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Abstract: As electric vehicles (EVs) gain market dominance, ensuring safety during the battery usage
is crucial. This paper presents a new thermal management approach to address the battery heat
accumulation challenge through a novel combination of composite phase change material (CPCM)
with liquid cooling systems. An optimised hybrid cooling model is developed to evaluate the
proposed battery thermal management system (BTMS) under high-temperature and high-power
conditions. Benchmark studies are conducted to assess the impact of inlet position, inlet ow rate, and
ow channel distribution on the cooling performance to achieve a uniform temperature distribution
within the battery. The optimised BTMS, consisting of a ve-cell battery pack, demonstrates a
maximum temperature of 41.15 C and a temperature difference of 4.89 C in a operating condition at
36 C with a discharge rate of 3 C. The BTMS outperforms the initial model, reducing the maximum
temperature by 1.5%, temperature difference by 5%, and liquid fraction by 13%, with a slight (1.3%)
increase in weight. The cooling performance is most ef cient at a liquid ow rate of 0.1 m/s,
minimising energy consumption. The proposed BTMS with CPCM-3 is also suf cient enough to keep
the battery pack under a thermal runaway event. Overall, the theoretical simulation highlights the
BTMS's ability to effectively control battery temperatures and temperature differences, ensuring safe
operation during high-temperature and high-power conditions in practical EV usage.

Keywords: lithium-ion battery; battery thermal management system; composite phase change
material; liquid cooling

1. Introduction

Due to the signi cant impact of carbon emissions on the environment [ 1], in order to
reduce carbon emissions, the use of electric vehicles will be more prevalent compared to
traditional combustion ones in future. This is because electric vehicles use batteries as a
power source, which can reduce the use of fossil fuels, achieve sustainable development,
and reduce environmental pollution [ 2]. Using lithium-ion batteries (LIBS) as an energy
storage system for electric vehicles is highly suitable, offering a high energy density and
enabling electric vehicles to have a more extended driving range. They can maintain
a high level of performance even after multiple charge—discharge cycles, thus having a
longer lifespan. Compared to other types of batteries such as traditional lead-acid batteries,
LIBs have a lighter weight [ 3,4]. However, operating at high temperatures can have
adverse effects on LIBs. High temperatures accelerate the aging process of the batteries
and shortening their lifespan. Additionally, prolonged operation at high temperatures
can lead to corrosion and damage to the internal materials of the batteries and even pose

Batteries2024 10, 113. https://doi.org/10.3390/batteries10040113

https://www.mdpi.com/journal/batteries


https://doi.org/10.3390/batteries10040113
https://doi.org/10.3390/batteries10040113
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0009-0009-4186-7472
https://orcid.org/0000-0003-0225-6328
https://orcid.org/0000-0002-6973-2205
https://orcid.org/0000-0003-3615-969X
https://doi.org/10.3390/batteries10040113
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries10040113?type=check_update&version=1

Batteries2024 10, 113

20f19

thermal runaway and safety hazards. Therefore, the optimal operating temperature for
LIBs is between 20-40 C [5,6]. In electric vehicles, multiple battery cells are usually
combined to form a battery pack to provide suf cient electrical energy. Suppose there is
a signi cant temperature difference between these battery cells. In that case, it may lead
to thermal runaway in some cells, particularly under high-temperature conditions, thus
causing severe safety issues. However, controlling the temperature variation across the
batteries within 5 C helps maintain thermal balance within the battery pack and reduces
the risk of thermal runaway [ 7]. Charging and discharging cycles LIBs generate a signi cant
amount of heat, and techniques to dissipate the generated heat is a critical issue [g]. If this
heat is not promptly released during the aforementioned process, heat accumulation can
occur, leading to overheating of the battery pack and causing the adverse effects mentioned
above [9].

In the era of the increasing popularity of electric vehicles, designing a battery thermal
management system (BTMS) that has a good performance, minimises energy losses, and
ensures safety has become increasingly crucial for the safety and reliability of electric
vehicles. BTMS can be divided into two main categories of cooling methods: internal
material modi cations and external environment modi cations [  10]. In terms of internal
material modi cations, the thickness and materials of the electrodes can be changed to
reduce the heat generation of the battery [11-13]. In terms of internal material modi cations,
the thickness and materials of the electrodes can be changed to reduce the heat generation
of the battery [ 10].

For battery packs operating under high temperature and high power conditions, rely-
ing solely on active cooling would require the active cooling method to constantly work and
dissipate heat to ensure safety, resulting in a certain amount of energy loss [ 7,14,15]. On the
other hand, using passive cooling alone is insuf cient for effectively and rapidly removing
heat from the battery pack at high-temperature and high-current environments [ 16-19].

Over recent years, focus switched on the use of phase change material (PCM) cooling.
It is found that PCM signi cantly improves the temperature's uniform distribution in a
battery pack [20]. Most of the literature has focused on organic paraf n due to its properties
such as safety, reliability, and low cost. These PCMs, however, are characterised by low
thermal conductivity. Therefore, the heat transfer process will be slower than needed and
heat will accumulate inside the batteries. An effective approach found is the use of paraf n
based composite PCMs (CPCM) modi ed with metal and carbon-based materials [ 21].
Paraf n has a wide variety of advantages such as low cost, chemical stability, and small
volume change during melting. The added carbon and metal-based materials will increase
the thermal conductivity in addition to other properties [ 22]. Using PCMs/CPCMs only,
however, is not suf cient for cooling of large format batteries with a high discharge rate,
and hence, hybrid approaches (using liquid cooling/cold plate) are proposed to be a better
alternatives [23].

Zhao et al. [24] developed a BTMS for cylindrical LIB packs. They used a combination
of copper foam/paraf n composite phase change material (CPCM) and liquid for hybrid
cooling. Their study indicated that using CPCM resulted in better cooling performance
than using pure phase change materials (PCM). Furthermore, liquid cooling effectively
preheated the battery and cooled it in high-temperature environments.

Zhang et al. [25] implemented a BTMS using PCM and liquid cooling and simulated
the conditions under which this BTMS could maintain the battery's operating temperature
through the latent heat of PCM while the liquid cooling removed heat, thereby avoiding
thermal runaway. The study also discussed the possibility of reducing the occurrence of
thermal runaway by optimising the thermal conductivity of PCM and the ow rate of the
liquid. However, the article did not consider the potential energy loss that may arise from
increased liquid ow rates.
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Fan et al. [26] proposed a BTMS that utilises phase change materials and liquid cooling
with a multi-stage Tesla valve using liquid pipelines. By modifying the ow channel
shape, they achieved a 79.9% reduction in pump energy consumption while achieving
good cooling performance and lower temperature differentials. Additionally, it was found
that this system could prolong the battery's warmth-holding time in low-temperature
environments. However, the study overlooks the potential manufacturing cost and material
issues associated with the complexity of the ow channel structure.

Kong et al. [27] introduced a BTMS that utilises hybrid cooling, combining CPCM and
liquid cooling. They proposed a liquid cooling control strategy that controls the velocity
and temperature of the liquid through CPCM and ambient temperature, thereby improving
the energy utilisation ef ciency of the system and avoiding energy loss. However, the
study did not consider the safety issues that may arise from temperature variations in the
battery pack when the control strategy fails.

Most of the research studies on BTMS utilising PCMs/CPCMs and liquid cooling
methods have focused on understanding the cooling performance of the system during
the charging/discharging process of LIBs. However, there is a lack of comparative sturdy
on different CPCMs and their performance with different cooling con guration, and their
behaviour under harsh cases like thermal runaway events.This paper initially presents a
comparative analysis to select suitable CPCM materials for passive cooling. Subsequently, a
hybrid cooling model is developed, and the inlet positions and and shape of ow channels
are optimised with investigating four different con gurations. Numerical simulations,
furthermore, are conducted to evaluate the cooling performance of the BTMS, analysing
the in uence of liquid ow rate on cooling performance, and determine the optimal ow
rate to ensure ef cient cooling without unnecessary energy loss. The cooling performance
of the system is also simulated when the active cooling method fails. The optimised model
and con guration is further developed to study the LIB pack performance under WLTP
drive cycle and a thermal runaway case study.

2. LIB Cell Speci cation

The commercial 53 Ah large format pouch cells with dimension of
X y z=0.225m 0.225m 0.0118 m manufactured by XALT ENERGY (Midland, Ml,
USA) is used in this study for investigating the proposed hybrid BTMS. The chemistry
of cathode is LiNi xyMnyCo; x yO2 (NMC) and the anode is made of graphite (LiC ¢). For
this LIB cell, the operating temperature range is considered in arangeof 20 Cto60 C
for discharge, with a lower and upper limit voltage of 2.7 V during the discharge process.
From the cells' potential measurements, the open circuit voltage (OCV) was collected at
1 C discharge from 100% to 0% state of the charge (SOC), where 0% SOC corresponds to
reaching the cut-off voltage of 2.7 V. The terminal voltage of the cells was assessed at the
end of the rest period. During the OCV measurement, the cell was discharged at 1 C with
a 4% SOC increment until it hit the cut-off voltage of 2.7 V. Each step was followed by a
period of 4 h rest to let the voltage stabilise. The cell terminal voltage was measured at the
end of each step. To initiate the cell testing, the cells underwent a preconditioning process.
This involved discharging the cells at a rate of 1 C until the cells reached a limit of 2.7 V.
Following this, the cells rested for a duration of 4 h to achieve equilibrium. Subsequently,
the cells were subjected to charging under a condition of constant current-constant voltage
(CC-CV). In the constant current (CC) section, the cells were charged at a rate of 1 C until
reaching a voltage of 3.6 V. The voltage was then maintained at 3.6 V until the current
decreased to C/20. This was followed by a 4 h period of rest. Following the preconditioning
of the cells, they were discharged at constant C-rates until a voltage limit of 2.7 V was
reached. The measured OCV and the terminal voltage at 3 C are shown in Figure 1[28].
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Figure 1. Experimental measurements of OCV, and the terminal voltage as a function of SOC at the
end of 3 C discharge (at 25 C)—adapted with permission from [ 28§].

3. Numerical Model
3.1. LIB Cells

The effectiveness of the energy equation for predicting the thermal behaviour of
battery cells has been validated and con rmed by many studies in open literature [ 29.
Hence, energy equations that only involve heat conduction are adapted for the 3-D thermal
simulation of the cell. In this regard, the energy equations for a LIB cell can be expressed

m_ 1 kﬂT +ﬂ kﬂT +ﬂ kﬂT 4 o0

e = oo XX v Yy 7 % q., 1)

t 9
where r is the density, cp is the speci ¢ heat capacity, k is the thermal conductivity (sub-
scripted by different directions), and qoools the overall heat generation of the LIB. For a LIB

cell, the overall heat generation term consists of the cell heat generation, qzz(l)l, and the heat

generation due to tabs (positive and negative), qf;gs, and thus qooo: qzz?l + qf;gs. The heat

generation in the LIB cell with irreversible and reversible heat is as follows

000 d(oCvV) 1
= 1 VvV V I T
el (OC t) dT Veell ,

in which the irreversible heat generation— rst term—is due to Joule heating, the reversible
heat—second term—is due to entropy change, and Vg is LIB cell volume. In this study, we
only consider the dominant Joule heating, where the experimental data at 3 C is inputted—
the tted function is illustrated in Figure 2.

()

C-rate = 3
70 T T T T

y = 1156 * 2° — 3168 x ! 4 3320 * 2> — 1577 x 2 4 304.1 x = + 33.39

Experiments
——Fitted function
20 | | | | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
SOC

Figure 2. Heat generation curve inside a 53 Ah LIB cell (with a natural convection state,
hy =6 W/m 2 K) and the corresponding tted functions at discharge rate of 3 C — adapted with
permission from [ 30].
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The heat generation of tabs is mainly due to the inherent electrical resistance, Riap,
and the contact resistance,R¢, as

000 h ! 1

COtab = IZ(Rtab + Rc) v 3)
Viab

which is applied for both positive and negative tabs, and Vi, is the volume of tabs. The
thermo-electrical properties of the LIB cell and the tabs are summarised in Table 1.

Table 1. Thermal and electrical properties of the LIB cell and the tabs—adapted with permission
from [ 28].

Domain r cp K Re
[kg/m 3] [J/kg K] Wim K] (W]
kx = ky = 28,
Cell 2551.7 1100 k, = 0.28
Tab(+) 7987 381 387.6 6.37 10 °
Tab( ) 7987 381 387.6 340 10 5
3.2. CPCM

Modelling of CPCMs is similar to PCMs with two main approaches the enthalpy
method and the temperature method [ 31]. In this study, we adapted the enthalpy method,
where the energy equation of solid and liquid phases are solved in one expression [ 32]. The
thermophysical properties of CPCM, like density and speci ¢ heat, are assumed constant,
and the viscosity of CPCM is in nite—ignoring liquid phase ow. The energy equations of
the CPCMs domain are then

2 2 2
r(:F’CME = Kepem T

—t —+ — 4
Mt X2 fy? 122 @
where the total enthalpy, H, is
H = h+ DH, (5)
which combines the sum of sensible heat, h,
Z7
h= CCPCMdT! (6)
To

and the phase change enthalpy isDH = fg, where g is the latent heat of fusion, and the
liquid fraction f between the solidus (Ts) and liquidus ( T)) temperature of the CPCM is
calculated by [33]

8
2 0 T< Ts
f:> 1 T>T, (7)
T T

Three different CPCM materials [ 34-36] were selected as a comparison through nu-
merical simulations—summarised in Table 2.

Table 2. Material characteristics of the three different CPCMs—ada pted with permission from [ 34-36].

Materials r cp K H Ts T
kg/m3  [Ukg K]  [Wim K] [I/kg] [ O] [ C]

CPCM-1 895 1910 12 160,000 32 38

CPCM-2 1130 1600 4.27 127,000 33.9 47.6

CPCM-3 880 2100 7.62 210,000 36 40
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3.3. Liquid Cooling

This article uses cooling channels and a 50% water-ethylene glycol mixture as the
active cooling structure and coolant. This mixture is used because it has a freezing point of
37.9 C, which is lower than water's, meeting the requirements for use under extremely
low temperatures in winter [ 37]. The maximum velocity of water ow is 0.14 m/s, which

results in Reynolds number less than 2300 based on

Re= feVede (®)
m

where r ¢ represents the density of the coolant, v is the ow velocity of the coolant, mntis
the coolant viscosity, and d. is the hydraulic diameter of the channel. The energy equation
for the aluminum cooling plate (where channels are going through) with constant thermal
conductivity is
Ma _, T, PT, T

raICaIW = Kal [T R
where r 4, ¢y, and kg are the density, speci ¢ heat capacity, and thermal conductivity of
the aluminum cold plate, respectively. The governing equations related to liquid coolant,
including mass conservation, momentum conservation, and energy conservation laws, are
shown below [ 38].

(9)

r u=o, (10)
rc(:i—l: = r p+mruy, (11)
T,
reCe % +r1 (UTe) = ker °Te, (12)

in which u is the velocity vector, pis pressure, k¢ is the thermal conductivity of the coolant,
and c; is the speci ¢ heat capacity of the coolant. The thermo-physical properties of different
materials used in this paper are listed in Table 3.

Table 3. Properties of materials used in this study—adapted with permission from [ 37,39].

Materials r cp K m
[kg/m 3] [I/kg K] [W/m K] [Pa s]
Air 1.225 1006 0.0242 1.79 10°
Coolant 1063.66 3358 0.394 3.78 10 3
Aluminium 2719 871 202.4 -

3.4. Simulation Domain

In this study, a 5-cell LIB model with positive (P) and negati ve (N) tabs—Figure 3—was
rst established, with a thickness of 5 mm for the CPCM. This model is used to run a

comparative analysis between the three CPCM materials—summarised in Table 2—in
terms of their cooling performance.

After selecting the best CPCM material, the thermal performance of the combination
of CPCM and liquid cooling was optimised, and the performance of BTMS was simulated
when active cooling failed. Four BTMS con gurations were proposed and analysed in this
study: (1) CPCM and liquid cooling with S-shaped distributed liquid channels; (2) changed
the positions of liquid inlet and outlet for con guration (1); (3) added layering to the ow
channels of con guration (2); (4) added liquid and CPCM for cooling at the top and bottom
of con guration (3) and curved the channel corners—shown in Figure 4a—d, respectively.
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Battery
_~» CPCM

Figure 3. The simulation domain for the passive cooling model of the CPCM and the LIB cells.

(a)
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- _.CPCM
Liquid

cooling plate

Liquid outlet

“*Liquid inlet
(c)
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_~Battery
| -CPCM
Liquid
cooling plate

. Battery Liquid‘outlet

Liquid

(d)

.P
~CPCM

. Liquid
cooling plate

y

P

Figure 4. Four different BTMS con gurations analysed in this study, ( a) con guration (1), ( b) con gu-

ration (2), (c) con guration (3), and ( d) con guration (4).

The CPCM thicknesses in con gurations (1)—(4) are 3 mm. The thickness of the liquid
cooling plate is 1 mm, and the width of the ow channel is 2 mm. In con guration (3),
the ow channel is divided into 8 layers, each with a height of 25 mm. The cooling plate
thickness between the layers is consistent 3 mm, while the cooling plate in the center has
a thickness of 4 mm. In con guration (4), CPCM and liquid cooling are added at the top
and bottom. The opening thickness at the top, used for tab placement, is 1.8 mm. There
are two liquid ow channels at the top, spaced 1 mm apart, with dimensionsof x vy z
=231 mm 1mm 6 mm;the bottom has one liquid ow channel with dimensions of

X y z=231mm 1mm 8mm.
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3.5. Boundary Conditions

For the tabs and surfaces exposed to the ambient air, the convective boundary con-
dition is assumed. Contact resistance between CPCM and LIB or cooling plate is ne-
glected [31], and radiation heat transfer is disregarded [ 32]. The ambient temperature, the
initial temperature of the LIB, CPCM, and the cooling plate are all setto 26.85 C. For any
two media ( Q), with contact surface(s), conservation of energy is assumed as

T T

Q n = kQ“l'lTn’ Qi=1:5 2 f LIB, Tabs, CPCM, Aluminium, Coolant g (13)

where n is the normal vector. Here, the convective boundary condition for any medium
with the surface(s) in contact with air of temperature Ty is

in‘I% = h(T To), Qi=1.4 2 f LIB, Tabs, CPCM, Aluminium g, (14)

and his the heat transfer coef cient, with a value of 6 W/m 2 K in this study.

3.6. Mesh Sensitivity Analysis and Validation

Geometrical design, meshing, and solving the governing equations have been imple-
mented in the commercial software Ansys Fluent 2023 R1. The BTMS designed in this study
includes complex structures and physics involving solid- uid heat transfer, laminar ow,
and phase change, which require more attention on meshing. Especially in areas where two
(or more) media are coupled, a ner mesh is necessary. Through the grid independence
evaluation with a ow speed of 0.1 m/s, the results demonstrate that the simulation is
stable and independent of the mesh with 1,290,307 control volumes—c.f. Figure 5. A
grid re nement is used in CPCM medium and corresponding contact surfaces, where the
surface mesh size is set in the range of 1-3 mm, with 2 cells per gap. The maximum length
of the body mesh is 3 mm.

42.0 T T ] T T T T T 7 T T T T T T T

418} ot
| Ve
7/

o641.6— Pad

ax[
\

m
\

S MaL -

41.0 L 1 L 1 " 1 1 | L 1 " "
6 8 10 12 14 16 18 20 22 24

Number of gridsx10°

Figure 5. Mesh independence of the 3-D model with respect to the number of grids, and an example
of mesh topology.

To further validate the modelling tool used in this paper, the maximum temperature
of the single-cell LIB during 3 C discharge was compared with the experimental data from
Hosseinzadeh et al. [28]. The results of comparison—shown in Table 4—con rms that the
modelling tool used in the manuscript is capable of predicting temperature changes within
LIBs relatively good.
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Table 4. Comparison of maximum temperature for a single-cell LIB under 3 C discharge rate against
experimental data (adapted with permission) from [ 28].

t Toxb: Thum. Error

[s] [ C] [ C] [%0]

30 26.9 25.94 3.56
400 36.1 33.13 8.22
800 42.6 42.18 0.98
1100 49.1 51 3.87

4. Results and Discussion
4.1. Comparative Selection of CPCMs

From the results shown in Figure 6a, it can be observed that the minimum tempera-
ture of the battery pack is achieved when cooling is performed using CPCM-1 material.
The minimum temperature difference and liquid fraction are obtained when cooling is
performed using CPCM-3—see Figure 6b. In case of using CPCM-1 material, the tempera-
ture difference of the battery pack is more than 5 C and the liquid fraction is maximum.
However, the maximum temperature of the battery packisonly2 C lower when CPCM-3
material is used. It is worth noting that when CPCM-3 material is used, the temperature
difference of the battery pack is less than 5 C and the degree of liquefaction of CPCM is
minimum. The maximum temperature of the battery pack does not exceed 42 C. Based on
the above comparison, it can be concluded that the cooling performance is better by using
CPCM-3 material. Therefore, CPCM-3 material is selected as the passive cooling system for
the BTMS for the rest of the investigations in this work (unless mentioned otherwise).

(a) (b)
B —oms — oo — croms 8 06 ' ; ' ' :
L CPOMA - — - POM2— — - GPOMS3 '—— CPCM-1 —— CPCM-2—— CPCM-3
05}
40
46
04}
o % S _
< 14 Tost
= 30 <00
0.2+
25 12
0.1F
/7
20 1 1 1 1 1 0 0.0 L 1 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

1[s] t[s]

Figure 6. Results at a temperature of 26.85 C and the 3 C rate of the cell showing (a) maximum
temperature (solid lines) and temperature difference (dashed lines), and ( b) liquid fraction, over time.

4.2. Performance of the Hybrid Cooling Model

Results of the con guration (1) BTMS simulation are presented in Figure 7. It can
be seen that with the use of con guration (1) for BTMS when the time reaches 980 s,
the temperature difference of the battery pack exceeds 5 C, which may lead to thermal
runaway and safety issues [7]. Therefore, it is necessary to optimise this con guration.
When the time reaches 1050 s, there is a reduction in the maximum temperature as well
as the temperature variation. This is attributed to a reduction in the heat generation rate,
which falls below the cooling rate [ 39]. Additionally, an examination of the battery's
heat generation reveals that when the SOC is below 0.1, the heat generation rate drops
rapidly, which could have contributed to the reduction of the temperature difference and
maximum temperature.
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Figure 7. The maximum temperature (solid lines) and temperature difference (dashed lines) for
con guration (1) at 3 C discharge rate and using CPCM-3.

From the top view of the LIB pack for con guration (1)—shown in Figure  8a—it can
be seen that the temperature is lower for the LIB pack closer to the inlet of the coolant on
the left side, and higher when the battery pack is closer to the outlet of the coolant. This is
due to the fact that the coolant takes away heat from the LIBs while travelling through the
channels, resulting in a temperature rise of its own, and reducing the cooling capacity for
the LIBs.

(a)

Za(Y)

> -=(

Temperature/°C

42.00
41.39
40.78
40.17

39.56 (b) (c)
38.94 — i

38.33
37.72

37.11
36.50

Figure 8. Temperature distribution of con guration (1) at 3 C discharge rate and using CPCM-3
(a) from the top view of the LIB pack, ( b) of the LIB near the coolant inlet, and ( ¢) of the LIB near the
coolant outlet.

By examining the cross-sections of the two LIBs near the inlet and outlet, as shown
in Figure 8b,c, it can be seen that the battery near the outlet has a higher temperature,
and the temperature at the top and bottom is higher than in the middle. This is because
the top and bottom are in contact with air and cannot dissipate heat quickly, resulting in
excessive temperature differences. The temperature at the top is higher because the lower
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temperature coolant, due to the gravitational force, reaches the bottom rst, causing the
temperature below to be higher than the temperature above.

To improve the uneven temperature distribution of the batteries near the inlet and
outlet, con guration (2) is proposed, which involves changing the positions of the coolant
inlet and outlet. The inlet is placed in the middle of the LIB pack to maximise the average
temperature between the cells. In order to reduce the in uence of gravity on the coolant
ow direction, con guration (3) was suggested by layering the ow channels to allow for
a more uniform distribution of coolant within the BTMS, thus achieving better cooling
performance. Finally, to address the issue of the highest temperatures being unable to
dissipate quickly at the top and bottom in con guration (1), con guration (4) was proposed
by using CPCM in conjunction with the coolant with curved cooling channels.

The comparison of the cooling performance of different con gurations is depicted in
Figure 9. It is seen that using con guration (4) leads to the lowest maximum temperature
and temperature difference in LIBs, and the lowest liquid fraction in CPCM. Therefore,
con guration (4) exhibits the best cooling performance as the BTMS. In this case, the maxi-
mum temperature of the LIB pack is 41.40 C, and the maximum temperature difference is
5.13 C, whichiscloseto 5 C (the ideal temperature difference).

(a) (b)

42 . . : . ; : : - .
Conf. 1 —— Conf. 2 0.25 | |— Conf. 1 —— Conf. 2 |
a1 —— Conf. 3 —— Conf. 4 1 Conf. 3 Conf. 4
- --Conf.1 - - - Conf. 2
- --Conf.3 - - - Conf. 4 1 7

40+ -
S) 2 1
=39 .
= | |
381
374/, 14 ]
36 ““/ 1 1 1 1 1 0 000 1 1 1 Il L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
t[s] t[s]

Figure 9. Results of four different con gurations (Conf.#) at a temperature of 36  C and the 3 C rate
of the cell using CPCM-3 showing ( @ maximum temperature (solid lines) and temperature difference
(dashed lines), and (b) liquid fraction, over time.

From the top view of the LIB pack shown in Figure 10, it can be observed that the
temperature distribution among the batteries is signi cantly improved after iterative design
optimisation. Figure 10b represents the temperature distribution of con guration (4), where
it can clearly be seen that the temperature distribution of the batteries near the inlet and
outlet is greatly improved, resulting in a more uniform temperature distribution among the
LIB cells. It is worth mentioning that the curved channels in con guration (4) reduce the
occurrence of liquid back ow and enhance the ef ciency of liquid ow, thereby reducing
energy (power) consumption.

The temperature distribution of the cross-section of the LIB Pack closest to the coolant
outlet for different con gurations is illustrated in Figure ~ 11. The comparison of Figure 11la—c
demonstrate that the arrangement of the ow channels contributes to a more consistent
longitudinal temperature distribution within the LIB pack. Through the comparison of
Figure 11a—d, it is evident that the addition of CPCM and coolant at the upper and lower
sections successfully facilitates heat dissipation from the LIB pack, resulting in a decreased
temperature disparity among the cells. Consequently, the highest temperature within the
battery pack is registered near the centre of the cells.
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Figure 10. Temperature distribution of the LIB pack at 3 C discharge rate and using CPCM-3 for
(a) con guration (1), and ( b) con guration (4).
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Figure 11. Temperature distribution along the longitudinal interface of the LIB pack closet to the
coolant outlet at 3 C discharge rate and using CPCM-3 for (&) con guration (1), ( b) con guration (2),
(c) con guration (3), and ( d) con guration (4).

From Figure 11, it is evident that the temperature in Con guration (3) is higher than
Con gurations (1) and (2). This is due to the use of layered aluminum (3—4 mm thick) in the
ow channel, resulting in weakened longitudinal heat dissipation. As the electrode's heat
dissipation primarily occurs through longitudinal cooling, this leads to a slightly higher
internal heat within the battery. However, the advantage of this approach is the reduction
in the overall weight of the battery pack, resulting in a more even temperature distribution.
To mitigate heating at the top and bottom, con guration (4) demonstrates a decrease in the
overall temperature and temperature difference of the battery pack after adding cooling
materials to the top and bottom. The electrode temperature also decreases signi cantly,
ensuring uniformity within the battery pack.

Based on the aforementioned results, it can be concluded that the optimised con g-
uration (4) successfully satis es the safety requirements of the LIB pack—during regular
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BTMS operation—effectively preventing the risk of thermal runaway when exposed to a
high-temperature environment of 36 C and discharged at a rate of 3 C, this con guration
exhibits a maximum battery pack temperature of 41.15 C, maintaining a temperature differ-
ence within the acceptable limit of 5 C. Compared to the initial design (con guration (1)),
con guration (4) offers several improvements. It reduces the maximum temperature by
1.5%, decreases the maximum temperature difference by 2.5%, and reduces the liquid
fraction by 15%. In addition, it only increases the weight by 1.2%. Overall, con guration (4)
not only enhances the safety of the LIB pack but achieves better cooling performance with
only a slight increase in weight.

4.3. Optimising BTMS Energy Consumption

To reduce the energy consumption of the BTMS while maintaining the LIB pack within
normal operating temperatures and temperature differences, it is essential to explore the
coolant ow rate that results in the lowest energy consumption. This study examined the
cooling performance and energy consumption of the BTMS at va rious flow rates of 0.02 m/s,
0.04 m/s, 0.06 m/s, 0.08 m/s, 0.1 m/s, 0.12 m/s, and 0.14 m/s.

As depicted in Figure 12a, the results indicate that when the coolant ow rate is less
than 0.06 m/s, the maximum temperature difference within the battery pack exceeds5 C,
potentially leading to a state of thermal runaway and posing signi cant risks. Therefore,
to ensure the safety of the battery pack, the coolant ow rate must be maintained above
0.06 m/s.

(b)
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Figure 12. Cooling performance and energy consumption of BTMS at different coolant ow rates—
at 3 C discharge rate and using CPCM-3—indicating (a) BTMS cooling performance (maximum
temperature and maximum temperature difference), and ( b) BTMS energy consumption.

Based on the combined analysis of Figure 12a,b, it is evident that when the coolant
ow rate is setto 0.1 m/s, the LIB pack's maximum temperature and temperature difference
are both at relatively low values. Additionally, at this ow rate, the energy consumption
of the BTMS is only 0.024 W. However, as the coolant ow rate continues to increase, the
energy consumption of the BTMS rises rapidly, while the improvement in the BTMS cooling
performance becomes insigni cant. Consequently, we can conclude that, for this BTMS
setup, setting the coolant ow rate to 0.1 m/s can effectively reduce energy losses while
ensuring that the LIB pack operates within a safe temperature range.

4.4, Safety of BTMS

To assess the safety of the BTMS under hybrid cooling conditions, simulations were
conducted to model the scenario of active cooling failure. In this situation, the ow
velocity of the coolant is reduced to 0 m/s while the coolant remains present within the
ow channels. The results are shown in Figure 13. It can be seen that even when active
cooling is off, utilising passive cooling alone is still capable of maintaining the temperature
difference of the LIB pack at 5 C or below. This ensures the normal and safe operation
of the LIB pack under high-temperature conditions (36 C) and a 3 C discharge rate. The
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maximum temperature recorded was 41.7 C, with the highest liquid fraction in the BTMS
reaching 0.41.

Figure 13. BTMS cooling performance in the event of active cooling failure at 3 C discharge rate and
using CPCM-3 showing (a) BTMS cooling performance, and (b) BTMS liquid fraction.

4.5. Con guration (4) Performance under a Drive Cycle

As the best performing case, con guration (4) is used for further analysis of the LIB
pack under the Worldwide Harmonised Light Vehicle Test Procedure (WLTP—class 3) drive
cycle. The experimental data for heat generation of the LIB cells, negative and positive
tabs—from [28]—are illustrated in Figure 14. A user-de ned function (UDF) is used to
hook the heat generation variations to Ansys to analyse the cooling performance of the
con guration (4) BTMS when employing three different CPCMs (from Table  2).

Figure 14. Heat generation of the LIB cells, negative and positive tabs under the WLTP class 3
drive cycle.

From Figure 15, it can be observed that when using CPCM-2, the LIB pack exhibits
the highest temperature with the maximum temperature difference. The maximum tem-
peratures with CPCM-1 and CPCM-3 show a relatively small difference, with the smallest
temperature difference observed when using CPCM-1. In general, when employing these
three CPCM types, the temperature difference of the battery pack does not exceed 5 de-
grees Celsius. Since the temperatures do not reach the melting point of the CPCM, the
liquefaction rate for all three CPCM types is 0. The cooling performance of CPCM-1 and
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CPCM-3 is similar, but considering the higher density of CPCM-1, choosing CPCM-3 is
more reasonable from the perspective of light weighting electric vehicles.

Figure 15. Results of con guration (4) BTMS under the WLTP class 3 drive cycle for three different
CPCMs showing maximum temperature (solid lines) and temperature difference (dashed lines).

4.6. Cell Thermal Runaway Event

Building upon the foundation developed in the previous section, the BTMS system
under the WLTP class 3 drive cycle is analysed in the event of one LIB cell failure in the
pack using con guration (4) BTMS. For this investigation, the central battery in the LIB
pack (cell 3) is set to have a thermal runaway occurring at about 1000 s, whilst the other
fours cells work under the WLTP drive cycle. The temperature pro le of cell 3—shown in
Figure 16—is obtained from Yan et al. [ 40], and read to the Ansys Fluent 2023 R1 using UDF.

Figure 16. Temperature pro le of cell 3 experiencing thermal runaway adapted with permission
from [ 40].

The results for three CPCMs are depicted in Figure 17. The results from the simulation
analysis indicate that, following the thermal runaway failure event in the middle LIB cell,
the entire LIB pack experiences a rapid temperature increase. However, using con guration
(4) suppresses thermal runaway occurrence in the other cells by keeping the average
maximum cell temperature below 60 C. Itis worth nothing that due to relatively symmetric
con guration of the LIB pack and the BTMS, the temperature pro le of cell 1 and 5 as well
as cell 2 and 4 are almost identical.
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Figure 17. BTMS cooling performance in the event of thermal runaway under the WLTP class 3 drive
cycle showing (a) CPCM-1, (b) CPCM-2, (c) CPCM-3, and (d) liquid fraction.

The use of CPCM-1—Figure 17a—results in the lowest maximum temperature and
temperature difference, but it also exhibits the highest liquefaction rate. This is attributed
to the CPCM-1's lower enthalpy change temperature at 32 C. As shown in Figure 17b,
when using CPCM-2, the LIB pack exhibits the highest maximum temperature. Despite the
lower enthalpy change temperature of CPCM-2, its lower latent heat results in less heat
absorption, leading to a decrease in the cooling performance of the BTMS. For CPCM-3,
the higher enthalpy change temperature delays its activation, but due to its higher latent
heat, the overall cooling performance of the BTMS is comparable to the use of CPCM-
1—Figure 17c. Additionally, CPCM-3 exhibits a lower liquefaction rate, as depicted in
Figure 17d. Therefore, through the this investigation, it is evident that the CPCM-3 is the
best candidate during the thermal runaway event.

5. Conclusions

To tackle the safety challenges posed by LIB packs operating at high temperatures
and high discharge rates, this study proposes a novel battery thermal management system
(BTMS) that combines an S-shaped cooling channels with composite phase change materials
(CPCM). Additionally, design con guration and energy consumption are optimised to
enhance its overall ef ciency. Furthermore, the study conducts simulations to evaluate
the safety performance of the BTMS when active cooling becomes ineffective in a hybrid
cooling setup. The optimised BTMS is further analysed under WLTP drive cycle as well as
a thermal runaway event. The outcomes of this study can be brie y summarised as follows.

. Comparative simulation was conducted to assess the cooling effectiveness of three
types of CPCMs for large-scale LIB pouch cells. Analysis shows that CPCM-3 is the
best in terms of cooling performance, and thence, was selected as the passive cooling
material for the rest of the study. The research ndings indicate that the CPCM-3
enables the battery to operate safely.

. Four hybrid cooling con gurations were established, and the results demonstrate that
the con guration (4) can effectively limit the maximum internal temperature of the
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battery pack to below 41.5 C and the temperature difference to below 4.89 C under
an environmental temperature of 36 C at a discharge rate of 3 C.

e Through numerical simulations of the coolant ow rate's impact on cooling perfor-
mance and energy consumption, a ow rate of 0.1 m/s was selected as the optimal
liquid ow rate for the current BTMS. Implementing this ow rate helps minimise the
energy losses of the BTMS in EVs. Compared to various ow rate control strategies,
adopting a single ow rate to control active cooling simpli es the operation. It reduces
the likelihood of active cooling failure to a greater extent.

. Simulation results on BTMS cooling performance and liquid fraction when active
cooling fails, speci cally at a coolant ow rate of 0 m/s, indicate that the system with
CPCM-3 can still operate safely.

. Using con guration (4), the battery pack can work safely under the WLTP class 3
drive cycle.

. In the case of thermal runaway for the middle cell, the proposed BTMS keeps the
range of operational temperature below 60 C, with CPCM-3 performing the best
amongst three CPCMs.
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