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Abstract

This study addresses the critical challenge of developing efficient thermal management
systems for electric vehicles by proposing and evaluating two novel ejector-expansion heat
pump configurations: single-evaporator (SEEHP) and dual-evaporator (DEEHP) systems.
Through comprehensive thermodynamic analysis across six representative Chinese cities
using four refrigerants (R134a, R32, R152a, R290), system performance via coefficient of
performance (COP) and lifecycle CO, emissions were assessed. The results demonstrate
significant advantages over conventional (CBHP) and vapor injection (VIHP) systems,
particularly in extreme cold conditions. The SEEHP configuration achieves 10-30% COP
improvements versus CBHP, while DEEHP shows 7-15% enhancement. The corresponding
lifecycle emission reductions reach 9-14% for SEEHP and 2-11% for DEEHP relative to
conventional systems. Among the refrigerants, R290 systems achieve the lowest equivalent
CO, emissions due to superior COP in Beijing, Shanghai, Chongqing, Kunming and
Guangzhou, whereas R32 systems yield minimal emissions owing to its exceptional heating
capacity in Harbin. These findings highlight ejector technology’s potential for substantially
improving electric vehicle energy efficiency while reducing environmental impact.

Keywords: heat pump; electric vehicle; ejector; CO, emission; expansion

1. Introduction

Electric vehicles (EVs), recognized as a promising alternative to address fossil energy
scarcity and environmental concerns, have garnered significant research interest in recent
years [1]. Transitioning from internal combustion engine vehicles to EVs represents a
critical pathway toward achieving carbon neutrality in the transportation sector through
zero-emission mobility. The cabin cooling and heating system is essential to meet the
requirements of the thermal environments inside the vehicle and to ensure safe visibility.
Among the auxiliary components of EVs, the heat pump system exhibits the highest energy
consumption [2]. In general, cabin cooling and heating systems can reduce the driving
mileage of EVs by an average of 30—40% according to the size of the system and driving
cycle [3,4].

The heat pump system is more energy-saving than the traditional single refrigeration
system with individual heaters [5,6] and is considered a practical and promising solution
for the cabin cooling and heating systems in EVs [7,8]. However, most of the heat pumps
being studied in EVs are used R410A or R134a as refrigerants, which belong to high global
warming potential (GWP) refrigerants and will be phased out under the Kigali Amendment
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to the Montreal Protocol [9,10]. Currently, the potential low-GWP refrigerants for EVs prin-
cipally include R32, R290, R152a, R1234yf and R744, among others. Direk et al. [11] found
that R134a could be directly replaced by R152a in a system without any operation troubles.
Yu et al. [12] demonstrated that R32 refrigerant outperforms R410A in both capacity and
coefficient of performance (COP). Yu et al. [13] experimentally evaluated three R32-based
mixture refrigerants in the EV heat pump systems and reported that the system using the
mixtures performs similarly to the R410A system in both heating and cooling mode. Ning
et al. [14] developed a multifunctional dual-stage compression heat pump for EVs, reveal-
ing marginally superior COP with R290 compared to R410A and R32. Song et al. [15] found
that the R744 heat pump possesses satisfactory heating performance for an electric bus with
a COP of 1.78 at an ambient temperature of —20 °C. Dong et al. [16] experimentally found
that the heating capacity of the R744 system was sufficient to satisfy the heating demand
of EVs in winter without additional electric heating elements. Under —20 °C ambient
conditions, the R744 system achieved a maximum COP of 2.16. Wang et al. [17] indicated
that there was a pseudo-optimal heat rejection pressure at both subcritical and transcritical
conditions under constant heating capacity operation conditions for the R744 heat pumps
of EVs. Experimental data from Huang et al. [18] indicated approximately 5.8% higher
cooling capacity in R290 heat pumps versus R744 systems for EVs. In 2024, Khalid et al. [19]
validated R456A as a non-flammable R134a alternative with about 5% COP reduction in
heating mode, while Kwon et al. [20] revealed that indirect R290 systems achieve 4.9%
higher heating COP than direct R1234yf configurations at —20 °C despite flammability
constraints. In 2025, Zhao et al. [21] developed an R290-based thermal management system
achieving COP > 1 at —20 °C with 6.43% COP improvement through waste heat recovery.

Heat pump efficiency markedly decreases under low ambient temperatures, contra-
dicting EV thermal demands. Consequently, enhancing energy efficiency remains a key
research focus. Vapor injection heat pump (VIHP) technology is widely adopted for per-
formance augmentation [22,23]. Lai et al. [24] proposed a VIHP using a flash tank, and
5~15% performance improvement was reported. Luo et al. [25] reported a 20% heating
COP improvement via precise injection pressure regulation, while Li et al. [26] established
the superior efficacy of downstream versus upstream vapor injection configurations in
R134a EV heat pumps. Experimental studies by Xu et al. [27] demonstrated 5.7% and
4.7% enhancements in heating capacity and CODP, respectively, when implementing VIHP
technology in EVs, with effective operation maintained above —15 °C ambient tempera-
tures. Comparative analyses reveal significant performance advantages over conventional
systems: Li et al. [28] identified superior heating capacity in R1234yf VIHP configurations
relative to R134a CBHP systems, while Peng et al. [29] numerically verified simultane-
ous improvements in both COP and heating capacity for R744-based VIHP systems. Lee
et al. [30] developed a multi-stage waste heat recovery VIHP configuration capable of 72.5%
heating capacity augmentation under extreme —20 °C conditions.

Ejector-based expansion devices, which recover expansion work, constitute another
effective performance enhancement approach [31,32]. In the subcritical and transcritical sys-
tems, the COP improvement due to ejector-expansion is usually in the range of 5-20% and
7-40%, respectively [33]. Peris Pérez et al. [34] reported elevated annual average COP with
reduced costs in R744 cycles. Ameur and Aidoun [35] observed 14% heating capacity and
9% COP improvements over conventional basic heat pump (CBHP) systems. Elbarghthi
et al. [36] noted 2% higher cooling COP versus parallel compression systems. Gao et al. [37]
developed an R290-based dual-evaporator configuration, yielding 43% COP enhancement
relative to CBHP systems. Cao et al. [38] quantified 12% and 22% COP improvements
in dual-evaporator configuration versus single-evaporator and CBHP configurations, re-
spectively. Qin et al. [39] engineered a transcritical R744 ejector heat pump for concurrent
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heating/cooling applications, demonstrating 12% exergy efficiency gains over traditional
ejector systems with a one-year payback period. However, there is much less literature on
the applicability of ejector-expansion heat pumps in the cabin cooling and heating system
of EVs. In 2007, Oshitani et al. [40] pioneered a dual-evaporator concept for automotive
cabin thermal management. It was found that this system has better operational stability
and adaptability to low-pressure refrigerants than the single-temperature evaporation
ejector-expansion system. This technique was also used in the cabin cooling and heating
system of Toyota Prius to enhance the system performance [41,42]. The two evaporators
and the ejector were integrated together to decrease the device volume. The compressor
energy consumption was decreased by 11% and 18% at the ambient temperatures of 25 °C
and 35 °C, respectively, owing to the ejector utilization. In 2014, Boumaraf et al. [43] made
a theoretical analysis of DEEHP system using R134a/R1234yf and found that the COP
increase in DEEHP system can reach 17% when the condensation temperature is lower than
40 °C. In 2015, Unal et al. [44] analyzed DEEHP system theoretically using the equal area
mixing ejector model and 15% COP superiority over conventional systems was found. In
2017, Unal et al. [45] achieved 55% evaporator size reduction for DEEHP system, lowering
initial investment and total weight. In 2022, Zou et al. [46] developed a parallel dual-ejector
transcritical R744 configuration for EVs with 17-23% (cooling) and 18-20% (heating) COP
enhancements over CBHP system. In 2024, Yang et al. [47] conducted experimental charac-
terization of a CO, ejector-expansion heat pump for EVs across typical cooling/heating
modes (—30 °C to 50 °C). The system achieved maximum a COP enhancement of 31.0%
(vs. VIHP) at the 45 °C design point. However, heating capability substantially diminished
under subzero conditions due to thermal operating point mismatch. In 2025, Ren et al. [48]
quantified 15.2% COP improvement and 5.3% range extension at 45 °C using ejectors.

Our research team has methodically advanced ejector-expansion technology through
a structured program spanning fundamental thermodynamics to applied system opti-
mization. In 2015, Zhang et al. [49] quantified R32 ejector-expansion cycle enhancements,
demonstrating 8.84-15.84% exergy destruction reduction and 5.22-13.77% COP improve-
ment through optimizing suction nozzle pressure drop. In 2018, Zhang et al. [2] reviewed
EV air conditioning-specific challenges, identifying 30-40% range reduction from HVAC
loads and positioning ejector-expansion heat pumps as a promising solution. In 2020,
Zhang et al. [33] cataloged global ejector advancements, establishing design principles for
ejector-expansion systems and advanced configurations. Most recently, Wang et al. [50]
employed 3D CFD parameterization to achieve 23.6% entrainment ratio enhancement in
R410A ejectors through geometric sensitivity analysis.

Owing to the above, ejector-expansion technology significantly enhances EV heat
pump performance. But most of the previous studies only focused on the performance of a
single mode (heating or cooling). Little attention has been focused on its annual thermo-
dynamic performance and lifetime equivalent CO, emissions considering the influences
of climate conditions in China. Thus, two ejector-expansion heat pump configurations for
cabin cooling and heating of EVs, namely SEEHP and DEEHP, are proposed in this paper.
This study establishes thermodynamic models for ejector-expansion heat pumps, evaluat-
ing COP and lifetime CO, emissions against CBHP and VIHP benchmarks. Using the Total
Equivalent Warming Impact (TEWI) methodology, this study assesses four refrigerants
(R134a, R32, R152a, R290) across six Chinese climatic regions to identify optimal working
fluids and system configurations. The work aims to provide theoretical foundations for en-
hancing EV heat pump efficiency and guide practical implementations throughout China’s
diverse climate zones.
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2. System Description
2.1. Conventional Basic Heat Pump System (CBHP)

As illustrated in Figure 1, the CBHP system comprises a compressor, indoor/outdoor
heat exchangers (IHE/OHE), a four-way reversing valve (FwRV), an expansion valve (ExV)
and a gas-liquid separator (GLS). During cooling operation, FWRVs are configured with
passages B and D open while passages A and C remain closed. During heating operation,
FwRVs are configured with passages A and C open while passages B and D remain closed.

DAC 6
AVB Four-way
Reversing Valve
2
2(2)
Compressor
Outdoor
Heat
8 Exchanger
Gas-liquid
Separator
P 54) sl 101)
Expansion Valve
>

(a) (b)

Figure 1. Conventional basic heat pump system (CBHP). (a) Schematic; (b) p-h diagram. The red
arrow represents the heating operation. The blue arrow represents the cooling operation.

2.2. Vapor Injection Heat Pump System (VIHP)

Figure 2 illustrates the VIHP system configuration, comprising a quasi-two-stage
compressor, an IHE, an OHE, two FwRVs, a flash tank (FLT) and two ExVs. During
cooling operation. FwRVs are configured with passages B and D open while passages A
and C remain closed. The working fluid exiting the compressor enters the OHE through
passage B of the FwRV1 and releases heat to the external environment of the vehicle (2-3-4).
Afterward, the working fluid enters the FLT through the FWRV2 and the auxiliary throttle
valve (4-18-19-7-8-9). The vapor from the FLT is injected into the compressor intermediate
admission port. The liquid at the bottom of the FLT flows into IHE through the FwRV2 and
ExV2 for cabin cooling (10-12-13-14-15-16). The working fluid is returned to the compressor
through passage D of the FwRV1 (16-17-1). Thus, the refrigeration cycle is realized. During
heating operation, FwRVs are configured with passages A and C open while passages B
and D remain closed. The working fluid exiting the compressor enters the IHE through
passage A of the FwRV1 for cabin heating (2-16-15). Afterward, the working fluid enters
the FLT through the FWRV2 and the auxiliary throttle valve (15-20-21-12-8-9). The saturated
vapor phase from the FLT upper section is introduced into the compressor’s intermediate
admission port. The liquid at the bottom of FLT flows into OHE through the FWRV2 and
ExV1 to absorb heat from the vehicle’s external environment (10-7-6-5-4-3), then returns
to the compressor through the passage C of the FWRV1 (3-17-1). Thus, the heating cycle
is realized.
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Figure 2. Vapor injection heat pump system (VIHP). (a) Schematic; (b) p-h diagram. The red arrow
represents the heating operation. The blue arrow represents the cooling operation.

2.3. Single-Evaporator Ejector-Expansion Heat Pump System (SEEHP)

Figure 3 illustrates the SEEHP system configuration, comprising a compressor, an
IHE, an OHE, dual FwRVs, an ExV and a GLS. During cooling operation, FwRVs are
configured with passages B and D open while passages A and C remain closed. GLS
vapor is drawn into the compressor where it undergoes compression to the high-pressure
state (1-2) and then enters the OHE through passage B of the FwRV1 for releasing heat to
the vehicle’s external environment (2-11-12). Afterward, the working fluid flows through
FwRV2 passage B into the ejector’s primary nozzle (12-5-6). The liquid exiting the GLS
undergoes throttling in the ExV before progressing to the IHE via FwRV1 passage D
(9-10-3-4), where it provides cabin cooling. Subsequently, the working fluid exiting the
IHE is entrained by the high-speed two-phase fluid from the primary nozzle through
passage D of the FwRV2 (4-13). The two streams combine in the mixing channel before
undergoing diffuser-induced deceleration and compression (7-8), with the resulting two-
phase mixture discharging into the GLS. Thus, the refrigeration cycle is realized. During
heating operation, FwRVs are configured with passages A and C open while passages B
and D remain closed. The IHE facilitates cabin heating while the OHE absorbs heat from
the vehicle’s external environment.

2.4. Dual-Evaporator Ejector-Expansion Heat Pump System (DEEHP)

Figure 4 illustrates the DEEHP system configuration, comprising a compressor, an
IHE, an OHE, a high-temperature evaporator (HTE), two FwRVs, three TwVs and an
ExV. During cooling operation, FwRVs are configured with passages B and D open while
passages A and C remain closed. Passages A and B of TwV1 and TwV2 are opened, and
passages C of TwV1 and TwV2 are closed. TwV3 is fully opened. The working fluid exiting
the compressor enters the OHE through passage B of FwRV1 to release heat to the external
environment of the vehicle (2-12-11). The working fluid enters TwV3 and then splits into
two streams: one stream traverses passage C of TwV3 and then enters the ejector’s primary
nozzle through passage B of FWRV2 (11-10-6). The other stream traverses TwV3 passage B,
undergoes ExV throttling (11-15-14), then passes through TwV1 passage B, TwV1 passage A
and FwRV1 passage D (13-3-4) before entering the IHE for cabin cooling. Then, the working
fluid exiting the IHE is entrained by the high-speed two-phase fluid from the primary
nozzle after consecutively through passage A of the TwV1, passage C of the TwV2 and
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passage D of the FWRV2 (4-5-7). The two streams undergo mixing in the chamber followed
by deceleration and compression in the diffuser (8-9), with the resulting two-phase flow
directed to the HTE for cabin cooling (9-1). Thus, the refrigeration cycle is realized.
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Figure 3. Single evaporator ejector-expansion heat pump system (SEEHP). (a) Schematic; (b) p-h diagram.
The red arrow represents the heating operation. The blue arrow represents the cooling operation.
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Figure 4. Dual evaporator ejector-expansion heat pump system (DEEHP). (a) Schematic; (b) p-h diagram.
The red arrow represents the heating operation. The blue arrow represents the cooling operation.

During heating operation, FwRVs are configured with passages A and C open while
passages B and D remain closed. Passages A and C between TwV1 and TwV3 are opened,
and passages B of TwV1 and TwV3 are closed. TwV2 is fully opened. The working fluid
exiting the compressor enters the IHE through passage A of FwRV1 to heat the passen-
ger cabin (2-3-4). The working fluid enters TwV2 and is then divided into two streams:
one stream traverses passage B of the TwV2 and then enters the ejector’s primary nozzle
through passage A of the FWRV2 (4-5-6). The other stream passes through passage C of
TwV2 and then is throttled by the ExV (17-16) and then enters the OHE to extract external
environmental heat after consecutively going through the passage C of TwV1, passage A of
TwV1 and passage C of FwRV1 (16-13-12-11). Then, the working fluid exiting the OHE is
entrained by the high-speed two-phase fluid from the primary nozzle after consecutively
through passage A of the TwV3, passage C of TwV3 and passage C of FwRV2 (11-10-7). The
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two streams undergo mixing in the chamber followed by deceleration and compression in
the diffuser (8-9), with the resulting two-phase flow directed to the HTE for cabin cooling
(9-1). Thus, the heating cycle is realized.

3. Assessment Methodology
3.1. The Investigated Refrigerants

Table 1 lists key properties of four refrigerants for EV heat pumps. The GWP values
and the safety data of the refrigerants are gained based on the Intergovernmental Panel on
Climate Change (IPCC) and the standard ISO 187 [51], respectively. All the four refrigerants
have zero ozone depletion potential (ODP). R134a has the highest GWP value and will be
eliminated in the future. The GWP values of R152a and R290 are very low. In terms of safety,
these four refrigerants are categorized as “A”, which indicates that if the working fluid is
released, it will not cause acute toxic harm to the human body. R134a is nonflammable.
R32 and R152a are categorized as “A2L” and “A2” refrigerants, respectively, signifying
mild flammability. Meanwhile, R290 is categorized as an “A3” refrigerant, meaning it is
highly flammable. R1234yf is not considered here due to its high cost and the production
of trifluoroacetic acid (TFA) during degradation.

Table 1. Properties of the selected refrigerants.

Refrigerants R134a R152a R290 R32
Chemical formula CF3CH2F CHF2CH3 CH3CH2CH3 CHze
Molecular mass (g/mol) 102.03 66.05 44.1 52.02
Critical temperature (°C) 101.1 113.3 96.7 78.1
Critical pressure (MPa) 4.07 4.52 4.24 5.8
Normal boiling point (°C) —26.1 -25 —42.2 —51.6
GWP (100 years) 1430 124 3 675
Safety Al A2 A3 A2L
Lower flammability level (LFL) (% volume in air) None 3.9% 2.2% 14%

3.2. Thermodynamic Model

The thermodynamic performances of the four systems are investigated based on the
following assumptions:
(1) The flow is one-dimensional and steady.
(2) Heat exchanger and piping operate without appreciable pressure losses.
(38) Fixed 20 kPa evaporator-mixing chamber pressure difference [52,53].
(4) All compression and expansion processes occur under adiabatic conditions.

For the investigated refrigerants, the compressor isentropic efficiency is as follows [54]:

Heoms = 0.874 — 0.0135Pcomeut (1)

Pcom,in

where peom in and Peom,out are the compressor inlet and outlet pressure, respectively.
For CBHP system,

COP values for both heating and cooling modes of CBHP are as follows:

hiHE in — MHE out

COPcBHP,Heating = 7 - 7 —, 2)
com,out — "tcom,in
hiHE out — PIHE in

COPCBHP,Cooling = - —, ®3)

hcom,out - hcom,in
where leom,out is determined as follows:

hcom,out,s - hcom,in ( 4)

hcom,out = hcom,in +
Heom,s
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For VIHP system,
COP values for both heating and cooling modes of VIHP are as follows:

COPypit B MIHE in — MIHE out 5)
,Heating — ’
(1 - xft,Heating) (hcom,im,out - hcom,in) + (hcom,out - hcom,im,out)

(1 — xg) (h1HE, out — MHE,in) ©)

7

COPy1HP Cooling =
(1 - xft,Cooling) (hcom,im,out - hcom,in) + (hcom,out - hcom,im,out)

where leom im out aNd fcom,out are determined as follows:

h -1 hcom,im,out,s - hcom,in 7
com,im,out — "tcom,in + ’ ( )
Mcom,s

hcom out,s — h i
com,im,out
hcom,out = hcom,im,out + — — (8)

Hcom,s

For the two ejector-expansion heat pump systems,
The entrainment ratio of the ejector, y, is the ratio between the suction flow mass flow
rate, Msyc, and the motive flow mass flow rate, mmet. It is as follows [33]:

P ©)

Mmot

COP values for both heating and cooling modes of SEEHP are as follows:

h1HE in — MHE out
COPSEES Heating = P b (10)
com,out — "tcom,in
tseerP (MHE out — MIHE,in)
COPsggnP,Cooling = . (11)

hcom,out - hcom,in
COP values for both heating and cooling modes of DEEHP are as follows:

hHE,out — MHE,in

COPDEEHP Heating = , (12)

hcom,out - hcom,in

COP Couting = #DEEHP (MHE out — MHE,in) + (1 + ppEEHP) (MHTE 0ut — PHTE,in) (13)
DEEHP Cooling (1 + ppeenP) (Fcom,out — Heom,in) '

where heom,out is determined as follows:

hcom out,s — h i

sout, com,in

hcom,out = hcom,in + . (14)
Heom,s

3.3. Energy Consumption Model
3.3.1. Selection of Working Conditions

Six representative Chinese cities were evaluated using China Meteorological Data.
Table 2 shows the annual average temperature, runtime and population of each city. The
annual runtime data of the six cities were obtained from Zhang et al. [6]. Since most EVs
are equipped with autonomous climate control systems, the operational duration of heat
pump systems was considered equivalent to vehicle runtime in this analysis.

Table 2. Average temperature, population and runtime of typical cities.

City Harbin Beijing Shanghai Chongqing Kunming  Guangzhou
Average temperature (°C) 5.0 13.0 16.7 18.4 15.4 225
Runtime (h/y) 336 675 664 493 365 631

Population (ten thousand) 1066.5 2154 2424 3102 667.7 1530.6
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Figure 5 shows the percentage of different temperature ranges for each city. Harbin
belongs to bitter-cold areas, Beijing belongs to cold zones, Shanghai and Chongqing belong
to hot-summer/cold-winter zones, Kunming belongs to warm zones and Guangzhou
belongs to hot-summer/warm-winter zones. Notably, the temperature ranges between
—25°C~—15°Cand —15 °C~—5 °C only occur in Harbin. Therefore, Positive Temperature
Coefficient (PTC) heating is not required in other areas except for using low-pressure
refrigerants in Harbin. The temperature range between 15 °C and 25 °C in Kunming, a
warm area, accounts for the most significant proportion. In Guangzhou and Chongging,
there are only three temperature ranges, namely 5 °C~35 °C.

-25~-1 5[0 -15~-5000 -5~5[ 7] 5~1 5 15~25 1l 25~35

100

13%

ol
(=]
T

9%

o]
(=]
T

36% -

3
(=]
T

D
(=]
T

B
(=]
T

Ambient temperature percent (%)
W wn
S S
T T

Harbin Beijing Shanghai Chongging Kunming  Guangzhou
Cities
Figure 5. Ambient temperature profiles in representative Chinese cities.

3.3.2. Driving Conditions

Driving conditions are an important basis for each region or country in vehicle en-
ergy consumption, emission testing and product development. It includes urban driving
conditions and high-speed driving conditions. These driving conditions are input into
the calculation model as percentages. The four main driving conditions in the world
include FTP operating conditions suitable for North America, New European Driving
Cycle (NEDC) operating conditions suitable for China, Europe and Australia and JC08
operating conditions suitable for Japan. At present, the assessment of the climate per-
formance of automobile air conditioners in the Chinese entire life cycle is usually based
on NEDC conditions. However, the NEDC test conditions are far from the complex and
changeable actual road conditions in China. The characteristic parameters of the vehicle
under different operating conditions cannot be tested in detail. Only the driver’s habits
and traffic conditions are considered, and the influence of operating the air conditioner
under high- and low-temperature conditions is not considered. But the air conditioning
system has a significant influence on the vehicle’s energy consumption. Therefore, the
driving conditions of the vehicles in this paper are based on China’s light-duty vehicle
test cycle for passenger cars (CLTC-P), which is standardized by the national standard
GB/T38146.1-2019, China Automotive Test Cycle Part 1: Light Vehicles [55]. The statistical
characteristics of the working condition curve are shown in Table 3.
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Table 3. Proportion of vehicle speed range in CLTC-P driving cycle.

Speed (km-h—1) 0~10 10~25 25~50 50~75 75~100 >100
Percentage 30.2% 21.3% 27.1% 15.1% 4.3% 2%

3.3.3. Thermal Load Calculation

The passenger compartment is modeled as a transient heat balance system accounting
for multiple heat transfer mechanisms and internal heat generation. External thermal loads
include solar radiation transmitted through glazing surfaces and forced convection due
to aerodynamic airflow over the vehicle exterior during operation. Internally, metabolic
heat from occupants and convective heat transfer via the climate-control system’s forced-
air distribution constitute the primary heat sources. As specified in Table 4, the cabin
geometry comprises roof, sidewalls, flooring, front/rear windshields and window panels,
configured for 5-passenger occupancy. Consistent with occupant comfort standards, the
thermal management system maintains a stabilized interior temperature of 27 °C during
normal operation.

Table 4. Cabin parameters.

Components Heat Transfer Area (m?)
Rear windshield 0.88
Front windshield 1.21
Side windows 3.04
Roof 1.56
Floor 2.12

The cooling /heating loads of EVs are determined as follows [56]:
Qtot = th + er + Qin + Qvenr (15)

where Qy; represents the heat transfer load by conduction through the exterior walls,
ceiling, floor, doors and windows owing to the temperature difference between the cabin
and the surroundings. Qs represents the load due to solar radiation through the glass of
windows. Qj, represents the internal loads consisting of sensible and latent heat transfers
caused by occupants and lighting. Qven represents the heat gain or loss to be conditioned
due to ventilation or infiltration. Table 5 presents the computed thermal load results.

Table 5. Calculation results of thermal loads (kW).

Ambient Temperature (°C) Harbin Beijing Shanghai  Chongqing Kunming Guangzhou
C1 —25~—15 2.26 / / / / /
c2 —15~-5 1.63 / / / / /
C3 —5~5 1.38 1.47 1.39 / 1.34 /
C4 5~15 0.95 1.03 0.97 0.82 0.89 0.78
C5 15~25 2.43 2.72 2.46 2.28 2.35 2.25
C6 25~35 / 3.45 3.2 2.95 3.09 2.87

C1~C4 are heating mode, and C5 and C6 are refrigeration mode.

3.3.4. Operation Energy Consumption of Automobile Heat Pump System

The power consumption of compressors, PTCs, and fans is a major source of indirect
emissions from heat pump systems. For this evaluation, the blower power of the IHE was
set at 150 W and the fan power of the OHE was assumed to be 200 W.

Under the cooling mode, the heat pump system demonstrates adequate cooling capac-
ity to maintain optimal cabin temperatures. Compressor power consumption derives from
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the cabin cooling load divided by the system’s cooling COP. Under heating mode, inade-
quate thermal capacity may manifest at severely low ambient temperatures. Therefore, two
operational scenarios are established:

(1) Atelevated ambient temperatures where the heat pump meets requirements, com-
pressor power consumption is governed by the ratio of heating load to heating COP.

(2) At depressed ambient temperatures with insufficient thermal output, supplemental
heating via PTC devices becomes necessary. PTC heater operation reduces EV driving
range by 30-65%, concurrently increasing production costs [57].

Among the four refrigerants, the heating capacity from high to low is R32, R290,
R152a and R134a. In addition, the heating capacity of R32 is about three times R134a, and
the heating capacity of R152a is similar to R134a. Therefore, in cold-weather conditions,
whether to use PTC for auxiliary heating is also related to the working fluid. In this paper,
when R290, R152a and R134a are used as the working fluid, PTC is used for auxiliary
heating under the ambient conditions C1 and C2. When R32 is used as the working fluid,
PTC is used for auxiliary heating under the ambient condition C1.

The energy consumption of the heat pump can be determined by

Etot = Ecom + EPTC + Efans- (16)

When the cooling or heating capacity of the heat pump is sufficient, the energy
consumption of the compressor and PTC can be obtained as follows:

Ecom = gga;/ (17)
Eprc = 0. (18)

When the heating capacity of the heat pump is insulfficient, the energy consumption of
the compressor and the PTC can be obtained as follows:

Ecom = 7szagalcjity, (19)
Epre = Qload — Qcapacity . (20)

1PTC

In this paper, the COP values of the heat pump were obtained through the thermody-
namic analysis of Section 3.2. The required supply air temperatures of the cabin are obtained
from Neveu and Claeys [58] and Wu et al. [59], which depend on ambient temperatures.
The evaporating temperature and the condensing temperature are determined based on
the ambient temperature and the supply-air temperature requested for cabin cooling or
heating. In cooling mode, the evaporation temperature is determined by reducing the
cabin air supply temperature by 10 °C, and the condensation temperature is determined by
increasing the ambient temperature by 15 °C. In heating mode, the evaporation tempera-
ture is determined by reducing the ambient temperature by 10 °C, and the condensation
temperature is determined by adding 15 °C to the cabin air supply temperature. The
evaporation and condensation temperatures are normalized by rounding to the nearest
multiple of 5. Using the above method, the cabin air supply temperature, the evaporation
and condensation temperatures under different environmental conditions are determined,
as shown in Table 6.
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Table 6. Cabin air supply temperature, evaporation and condensation temperatures under different

environmental conditions.

Ambient Air Conditioning Cabin Supply Evaporation Condensation
Temperature (°C) Mode Temperature (°C)  Temperature (°C)  Temperature (°C)
C1 —25~-15 Heating 56 -30 70
c2 —15~-5 Heating 46 —20 60
c3 —5~5 Heating 38 —-10 55
C4 5~15 Heating 28 0 45
C5 15~25 Refrigeration 15 5 40
Ce 25~35 Refrigeration 7 =5 50

3.4. Assessment Model of CO, Emission

To assess the CO, emissions of vehicle heat pump systems, two methods are usually
applied: the TEWI method and the LCCP method [60]. Both methods assess lifecycle CO,
emissions (direct and indirect) from vehicle heat pumps. The results published by the
LCCP show that for vehicle heat pumps, the equivalent CO, emissions from production
and transportation are ignorable compared with the operation and leakage of the heat
pump system [61]. Additionally, the literature has shown that the results of the TEWI
method are consistent with the LCCP method [62]. The TEWI method is simple to use and
identifies the major influencing factors [63].

The TEWI method is used to evaluate the equivalent CO, emissions of the heat pump
systems. It considers not only the equivalent CO, emissions caused by working fluid
leakage (direct emission) but also the equivalent CO, emission caused by the operating
power consumption and the weight of heat pump (indirect emission). The equivalent CO,
emissions assessment of the systems is the sum of the direct emission and the indirect
emission. It is as follows [64]:

TEWItotal = TEWIdirect + TEWIindirect' (21)

3.4.1. Direct Emission

Direct emission is caused by the direct leakage of working fluid into the atmosphere.
Compared with fuel vehicles and pure EVs, the pipeline joints of the heat pump systems
of the two vehicles are the same in the direct emission part, so there is no significant
difference in the direct emission part, mainly including the following four aspects: annual
routine leakage caused by heat pump system; accidental leakage owing to the accident or
the product defect; maintenance leakage during operating maintenance; and end-of-life
leakage when vehicles are retirement. Thus, the direct emission is calculated as follows [59]:

TEW Igirect = GWP X (gt + g + Mme) X n+ GWP X mg, (22)

where my is annual routine leakage, g/year; m,q is annual accidental leakage, g/ year; mm¢
is annual maintenance leakage, g/year; n represents a lifetime in years; and mpy, represents
the end-of-life leakage of vehicles.

The routine leakage rates of vehicles correlate with regional mean annual temperatures.
It is calculated as follows [62]:

Mgy = 2.84 x ¢%063Tma (23)

Accidental leakage is caused by traffic accidents or defects in internal components
of the heat pump system, such as vehicle collisions, stone hitting vehicle air condition-
ing components, etc. The annual accidental leakage 1,4 of a vehicle is assumed to be
17 g/year [62].

The maintenance leakage depends on the maintenance times in the service life of the
vehicle. It is assumed that the maintenance is carried out when the working fluid leakage
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reaches 200 g from its initial charge, and each maintenance leads to 50 g working fluid
leakage [62]. Thus, the annual maintenance leakage 1y is calculated as follows:

Mmt = 50 X (my¢ + m,q) /200. (24)

The end-of-life leakage of vehicles is determined by the remaining working fluid in
the system minus the recovered and recycled refrigerants when the vehicle is retired, with
240 g adopted for this analysis [62].

3.4.2. Indirect Emission

For indirect emissions, only the emissions owing to electricity consumption are con-
sidered [59]:
TEW Iingirect = Ea X ﬁ Xn, (25)

where E, represents the annual energy consumption, which is obtained by Equation (18); n
is a lifetime in years; and B represents the emission factor for converting electric energy
consumption into equivalent CO, emission, which is adopted from China’s 2019 regional
power grid baseline coefficients as documented in Table 7.

Table 7. Emission factor of electric energy consumption (tCOy-MWh™1).

Region North Northeast East Central Northwest Southern
Emission factor 0.9419 1.0826 0.7921 0.8587 0.8922 0.8042

Finally, a flow diagram of the present model for assessment of heat pump systems
is presented, as shown in Figure 6. The thermodynamic modeling was implemented
in MATLAB R2021a, while refrigerant thermodynamic properties were calculated using

REFPROP 10.0 (NIST).

v v

Five refrigerants ~ Four heat pump systems
(R134a R32 R152a (CBHP VIHP
R290 IR744) SEEHP iDEEHP)

Modeling

¢ A

Optimization parameters <—| ¢
v N
Maximum COP —J
I
Y

Determine cycle and
each status points

»!
>

Figure 6. Flow chart of the present model for assessment of heat pump systems.
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4. Results and Discussion
4.1. Validation of Thermodynamic Model

Two ejector-expansion system models are implemented in MATLAB and validated
using experimental data from Lawrence and Elbel [65], Bilir and Ersoy [66] and Zhu
et al. [67] to verify numerical reliability. When validating the model, the entrainment
ratios and the COP values of SEEHP and DEEHP are simulated and compared with the
corresponding reference data under the identical conditions. The validation results of the
thermodynamic model are presented in Figure 7. Both entrainment ratios and COP values
show less than 8% deviation, confirming the model’s reliability.

0.9 32
08 ® Lawrence +8% 30 @ Lawrence L
Rl ol a1e [ ] ° .
= Bilir and Ersoy u = Bilir and Ersoy 8%
07} Zhu . 2 Zhu
_Q0
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1 (This paper) COP (This paper)

Figure 7. Validation of the thermodynamic performance models.

4.2. COP of Different Systems in Different Ambient Conditions

Figure 8 depicts COP variations across four systems using different refrigerants un-
der varying ambient conditions. All refrigerants exhibit superior COP within moderate
temperature bands compared to extreme ranges due to reduced indoor-outdoor temper-
ature differentials. The system COP of R290 and R152a is slightly superior to that of
other refrigerants.

For identical refrigerants and ambient conditions, the COP values of the investigated
systems from highest to lowest are as follows: SEEHP, DEES, VIHP and CBHP. For all the
refrigerants, the two ejector-expansion systems can enhance the COP effectively. The COP
improvement of SEEHP and DEEHP can reach 10-30% and 7-15% compared with that of
CBHP, respectively. This is because the expansion energy is recovered by the ejector, which
brings two advantages. Firstly, the heat sink capacity of the evaporator is increased, because
the nearly ideal isentropic processes inside the ejector lead to a higher specific enthalpy
difference in the evaporator compared with the system with an enthalpic throttle valve.
Secondly, the compression power is decreased because the compressor inlet pressure goes
up owing to the ejector pressure lift effect. The compression power is further decreased
owing to the compressor efficiency improvement caused by the lower compression ratio.

In particular, the pressure ratios of CBHP, SEEHP and DEEHP become greater than
10 in the COP calculation process for R134a, R152a and R290 at ambient conditions of C1
and C2 and were adjusted down to 10 to satisfy the limiting conditions for compressor
operation. For R32, pressure ratio adjustment of CBHP, SEEHP and DEEHP is needed
only at the ambient conditions of C1, as it has a higher heating capacity for heat pump
applications. PTC is used for auxiliary heating. For VIHP, pressure ratio adjustment and
PTC heating are unnecessary in all ambient conditions. Therefore, the COP in this paper
is not an absolute thermodynamic cycle COP related to the working fluid but a COP that
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can be realized through the present technical level of the heat pump compressor. It is why
the COP of VIHP is significantly lower than that of CBHP for R134a, R152a and R290 at
ambient conditions of C1 and C2 and for R32 at the ambient conditions of C1.

7 7
o [ B8 CBHP I VIHP B SEEHP (] DEEHP ¢ | 8 CBHP 8 VIHP B SEEHP [ DEEHP ]
5t st .
A 4 A4
QI ol
O3 O3
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C1 C2 C3 C4 C5
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(c) R152a (d) R290

Figure 8. COP of each system in different ambient temperature ranges.

4.3. Equivalent CO, Emissions Evaluation Results

Figure 9 presents lifetime equivalent CO, emissions for the four EV heat pump sys-
tems using investigated refrigerants across six Chinese cities. For the identical working
fluid, the lifetime equivalent CO, emissions of the investigated systems from highest to
lowest are as follows: CBHP, VIHP, DEEHP and SEEHP for all the six typical cities. For
any system, direct emission accounts for a tiny fraction of the total emission, such as
R134a which has the highest GWP among the investigated refrigerants, and the direct
emission accounts for less than 10% of the total emission. In Harbin, heating demands
drive 85-94% of emissions, with cooling contributing 7-14%. SEEHP achieves the most
pronounced reductions: 10-13% below CBHP and 2-5% below VIHP across refrigerants.
DEEHP shows moderately lower emissions: 9-11% below CBHP and 2-5% below VIHP. In
Beijing, balanced heating (55-61%) and cooling (35-45%) contributions yield significant
SEEHP advantages: 11-14% reduction versus CBHP and 7-10% versus VIHP. DEEHP
demonstrates 9-11% and 2-7% reduction over CBHP and VIHP, respectively. In Shanghai
and Chongging, cooling-dominated emissions (48-75%) show consistent ejector benefits:
SEEHP lowers emissions by 8-11% relative to CBHP, while DEEHP achieves 3-4% re-
ductions. In Kunming and Guangzhou, minimal heating contributions (8-26%) contrast
with substantial cooling contributions (58-90%). Here, SEEHP lowers emissions by 9-11%
relative to CBHP, with DEEHP providing 2-3% reductions. The superior performance of
ejector systems, particularly SEEHP, stems from their ability to recover expansion work
that would otherwise dissipate as entropy generation. The emission reduction differential
between SEEHP and DEEHP reflects the thermodynamic limitation of dual evaporator
configurations where partial flow still undergoes irreversible throttling.
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Figure 9. Lifetime equivalent CO, emissions of the four heat pump systems.

Emission patterns vary significantly by region. Harbin exhibits the highest emissions

due to extreme cold conditions necessitating substantial heating. Beijing shows the next

highest emission levels, influenced by both climate factors and large scale of the local

population and long runtime. Guangzhou ranks third due to extreme hot conditions neces-

sitating substantial cooling. Shanghai and Chongqing demonstrate moderate emissions

with balanced seasonal demands. Kunming presents the lowest emissions, benefiting from

milder climates and reduced temperature differentials.

Low-GWP refrigerants achieve substantial emission reductions versus conven-

tional R134a systems: R32/R290 systems reduce emissions by 24-27% in Harbin.
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R32/R152a/R290 systems achieve 18-25% reductions in Beijing. R152a/R290 systems lower
emissions by 18-24% in Shanghai/Chongqing. R152a/R290 systems demonstrate 19-29%
reductions in Kunming. R152a/R290 systems show 20-22% reductions in Guangzhou.
Notably, R290 achieves the lowest absolute emissions across most regions despite only
moderate COP improvements, highlighting the compound benefits of combining low-GWP
refrigerants with advanced cycle architectures.

5. Conclusions and Remarks

Two ejector-expansion heat pump systems (SEEHP and DEEHP) for cabin cooling
and heating of EVs are proposed. The lifetime equivalent CO, emission of the systems
is evaluated compared with CBHP and VIHP systems for R134a, R32, R290 and R152a as
refrigerants in six typical cities in China. The results are as follows:

(1) For all the refrigerants, the two ejector-expansion systems can enhance the COP
effectively. The COP improvement of SEEHP and DEEHP can reach 10-30% and
7-15% compared with that of CBHP, respectively. For all the refrigerants, the COP
improvements under moderate ambient conditions are significantly lower than those
under higher or lower ambient conditions.

(2) The ejector-expansion technique in EV heat pump systems can significantly lower the
equivalent CO; emission. The equivalent CO; emission of the SEEHP decreases by
about 9-14% and 2-10% compared with that of CBHP and VIHP, respectively. The
equivalent CO, emission of the DEEHP is reduced by about 2-11% compared with
that of CBHP, and almost the same as that of VIHP.

(3) R290 and R152a have relatively better performance in decreasing total equivalent
CO, emissions among the four working fluids due to their higher COP values. But
the flammability risk is still the most troublesome problem in their application in
EV heat pump systems. R32 is currently a viable alternative considering both CO,
emission reduction and flammability, but it has been on the list of HFCs to be cut in
the Kigali Amendment.

(4) The lifetime equivalent CO, emission is affected significantly by the climate of the
cities. The bitter-cold areas have the highest emissions, and warm areas have the
lowest emissions. If bitter-cold areas are taken as the standard, the equivalent CO,
emissions decrease by approximately 2-21% cold areas, 21-57% in hot-summer/cold-
winter areas, 32-61% in warm areas, and 5-39% in hot-summer/warm-winter areas,
respectively. There is little difference among the areas for the SEEHP relative to CBHP
in reducing CO, emissions. But DEEHP is more remarkable in bitter-cold and cold
areas. The equivalent CO; emission of DEEHP relative to the corresponding CBHP
decreases by about 9-11% in bitter-cold and cold areas, but this figure becomes 2—4%
in other areas. These findings establish ejector-based systems as essential technologies
for decarbonizing EV thermal management, particularly in extreme climates where
conventional systems exhibit significant efficiency degradation.

To advance the proposed ejector-enhanced heat pump systems toward automotive
implementation, four prioritized research directions will bridge theoretical innovation and
commercial deployment. (1) Ejector geometry optimization: Employing multi-objective
algorithms with CFD-validated models to refine nozzle throat diameters and diffuser an-
gles, maximizing pressure recovery ratios while minimizing entropy generation across
climatic operating points. (2) Intelligent control strategies: Leveraging reinforcement learn-
ing to dynamically coordinate compressor speed, ejector operation and valve actuation in
response to real-time cabin/battery thermal transients. (3) Prototype validation: Through
compact SEEHP/DEEHP modules, with bench and on-road testing under extreme condi-
tions quantifying range extension, battery state-of-health preservation and flammability
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mitigation for low-GWP refrigerants. (4) Cross-system integration: Synergizing battery
waste heat recovery via phase-change materials with vehicle-integrated photovoltaics to
reduce indirect emissions. These technical advances will be paralleled by standardization
initiatives and scalable manufacturing optimization, collectively accelerating sustainable
thermal management solutions for next-generation EVs.
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Abbreviations

The following abbreviations are used in this manuscript:

CBHP Conventional basic heat pump system
cor Coefficient of performance

DEEHP Dual evaporator ejector-expansion heat pump system
ExV Expansion valve

FLT Flash tank

FwRV Four-way reversing valve

GLS Gas-liquid separator

GWP Global warming potential

HFCs Hydrofluorocarbons

HTE High-temperature evaporator

IHE Indoor heat exchanger

IPCC Intergovernmental Panel on Climate Change
ODP Ozone depletion potential

OHE Outdoor heat exchanger

PTC Positive Temperature Coefficient
SEEHP Single evaporator ejector-expansion heat pump system
TEWI Total Equivalent Warming Impact
TwV Three-way valve

VIHP Vapor injection heat pump system
Greek

7 Efficiency

B Emission factor

U Entrainment ratio of the ejector
Variables

E Energy consumption

h Specific enthalpy

m Mass flow rate

n Lifetime in years

[4 Pressure

Q Heating or cooling load

T Temperature

x Dryness
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Subscripts

ad Accidental leakage
cap Capacity

com compressor

cond Condenser

EL End-of-life leakage
eva Evaporator

ft Flash tank

gC Gas cooler

ht Heat transfer

im Intermediate

in Inlet

ma Average annual ambient temperature
mot Motive

mt Maintenance leakage
out Outlet

rt Routine leakage

S Isentropic

sr Solar radiation

sub Subcritical

suc Suction

tot Total

trans Transcritical

ven Ventilation or infiltration
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