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Abstract 
This article investigates tap water heating systems to highlight an ongoing debate. Some report that 
CO2-based transcritical heat pumps with an ejector have the best coefficient of performance (COP), 
while others report that blend-based refrigerant systems (without an ejector) are better. In the 
literature, however, these systems are only compared with conventional heat pump designs, and not 
against each other, making it difficult to conclude which design is the best. In addition, the outcome 
of combining the two modifications has not been explored extensively. This article investigates the 
performance of heat pumps using mixtures of CO2 and propane, with and without an ejector or a 
suction gas heat exchanger. It presents a novel method for modeling blend-based heat pumps with an 
ejector using an optimization approach and a minimum allowed temperature pinch in heat 
exchangers. A sensitivity study explores how the heat pump performance depends on operating 
conditions, ejector efficiency and the refrigerant blend. The sensitivity studies allow for the 
comparison of the heat pump designs. For example, the results show that it is inefficient to use CO2 
and propane blends in systems with an ejector. A blend-based system with a suction gas heat 
exchanger was found to outperform a CO2-based system with an ejector if either the tap water is 
above 25 °C, the ejector efficiency is below 0.17, or the temperature of the heat source is reduced 
with more than 10 K when flowing through the evaporator.  
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Nomenclature     Subscripts 
COP Coefficient of performance [-]     comp   Compressor 
𝑓𝑓1 Mass fraction CO2 at point 1 in Figure 1 [-]     ex   Heat exchanger 
GWP Global warming potential     is   Isentropic 
ℎ Specific enthalpy [kJ kg-1]     min   Minimum 
IHX Internal heat exchanger     pinch   Pinch point 
𝑘𝑘  Penalty factor [-]     rec   Recovered 
𝑚𝑚 Mass [kg] 
𝑚̇𝑚 Mass flow [g s-1] 
ODP Ozone depletion potential 
𝑃𝑃 Power [kW] 
𝑝𝑝 Pressure [bar] 
𝑝𝑝r  Pressure ratio of the compressor [-] 
Δ𝑝𝑝ex Pressure drop in heat exchangers [bar] 
𝑞𝑞 Penalty function [-] 
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𝑄𝑄 Vapor quality [-] 
𝑠𝑠 Specific entropy [kJ kg-1 K-1] 
SGHX Suction gas heat exchanger  
𝑇𝑇 Temperature [°C] 
Δ𝑇𝑇min Minimum allowed temperature approach in the heat 

exchangers [K]  
Δ𝑇𝑇pinch Minimum temperature difference between two fluids 

exchanging heat in an exchanger (calculated by the 
process model) [K] 

𝜂𝜂comp  Isentropic efficiency compressor [-] 
𝜂𝜂ejector  Ejector efficiency [-] 
𝜂𝜂modelled ejector  Ejector efficiency (calculated by the process model)  [-] 
𝜇𝜇 Entrainment ratio ejector [-] 

1. Introduction 
For over two decades carbon dioxide (CO2) based heat pumps for water heating have been known to 
outperform non-environmentally friendly alternatives if the feed water is cold, because a transcritical 
CO2 process matches the temperature profile of the water in the gas cooler (Nekså et al., 1998). Two 
modifications regarding heat pump systems for water heating have been discussed recently. One 
method is to reduce thermodynamic losses connected to temperature differences in heat exchangers 
by introducing zeotropic refrigerant blends (Zhang et al., 2017a), and the other is to reduce 
thermodynamical losses by replacing the conventional expansion valve with a two-phase ejector 
(Tashtoush et al., 2019). The objective of this article is to evaluate which of these two methods is 
best, and to investigate if systems with both modifications are even better. In order to do this, pure 
and binary-blends with carbon dioxide (R744) and propane (R290) are investigated. Both CO2 and 
propane are natural refrigerants which have recently gained more attention, since synthetic 
refrigerants with a large global warming potential (GWP) or a non-zero ozone depletion potential 
(ODP) are being phased out to mitigate global warming and ozone depletion.  

The improvement in energy efficiency realizable through the inclusion of an ejector is well 
documented for pure refrigerants, e.g. by Banasiak et al. (2012). Heat pumps for water heating are 
now often constructed as transcritical pure CO2-based processes, which have a back pressure valve 
with adjustable set pressure. To maximize the coefficient of performance (COP), the discharge 
pressure is typically held high by the back pressure valve, which makes the ejector expansion gain 
often significant in such processes. Ejectors have also become popular since they have no moving 
parts and are easy to build (inexpensive).  

A large number of studies have investigated mixed-refrigerant systems without an ejector. Zhang et 
al. (2017a), for example, studied six binary mixtures with CO2, and identified systems using blends of 
CO2 and propane to have the best COP. Blends of CO2 and butane have also been suggested (Sarkar 
and Bhattacharyya, 2009). A large theoretical study on zeotropic binary CO2 blends with low-GWP 
refrigerants was published by Dai et al. (2015), which is perhaps the most comprehensive study 
relevant for water heating. However, this study did not include heat pumps with an internal heat 
exchanger (IHX), which can improve the performance (Sarkar and Bhattacharyya, 2009; Cao et al., 
2019). Systems using zeotropic blends can obtain a large COP if there is a close match between the 
temperature profile of the refrigerant and the heating and cooling demand in the different 
exchangers. In order to describe the benefit of using refrigerant blends, theoretically, it is therefore 
important to consider the temperature profile of the heat sink and heat source. Comparative studies 
of blend-based systems without ejectors, e.g. by Dai et al. (2015) and Sarkar and Bhattacharyya 
(2009), have modelled heat pumps using constraints related to a minimum allowed temperature 
approach inside each heat exchanger. This method is believed to be more accurate than defining 
refrigerant temperatures directly, e.g. at the evaporator and gas cooler outlets (Zhao et al., 2015). 
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Much of the previous zeotropic heat pump studies, such as Sarkar and Bhattacharyya (2009) and Dai 
et al. (2015), is based on iterative search for the best design-dependent heat pump parameters 
fulfilling the constraints. However, the number of design dependent variables increase by adding an 
ejector or an IHX. The minimum allowed temperature constraints are therefore implemented 
through advanced multivariable optimization algorithms, inspired by studies of large natural gas 
liquefaction units (Ding et al., 2017). 

Blend-based units with an ejector have been investigated experimentally by Bai et al. (2018) and Bai 
et al. (2019), but is a relatively new and unexplored topic as discussed in the literature review studies 
by Zhang et al. (2017a) and Tashtoush et al. (2019). A large portion of these papers, such as the study 
by Yan et al. (2016), suggest that systems with blended refrigerants can obtain better COP than 
systems with a single refrigerant. Historically, simplified models have often been applied to 
azeotropic behaving mixtures by neglecting changes in the refrigerant concentration, for example by 
Hernandez et al. (2014) who modelled R410A-based systems with a temperature glide less than 0.15 
K. Others have modelled zeotropic refrigerant-based processes with a similar approach, such as 
Lontsi et al. (2016) study of systems using R404A and R407C. However, zeotropic refrigerant-based 
heat pumps with an ejector have different refrigerant blends flowing through the evaporator and the 
gas cooler due to the separation of gas and liquids in the process. Only five articles were identified 
modelling the different compositions (Liu et al., 2015; Zhao et al., 2015; Li et al., 2016; Yan et al., 
2016; Liu et al., 2018), and neither of these modelled the temperature profile of the heat source or 
the heat sink. These articles also assumed that the refrigerant blend was at its dew point at the 
evaporator outlet, but this is not necessarily optimal.  

The main scope of this article is to develop a method for modeling ejector-based heat pump systems 
using refrigerant blends, and to improve our knowledge of how to construct systems with large COP. 
That is, should systems be designed with refrigerant blends, an ejector, or an IHX. The approach is 
based on multivariable optimization where each heat exchanger is modelled through a minimum 
temperature pinch constraint. To the author's best knowledge, this is also the first article to 
implement the ejector efficiency through a constraint in the optimization work. 

2. Method 
The method section describes the different heat pump designs and scenarios investigated, and 
explains the process model and optimization approach. 

2.1. Heat Pump Design 
Three different heat pump systems (A, B and C) are investigated in this study, as described in Figure 
1. Heat pump A is the base case investigated by Dai et al. (2015). Heat pump B is modified with an 
IHX operating as a suction gas heat exchanger (SGHX). Heat pump C is modified to include an ejector. 
It is assumed that the vapor quality leaving the evaporator (Q8) is optimized in C with respect to COP, 
but also designs where the gas is at dew point are modeled (C*). Figure 2 shows optimized heat 
pump A and B processes for a selection of different refrigerant blends. Only designs with zero 
superheating at the evaporator outlet are considered, as is typically assumed in previous studies 
involving zeotropic refrigerants (Dai et al., 2015 and Sarkar and Bhattacharyya, 2009).  
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Figure 1. Flow diagrams of heat pump A, heat pump B with an IHX/SGHX, and heat pump C/C* with ejector expansion.               

   
Figure 2. Optimized heat pump A processes for two different refrigerants (left), and optimized heat pump B processes for five 
different refrigerants (right).  

2.2. Heat Pump Process Modelling 
In this work the coefficient of performance, i.e. the ratio between the heating duty (𝑃𝑃gas cooler) and 
the compressor power (𝑃𝑃comp), is used to describe the system performance: 

using the numbering convention in Figure 1.  

2.2.1. Process Parameters 
Process performance depends on a variety of parameters including the refrigerant blend entering the 
compressor at point 1 (𝑓𝑓1), the pressure drop in the heat exchangers (Δ𝑝𝑝ex), the minimum allowed 
temperature approach in the heat exchangers (Δ𝑇𝑇min), the compressor efficiency (𝜂𝜂comp) and pressure 
ratio (𝑝𝑝r = 𝑝𝑝2/𝑝𝑝1), the ejector efficiency (𝜂𝜂ejector) and the mass fraction of gas entering the ejector 
from the evaporator (𝑄𝑄8). The input parameters for each of the different heat pump models are 
shown in Table 1.  

Table 1. Modelling input parameters for different heat pump designs. Values applied in this study are listed in Table 4 and 5. 
Heat pump Input parameters  

A 𝑃𝑃gas cooler, 𝑓𝑓1, 𝑇𝑇a, 𝑇𝑇b, 𝑇𝑇c, 𝑇𝑇d, 𝑇𝑇1, 𝑇𝑇3, 𝑝𝑝2, Δ𝑝𝑝ex, 𝜂𝜂comp and Δ𝑇𝑇min 
B 𝑃𝑃gas cooler, 𝑓𝑓1, 𝑇𝑇a, 𝑇𝑇b, 𝑇𝑇c, 𝑇𝑇d, 𝑇𝑇1, 𝑇𝑇3, 𝑇𝑇1∗, 𝑝𝑝2, Δ𝑝𝑝ex, 𝜂𝜂comp and Δ𝑇𝑇min 
C 𝑃𝑃gas cooler, 𝑓𝑓1, 𝑇𝑇a, 𝑇𝑇b, 𝑇𝑇c, 𝑇𝑇d, 𝑇𝑇8, 𝑇𝑇3, 𝑝𝑝2, 𝑝𝑝r, Δ𝑝𝑝ex, 𝜂𝜂comp, Δ𝑇𝑇min, 𝜂𝜂ejector and 𝑄𝑄8 

  C* 𝑃𝑃gas cooler, 𝑓𝑓1, 𝑇𝑇a, 𝑇𝑇b, 𝑇𝑇c, 𝑇𝑇d, 𝑇𝑇8, 𝑇𝑇3, 𝑝𝑝2, 𝑝𝑝r, Δ𝑝𝑝ex, 𝜂𝜂comp, Δ𝑇𝑇min, 𝜂𝜂ejector and 𝑄𝑄8 = 1 

 COP =
𝑃𝑃gas cooler
𝑃𝑃comp

= ℎ2−ℎ3
ℎ2−ℎ1

, (1) 
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For a given set of input parameters, the system model calculates enthalpies and other values such as 
the temperature pinch in the evaporator (Δ𝑇𝑇pinch evaporator), gas cooler (Δ𝑇𝑇pinch gas cooler) and IHX (Δ𝑇𝑇pinch IHX), 
as well as the ejector efficiency (𝜂𝜂modelled ejector). The minimum allowed approach temperature Δ𝑇𝑇min in 
the heat exchangers and the ejector efficiency 𝜂𝜂ejector are not direct input variables in the process 
model, but are implemented through the optimization constraints listed in Table 2 (see section 2.4).  

Table 2. Process constraints in the optimization work. In this work,𝛥𝛥𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 is assumed to be 5.0 K (see Table 5). 
Case A Case B Case C and C* 
Δ𝑇𝑇pinch evaporator ≥ Δ𝑇𝑇min Δ𝑇𝑇pinch evaporator ≥ Δ𝑇𝑇min Δ𝑇𝑇pinch evaporator ≥ Δ𝑇𝑇min 
Δ𝑇𝑇pinch gas cooler ≥ Δ𝑇𝑇min Δ𝑇𝑇pinch gas cooler ≥ Δ𝑇𝑇min Δ𝑇𝑇pinch gas cooler ≥ Δ𝑇𝑇min 

 Δ𝑇𝑇pinch IHX ≥ Δ𝑇𝑇min  𝜂𝜂modelled ejector = 𝜂𝜂ejector  
 

2.2.2. Thermodynamic Property Calculations 
Thermodynamic properties, such as specific enthalpy (ℎ), specific entropy (𝑠𝑠), vapor quality (𝑄𝑄) are 
mainly calculated using CoolProp (Bell et al., 2014). CoolProp applies the equations of state (EOS) 
described by Span and Wagner (1996) and Lemmon et al. (2009) for pure CO2 and pure propane, 
respectively. For blends of CO2 and propane, CoolProp uses the GERG-2008 (Kunz and Wagner, 2012) 
equation of state.  

To evaluate properties for mixtures, such as ℎ, CoolProp is limited to only three input pairs (𝑝𝑝𝑝𝑝, 𝑝𝑝𝑝𝑝 
and 𝑇𝑇𝑇𝑇) and because of this, TREND (Span et al., 2016), which is another “state of the art” property 
model, is sometimes used. TREND is based on the same EOS as CoolProp for blends of CO2 and 
propane, but uses different numerical algorithms which can solve input options like 𝑝𝑝𝑝𝑝. This is 
necessary in order to calculate enthalpy differences in isentropic processes related to the 
compressor and ejector performance. For different 𝑝𝑝𝑝𝑝 input, for example, TREND and CoolProp 
typically calculate ℎ or 𝑠𝑠 values where the first five digits are identical for CO2 and propane blends. 
The difference was always less than 0.01% for inputs relevant for the heat pumps in this study, 
demonstrating high consistency. 

2.3. Component Modelling 
Figure 1 illustrates the equipment components that make up the different heat pumps. Expansion 
valves are modelled assuming that the enthalpy is unchanged (i.e. as an isenthalpic expansion), the 
other components are modelled as described below. 

2.3.1. Heat Exchanger Performance Modelling 
All heat exchangers are assumed to operate counter current. Several approaches can be considered 
for modelling heat exchangers. This study is based on an optimization technique with minimum 
allowed temperature approach. However, the temperature pinches in each of the different heat 
exchangers are input parameters in the optimization process, and not direct input parameters in the 
process model. The temperature pinches are calculated by the process model, and forced to equal 
the minimum allowed temperature pinch in the exchangers (Δ𝑇𝑇min) by implementing constraints in 
the optimization (see Table 2). Examples of the heat exchanger temperature profiles for the different 
heat pump processes in Figure 2 and 3 are illustrated in the supplementary files. 
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Pressure drop in heat exchangers is often ignored in zeotropic refrigerant studies, e.g. by Dai et al. 
(2015). However, pressure drop can be an important loss factor in exchangers operating at lower 
pressures, and in ejector systems where the vapor fraction out of the evaporator (𝑄𝑄8) is low due to 
the large mass flow through the evaporator. In this work, all heat exchangers are modelled with fixed 
pressure drops (Δ𝑝𝑝ex). The pressure drop profile in each exchanger is also important for the internal 
pinch point, and a linear pressure loss with respect to the amount of heat transferred is assumed for 
each exchanger (Brodal and Jackson, 2019). For the gas cooler, e.g., the pressure profile becomes:   

2.3.2. Compressor Performance Modelling 
Compressor performance is modelled using isentropic efficiency: 

where 𝑃𝑃comp,is is an isentropic compression process from point 1 to pressure 𝑝𝑝2. 

2.3.3. Receiver Modeling 
For all heat pump designs, the composition of the refrigerant in the gas exiting the receiver is 
implemented directly from the mass fraction of CO2 input (𝑓𝑓1). For systems with an ejector, the dew 
point gas (𝑄𝑄1 = 1) and bubble point liquid (𝑄𝑄6 = 0) are separated by the receiver, as illustrated by 
Figure 3. For systems with pure refrigerants, ℎ6 can be calculated directly since the pressure 𝑝𝑝6 =
𝑝𝑝1 = 𝑝𝑝2/𝑝𝑝𝑟𝑟 is given by the input parameters and that 𝑇𝑇6 = 𝑇𝑇1. Systems with zeotropic refrigerant 
blends are more difficult to model due to different concentrations in outlet and inlet streams. In such 
systems, the mass fraction of CO2 in the liquid leaving the receiver (𝑓𝑓6) must be evaluated before 
calculating ℎ6. This is done by an iterative search for the blend that has bubble point at 𝑇𝑇1 and 𝑝𝑝1.   

The mass fraction of CO2 in the receiver inlet is 𝑓𝑓5 = (𝑚̇𝑚6𝑓𝑓6 + 𝑚̇𝑚1𝑓𝑓1)/(𝑚̇𝑚6 + 𝑚̇𝑚1). System energy 
conservation in steady state (𝑃𝑃evaporator = 𝑃𝑃gas cooler − 𝑃𝑃comp) gives the relation between the outlet 
receiver mass flows:  

which is known as the entrainment ratio. Unlike the work by Yan et al. (2016) and Zhao et al. (2015), 
all the formulas are derived with enthalpy-differences related to fluids with the same concentrations, 
as done by Liu et al. (2015) and Liu et al. (2018). This is important since enthalpy and entropy are 
relative properties, and different blends operate with different reference states.  

 𝑝𝑝 = 𝑝𝑝2 − Δ𝑝𝑝ex �
ℎ−ℎ2
ℎ3−ℎ2

�   for   ℎ2 ≥h≥ ℎ3. (2) 

 𝜂𝜂comp = 𝑃𝑃comp,is

𝑃𝑃comp
= ℎ2,𝑖𝑖𝑖𝑖−ℎ1

ℎ2−ℎ1
, (3) 

 

 𝜇𝜇 = 𝑚̇𝑚6
𝑚̇𝑚1

= �𝑃𝑃gas cooler−𝑃𝑃comp

𝑃𝑃evaporator
� ∙ 𝑚̇𝑚6

𝑚̇𝑚1
= ℎ1−ℎ3

ℎ8−ℎ6
, (4) 

 



7 
 

 

             
Figure 3. Optimized processes with a 0.34 ejector efficiency and 𝑇𝑇𝑎𝑎= 15 °C, 𝑇𝑇𝑏𝑏= 70 °C, 𝑇𝑇𝑐𝑐= 10 °C and 𝑇𝑇𝑑𝑑= 5 °C. Top left: C & C* 
processes with pure CO2. Top right: C* with zeotropic blend. Bottom: C with zeotropic blend. Temperature approach in the 
different heat exchangers are illustrated in the supplementary files. 

2.3.4. Ejector Performance Modelling 
The ejector efficiency introduced by Elbel and Hrnjak (2008) is used, which compares the amount of 
expansion work recovered by the ejector with the maximum possible expansion work recovery 
potential: 

where ℎ8,is→𝑝𝑝5 and ℎ3,is→𝑝𝑝5  are the enthalpies obtained by isentropic processes from point 8 and 3, 
respectively, to the ejector outlet pressure (𝑝𝑝5). Eqs. (4) and (5) can also be combined as: 

The systems described here have 𝜂𝜂ejector as an input parameter. In addition to the vapor quality 𝑄𝑄8, 
some other information, such as 𝑇𝑇8 or 𝑝𝑝8, is necessary in order to evaluate the enthalpies ℎ8,is→𝑝𝑝5 and 
ℎ8. Hence, Eq. (6) is a standard root problem with respect to 𝑇𝑇8, which can be solved numerically 
(Zhao et al., 2015; Brodal and Jackson, 2019). However, a different and new approach was tested 
which is believed to be better. In the new approach 𝑇𝑇8 is optimized together with the other process 
parameters using a multivariable optimization algorithm, and Eq. (6) is implemented indirectly 
through the constraint 𝜂𝜂modelled ejector = 𝜂𝜂ejector, where 𝜂𝜂modelled ejector is the value of the right hand side of 
Eq. (6). The vapor fraction in the ejector outlet is given as: 

2.4. Heat Pump Optimization 
The large number of input parameters and constraints (see Table 1 and 2), makes it difficult to 
analyze and compare systems directly. In this work, the problem size is reduced through 
optimization. For example, instead of analyzing how the pressure input 𝑝𝑝2 affects the COP, it is 
assumed that 𝑝𝑝2 is optimal with respect to COP, which is the case if the back pressure valve set point 

 𝜂𝜂ejector = 
𝑚̇𝑚6(ℎ8,is→𝑝𝑝5−ℎ8)
𝑚̇𝑚1�ℎ3−ℎ3,is→𝑝𝑝5 �

, (5) 
 

 𝜂𝜂ejector = 
(ℎ1−ℎ3)(ℎ8,is→𝑝𝑝5−ℎ8)
(ℎ8−ℎ6)�ℎ3−ℎ3,is→𝑝𝑝5 �

. 
 

(6) 

 𝑄𝑄5  = 𝑚̇𝑚1
𝑚̇𝑚5

= 𝑚̇𝑚1
𝑚̇𝑚1+𝑚̇𝑚6

= 1
1+𝜇𝜇.  

   (7) 
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is controlled by an intelligent system. Similarly, if the ejector and heat exchangers are designed for a 
particular set of operating conditions, it can also be assumed that their geometries and sizes to some 
extent can be optimized for the task. The objective function in the minimization problem is: 

where the variables being optimized are listed in Table 3. A flow chart of the main process 
calculations is shown in Figure 4. Note that, including 𝑓𝑓1 as an optimization parameter can be difficult 
due to local optimums (see Figure 5).  

Table 3. Process parameters being optimized.   
Case A Case B Case C* Case C 
𝑇𝑇1 𝑇𝑇1 𝑇𝑇8 𝑇𝑇8 
𝑇𝑇3 𝑇𝑇3 𝑇𝑇3 𝑇𝑇3 
𝑝𝑝2 𝑝𝑝2 𝑝𝑝2 𝑝𝑝2 

 𝑇𝑇1∗ 𝑝𝑝r  𝑝𝑝r  
   𝑄𝑄8 

 
A new method for implementing the ejector efficiency is applied. In previous articles, processes have 
always been calculated with the correct ejector efficiency during the whole optimization (Zhao et al., 
2015; Brodal and Jackson, 2019). However, it is easier to calculate the ejector efficiency 𝜂𝜂modelled ejector  
with a given temperature 𝑇𝑇8, than to find the correct temperature 𝑇𝑇8 given the ejector efficiency 
𝜂𝜂ejector, since this involves an iterative search to find 𝑓𝑓6 inside another algorithm solving the root 
problem described in Eq. (6). Since a multivariable optimization algorithm is already used to find the 
best COP, the correct temperature 𝑇𝑇8 can be found in the optimization work by adding 𝑇𝑇8 as an 
optimization parameter while applying either a nonlinear constraint or a penalty, ensuring that 
𝜂𝜂modelled ejector = 𝜂𝜂ejector in the final result. Hence, much of the programing complexity has been 
removed from the process model calculating COP, while the optimization problem is only increased 
slightly with one additional optimization variable and one additional constraint. A numerical study 
comparing these methods in greater detail could be conducted in the future. 

In most cases a large sequence of runs using the Fmincon, Fminsearch and Particleswarm algorithms 
from the MATLAB Optimization Toolbox was applied to obtain an accurate optimization result. 
Fminsearch uses a simplex algorithm developed by Nelder and Mead (1965), Particleswarm applies a 
stochastic-based algorithm (Kennedy and Eberhart, 1995), and Fmincon uses sequential quadratic 
programming (sqp) gradient-based method (Spellucci, 1998). When using Fmincon, COP is optimized 
through a direct implementation of the constraints listed in Table 2. Fminsearch and Particleswarm 
cannot optimize problems with non-linear constraints directly, but the constraints can be 
implemented indirectly through penalties. For heat pump A, the minimization problem is solved as: 

where 𝑘𝑘𝑖𝑖 are penalty factors, Δ𝑇𝑇min is the minimum allowed temperature approach in the heat 
exchangers (defined as 5.0 K in this work, see Table 5). Δ𝑇𝑇pinch evaporator and 𝛥𝛥𝑇𝑇pinch gas cooler are process 
model values of the temperature pinch in the evaporator and gas cooler, respectively. Heat pump B 
includes IHX constraints by: 

while C and C* implement the ejector efficiency 𝜂𝜂ejector with the help from a penalty added if the 
calculated 𝜂𝜂modelled ejector differs from 𝜂𝜂ejector (see Table 5): 

 min{−COP},  
 

 (8) 

 𝑞𝑞B = 𝑞𝑞A = −COP + 𝑘𝑘1 ∙ �max (0,Δ𝑇𝑇min − Δ𝑇𝑇pinch evaporator)�2 + 𝑘𝑘2 ∙ �max (0,Δ𝑇𝑇min − Δ𝑇𝑇pinch evaporator)�2, (9) 

 𝑞𝑞B = 𝑞𝑞A + 𝑘𝑘3 ∙ �max (0, Δ𝑇𝑇min − Δ𝑇𝑇pinch IHX)�2, (10) 

 𝑞𝑞C = 𝑞𝑞A + 𝑘𝑘4 ∙ � (𝜂𝜂modelled ejector − 𝜂𝜂ejector)�
2. 

 

(11) 
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Figure 4. Flow chart of the main model structure and process calculations for the heat pump C design.   

2.5. Study Range and Design Variables 
Tap water is heated to 𝑇𝑇b= 70 °C by the gas cooler, and chilled water at 𝑇𝑇d= 5 °C is produced, making 
this study also relevant for combined heating and cooling applications. Five different heating 
scenarios are investigated (see Table 4). Scenario 1 and 2 represent systems where water is heated 
from 𝑇𝑇a= 15 °C or 35 °C, respectively, using a heat source water stream where 𝑇𝑇c= 10 °C. Scenario 3 
and 4 represent systems where the heat source and heat sink have the same inlet temperature 
(𝑇𝑇a= 𝑇𝑇c= 15 °C or 25 °C). Scenario 5 (𝑇𝑇a= 𝑇𝑇c= 45 °C) is created to explore systems with a large 
temperature glide in the evaporator. Note that, for feed water temperatures above 40 °C, CO2–based 
systems can be improved by integrating additional mechanical sub cooling (Dai et al., 2019a; Dai et 
al., 2019b). 

Table 4. Heat source and heat sink scenarios. 
Scenario 1 𝑇𝑇a= 15 °C, 𝑇𝑇b= 70 °C, 𝑇𝑇c= 10 °C and 𝑇𝑇d= 5 °C 
Scenario 2 𝑇𝑇a= 35 °C, 𝑇𝑇b= 70 °C, 𝑇𝑇c= 10 °C and 𝑇𝑇d= 5 °C 
Scenario 3 𝑇𝑇a= 15 °C, 𝑇𝑇b= 70 °C, 𝑇𝑇c= 15 °C and 𝑇𝑇d= 5 °C 
Scenario 4 𝑇𝑇a= 25 °C, 𝑇𝑇b= 70 °C, 𝑇𝑇c= 25 °C and 𝑇𝑇d= 5 °C 
Scenario 5 𝑇𝑇a= 45 °C, 𝑇𝑇b= 70 °C, 𝑇𝑇c= 45 °C and 𝑇𝑇d= 5 °C 

The design parameters used to describe the refrigerant blend, compressor, ejector and heat 
exchanger performances in the modelling work are listed in Table 5. An isentropic compressor 
efficiency of 0.70 is used, based on a study by Brodal and Jackson (2019), where the HGX2/90-4 CO2 

compressor from GEA, was suggested as an efficient compressor for hot water heating. This 
compressor operated at almost constant isentropic efficiency, between 0.69 – 0.70, for different 
operating conditions typical for hot water heating applications. It has been claimed that CO2 ejectors 
operate with efficiencies between 0.20 – 0.30, while the efficiency of ejectors for low-pressure 
refrigerants such as propane typically is less than 0.20 (Elbel and Lawrence, 2016). Due to the large 
variations, a sensitivity study is included for the ejector, assuming 0.17 and 0.34 to be a lower and an 
upper limit for CO2-based systems (Banasiak et al., 2012). For propane-based systems 0.17 is 
assumed to be a realistic ejector efficiency. The pinch temperature at the gas cooler/condenser, IHX 
and evaporator are all set to 5.0 K (Dai et al., 2015). A pressure drop of 0.2 bar was applied in all heat 
exchangers (evaporators, condensers and gas coolers), which is at the lower end of the pressure drop 



10 
 

typical for such components (Gilberg, 2011). Hence, the results will not overstate the importance of 
the pressure drop, and the results are therefore expected to be more accurate than a zero pressure 
drop assumption, which is typically used in previous studies of blends such as by Sarkar and 
Bhattacharyya (2009) and Dai et al. (2015). Creating a more accurate model with individual heat 
exchanger pressure drop is outside the scope of this article. 

Table 5. Design variables. 
Input parameter Value 
𝑃𝑃gas cooler 10 kW 
Mass fraction of CO2 at the compressor inlet 
𝑓𝑓1 = 𝑚𝑚CO2/(𝑚𝑚CO2 + 𝑚𝑚propane) 

0 – 1 

Minimum allowed pinch temperature (Δ𝑇𝑇min) 5.0 K 
Pressure drop in heat exchangers (Δ𝑝𝑝ex) 0.2 bar 
Compressor efficiency (𝜂𝜂comp) 0.70  
Ejector efficiency (𝜂𝜂ejector) 0.17 and 0.34 

3. Results 
COP for scenarios 1-5 is shown in Figure 5 with respect to the mass fraction CO2 entering the 
compressor. Figure 6 illustrates differences in composition between the gas and liquid in the 
receivers, and in heat pump C and C*, the “receiver liquid mass fraction” corresponds to the mass 
fraction circulating through the evaporator (𝑓𝑓6). Different process data are illustrated in Figure 7. 
Heat pump C* (with 𝑄𝑄8= 1) is only modelled for scenarios 1 and 2, since the dew point requirement 
turned out to be an inefficent design compared to C (where 𝑄𝑄8 ≤ 1). 

 
Figure 5. Optimized COP for heat pump design A, B, C and C* for heating scenarios 1-5.  
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Figure 6. Gas phase versus liquid phase blends in the receiver, for heating scenario 1.  

 
Figure 7. Different process data for optimized heat pumps operating at heating scenario 1. 
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4. Discussion 
There are different reasons for using refrigerant blends, one being that the blends can possess 
desired properties such as low flammability and low GWP (Zhang et al., 2017b), another being 
increased COP, as illustrated in Figure 5. Performance, modeling assumptions and findings are 
discussed below. 

4.1. Validation and Consistency 
A final tolerance is set in the optimization work to ensure that the results are meaningful. That is, all 
the results presented in this study violate the pinch temperature and the ejector efficiency by less 
than 0.01 K and a 0.01 %, respectively. 

Efficient systems operate with a tight temperature approach, since the temperature approach in the 
heat exchangers is related to entropy generation and thermodynamical loss. This is reflected in the 
optimized results since all heat exchangers operate with minimum allowed temperature pinch, i.e. 5 
K. Optimized systems also operate with multiple 5 K temperature pinches in each exchanger if 
possible (see Figure A and B in the supplementary files). 

Particleswarm uses a stochastically-based optimization algorithm designed for finding the global 
maximum, but even this algorithm can not guarantee that the optimal solution is found. However, 
the smoothness of the optimized results showing 41 different refrigerant mixtures of CO2 and 
propane for each heating scenario (see Figure 5), and the consistency of the optimized process 
parameters (see Figure 7), indicates that processes with a global maximum COP was found in all 
cases.  

4.2. Modeling Assumptions and Equipment Performance 
The main assumptions in this article are that equipment performance such as compressor efficiency 
and temperature pinch is assumed to be independent of the refrigerant blend, and that the heat 
exchanger designs are optimized for the given operating conditions. Models of real heat exchanger 
designs are complex and have many input parameters, and heat pump processes based on such 
models are therefore difficult to optimize and compare fairly, e.g. by cost. The minimum allowed 
temperature approach is a simplified method, based on the assumption that heat exchangers with 
similar temperature pinch are similar in size and therefore cost, even if important factors, such as the 
refrigeration blend, are changed. The simplicity of the minimum allowed temperature approach has 
gained much attention in optimization studies (Dai et al., 2015 and Sarkar and Bhattacharyya, 2009), 
since it makes it possible to discuss and compare different systems on a general basis. However, 
differences in the heat transfer are observed. The supplementary files show that inefficient systems 
and subcritical propane systems transfer heat with larger (average) temperature differences in the 
gas cooler, which is an argument as to why such systems should be modeled with a smaller 
temperature pinch. On the other hand, CO2 benefits from other factors such as efficient exchangers 
due to a large heat transfer coefficient (Cho et al., 2010), and smaller swept compressor volume is 
needed due to the high density at the evaporating pressure. It has also been claimed that the low 
CO2 pressure ratio is beneficial for the compressor efficiency (Stene and Alonso, 2016).  

4.3. Systems With and Without IHX 
Systems with zeotropic refrigerant blends and IHX (heat pump B) have earlier been investigated by 
Sarkar and Bhattacharyya (2009), but often are only systems without (A) modelled in such studies 
(Dai et al., 2015). However, the results presented in Figure 5 illustrate a significant benefit of using an 
IHX in some of the scenarios. That is, an IHX increases the COP in all the scenarios, in particular if the 
tap water temperature 𝑇𝑇a is high, as in scenarios 2, 4 and 5. In scenario 4 and 2, COP improve 

https://www.sciencedirect.com/topics/engineering/evaporating-pressure
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respectively by 3 % (𝑓𝑓1 ≈ 0.25) and 5 % (𝑓𝑓1 ≈ 0.07). For scenario 5, which was designed to explore 
more extreme situations favoring zeotropic blends, the gain was more than 14 % (𝑓𝑓1 ≈ 0.12). The 
process parameters in Figure 7 illustrate that both systems have identical evaporator outlet 
temperature, but the systems with an IHX benefit from an approximately 10 % lower vapor quality at 
the evaporator inlet. The IHX systems have a higher compressor inlet temperature, which results in a 
larger specific entropy increase in the compressor (ℎ2 − ℎ1), even though the compressor outlet 
pressure can be reduced while still providing the necessary heat. 

4.4. IHX Systems – Blend Versus Pure Refrigerant 
Figure 5 shows that heat pump B systems with an IHX obtain larger COP if a refrigerant blend is used 
instead of a pure refrigerant, since an energy efficient process uses a refrigerant that matches the 
temperature profile of the heat source and heat sink (see Figure A and B in the supplementary files). 
The improved COP obtained by using blends is therefore directly related to the increased outlet 
evaporator temperature of the refrigerant, as illustrated in Figure 7. Only in scenarios 1 and 3, with 
cold tapwater (𝑇𝑇a = 15 °C), were pure CO2-based (𝑓𝑓1 = 1) systems better than pure propane-based (𝑓𝑓1= 
0) systems. However, these CO2 systems improved COP with respectively 3 % and 5 % if the mass 
fraction of CO2 was reduced between 0.82 and 0.88. Using a blend with 𝑓𝑓1 ≈ 0.05 increased COP with 
4 % in scenario 2. In scenario 4, a 𝑓𝑓1 ≈ 0.25 blend increased COP with 16 %. 

4.5. Pure Refrigerant Based Systems With and Without Ejector 
For pure CO2-based heat pumps, Figure 5 shows that systems with an ejector (C) are always more 
efficient than systems without (A), and the ejector gain is often significant ranging from 7 – 19 % 
increase in COP. In particular if the inlet tap water is above 25 °C, however, in such cases pure CO2-
based systems are inefficient compared to other alternatives. For pure propane-based heat pumps, 
COP is reduced by including an ejector in heating scenario 1, 3 and 4 if the ejector efficiency is 0.17. 
The reason being that the best method to provide the necessary energy to circulate the refrigerant 
through the evaporator system, with respect to COP, is to raise the gas cooler temperature (see 
Figure 7). This is not necessary if the ejector efficiency is 0.34, which is unrealistically high for 
propane-based systems (Elbel and Lawrence, 2016). However, also in such extreme cases there is 
little to be gained by including an ejector in a system with pure propane, less than 3 % increase in 
COP. Systems with propane are therefore more unlikely to be designed with an ejector. Figure 7 
shows that if the pressure ratio over the compressor is reduced by inserting an ejector, the COP is 
increased due to reduction in the compressor power.  

4.6. Ejector Systems – Blend Versus Pure Refrigerant 
In neither of the cases studied did blend-based ejector systems (C) turn out to be the most energy 
efficient systems. The ejector reduces the thermodynamical losses in the expansion, but also 
introduces new losses related to the ejector efficiency. Additional losses are also introduced if a 
zeotropic refrigerant is used. For example, the different blends mixed inside the ejector (point 3 and 
8) are not identical, as shown in Figure 3. Mixing of different chemical substances is an irreversible 
process generating entropy, since mixed fluids never spontaneously unmix (Starzak, 2010). Ejectors 
can also introduce a significant heat exchanger loss in systems with zeotropic mixtures if the 
evaporator inlet temperatures is reduced due to a large temperature glide (see Figure 4). The 
temperature glide becomes particularly large for certain zeotropic mixtures where the refrigerant is 
at dew point at the evaporator outlet (C*). Figure 7, for example, shows that the optimal inlet 
evaporator temperature in an ejector system with refrigerant blends can be 30 °C colder than in 
systems with a pure refrigerant. If the mass flow through the evaporator is large, as is often the case 
for the heat pump C ejector design (see Figure 7), there are also more circulation losses related to 
the pressure drops in the expansion valve and the evaporator. 
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As mentioned in the introduction, only a few papers have investigated zeotropic systems in 
combination with an ejector, and only five articles were identified modelling the different 
composition of the circulating refrigerants (Liu et al., 2015; Zhao et al., 2015; Li et al., 2016; Yan et al., 
2016; Liu et al., 2018). However, neither of these modelled the temperature approach inside the 
heat exchangers, which is important since the main scope of such an investigation typically is to 
improve the performance (COP) by composing zeotropic refrigerants that match the temperature 
profile of the heating and cooling demand in the different exchangers.  

The results presented in Figure 5 show that blends of CO2 and propane in combination with an 
ejector do not lead to efficient designs. This is the opposite of the findings typically reported earlier. 
However, the COP versus mass fraction data presented in these studies often shows similar trend as 
shown in Figure 5, even though these studies used more simplified heat exchanger models, and 
studied other blends and different processes. Zhao et al. (2015), for example, stated that maximum 
COP was found at 0.9 mass fraction blends. However, only systems with 0.1 – 0.9 mass fraction 
blends were modelled in this study, and the results presented by Zhao et al. clearly indicate that 
systems with mass fractions outside the range being studied, such as pure refrigerants, performed 
better. Liu et al. (2015), Liu et al. (2018) and Yan et al. (2016) also concluded that the zeotropic 
mixture-based systems exhibited higher energy efficiency. However, these articles only studied 
blends with mass fractions between 0.3 – 0.7, 0.3 – 0.7 and 0.35 – 0.55, respectively. Li et al. (2016) 
investigated zeotropic blends in an organic Rankine cycle with a combined heat pump. Li et al. did 
not conclude that it is inefficient to use blend-based systems with an ejector, however, the data 
presented show that pure refrigerant based systems obtained the largest COP for two of the three 
blends investigated. The third blend had maximum COP located outside the 0.7 – 1.0 mass fractions 
range being studied.  

Previous articles have also only studied zeotropic ejector systems where the refrigerant is at dew 
point at the evaporator outlet (C*), which is not necessarily the optimal configuration for zeotropic 
mixtures as illustrated by the results in Figure 5. System design C* becomes inefficient since the 
evaporator inlet temperature has to be significantly reduced to satisfy the temperature pinch 
constraint (see Figure 3), which also relates to large pressure ratio for the compressor, as illustrated 
in Figure 7. The temperature glide through the evaporators in system C is sometimes reduced by 
optimizing the outlet vapor quality 𝑄𝑄8 with respect to COP. 

4.7. Performance – IHX Versus Ejector 
The most efficient systems (C) with 0.17 ejector efficiency always had a lower COP than the most 
efficient systems with IHX (B), as illustrated by Figure 5. If the ejector efficiency is raised to 0.34, 
there is a small gain in scenario 1 and 3 with a low tap water temperature (𝑇𝑇a = 15 °C). Scenario 1 has 
a small temperature reduction when the heat source is flowing through the evaporator (𝑇𝑇c − 𝑇𝑇d = 5 
K). In this scenario, a pure CO2-based ejector system (C) obtained the best COP, which was 2.5 % 
higher than the best system with IHX (B). Scenario 3, which is similar to scenario 1 except that 𝑇𝑇c −
𝑇𝑇d = 10 K, obtained less than 1 % gain in COP. 

For all the scenarios with 𝑇𝑇a equal or above 25 °C, i.e. scenario 2, 4 and 5, the optimal heat pump 
with an IHX (B) had a significant better COP than the other designs, and operated with blends having 
mass fractions of CO2 below 0.25. In scenario 4, where 𝑇𝑇c − 𝑇𝑇d = 20 K, heat pump B obtains a 15 % 
larger COP than the best system C. 

5. Conclusion 
This article investigates modifications for conventional transcritical CO2-based heat pump systems for 
water heating, and also presents a novel method to model blend-based ejector systems which 
include several important factors not previously considered. Such as implementing the ejector 
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efficiency through a constraint in the optimization work, modeling systems where the zeotropic 
refrigerant is not necessarily at dew point when leaving the evaporator, and modelling ejector 
systems using a minimum temperature approach inside heat exchangers.   
 
The results clearly state the importance of composing optimal zeotropic refrigerant blends that 
match the temperature profile of the heating and cooling demand in the different exchangers, and 
also show that COP can be improved in ejector systems with zeotropic blends by designing them with 
vapor quality 𝑄𝑄8 less than 1 at the evaporator outlet. However, the main finding is that blends with 
propane and CO2 are inefficient in systems with an ejector, and that such systems were always 
outperformed with either pure CO2-based ejector systems, or blend-based systems with an IHX. 

For all the scenarios with tap water temperatures equal or above 25 °C, heat pumps with an IHX (B) 
operated with the highest COP using blends having mass fractions of CO2 below 0.25. The difference 
in COP was sometimes as large as 15 %. Heat pumps with an IHX also obtained the best COP if the 
ejector efficiency is 0.17 or lower, or if the water temperature reduction in the evaporator (𝑇𝑇c-𝑇𝑇d) is 
larger than 5 K if the ejector efficiency is slightly above 0.17, and more than 10 K if the ejector 
efficiency is 0.34. The model predicts that a CO2-based ejector system (C) obtains the highest COP if 
the tap water is cold, equal or below 15 °C. However, even with a large ejector efficiency of 0.34, the 
gain in COP by using an ejector versus an IHX was always less than 2.5 %. 
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