b) PVT thermal efficiency, and (c) HP COP.
Fig. 7. Flow diagram, color-coded to subsequent figures, describing: (a) heat inputs to the tank, and (b) electricity use.
to operate on solar-generated electricity diminishes as the SAHP gains 
the ability to extract solar thermal output. Suggestions avoiding this 
issue are: changing the HP control system to allow HP output further 
surpassing the design output temperature, dividing the heat output 
from the HP and the PVT solar loop into two different water tanks, 
or using a serial instead of a parallel SAHP configuration.

In the electricity plots in Fig.  11, the bottom three bars represent 
the division of generated electricity, indicated by the yellow dotted 
line, into usage by the HP, usage by the rest of the appliances, and 
excess electricity. The two bars above these illustrate the division of 
grid electricity usage into usage by the HP and usage by the rest of the 
appliances. The pink dotted line represents the electricity demand.

For the same reasons as described for Fig.  10, the solar electricity 
consumed by the HP (𝐻𝑃 𝑃𝑉 𝑇 ) decreases in summer and increases 
in winter, as shown in Fig.  11. Meanwhile, the consumption by other 
appliances (𝑟𝑒𝑠𝑡 𝑃𝑉 𝑇 ) follows the opposite trend. Unlike the heat 
demand, the electricity demand of other appliances remains relatively 
constant throughout the year. This steady demand, combined with in-
creased solar electricity in summer, results in the higher solar coverage 
for other appliances during this time.

Throughout the year, a significant amount of excess electricity is 
generated. In the summer, the high excess electricity is due to the low 
demand. In the colder months, the excess electricity arises from the 
mismatch between the times of electricity generation and consumption. 
The seasonal demand difference and the mismatch between generated 
and consumed electricity also explain why the grid electricity consump-
tion, for both the HP and other appliances, is minimal in the summer 
and significantly higher in the remaining months.
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3.2. Annual comparison of different heat pumps

The nine selected HP designs are compared thermodynamically, 
economically and environmentally in the SAHP context. The thermody-
namic comparison was performed by examining the yearly aggregated 
demand coverage for both thermal and electrical energy in Figs.  12 and
13, following the legend description from Fig.  7. The economic and en-
vironmental comparison was conducted by evaluating key parameters 
summarized in Table  6. These simulations were based on weather data 
from Munich.

Firstly, in Fig.  12, the top of the bars reach the same height for 
all designs because the water tank requires the same thermal input 
regardless of the design. The solar thermal input to the tank (𝑃𝑉 𝑇 , 𝑡ℎ) 
also remains mainly constant regardless of HP design because the 
performance of the PVT collectors is largely independent of the HP’s 
performance. The heat input to the tank, the HP input (𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙
and 𝐻𝑃 𝑔𝑟𝑖𝑑) is the relevant part depicted in Fig.  12.

A clear trend emerges: looking at each refrigerant individually, 
enhanced performance correlates with an increased proportion of HP 
output derived from solar electrical energy (𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙). The higher 
COP values related to the increase in performance means that the 
solar-sourced electricity can be used to produce a larger HP output, 
explaining the trend.

Additionally, a consistent ranking among the refrigerants is evident. 
The R32 design exhibits higher solar coverage compared to the propane 
design, which in turn shows higher coverage than the R410 A design, 
across all performance levels studied. R32 and propane have compara-
ble solar coverage, reaching up to 39% for the high-performing designs, 
while R410 A shows a significantly lower coverage. This is explained 
by the higher COP values found for R32 and propane designs as seen 
in Fig.  2(a).
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Fig. 8. Heat demand coverage of the SAHP during: (a) the average summer week, and (b) the average winter week; depicting solar thermal energy (𝑃𝑉 𝑇 , 𝑡ℎ), HP input when run 
on solar-sourced electricity (𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙), and when run on grid electricity (𝐻𝑃 𝑔𝑟𝑖𝑑).
Secondly, in analyzing the electricity use depicted in Fig.  13, dif-
ferences in the COP for each HP design result in varying amounts 
of electrical energy needed to cover the thermal input to the tank, 
leading to the differing bar sizes, in contrast to Fig.  12. The three 
lower bars represent generated electricity, with the top of the third bar 
(𝑒𝑥𝑐) reaching the same amount for each HP design. This is expected 
since solar electrical generation depends on the PVT collector electrical 
performance, which remains largely unaffected by HP performance. 
The consumption of the rest of the appliances (𝑟𝑒𝑠𝑡 𝑃𝑉 𝑇  and 𝑟𝑒𝑠𝑡 𝑔𝑟𝑖𝑑) 
also remains unaffected by HP design since the solar electricity covers 
the appliances before covering the HP demand.

The light green (𝐻𝑃 𝑃𝑉 𝑇 ) and light gray (𝐻𝑃 𝑔𝑟𝑖𝑑) bars, which 
together correspond to the total HP electricity consumption show that 
improved HP design performance results in decreased energy consump-
tion by the HP, observable for each refrigerant. This reduction in energy 
consumption, again, aligns with the increase in COP, used as a proxy 
for performance level characterization.

Additionally, the electricity use plot reveals the same refrigerant 
ranking mentioned earlier. The R410 A design consumes significantly 
more electricity than the other two designs, by up to a couple of 
thousand kWh. The R32 and propane designs exhibit similar electricity 
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consumption, with the R32 design slightly outperforming the propane 
design.

Analyzing Table  6, reveals several key trends. The first column, 
showing the 𝐶0, indicates a price increase with enhanced HP perfor-
mance for each refrigerant. This rise is primarily due to the decrease 
in PPTD and the corresponding increase in HEX sizes. Propane de-
signs exhibit higher investment costs compared to R32 and R410 A 
designs, which display similar price levels at each performance tier. 
The subsequent columns reveal two overarching trends:

Firstly, higher HP performance levels correlate with better economic 
and environmental metrics for each refrigerant individually. As HP 
performance improves, the 𝐿𝐶𝑂𝐸eqel and 𝑃𝐵𝑇  decrease, 𝐶𝑆, 𝑁𝑃𝑉 , 
𝐸𝑅, 𝐸𝑃𝐶𝑆, and 𝑇𝐶𝑆 increase. The advantage of higher solar cover-
age in high-performing HP designs, observed in the previous figures, 
reduces the reliance on grid electricity, resulting in both financial 
and environmental benefits. This advantage outweighs the higher 𝐶0
associated with high-performing HP designs.

Secondly, R32 designs exhibit superior economic and environmental 
performance compared to propane designs, which in turn outperform 
R410 A designs at each performance level. This ranking pattern is 
consistent with previous observations on solar coverage and can again 
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Fig. 9. Electricity use during: (a) the average summer week, and (b) the average winter week; depicting solar-sourced electricity going to the appliances (𝑟𝑒𝑠𝑡 𝑃𝑉 𝑇 ), and to the 
HP (𝐻𝑃 𝑃𝑉 𝑇 ), as well as the excess (𝑒𝑥𝑐), the grid electricity used for the appliances (𝑟𝑒𝑠𝑡 𝑔𝑟𝑖𝑑), and for the HP (𝐻𝑃 𝑔𝑟𝑖𝑑).
Table 6
Economical and environmental metrics for the SAHP system for different HP designs.
 Perf. Design C0 LCOEeq,el CS PBT NPV ER EPCS TCS  
 (Euro) (Euro/kWh) (Euro) (years) (Euro) (kgCO2) (Euro) (Euro) 
 
High

R32 22856 0.272 1133 19.3 960 4396 7766 8898  
 R410A 22901 0.283 1038 20.9 −1076 4252 7512 8550  
 Propane 23180 0.276 1114 19.8 255 4370 7720 8834  
 
Med

R32 22811 0.285 1012 21.3 −1519 4213 7443 8455  
 R410A 22749 0.340 537 37.2 −11459 3499 6182 6718  
 Propane 23002 0.288 1000 21.7 −1982 4194 7409 8409  
 
Low

R32 22664 0.309 797 26.3 −5905 3880 6855 7652  
 R410A 22592 0.354 407 46.6 −14027 3306 5840 6248  
 Propane 22858 0.325 671 30.8 −8748 3689 6517 7188  
be explained by differences in COP values. It is noteworthy that the 
higher 𝐶0 of propane designs do not prevent them from achieving better 
values than R410 A designs, despite the latter having investment costs 
closer to those of R32 designs.

Additionally, it is important to note that the high-performing R32 
and propane designs are the only ones with a positive 𝑁𝑃𝑉  and a 
𝑃𝐵𝑇  lower than their 20-year project lifetimes, making them the only 
financially viable investments among those tested.
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Observing that R32 and propane outperform R410 A in previous 
results is positive, as R410 A has the highest global warming potential 
(GWP) among them. From an environmental perspective, R32 and 
propane are preferable choices, providing another reason to exclude 
R410 A in future SAHPs. Propane, with a lower GWP than R32 and an 
ozone depletion potential of 0, could be the refrigerant of the future. 
However, it is important to consider the high flammability of propane 
and the associated safety risks. Considering carbon taxation and the 
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Fig. 10. Heat demand coverage of the SAHP on monthly scale, depicting heat demand 
(𝑑𝑒𝑚), solar thermal energy (𝑃𝑉 𝑇 , 𝑡ℎ), HP input when run on solar-sourced electricity 
(𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙), and when run on grid electricity (𝐻𝑃 𝑔𝑟𝑖𝑑).

Fig. 11. Electricity use on monthly scale, depicting, generated electricity (𝑔𝑒𝑛) and 
electricity demand (𝑑𝑒𝑚), solar sourced electricity going to, the appliances (𝑟𝑒𝑠𝑡 𝑃𝑉 𝑇 ), 
and to the HP (𝐻𝑃 𝑃𝑉 𝑇 ), as well as the excess (𝑒𝑥𝑐), the grid electricity used for the 
appliances (𝑟𝑒𝑠𝑡 𝑔𝑟𝑖𝑑) and for the HP (𝐻𝑃 𝑔𝑟𝑖𝑑).

rules on ozone-depleting refrigerants getting stricter, it would be more 
reasonable financially to invest in the more environmentally friendly 
options.

4. Comparison of different heating technologies

The comparison of the heating technologies focuses on an economic 
perspective. The most comparable metric identified is the 𝐿𝐶𝑂𝐸eq,el, as 
it accounts for both electricity and heat generation and consumption 
as well as the investment costs, meaning that the advantages of solar 
generation offered by the SAHP are considered without disregarding 
its higher investment cost. For the standalone HP and boiler systems, 
the total household electricity consumption is completely covered by 
grid, and is also considered in the 𝐿𝐶𝑂𝐸eq,el. In the recent context of 
the increase in energy prices, it is of particular interest to study the 
sensitivity of the 𝐿𝐶𝑂𝐸eq,el of different heating systems to the variation 
in natural gas and electricity prices. The variation of the 𝐿𝐶𝑂𝐸
eq,el
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Fig. 12. Annual comparison of heat demand coverage from nine selected HP designs, 
three different performance levels for three different refrigerants (C3 represents 
propane), depicting solar thermal energy (𝑃𝑉 𝑇 , 𝑡ℎ), solar sourced electricity going to 
the HP (𝐻𝑃 𝑃𝑉 𝑇 , 𝑒𝑙), the grid electricity used for the HP (𝐻𝑃 𝑔𝑟𝑖𝑑).

Fig. 13. Annual comparison of electricity use from nine selected HP designs, three 
different performance levels for three different refrigerants (C3 represents propane), 
depicting the appliances (𝑟𝑒𝑠𝑡 𝑃𝑉 𝑇 ), and to the HP (𝐻𝑃 𝑃𝑉 𝑇 ), as well as the excess 
(𝑒𝑥𝑐), the grid electricity used for the appliances (𝑟𝑒𝑠𝑡 𝑔𝑟𝑖𝑑) and for the HP (𝐻𝑃 𝑔𝑟𝑖𝑑).

as a function of energy prices for each individual heating system is 
described in Fig.  14 for the three heating technologies.

The SAHP in Fig.  14(a) shows the lowest 𝐿𝐶𝑂𝐸eq,el for most energy 
price combinations, with values continuously staying between 0.2 and 
0.4 Euro/kWh. The standalone HP is more sensitive to the electricity 
prices compared to the SAHP since it consumes more electricity. The 
𝐿𝐶𝑂𝐸eq,el for the HP in Fig.  14(c) varies from 0.2–0.5 Euro/kWh on the 
studied interval. Only the standalone boiler, in Fig.  14(b), is affected by 
changing the natural gas price. All of its heating is based on natural gas 
while all of the electricity consumption from appliances are covered by 
the grid. The heating demand is bigger than the electricity demand, 
which explains why the effect of varying natural gas price is more 
important than that of the varying electricity price. The standalone 
boiler shows the largest variation in 𝐿𝐶𝑂𝐸eq,el over the studied interval 
with values varying between 0.2 and 0.6 Euro/kWh.

Fig.  15 shows which technology has the lowest 𝐿𝐶𝑂𝐸eq,el for each 
natural gas and electricity price combination. The natural gas and 
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Fig. 14. 𝐿𝐶𝑂𝐸eq,el as a function of electricity and natural gas price for: (a) the SAHP, (b) standalone boiler, and (c) standalone HP.
Fig. 15. Fields representing which technology has the lowest 𝐿𝐶𝑂𝐸eq,el at various 
natural gas and electricity prices.

electricity prices are plotted for the last four years, values are from the 
end of the year. The SAHP is the most cost-effective choice for most 
energy price combinations in the studied range. For the boiler, it is 
observed that increasing the electricity price allows a larger natural 
gas price to be tolerated while maintaining the lowest 𝐿𝐶𝑂𝐸eq, el. The 
boiler was almost the best option before energy prices began climbing 
in 2020. At electricity prices below 0.09 Euro/kWh, the standalone 
HP also becomes a viable option since the advantages of saving grid 
electricity usage become less significant in this case, and solar solutions 
becomes less interesting.

Even if the SAHP shows good 𝐿𝐶𝑂𝐸eq,el values, PVT collectors 
possess a cost barrier especially in comparison to PV panels. However, 
certain concepts could make PVT collectors more attractive: newer, 
cheaper or more efficient PVT collector technologies, incentives in the 
form of subsidies for PVT collector (since they reduce grid-sourced 
electricity consumption), and lower water tank temperatures (making 
it easier to produce usable solar thermal output during colder periods).

5. Limitations

The limitations of this research highlight the need for further studies 
on the topics discussed. They are summarized as follows:

• A single-node thermal storage model is used, assuming no spa-
tial temperature gradients within the water tank, thereby dis-
regarding potential performance improvements from stratified 
operation [64].
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• Pure water is considered as the solar HTF, instead of an antifreeze 
solution. If the temperature of the HTF reaches below 0 ◦C, the 
options are to empty the collectors of water which, in contrast to 
antifreeze solutions, is harmless to the sewage system, or to heat 
the collectors with the water tank [22].

• Electrical energy storage is not considered; only immediate power 
demands are met by the generated solar power. While this sim-
plifies the system, it does not optimize household solar electricity 
consumption.

• Control equipment is considered only from an economic perspec-
tive. Given the technical maturity of PVT and HP systems, the 
proposed control strategy is assumed to be practical.

• Risks related to sensitive loads and the reliability of electrical 
power, particularly concerning the HP and household appliances, 
are outside the study’s scope.

6. Conclusions

In this study, a parallel IDX SAHP system was investigated from 
thermodynamic, economic, and environmental perspectives, for a typ-
ical single-family house in Germany. The proposed system involved 
the integration of PVT collectors and a HP, operating in parallel, to 
cover space heating and hot water demand. The HP and the household 
appliance electricity demand were partially covered by the PVT mod-
ules. The methodology involved developing a transient mathematical 
model for a SAHP by integrating a PVT model with HP performance 
maps based on various designs generated from a separate model. The 
performance of the SAHP was simulated using estimated household 
energy demand data and actual weather data from the three largest 
cities in Germany.

From an energy perspective, for the considered household, the 
system allowed over one third of the annual heat demand and around 
half of the annual appliance electricity demand to be covered by solar 
energy. However, a mismatch between solar energy generation and 
heat consumption limited the system’s ability to utilize even larger 
amounts of solar energy. During summer, the low heat demand was 
largely met by solar energy. In contrast, during winter, the larger heat 
demand was primarily covered by the HP running on grid-sourced elec-
tricity. Among the cities tested, the SAHP system achieved the highest 
solar energy coverage in Munich (up to 39% of heat demand). Out 
of 54 HP designs, the high-performance design using R32 refrigerant 
provided the highest solar energy coverage.

Economically and environmentally, designs showing higher de-
mand coverage by solar energy had the best performance. The high-
performance HP designs using R32 and propane, were the only ones 
shown to be a viable investment with positive 𝑁𝑃𝑉  (960 and 255 Euro) 
and 𝑃𝐵𝑇  lower than the technology lifetime (19.3 and 19.8 years). 
Comparing the SAHP to other technologies, a standalone HP or natural 
gas boiler could only match the 𝐿𝐶𝑂𝐸eq,el of the SAHP at exceptionally 
low electricity or gas prices.
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Germany serves as a representative case study in this work due to 
its temperate climate and a rapidly expanding HP market, conditions 
that are present in other industrialized regions. As such, the findings 
of this study can be reasonably extrapolated to other Central European 
countries with similar climatic and economic profiles, such as Austria, 
Switzerland, the Netherlands, and parts of France. Beyond Central 
Europe, the results also hold relevance for regions outside Europe 
that share comparable climate zones and energy market structures, 
including parts of North America, East Asia and Oceania. To support 
broad applicability, the comparison of heating technologies in this 
work was conducted across a wide range of energy prices, reflecting 
diverse global economic conditions. The analyses presented are based 
on variable input parameters, allowing for meaningful comparisons 
across multiple regional contexts. In addition, the underlying modeling 
approach is adaptable, as it incorporates flexible parameterization, 
such as energy pricing, climatic data, and policy incentives, making 
it a valuable framework for researchers and policymakers worldwide 
seeking to evaluate the performance and viability of SAHP systems 
under other regional conditions.

An important challenge for the parallel IDX configuration inves-
tigated in this paper, was that the increase in tank temperature by 
the ST loop hindered the operation of the HP using solar-sourced 
electricity. Elevated tank temperatures also reduced the thermal effi-
ciency of the PVT collectors. Future work should aim to lower the HP 
hot-sink temperature to help mitigate these issues. Further research 
opportunities also include the integration of defrosting strategies and 
electrical energy storage, which could be effectively explored using 
dedicated transient simulation tools. The study concluded by proposing 
that the SAHP system holds development potential that could enhance 
its attractiveness.
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Appendix A. Complementary equations

A.1. Circulation pump power

The PVT circulation pump power consumption is given by Eq.  (A.1) 
[65,66]: 

𝑃pump =
𝑚̇(𝛥𝑃collector + 𝛥𝑃PVT)

𝜂pump𝜌water
, (A.1)

where 𝑚̇ is the total mass flow rate, 𝛥𝑃collectors is the pressure drop in 
PVT collectors, set to 0.18 ⋅ 105 Pa, 𝛥𝑃  is the pressure drop in PVT 
PVT
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circulation loop, 𝜂pump is the pump efficiency, set to 85%, and 𝜌water is 
the density of water [67].

The pressure drops in the circulation loop is given by the Darcy–
Weisbach equation, see Eq.  (A.2) [68]: 

𝛥𝑃PVT =
𝑓𝐿pipe
𝐷h

0.5𝜌
(

𝑚̇
𝜌𝐴pipe

)2
, (A.2)

where 𝑓 is the friction factor, 𝐿pipe is the length of the pipes in the 
loop system, 𝐷h is the hydraulic diameter of the pipes, and 𝐴pipe is the 
internal area of the pipe system.

A.2. Overall heat transfer

The overall heat transfer coefficient through the tank is obtained 
by assuming that a wool insulation layer consists the main thermal 
resistance to heat transfer through the tank and that the thermal 
resistance through convection both in and outside of the tank is negli-
gible in comparison. Eqs.  (A.3) and (A.4) summarize the corresponding 
calculations: 
𝑈ins =

1
𝑅ins𝐴WT

, (A.3)

where 𝑅ins is the thermal resistance of the insulation calculated for a 
cylindrical layer as in Eq.  (A.4): 

𝑅ins =
𝑙𝑛

(

𝑟e
𝑟i

)

2𝜋𝑘𝐻i
, (A.4)

where 𝑟e is the external radius of tank, 𝑟i is the internal radius of tank, 
𝑘 is the thermal conductivity set to 0.038 W/m K [69], and 𝐻i is the 
internal height of the tank.

Appendix B. Heat pump design

The motivations for the choices of the six design conditions are 
described as follows:

1. Cold-source design temperature:
This temperature corresponds to the lowest air temperature that 
the HP should be able to handle. The dry-bulb temperature 
that was exceeded 99% of the time in 2021, as recorded by 
meteorological stations in the three studied cities was used as 
the basis for cold-source design temperature [70].

2. Hot-sink/tank temperature:
This temperature corresponds to the tank temperature. The wa-
ter storage tank was used both for SHD and HWD and the 
tank temperature needs to satisfy conditions for both. A tank 
temperature of 55 ◦C was assumed to be sufficient to cover both 
SHD, which has a setpoint temperature of 50 ◦C, and HWD, 
which has a setpoint temperature of 45 ◦C. The HP will not be 
as efficient, and the COP map will no longer be valid, if the tank 
temperature deviates to much from the hot-sink temperature. 
Therefore, an upper limit was set to 65 ◦C, above which the HP 
no longer provides heat  [71,72].

3. Heat output:
The design heat output of a HP measures its size and power, serv-
ing as a proxy for its cost. An increase in heat output correlates 
with higher costs, yet it can also correspond to a lower specific 
cost per kWh. Two design heat outputs were selected. Based 
on the hourly heat demand load profile, a worst-case scenario 
was identified, corresponding to the highest observed hourly 
heat demand over the year [45]. This peak demand was slightly 
rounded down, by a few hundred W, to 5.5 kW to align with a 
standard HP capacity and to prevent excessive oversizing. This 
capacity was used as the base HP configuration. A second size 
of 7 kW was selected to investigate the effect of HP oversizing 
and its implications for thermal energy storage and flexibility.
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Table B.1
Design condition combinations, selected designs are highlighted in gray.
Refrigerant Design Temp. (◦C) PPTD (◦C) Heat output (W) Mean COP Tot. price (Euro)

R32

−9.2

3 5500 3.15 5119.4

7000 3.13 5184.6

5 5500 2.88 4979.5

7000 2.89 4999.2

10 5500 2.44 4815.2

7000 2.41 4859.0

−8.3

3 5500 3.12 5117.0

7000 3.13 5178.5

5 5500 2.89 4971.4

7000 2.89 4991.2

10 5500 2.46 4806.0

7000 2.41 4859.6

3  5500 3.12 4976.6

7000 3.13 5147.9

5 5500 2.86 4931.1
−6.1 7000 2.90 4972.0

10 5500 2.47 4783.6

7000 2.41 4826.7

5500 2.93 5039.3
3 7000 2.97 5327.7

−9.2 5 5500 2.10 4874.1

7000 2.21 5109.0

10 5500 2.06 4743.6

7000 1.99 4931.3

3 5500 2.93 5034.3

7000 2.97 5323.5

5 5500 2.20 4868.6
R410a mix −8.3 7000 2.20 5103.8

10 5500 2.02 4734.6

7000 2.02 4922.0

3 5500 2.93 5021.0

7000 2.97 5312.2

−6.1 5 5500 2.23 4853.8

7000 2.16 5089.2

10 5500  2.00 4711.9

7000 2.06 4898.2

Propane

−9.2

3 5500 3.10 5332.7

7000 3.09 5672.5

5 5500 2.84 5158.9

7000 2.83 5428.9

10 5500 2.25 5014.5

7000 2.25 5217.0

−8.3

3 5500 3.10 5323.4

7000 3.09 5666.3

5 5500 2.84 5148.4

7000 2.83 5420.3

10 5500 2.25 5004.0

7000 2.25 5209.0

3 5500 3.09 5300.3

7000 3.10 5650.0

−6.1 5 5500 2.83 5122.1

7000 2.83 5398.1

10 5500 2.25 4977.9

7000 2.25 5186.9
15 
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4. PPTD:
The PPTD functions as a measure of the size of the HP HEXs, 
the smaller the PPTD, the larger the HEXs, and the higher the 
costs. The considered HEXs in this model include the evaporator 
and the condenser, with an equal PPTD assumed for both. It is 
acknowledged that while this a widely used modeling simplifi-
cation that can still provide accurate system-level results, it does 
not necessarily reflect all real-world HP cycles. A value of 5 ◦C
is commonly assumed. However, a PPTD of 3 ◦C and 10 ◦C are 
also tested for to observe the effects on costs and COP [73].

5. Refrigerant:
Refrigerants are notorious for their high global warming and 
ozone depletion potentials (GWP and ODP). The choice of re-
frigerant is relevant when it comes to limiting the environmental 
impact of HPs. In this study, the refrigerants R32, R410 A and 
propane are considered. R410 A is a prevalent refrigerant mix in 
the existing HP stock with a relatively low ODP. It has a lower 
density than its predecessors allowing for a more compact HP 
and lower costs [74]. R32 is a component of the R410 A mix 
with a much lower GWP, which is common in newly installed 
HPs [75–77]. Propane has an ODP of 0 and a very low GWP. 
However, because of its flammable character it has been avoided 
in research up until recently [78].

6. Compressor type:
The rotary-vane compressor type was assumed for all designs 
since they are cost-effective and function well in small-scale 
applications such as domestic heating.

All 54 HP designs generated and tested for in off-design are reported 
in Table  B.1. Since the compressor type and the tank temperature are 
the same for every design, these parameters are not included in the 
table. The mean COP obtained in off-design operation and total price 
are given for each design. The designs selected for further analysis are 
highlighted in gray.

Data availability

Data will be made available on request.
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