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A B S T R A C T

Due to the high share of the heating market in Europés final energy consumption, it is mandatory to intensify the 
decarbonisation in this sector. Large-scale heat pumps could significantly contribute to different areas of 
application, like the supply of existing heating networks or the utilisation of industrial waste heat, by using 
various energy sources like geothermal, air or running water. However, there are still open research questions 
regarding the technical aspects like fluid selection or part load behaviour as well as economic aspects.

This study investigates the potential of maximising the thermal capacity of existing geothermal heating plants 
by integrating large-scale heat pumps. To consider a realistic performance of the heat pump, experimental results 
are implemented into a techno-economic model. Annual simulations are carried out based on real data for a 
district heating network and the geothermal source. The experimental investigations of a high-temperature heat 
pump show the high impact of temperature lift, temperature glides and part load operation on the COP. Addi-
tionally, this investigated part load behaviour is implemented in the techno-economic model.

For the techno-economic analyses, the levelized costs of heat (LCOH) are calculated. For a base scenario, 68 
€/MWh are estimated. Additionally, sensitivity analyses were conducted to quantify the influence of selected 
geological, design and economic parameters on the LCOH. The electricity price shows the most significant 
impact, with a potential reduction of the LCOH of 39 %. In general, the study points out the great potential of 
integrating large-scale heat pumps into geothermal energy systems and district heating networks to extend the 
renewable system’s thermal capacity efficiently and cost-effectively.

1. Introduction

Reducing global warming through the decarbonisation of the energy 
sector is one of the biggest challenges of our time. However, renewable 
energy sources still play a minor role in the heating sector, with about 
23 % in 2021, although this sector accounts for over 50 % of European 
final energy consumption [1]. Integrating large-scale and high- 
temperature heat pumps (HTHPs) into renewable energy systems is a 
promising approach to provide thermal energy in a sustainable and 
resource-efficient way. Potential applications are geothermal systems or 
upgrading waste heat from industrial processes. Using HTHPs offers the 
possibility to ensure sustainable peak load coverage, increase the ther-
mal output of different systems, or raise supply temperatures.

The term HTHP is not clearly defined in literature. For example, 
Arpagaus et al. [2] label heat pumps with supply temperatures higher 
than 90 ◦C as high-temperature systems. The International Energy 

Agency [3] defines classic industrial heat pumps as HTHPs with a heat 
source temperature of up to 40 ◦C and a heat sink temperature of up to 
80 ◦C. In case of heat sink temperatures higher than 100 ◦C, the term 
very-high-temperature heat pumps is proposed. In this work, the clas-
sification according to the International Energy Agency is applied 
without the distinction between very-high-temperature and HTHPs.

A fast-growing amount of experimental studies of HTHP have been 
conducted. Exemplarily, Hassan et al. [4] examined an HTHP with the 
hydrochlorofluoroolefin (HCFO) refrigerant R1233zd(E) and developed 
a simulation model. The HTHP was designed to operate at heat sink 
temperatures above 130 ◦C, with the possibility of varying the 
compressor speed from 500 rpm to 1500 rpm. This work aimed to reach 
a coefficient of performance (COP) of greater than 4 in every operating 
point and to find the boundary conditions to achieve this goal. In their 
study, Jiang et al. [5] used the same refrigerant and supply temperatures 
up to 100 ◦C. They reached a COP of 3.67 at a temperature lift of 50 K 
and developed a semi-empiric simulation model. Arpagaus and Bertsch 
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[6] made an experimental comparison between R1224yd(Z) and 
R1233zd(E) in an HTHP. The laboratory HTHP shows a thermal output 
of 10 kW, and the performance was examined at different temperature 
lifts.

Mateu-Royo et al. [7] investigated the possibility of using different 
HCFOs instead of R245fa in HTHP cycles. R1224yd(Z) and R1233zd(E) 
are proving to be good alternatives. The results are also evaluated from 
an environmental point of view and show the potential of a CO2e- 
emission reduction of up to 57.3 % compared to conventional fossil fuel 
boilers. Based on this presented test rig, Navarro-Esbri et al. [8] devel-
oped a simulation model for refrigerant mixtures and evaluated it in a 
techno-ecological way. The results show that with a carbon emission 
factor of the electricity mix lower than 0.35 kgCO2e/kWh, HTHPs can 
reduce emissions compared to fossil fuel boilers. Brendel et al. [9]
investigated high-glide refrigerant mixtures experimentally and showed 
a COP improvement compared to the best-performing hydro-
fluoroolefins (HFO)/HCFO of 14 %. Zhang et al. [10] demonstrated the 
feasibility of a new binary refrigerant mixture BY-5. The experimental 
results were used to validate a simulation model and showed the po-
tential for supply temperatures up to 135 ◦C. The focus of the experi-
mental studies is, therefore, on efficiency or supply temperature 
improvements as well as the investigation of different refrigerant 
mixtures.

The corresponding heat pump market is also growing significantly. 
In this context, Arpagaus [11] identified already 26 commercially 
available HTHPs with maximum supply temperatures above 90 ◦C, and 
the investment costs vary between 100 €/kW and 1000 €/kW [12]. 
Overall, market-ready technologies achieve heating capacities between 
20 kW and 20 MW. Jiang et al. [13] published a review of the state of the 
art of HTHPs. They stated four suggestive prospects: low-GWP re-
frigerants, supply temperature higher than 100 ◦C, heating capacity 
higher than 1 MW and COPs over 4 at a temperature lift of 40 K.

Next to technical and thermodynamic aspects, several techno- 
economic analyses of HTHPs combined with industrial systems or dis-
trict heating networks (DHN) have also been published. Mateu-Royo 
et al. [14] investigated the integration of HTHPs into DHNs. The DHN 
can be used as a heat sink and a heat source in their work. It is used as a 
heat sink when waste heat from a supermarket refrigeration system can 

be used and as a heat source when industrial customers require heat. 
Arslan et al. [15] evaluated the combination of existing DHN with 
thermal energy storages and heat pumps. They conducted a multi- 
objective parameter optimisation to obtain a high performing combi-
nation of different variables like refrigerant and phase change material. 
The combination of geothermal heat source and large scale heat pumps 
was also examined by Jensen et al. [16], to identify the most suitable 
system configuration of two heat pumps connected in series. Kosmada-
kis et al. [17] investigated the integration into industrial processes and, 
thereby, the upgrade of waste heat up to 150 ◦C. The authors also 
examined different plant configurations like a simple HTHP cycle, the 
use of an internal heat exchanger and two-stage compression. Sartor 
et al. [18] investigated the integration into DHN with a focus on steam 
production and the behaviour of the COP of the HTHP. Deng et al. [19]
investigated the combination of medium-deep geothermal boreholes 
with heat pumps focusing on optimising the system for supply temper-
atures up to 55 ◦C. Dumont et al. [20] examined the integration of 
HTHPs in the food and beverages industry. Their results indicated that 
HTHPs could meet 12 TWh/a of process heat demand in the German 
food and beverages industry. The combination of geothermal energy 
systems and HTHPs or large-scale heat pumps was investigated in 
different aspects. Arslan et al. [21] evaluated the combination of ther-
mal energy storage and heat pumps for the peak load coverage in 
geothermal district heating systems from a thermodynamic, economic 
and environmental point of view. Kim et al. [22] designed an absorp-
tion/compression heat pump with a refrigerant mixture of ammonia and 
water to upgrade geothermal heat at 50 ◦C up to 90 ◦C with a simulta-
neous cold supply at 20 ◦C. Lu et al. [23] also analysed the potential of 
medium depths with the aim of steam generation by using a heat pump 
with a flash tank system. They compared different refrigerants with 
constant boundary conditions to identify the optimal system tempera-
tures and refrigerant from a technical point of view. Wang et al. [24]
developed a numerical deep borehole heat exchanger model to give 
guidance for the design of deep borehole heat exchangers in terms of 
structural and geological parameters. Wang et al. [25] also analysed 
such a system in a field application and proved the potential of medium- 
depth geothermal heat pump systems in cold regions for building 
heating. The peak load coverage and the supply temperature increase in 

Nomenclature

c Price, €⋅kWh− 1

C Costs, €⋅kWth
-1

COND Condenser
COP Coefficient of performance
DHN District heating network
ESP Electronic submersible pump
EVAP Evaporator
FS Full-scale uncertainty, %
GWP Global warming potential, CO2-eq.
HCFO Hydrochlorofluoroolefine
HEX Heat exchanger
HFO Hydrofluoroolefine
HTHP High-temperature heat pump
IHX Internal heat exchanger
LCOH Levelized costs of heat
Lossesel Electrical losses, %
Lossesth Thermal losses, %
ODP Ozone depletion potential, R-11-eq.
OR Operating range uncertainty, %
p Pressure, bar
P Electrical power, kW
q Interest rate

Q̇ Thermal capacity, kW
r Price increase factor
T Temperature, ◦C
t Time, a
ΔT Temperature difference, K
Δx Sensor uncertainty, %
Δy Combined uncertainty, %

Subscripts
Electr Electricity
Geo Geothermal
glide Temperature glide
HP Heat pump
Inv Investment
lift Temperature lift
ob Period under consideration
prod. well Geothermal production well
reinjection Geothermal reinjection
rel relative
return Return mass flow
service Service life
sink Heat sink
source Heat source
supply Supply mass flow

J. Jeßberger et al.                                                                                                                                                                                                                               



Applied Thermal Engineering 257 (2024) 124240

3

medium depths have been investigated by Jeßberger et al. [2]; both 
applications can reduce the Levelized costs of heat (LCOH) compared to 
oil and gas boilers. The sensitivity analyses showed that the electricity 
price has the most significant impact on the LCOH, followed by the COP 
and the full load hours. The literature overview illustrates that 
geothermal systems including large-scale heat pumps is a relevant 
research topic. However, part load behaviour of those heat pumps as 
well as the peak load coverage by heat pumps is mostly neglected in 
present studies. So far, published experimental investigations are mainly 
focussed on a high temperature lift or efficiency increase. This results in 
a significant research gap concerning the integration of HTHPs into 
geothermal systems under consideration of the part load behaviour, to 
represent a realistic system performance.

So, this study will carry out an experimental investigation of the part 
load behaviour of a high temperature heat pump. The test rig is a HTHP 
with a thermal output of 35 kW and a supply temperature of up to 
130 ◦C. The working medium is the HCFO refrigerant R1233zd(E), 
which has low global warming potential (GWP) and ozone depletion 
potential (ODP). The conducted measurement series are analysed both 
at system and component level. The experimental investigation of part 
load behaviour and the influence of varying temperature lifts are 
implemented in the techno-economic models of the geothermal heating 
plant. Thereby, the upgrade of existing geothermal heating plants by 
decreasing the reinjection temperature of the thermal water is investi-
gated. In contrast to previous investigations [26], the costs of the 
geothermal system are neglected to follow the approach of upgrading 
existing geothermal heating plants by means of the integration of large- 
scale heat pumps. The current geothermal heating capacity only in 
Bavaria leads to an amount of 1110 GWh heat per year [27], and this 
study shows the potential of using the already installed capacity as a 
possible heat source by using field data of one year of an existing heating 
plant combined with experimental data from the test rig. This makes it 
possible to expand the heat supply without additional geothermal 
development.

In the following chapters, the methodology is presented, followed by 
a discussion of the results of the experimental investigations and the 

techno-economic analyses.

2. Methodology

In this chapter, the heat pump test rig is described, and the mea-
surement procedure and evaluation methodology are continued. Sub-
sequently, the boundary conditions of the presented case study, as well 
as the techno-economic methods, are presented.

2.1. Experimental setup

In order to provide reliable part load and off-design characteristics, a 
test rig of a HTHP with a thermal capacity of 35 kW is analysed. The 
experimental setup was initially introduced in 2022 [28] and is analo-
gous to the experimental setup presented in the work of Jeßberger et al. 
[26,29]. As working fluid trans-1-Chloro-3,3,3-trifluoropropene 
(R1233zd(E)) is used. This HCFO has a GWP of 1 CO2e and an ODP of 
0.00034 R-11e [30]. The flow chart is presented in Fig. 1. All pipes and 
heat exchangers are insulated to minimise the system’s heat losses. In 
the following section, the heat pump circuit is described based on the 
flow chart. At state point 1, the suction gas enters the reciprocating 
piston compressor and is compressed and superheated in state point 2. A 
software-controlled frequency converter is used to vary the compressor 
speed from 758 rpm up to 2100 rpm to investigate the part load 
behaviour of the HTHP. From the outlet of the compressor, the refrig-
erant flows through the oil separator to separate the entrained oil and 
ensure optimum heat transfer in the condenser. Here, the working fluid 
releases thermal energy during condensation, and exits subcooled at 
state point 4.

After passing the liquid tank, the subcooled working medium enters 
the internal heat exchanger (IHX) and is coupled to the outlet stream of 
the evaporator (state point 9 to 1) in order to ensure sufficient super-
heating of the suction gas. Concerning the high-pressure side, the 
expansion valve leads to an isenthalpic expansion from state point 8 to 
state point 9. In the following, the refrigerant gets evaporated and su-
perheated by 5 K.

Fig. 1. Flow chart of the HTHP test rig.
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The heat source is simulated by a tempering device, uses water as a 
medium, and the temperatures and the volume flow rate can be 
controlled software-based. A primary water circuit is used as a heat sink. 
The pump and bypass valve control the heat sink outlet temperature 
(T3.01), and the bypass valve after state point 3.1 controls, in combina-
tion with a heating device, the inlet temperature of the condenser 
(T3.04).

In addition, the test rig enables the following analysis and plant 
configuration:

• Sampling points for liquid, gaseous and oil-refrigerant mixtures.
• Variable internal heat exchanger surface by using a bypass valve.
• Water-cooled cylinder heads for compressor waste heat utilisation 

(see also Jeßberger et al. [31]).

2.2. Measurement procedure and error analysis

To carry out the techno-economic analysis with experimental per-
formance data of the heat pump, the yearly mean temperatures of the 
district heating network (see Chapter 2.3) are used to simulate the base 
scenario of the heat pump performance. Additionally, the temperature 
lift (ΔTlift) is varied by increasing the supply temperature from 70 ◦C to 
100 ◦C in 5 K steps. Using fixed temperatures from the base case, the 
compressor speed is used to simulate the required flexibility and to vary 
the thermal power. Each operating point is measured in a steady state 
over a period of 10 min.

For the conducted experiments, the steady-state conditions are 
defined according to a change in the discharge temperature (T1.02), and 
the heat sink temperatures (T3.01 and T3.04) differ in a range below 1.5 K 
over a period of 10 min. Fig. 2 illustrates this steady state and shows the 
behaviour of the software-based PID controllers.

The measurement uncertainties are caused by the uncertainty of 
sensors and of the measurement board. It is essential to distinguish be-
tween a full-scale uncertainty (FS) and the operating range uncertainty 
(OR). FS refers to the maximum measurement deviation as a percentage 
of the total measurement range, while OR indicates the maximum de-
viation within the actual range used during a measurement. The recip-
rocal influence of the individual errors is calculated with the help of the 
Gaussian error propagation, according to DIN 1913-4 [32]. By calcu-
lating a parameter y as a function of different parameters xi, the com-
bined uncertainty Δy is defined as: 

Δy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂y
∂x1

⋅Δx1

)2

+

(
∂y
∂x2

⋅Δx2

)2

+ ⋯ +

(
∂y
∂xn

⋅Δxn

)2
√

(1) 

where Δxi is the independent variable, generally provided by the 

manufacturer and shown in Table 1. Δxi compromises two components: 
the measurement uncertainty of the sensor itself and the error intro-
duced by the measurement board.

Following this methodology, the base scenario regarding the mean 
temperatures of the DHN is investigated. To show the significant impact 
of varying temperature glides at the condenser and evaporator, their 
variation is also measured. The temperature glide is defined as the dif-
ference between the inlet and outlet of the water circuit on the 
condenser (T3.01 – T3.04) and evaporator (T2.01 – T2.02). This corresponds 
to a decreased return temperature of the DHN, and its effect on the COP 
of the heat pump could be quantified. The conducted measurement 
campaigns are summarised in Table 2 and show the great flexibility of 
the heat pump:

The following chapters introduce the existing geothermal heating 
plant as well as the potential concepts, investigated in this study.

2.3. Geothermal energy system

The investigated DHN is located in the south of Munich and has a 
maximum thermal capacity of 14 MW. The demand is served by two 
geothermal brines, which are using the hydrothermal reservoir of the 
South Bavarian Molasse Basin, see Fig. 3. The geothermal brine from two 
production wells (prod. well 1 and 2) is led into plate heat exchangers 
(HEX), release thermal energy to the DHN and get reinjected into the 
hydrothermal reservoir. The geothermal heating plant uses the 
geothermal brine for the base load coverage; the peak load coverage is 
realised by a fossil oil-based boiler, which is also implemented for 
redundancy. The geothermal boundary conditions like brine depth and 
required electrical power for electronic submersible pump (ESP) are 
published by Jeßberger et al. [26] and will not be focussed in this study. 
In contrast, the DHN and the reinjection temperature of the thermal 
water are discussed in detail in the following. Fig. 4 shows the 
geothermal water temperatures on the left-hand side as well as the 
temperature of the DHN on the right-hand side of the year 2015 in an 
hourly solution. Due to failure rates (for example, in the ESP), it can be 
seen that the geothermal source cannot be used to its full potential, 
which shows the necessity to improve the pump technology, reduce the 
downtimes and increase the service life.

The temperatures of the DHN are relatively constant, with a mean 
supply temperature of 85.6 ◦C and a mean return temperature of 58.2 ◦C. 
The fluctuating heat demand depending on weather conditions is served 
by varying the mass flow rate in the DHN, which is illustrated in Fig. 5. 

Fig. 2. Steady-state conditions for an exemplary operating point.

Table 1 
Sensors and uncertainties.

Sensor Type Range Sensor 
uncertainty

Board 
uncertainty

Temperature Omega, PR- 
22–3-100–1/ 
3-M3-100- 
M12

− 30 ◦C 
to 350 ◦C

dT = ± (1/3 ⋅ 
(0.30 ◦C+0.005 ⋅ 
T))

± 0.15 ◦C

Pressure Omega, 
PAA23SY-C- 
5-M12, 5 bar 
abs.

− 1 bar to 
5 bar

± 0.7 % FS ± 0.76 %

Pressure Omega, 
PAA23SY-C- 
20-M12, 20 
bar abs.

− 1 bar to 
20 bar

± 0.7 % FS ± 0.76 %

Mass flow 
refrigerant

Endress +
Hauser, 
Proline 
Promass 40E

0 kg/h to 
18,000 
kg/h

± 0.5 % OR negligible

Volume flow 
water 
circuits

Siemens, 
SITRANS FM 
MAG 3100P/ 
5100 W

− ± 0.4 % OR 
± 1 mm/s

negligible

Electrical 
Power

− − ± 0.7 % OR negligible
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This graph also shows the need for peak load coverage, which is actually 
served by the fossil oil boilers (red part of the curve). With a share of 5.8 
% of the demand of the DHN, the oil boiler has to supply 3 GWh/a.

Regarding Fig. 3 (left side), the mean reinjection temperature of the 
thermal water is 68 ◦C. This temperature level offers a vast potential to 
increase the thermal capacity of the heating plant by integrating a large- 
scale heat pump. All configurations shown in Fig. 6 decrease the 

reinjection temperature. In this study, a lower limit of 45 ◦C is defined. 
Configurations 1 and 2 both utilise the return temperature of the DHN as 
the inlet for the condenser of the heat pump. However, in configuration 
1, the temperature is increased only to the extent that the thermal water 
can still be used for additional temperature increase. In contrast, 
configuration 2 involves the direct integration of the heat pump into the 
DHN. In configuration 3, the return mass flow rate of the DHN is fed into 
the geothermal heat exchanger and enters the heat pump as heat sink 
inlet temperature. Configuration 1 offers the smallest temperature lift of 
the heat pump, and configuration 2 requires the highest temperature 
glide at the condenser. Nevertheless, configurations 1 and 3 lead to 
larger geothermal heat exchangers due to the increased mass flow rate of 
the DHN, which is linked with new investment costs and a more 
extensive integration effort.

Configuration 2 requires the highest temperature lift but can be 
implemented in existing systems, provided that the DHN pipelines are 

Table 2 
Conducted measurement campaigns on the HTHP test rig.

Campaign Tsink, in Tsink, out Tsource, in Tsource, out Compressor speed

Part load 58 ◦C 85.6 ◦C 68 ◦C 45 ◦C 758–2100 rpm
ΔTLift 58 ◦C 75 ◦C–100 ◦C 68 ◦C 45 ◦C 1517 rpm
Tglide,COND 30 ◦C–60 ◦C 85.6 ◦C 68 ◦C 45 ◦C 1517 rpm
Tglide,EVAP 58 ◦C 85.6 ◦C 68 ◦C 40 ◦C– 5 ◦C 1517 rpm

Fig. 3. Geothermal reference heating plant.

Fig. 4. Temperatures of the brine (left) and district heating network (right).

Fig. 5. Load profile of the DHN divided into the geothermal and fossil share.
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able to handle an increased mass flow rate. In this study, configuration 2 
is investigated to ensure comparability and transferability to other, in 
particular existing, geothermal heating plants.

2.4. Thermodynamic and economic model

Besides the integration concept, it is necessary to define the bound-
ary conditions of the techno-economic analyses. The boundary condi-
tions are presented in Table 3 and are divided into constant values for 
the base scenario and due to the load profile fluctuating values.

The electricity price celectr is taken from the first half year from 2022 
for industrial customers in Germany [33]. For transferability to other 
countries, sensitivity analyses are carried out in the following chapter. 
The thermal and electrical losses of the heat pump are required to 
calculate the possible heat sink capacity (compare Jeßberger et al. [29]). 
The service life is used to take the replacement procurements into ac-
count depending on the period under consideration. The price increase 
factor r simulates the annual price increase caused by the inflation rate.

One of the most critical factors for the economic analysis is the ef-
ficiency of the heat pump, described by the COP. As mentioned in 
Chapter 2.2, the COP as a function of the temperature lift is investigated 
experimentally, followed by the analysis of the influence of varying 
compressor speed to investigate the part load behaviour. Using these 
experimental results, the COP is calculated as follows. First, the tem-
perature lift is calculated: 

ΔTlift = TDHN, supply − TBrine, return (2) 

Using the temperature lift, the COP as function of it leads to: 

COP = a⋅ΔT2
lift + b⋅ΔTlift + c (3) 

With a, b and c as coefficients, determined by the measurements (see 
chapter 3.1). By using the COP, the thermal capacity of the heat pump 
can be calculated: 

Q̇HP,sink =
Q̇HP,source((

1 − Q̇Losses,th

)

−
1+PLosses,el

COP

) (4) 

With the thermal capacity the part load point regarding the heat pump 
capacity is calculated (Q̇sink,rel) and the experimental investigated part 
load behaviour is considered: 

COPpart load = a⋅Q̇
2
sink, rel + b⋅Q̇sink, rel + c (5) 

Using Eq. (5), the relative change of the COP can be considered by using 
the quotient of the part load COP and the COP in the base scenario. So, 
the temperature lift depending COP changes, depending on the part load 
operating point.

The economic analysis is carried out using the annuity method 
regarding VDI 2067 [34]. The total annuity AN refers to a regular annual 
payment. And depends on interest rate or period under consideration. 
Generally, AN can be divided into the operation related costs (mainte-
nance, personal, and labour costs), demand related costs (here elec-
tricity demand), other costs (neglected in this study), capital related 
costs (investments and replacement procurements) and incomes (I).

LCOH are calculated as follows: 

LCOH =
total annuity AN [€⋅a− 1] − I

heat supplied [kWh⋅a− 1]
, (6) 

The described economic evaluation is conducted considering in the 
boundary conditions of Table 3 and modelling the ESP-power con-
sumption published by Jeßberger et al [29]. Subsidies are neglected in 
this study to ensure the transferability to other regions.

3. Results

In this chapter, the experimental and economic results are discussed. 
Table 4 shows the mean temperatures of the base scenario.

The focus is led on the base scenario of the existing heating plant. 
Subsequently, on the part load behaviour of the heat pump and the in-
fluence of the temperature glides in the condenser and evaporator. 
Following are the economic and simulated results of the integration of a 
heat pump with the behaviour of the test rig into an existing heating 

Fig. 6. Possible combinations of the geothermal heating plant with a large-scale heat pump.

Table 3 
Boundary conditions for the techno-economic analysis.

Variable Value

Input from the load profile
TGeo [◦C], pGeo [bar], V̇Geo [L/h] fluctuating
TDHN [◦C], pDHN [bar], V̇DHN [L/h] fluctuating
Constant parameters
Electricity price; celectr 0.19 € kWh− 1 [33]
Period under consideration; tob 30 a
Thermal losses; Lossesth 3 %[29]
Electrical losses; Losseselectr 7 %[29]
Investment costs HP; CInv,HP 500 €⋅kWth

-1[12]
Service life HP; tservice 20 a [34]
Interest rate; q 1.05
Price increase factor; r 1.02

Table 4 
Mean temperatures of the base scenario.

Variable Value

Geothermal mean values
Tprod. well [◦C] 68
Treinjection [◦C] 45
DHN mean values
TDHN,supply [◦C] 85
TDHN,return [◦C] 58
Tlift [K] 17
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plant.

3.1. Experiments

As Fig. 4 shows, the supply temperature of the district heating 
network fluctuates between 70 ◦C and 95 ◦C depending on the operating 
strategy and the time and weather conditions. To deal with this input 
parameter in the techno-economic analyses, the influence of the 
changing temperature lift of the HTHP is investigated by the test rig. 
Fig. 7 shows the COP as a function of the temperature lift as well as a 
polynomial fit 2nd degree. The mean uncertainty of the COP for this 
measurement campaign is 0.09, with a maximum at low temperature 
lifts of 0.15 This is due to the increasing impact of the temperature 
sensor uncertainty at smaller temperature glides.

The mean temperature lift is around 17 K (see Table 4) and leads to a 
COP of 4.1. The figure shows that with increasing temperature lift, the 
COP decreases, which is caused by the higher required discharge tem-
perature of the compressor. The result of the integration of heat pumps 
into DHNs is that a reduced supply temperature, reached by better- 
insulated pipes or better building standards, leads to higher system ef-
ficiency. The COP as a function of the temperature lift is also presented 
in Eq. (7): 

COP = 0.000234 ⋅ΔT2
lift − 0.049305⋅ΔTlift +4.889506 (7) 

The next step is to investigate the part load behaviour of the heat pump, 
which is conducted by varying the compressor speed between the limits 
specified by the manufacturer. Fig. 8 shows the thermal capacity as a 
function of the compressor speed, underlying the base case boundary 
conditions (see Table 4). By changing the mass flow rates of the water 
circuits, depending on the thermal capacity, the base case temperatures 
were reached. The thermal capacity can be increased by increasing the 
compressor speed up to 122 % and decreased down to 56 %, shown on 
the left-hand side. The speed variation also infects the COP due to lower 
mass flow rates in the heat pump circuit; the relative heat exchanger 
surface changes and leads to an increase of the COP with decreasing 
thermal capacity at the heat sink.

The COP as function of the relative thermal capacity Q̇sink,rel can be 
described by Eq. (8). 

COP = − 0.000109⋅Q̇2
sink, rel +0.002114⋅Q̇sink, rel +4.976554 (8) 

Using this equation, the part load behaviour of the heat pump can be 
considered in the techno-economic model.

Another aspect of the HTHP that is considered in the geothermal 

system model is the influence of the temperature level of the DHN. The 
following measurement campaigns are carried out to show the impact of 
changing temperature glides on the water sides of the condenser and 
evaporator. On the condenser side, the temperature glide could be 
increased by adding low-temperature emitters, such as island DHNs with 
4th or 5th generation standards, to the system. Conversely, the tem-
perature glide at the evaporator could be decreased by increasing the 
thermal mass flow rate. Fig. 9 shows the COP as a function of the tem-
perature glides (the difference between water inlet and outlet temper-
ature) on the left for the condenser and on the right for the evaporator.

At the condenser, the supply temperature is kept constant at 86 ◦C, 
which corresponds to the mean temperature of the DHN supply tem-
perature, according to Fig. 4. The return temperature is reduced to 
30 ◦C, which leads to a temperature glide of 56 K. The increase of the 
temperature glide corresponds to the reduction of the return tempera-
ture of the DHN and shows that the COP can be increased by up to 6 %. 
The variation of the glide on the evaporator is only possible with a 
higher mass flow rate of the brine but shows a more significant impact. 
The increase leads to a higher evaporation temperature, which reduces 
the pressure ratio and the required electrical power. In the base scenario, 
the glide is 23 K. So, if an increase of the reinjection temperature by 
increasing the thermal mass flow rate is possible, the COP can be 
increased by up to 17 %, and the reinjection temperature would be 
increased to 56 ◦C. These results show the necessity of an intelligent and 
efficient system analysis. The results of the HTHP test rig with a thermal 
power of 35 kW are scalable to the MW-range as stated by Jeßberger 
et al. [35]. The upscaling of laboratory results was proven by comparing 
two laboratory HTHPs in combination with industrial data. Assuming 
the use of a reciprocating piston compressor combined with a frequency 
converter in the MW-range, the results are also adaptable to scale up the 
part load behaviour. In this context, the integration of large-scale heat 
pumps is investigated from a techno-economic perspective in the 
following chapter.

3.2. Techno-economic analysis

In respect to configuration 2, presented in chapter 2.3, two principal 
operational concepts exist. Both concepts using a fixed reinjection 
temperature of 45 ◦C. The results of the two possibilities are shown in 
Fig. 10. Firstly, the heat pump can be used instead of the peak load 
coverage system and is able to increase the capacity of the system 
simultaneously. In this case, the thermal capacity of the combined sys-
tem (geothermal and heat pump) is shown in green on the left diagram. 
The red area shows the periods where the heat demand of the DHN is 
higher than the possible output of the combined system. This area cor-
responds only to 0.57 % (reduced from 5.8 %, compare Chapter 2.3) of 
the entirely provided thermal energy and is related to the downtimes of 
the ESPs and has to be served by the fossil peak load and redundancy 
system. Using this configuration in general, the thermal output can be 
increased from 52.5 GWh per year up to 109 GWh per year by this 
operational concept. The necessary fossil peak load coverage can be 
reduced from 3 GWh to 0.62 GWh per year. With more reliable ESP 
performance, the peak load coverage demand could be even entirely 
served by the heat pump. This should already be possible by now. 
However, this is conducted with available operational data of 2015 of 
the geothermal heating plant.

The second operational concept is to keep the existing heating plant 
unmodified and to add the possible extra heating capacity to the heat 
demand of the DHN, so the current peak load coverage is kept fossil to 
show the maximum possible upgrade potential. This method is pre-
sented in the right diagram of Fig. 10. The maximum capacity could be 
increased by up to 77.5 %, and the annual thermal output could be 
increased from 52.5 GWh up to 111 GWh per year.

The full load hours of the geothermal heating plant amount to 4115 h 
per year, and the full load hours of the heat pump lead to 3712 h per year 
in both operational concepts.Fig. 7. COP as a function of the temperature lift.
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Concerning the economic results, Fig. 11 presents the annuities of the 
defined base scenario. The demand-related costs are 76 % of the overall 
annuity, the most crucial factor, and describe the required electricity 
demand. Followed by capital-related costs at 18 %, caused by the in-
vestment costs and the required replacement procurements and 
operation-related costs at 6 %, driven by maintenance and servicing. 
Using the method for the COP calculation (see Chapter 3.1) and the 
boundary conditions, the annuity method can be carried out, and the 

LCOH can be calculated to 68 €/MWh.
The presented base scenario depends on a high number of boundary 

conditions specific to the given use case. For example, the electricity 
costs vary considerably from year to year and from country to country. 
Also, the investment costs and the COP of the heat pumps depend on 
boundary conditions given by the DHN and the geothermal source. To 
deal with that issue, sensitivity analyses are conducted for the most 
critical input parameters. Fig. 12 presents the corresponding results. On 

Fig. 8. Thermal capacity as function of the compressor speed and COP as function of the relative Thermal capacity.

Fig. 9. COP as a function of the temperature glides on the condenser and evaporator.

Fig. 10. Simultaneously peak load coverage and capacity lift (left) and potential for DHN capacity upgrade (right).
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the left-hand side, the variation of the COP and the electricity price, and 
on the right-hand side, the variation of the specific investment costs per 
kW thermal capacity and the period under consideration are displayed.

The COP is varied from 1.5 to 8 and shows an exponential influence 
on the LCOH. The red dot in the diagrams marks the base scenario, so by 
improving the COP, the LCOH can be reduced from 68 €/MWh down to 
48 €/MWh, which corresponds to a reduction of 30 %. The German 
electricity price is one of the highest in the EU [36], so with an electricity 
price of 100 €/MWh instead of 195 € per MWh, the LCOH could be 
decreased by 39 %, down to 42 €/MWh. On the right diagram, the in-
fluence of the investment costs is presented. Fig. 11 already illustrates 
that the capital investment costs are not the major economic parameter. 
Therefore, the reduction based on specific investment costs of 200 €/ kW 
is 17 %. The variation of the period under consideration is shown, to 
sensitise for its influence, because the replacement procurements as well 
as the price increasing factors have a significant impact on the results of 
techno-economic analyses. The results of an economic viability analysis 
must, therefore, be categorised differently depending on the period 
under consideration.

4. Conclusion

In this study, the potential of upgrading an existing geothermal 
heating plant by integrating a large-scale heat pump was investigated. 
The geothermal boundary conditions, as well as the yearly demand of 

the DHN, were used in an hourly solution over the period of one year as 
input parameters. The specific requirements, especially with the focus 
on different system temperatures, are investigated on a high- 
temperature heat pump test rig. An increase of the temperature lift 
leads to a decrease of the COP. A corresponding correlation based on the 
experimental data is implemented in the techno-economic model. 
Additionally, the part load behaviour of the heat pump is investigated by 
varying the compressor speed. The results show that with decreasing 
compressor speed, the COP increases, and the thermal capacity de-
creases. This behaviour is also implemented in the model and shifts, the 
temperature lift depending COP, up or down depending on the part load 
operating point. Finally, the influence of changing temperature glides at 
the condenser and evaporator has been investigated experimentally. 
Here, a decreasing temperature glide at the evaporator leads to a higher 
COP caused by the increasing evaporation temperature.

The economic analyses are carried out using the dynamic annuity 
method. The economic results of the analyses lead to an LCOH of 68 
€/MWh. The costs of the system are dominated by base demand-related 
costs, which account for 76 % of the total annuity. Sensitivity analyses 
identified the COP and the electricity price as the most sensitive input 
parameters. As mentioned in Chapter 3.2, the thermal output per year 
can be more than doubled in the investigated system. With huge po-
tential, the share of geothermal energy in the German heat supply could 
be increased highly without high drilling risks and investment costs. For 
example, the introduction stated that 1110 GWh/a geothermal heat is 
provided in Bavaria. This could be increased up to over 2000 GWh/a 
without new drillings, assuming that the preconditions are similar.

The study points out that the integration of large-scale heat pumps 
into geothermal heating plants has a huge potential to increase the share 
of renewable heat in the market. The study shows the possibilities not 
only in a technological way but also from an economic perspective, and 
the integration will be very beneficial for the plant operators. The results 
are transferable to other medium-deep geothermal energy systems, and 
the models can be adapted to the required boundary conditions. In 
conclusion, this work has shown that a new borehole is not immediately 
necessary when expanding a geothermal DHN. This means that complex 
reservoir management can be replaced by a comparatively simple 
above-ground upgrade.

The constraints inherent in this study primarily pertain to the 
upscaling of experimental findings from a laboratory setting to a larger 
scale. Moreover, adjusting the brine reinjection temperature necessi-
tates compliance with both geological considerations and legal con-
straints contingent upon the specific location. In further work, the 
combination of large-scale heat pumps with a geothermal heating plant 
will be considered, and a multi-parameter optimisation will be carried 
out.

Fig. 11. Annuities of the base scenario.

Fig. 12. Sensitivity analyses: Variation of COP, electricity price, period under consideration and investment costs.
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