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ABSTRACT 
The heat demand of industrial processes is still mostly 

covered by fossil fuels, especially at temperatures above 160°C. 
The installation of high temperature heat pumps (HTHP) that 
can operate at these temperatures is an effective way to reduce 
industrial CO2-emissions and primary energy consumption. 
Water can be an attractive refrigerant due to its high critical 
point and environmental sustainability. However, using water as 
refrigerant also requires a waste heat source of high 
temperature, since any heat source below 100°C would result in 
sub-atmospheric evaporation, leading to more expensive 
equipment. If low temperature heat sources or even ambient heat 
should be utilized, the HTHP would consist of two coupled heat 
pumps, a cascade system. In this theoretical study a cascade high 
temperature heat pump process is presented and simulated 
operating with water and R1336mzz(Z)e. The heat pump consists 
of multiple compression stages with intercooling in order to 
increase the COP. Heat sink temperatures of up to 250°C were 
investigated and an optimal process design was identified for 
several heat sink and -source temperatures. The calculated 
COPs ranged from 1.5 under challenging conditions to up to 2.2 
at moderate temperature lifts. The crucial evaporation pressure 
of the water heat pump has been close to one bar for most of the 
studies, so the installation of vacuum equipment could be 
avoided. 

Keywords: High Temperature Heat Pump, Cascade, 
Optimization, Water,  

 
 
 
 
 
 
 
 
 
 
 
 
  

NOMENCLATURE 
HTHP  High temperature heat pump 
TOP-HP High temperature heath pump cycle 

(R718) 
BTM-HP Low temperature heat pump cycle 

(R1336mzz(Z)e) 
COP  Coefficient of performance 
 
�̇   Heat flow 
PComp  Compressor power consumption 
�̇   Mass flow 
x   Vapor quality 
ΔTPinch Pinch point temperature difference in 

heat exchangers 
ΔTSup Degree of superheating 
Π Pressure ratio 
ηis Isentropic compressor efficiency 
n Number of compressor stages 
v Specific volume 
 
Indices: 
Max maximal 
Tot total 
Sup superheating 
In inlet 
Out outlet 
Source Heat source 
Sink Heat sink 
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1. INTRODUCTION 
 Industrial processes play a crucial role in reducing the 
European CO2-emisions. The main energy demand in the 
European industry is thermal energy with 81% share of the total 
energy demand. Only a small fraction (11%) of the total energy 
demand is needed for space heating, while the largest part (66%) 
is used for process heating purposes [1]. Many of these processes 
are considerably energy intensive and require temperatures 
higher than 150°C [2]. This demand of thermal energy is still 
largely covered by fossil energies like coal or gas. In order to 
reduce the CO2-emissions innovative technologies need to be 
developed to replace the existing solutions and decarbonize the 
industrial sector. A promising technology to achieve this are high 
temperature heat pumps (HTHP), which can convert electrical 
energy from renewable sources into thermal energy to be used 
for process heating. However, commercially available heat 
pumps can usually only operate up to temperatures of 150°C [2]. 
In order to cover the heat demand of processes with higher 
temperatures a high amount of further research is needed. At the 
German Aerospace Center (DLR) heat pumps with operating 
ranges of up to 500°C are developed. One of the concepts is 
based on the reverse Rankine process and uses water (R718) as 
refrigerant. Water is highly suitable as working fluid since it has 
a high critical point of 374°C and a high evaporation enthalpy, 
making it useful at considerably higher temperatures than 
conventional heat pumps. Additionally, it’s GWP of 0 makes it 
highly environmentally sustainable and usable in future 
applications. 

Several authors already studied the attractiveness of water 
as refrigerant. Chamoun et al. [3] developed a pilot plant using 
water and reaching heat sink temperatures of up to 145°C. Liquid 
water injection was used to reduce the steam temperatures during 
compression and avoid compressor overheating. At moderate 
temperature lifts from 94°C to 121°C a COP of 5.5 was reached, 
while at temperature lifts from 75°C to 130°C the COP was 
reduced to 3.6. Bantle et al. [4] investigated a potential 
application where a water-based HTHP was used in a drying 
process. A three-stage heat pump was designed with flash 
cooling between the stages. The authors considered an open 
system where the vapor is directly used in the drying process and 
a closed system with a heat exchanger heating the drying vapor. 
At discharge temperatures between 255 to 269°C and 100°C heat 
source a COP of up to 3.8 was calculated. Zühlsdorf et al. [5] 
compared different design concepts for two stage HTHP 
focusing of the methods of stage intercooling. All methods were 
based on injection cooling with varying degrees of complexity, 
ranging from simple single nozzle spray injection to open 
intercoolers with packings inside. Heat sink temperatures range 
from 134°C to 176°C and the COP’s 4.61 and 4.12 respectively. 
Interestingly the specific cost of investment per heat load was 
nearly three times higher at 134°C since the total heat load was 
highest at 176°C. Lachner et al [6] investigated the use of water 
in a chiller application rather than a HTHP and compared its 
performance to R134a. In a theoretical study he calculated the 
effect of the number of compression stages with intercooling on 
the COP. He concluded that after 4 compression stages additional 

stages have little improvement on the COP and that a heat 
exchanger setup was the most suitable stage intercooling method 
since it enables effective heat recovery. 

The challenge with using water as refrigerant is the demand 
of a comparably high temperature heat source. While existing 
heat pumps can operate at heat source temperatures of 50-60°C 
in a water-based HTHP this would lead to sub-atmospheric 
evaporation. Any temperature below 100°C will increase the cost 
of the heat pump since better sealing or even vacuum equipment 
would be required. Air intrusion would also lead to higher 
operating costs due to corrosion. In order to avoid these issues a 
combination of two heat pumps can be used, where the high 
temperature heat pump (TOP-HP) using water is operating at 
source temperatures above or close to 100°C and the low 
temperature heat pump (BTM-HP) supplies heat to the water 
heat pump using a refrigerant that can operate at overpressure 
even with low heat source temperatures. Such cascade systems 
also have been investigated in some studies [7–9].  

These studies usually do not operate at temperatures above 
160°C and are mostly focused on domestic applications. The 
effect of the coupling temperature where both heat pumps 
exchange heat in a heat exchanger on the cycle COP is also rarely 
addressed. Additionally, most of the systems only have a single 
compressor stage in every heat pump. Bühler et al. [10] 
investigated a cascade heat pump using water as application case 
for milk powder drying. Six heat pumps supplied heat to a central 
multi-stage water HTHP which operated at a source temperature 
of 80°C and supplied heat at 210°C. The BTM-HPs used R600 
and R290 as refrigerant and heat sources from 5 to 50°C. The 
total COP of the system was calculated to be 1.95. However, it 
was not stated if the coupling temperature of 80°C is the 
optimum since the study is highly focused on the specific 
boundary conditions of the industrial site. 

In this paper we want to theoretically investigate the 
performance of a HTHP cascade system using water as TOP-HP 
refrigerant with a special focus on the effect of the coupling 
temperature and the number of compression stages in both parts 
of the system. 

 
2. MODEL DESCRIPTION 

The investigated heat pump concept is shown in Figure 1. 
The TOP-HP using water can operate with up to four 
compression stages. Since steam has a high specific volume 
compared to conventional refrigerants the steam temperature 
needs to be reduced after each compression stage in order to 
reduce the necessary compressor power. This is achieved by 
injecting liquid into the steam. The refrigerant used in the BTM-
HP is R1336mzz(Z)e which is suitable due to the high critical 
temperature of 171°C and low GWP of 2. The high critical 
temperature enables a wide range of possible operating 
conditions in combination with water. T-s-diagrams of both sub 
systems can be found in Figure 10 and Figure 11. 
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Figure 1 Process flow chart of the investigated cascade heat pump 

The cycle itself consist of two coupled heat pumps: In the 
bottom heat pump the working fluid is evaporated in the 
evaporator until a vapor quality of x=1 is achieved (BTM 1). The 
evaporation temperature varies in the parameter study from 30°C 
to 80°C. A recuperator is used to guarantee superheating and to 
recover heat internally. This will improve the system efficiency. 
The degree of superheating depends on the coupling temperature 
(BTM 5) which is systematically changed throughout the 
investigations. All heat exchangers have a pinch point 
temperature difference of ΔTPinch=10 K, this means the 
superheating temperature (BTM2) is always 10 K lower than the 
coupling temperature. After recuperation the refrigerant is 
compressed in up to two compressor stages (BTM 3, 4) and is 
afterwards condensed in the coupling heat exchanger (BTM 5), 
where it transfers heat to the TOP-HP. After passing through the 
recuperator (BTM 6) it is throttled to the evaporator pressure 
(BTM7). Tn the TOP-HP water is evaporated and superheated in 
the coupling heat exchanger (TOP 1). In this case the degree of 
superheating is set to ΔTSup=10 K. Afterwards the steam is 

compressed in up to four compression stages. The necessary 
mass flow of the spray injection is defined by the degree of 
superheating before entering each next compressor stage and is 
also set to ΔTSup=10 K at each stage (TOP 3, 5, 7). After leaving 
the last compressor stage the steam is completely condensed in 
the condenser and subcooled by 10 K (TOP 9). Like the 
evaporator temperatures the condenser temperatures are also 
varied in the investigations between 160°C and 250°C. The 
condensate is then distributed to the spray injection processes 
and throttled to the respective steam pressure (TOP 10, 11, 12). 
Lastly the remaining water is throttled to the pressure of the 
water side in the coupling heat exchanger (TOP 13). The 
isentropic efficiencies of all compressors were set to ηis=0.75 in 
accordance with two other simulation studies on water based 
heat pumps [5,10]. Gearbox efficiencies (not shown in Figure 1) 
are set to 90% of the respective transmission power. Pressure 
losses and heat losses were neglected. The efficiency of a heat 
pump process is determined by the coefficient of performance 
COP: 

��� =
�̇����

∑ �����
    (1) 

, where �̇���� is the heat flow to the heat sink in the 
condenser and ����� the power consumption of each active 

compressor. The heat sink is defined to be a flow of liquid water 
entering at TSink,in=15°C and, then being evaporated and exiting 
the condenser at TSink,out=200°C. The mass flow of the sink water 
was set to �̇���� = 1 ��/�. The cycle simulations were 
performed using the flowchart simulation software EBSILON 
Professional [11]. EBSILON takes the described input values 
and process concepts and calculates the respective mass flows, 
temperatures and pressures at each state using the first and 
second laws of thermodynamics. 

The number of active, necessary compressor stages can vary 
depending on the boundary conditions with respect to the heat 
sink, -source and coupling temperatures. The pressure ratios Π 
of steam compressors are usually limited by technical 
restrictions so multistage-compression is not only used for 
desuperheating purposes with liquid injection but also to meet 
the technical limitations of a process that would otherwise not be 
realizable. The maximal permitted pressure ratio was initially set 
to Πmax=3 in this study comparable to other publications [12] and 
later varied to investigate its effect on the COP. Previous studies 
of the authors and other groups have shown that the maximal 
COP is obtained if all compressor stages have the same 
compression ratio [6,13]. This pressure ratio can be calculated 
using Eq. 2: 

Π��� = �Π���
�     (2) 

, where Π��� is the pressure ratio at the maximal COP, equal 

for all stages and Π��� is the total pressure ratio that needs to be 
covered by all the compressor stages of the TOP-HP and BTM-
HP respectively. Π��� of the BTM-HP and TOP-HP are 
calculated by Eq. (3) and Eq. 4 respectively: 

Π���,��� =
���� �

���� �
    (3) 

Π���,��� =
���� �

�����
    (4) 
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The number of active compressor stages is n. In order to 
calculate the number of required compression stages for a given 
Πmax the Pascal-based EBSILON extension EbsScript was used. 
In a first calculation step, the simulation was performed with all 
6 stages active in order to calculate the pressures in the 
condenser, coupling heat exchanger and evaporator. Using these 
values, the total pressure ratio Πtot is calculated for each heat 
pump. In order to obtain the required number of stages Eq. 2 is 
solved towards n.  

� >
��� (����)

��� (����)
    (5) 

After obtaining the necessary number of compressor stages 
the EbsScript tool sets the pressure ratio of all compressors that 
are not needed to Π=1 and calculates the pressure ratios and 
compressor outlet pressures of all active compressors according 
to Eq. (2). Thus, the selection of the required number of stages is 
an automated process depending on the overall temperature lift 
and the coupling temperatures. 
 
3. RESULTS AND DISCUSSION 

The model described in the previous section was used to 
perform first parameter studies, changing the heat-source 
temperatures and coupling temperatures for a fixed heat-sink 
temperature of TTOP 9=200°C. Afterwards the effect of varying 
heat sink temperatures is studied in similar investigations. Cycle 
variations like changing the maximal allowed pressure ratio and 
providing additional stage intercooling in the BTM-HP conclude 
the investigations. 

 
3.1 Heat source temperatures 

The temperatures of the heat source range from 30°C to 
80°C in order to cover a wide range of possible applications from 
environmental heat sources to industrial waste heat. The aim of 
the parameter study was to determine how the coupling 
temperature effects the cycle COP. The results are shown in 
Figure 2. For some parameter combinations at 70°C and 80°C 
the BTM-HP would not be operable as for 80°C heat source and 
70°C coupling temperatures. These points are left out in the 
figures.  

 
Figure 2 Total system COP depending on the coupling temperature for 
different heat source temperatures 

The results show clearly that for any source temperature a 
maximal COP can be obtained if the coupling temperature is 
chosen accordingly. This result is expected since it involves two 
opposing trends. Increasing the coupling temperature for a fixed 
heat source temperature decreases the COP of the BTM-HP, 
since it results in a higher temperature lift for that heat pump. 
The temperature lift is defined as the difference between the 
respective evaporation temperature and condensation 
temperature. In the case of the BTM-HP this corresponds to the 
difference in coupling temperature and heat source temperature.  
The COP of the TOP-HP however is increased since its 
temperature lift is reduced with increasing coupling temperature. 
Getting closer to the maximal COP the high COP of the TOP-
HP cannot counter the increasingly worsening performance of 
the BTM-HP anymore. Thus, somewhere in this parameter field 
an optimal coupling temperature can be found at which both heat 
pumps are balanced and operate under optimal conditions. With 
increasing heat source temperatures, the optimal coupling 
temperatures are also increasing. This is due to the reduced 
overall temperature lift. If the temperature lift is reduced from 
180°C to 130°C the optimal coupling temperature shifts from 
100°C to 120°C. The optimal coupling temperature is usually 
positioned somewhat in the middle of the overall temperature lift 
so a narrow overall temperature lifts increases the optimal 
coupling temperature. While the calculated COPs are slightly 
depending on the coupling temperature itself with up to 15% 
increase in COP for a heat source temperature of 80°C, the COP 
is highly dependent on the heat source temperature itself. 
Changing the heat source temperature from 30°C to 80°C can 
increase the COP by 35%. This is a well-established fact in heat 
pump development since higher temperature lifts require a 
higher number of stages and higher compressor powers, thus 
reducing the COP. Nonetheless the calculated COPs are 
consistent with literature information, especially Zühlsdorf et al. 
[12]. With respect to the evaporation pressure in the water-based 
TOP-HP all cycle variations result in minimal pressures of at 
least 0.7 bar, fulfilling the requirement to avoid the excessive 
utilization of vacuum equipment. However, the water 
evaporation temperature is determined by the coupling 
temperature minus the pinch point temperature so a coupling 
temperature of 100°C (BTM 5) results in a water evaporation 
temperature of 90°C (TOP 13). True evaporation above 
atmospheric pressure can only be realized at source temperatures 
above 70°C and the resulting optimal coupling temperatures of 
110°C. This is further illustrated in Table 1 where state 
information for this reference case of 70°C heat source- and 
110°C coupling temperatures are compiled. 
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Table 1 Temperature, Pressure and mass flow for every state of the 
cascade system. TBTM 1=70°C, TTOP 1=110°C 

State Temperature 
/°C 

Pressure 
/bar 

Mass flow 
/kg/s 

BTM 1 70 3.27 14,0 

BTM 2 100 3.27 14,0 

BTM 3 100 3.27 14,0 

BTM 4 131 8.87 14,0 

BTM 5 110 8.87 14,0 

BTM 6 88 8.87 14,0 

BTM 7 70 3.27 14,0 

TOP 1 110 1.01 1.00 

TOP 2 110 1.01 1.00 

TOP 3 110 1.01 1.00 

TOP 4 241 2.69 1.00 

TOP 5 140 2.69 1.11 

TOP 6 279 7.17 1.11 

TOP 7 176 7.17 1.24 

TOP 8 322 19.07 1.24 

TOP 9 200 19.07 1.24 

TOP 10 166 7.17 0.13 

TOP 11 130 2.69 0.11 

TOP 12 100 1.01 0.0 

TOP 13 100 1.01 1.00 

 
In Table 1 the beforementioned EbsScript tool for automated 

stage selection can be seen in effect. The tool calculated, that a 
single-stage BTM-HP and three stages in the TOP-HP are 
sufficient to respect the limited maximal stage pressure ratio. 
That’s why, the temperatures and pressures in state BTM 2 and 
3 and state TOP 1 ,2 and 3 are equal. Thus, the first compression 
stage of each heat pump is deactivated. The mass flow of the 
spray injection after the first stage in the TOP-HP is set to zero 
(TOP 12).  

In Figure 3 similar results are shown but not dependent on 
the coupling temperature but on the ratio of the COPs of the 
TOP- and BTM-HP. As mentioned in the previous chapter in 
previous studies we investigated the compressor stages pressure 
ratios and found optima when all compressors had the same 
pressure ratio. We assumed that this could also be true for the 
complete individual heat pumps. In this case the optimal COP 
would be found at COPTOP/COPBTM=1, which could have been 
beneficial for simulation duration and complexity. Figure 3 
shows that this is not the case, which indicates that the 
performance of the BTM-HP has a higher impact on the overall 
COP.  

 
Figure 3 Total COP of the cascade system depending on the COP-ratio 
of both sub-HPs 

This is explained by the highly differing temperature lifts in 
both parts of the cascade system. Changing the source 
temperature from 30°C to 80°C reduces the temperature lift the 
BTM-HP needs to cover from 80 K to 40 K (coupling 
temperatures of 110°C and 120°C respectively, see Figure 2). 
This will increase the COP of the BTM-HP drastically from 3.4 
to 6.3. The TOP-HP however, benefits little from the small 
increase in coupling temperature and hardly increases its COP. 
Thus, with increasing source temperature the location of the 
maximum COP shifts towards lower COP-ratios. 

 
3.2 Number of compressor stages and pressure ratios 

In Table 2, Figure 4 and Figure 5 the number of required 
compressor stages and the respective stage pressure ratios are 
shown for the TOP-HP and BTM-HP.  

 
Table 2 Number of compressor stages for the TOP-HP and BTM-HP for 
different coupling temperatures (first row) and heat source temperatures 
(left column) 

Heat source 
temperature 

70°
C 

80°
C 

90°
C 

100
°C 

110
°C 

120
°C 

TOP-HP 4 4 4 4 3 3 

30°C 2 2 2 2 2 2 

40°C 1 2 2 2 2 2 

50°C 1 1 2 2 2 2 

60°C 1 1 1 1 2 2 

70°C 1 1 1 1 1 2 

80°C 1 1 1 1 1 1 

 
The required number of stages of the TOP-HP are constant 

for every heat source temperature. Since the temperature lift 
between the heat source and the coupling temperature is covered 
solely by the BTM-HP, the TOP-HP’s number of stages is only 
affected by the coupling temperature. With respect to the stage 
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pressure ratios shown in Figure 4 we see the expected reduction 
in pressure ratios with increasing coupling temperatures. 
However, some fluctuations can be observed. This is attributed 
to the automated selection of the required number of compressor 
stages. When the coupling temperature is increased the number 
of compressor stages can be reduced eventually since the 
restriction of the maximal pressure ratio is still met, even with 
fewer stages. This leads to the leap in the stage pressure ratio in 
the TOP-HP at 110°C when the number of stages is reduced from 
four to three, since a comparable temperature lift is now covered 
by fewer stages. 

 
Figure 4 Stage pressure ratios in the TOP-HP at varying coupling 
temperatures 

 A similar effect is also observed in the BTM-HP. However, 
the trend is the opposite one, resulting in increasing pressure 
ratios if the coupling temperature is increased. Thus, if a new 
compressor stage is added the pressure ratio can be decreased 
again. That’s why, the position of the maximal COP in Figure 2 
is usually located under conditions, where the minimal number 
of total compressor stages are needed. Overall, most of the 
simulations respect the limitations set by Πmax=3, only extreme 
cases like 70°C coupling temperature in the TOP-HP lead to a 
violation of this rule and would need even more compressor 
stages. Since these values are far from the optimal operation we 
can assume that they would not play a major role for future 
considerations. 

 
Figure 5 Stage pressure ratios in the BTM-HP for varying coupling 
temperatures 

 
3.3 Mass flows 

The mass flows of both heat pump cycles generally increase 
with increasing coupling temperatures, as illustrated in Figure 6. 

 
Figure 6 Mass flows of the TOP-HP (dashed line) and BTM-HP (solid 
lines) depending on the coupling- and heat source temperatures 

This result can be explained by the shape of the bell curve 
in the T,s- or p,h-diagrams. In general, getting closer to the 
critical point leads to reduced evaporation enthalpy. This is true 
for water and R1336mzz(Z)e. However, there is still a 
considerable amount of heat to be transferred in the coupling heat 
exchanger. In order to compensate the reduced evaporation 
enthalpy, the mass flow in both cycles needs to be increased. 
Additionally, there is an order of magnitude difference between 
the necessary mass flows of water and R1336mzz(Z)e. The 
reason for this is also the different evaporation enthalpies. The 
evaporation enthalpy of water at 100°C is 2257 kJ/kg, while the 
evaporation enthalpy of R1336mzz(Z)e is only 127 kJ/kg. This 
leads to the huge differences in mass flows and further 
emphasizes the attractiveness of water in high temperature heat 
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pumps, since small scale and cost-effective facilities can be 
developed. 

 
3.4 Heat sink temperatures 

Besides the heat source temperature, varying heat sink 
temperatures can also be attractive for industrial processes, since 
obviously not every process demands process heat around 
200°C. In Figure 7 the COP of the cascade heat pump is shown 
for different heat sink- and coupling temperatures and a fixed 
heat source temperature of 80°C. 

 
Figure 7 Total COP of the cascade cycle for different coupling 
temperatures and heat sink temperatures 

A similar effect like the one discussed in section 3.1 is 
observed. Again, a decreasing temperature lift in the TOP-HP 
initially leads to an increase in the COP of the system. Eventually 
a maximum is reached and the competing effect of low COPs in 
the BTM-HP reduces the total COP again. With moderate 
temperature lifts like 80°C to 160°C COPs larger than three are 
possible, making the water-R1336mzz(Z)e cascade HTHP 
competitive against other heat pump systems, while still 
preventing sub-atmospheric operation. Interestingly the 
calculations for different heat sink temperatures showed that the 
COP could not be the only design criteria for this kind of heat 
pump system: For a temperature combination of 80°C in the heat 
source and 160°C in the heat sink, the optimal COP is located at 
90°C coupling temperature. At this temperature 3 compressor 
stages are necessary in the TOP-HP. Increasing the coupling 
temperature to 100°C slightly reduces the COP. However, under 
these conditions only two stages are needed. These 
considerations could impact future assessments with respect to 
techno-economic investigations. 

 
3.5 Maximal permitted pressure ratio 

In the previous calculations the maximal allowed pressure 
ratio was kept constant at 3. But particular boundary conditions 
like low mass flows or part load operation may reduce the 
technically achievable pressure ratio. Therefore, in Figure 8 the 
effect of different pressure ratio restrictions on the COP is 
studied. The COPs are the respective maximal COPs at the given 

heat source temperature. Heat sink temperatures are set back to 
200°C. 

 
Figure 8 Variation of the stage pressure ratio for different source 
temperatures. COPs are the maximal values at the respective source 
temperature 

The reduced permittable pressure ratios slightly reduced the 
COP but the effect is limited to about 10% reduction. The 
optimal COP is mostly defined by the overall temperature lift, 
which is not affected by the number of stages or permittable 
pressure ratios. It does, however, lead to an increased number of 
stages for most temperatures. The exception is the process at 
80°C with Πmax=2, where the existing configuration with 6 
stages is still sufficient. But the optimal temperature at this point 
was reduced, leading to a lower COP. At 30°C and Πmax=2 an 
additional stage is needed in both heat pumps. Since the 5th stage 
in the TOP-HP is also intercooled the reduction in COP is not as 
large as with 80°C. At Πmax=1.5 another stage is needed in every 
heat pump, making it a total of 10. While the effect on COP is 
marginal those additional stages could highly impact the 
investment costs, so the development of effective steam 
compressors is crucial. 

 
3.6 Bottom-HP stage intercooling 

In the current model stage intercooling with spray injection 
is only installed in the TOP-HP. Since the results of previous 
calculations and the literature review indicate that intercooling 
can increase the COP of the cycle substantially, one would 
assume, that including interstage cooling in the BTM-HP would 
also lead to increased COPs. In Figure 9 the obtainable COPs of 
an intercooled BTM-HP with varying degree of superheating are 
compared to a non-intercooled process.  
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Figure 9 Comparison of a cascade process with and without stage-
intercooling in the BTM-HP 

Surprisingly spray injection between the compressor stages 
does not seem to increase the COP of the overall heat pump 
system but will rather lead to a decrease. This may originate from 
the differences of the shape of the bell curves in the T,s-diagrams 
for water and R1336mzz(Z)e, which are shown in Figure 10 and 
Figure 11. 

 
Figure 10 T-s-Diagram for R1336mzz(Z)e 

 
Figure 11 T-s-Diagram of water 

While the bell curve of water is nearly symmetrical, the bell 
curve of R1336mzz(Z)e is heavily leaning to the right side. This 
behavior affects the effectiveness of stage intercooling. During 
steam compression in the TOP-HP, the distance between the 
compressor exit temperature and the saturation temperature 

increases, as illustrated in Figure 11. This results in high 
potential for desuperheating. Reducing the temperature of the 
steam after the first compression stage from 220°C to 139°C 
reduces the specific volume by 17.5%. According to Eq. (6) for 
the compressor power this would reduce the power consumption 
accordingly. 

����� = �̇ ∫ ���    (6) 

In the case of R1336mzz(Z)e however, there are two issues: 
First of all, after compression the distance between the 
compressor end point and the bell curve is reduced. This is a 
limiting factor concerning the permittable degree of 
superheating, since to low superheating could result in wet 
compression in the second stage which has to be avoided in order 
to prevent compressor damage by droplets. Secondly, moving 
closer to the saturation line diminishes the potential of 
desuperheating. Reducing the temperature of the 
R1336mzz(Z)e-vapor after the first compression stage from 
127°C to the lower limit of 120°C reduces the specific volume 
only by 5%. An additional issue contributing to the low COPs is 
the aforementioned low evaporation enthalpy of R1336mzz(Z)e. 
Without interstage cooling, a high degree of superheating can be 
achieved after the second compression stage (BTM 4). This 
superheating somewhat compensates the lack of evaporation 
enthalpy in the coupling heat exchanger. With interstage cooling 
however, the degree of superheating before the heat exchanger 
could be theoretically set to zero, leaving only the evaporation 
enthalpy as a source of heat transfer available. This results in 
higher mass flows in order to transfer a sufficiently high amount 
of heat to the TOP-HP. Unfortunately, this increased mass flow 
also leads to higher compressor power according to Eq. (6). This 
has a by far higher negative impact on the COP than the slightly 
reduced specific volume by the reduced temperature and leads to 
an actual increase of compressor power consumption. 
Concludingly, refrigerants with low evaporation enthalpy seem 
to be less effective when it comes to stage intercooling. This 
result can open pathways for other refrigerants that could be 
paired with water, despite possibly having lower critical 
temperatures than R1336mzz(Z)e and will be part of future 
comparison studies. 
 

4. CONCLUSION 
A water-based cascade HTHP was designed to reduce the 
necessary heat source temperatures towards feasible waste heat 
sources of industrial processes. The coupling temperature of both 
heat pump cycles is a crucial design factor to achieve the optimal 
system COP. These values differed largely, dependent on the 
heat sink and -source temperatures as well as the maximal 
pressure ratio, ranging from 1.55 at unfavorable conditions to up 
to 3.15 when the total temperature lift is moderate. Using an 
EbsScript-based automation procedure, the number of stages 
were always chosen to meet the limitations regarding the 
maximal pressure ratio. In conclusion the combination of a 
water-based heat-pump with a suitable low-temperature 
refrigerant can greatly expand the applicability of the former 
towards heat sources of lower temperature and helps to avoid the 
use of vacuum equipment. Future investigation will include 
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techno-economic analysis and the comparison of the current 
cascade system to other refrigerants as well as water-only based 
multi-stage heat pumps. 
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