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  ABSTRACT    

R744 is considered a highly promising alternative to PFAS-based refrigerants in electric vehicle air 

conditioning/heat pump systems. However, the throttling loss in an AC/HP cycle using R744 is relatively higher 

than in a cycle using PFAS producing refrigerants. It is possible to address this challenge by using a two-phase 

ejector that uses the expansion work of the high-pressure refrigerant to boost and compress the low-pressure 

refrigerant. In this article, a thermodynamic analysis is carried out to investigate the advantages of integrating a 

two-phase ejector into the electric vehicle AC/HP cycle. In this study, three cabin cooling modes, two cabin heating 

modes, and one battery cooling mode are investigated. The results show that the ejector provides up to 10.5 bar 

pressure lift and 26% compressor power saving potential. Furthermore, the required compressor displacement is 

reduced by about 22%. With the same compressor for baseline and ejector systems, the ejector system provides 

24% more cooling capacity. 
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1. INTRODUCTION 

The European Chemicals Agency (ECHA) submitted a proposal to ban the use and production of per- and 

polyfluoroalkyl (PFAS) producing refrigerants (Spyrakis & Dragani, 2023). This proposal will significantly 

impact the design of the electric vehicle thermal management system. The most common refrigerant used in the 

air conditioning/heat pump (AC/HP) of electric vehicles is currently R134a (Dan et al., 2023). With the PFAS 

proposal, R134a should be replaced with other alternatives that meet global warming concerns. 

R744 is the most probable alternative for PFAS-producing refrigerants in the vehicle thermal management system 

(Junqi et al., 2021; Piesch et al., 2023; Prabakaran et al., 2023; Y. Song et al., 2022; Wang et al., 2018; Zhang et 

al., 2023). It is not only an environmentally friendly refrigerant but also non-flammable and low toxicity. The high 

thermal performance properties of R744 help design smaller heat exchangers for the refrigeration system (Ayad 

et al., 2012; Hafner, 2003). Furthermore, in cold climates, the heat pump system using R744 works very well (Qi, 

2014; Wang et al., 2023). However, the performance of R744 air conditioning systems is reduced in hot climates 

(X. Song et al., 2022; Wang et al., 2022). This is due to the high throttling loss and exergy destruction in the high-



    

IIR Compressors, Slovakia, 9–11 September 2024 
 

pressure expansion valve (Kim et al., 2004; Robinson & Groll, 1998). As a solution to decrease exergy destruction, 

a two-phase ejector can be employed to recover some part of the expansion work (Chen et al., 2015; Elbel & 

Hrnjak, 2008; Elbel & Lawrence, 2016). This study investigates the benefit of using a two-phase ejector instead 

of the high-pressure expansion valve in an AC/HP system of an electric vehicle. Modelica language has been used 

to simulate the refrigeration cycle and carry out the thermodynamic analysis of the AC/HP system. 

2. SYSTEM DESCRIPTION 

Figure 1 (a) shows the baseline R744 HP/AC system. In cabin cooling modes, the hot ambient air is directed 

toward the low-pressure heat exchanger to cool it down. Then, the cold air provides the cooling demand. In the 

case of the battery cooling mode, the coolant is directed to the chiller on the low-pressure side to reject the heat to 

the low-pressure refrigerant. In both cabin cooling and battery cooling modes, the heat is rejected to the atmosphere 

by the outside heat exchanger on the high-pressure side. In cabin heating modes, the cold ambient air is directed 

toward the cabin heater located on the high-pressure side. Then, the air absorbs the heat in the cabin heater and 

provides the heating demands of the cabin. For the cabin heating modes, the low-pressure refrigerant is directed 

to the outside heat exchanger to absorb the heat at low temperatures. 

In the baseline system, the low-pressure refrigerant is provided by a high-pressure expansion valve. The isenthalpic 

expansion of the high-pressure R744 refrigerant leads to entropy generation and exergy destruction in the high-

pressure valve, known as throttling loss. Throttling loss can significantly degrade cycle performance, especially 

for cycles that work with R744 refrigerant. As an alternative, the high-pressure expansion valve can be replaced 

by an ejector to decrease the losses and recover the expansion work of the high-pressure refrigerant to compress 

the low-pressure refrigerant. Figure 1 (b) presents the cycle equipped with a two-phase ejector. For a fair 

comparison, the refrigerant temperature at the outlet port of the gas cooler, the low-pressure refrigerant, the cooling 

demand for cabin cooling and battery cooling modes, and the heating demand for cabin heating modes are 

considered the same for both the baseline and the ejector cycle. Operating condition constraints are presented in 

Table 1. 
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Figure 1: R744 AC/HP systems (a) baseline system (b) ejector-equipped system 
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Table 1. Operational constraints for the AC/HP system 

Operating 

case 
Mode 

Heating/Cooling capacity 

(kW) 

Temperature after gas cooler 

(°C) 

Pressure after expansion 

(bar) 

1 cabin cooling 5.5 45 40 

2 cabin cooling 2.5 42 37 

3 cabin cooling 1 32 37 

4 cabin heating 7.5 32 15 

5 cabin heating 5.5 38 21 

6 battery cooling 12 45 40 

3. SYSTEM MODELING AND FORMULATION 

The high-pressure motive flow is expanded in the ejector and provides the driving force to compress the low-

pressure refrigerant of the suction port. The ejector efficiency is defined according to the potential recoverable 

work in the motive flow and the recovered work by the suction flow as follows (Elbel & Hrnjak, 2008): 

𝜂𝑒𝑗𝑒𝑐𝑡𝑜𝑟 = 𝑚̇𝑠(ℎ𝑠,𝑜,𝑖𝑠𝑒𝑛 − ℎ𝑠,𝑖) 𝑚̇𝑚(ℎ𝑚,𝑖 − ℎ𝑚,𝑜,𝑖𝑠𝑒𝑛)⁄  Eq. (1) 

where ℎ𝑚,𝑜,𝑖𝑠𝑒𝑛 represents the enthalpy of the motive flow at the outlet port, assuming an isentropic expansion. 

ℎ𝑠,𝑜,𝑖𝑠𝑒𝑛 represents the enthalpy of the suction flow at the outlet port, assuming an isentropic compression. The 

ejector pressure lift is defined as follows: 

 𝑃𝑙𝑖𝑓𝑡 = 𝑃𝑚𝑖𝑥𝑒𝑑 − 𝑃𝑠 Eq. (2) 

The isentropic efficiency and volumetric efficiency of the compressor are defined by the following equations 

(Yang et al., 2023): 

𝜂𝑐,𝑖𝑠𝑒𝑛 = 0.9611 − 0.052(𝑃𝑐,𝑜 𝑃𝑐,𝑖⁄ ) Eq. (3) 

𝜂𝑐,𝑉 = 0.8882 − 0.04185(𝑃𝑐,𝑜 𝑃𝑐,𝑖⁄ ) Eq. (4) 

The discharge pressure is adjusted according to Eq. (5) to provide the optimum cycle performance (Sarkar, 2008). 

𝑃𝑐,𝑜 = 22.7 + 0.21𝑇𝑒 + 1.06𝑇𝑔,𝑜 + 0.0094𝑇𝑒 × 𝑇𝑔,𝑜 + 0.0213𝑇𝑔,𝑜
2  Eq. (5) 

The compressor displacement is presented as follows: 

Compressor displacement = 𝑉̇𝑐,𝑠 (𝜂𝑉 × 𝑁𝑐)⁄  Eq. (6) 

where 𝑉̇𝑐,𝑠 is the refrigerant volumetric flow rate at the suction port and 𝑁𝑐  is the compressor rotational speed. The 

power-saving potential provided by replacing the high-pressure expansion valve with the ejector is defined as 

follows: 

𝑃𝑜𝑤𝑒𝑟 𝑠𝑎𝑣𝑖𝑛𝑔 = (𝑤̇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑤̇𝑒𝑗𝑒𝑐𝑡𝑜𝑟 𝑐𝑦𝑐𝑙𝑒) 𝑤̇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒⁄  Eq. (7) 

where 𝑊𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the compressor power when running the baseline system and 𝑊𝑒𝑗𝑒𝑐𝑡𝑜𝑟 𝑐𝑦𝑐𝑙𝑒 is the compressor 

power when the ejector cycle is running with the same cooling/heating capacity.  

The coefficient of performance of the system is defined as follows: 
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𝐶𝑂𝑃 = {

[𝑚̇𝑔(ℎ𝑔,𝑖 − ℎ𝑔,𝑜)] [𝑚̇𝑐(ℎ𝑐,𝑜 − ℎ𝑐,𝑖)]⁄         ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑚𝑜𝑑𝑒

⬚
[𝑚̇𝑒(ℎ𝑒,𝑜 − ℎ𝑒,𝑖)] [𝑚̇𝑐(ℎ𝑐,𝑜 − ℎ𝑐,𝑖)]⁄          𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑚𝑜𝑑𝑒

 Eq. (8)  

4. RESULTS AND DISCUSSION 

In Figure 2, the P-H diagram of the baseline cycle is compared with that of the cycle equipped with a 25% efficient 

ejector for different operating cases. Points 4 and 1 show the compressor inlet and outlet, respectively. According 

to the results, the ejector cycle works at a higher suction pressure and lower discharge temperature. Table 2 

Summarizes the ejector cycle improvements. Thanks to the ejector, the compressor suction pressure can be 

increased up to 8 bar. As a result of the pressure lift provided by the ejector, the compressor is partially unloaded, 

and the power consumption decreases. Results show that the ejector provides up to 20.5% and 15.9% power saving 

potential in cooling and heating modes, respectively. In general, there is a higher saving potential in cooling modes 

than in heating modes. In the case of using the same power as the baseline system in the ejector cycle, the cooling 

and heating capacities can increase by up to 25.8% and 18.9%, respectively. As the suction pressure increases, the 

refrigerant density increases at the compressor inlet. So, the compressor can provide a higher refrigerant mass flow 

rate with a fixed volume displacement. In order to compare the baseline cycle and the ejector cycle, the cooling 

and heating capacities were fixed to calculate the required volumetric flow rate. Results show the required 

volumetric flow rate for cooling and heating modes decreases by up to 15.7% and 13.6%, respectively. Thus, a 

smaller compressor can be used to provide the same demands. As it is shown Figure 2, the compressor pressure 

ratio decreases in the ejector cycle. In heating modes, this allows the system to work even at a lower ambient 

temperature. According to the results, the discharge temperature in cooling modes and heating modes decreases 

up to 10.2 °C and 22.2 °C, respectively. Avoiding a high refrigerant temperature in heating modes makes 

compressor and oil system operations safer. However, in cooling modes, the reduction of the refrigerant discharge 

temperature reduces the temperature driving force in the gas cooler to reject the heat to the ambient. So it may lead 

to a larger gas cooler. 

Figure 3 shows how the ejector efficiency affects the COP of the cycle and the ejector pressure lift. According to 

the results, adding the ejector to the baseline system can increase the COP of the cycle by up to 35% in cooling 

modes and up to 25% in heating modes. Furthermore, the ejector provides up to 10.5 bar pressure lift in cooling 

modes and up to 8 bar in heating modes. Results show that the ejector is more beneficial in cooling modes than 

heating modes. Thanks to the pressure lift provided by the ejector and the increase in refrigerant density at the 

compressor inlet, the ejector-equipped system works with a lower power consumption. Figure 4 shows the power 

saving potential in the ejector cycle compared to the baseline system. Results show that if the ejector replaces the 

high-pressure valve, the required power to provide the same demand decreases by up to 26% in cooling modes 

and up to 20% in heating modes. In the case of using the same power as the baseline system for the ejector system, 

the cooling and heating capacities can increase by up to 35% and 25%, respectively. 

The compressor is sized based on the battery cooling mode capacity. As the refrigerant density increases at the 

compressor inlet, the required compressor displacement to provide the cooling demand is decreased. Figure 5 
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shows how the ejector efficiency affects the required compressor displacement. The compressor rotational speed 

is assumed to be 8600 rpm. Results show that using a high ejector efficiency can make the compressor 22% 

smaller. When using a compressor with the same displacement for both the baseline and ejector systems, the ejector 

system can provide up to 24% more cooling capacity. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 2: P-H diagram of the baseline cycle and the ejector cycle (𝜼𝒆𝒋𝒆𝒄𝒕𝒐𝒓 = 𝟐𝟓%)                                               

(a) Mode 1 (cabin cooling)   (b) Mode 2 (cabin cooling)   (c) Mode 3 (cabin cooling)                                

(d) Mode 4 (cabin heating)   (e) Mode 5 (cabin heating)   (f) Mode 6 (battery cooling)  
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Table 2. Benefits of using a two-phase ejector in the AC/HP system (𝜼𝒆𝒋𝒆𝒄𝒕𝒐𝒓 = 𝟐𝟓%) 

Operating case 1 2 3 4 5 6 

Plift (bar) 8.0 7.0 4.1 4.4 5.9 8.0 

Power saving (%) 20.5 20.1 16.1 15.9 15.9 20.5 

Capacity improvement (%) 25.8 25.1 19.1 18.9 18.9 25.8 

Volumetric flow reduction (%) 15.7 15.6 10.1 13.5 13.6 15.7 
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Figure 3: The effect of ejector efficiency on the cycle COP and the ejector pressure lift                                               

(a) Mode 1 (cabin cooling)   (b) Mode 2 (cabin cooling)   (c) Mode 3 (cabin cooling)                                

(d) Mode 4 (cabin heating)   (e) Mode 5 (cabin heating)   (f) Mode 6 (battery cooling) 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4: The effect of ejector efficiency on the power saving potential and capacity improvement                                               

(a) Mode 1 (cabin cooling)   (b) Mode 2 (cabin cooling)   (c) Mode 3 (cabin cooling)                                

(d) Mode 4 (cabin heating)   (e) Mode 5 (cabin heating)   (f) Mode 6 (battery cooling) 

 
Figure 5: The effect of ejector efficiency on the compressor displacement and battery cooling capacity                                              
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5. CONCLUSION 

As global warming is increasing, there is a need to shift to environmentally friendly refrigerants, and new 

restrictions should be considered when designing next-generation AC/HP systems. R744 is the most promising 

environmentally friendly refrigerant for electric vehicle AC/HP systems. It is not only a natural refrigerant but also 

provides the opportunity to design more compact AC/HP systems. However, the R744 expansion in high-pressure 

valves imposes high exergy destruction on the system and leads to low cycle performance, especially in high 

ambient temperatures. This study employed a conceptual thermodynamic analysis to show how a two-phase ejector 

improves the electric vehicle AC/HP system. Results showed that the ejector helps to save the compressor power 

up to 26% and 20% in cooling and heating modes, respectively. In addition, the required compressor displacement 

could decrease up to 22% for the same cooling capacity. If the same compressor is used, cooling capacity could 

increase by 24%. 

NOMENCLATURE 

ℎ enthalpy (kJ/kg) Subscripts 

𝑚̇ mass flow rate (kg/s) c compressor 

N compressor rotational speed (revolutions per second) e cabin cooler or chiller 

𝑃 pressure (Pa)  g gas cooler 

𝑄̇ heat transfer rate (J/s) i  inlet port 

𝑇 temperature (°C) isen isentropic 

𝑉̇ compressor volumetric flow rate (m3/s) m motive port 

𝑤̇ compressor work (J/s) mixed ejector outlet port 

  o  outlet port 

Greek symbols s suction port 

𝜂 efficiency (%)   
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