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The objective of this study was to investigate the impact of the electronic expan-
sion valve opening in an automotive heat pump system with an economizer on the 
system winter heating performance and frost-related characteristics. The experi-
ments were conducted at a temperature of –10 °C during the winter months. The 
adjustment of the opening degrees of the main and complementary electronic ex-
pansion valve was implemented to facilitate an analysis of the heating perfor-
mance parameters and the alterations in frost formation and melting. The find-
ings demonstrated that a diminution in the main circuit electronic expansion 
valve opening from 40% to 24% resulted in an augmentation of the exhaust gas 
temperature by 12.24 °C, accompanied by a maximum heat production of 
2.837 kW and a COP of 1.99. In the low pressure makeup mode, an increase in 
the makeup electronic valve opening from 8% to 15% resulted in a 7.27 °C de-
crease in the exhaust gas temperature. Concurrently, the maximum heat produc-
tion and the COP reached 2.851 kW and 2, respectively. In the medium pressure 
makeup mode, an increase in the makeup electronic valve opening from 8% to 
20% resulted in a 9.4 °C reduction in the exhaust temperature. This adjustment 
resulted in a maximum heat production of 3.235 kW and a COP of 1.96. In con-
sideration of the subject of frost-related phenomena, the following observations 
were made: the duration required to execute frosting in the no-makeup gas, low 
pressure makeup gas, and medium pressure makeup gas modes was 82 minutes, 
90 minutes, and 95 minutes, respectively. The duration required for frost melting 
was determined to be 5 minutes and 20 seconds, 4 minutes and 30 seconds, and 3 
minutes, and 56 seconds, respectively. These findings offer significant insights in-
to the optimization of automotive heat pump systems during winter operations. 

Keywords: heat pump, electronic expansion valve, heating production,  
frost formation and melting 

Introduction 

In recent years, the development of pure electric vehicles has gained significant 

momentum due to their distinct environmental advantages, which are in full compliance with 

global sustainable development strategies [1, 2]. The Kigali Amendment to the Montreal Pro-

tocol has imposed a substantial restriction on the use of refrigerants with a high global warm-
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ing potential (GWP > 150) [3]. Consequently, the novel R1234yf refrigerant, characterized by 

its low GWP of merely 4 and its physical resemblance to the extensively utilized R134a re-

frigerant [4], has materialized as a compelling substitute within the domain of automotive air 

conditioning. 

Nonetheless, the heat pump air-conditioning system in pure electric vehicles is a 

significant energy-consuming component, second only to the drive system [5]. The high ener-

gy consumption of electric vehicles poses a significant challenge to their widespread adop-

tion, as it severely limits their driving range [6]. The electronic expansion valve (EEV) [7], 

characterized by its rapid response, precise control, and wide adjustment range, plays a crucial 

role in regulating the refrigerant flow within the heat pump system. Nonetheless, during peri-

ods of winter low temperatures, inadequate EEV opening settings may result in a series of 

complications, including a reduction in heating performance and an escalation in energy con-

sumption. Consequently, the enhancement of the system heating performance while optimiz-

ing electric vehicle operation has emerged as a primary research focus [8]. 

A substantial corpus of research has been amassed through previous studies, which 

have made important contributions to the understanding of the heat pump system. Xu et al. [9] 

investigated the heat pump air-conditioning system and determined that the make-up gas 

technology exhibited superior cooling performance in comparison to conventional heat pump 

systems. Beghi and Cecchinato [10] experimentally determined the knowledge base and con-

trol rules for superheat control in heat pump systems by adjusting the EEV. Zhang et al. [11] 

proposed a staged control strategy for the EEV based on the minimum stable superheat curve 

to effectively improve the system energy efficiency ratio. Wang's et al. [12] investigation fo-

cused on the performance of a CO2 heat pump air conditioning system, emphasizing the ne-

cessity for the EEV opening to take into account critical factors such as exhaust gas tempera-

ture and suction superheat. Zou et al. [13] discovered that altering the EEV opening could 

cause subsequent changes in key parameters of the heat pump system, such as superheat, 

COP, and condensing temperature. 

Furthermore, a considerable number of researchers have devoted their efforts to the 

study of frost-related issues in heat pump systems. A multitude of scholars have undertaken 

exhaustive research endeavors to address the challenges posed by frost delay and efficient de-

frosting. These studies have delved into the intricacies of frost growth mechanisms and the 

characteristics associated with defrosting processes [14, 15]. For instance, a hierarchical mod-

eling approach of droplet growth during the initial stage of frosting has demonstrated a close 

relationship between the growth rate and substrate temperature as well as air humidity, with 

the growth rate increasing in proportion to decreases in substrate temperature and increases in 

air humidity [16]. In the context of heat pump air conditioning systems, the accumulation of 

frost on the evaporator component at low operational temperatures has been observed to result 

in a substantial diminution of heat transfer efficiency, with the magnitude of this reduction re-

ported to range from 50% to 75% [17]. A number of studies have been conducted on the sub-

ject of EEV control schemes. For instance, as reported in [18], the efficacy of defrosting pro-

cesses can be augmented by regulating the opening of the EEV. Study by Liu et al. [19] ex-

amined the frost formation characteristics in a quasi-secondary compression system with 

make-up gas enthalpy increase under various working conditions. The study found a relatively 

small error between the actual defrosting amount and the theoretical optimal defrosting 
amount calculated by the semi-empirical formula. 

Despite the valuable research efforts in this area, the majority of extant literature fo-

cuses on improving heating performance through system control strategies, often overlooking 
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the combined effects of frosting and defrosting on the overall system performance. Further-

more, there is a paucity of in-depth research on determining the optimal EEV opening under  

–10 °C conditions and its impact on heating performance, as well as on the frost and defrost 

characteristics. 

The present study established an experimental set-up for an automotive heat pump 

air conditioning system with an economizer. This system is based on the principle of a quasi-

secondary compression cycle and utilizes the R1234yf refrigerant. The reverse cycle defrost-

ing method was utilized in this process. The primary objectives of this study were twofold: 

first, to conduct a comprehensive analysis of the influence of the opening degrees of the main 

circuit and make-up EEV on parameters such as exhaust temperature, compressor power, heat 

production, and COP. Second, to explore the impact of the optimal EEV opening on frosting 

and defrosting processes in different make-up gas modes. The objective of this research is to 

facilitate a more comprehensive understanding of the system's behavior under low tempera-

ture conditions. Additionally, it aims to offer practical guidance for optimizing the operation 

of automotive heat pump systems during winter. 

Experimental set-up 

As illustrated in fig. 1, the system circulation principle is comprised of both main 

and supplementary circuits, which collectively define its heating cycle. The main circuit func-

tions are: First, the compressor transforms high temperature and high pressure gaseous refrig-

erants into four-way valves. These valves direct the refrigerants through the condenser and 

one-way valve. The refrigerants then pass through liquid storage and a filter drier before 

reaching the economizer, where they release part of the heat. Subsequently, the main circuit 

EEV throttles. The low temperature and low pressure gas-liquid two-phase refrigerants in the 

condenser absorb the heat and return to the compressor. The makeup circuit is defined as the 

sequence of events that occurs subsequent to the economizer, wherein the flow progresses 

through the throttling pressure reduction of the complementary EEV. In the second instance, 

 

Figure 1. System circulation principle 
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the economizer absorbs the heat from the condenser refrigerant. The refrigerant that has been 

made up for the heat exchange then flows back to the compressor after mixing with the refrig-

erant of the main circuit. This increases the mass-flow rate of the refrigerant entering the next 

cycle. In the context of low pressure make-up gas, the make-up refrigerant is introduced in 

proximity to the compressor suction port, where it undergoes a mixture with the refrigerant 

emanating from the evaporator. This mixture subsequently enters the compressor. In medium 

pressure make-up gas mode, the make-up refrigerant is located in the compressor first com-

pression chamber, situated at the rear of the movable vortex disc and the fixed vortex disc 

sealing at the movable vortex disc. This configuration facilitates the mixing of the refrigerant 

with the main road during the make-up process, thereby ensuring adequate compression. The 

operation of the cut-off valve is governed by the opening and closing control of low pressure 

and medium pressure make-up gas modes. 

Experimental equipment 

The experimental bench is constructed in accordance with the structural characteris-

tics of the heat pump air conditioning for pure electric vehicles and the principle of quasi-sta-

ge compressor with economizer. The refrigerant utilized in the experimental bench is 

R1234yf, which is divided into three sections: the heat exchanger outside the vehicle, the ex-

perimental equipment, and the heat exchanger inside the vehicle, as illustrated in fig. 2(a). 

The primary parameters of the experimental prototype and the test instrument are enumerated 

in tab. 1. The experiment utilized the main circuit EEV and the complementary circuit EEV 

for CAREL E2V-24 and E2V-14, as illustrated in physical fig. 2(b). The equipment parame-

ters are outlined in tab. 2. The opening and closing of the charge port of a make-up type com-

pressor is controlled by a shut-off valve, see fig. 2(c). 

Table 1. Main parameters of the experimental prototype and test instruments 

Equipment name Specifications 

Compressor 

HIGHLY variable frequency vortex EVS36. Refrigerant: R134yf. Operating range: 
1500~6000 rpm. Displacement: 36 (cc/rev). Rated voltage: DC350~750V. Cooling 
capacity: 6.5 kW. Refrigerating oil: HAF68. Applicable environment: –40~80 ℃ 

External parallel 
flow heat exchanger 

Zheng Zhou Kelin. Size: 900 × 415 × 25.9 mm. Number of flow: 2.  
Number of flat tube rows: 44. Heat exchange area: 2.07 m2 

Parallel flow heat 
exchanger in car 

Zheng Zhou Kelin. Size: 585 × 285 × 25.9 mm. Number of flow: 1.  
Number of flat tube rows: 24. Heat exchange area: 1.40 m2 

Outside fan 
Shanghai Dedong FAD60-4 axial fan. Rated power: 60 W.  

Impeller speed 1400 rpm. Rated air volume: 8700 m³/h. A (machine) 

Interior fan 
Variable frequency centrifugal fan from Ebm-K3G097.  

Rated air volume: 1200 m³/h. Voltage DC: 26V. A (machine) 

Intermediate heat 
exchanger 

Weal Yield (Jiangsu) plate heat exchanger model B3-014-20D-3.0.  
Design capacity: 6.06 kW. Design pressure: 3.0 MPa.  

Design temperature: –160~200 ℃ 

Four-way valve Dunan DSF-20. Applicable capacity: 7.1~25 kW 
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Table 2. The EEV parameters 

Name  Model number Rated cooling capacity [kW] Adjustment range 

Main circuit EEV CAREL E2V-24 16.3 10~100% 

Complementary EEV CAREL E2V-14 5.7 0~100% 

(a)  (b)  (c)  

Figure 2. Experimental set-up object; (a) system lab bench, (b) EEV, and (c) electric scroll compressors 

Test condition 

Experiments were conducted in a standard enthalpy difference laboratory, where the 

ambient temperature outside the vehicle was set at –10 °C and the ambient temperature inside 

the vehicle was set at 20 °C. The air enthalpy difference was utilized to assess the perfor-

mance parameters of the automotive heat pump system. The charge of R1234yf refrigerant 

was 1.632 kg, and the compressor speed was set at 3600 rpm. In both the heating and frost 

conditions, the air volume inside the vehicle is 1200 m³/h, while the air volume outside the 

vehicle is 7830 m³/h. The defrosting process was executed through the utilization of the re-

verse cycle method, employing an airflow of 540 m³/h within the vehicle and 7830 m³/h in the 

external environment. The temperature of the heat exchanger, both during evaporation and 

condensation, was documented by means of an infrared thermographic camera. The specific 

experimental test conditions are delineated in tab. 3. 

Table 3. Experimental test conditions 

Working 
condition 

Main circuit EEV 
opening [%] 

Complementary EEV 
opening [%] 

Make-up gas modes 
Running time 

[minutes] 

Heating 
condition 

24, 29.5, 34.5, 40 – No make-up gas 

– 34.5 8, 10, 12, 15 Low pressure make-up gas 

34.5 8, 10, 12, 15, 20 Middle-pressure make-up gas 

Frost 
condition 

34.5 – No make-up gas 

5, 15, 30, 60, 
90, 120, 150 

34.5 10 Low pressure make-up gas 

34.5 10 Middle-pressure make-up gas 

Frost 
melting 

condition 

34.5 – No make-up gas 

– 34.5 10 Low pressure make-up gas 

34.5 10 Middle-pressure make-up gas 
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Experimental analysis 

 As illustrated in fig. 3, the augmentation in the EEV opening exhibits a downward 

trend in exhaust temperature and an upward trend in compressor power. An experiment was 

conducted to investigate the effects of increasing the main circuit EEV opening from 24% to 

40% in the no make-up gas mode on the compressor discharge temperature. The results 

showed a significant reduction in the discharge temperature from 90.79-78.55 °C, indicating a 

substantial decrease of 12.24 °C. The augmentation in compressor power from 1.364-1.364 

kW yielded a diminution of 76 W, which exerted a negligible influence on compressor power. 

In the absence of makeup gas, the augmentation of the primary circuit EEV opening and the 

diminution of the exhaust temperature are predominantly attributable to the escalation of the 

mass-flow rate of the refrigerant on the low pressure side and the augmentation of the mass-

flow rate of the refrigerant entering the evaporator. This enhances the effective heat exchange 

area of the evaporator, consequently reducing the evaporation temperature. Concurrently, the 

temperature of the refrigerant entering the suction port of the compressor declines, resulting in 

the reduction of the exhaust temperature. The observed rise in compressor power is attributa-

ble to the augmented refrigerant flow into the compressor suction port. The primary circuit 

EEV opening was set at 34.5%, and the complementary EEV opening was increased from 8% 

to 15% in the low pressure make-up gas mode. Consequently, the compressor discharge tem-

perature was reduced from 71.23-63.96 °C, resulting in a 7.27 °C reduction in the discharge 

temperature. Concurrently, the compressor power increased from 1.423-.429 kW, giving it a 

6 W increase. The augmentation in the opening of the complementary EEV in the low pres-

sure mode has been demonstrated to engender an increase in the heat exchange between the 

make-up refrigerant and the main refrigerant entering the economizer. This, in turn, has been 

shown to result in a reduction in the main refrigerant superheat and the compressor discharge 

temperature. The total refrigerant mass-flow rate on the low pressure side remains constant, 

and the compressor power undergoes minimal change. When the main circuit EEV opening 

was set at 34.5% and the complementary EEV opening was increased from 8% to 20% in the 

medium pressure make-up gas mode, the compressor discharge temperature was reduced from 

75.15-65.75 °C, resulting in a 9.4 °C reduction in the discharge temperature. The compressor 

power has been augmented from 1.635-1.681 kW, marking an increase of 46 W in compressor 

power. In the medium pressure make-up gas mode, the complementary EEV opening has been 

observed to increase, concurrently with a decrease in the discharge temperature. The make-up 

  

Figure 3. The effect of EEV opening on discharge 

temperature and compressor power 

Figure 4. The effect of EEV opening on heat 

production and COP 
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circuit refrigerant has been found to absorb more heat from the main circuit refrigerant, there-

by reducing the compressor discharge temperature. 

As illustrated in fig. 4, increasing the EEV opening results in an initial increase in 

the COP, followed by a subsequent decrease. Additionally, the heat production in the three 

modes exhibits distinct trends. In the absence of makeup gas mode, an augmentation in the 

main circuit EEV opening from 24% to 40% results in an escalation in heat production from 

2.519-2.851 kW, thereby inducing an increase of 332 W. Concurrently, the COP undergoes an 

enhancement from 1.85-1.98. The maximum values of COP and heat production appear to be 

1.99-2.837 kW at 34.5% main circuit EEV opening. In the absence of makeup gas mode, the 

augmentation of the primary circuit EEV opening results in an escalation of the mass-flow of 

refrigerant on the low pressure side and an increase in the mass-flow of refrigerant into the 

evaporator. This enhancement in refrigerant flow leads to an improvement in heating capacity 

and an increase in the COP. Subsequent to the primary circuit's opening at 34.5%, the effec-

tive heat transfer area of the evaporator approaches saturation. Concurrently, the heat produc-

tion undergoes a gradual increase, with the rise in compressor power assuming a predominant 

role. This phenomenon results in a decline in the COP. In the low pressure make-up gas 

mode, the heat production decreased from 2.826-2.743 kW and the COP decreased from 1.98 

to 1.92 when the main circuit EEV opening was set at 34.5% and the complementary EEV 

opening was increased from 8% to 15%.  

When the complementary EEV opening is set at 10%, the maximum values of the 

heat production and COP appear to be 2.851 kW and 2, respectively. The primary refrigerant 

in the economizer is absorbed by the make-up refrigerant, leading to a reduction in evaporator 

inlet temperature and an enhancement in heat production. Consequently, the COP increases. 

The complementary EEV opening persists in opening up, the compressor power assumes a 

dominant role, and the COP declines. The primary circuit EEV opening is set at 34.5%, and 

when the complementary EEV opening is elevated from 8% to 20% in the medium pressure 

make-up gas mode, the heat production increases from 3.145-3.179 kW, and the COP de-

creases from 1.93 to 1.89. When the complementary EEV opening is at 10%, the maximum 

values of heat production and COP appear to be 3.236 kW and 1.96, respectively. The EEV 

opening is increased from 8% to 10%, which is indicative of an upward trend in heat produc-

tion. Consequently, the COP is increased. The complementary EEV opening persists, with the 

compressor power assuming a predominant role, resulting in a decline in the COP. The heat-

ing capacity in medium pressure make-up gas mode is larger than that in the other two modes, 

which effectively solves the situation of insufficient heating capacity under low temperature 

working conditions. 

As illustrated in fig. 5, the evaporation temperature demonstrates a gradual decrease 

in accordance with an increase in the duration of operation across the three distinct modes. 

Following a 90 minute operation period, the evaporation temperature typically attains stabil-

ity. The evaporation temperature was recorded from five minutes after switching on, and the 

results demonstrated a decrease from –13.25-–29.1 °C in no make-up gas mode, from  

–12.79-28.19 °C in low pressure make-up gas mode, and from –12.05-–27.51 °C in medium 

pressure make-up gas mode. The lowest evaporation temperature is observed when the frost is 

stabilized in the no make-up gas mode. Conversely, the evaporation temperature in the low 

pressure make-up gas mode is higher than that in the no make-up gas mode, and the evapora-

tion temperature in the medium pressure make-up gas mode is the highest. In conditions char-

acterized by low temperatures, the evaporation temperature of the evaporator can be effective-

ly increased through the implementation of gas replenishment. The medium pressure make-up 
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gas mode has been found to exhibit the smallest rate of evaporative temperature reduction. 

The most rapid decline in evaporative temperature is observed in the no make-up gas mode, 

which prolongs the evaporator frost cycle. 

  

Figure 5. The effect of running time on 
evaporation temperature 

Figure 6. The effect of running time on heat 
production and COP 

As the duration of operation increases, the heat production in the three operating 

modes gradually decreases, while the COP first increases and then decreases, see fig. 6. In the 

initial phase of frost, the COP is approximately equal, and the heat production is maximum in 

the medium pressure make-up gas mode. This is superior to the other two modes, and the ef-

fective make-up gas mode reduces the exhaust temperature of the system and improves its 

performance. The heat production decreased from a maximum of 2.848-1.859 kW, represent-

ing a 52.77% decrease, and the COP decreased from a maximum of 1.97 to 1.38, indicating a 

42.75% decrease, as the operating time was extended in the no make-up gas mode. In the low 

pressure make-up gas mode, the heat production decreased from a maximum of 2.844-1.81 

kW, representing a 57.13% decrease, and the COP decreased from a maximum of 1.99 to 

1.45, indicating a 37.24% decrease, as the operating time was prolonged. In the medium pres-

sure make-up gas mode, an extension of the running time resulted in a decrease in heat pro-

duction from a maximum of 3.21-1.89 kW, representing a reduction of 61.38%. Concurrently, 

the COP decreased from a maximum of 1.98 to 1.49, indicative of a reduction of 32.89%. 

Once the system has been stabilized, the medium pressure make-up gas mode demonstrates 

the highest levels of heat production and COP. This configuration is optimal for meeting the 

demand for winter heating, thereby effectively prolonging the system's frost time. 

As illustrated in fig. 7, the system is initiated at the end of the frost formation pro-

cess in all three modes. The fastest completion time is observed in the low pressure make-up 

gas mode, with an average of 82 minutes. The medium pressure make-up gas and high pres-

sure make-up gas modes demonstrate an extended completion time, with the medium pressure 

make-up gas mode exhibiting the slowest time of 95 minutes under low temperature condi-

tions. This is primarily attributable to the low temperature heat pump air-conditioning system 

with economizer, which effectively raises the evaporation temperature and prolongs the frost 

cycle by means of the effective make-up gas mode. 

As illustrated in fig. 8, the average condensing temperature and frost melting time 

during the frost melting process exhibit variability for various make-up gas modes. The aver-

age condensing temperature of the system can be increased and the defrosting time can be re-
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duced by using the two make-up gas modes. The medium pressure make-up gas mode has 

been shown to have the highest average condensing temperature and the shortest frost melt 

time. The medium pressure make-up gas mode exhibits a high make-up circuit refrigerant 

flow rate and a high heat exchange with the main circuit refrigerant in the economizer. The 

subcooling degree in front of the main circuit EEV is increased, the liquid refrigerant flowing 

into the evaporator is augmented, the heat exchange of the evaporator is intensified, and sub-

sequently, the heat exchange of the condenser is reinforced. This results in an elevated con-

densing temperature and a reduced frost melting time. 

  

Figure 7. The effect of make-up gas modes  
on frosting 

Figure 8. The effect of make-up gas modes  
on frost melting 

Conclusions 

In the context of an automotive heat pump system equipped with an economizer that 

has undergone testing at a temperature of –10 °C, it has been observed that varying adjust-

ments to the EEV opening result in a spectrum of heating performance outcomes. A reduction 

in the main circuit EEV opening from 40% to 24% results in an increase of 12.24 °C in ex-

haust gas temperature, and the maximum heat production and COP reach 2.837 kW and 1.99, 

respectively. In the low pressure make-up gas mode, an increase in the complementary EEV 

opening from 8% to 15% results in a 7.27 °C decrease in exhaust gas temperature, with max-

imum heat production and a COP of 2.851 kW. In the medium pressure make-up gas mode, 

an increase in the complementary EEV opening from 8% to 20% results in a 9.4 °C decrease 

in exhaust temperature. Concurrently, the maximum heat production and COP reach 

3.235 kW and 1.96, respectively. Specifically, in the no make-up gas mode, the optimal main 

circuit EEV opening is 34.5%. In both the low pressure and medium pressure make-up gas 

modes, the optimal main circuit EEV opening is 34.5%, and the optimal complementary EEV 

opening is 10%. 

As the operation time extends in the three different modes, the make-up gas modes, 

especially the medium pressure make-up gas mode, exhibit significant advantages. These ad-

vantages are a result of the optimal EEV openings (34.5% for the main circuit and 10% for 

the complementary circuit). These modes have been shown to effectively increase the evapo-

rating temperature and heat production, and prolong the evaporator frost cycle. The medium 

pressure make-up gas mode exhibits the highest evaporating temperature, the greatest heat 

production, and the longest duration (95 minutes) required to complete frosting. This is ad-
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vantageous for sustaining the system's efficacy during the heating process and postponing the 

onset of frosting. 

At a temperature of –10 °C, the reverse cycle defrosting method, operating in three 

distinct modes with optimal EEV openings, was found to yield the highest average condens-

ing temperature and the shortest defrosting time (3 minutes and 56 seconds) when employing 

the medium pressure make-up gas mode. This finding suggests that the implementation of ef-

fective makeup gas modes can enhance the defrosting efficiency, thereby ensuring the rapid 

and efficient defrosting of the system. Consequently, this enhances the overall heating per-

formance and reliability of the automotive heat pump system during winter. 

Looking ahead, AI-based thermal science [20] will revolutionize heat management 

via deep learning for intelligent systems, optimize heat exchangers through AI-driven design, 

and advance micro/nanofluids and fractal thermal modeling. Meanwhile, differential equa-

tion-driven intelligent control [21] integrates AI, quantum computing, and adaptive strategies, 

using physics-informed neural networks for PDE solving and quantum-enhanced algorithms 

for SDE optimization. It aims to create self-evolving industrial systems, such as smart grids 

and robotic arms, enabling real-time, multi-scale control for Industry 5.0. Both fields drive in-

novation at the intersection of AI and physical sciences, fostering sustainable and intelligent 

technological ecosystems. 
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