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The use of heat pump is a promising way of energy conservation to improve the

driving range of electric vehicles. In this study, the thermodynamic

characteristics of CO2–based blends in the operation of a subcritical heat

pump cycle are evaluated at different ambient temperatures considering two

operation modes. Coefficient of performance (COP) and volumetric heating

capacity (VHC) are used to evaluate heat pump performance. Optimization and

comparison of both transcritical and subcritical cycles are conducted using

various refrigerants. The results indicated that CO2/R32 (50/50) always outputs

higher COP than CO2 or other mixtures. The COP of CO2/R41 (90/10) is inferior

to that of CO2 in a transcritical cycle due to the more power consumption of

compressor. The blends of R1234yf and R152a with low GWP have lower COP,

but a much lower operation pressure is also achieved. CO2 blends have larger

VHC, which facilitates simple cycle configuration and compact compression.
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1 Introduction

In view of the strengthened environmental regulations on greenhouse gas emissions,

electric vehicles (EVs), including pure electric vehicles (PEVs), hybrid electric vehicles (HEVs),

and fuel cell vehicles (FCVs), are considered promising and are under rapid development owing

to their superior environmental protection characteristics (Chen et al., 2021; Kim et al., 2021).

Unlike traditional gasoline engine vehicles, less waste heat is generated in EVs, which leads to

heating problems during winter. Due to the insufficient waste heat in PEVs and HEVs, more

energy from battery are needed for cabin heating, which causes a sharp decline in mileage. For

FCVs, auxiliary heating is also needed to shorten the warm-up time and enable rapid start-up

performance of PEMFCs. A positive temperature coefficient (PTC) heater is commonly used in

EVs. However, the driving range of EV can be reduced by up to 50% with the PTC electric

heater owing to its low heating efficiency (<1) (Ls et al., 2022). It was concluded that driving

range reduction was very sensitive to heating system operations (Zhaogang, 2014). From this

point of view, improvement of the heating efficiency is imperative.
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The use of heat pump (HP) is considered an energy

conservation option for heating. R134a is a conventional

refrigerant used in the air-conditioning/heat pump (AC/HP)

system of vehicle. According to the Kigali Amendment to the

Montreal Protocol, hydrofluorocarbon (HFC) emissions should

be gradually reduced; thus, the phaseout of R134a for vehicle AC/

HP systems is inevitable worldwide (Wu et al., 2020). New

synthetic hydrofluoroolefins (HFOs) are considered as part of

the fourth generation of low GWP refrigerants used as a

replacement for hydrofluorocarbons (HFCs); for instance,

R1234ze and R1234yf are gaining increasing attention as

alternatives to R134a (Dai et al., 2015; Mateu-Royo et al.,

2020). However, owing to their complex molecular structures,

HFOs are costly. Furthermore, an HP system with a conventional

refrigerant (R134a or R1234yf) significantly suffers from

diminished heating capacity and system efficiency as the

ambient temperature decreases below −10°C (Binbin et al.,

2018; Wang et al., 2018).

Regarding natural refrigerants, CO2 (R744) has been considered

as a promising candidate as it has zero GWP and a negligible ODP of

1; moreover, it is nontoxic and non-flammable and has excellent

thermophysical and transport properties. The use of CO2 in

refrigeration, air-conditioning, and HP systems, especially in

vehicle AC/HP systems, has been widely investigated (Lee et al.,

2012; Wang et al., 2018; Dong et al., 2021; Wang et al., 2021; Zou

et al., 2022). Owing to its higher volumetric capacity and better heat

transfer properties, CO2 is seen to outperform R134a in terms of

thermodynamic performance and system compactness (Wang et al.,

2021). Novel configurations of CO2 HP cycles have been proposed

and investigated. For instance, the introduction of an ejector can

improve the COP of an HP system by 18–19.79% (Zou et al., 2022).

However, the high pressure of the transcritical cycle poses significant

challenges regarding system reliability in EVs (Binbin et al., 2018).

To improve the characteristics of the CO2HP system, CO2-based

mixtures were considered as potential alternatives (Sarkar and

Bhattacharyya, 2009; Hakkaki-Fard et al., 2014; Ju et al., 2018;

Wang et al., 2019; Luo et al., 2022). Several types of eco-friendly

refrigerants have been evaluated to blend with CO2 in previous

works. The mixtures could reduce cycle pressure in contrast to pure

CO2; in addition, they could significantly diminish flammability

compared with hydrocarbon alone (Sarkar and Bhattacharyya,

2009). Moreover, the temperature glide of the mixture improves

the thermal matching between a refrigerant and an external fluid,

acting like the Lorenz energy cycle and performing better than pure

refrigerant (Luo et al., 2022). Ju et al. (2018) evaluated CO2/

R290 mixture in water-source HP water heater system. The

results indicated that the CO2/R290 mixture exhibits excellent

performance and is an appropriate substitute refrigerant for R22.

Hakkaki-Fard et al. (2014) investigated mixtures with temperature

glide for residential air-source HPs in cold climates to increase HP

performance. The results indicated that the CO2/R32 (20/80)mixture

demonstrated the best improvement in heating capacity. The COP of

the HP system with CO2/R600 and CO2/R600a was evaluated and

comparedwith pure fluids by Sarkar et al. (Sarkar and Bhattacharyya,

2009). They found that CO2/R600a can be the best substitute

refrigerant for R114 for high-temperature heating owing to their

superior COP and reduced high side pressure. Guo et al. (2019)

conducted performance analysis and optimization of high-

temperature HP with CO2-based blends. The results showed that

the CO2/R32, CO2/R143a, and CO2/R41 subcritical cycles increased

the COP by approximately 8.88, 6.55, and 4.95%, respectively, in

comparison with the CO2 transcritical cycle. Throughout the

literature review, it was found that CO2-based mixtures have a

clear advantage to pure fluid in the HP system for various

applications.

However, there are few researches about an HP system

with CO2-based mixtures for vehicle cabin heating. The

performance of an HP is sensitive to ambient temperature,

and the operating temperature range significantly differs in

different zones or months in winter. Therefore, it is of great

importance to investigate the performance of an HP with

CO2-based mixtures in a wide range of cold ambient

temperatures. In this study, two operating modes of HP

using CO2-based mixtures are investigated for use in

vehicle at a temperature range of −20°C to 10°C. A

comprehensive thermodynamic analysis was conducted for

a subcritical HP cycle. Parametric optimization and

comparison between subcritical and transcritical cycles

were also performed using CO2 and various mixtures.

2 System modeling

2.1 Description of the heat pump system

In general, a vapor compression HP system comprises a

compressor, evaporator, expansion valve, and gas cooler

(supercritical) or condenser (subcritical), as shown in

Figure 1. HP cycle consists of four processes: compression

FIGURE 1
Schematic diagram of an air-source heat pump system.

Frontiers in Energy Research frontiersin.org02

Li et al. 10.3389/fenrg.2022.960600

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.960600


(1→2), heat rejection (2→3), throttling (3→4), and heat

addition (4→1). The external fluids to transfer heat are

both air, whose temperature significantly changes during

heat exchange.

For the fresh air mode of cabin heating, ambient air is

directly heated by the gas cooler/condenser, which means

that the heated air exhibits a rather high temperature rise in

cold climate. In a subcritical cycle, the use of a zeotropic

mixture with a larger temperature glide could achieve good

thermal match with external air flow. On the other hand, a

transcritical cycle has a variable temperature heat rejection

process, which provides superior matching to the air-source

temperature profile than a subcritical cycle. It undergoes a

much higher heat rejection pressure. In this study, both the

subcritical and transcritical HP cycles were considered for the

cabin heating of EVs.

The analysis was based on the first law of thermodynamics.

Coefficient of performance (COP) and volumetric heating capacity

(VHC)were considered asmetrics to evaluateHP performance. COP

represents the thermodynamic performance of HP. A high VHC is

advantageous for the reduction in the size and investment costs of

compressors. The basic equations for the energy analysis of HP

system are as follows:

Working fluid pump power consumption:

_Wcom � _mr(h2 − h1)/(ηmηe) (1)

where ηm and ηe denote the mechanical and electrical efficiencies,

respectively, both assumed to be 0.95.

Compressor isentropic efficiency:

ηcom � (h2s − h1)/(h2 − h1) (2)
ηcom � 0.815 + 0.022r − 0.0041r2 + 0.0001r3 (3)

where r = p2/p1 is the compression ratio (Luo et al., 2022).

Heat rejection in the condenser:

_QH � _mr(h2 − h3) � _mwacp, ca(Twa, out − Twa, in) (4)

Heat input in the evaporator:

TABLE 1 Physical, environmental, and safety data of working fluids (Dai et al., 2015).

Substance Tc (
oC) pc (MPa) Molar mass

(g/mol)
ODP GWP Safety

CO2 31.1 7.38 44.01 0 1 A1

R41 44.1 5.9 34.03 0 107 A2

R32 78.1 5.78 52.02 0 675 A2

R1234yf 94.7 3.38 114.04 0 <4.4 A2L

R134a 101.1 4.06 102.03 0 1370 A1

R152a 113.3 4.52 66.05 0 124 A2

FIGURE 2
Variation of the critical parameters of CO2-based mixture with CO2 mass fraction: (A) critical temperature; (B) critical pressure.
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_QE � _mr(h1 − h4) � _mcacp, ca(Tca, in − Tca, out) (5)

Throttling in the expansion valve:

h4 � h3 (6)

The expansion valve is considered to be adiabatic, resulting in

equal enthalpy before and after throttling.

For the total system, COP is the ratio of the heat delivered to

the overall power consumption of the cycle:

COP � _QH

_Wcom

(7)

VHC is the product of enthalpy difference supplied to the

heat sink and the suction vapor density:

VHC � ρ1(h2 − h3) (8)

To investigate the effect of key parameters on system

performance, two modes were considered. A common

method for HP analysis, called model 1, is to fix the

refrigerant temperature at the gas cooler/condenser outlet

(T3). The heat sink outlet (fresh warm air) temperature is

obtained on the basis of energy balance. In this mode, the heat

sink outlet temperature varies in different conditions due to

the pinch temperature restriction, i.e., a mode of variable

warm air temperature. However, to satisfy the comfort

demands of the cabin, temperature control of warm air is

necessary. In this way, the fresh hot air temperature is a fixed

target value, and T3 is varied until the pinch temperature

difference inside the gas cooler/condenser meets the set

value, i.e., a mode of fixed warm air temperature named as

mode 2.

2.2 Preliminary screening of working fluids

Working fluids are essential to HP cycle. For the screening of

working fluids, thermodynamic properties, stability and

compatibility, safety, availability, cost, etc., should be

considered. In particular, the new mixture should truly

improve the thermodynamic performance of HP cycle. By

blending CO2 with different additives, the mixture could

obtain various temperature glide and critical characteristics. A

mixture with suitable temperature glide and critical

characteristics is essential to HP cycle design and

performance. For the subcritical cycle, the critical point

temperature of additive should be greater than that of CO2,

which is advantageous for the design of a binary mixture with a

high critical temperature. For the transcritical cycle, the critical

point temperature of additive should be similar to that of CO2,

and the mixture should have a moderate critical pressure.

Furthermore, the additive should be nontoxic, stable, and

nonreactive with CO2; its flammability is less important due

to the excellent flame-retardant property of CO2. From a view

point of environmental properties, the additives should have zero

ODP and low GWP. In this study, five working fluids were

chosen as potential additives to CO2 as listed in Table 1. Among

them, R32 and R134a, which have high GWP, were also

investigated owing to their wide application in air-source HP.

Figure 2 illustrates the variations of critical temperature and

critical pressure with CO2 mass fraction for different mixtures. As

presented in thefigure, the addition of the substancewith high critical

temperature increases the critical temperature of the mixture, which

is directly proportional to the mass fraction of the additive. The

critical pressure exhibits a different trend from the variation of

mixture composition. For CO2/R41, critical pressure decreases

with the increase in R41 mass fraction, indicating that the

mixture is suitable for a transcritical cycle owing to its low

operation pressure. The critical pressure initially increases and

then decreases as the additive mass fraction increases for other

mixtures. For a subcritical cycle, condensation should occur away

from the near-critical region to achieve stable operation and high

heating capacity. Other four mixtures seem to be more suitable than

CO2/R41 for a subcritical cycle owing to their higher critical

temperature. To obtain hot air temperature higher than 40°C, a

critical temperature higher than 50°C for the mixture is suggested.

FIGURE 3
Temperature glide variation of mixtures at a dew point
temperature of 0°C.

TABLE 2 Specifications of the model.

Parameter Value

Ambient temperature, Tamb (°C) −20 to 10

Temperature of air flow at the gas cooler outlet, Thot,air (°C) 40

Mass flow rate of the refrigerant, (kg/s) 0.01

Pinch point temperature difference, ΔTpp (°C) 5

Superheating degree, ΔTsh (°C) 2
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The temperature glide for CO2-based mixtures at various mass

fractions is depicted in Figure 3, with a fixed dew point temperature

of 0°C. As illustrated in the figure, an additive with a higher critical

temperature usually has a larger temperature glide at the same CO2

mass fraction. The temperature glide of CO2/R41 is relatively small,

not more than 2°C. CO2/R32 has a moderate temperature of about

14°C, which matches well with the temperature change of the

external source during evaporation. For the other mixtures, a

high CO2 concentration is recommended to achieve a suitable

evaporating temperature glide.

2.3 Assumptions

In this study, the mathematical model of heat pump was

encoded in MATLAB, along with REFPROP 10.0 for the

calculation of the properties of both pure and mixed

refrigerants. To simplify the calculation, the following typical

assumptions were made:

1) Each component of the HP system is considered to be steady-

state and steady-flow.

FIGURE 4
Variation of coefficient of performance (COP) with CO2 mass fraction: (A) for mode 1; (B) for mode 2.

FIGURE 5
Variation of volumetric heating capacity (VHC) with CO2 mass fraction: (A) for mode 1; (B) for mode 2.
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2) Pressure and heat losses in all the heat exchangers and

pipelines are neglected.

3) The overall composition of mixture in each component

remains constant.

4) Only counter-flow heat exchangers are used in the system.

5) The environmental temperature is equal to the inlet

temperature of external air flow.

6) The leakage of the working fluid from the components is

negligible.

7) The condensing and evaporating temperatures of the

mixtures refer to dew point temperature.

The simulation conditions used in this study are listed in

Table 2. The mass flow rate of the refrigerant is set to 0.01 kg/s. A

temperature ranging from −20°C to 10°C is considered a basic

ambient condition for the vehicle HP to evaluate the system

performance in cold climate. The target temperature of heated air

(outlet of the gas cooler/condenser) is set to 40°C (Lee and Lee,

2016), which is considered to satisfy the comfortability of cabin

heating. The outlet temperature of the refrigerant and the mass

flow of external air in the condenser are calculated based on heat

balance, considering pinch restriction. The pinch point

temperature difference between refrigerant and air is fixed to

FIGURE 6
Effects of condensing temperature on COP.

FIGURE 7
Effects of condensing temperature on VHC.

FIGURE 8
Effects of condensing temperature on system operating
characteristics.

FIGURE 9
Variation of maximum heating temperature with condensing
temperature.
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5°C (Binbin et al., 2018). The pinch point location is calculated

using an element division and iteration method, as used in our

previous work (Li et al., 2020). A superheating degree of 2°C is

assumed at the evaporator outlet.

To validate the thermodynamic model, the pure transcritical

CO2 HP cycle was simulated to compare the current air-to-air

model in this project with the counter-flow water-to-water HP

model in the study by Dai et al. (2015), with key operation

parameters set similar to the reference, i.e., the heat sink inlet/

outlet temperature is set to 15°C/40°C, the heat rejection pressure

to 9.187 MPa, and the pinch temperature differences to 5°C for

both exchangers. The calculated COP of such cycle is 4.59, which is

2.7% higher than the simulation result (COP = 4.47) in the study

by Dai et al. (2015), indicating a satisfying agreement.

FIGURE 10
T–Q diagram of the condenser at various condensing temperatures.
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3 Results and discussion

3.1 Effects of the key parameters on heat
pump cycle performance

3.1.1 Effects of the mixture fraction
The CO2/R32 mixture has moderate temperature glide in a large

composition range; therefore, the thermodynamic analysis in Section

3.1 was conducted based on the CO2/R32mixture. Figure 4 illustrates

the variation of the COP with mixture composition, taking 30°C

condensing temperature as an example. In this case, the COP first

decreases and then slightly increases with the increase in CO2 mass

fraction at different ambient temperatures for mode 1. For mode 2,

the variation of the COP ismore complex due to the change in T3. At

an ambient temperature above −5°C, the COP increases as the CO2

mass fraction increases. However, the variation of curve could be

divided into two segments: COP gradually increases in the first part

but overlaps with curve of mode 1 in the second part. As is shown in

Figure 4, lower COP at higher ambient temperature is achieved,

mainly because T3 is lifted by the pinch restriction. Under the

condition of low CO2 mass fraction, the refrigerant at the

condenser outlet is still in the two-phase region, and the

corresponding heating capacity is significantly reduced.

The variation of VHC with CO2mass fraction is illustrated in

Figure 5. It can be observed that VHC increases with CO2 mass

fraction under various conditions for both modes 1 and 2. Due to

the increasing density of higher CO2 concentration, despite the

decrease in heating capacity, the VHC still increases

monotonically with CO2 mass fraction for mode 1. For mode

2, the heating capacity is largely affected by the variation of T3.

For instance, under the condition of Tamb = −20°C, T3 first

decreases and then remains constant with the CO2

concentration; consequently, the heating capacity initially

increases and then decreases afterward. Therefore, the

increasing rate of VHC is lower than that at higher ambient

temperature with the increase in CO2 mass fraction.

3.1.2 Effects of condensing temperature
The variation of COP with condensing temperature (dew

point) under different conditions is presented in Figure 6. The

following analysis was based on a typical composition of CO2/

R32 (50/50). For mode 1, COP declines with the increase in

condensing temperature, except for the ambient temperature of

10°C. In this mode, the pinch point is always located at the low-

temperature end of the condenser, and the condenser outlet

temperature is only related to ambient temperature. Therefore,

thermal matching only affects the warm air outlet temperature,

which is determined on the basis of energy balance rather than

the heat capacity of HP. In view of the mixture temperature glide

during condensation, the refrigerant at the condenser outlet is

still in the two-phase region under the condition of low

condensing temperature and high ambient temperature. As

the condensing temperature increases, the refrigerant at the

condenser outlet moves into the liquid region; hence, more

heat is rejected, and the COP initially increases.

For mode 2, the COP first increases and then decreases

with the increase in condensing temperature. This is mainly

because a higher refrigerant outlet temperature is calculated

due to the pinch point limit inside the condenser and less heat

capacity is output. As the condensing temperature increases,

the pinch point location moves downward to the cold end; in

this case, the operation parameters of the two modes coincide,

and metrics obtained are equal, as shown in the figure. The

maximum COP is obtained when the pinch point is located at

the right side of the condenser outlet as the condensing

temperature increases.

The variation of VHC with the condensing temperature is

depicted in Figure 7. For mode 1, as the condensing temperature

increases, the heat capacity increases, whereas the suction density

remains constant. Therefore, VHC exhibits a positive relationship

with the condensing temperature. As shown in detail in Figure 8, the

temperature of the refrigerant at the condenser outlet first decreases

and then remains constant as the condensing temperature increases

in mode 2. After a sharp increase at the beginning, the VHC and

heating capacity then overlap with mode 1 and increase smoothly

with the increase in condensing temperature.

Figure 9 illustrates the variation of warm air temperature at the

condenser outlet with condensing temperature. In view of the

increasing compressor discharging temperature, the plot exhibits a

progressive increase in warm air outlet temperature with the increase

in condensing temperature for mode 1. Considering the fixed T3,

although COP increases with the increase in condensing

temperature, the maximum warm air temperature is fairly low.

For example, warm air temperature is only 21.2°C at Tcond =

25°C, which may not satisfy cabin comfort.

FIGURE 11
T–Q diagram of the evaporator for pure CO2.
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To conduct further analysis, the thermal matching of

condensation is clearly depicted in a T–Q diagram at different

condensing temperatures. For mode 1, two pinch points may

appear during condensation, one inside and the other at the cold

end of the condenser, as shown in Figure 10. Themaximumwarm air

outlet temperature ismainly limited by the inside pinch of condenser.

A larger temperature lift for heated air, i.e., higher air outlet

temperature is obtained as the condensing temperature rises. For

instance, the maximumwarm air temperature is only 23°C at Tcond =

25°C, whereas the value increases to 54.7°C at Tcond = 45°C. A high

condensing temperature deteriorates the COP of HP; nevertheless, it

is more flexible to satisfy the comfort demand in view of high heating

temperature.

For mode 2, to ensure that warm air outlet temperature could

reach 40°C, the refrigerant temperature at the condenser outlet

(T3) might be lifted at low condensing temperature, on the basis

of energy balance. As shown in the figure, the pinch point is

inside the condenser at condensing temperatures of 25°C and

35°C, and the corresponding refrigerant outlet temperatures are

23.3°C and 26.5°C, respectively. Due to the insufficient heat

recovery in the condenser, the corresponding heating

capacities are only 0.91 and 2.57 kW. As Tcond rises to 45°C,

FIGURE 12
T–Q diagram of the evaporator for mixture at different evaporating temperatures.

FIGURE 13
Variation of COP and VHC with ambient temperature.
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the pinch point moves downward to the cold end; in this case, T3

is fixed and is equal to the summation of Tamb with pinch

temperature. Therefore, the operation parameters of the cycle

are the same for both modes.

3.1.3 Effects of the evaporating temperature
The temperature of pure refrigerant remains constant

during vaporization, whereas the air temperature decreases

as the heat is extracted. Therefore, the pinch point always

appears at the cold end of the evaporator as shown in

Figure 11. In a limiting case, a second pinch point will

appear at the hot end of the evaporator; in this case, Teva =

Tamb—Tpinch—Tsh. However, the temperature change of cold

air flowing through the evaporator is fairly negligible, which

means that more air mass flow is needed for the same heat

exchange capacity. In other words, a lower evaporating

temperature is applied to ensure a suitable temperature

change of heat source and corresponding mass flow rate,

which will deteriorate the COP in turn.

Due to the temperature glide of the zeotropic mixture during

evaporation, a better thermal matching between the refrigerant

and external heat source could be achieved. Figure 12 illustrates

FIGURE 14
Variation of COP and VHC with warm air outlet temperature.

FIGURE 15
Optimal COP and corresponding VHC at various ambient temperatures.
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the profiles for different evaporating temperatures, taking the

ambient temperature of 0°C as an example. At a low evaporating

temperature of −10°C, the pinch point is located at the cold end,

and the terminal temperature difference at the hot end is 8°C. As

Teva rises to −7°C, a new pinch point appears at the hot end. In

this condition, the temperature profiles of the refrigerant and

external source are almost parallel with each other, indicating

satisfying thermal matching. Through the mixture temperature

glide, a proper temperature change of heat source could be

achieved at a high evaporating temperature, even if a second

pinch point appears at the hot entrance. And the lifted

evaporating temperature is beneficial to increase of COP.

3.1.4 Effects of ambient temperature and warm
air outlet temperature

The maximum COP under the optimization of

condensing temperature for both modes is depicted in

Figure 13. As shown in the figure, the COP increases with

the ambient temperature for both modes. Mode 1 always

outperforms mode 2, but the gap enlarges as the ambient

temperature increases. The COP increases from 3.6 to

6.8 with the increase in ambient temperature from −20°C

to 10°C for mode 1, whereas the value changes from 3.4 to

5.0 for mode 2. The corresponding VHC at the maximum

COP is shown in Figure 13B; the value also increases with

ambient temperature due to the high suction density and

large heating capacity.

Figure 14 illustrates the effects of heating target temperature

for mode 2. To supply higher warm air temperature, a higher

condensing temperature is needed. Hence, the COP decreases as

the heating target temperature increases. VHC slightly increases

with the increase in heating target temperature at different

ambient temperatures.

3.2 Optimal results and performance
comparisons

Figure 15 illustrates the maximum COP curves for

different refrigerants at various ambient temperatures for

mode 2, and the corresponding VHC is depicted in

Figure 15B. A subcritical cycle using CO2/R32 (50/50)

outperforms other working fluids in the whole ambient

temperature range, with COP varying from 3.57 to 5.41.

For a transcritical cycle, CO2/R41 (90/10) produces a

higher heating capacity, yet a higher power consumption

during compression, and its COP is lower than that of

pure CO2. CO2/R134a (70/30) and CO2/R152a (80/20)

exhibit a relatively poor performance. The COP of CO2/

R1234yf (80/20) is rather close to that of the CO2

transcritical cycle at lower ambient temperature, but it

becomes inferior as the ambient temperature increases.

Due to the relatively lower condensing pressure, the

subcritical cycle using CO2-based mixture is competitive

than the transcritical cycle.

The VHC monotonically increases with ambient

temperature, in view of the evaporating pressure. The

transcritical cycle has a higher VHC than the subcritical cycle,

which implies lower compressor size and investment cost for the

same heating capacity. CO2/R134a (70/30) and CO2/R152a (80/

20) have the lowest VHC ranging from about 5,100 kJ/m3 to

11,000 kJ/m3; nevertheless, the values are still lager than the

common values [between 3,000 kJ/m3 and 6,000 kJ/m3

(Arpagaus et al., 2019)], indicating a relatively high heat

supply rate with compact compression equipment.

4 Conclusion

To improve the performance of HP in the application of vehicle

cabin heating at a cold ambient temperature, CO2-based mixtures

with some typical organic fluids were evaluated. In this study, two

modes, i.e., variable warm air temperature and fixed warm air

temperature, were adopted. The thermodynamic characteristics of

a subcritical HP cycle using CO2/R32 (50/50) were comprehensively

investigated, and the effects of the key parameters were analyzed. This

study compared the performances of subcritical and transcritical HP

cycles using CO2 and other mixtures. Based on the study, the

following conclusions were drawn:

(1) In the mode of variable warm air temperature, HP outputs

lager heating capacity and COP, and COP decreases with the

increase in condensing temperature. In view of the relatively

low operating temperature, this mode is suitable for the rapid

start-up stage of cabin heating.

(2) In the mode of fixed warm air temperature, an optimal

condensing temperature exists for the subcritical cycle, and

the optimal value increases with the ambient temperature.

The maximum COP is obtained when two pinch points

appear in the condenser.

(3) The subcritical cycle using CO2/R32 (50/50) produces greater

COP than that using other refrigerants. In the transcritical cycle,

pure CO2 performs better than CO2/R41 due to the reduced

pressure ratio. Other mixtures are inferior to the CO2

transcritical cycle, but the subcritical cycle has as much as

37% reduction in high operation pressure.

(4) The CO2 transcritical cycle has maximum VHC, which is

much greater than that of the subcritical cycle.

Nevertheless, the subcritical cycle using CO2-based

mixtures still has higher VHC values than the

traditional organic refrigerants. In view of the high

VHC, a single-stage compression satisfies the

requirement even at cold ambient temperature. This

will facilitate simple cycle configuration and compact

compressor, which is significant in automotive

applications.
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