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ABSTRACT 
Many system configurations of large-scale heat pumps (HP) are applicable to a district heating system, and 
choosing the right HP technology may be a challenge. In this study, thermodynamic models of eight different 
HP configurations are used to compare the Coefficient of Performance (COP) and Lorenz efficiency, for a 
range of sink and source outlet temperatures. Furthermore, for a specific case the total volume flow rate for 
each configuration was compared. The results revealed that a configuration with two two-stage cycles with 
low stage desuperheat heat exchangers in most operating conditions was superior in terms of COP. However, 
for all considered operating conditions at least three configurations obtained a COP which was less than 3 % 
lower than the best one. Comparing the volume flow rates among the configurations a combination of a one-
stage cycle and a two-stage cycle with low stage desuperheat heat exchanger holds the lowest needed volume 
flow rate.  
 
Keywords: Large-scale heat pumps, District heating, Natural refrigerant, COP 

1. INTRODUCTION 

Electric-driven large-scale heat pumps are expected to play an important role in the electrification of the district 
heating (DH) system (Annex-47, 2018). The DH network is well established in Denmark and covers 64 % of 
the heating demand for households, and hence also a big share of the CO2 emissions related to the heating 
sector. By integrating large-scale heat pumps as production units in the system, the heating sector can benefit 
from the increasing share of electricity produced by renewable resources, and thereby reduce the CO2 
emissions of the sector. The HP technology is well known from the refrigeration industry, it’s application in 
the DH network, however, yields other temperature levels and operation constraints, with other design 
considerations as a consequence. Since large-scale HPs are introduced as a new technology in the DH sector, 
there is a need for generalized information for many of the industry’s stakeholders. This will contribute to a 
clarification of expectations to the technology and facilitating collaboration between utility companies, 
consulting engineering companies and HP suppliers. Decision-making on the best solution for a HP installation 
includes both a technical and economic investigation in order to find the solution with the lowest cost of heat. 
From a general perspective, the design considerations for a specific case includes among others, choice of 
refrigerant, compressor technology, cycle, and system configuration.  
In Ommen, et al, (2015) both the technical and economic feasibility of industrial HPs in serial configuration 
was investigated. Here the results revealed an increase in COP and decrease in NPV for a serial connection of 
up to three one stage ammonia HPs, compared to a reference system with only one HP. Furthermore, it was 
found that the technically feasible working domain was expanded when more HPs were connected in series, 
due to a lower discharge temperature. This paper presents eight different vapour compression HP 
configurations, all utilizing the natural refrigerant ammonia using reciprocating compressors. The analysis 
focuses on the impact of the HP configuration on the COP and the needed volume flow rate i.e. compressor 
size. A comparison of the COP was done for a combination of 12 different design conditions in terms of sink 
temperatures and range of different source outlet temperatures. The needed volume flow rate in the different 
configurations was analysed for one specific design condition with supply temperature of 80 °C, sink inlet 
temperature of 50 °C and source outlet temperature of 5 °C.  
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2. METHOD 

This section presents the eight different HP configurations evaluated (Sec 2.1), the considered design 
conditions (Sec.  2.2), the thermodynamic cycle calculations (Sec.2.3) and an outline of the evaluated 
performance indicators (sec. 2.4). The comparisons were based on thermodynamic models for each HP 
configuration, implemented in the software Engineering Equation Solver, f-chart (1992). 

2.1. HP Configurations 
The evaluated HP configurations and numbering are shown in T able 1. Configurations 4 to 8 use 
combinations of the first three: 1) a one-stage cycle, 2) a two-stage cycle with open intercooler or 3) a two-
stage cycle with a desuperheater after the low stage compressor. Configurations 4 to 8 consider two heat pumps 
connected in series with the heat sink, and in parallel regarding the heat source. The configurations were 
analysed for a heating capacity of 1 MW, and in cases with two HP cycles in the configuration a load share of 
50 % was assumed. 

Table 1: principle sketch, number and designation of the eight different configurations. 
Configuration 1 
One-stage 

Configuration 2 
Two-stage 

Configuration 3 
Two-stage, with low stage DSH 

 

  
Configuration 4 
Two one-stage 

Configuration 5 
Two two-stage 

Configuration 6 
Two two-stage, with low stage DSH 

 
  

Configuration 7 
one one-stage + one two-stage 

Configuration 8 
one one-stage + one two-stage with low stage DSH 

 

 

 

 

2.2. Temperature levels of heat sink and source 
The supply temperature from the heat pump was assumed to be 70 °C, 75 °C or 80 °C, The return temperature 
from the network of was assumed to be 35 °C, 40 °C, 45 °C or 50 °C. In total this amounts to 12 different sink 
temperature sets. The investigated sink temperatures represent relevant temperature levels in an arbitrary DH 
network in a Danish context, as presented by the Danish District Heating Association (2017). 
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Due to the choice of parallel evaporator design, the inlet temperature of the source is not required to fix the 
conditions in the heat pump cycle, and it could in principle be any temperature higher than the considered 
source outlet temperature. For a system consideration, the temperature glide of the source will have an impact 
on the needed power to create a given flow of the source, as well as an impact on the heat transfer conditions, 
heat transfer area and heat output. The outlet temperature of the heat source was varied between 30 °C and 1 
°C. The source temperatures were selected to represent low-temperature heat sources, natural as well as 
industrial.  

2.3. Thermodynamic cycle calculations and technical constraints 
The assumptions regarding the specific components follows the assumptions presented in Table 2 and the 
calculation procedure indicated below. For configurations utilising a single stage cycle, the efficiencies for a 
high stage compressor was applied.  
 

Table 2: Assumptions used for the thermodynamic modelling of the compressors. 
Designation Value  Unit 
Isentropic efficiency, low stage 0.70 - 
Isentropic efficiency, high stage 0.72 - 
Volumetric efficiency, low stage 0.85 - 
Volumetric efficiency, high stage 0.80 - 
Heat loss factor 10 % 
Load share  50 % 

 
The compressor work was calculated as in Eq. (1) 

�̇�𝑊comp = �̇�𝑚ref(ℎout,w − ℎin), Eq. (1) 
where the enthalpy out of the compressor, ℎout,𝑤𝑤 was found by Eq. (2) by taking the isentropic efficiency (𝜂𝜂is) 
into account 

ℎout,w = ℎin +
ℎout,is − ℎin

𝜂𝜂is
 Eq. (2) 

The outlet condition from the compressors was found by Eq. (3) by taking the heat loss factor (𝑓𝑓𝑄𝑄) into account. 
ℎout =  ℎout,w − 𝑓𝑓𝑄𝑄�ℎout,w − ℎin� Eq. (3) 

The maximum allowed temperature out of a compressor was 190 °C. In case of discharge temperature above 
190 °C, the specific configuration was excluded from the comparisons. 
 
The heat transferred in each heat exchanger between the refrigerant and the DH network was calculated by 
energy balances and a pinch temperature difference of 2.5 K for all heat exchangers. The condensation 
temperature was found by the pinch temperature difference between the DH water temperature out of the 
condenser section (CON, in table 1) and the ammonia at the condition of saturated vapour. The amount of 
subcooling was maximized for each cycle, by reaching the pinch temperature difference between the inlet 
temperature of the DH water into the subcooler, and the outlet of the subcooled refrigerant. A temperature heat 
load diagram, where the method described above is illustrated, is shown in Sec. 3.1. 
 
The evaporators were assumed to be flooded with an outlet quality of 0.7, and no superheating was assumed 
at the compressor inlet. A pinch temperature difference between the outlet temperature of the source and the 
inlet condition of the ammonia defined the evaporation temperature.  
The intermediate pressure between the low stage and high stage compression in a heat pump cycle was either 
set by Eq. (4) or by a technical constraint of maximum 43 °C evaporation temperature for the high stage 
compressors. 

𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 =  �𝑝𝑝𝐿𝐿𝑝𝑝𝐻𝐻 Eq. (4) 
The temperature of the superheated ammonia at the outlet of the desuperheater (𝑇𝑇DSH,L,OUT) after the low stage 
compression (present in configuration 3, configuration 6 and configuration 8) was either set by the heat transfer 
using the pinch temperature difference, or by assuming 0.1 K superheating at the intermediate pressure (𝑝𝑝int). 
This constraint was implemented, to avoid condensation in this heat exchanger.  
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2.4. Evaluation of performance 
The configurations were compared on basis of the COP, as defined in Eq. (5),  

COP =  �̇�𝑄heat
∑ �̇�𝑊comp

 , Eq. (5) 

where the heat output, �̇�𝑄heat, represents the total heat delivered from the HP to the DH network (1 MW), and 
the sum of the compressor power �̇�𝑊comp, calculated individually by Eq. (1).  
Furthermore, the Lorenz efficiency 𝜂𝜂L, for a special case of the Lorenz COP, was calculated using Eq. (6) and 
Eq. (7), as introduced by Lorenz, H (1895). 

𝜂𝜂L =  
COP

� 𝑇𝑇�lm,h
𝑇𝑇�lm,h−𝑇𝑇source,out

�
 Eq. (6) 

 

𝑇𝑇�lm,h =  
𝑇𝑇DH,supply − 𝑇𝑇DH,return

ln �𝑇𝑇DH,supply

𝑇𝑇DH,return
�

 Eq. (7) 

where Eq. (7) is the logarithmic mean temperature of the sink, and the denominator in Eq. (6) is the maximum 
performance of a reversible heat pump working between a finite capacity heat sink and infinite capacity heat 
source.  
Based on the evaluation of the COP of each configuration, the configuration with the highest COP was 
presented as the benchmark, together with its corresponding 𝜂𝜂L. As the difference in the calculated COP among 
the eight configurations was found to be relatively small for some cases, it was also indicated if a configuration 
had a COP within 3% from the maximum calculated COP.  
 
In order to extend the evaluation of the different configurations, the needed volume flow rate, indicating the 
needed size of a compressor, was evaluated for a specific temperature case.  The volume flow rate in m3/h was 
calculated for each compressor by Eq. (9),  

�̇�𝑉 =  �̇�𝑚ref∙𝜐𝜐∙3600
𝜂𝜂𝑣𝑣

 , Eq. (9) 
where 𝜐𝜐 was the specific volume evaluated at the inlet conditions, �̇�𝑚ref was the mass flow rate of refrigerant 
through the compressors and 𝜂𝜂𝑣𝑣 the volumetric efficiency. For configurations utilising a single stage cycle, the 
volume flow rate of the compressor was assumed to correspond to a high stage compressor.  

3. RESULTS 

3.1. Cycle verification  
A log(P)-h diagram and a temperature heat load diagram for configuration 6 (two two-stage cycles with low 
pressure DSH) are shown in Figure 1. The diagrams are shown for a case with the sink temperatures 80 °C as 
supply temperature and 50 °C as return temperature, and a source outlet temperature of 5 °C. In the temperature 
heat load diagram, it can be seen how a pinch temperature difference determined both the amount of DSH after 
the low stage compression (first stream for both cycles), and the amount of subcooling as well as the 
condensing temperature (second stream for both cycles). 

                                 
Figure 1: A log(P)-h diagram (left) and a temperature heat load diagram (right) for configuration 6, with sink 

temperatures of 80 °C / 50 °C and a source outlet temperature of 5 °C  
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3.2. Maximum COP and 𝜼𝜼𝐋𝐋 
The maximum calculated COP among the eight different configurations and the corresponding 𝜂𝜂L are shown 
in Figure 2, for the range of temperatures of sink and source. The colour of a cell indicates for which 
configuration the benchmark COP was found, according to the colour bar below the table. Analysing the trends 
of the COP shown in Figure 2, it can be seen that the benchmark COP increases for all sink temperatures with 
an increasing source outlet temperature. Furthermore, for a given return temperature of the DH water, the COP 
increases with a decreasing supply temperature.  This is in general due to the decreasing temperature lift 
needed, and consequently lower pressure ratios of compression. 
 
Comparing the COP for a constant supply temperature and decreasing return temperatures, it can be seen that 
the COP increases with a larger sink temperature glide (𝑇𝑇DH,supply − 𝑇𝑇DH,return). A lower return temperature 
increased the capacity of the subcooler, which affected both the needed mass flow rate of refrigerant and the 
condensing temperature positively.  

 
Figure 2: The maximal calculated COP and the corresponding Lorenz efficiency (𝜼𝜼𝐋𝐋) for each sink 

temperature set and outlet source temperature. The colors indicate the configuration with the highest COP. 
 
Considering the calculated Lorenz efficiency also listed in Figure 2, the highest efficiency was found at the 
lowest outlet source temperature. It decreases by approximately 10 % at the highest outlet temperature. This 
indicates that the investigated heat pump configurations performed closer to the theoretical maximum at the 
lowest source outlet temperatures. To further interpret this, it is important to be aware of that the theoretical 
maximum performance (Lorenz COP, described as the denominator in Eq. (7)) increased from e.g. 6.4 to 17 
from a source outlet temperature of 1 °C to 33 °C (sink: 35 °C /70 °C).  
In general, the theoretical maximum performance follows the same trend as the maximum calculated COP, 
meaning an increase for a higher source outlet temperature, lower return temperatures as well as lower supply 
temperatures. 
From the colours in Figure 2, it can be seen that configuration 6 reaches the highest COP for almost all 
investigated conditions. The trend was only interfered at higher source outlet temperatures and low return 
temperatures, where the highest COP was found for configuration 8. This was due to a very low compression 
ratio in the first heat pump cycle of the configuration, where a benefit of one-stage of compression exceeded 
the benefits from a two-stage compression.  
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However, analysing the COP for all eight configurations revealed that the difference in COP in some cases 
was relatively small. This is illustrated in Figure 3, where a presence of a coloured line indicates the 
investigated configuration to be within the limit of 3 % from the benchmark COP. The configuration holding 
the benchmark COP is also indicated in Figure 3. For all conditions, at least three other configurations had a 
COP within the 3 % limit, however with a complete absence of configuration 1 (one one-stage HP) and 2 (one 
two-stage HP). 

 
Figure 3: The presence of a coloured line indicates that the configuration, for a given set of heat sink 

temperatures and source outlet temperatures, holds a COP within a limit of 3 % from the benchmark COP. 
 
Configuration 5 and configuration 6 are within this limit for all conditions. Knowing from Figure 2, that 
configuration 6 holds the highest COP, the desuperheater after the low stage compressor, must for all 
conditions have a small positive impact on the COP. The positive impact can also be noted when comparing 
configuration 7 and configuration 8, where configuration 8 was highlighted in Figure 2, and in general present 
for all conditions in Figure 3. 
Configuration 4 seems to benefit from higher source outlet temperatures, and low temperature lifts, while 
configuration 3 was present only for low source outlet temperatures and high return temperatures, which also 
could be expected as beneficial conditions for a two-stage compression.  

3.3. Volume flow rate 
Another evaluation parameter when choosing among different heat pump configurations is the needed volume 
flow rate to reach the heating capacity of 1 MW.  
The volumetric flow rate translates to the size of the needed compressor, which to some extent is correlated to 
the investment cost. However, in relation to the investment cost, it is important to distinguish between whether 
the flow relates to a high stage or a low stage compressor.  
In Table 3 the COP, Lorenz efficiency, and needed volume flow rate for the eight different configurations are 
presented for a case with the sink temperatures 80 °C as supply temperature and 50 °C as return temperature, 
and a source outlet temperature of 5 °C. The volume flow rate is presented as the needed flow for the low stage 
compression, the high stage compression, and the total volume flow as the sum of the two. If two HP cycles 
were present in the configuration, the presented low stage flow was a sum of both low stage compressors. The 
same ìs the case for the high stage compressor.    
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Configurations 1, 2, 4, and 7 (first four columns in Table 3) were omitted from the comparison below, either 
because of too high discharge temperature or a COP more than 3 % away from the benchmark.  
Considering the total amount of needed volume flow, Configuration 8 had the smallest amount of flow of 975 
m3/h. However, from an investment point of view, it could be expected that there will be a price difference in 
high and low pressure compressors, and also a higher cost if more compressors are used.   
 

Table 3: Performance indicators and cycle specifications at the heat sink temperatures (supply/return): 80 
°C /50 °C and source temperature outlet: 5 °C. 

 
Considering the needed volume flow from low pressure compressors, configuration 3, 5 and 6 needed double 
the volume flow, compared to configuration 8. This is due to the fact that HP 1 in configuration 8 was a one 
stage cycle, with a high pressure compressor (condensing temperature: 63.9 °C). This is also why configuration 
8 needed approximately 1.7 times higher flow than configuration 3, 5 and 6 in the high stage compressors. 
Analysing the numbers from an investment point of view, configuration 3 would have an advantage in terms 
of only two compressors needed, while configuration 5 and 6 both needed four compressors. Comparing 
configuration 3 with configuration 8, the numbers of compressors was 2 vs 3.  

4. DISCUSSION  

The COP of the presented heat pump systems was in general highly sensitive to the input parameters, listed in 
Table 2 and hence the assumptions made. Input parameters like the pinch temperature difference and the load 
share relate to the design of components and system, and could for each configuration be subject for 
optimization. The efficiencies and the compressor heat loss will depend on the chosen compressor at the 
specific operating conditions. As the compressor operating conditions, such as the pressure ratio, suction gas 
temperature, and speed changed for the different configurations for the same sink and source conditions, a 
variation in the efficiencies and heat loss could be expected. For simplicity and generality, this aspect was not 
included in the current study. 
As mentioned the decrease in Lorenz efficiency with increasing source outlet temperature, as shown in Figure 
2, came from a large increase in the Lorenz COP. This means that there is a greater potential for high 
performance at higher source outlet temperatures. However, in order to reach the potential, it would be 
necessary either to increase the number of HPs in serial connection or to optimize the components in terms of 
pinch temperature difference, isentropic efficiency, load share or heat loss.  
Comparing the configurations for a specific case in Table 3 illustrated a difference in the volumetric flow rate 
needed. This indicates the possibility of a trade-off between the COP and the needed volume flow rate. Further 
to this, the same possibility for a trade-off could be expected for the needed heat transfer area of the HEX 
connected to the heat sink. How these trade-offs, as well as the number of components needed, affects the 
optimal choice of configuration, can be further analysed with a more comprehensive analysis of the investment 
cost and the lifetime economy.   

 Config 1 Config 2 Config 4 Config 7 Config 3 Config 5 Config 6 Config 8 
COP  
(% from 
max COP) 

3.16 
(6.6 %) 

3.20 
(5.5 %) 

3.18 
(6.1 %) 

3.26 
(3.6 %) 

3.129 
(2.7 %) 

3.31 
(2.2 %) 

3.38 
(-) 

3.30 
(2.4%) 

𝜂𝜂𝐿𝐿 55.9 56.6 56.2 57.7 58.2 58.5 59.9 58.4 
�̇�𝑉 (m3/h) 
Low stage - 734 - 361  743 737 743  364  

�̇�𝑉  (m3/h) 
High stage 842  349 878  620  324 385 366 611 

�̇�𝑉 (m3/h) 
Total  842  1083  878 980  1066 1123  1110 975 

Tdis, (°C) 
Low HP 1 
High HP1 
Low HP 2 
High HP 2 

 
- 

193.6 
- 
- 

 
94.1 

131.0 

 
- 

167.5 

 
- 

167.5 

 
94.5 

131.5 

 
81.0 

111.8 

 
81.2 

111.9 

 
- 

167.5 
- 
- 

- 
202.7 

96.5 
134.5 

- 
- 

96.5 
134.5 

96.6 
134.7 

96.6 
134.7 
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5. CONCLUSION  

Eight different heat pump configurations were compared by their COP and Lorenz efficiency, for 12 sets of 
sink temperatures and 30 different source outlet temperatures. It was found that configuration 6, utilising two 
two-stage cycles with low stage DSH heat exchanger, for most of the considered operating conditions obtained 
the highest COP. Only at low return temperatures and high source outlet temperatures, configuration 8, 
comprising of one one-stage cycle and one two-stage cycle with low stage DSH, obtained a higher COP. 
However, it was also found that at least three other configurations at all operating conditions obtained a COP 
within a limit of 3 % less than the highest found. For a source outlet temperature of 5 °C and sink temperatures 
of 50 °C /80 °C, the needed volume flow rate for each configuration was compared. Among the best candidates, 
configuration 8 holds the lowest needed volume flow rate, however with approximately 1.7 times higher flow 
rate for high stage compressors. Further analysis may be needed to distinguish COP and needed volume flow 
rate for achieving the lowest levelized cost of heat. 
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NOMENCLATURE 
Symbols  h high 
f heat loss factor (-) is isentropic 
h enthalpy (kJ/kg) l low 
�̇�𝑚 mass flow rate (kg/s) L Lorenz 
p pressure (bar) lm logarithmic mean temperature 
�̇�𝑄 heating capacity (kW) ref refrigerant 
T temperature (°C) v volumetric 
�̇�𝑉 volumetric flow rate (m3/h) Abbreviations   
�̇�𝑊 power (kW) COP coefficient of performance 
Greek  DSH desuperheater 
𝜂𝜂 efficiency (-) CON condenser 
𝜐𝜐 specific volume (m3/kg) SC subcooler 
Subscripts  HP heat pump 
comp compressor DH district heating  
dis discharge   
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