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ABSTRACT 

Heat pumps are often integrated into boundary conditions with a temperature glide, resulting in 
inevitable inefficiencies due to heat transfer. Zeotropic mixtures have the potential to match the 
temperature profiles but require a screening procedure to select the best performing working fluid 
during the heat pump design. Hybrid compression-absorption heat pumps are an alternative 
technology, in which a recirculation pump can adjust the temperature profile of a pre-selected 
working fluid e.g., ammonia/water. This cycle is more complex but enables to avoid the working fluid 
screening. This paper compared the two approaches with each other and to pure working fluids to 
evaluate the potential under different boundary conditions. Both systems outperformed conventional 
systems using pure fluids. The optimal zeotropic mixtures were found to show the highest 
thermodynamic performances while the hybrid cycle with ammonia/water enabled more compact 
compression equipment.  
Keywords: Heat Pump, Temperature Glide Matching, Working Fluid, Zeotropic Mixture. 

1. INTRODUCTION

Heat pumps were found to be a future-proven technology enabling emission free and effective supply 
of heat. These characteristics facilitate their utilization in district heating and industry. The 
applications of heat pumps in district heating and industrial systems do however often imply that the 
heat source and the heat sink are experiencing temperature glides. Although the temperature glides 
imply a potential for considerably improving the thermodynamic performance of the heat pump, it is 
seldom exploited by conventional heat pump equipment originating from refrigeration applications. 
Most vapour compression heat pumps are using pure working fluids or azeotropic working fluids 
mixtures, which are characterized by a constant temperature during evaporation and condensation. 
The resulting mismatch of the temperature profiles of the working fluid with the profiles of the sink 
and source stream corresponds to an increased amount of irreversibilities due to heat transfer and 
thereby to a limited thermodynamic system performance. Several studies, such as (Högberg et al., 
1993; McLinden and Radermacher, 1987), have demonstrated the potential for improving the 
thermodynamic performance by selecting a zeotropic working fluid mixture with a good match of the 
temperature profiles with sink and source. Zühlsdorf et al. (2019) compared different approaches for 
the comparison of the working fluids and defined an approach to find the thermodynamically optimal 
working fluid on an economically fair basis. Zühlsdorf et al. (2018c) and Zühlsdorf et al. (2018d) 
presented working fluid screenings for different applications and outlined the potential to increase 
the thermodynamic performance by more than 30 % for simple cycle layouts. Zühlsdorf et al. (2018a) 
studied the impact of the temperature glide matching on the thermodynamic performance and found 
that the glide matching in the evaporator had a dominating impact. 
The state of the art indicated that amount of irreversibilities due to heat transfer could be reduced to 
a minimum by a sophisticated working fluid choice for most of the applications. Considering a more 
sophisticated cycle layout might however yield additional performance improvements or enable 
obtaining a similar effect while requiring a smaller number of fluids considered during the screening. 
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Ammonia-water hybrid absorption-compression heat pumps are an example in which the cycle 
layout was adjusted to accommodate with the peculiarities of the ammonia-water mixture. Mixtures 
of ammonia and water have typically large and non-linear temperature glides, which may be 
controlled by a pump that operates in parallel to the compression process and determines the outlet 
quality of the evaporator. Hulten and Berntsson (1999) compared the performance of absorption 
heat pumps with vapour compression heat pumps using pure fluids and found the absorption heat 
pump to have an improved performance in applications with temperature glides larger than 10 K. 
Jensen et al. (2015a) determined the possible performances and supply temperatures using different 
commercially available equipment. Jensen et al. (2015b) analysed the working domains of ammonia-
water hybrid heat pumps and indicated possible supply temperatures of up to 150 °C.  
This paper aimed to create a basis for the comparison of ammonia-water hybrid compression-
absorption heat pumps with a simpler cycle layout in combination with a sophisticated working fluid 
screening among working fluid mixtures by an analysis of the thermodynamic performances. Two 
cases were defined for which a simple cycle with a set of potential working fluid mixtures was 
compared to the hybrid heat pump using ammonia/water under consideration of thermodynamic and 
technical performance indicators. 

2. METHODS 

2.1. Case Study Description 

The state of the art indicated that the choice of the optimal cycle and working fluid are dependent on 
the specific boundary conditions. As a basis for the comparisons, two cases studies were defined. 
The heat sink was assumed to be heated from 45 °C to 75 °C in both cases. The heat source was 
assumed to be cooled from 20 °C to 10 °C in Case I and from 35 °C to 10 °C in Case II. These cases 
correspond to applications as they could be found for supply to district heating networks from e.g., 
wastewater treatment plants in Case I (Bühler et al., 2018) and from e.g., data centres in Case II 
(Zühlsdorf et al., 2019). 

2.2. Heat Pump Cycles and Modelling Assumptions 

This chapter introduces the considered cycles including the assumptions for the thermodynamic 
modelling. As a reference, a basic cycle with an internal heat exchanger was chosen, as it was found 
to be promising in cases as described before (Zühlsdorf et al., 2019). Fig. 1 shows the layout of the 
internal heat exchanger (IHX) cycle. It is a single-stage vapour compression cycle with an internal 
heat exchanger, which recovers heat from the liquid line before the expansion for preheating the 
suction line in front of the compressor. The amount of heat transferred in the internal heat exchanger 
was defined by the minimum pinch point temperature difference and the definition to yield vapour in 
saturated conditions at the evaporator outlet. 
Fig. 2 presents the layout of a hybrid vapour compression-absorption heat pump as it is commercially 
used with a working fluid mixture of ammonia and water. A pump is installed in parallel to the 
compressor, enabling to control the outlet state of the evaporator. The state can move into the two-
phase zone, allowing variation of the temperature glide on the source side. The internal heat 
exchanger is installed to subcool the liquid before the throttling valve and preheat the liquid line after 
the pump. The liquid line is subsequently mixed with the discharge from the compressor and fed to 
the absorber. The working fluid mixture condenses during the heat rejection to the heat sink within 
the absorber. The liquid stream (state points 8-10) has a lower concentration of ammonia, while the 
concentration is higher in the gas stream (state points 1-2). The concentration in the remaining state 
points will be considered as the design concentration in the presentation of the results. The ratio of 
the liquid stream with the lean ammonia concentration �̇�9 to the stream of the desorber �̇�8 defines 
the recirculation ratio f. The recirculation factor was optimized with respect to a maximum COP. 
 

𝑓 =
�̇�8

�̇�7
 Eq. (1) 

The models of both cycles consisted of energy and mass balances. The heat transfer processes 
were discretized in steps of equal heat transfer. The pressure levels were defined by minimum pinch 
point temperature differences within the heat exchangers. No heat losses from the components and 
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no pressure drops were considered. The numerical models of the IHX-cycle and a documentation 
were presented in (Zühlsdorf et al., 2018b). The models were implemented in Matlab 2018a (The 
MathWorks Inc., 2018) using medium properties from REFPROP 9.1 (Lemmon et al., 2013). 

  
Figure 1: Vapour compression heat pump cycle 

with internal heat exchanger (IHX) 

Figure 2: Hybrid absorption-compression heat 

pump cycle 

Table 1 shows the component parameters that were assumed in the thermodynamic models. Both 
the pump and the compressor were modelled with an isentropic efficiency of 80 % and additionally 
considered a motor efficiency of 95 %. The heat exchangers were modelled with a minimum pinch 
point temperature difference of 3 K.  

Table 1. Modelling assumptions 

Isentropic efficiency of compressor and pump: 80 % 

Motor efficiency: 95 % 

Minimum pinch point temperature differences: 3 K 

Different performance indicators were considered for the evaluation of the performance. The 
thermodynamic performance was evaluated by the coefficient of performance COP, which relates 

the amount supplied heat �̇�sink to the sum of the power consumed by the compressor �̇�Comp and 

the pump �̇�Pump. 

 
COP =

�̇�sink

�̇�Pump + �̇�Comp

 Eq. (2) 

The maximum achievable COP is defined by the Lorenz COPLor, which is defined by the theoretically 
ideal Lorenz cycle working with an isentropic compression and expansion between the 

thermodynamic average temperatures of sink �̅�Sink and source �̅�Source (Bejan et al., 1996; Lorenz, 
1894). The Lorenz efficiency ηLor relates the COP to the COPLor and thereby enables comparing the 
performance of cycle working between different sink and source temperatures. 

 

𝜂Lor =
COP

COPLor
=

COP

�̅�Sink
(�̅�Sink − �̅�Source)
⁄

 
Eq. (3) 

Besides the thermodynamic performance, the volumetric heating capacity VHC was used as an 
indicator of the size of the compression equipment and thereby of the heat pump. It relates the 

supplied heat �̇�sink to the volume flow at the inlet of the compressor �̇�1. 
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VHC =

�̇�sink

�̇�1
 Eq. (4) 

The pressure levels in the evaporator pevap and in the condenser pcond were considered as further 
indicators of the technical feasibility of the cycle.  

2.3. Working Fluid Screening 

As a baseline, pure R-717 (ammonia) was evaluated for a standard cycle, which corresponds to the 
IHX cycle without the internal heat exchanger. The IHX-cycle was evaluated for a set of working 
fluids, which consisted of a number of pure fluids and all possible binary mixtures of these fluids. 
The following pure fluids were considered: R-744 (CO2), R-1270 (propylene), R-290 (propane), R-
E170 (DME), R-600a (iso-butane), R-600 (butane), R-601a (iso-pentane), R-601 (pentane).  
These results were compared to the hybrid heat pump cycle using binary mixtures of R-717 
(ammonia) and R-718 (water). Possible mixtures of R-717 and R-718 with one of the before 
mentioned working fluids were omitted, due to limited miscibility.  

3. RESULTS 

3.1. Case I: TSource 20 °C → 10 °C, TSink 45 °C → 75 °C 

Figure 3 shows the summary of the screening results for Case I. All binary mixtures that were 
evaluated for the IHX-cycle are included while selected mixtures are highlighted in colour. 
Additionally, the COP for the mixture of ammonia/water in the hybrid cycle is shown. The figure 
indicates that the best COPs for pure fluids are around 4.0 while the best zeotropic mixtures reach 
values of up to 4.5 in the IHX-cycle. It may furthermore be seen, that the hybrid heat pump cycle 
using 90 % ammonia / 10 % water is competitive to pure fluids in terms of COP. 

 

 
Figure 3: COP over mass composition of component 2 for the IHX-cycle and the hybrid cycle using 

ammonia/water 

Table 2 presents additional performance indicators such as the volumetric heating capacity VHC, 
the evaporation pressure pevap and the condensation pressure pcond for selected working fluid 
mixtures, which showed promising results in all indicators. Additionally the Lorenz efficiency ηLor was 
presented, considering the COPLor = 7.43 for Case I. The pure fluids reached Lorenz efficiencies of 
up to 55 % while the best mixtures exceed 60 %. Ammonia had a COP = 3.8, which is slightly lower 
than for the best pure fluids, but in turn had a high volumetric heating capacity indicating compact 
and cost-effective equipment.  
The best COP of 4.5 was reached by 50 % butane / 50 % pentane, while the mixture had a 
VHC = 920 kJ∙m-3. The mixture 30 % propane / 70 % butane had a slightly lower COP of 4.3 but a 

higher VHC of 3700 kJ∙m-3.The hybrid heat pump with 90 % ammonia / 10 % water and f = 0.32 

reached a COP of 4.0 while the VHC was 4800 kJ∙m-3. The pressures of all presented fluids were 

found to be within technical feasible constraints. 

 467625th IIR International Congress of Refrigeration, Montreal, Canada, 2019



 

 

Table 2. Overview of key performance indicators for selected working fluid mixtures 

Mixture f COP ηLor VHC pevap pcond 

 - - % kJ∙m-3 bar bar 

Std-cycle       

Ammonia  - 3.76 51 6049 5.5 33.5 

IHX-cycle:       

Iso-pentane - 4.05 55 551 0.5 3.9 

Iso-butane - 4.00 54 1880 2.0 8.6 

DME - 3.93 53 3150 3.9 11.4 

Propane - 3.89 52 4513 3.9 18.2 

50 % Butane / 50 % Pentane - 4.50 61 924 0.8 5.0 

30 % Propane / 70 % Butane - 4.32 58 3656 4.5 18.3 

80 % DME / 20 % Iso-pentane - 4.33 58 2760 3.0 14.0 

50 % Propylene / 50 % Butane - 4.28 58 2971 3.5 15.1 

Hybrid cycle:       

90 % Ammonia / 10 % Water 0.32 4.01 53 4797 4.8 23.2 

Fig. 4 shows the temperature-heat-diagram of 50 % butane / 50 % pentane for the IHX cycle and 
Fig. 5 for 90 % ammonia / 10 % water for the hybrid compression-absorption cycle. The temperature 
profiles of the working fluid and the secondary streams were matching well, indicating minor losses.  

  
Figure 4: Temperature-heat-diagram of 50 % 

butane / 50 % pentane for the IHX cycle 

Figure 5: Temperature-heat-diagram of 90 % 

ammonia / 10 % water for the hybrid cycle 

3.2. Case II: TSource 35 °C → 10 °C, TSink 45 °C → 75 °C  

Figure 6 and Table 3 show the corresponding results for Case II. The performance of the pure fluids 
was not impacted by the higher source inlet temperature and remained constant. The zeotropic 
mixtures in the IHX-cycle and the hybrid cycle using ammonia/water were however able to exploit 
the potential offered by the higher source inlet temperature. Promising results were the COP of 5.3 
for 40 % DME / 60 % iso-pentane with a VHC = 1900 kJ∙m-3 and the COP of 5.0 for 70 % propane / 

30 % iso-pentane with a VHC = 3600 kJ∙m-3. The hybrid heat pump using 60 % ammonia / 40 % 

water reached a COP of 4.4 with a VHC = 2500 kJ∙m-3 at f = 0.65, while 80 % ammonia / 20 % water 

had a slightly lower COP of 4.3 but a higher VHC = 4100 kJ∙m-3 at f = 0.41.  
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Figure 6: COP over mass composition of component 2 for the IHX-cycle and the hybrid cycle using 

ammonia/water 

Table 3. Overview of key performance indicators for selected working fluid mixtures 

Mixture f COP ηLor VHC pevap pcond 

 - - % kJ∙m-3 bar bar 

Std-cycle       

Ammonia  - 3.76 42 6049 5.5 33.5 

IHX-cycle:       

Iso-pentane - 4.05 46 551 0.5 3.9 

Iso-butane - 4.00 45 1880 2.0 8.6 

DME - 3.93 44 3150 3.9 11.4 

Propane - 3.89 44 4513 3.9 18.2 

40 % DME / 60 % Iso-pentane - 5.25 59 1884 2.0 7.6 

70 % Propane / 30 % Iso-pentane - 4.96 56 3583 4.4 15.0 

20 % Propylene / 80 % Iso-pentane - 4.92 55 1288 1.3 5.8 

50 % Iso-butane / 50 % Pentane - 4.82 54 1208 1.2 5.7 

Hybrid cycle:       

60 % Ammonia / 40 % Water 0.65 4.39 50 2482 2.2 11.0 

80 % Ammonia / 20 % Water 0.41 4.31 48 4072 4.1 17.9 

 

  
Figure 7: Temperature-heat-diagram of 40 % 

DME / 60 % Iso-pentane for the IHX cycle 

Figure 8: Temperature-heat-diagram of 60 % 

Ammonia / 40 % Water for the hybrid cycle 

The maximum thermodynamic performance was COPLor = 8.9. The relative performances in terms 
of Lorenz efficiencies decreased for the pure fluids while the remained within the same magnitude 
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for the mixtures and the hybrid cycle. The pressure levels were found to be technically feasible, while 
ammonia in the standard cycle had the highest condensation pressure. 
Figure 7 shows the temperature-heat-diagram for 40 % DME / 60 % iso-pentane in the IHX-cycle 
and Figure 8 for 60 % ammonia / 40 % water in the hybrid cycle. Both cycles are matching well with 
the temperature profiles of sink and source. While the presented mixtures had a slight mismatch on 
the sink side in Case I, the profiles are matching well on both sides for Case II. 

4. DISCUSSION 

The study considered the thermodynamic performance and different technical performance 
indicators for the evaluation and comparison of different working fluids and cycle layouts. Further 
aspects, such as the flexibility to accommodate with the peculiarities of the specific application during 
design and operation might be considered in further comparisons. While the standard cycles might 
be easier to design and operate, the hybrid cycle has a higher flexibility by controlling the circulation 
factor. While the mixture of ammonia and water was not competitive assuming simple cycles, 
competitive performances were found using the more complex hybrid cycle. In Case I with a 
temperature glide of 10 K on the source side, the hybrid heat pump cycle was competitive to the 
pure fluids, while the hybrid cycle outperformed the other pure fluids in terms of COP in Case II with 
a source glide of 25 K. These findings are consistent with the observations from (Hulten and 
Berntsson, 1999). 
The screening of zeotropic working fluid mixtures enabled to find fluids, which outperformed the more 
complex hybrid cycle with ammonia/water. The benefit of introducing the circulation pump for was 
especially beneficial for the mixture of ammonia and water, as it typically implies large and non-linear 
temperature profiles during phase change. The zeotropic mixtures that yielded good performances 
in the IHX-cycle already had a well matching temperature profile, which suggests that only little 
additional benefits might be obtainable from increasing the cycle complexity to e.g., a hybrid cycle.  

5. CONCLUSIONS 

The study compared ammonia in a standard cycle without an internal heat exchanger, additional 
pure fluids in an IHX-cycle, a set of zeotropic mixtures in a standard cycle with an internal heat 
exchanger and a hybrid compression-absorption cycle using a mixture of ammonia/water. The 
comparison was conducted for two cases while Case I had a temperature glide in the source of 10 K 
and Case II of 25 K. For Case I, pure fluids, such as iso-pentane, reached a COP of 4.0, while 
ammonia had a lower COP of 3.8 but a higher volumetric heating capacity. The hybrid heat pump 
was competitive to the best pure fluids in terms of COP, while only pure ammonia reached a higher 
volumetric heating capacity. The zeotropic mixtures reached COPs of up to 4.5 while the volumetric 
heating capacities were lower than for ammonia and the hybrid cycle. For Case II, the performance 
increase of the zeotropic mixtures was higher, as they reached COPs of up to 5.2, while the 
performance of the pure fluids remained unchanged. The hybrid heat pump reached COPs of up to 
4.4. The volumetric heating capacities of the hybrid cycle and the zeotropic mixtures in the IHX-cycle 
were comparable but lower than for pure ammonia. 

It may be concluded that both the utilization of zeotropic mixtures with a simple cycle layout as well 
as the hybrid compression-absorption cycle with ammonia/water showed performances that 
outperformed pure fluids in COP while being competitive in terms of volumetric heating capacity. 
The performance increases were increasing for larger temperature glides in the heat source. The 
zeotropic mixtures showed higher thermodynamic performances than the hybrid cycle while the 
volumetric heating capacities were lower for high concentrations of ammonia. 
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