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14 Abstract

15  CO2 is well-suited for thermal management systems (TMSs) in electric vehicles,
16 particularly in winter when both the cabin air and the battery require heating. However,
17  due to the distinct heat exchange boundary conditions of these two heated components,
18 traditional theories of optimal operation of CO- cycle are not applicable. In this paper,
19  the system characteristics of a CO2 TMS in the cabin-and-battery mixed heating mode
20  are comprehensively investigated. The results show that there is a pseudo-optimal
21 discharge pressure that maximizes the COPtwms, regardless of whether the system is
22  operating in a transcritical or subcritical mode. In addition, besides the global optimal
23 COPtwms, there may still be other local maximum points, which are determined by the
24 CO: flow distribution in both gas coolers and the COP rise rate of the battery cycle.
25  Furthermore, this work offers a thorough investigation of the impact of essential factors
26 on the pseudo-optimal discharge pressure and proposes an accurate prediction
27  approach for the best control of the CO2 TMS. The CO2 TMS can still ensure a COPms
28  above 2.0 to meet the thermal demands of both the cabin and the battery even under

29  the challenging operating circumstances of -20 °C, proving the technology's great



1 competitiveness.

3  Keywords

4  Transcritical CO, system, Heat pump technology, Thermal management system,

5  Optimal performance, Electric vehicles.
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Meo,

abbreviations
AC

BTMS

COP
EEV
EV
HP
HX
HVAC

Area, (m?)
discharge coefficient
Specific heat capacity,
(kJ/(kg-K))

Enthalpy, (kJ/kg)

latent vaporization heat of
water, (KW/kg)
condensate mass flow rate,

(kgfs)
mass flow rate of CO2, (kg/s)

The number of segments of
heat exchanger

Speed of compressor, (RPM)
Pressure, (bar)

Heat flow, (W)
Temperature, (°C)
Coolant flow rates, (L/min)
Displacement, (m?®)
Power consumption, (W)

Air conditioning
Battery thermal management
system
Coefficient of performance
Electronic expansion valve
Electric vehicle
Heat pump
Heat exchanger
Heating, ventilation and air

TMS

Greek symbols

o

Ne

Nis

Ny

p

Subscripts

a
air
bat
cab
Cc
com
dis
EEV
J
in
opt
out
pse-opt
suc

Thermal management system

Heat transfer coefficient,
(W/(m?-K))

Pressure ratio of compressor

Compressor motor efficiency

Compressor isentropic
efficiency
The ratio of the theoretical
volume of the expander to the
compressor
Density, (kg/mq)

Ambient
Air
Battery heating cycle
Cabin air heating cycle
Coolant
Compressor
Discharge of Compressor

Electronic expansion valve

Index of each segment
Inlet
Optimal
Outlet
Pseudo-optimal
Suction of the compressor
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1 Introduction

Traditional internal combustion engine vehicles are gradually being replaced with
electric vehicles (EVs) as a result of the global energy crisis and air pollution [1].
Rechargeable lithium-ion batteries have become the primary source of power for EVs
due to their high specific power, long cycle life, and high specific energy density [2].
With an ideal operating temperature range of 10 °C to 50 °C, lithium-ion batteries are
quite sensitive to ambient temperature [3]. The temperature differential between the
cell should be smaller than 5 °C to increase service life [4]. At low temperatures,
lithium-ion batteries lose a significant amount of their capacity and power density. In
recent years, as batteries' size and capacity have increased, air-cooled battery thermal
management systems (BTMS) have hardly been able to keep up [5]. Liquid cooling,
however, can improve battery performance at high rate of charge and discharge [6].
The liquid cooling BTMS can be more suitable for EVs.

In order to keep the passengers comfortable, the cabin air must be either cooled
or heated in addition to meeting the needs of the battery [8]. Since there is no internal
combustion engine in EVs that can generate enough waste heat [9], and the use of a
positive temperature coefficient heater can significantly compromise the cruising range
[10], the integrated air conditioning (AC)/ heat pump (HP) system is an energy-saving
way to meet passengers comfort requirements [11-13]. In addition, the heating and
cooling needs of the battery can be met by using the integrated AC/HP system by
adding heat exchangers and parallel valves [14-15].

Park et al. [16] created a numerical model of refrigerant-based BTMS. The
findings indicated that refrigerant temperature was more closely connected to battery
temperature than refrigerant mass flow rate. According to Cen and Jiang [17], an EV

battery pack's thermal performance can be significantly improved by a battery cooling
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system that is connected to the main AC system via an additional expansion valve.
Comprehensive research was done on the BTMS performance by Tang et al. [18]. The
findings revealed that if the compressor speed is greater than 4000 rpm, the battery
inlet coolant temperature can remain below 25 °C even when the surrounding
temperature is above 40 °C. Shen and Gao [19] created a simulation model for the
refrigerant-based BTMS and discovered that it can effectively reduce the battery
temperature rise (=25 °C). Even in high-temperature and high-speed settings, it is
possible to guarantee the temperature consistency across battery cells to within 3 °C.
Tian et al. [20] proposed TMS for battery cooling, motor cooling, and cabin thermal
comfort. With motor waste heat recovery, the coefficient of performance (COP) was
raised to 25.55%. TMS heaters increased a vehicle's operating range by 31.71% when
compared to PTC heaters. ATMS based on refrigerants was proposed by Guo and Jiang
[21]. They showed that the suggested TMS, which has both a cabin-and-battery mixed
cooling mode as well as a cabin-and-battery mixed heating mode, can successfully
control both the cabin's air temperature and the battery pack's temperature.

It is worth noting that the above studies all use R134a as the refrigerant, which
has a GWP of 1430 and is about to be replaced [22]. Carbon dioxide, as an
environmentally friendly refrigerant, has now received attention in the field of
automotive air conditioning. In particular, the excellent heating performance of CO>
systems in winter has the potential to solve the problem of mileage anxiety caused by
winter heating [23-25]. In addition, when the outlet temperature of the gas cooler is
higher than 30 °C, there is an optimal discharge pressure in the supercritical zone due
to the gradient properties of the isotherms to maximize the COP [26]. However, Wang
et al. [27] demonstrated that there exists an optimal discharge pressure to be controlled
in subcritical conditions due to the heat transfer capacity limitation of the gas cooler in
winter conditions. This particular optimal discharge pressure is denoted as the pseudo-
optimal discharge pressure (Ppes-opt).

Yin et al. [28] proposed a novel CO, system with battery evaporative cooling to

deal with the potential thermal runaway problem due to the control instabilities of two-
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phase evaporative cooling. The cooling characteristics of a transcritical CO2 TMS were
studied by Wang et al. [29] They revealed the effects of CO2 evaporation temperature
and vapor quality on stable optimal discharge pressure control.

Although plentiful excellent researches have been carried out, more research is
still needed on the CO> thermal management systems used in EVs, particularly in
winter heat pump conditions where both the battery and cabin must be heated
simultaneously. In this paper, a liquid-cooled CO- thermal management system test rig
and simulation models were analyzed to close the research gap. Additionally, numerous
P1 controllers and a cabin thermal model were combined to fully analyze the winter
performance of the CO: liquid-cooled thermal management system. Furthermore, we
demonstrate that there exists a global pseudo-optimal discharge pressure in the cabin-
and-battery mixed heating mode regardless of the system state of subcritical or
transcritical cycles. In addition to the global optimal value, other local maximum points
may still exist. To accurately predict the optimal performance to be attained by the
TMS, it is then investigated how variable parameters such as ambient temperature,
battery thermal demand (including chiller inlet coolant temperature and coolant flow
rate), and passenger compartment fresh air ratio (i.e., HVAC inlet air temperature)
affect the Ppes-opt Value. Finally, a Ppse-opt prediction equation is proposed for maximizing
the performance of CO, thermal management system in cabin-and-battery mixed
heating mode for winter. It presents a solution for the optimal control of the CO;
thermal management system. Maximum energy efficiency could be achieved with this

research, which will also increase the driving range of EVs.

2 System description and modeling details
2.1 System description

Fig. 1. displays the schematic diagram of the CO, thermal management system
that can jointly heat the cabin air and the battery. The compressor compresses the CO>
fluid into a high-temperature, high-pressure superheated vapor, which is then split into

two streams. One path goes via the electronic expansion valve (EEV) 1 to become a
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low-temperature, low-pressure fluid after flowing into the indoor heat exchanger (HX)

to warm the cabin. The other path enters the chiller where the battery is heated (A 50%

aqueous solution of ethylene glycol is used to heat the battery after absorbing heat in

the chiller). The CO: fluid changes into a low-temperature, low-pressure fluid as it

passes through the EEV 2. The combined fluid from the two paths passes through the

internal heat exchanger (IHX) before entering the outdoor HX for evaporation.

Saturated vapor from the accumulator travels back to the compressor through the IHX.

In this mode, the IHX does not work because it performs the heat exchange of the low-

pressure two-phase fluid and the saturated vapor. IHX performs effectively only in

the cooling mode [12]. Fig.2. shows the IgP-h diagram of the system. In addition, 4 PI

controllers are designed to ensure the smooth operation of the system:

1) The temperature of the air sent into the cabin was set at 42 °C by adjusting the speed
of the compressor;

2) The temperature of the cabin air was set at 20 °C by adjusting the speed of the
indoor fan;

3) The discharge pressure of the compressor was adjusted by adjusting the flow area
of EEV 1,

4) A2 °C coolant temperature gradient between the inlet and outlet of the chiller was

achieved by adjusting the EEV 2, ensuring uniform battery cell temperature.
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Fig.1. The schematic diagram of the CO, TMS.
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In this study, the GT-SUITE is used as a platform to build a complete CO- thermal

2 management system according to a rationally designed experimental rig. A cabin model
3 as well as PI controllers were added to investigate the performance of the TMS in
4  winter. GT-SUITE is a comprehensive system simulation software that encompasses
5  multiple physical domains involving 1D and 3D simulations. It covers various physical
6 fields such as fluid dynamics, heat transfer, mechanics, electrochemistry, and more.
7  GT-SUITE is widely used for simulation work in thermodynamics-related domains
8  [30-32] and vehicles [33].
9
10 2.2.1 Heatexchanger models
11 All heat exchangers are based on the HxMaster and HxSlave models. The
12 HxMaster template is used to model heat transfer between the fluid on one side of a
13 heat exchanger and the wall of the heat exchanger. Most characteristics of the heat
14 exchanger (the detailed structure, materials, weight, and heat transfer correlations of
15  the heat exchanger et.al) are entered in the HxMaster template, and the slave part is
16 generally only of interest to declare initial conditions. The heat exchanger models are
17  constructed using the moving boundary method.
18
19 Table 1
20 The modeling specifics of components.
Equipment Specification




Type: microchannel finned tube
Indoor HXs:
210 mm (length) x 190 mm

N
_ _ Qcoyair = E(Ufina iairwattAj(Twaij — Tairj)
Indoor HXs  (height) x 14 mm (width) =

j=1
and Outdoor 230 mm (length) x 230 mm + Meond,j * Lvap
HX (height) x14 mm (width) i ( )
= aj,COZ,wallAj TCOZ,j - Twall,j
Outdoor HX: =

660 mm (length) x 515 mm
(height) x 16 mm (width)

Type: concentric tube

N
Length 1600 mm QCOZ’COZ = z aj.COz;COzAj (TCOer;l - TCOZj;Z)
: -
IHX e 1
Inside diameter: 16mm ( 1 1 -1
. . % co,,co, = + )
Outside diameter; 22mm PEREY2 o, 1 Aco, )iz
A _ N
Type: Plate heat exchanger Qcoy.cootant = 2i=1 @},coy cootantAj(Tco,j — Teootant,;)

Chiller 190 mm x 76 mm

1 1\
®j co,,coolant = +

Qcoy,j Qcoolant,j

15 plates

2 Where Qcoz,air refers to the heat exchange rate between carbon dioxide and air, kW,

3 N is the number of segments of heat exchanger; j is the index of each segment; 7¢;,
4 s the finned surface efficiency; o; is the heat transfer coefficient, kKW/(m?-K); Aj is
5  the surface areas, m?; Lyqp is the latent vaporization heat of water, KW/Kg; 7 onq

6 is the condensate mass flow rate, kg/s; The subscript "wall" designates the heat

7  exchanger's tube wall; QCOZ,COZ refers to the heat exchange rate between two streams

8 of CO> fluid (stream 1 and 2), kW; QCOZ,coolant refers to the heat exchange rate

9  between CO. and 50% aqueous solution of ethylene glycol, kW.

10 The heat transfer coefficient, «;, for CO- is determined using correlations from
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various researchers: Dittus-Boelter's work is employed for both single-phase liquid and
single-phase vapor conditions [34]; Tang's correlations are applied for two-phase
condensation [35]; Gungor's findings serve for two-phase evaporation [36]; and Yoon's
research provides guidance for single-phase supercritical conditions [37]. For air, «;
is evaluated using correlations presented by Chang and Wang [38], while the «; for
the coolant is calculated using the correlations presented by Dittus-Boelter [34].
Moreover, the pressure drop can be evaluated using the equations suggested by Cruz,
Coelho & Alves for Reynolds numbers below 2000 [39], and by Trinh for Reynolds
numbers exceeding 4000 [40]. In cases of transition regime, the friction factor
calculation employs linear interpolation between laminar and turbulent values

according to the given Reynolds number.

2.2.2 Compressor model

The compressor is a rolling rotor compressor with a capacity of 8.2cc. It is
modelled using the CompPosDispRefrig and SpeedBoundaryRot models.
SpeedBoundaryRot prescribes a constant or variable angular velocity on 1-D rotational
parts, it can be wused to simulate a self-powered generic device. The
CompPosDispRefrig template represents a positive displacement, volumetric
efficiency based compressor. The outputs of this template are mass flow rate and
enthalpy change. The mass flow rate and power consumption are calculated as Eqg. (1)

and Eq. (2) [41].

mCOZ =Va- Ncom *Psuc "My (5' Ncom' Tsuc) (1)

hgis—hs . 1
&Ncom Tsuc) Ne(€)

()

The data map for isentropic efficiency (n;s), volumetric efficiency (n,,) and motor

Weom = Mco, s

efficiency (n.) are derived from experimental data. These three parameters are jointly
determined by the compressor speed (N,,,,), pressure ratio (g) and compressor suction
temperature (Tgc). V4 is the displacement of the compressor, m®; pg,. refers to the

suction density, kg/m?; h, represents the enthalpy CO at the suction state of the

10
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compressor, kJ/kg.

2.2.3 EEV model

The throttle valves in this study used the OrificeConn model. This template
models an orifice, defined by diameter or area and discharge coefficients, which
calculates the mass flow rate between the adjacent flow volumes. The equation, as

shown in Eq. (3), is solved to calculate the flow rate through the orifice [42-43].

. _ 2APPEEV in
Meo, = Cq " Agpy /—kdp (3)

Where C,; is discharge coefficient, and Agg, represents the circulation cross-

sectional area of the EEV, m?;

2.2.4 Other models

The car cabin volume of 3.5 m® has been considered. The cabin's targeted
temperature is 20 °C, and the model's specifications are mentioned in [12]. The
accumulator with a capacity of 1.1 L is modeled by AccumulatorRefrig. The Fan
module is used to simulate indoor/outdoor fans, and the efficiency information is taken
from the map that the manufacturer supplies. PID controllers are also used to adjust
the speed of the compressor and the indoor fan in addition to the areas of the two

throttle valves.

2.3 Verification of simulation models
A test rig consistent with the model has been constructed, and a series of

experiments are conducted to validate the accuracy of the model. The dimensions of
all components are outlined in section 2.2. A photograph of the experimental setup is
presented in Fig. 3. Additionally, all temperature, pressure, and flowrate sensors
installed on the test rig are shown in Fig. 1. The details of the measurement equipment
and associated errors are presented in Table 2. Notably, the experimental setup excludes
the cabin and the PID controller used to regulate cabin temperature, instead opting to

adjust the heat supply by directly varying the airflow.

11
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Table 2

Fig.3. The photo of test rig.

The parameters experimental measurement devices, and uncertainties.

Parameter Component Range and uncertainties
Air wet/dry bulb PT100 thermoelectrical -50~200 °C, % (0.15 + 0.0002 x
temperature resistance reading) °C
PT100 thermoelectrical -50~200 °C, + (0.15 + 0.0002 x
Coolant temperature . )
resistance reading) °C

COs fluid temperature
Pressure

Power

CO;, Mass flow rate
Coolant Mass flow rate

K-type thermocouple
MPM489 transmitter

WT500

Micro Motion Mass flowmeter
Turbine flowmeter

-50~200 °C, 0.5 °C
0~20 MPa, 2.5 %o of the range
15~1000 V and 0.5~40 A, £ 0.1%
of reading + 0.1% of the range.
11500 kg-h2, 1%
0.2~1.2md%/h, +0.5%

Two distinct chambers with differing enthalpy levels are employed for multiple

steady-state experiments. Each enthalpy difference chamber possesses independent

control over the immediate environment's temperature and humidity. Table 3

showcases the experimental test conditions.

Table 3

12
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Detailed parameters of operation conditions.

Parameter Values
Amebient temperature (°C) -20,-10,0,7
Indoor HX inlet air

-20, -10, 0, 20
temperature (°C)
Air flow rate (m®/h) 150,200,250,300
Coolant flow rate (L/min) 2,6,10

The error propagation for the cooling capacity was calculated using the Kline and
McClintock [44] method. The largest uncertainty of the heating capacity was 3.83%.
The simulation work was constructed to replicate the real-world conditions of the
steady-state experiments. All the data's deviations for power consumption and heating
capacity were within 6%, as displayed in Fig. 4, proving the validity of the simulation

model.

7000 | _
Power consumption
Heating capacit
6000 |- & capactly
~~
% 5000 |
w +6%
]
=
S 4000 - .
= -6%
2
= 3000
=
g
v 2000 |
1000
0 | 1 1 1 | 1 1
0 1000 2000 3000 4000 5000 6000 7000

Experimental values (W)

Fig.4. The validity of the TMS simulation model.
2.4 Performance evaluation
The COP is the most crucial indicator for assessing the efficiency of heat pump

systems [45]. COP for a heat pump used for cabin heating is

13
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COPcab = _ Qcab — hdis_hcab,out (4)

Wcom,cab hais—hsuc

where Q.4 and Weomcap are the cabin heating rate and compressor power

consumption to heat the cabin, KW; hg;s, hsye and h; o, are the enthalpy at the
compressor discharge point, the enthalpy at the compress
or suction point and the enthalpy of the CO> fluid after heating the cabin, respectively.

COP for a heat pump used to battery heating is

COPbat = _ Qbat — hdis_hbat,out (5)

com,bat hais—hsuc

where Q,q and Weompar are the battery heating rate and compressor power

consumption to heat the battery, KW; hgis, heye and hpqeoue are the enthalpy at the
compressor discharge point, the enthalpy at the compressor suction point and the
enthalpy of the CO- fluid after heating the battery, respectively.

The percentage of CO- flow rate used to heat the battery is defined as,

k _ mbat (6)

Meqp+Mpat

The performance factor of a thermal management system is defined as,

Qcab + Qbat _ mcab ' (hdis - hcab,out) + mbat ' (hdis - hbat,out)
Weom (mcab + mbat) ' (hdis - hsuc)

COPTMS -

=(1—k)-COP.y, + k-COPpy: @)
The COPwvs is dependent on the COPca» and COPpet as well as the mass flow rate

of the two sub-circulations, as can be seen from Eq. (7).

3 Results and discussions
3.1 Influence of coolant flow rate

Fig. 5 shows the variation of COPrms with discharge pressure for coolant flow
rates (V) from 2.23 to 8.89 L/min (Ambient temperature T,=-20 °C, HVAC inlet air
temperature Tairin=-10 °C, chiller coolant inlet temperature T¢,in=25 °C). As can be seen,
as V. increases, the optimal COPrms decays by 19.8%, going from 2.964 to 2.378.

Moreover, as V. rises, there is a corresponding rise in the optimal Pgis. These

14
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phenomena find their roots in the heightened heating load placed on the battery, leading
to elevated CO> fluid temperatures at the chiller outlet and an elevation in compressor
speed. The CO2 TMS nevertheless promises a competitive energy efficiency in spite of
the challenging working circumstances at -20 °C. This is noteworthy considering the
efficiency of the most used Positive Temperature Coefficient (PTC) heaters is only 0.9
[46]. Although it can be determined that the TMS has an overall optimal discharge
pressure, the COP does not always increase and subsequently decrease with Pgis as in
conventional systems (just one maximum point) [27]. To describe these causes, the
optimal discharge pressures for the battery heating cycle and the cabin air heating cycle
are used as benchmarks to divide the variation of COPtms with Pgis into three stages
(as shown in Fig. 6): the first stage is before the peak COPcab is reached; the second
stage is after the peak COPcap is reached but before the peak COPy4: is reached; and the
third stage is after the peak COPyat is reached. In addition, we define the discharge
pressure that maximizes COPrus as the "global optimal discharge pressure.” On the
other hand, when the system does not reach its maximum COPtwus at a particular
discharge pressure but exhibits a trend of COPtwms initially increasing and then
decreasing with changes in discharge pressure around this value, we define that

discharge pressure as a "local optimal discharge pressure."

3.0 v

2ol T ‘ V=223 L/m]:ﬂ
N —e—V_=4.45L/mi

28+ N V.= 6.67 L/mi

—e—V_=8.89 L/min
27 o “r/"\\
~
~
26 | / ~
- ~
z25 h

%‘ Local optimal value ~ -
24 | ~
o N
23
22 o
Globle optimal value
2.1 F
20 F

1.9 1 1 1 1 1 1 1 1
55 60 65 70 75 80 85 90 95

P, (Bar)
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Fig.5. Variation of COPrws with Pgis at different V.

Due to the limited enthalpy difference between the CO: chiller's outlet and inlet,
the k-value in stage | is at a high level as shown in Fig.6. According to the IgP-h
diagrams, the system is in a subcritical cycle during stage I, where the CO condensing
temperature is lower than the coolant temperature. There is a gradual increase in
enthalpy difference as the Pyjs rises because the CO; at the chiller outlet is superheated
vapor. In addition, the rising COPca» /COPpat Values and the relatively stable k values
lead to a continuous increase in COPws.

At stage 11, the k value decreased rapidly and the decreasing trend tends to level
off gradually. This is due to the rapid increase in the enthalpy difference between the
chiller. The increase enthalpy difference is caused by the enhanced heat transfer
coefficient in the chiller as well as the increase in the slope of the CO: isotherm. In
addition, COPyet increases with the increase of Pdis, and its growth rate decreases with
the increase of the V.. The explanation is as follows: when V,=2.23 L/min, the chiller
can ensure good heat transfer capacity in the subcritical zone, and under the near
isothermal condition, the enthalpy difference rises dramatically with an increase in Pgis.
The chiller outlet temperature rises above the CO critical temperature as V. increases.
With rising temperatures, the isotherm'’s slope declines, which causes COPpat to develop
more slowly. This is clearly illustrated in the four IgP-h plots depicted in Fig. 6.

The k value is kept at a low level and tends to slowly decline in stage Ill. This is
brought on by the gradually rising enthalpy difference in indoor HXs and chiller.
Moreover, COPtms decreases when Pgis increases since COPpat and COPcap decline. In
conclusion, it is evident that for COPtms to be maximized in stage I, there is at least
one optimal discharge pressure value that leads to the maximum COPtwvs.

When V.=2.23 L/min and V.=4.45 L/min, the COPmus rises to the local
maximum point and subsequently to the global maximum point in stage Il. This can be
explained by the fact that the initial value of k is at a high level, thus the rise of COPpat

plays a dominant role. The value of k then falls as Pqis rises, which causes a decline in

16
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COPcap as the main factor affecting the COPtwms. Until COPyg rises significantly, the
COPrwms global optimum is apparent. At V.= 6.67 L/min, COPtws increases and then
decreases with the rise of Pdis in stage I, thus there exists only one optimal value. This
is brought on by both the growing COPyat and the overall greater k value. The local
optimum Pgis occurs at the optimal value of COPcab at V,=8.89 L/min. Even if k has a
large value, the COPys: develops very slowly, creating a local optimum point.

In general, in addition to the global optimal point, other local maximum points

may still exist within stage Il. The existence of a local maximum point is determined

by the combination of the k value and the rising rate of COPpat.
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Fig.6. Trends of COPtms, COPcab, COPhat and K at different stages as well as IgP-h

diagrams.

3.2 Influence of chiller inlet coolant temperature
Fig. 7 shows the variation of the COPtms with Pgis for Ta=-20 °C and Tair,in=-10 °C.

It can be seen the optimal Pgis increases from 87 to 97 Bar as chiller inlet coolant

temperature (T,in) increases from 20 °C to 30 °C at 17.=8.89 L/min, but the COP1ms,opt
decreases from 2.500 to 2.277, a 8.9% reduction. This is due to the increase in the
chiller outlet CO, temperature and the high k value. At V,=8.89 L/min, the local
optimum Pgis exists at the optimal value of 65 Bar as T¢,in increases from 20 °C to 30 °C,

which is also the optimal value of COPca. However, At V,=4.45 L/min, the optimal

Pdis increases and then decreases with the increase of Tcin. This is due to a slower
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1 COPuat increase in the stage Il caused by the high CO, temperature at the chiller outlet
2 (as shown in Fig. 8). At Tc,in=30 °C, the Ppse-opt Value is 71 Bar and the maximum
3 COPqwms is 2.614, while the local optimal discharge pressure value is 83 Bar and the
4 local maximum COPums is 2.589. The global optimum COPrus is only 0.97% higher

5  than the local optimum value.
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Fig.8. Trends of COPtms, COPcan, COPby and k at different stages (V,=4.45 L/min,
Tc,in:30 OC)

3.3 Influence of HVAC inlet air temperature

Fig. 9 depicts the variation of COPtms concerning Pgis for HVAC inlet air
temperatures (Tairin) ranging from -10°C to 20°C. It is evident that the parameter k
increases proportionally with the elevation of Tairin. This phenomenon can be attributed
to the reduction in heating demands within the cabin. Furthermore, there is a
noteworthy decrease in the maximum COPtwms value, dropping from 2.735 to 2.302,
representing a substantial 15.8% reduction as Tairin increases from -10°C to 20°C. This
reduction can be attributed to the fact that, despite the increased heating load required
when Tairin is -10°C, the system experiences enhanced efficiency due to the lower CO>
outlet temperature from the indoor HXs. Besides, a local optimum Pgis exists only at

inlet air temperature of -10 °C, which is due to the small k values.
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Fig.9. Variation of COPts at different Tair,in.

Fig.10. shows the values of COPtms,opt and Pdis,opt fOr Tair, in increases from -10 °C
to 20 °C (Ta=-20 °C, T¢in=25 °C, V.=2.23 L/min~8.89 L/min). Contrary to the typical
heat pump system for cabin heating, there have little effect of Tairin On the optimal
discharge pressure, with a 3~5 bar change from -10 °C to 20 °C. However, as V,
increases from 2.23 L/min to 8.89 L/min, there is a corresponding increase in Pgis,opt by
approximately 22 to 24 bar. Therefore, it becomes evident that V. exerts a more
pronounced influence on the global optimal discharge pressure than Tairin. This
phenomenon arises due to the fact that the CO- fluid temperature at the chiller outlet is
higher than that at the indoor heat exchanger outlet. This results in a steeper slope of
the isotherms on one hand and, on the other hand, when COPtwms reaches its optimum
value, the indoor HXs' heat transfer capacity is already approaching its optimal state,
while the chiller's heat transfer capacity increases rapidly with an increase in discharge
pressure. Conversely, Tairin €xhibits a more significant effect on COPrws, especially in
scenarios where 1.=2.23 L/min. This is primarily attributed to the fact that the heating
load predominantly originates from the cabin. When Tairin is -10°C, COPtms

experiences an increase of 16.29% to 24.21% compared to the case where Tair,in is 20°C.
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Fig.10. COPms,opt and Puis,opt Values in different Tairin.

3.4 Influence of ambient temperature

According to Fig. 11, when the ambient temperature rose from -20 °C to 0 °C, the
global optimal discharge pressure only increased by 2~8 Bar at constant V. (Tairin=0 °C,
Tein=25 °C). In contrast, V. increases from 2.23 L/min to 8.89 L/min, the global
optimal discharge pressure increases by 23~29 Bar at the same Ta. Thus V., has a
greater effect on the optimal Pgis compared to the ambient temperature. However, the
ambient temperature has a significant effect on the COPtwms opt Values. In addition, the

optimal k value increases with the increase of Ta, which is caused by the decrease of

cabin heating load.
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In summary, there must be an optimal exhaust pressure for the cabin-and-battery
mixed heating mode to maximize the COPtwms, which is determined by both the heat
transfer capacity limit and the isotherm slope, regardless of the system state of
subcritical or transcritical cycles. Therefore, the discharge pressure that maximizes the
COPrms can be referred to as the pseudo-optimal discharge pressure (Ppse-opt). In an EV
with a cabin volume of 3.5 m?, coolant flow rate V., chiller inlet coolant temperature
Te,in, HVAC inlet air temperature Tair,in and ambient temperature T, are all factors that
affect the Ppse-opt. Among them, V. and Te,in are more important influencing factors. In
this study, a predictive equation (Eq. (8)) for Ppse-opt Was obtained using Response
Surface Analysis [47]. As can be seen from Fig. 12, the prediction deviation is within

5%.

P

se—opt = Ta(—0.0234T, + 0.0545T ;, — 1.6643) + 1.9356T, ;,, + 3.7113V,

+Tyir,im(—0.0402T, ;, — 0.0288V, + 1.3986) + 14.5906 (8)
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Conclusion
This paper investigates the system characteristics of the CO, thermal management
system in cabin-and-battery mixed heating mode in winter. We built a liquid-cooled

CO2 TMS test rig and corresponding simulation model. Additionally, numerous PI

controllers and a cabin thermal model were combined to fully analyze the winter

performance of the CO> liquid-cooled TMS. The main conclusions are as follows:

(1) The optimal discharge pressures for the battery heating cycle and the cabin air
heating cycle are used as benchmarks to divide the variation of COPtms with Pgis
into three stages. There is a pseudo-optimal discharge pressure to maximize the
COPrms in stage 1l regardless of the system state of subcritical or transcritical
cycles.

(2) In addition to the Ppse-opt, Other local maximum points may still exist within stage
I1. The existence of a local maximum point is determined by the combination of the
k value and the rising rate of COPya:.

(3) When T,=-20 °C, T¢in=30 °C, V.=8.89 L/min and Tairin=-10 °C, the COP1ms opt iS
2.277, which significantly outperforms the conventional PTC heaters with an
efficiency as low as 0.9. This comparison solidifies the proof that the CO, TMS

demonstrates a competitive energy efficiency despite the demanding operational
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conditions.

(4) The Ppse-opt increases with the increase of Tairin, Ta and V.. However, the variation
pattern of Ppse-opt With Te,in Varies under different battery heating loads. A Ppse-opt
prediction equation is proposed for maximizing the performance of CO, thermal
management system in cabin-and-battery mixed heating mode for winter. It

presents a solution for the optimal control of the CO, thermal management system.
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