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The escalating demand for electric vehicles and lithium-ion batteries underscores the critical need for diverse battery thermal
management systems (BTMSs) to ensure optimal battery performance. Despite this, a comprehensive comparative analysis
remains absent. This study seeks to assess and compare the thermal and hydraulic performances of three prominent BTMSs:
fin cooling, intercell cooling, and PCM cooling. Simulation models were meticulously developed and experimentally validated,
with each system’s design parameters optimized under identical volumes to ensure equitable comparisons. In the context of
fast-charging conditions, intercell cooling consistently met and even surpassed the desired target temperature, reducing the
maximum temperature to 30.6°C with an increasing flow rate, while fin cooling faced challenges. Effective control of coolant
temperature emerged as a critical factor for achieving optimal PCM cooling, with a potential reduction in temperature
difference by 4.3 K. Despite exhibiting higher power consumption, intercell cooling demonstrated the most efficient cooling
effect during fast charging. Considering the BTMS weight, fin cooling exhibited the lowest energy density, approximately half
that of other methods. Addressing precooling and preheating conditions for high and low temperatures, the intercell method
proved adept at meeting temperature requirements with minimal power consumption in significantly shorter durations.
Conversely, the practicality of using PCM at high temperatures was deemed challenging.

1. Introduction

The transition towards electric vehicles (EVs) over internal
combustion engine vehicles (ICEVs) is propelled by the dual
benefits of environmental sustainability and reduced oil
dependency [1, 2]. Despite this trend, the transition faces
hurdles, including longer charging times and safety concerns
exacerbated by recent fire incidents, which underscore the
need for advancements in EV technology [3].

Vital for EV performance and safety, the battery thermal
management system (BTMS) regulates temperatures (15°C
to 40°C) to optimize operation and extend lifespan [4, 5].
It minimizes temperature differentials, crucial for preventing

power loss or accelerated degradation, and manages to keep
internal temperature variations below 5K to avert overchar-
ging and thermal runaways, underscoring its role in enhanc-
ing EV efficiency and safety [6].

In addressing the thermal management of EVs,
researchers have developed various BTMS approaches such
as air cooling [7, 8], liquid cooling [9, 10], and phase change
material (PCM) cooling [11, 12] to tackle the heat generated
during fast charging and under extreme temperatures. While
air cooling is favored for its simplicity, it falls short in high-
energy-density batteries due to its low heat transfer effi-
ciency [13]. Conversely, liquid cooling, adopted by leading
EV manufacturers including Tesla, GM, and BMW, offers
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superior heat dissipation [9]. It encompasses direct and
indirect methods, with indirect cooling predominantly uti-
lized in BTMS, featuring fin cooling with cooling plates
and fins, and intercell cooling with plates between batteries.
These methods enhance cooling but face challenges in
achieving uniform thermal distribution. Direct liquid cool-
ing significantly enhances efficiency by allowing direct
contact between the coolant and batteries, thereby reducing
contact resistance [14]. However, this method increases sys-
tem complexity, costs, and weight due to the higher volume
of coolant required. The choice of BTMS thus involves a
trade-off between efficiency, weight, cost, and the specific
thermal management needs of EV applications [3, 15].
Despite the challenges, liquid cooling emerges as a superior
solution for its enhanced cooling capacity, essential for
meeting the operational demands of modern EVs. This
review highlights the imperative of optimizing BTMS
designs to facilitate widespread EV adoption and enhance
performance across diverse operational conditions. The
development and refinement of efficient BTMS solutions
are crucial for overcoming existing limitations and unlock-
ing the full potential of electric mobility.

In fin cooling, heat from the battery is transferred to the
bottom cooling plate through the cooling fin inserted
between the batteries. Fin cooling systems are widely used
in current EVs because of the ease of manufacturing the
cooling fin and bottom cooling plate. Chung and Kim [16]
optimized the structure of an indirect liquid fin cooling
BTMS to enhance cooling performance and thermal unifor-
mity under quick-charge conditions. They introduced the
concept of equivalent heat conductance as a key parameter
for evaluating the cooling performance of the BTMS. Xie
et al. [17] investigated an Al plate-assisted liquid cooling
BTMS. They found that increasing the thickness of the Al
plate can improve cooling performance. However, it may
increase system weight. To address this issue, they proposed
a cooling plate design with an appropriate Al plate thickness
that could enhance the cooling performance while maintain-
ing a weight increase of only 16.4wt% compared to the
previously reported structure.

Intercell cooling is similar to fin cooling because it
employs a cooling plate. However, the cooling plates in
intercell cooling are placed between the battery cells, result-
ing in a higher heat transfer ability compared with fin cool-
ing, which utilizes a bottom cooling plate that indirectly
contacts the batteries. Feng et al. [18] carried out the perfor-
mance optimization of air/liquid coupled cooling systems to
improve cooling performance and power efficiency for cylin-
drical batteries. With the optimized structure, only 1m∙s-1 of
air and 0.2m∙s-1 of liquid could satisfy the target tempera-
ture condition even under 4C discharging condition. Gun-
gor et al. [19] developed canopy-to-canopy cooling systems
for intercell design, demonstrating that designing an appro-
priate flow path can yield a higher cooling performance with
a lower mass flow rate. They also introduced the concept of
nondimensional pumping power to evaluate the simulta-
neous effects of cooling and hydraulic performance.

Recently, numerous passive cooling methods have been
adopted to reduce the power consumption of BTMSs, so

PCM cooling has emerged as a novel thermal management
system. A PCM with an appropriate melting temperature
can effectively absorb a significant amount of heat from the
battery, preventing it from surpassing its optimal tempera-
ture. PCM cooling utilizes the latent heat released during
the phase change process, thereby reducing the power con-
sumption of the overall system. However, the PCM has a
large problem that it has low thermal conductivity, so many
studies are conducted to effectively utilize the PCM for the
BTMS [12, 20]. Lee et al. [21] proposed a hybrid PCM struc-
ture that combines a pouch-type PCM with a conventional
fin cooling structure, enabling the practical implementation
of PCMs in BTMSs. This hybrid PCM configuration exhib-
ited superior thermal performance. The researchers empha-
sized the importance of considering an appropriate coolant
operating strategy to effectively utilize the PCM. Singh
et al. [12] developed an electrochemical-thermal model to
investigate the combined BTMS of airflow and PCM encap-
sulation. Notably, when PCM was encapsulated as thin as
1mm, the temperature could decrease up to 31K under 5C
discharging condition, and they introduced a compact math-
ematical equation to predict the temperature of the battery
in advance.

Throughout the literature review, recent studies have
concentrated on enhancing the thermal and hydraulic per-
formances of various BTMSs. It has become evident that
no single BTMS can be universally deemed superior, as each
system possesses its own set of advantages and disadvantages
depending on specific operating conditions. Moreover, there
is a growing recognition of the importance of efficiently
cooling and heating batteries to maintain their performance
and lifespan. Recently, with the increase in battery heat gen-
eration, the use of phase change materials (PCM) has surged.
However, most studies comparing BTMSs have primarily
focused on air-based and liquid-based systems [22–24].
Additionally, despite extensive research on PCM, its
comparisons with other BTMSs have been limited, often
concentrating on the development of PCM-based BTMS
without adequate evaluation against other systems [25, 26].
Moreover, many studies have introduced new BTMSs and
compared them with baseline configurations [14, 21, 27].
However, there exists a possibility for the performance of
these baseline structures to also be enhanced. Comparisons
that fail to account for this improvement can inadvertently
highlight the superiority of the proposed structures. Lastly,
since electric vehicles operate across a range of temperatures,
not just at room temperature but also under low and high
temperature conditions, the performances of battery cooling
and preheating at low temperatures must be jointly ana-
lyzed. Most studies have designed BTMSs considering only
cooling or preheating performance, not both [28, 29]. There-
fore, this study is aimed at comparing the thermal and
hydraulic performances of three prominent BTMSs, fin cool-
ing, intercell cooling, and PCM cooling, under conditions
involving 3C charging and varying ambient temperatures.
All BTMSs were optimized structurally for enhanced perfor-
mance, and the efficiency of each thermal management sys-
tem was compared and analyzed based on these optimized
configurations.

2 International Journal of Energy Research



In this study, computational fluid dynamic (CFD) sim-
ulation models were developed and experimentally vali-
dated. A 16Ah pouch-type battery was selected for the
investigation, and its heat generation under 3C charging
conditions was determined and experimentally validated.
Battery cooling experiments employing PCM and intercell
cooling plates were conducted to refine the CFD simula-
tion models and to compare the performance of each
BTMS. Subsequently, three types of BTMSs were devel-
oped to enhance their thermal performance while main-
taining the same system volume. With these improved
designs, their cooling performances under 3C charging
conditions were compared across various scenarios, and
the heat transfer mechanisms to each component were
examined. Furthermore, the power consumption and energy
density requirements for each BTMS were evaluated. Lastly,
the precooling and preheating performances were analyzed
to ensure the effective utilization of the batteries at tempera-
tures beyond typical operating ranges.

2. Research Approach

2.1. Design Description. In this study, three BTMSs—fin,
PCM, and intercell BTMS—were selected to compare their
thermal performance for a battery module with eight cells
under fast-charging and preheating conditions. Fin BTMS
is a liquid cooling method that is often chosen because of
its simple structure and effective liquid cooling performance
[30]. As shown in Figure 1(a), fins which have 3mm thick-
ness are attached to the surface of the battery and transfer
heat from the battery to the bottom cooling plate located
under the battery and fin assembly. The heat transferred to
the cooling plate is eliminated by the coolant passing
through the plate. In this system, the properties of the fin,
such as the thickness or material, significantly affect the
cooling performance; however, its thickness was fixed to
match the overall size of other BTMSs. Next, a PCM-
assisted hybrid fin BTMS, which was developed in our previ-
ous study, was selected. PCM is a passive cooling method
that utilizes the latent heat of the PCM to suppress battery
temperature increase by storing the heat generated from
the batteries [21]. As shown in Figure 1(b), one surface of
the battery is attached with PCM pouches which is 29.18 g
per pouch and the other side is in contact with 1mm of fins.
The height of fin cooling and PCM cooling is slightly differ-
ent owing to different thickness of the fin. When the battery
temperature exceeds the melting point of the PCM, it starts
to melt, and the PCM absorbs the heat generated from the
batteries. The battery temperature is maintained at the tem-
perature around the melting point until the PCM fully
changes to the liquid state. The melting point of the PCM
in this study was 36.1°C to control the battery temperature
within 40°C. The thickness of the PCM pouch was chosen
to be similar to those of the fin and intercell BTMSs. Finally,
the intercell BTMS is chosen for BTMS performance com-
parison. This system has cooling plates and an ethylene-
propylene-diene rubber (EPDM) sheet between the battery
cells, as shown in Figure 1(c); the EPDM sheet prevents
the swelling of the battery. A serpentine channel is designed

inside the cooling plate, and the coolant passes through it.
The flow path of the serpentine design is intentionally
shaped to guide the entering coolant towards the center,
where the temperature is expected to be the highest. This
design is aimed at minimizing the temperature difference
of the battery. When the battery generates heat, the cooling
plate absorbs it at the surface of the battery, and the coolant
absorbs the heat externally. Because many studies have
proven that the shape of the channel affects the performance
of the cooling system, such as thermal performance and
power consumption, this study optimized the channel
design using multiobjective optimization to improve thermal
performance and decrease power consumption.

This studyused apouch-type lithium-ionnickel-manganese-
cobalt (LiNiMnCo) battery (Kokam, SLPB75106205) with
dimensions of 188mm × 100mm × 8mm (length ×
width × thickness). Its nominal voltage and capacity were
3.7V and 16Ah, respectively, and could afford up to 3C con-
stant current-constant voltage (CC-CV) charging experiment.
C-rate represents the current-to-speed ratio at which the bat-
tery charges from 0 to 100% SOC or vice versa. The detailed
specifications of the battery are listed in Table 1.

2.2. Numerical Model. In this study, we utilized the ANSYS
Fluent software for the numerical analysis to obtain various
results under different conditions. Several assumptions were
made for the simulations, as listed below:

(i) Gravitational effects were considered in the 3D
simulation [21]

(ii) A uniform heat generation model was applied for
battery heat generation, and the radiation effect
was neglected [9, 21]

(iii) All processes were considered transient and varied
over time [9, 14, 32]

(iv) All the properties used in this study were calculated
at 25°C, as listed in Table 2

(v) The coolant was assumed to be in the liquid state
only, and the PCM could undergo the phase change
process [21]

(vi) The Boussinesq approximation method was used
for the density model of the PCM to manage the
density change due to natural convection during
the phase change process [33]

(vii) Boundary conditions for the numerical simulations
are summarized in Table 3

The lithium-ion battery is a composite material with
various layers, such as cathode, anode, electrolyte, and jelly
roll. This induces nonuniform temperature distribution
inside the battery, so modelling all these components is
required for accurate results. However, current study utilized
the lumped thermal capacity model, which assumed the
battery as a uniform heat generation model, considering
the Biot number (Bi). Generally, if the Biot number is less
than 0.1, we can assume the lumped thermal capacity model
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Figure 1: Detailed structures of (a) fin BTMS, (b) PCM-assisted hybrid fin BTMS, and (c) intercell BTMS.

4 International Journal of Energy Research



[35]. Therefore, the Biot number for all direction was
calculated as

Bix =
hLc
kx

=
2 3 × 0 1
26 57

≈ 0 008656 < 0 1,

Biy =
hLc
ky

=
2 3 × 0 188

26 57
≈ 0 016273 < 0 1,

Biz =
hLc
kz

=
2 3 × 0 008

0 97
≈ 0 017848 < 0 1

1

Bix, Biy, and Biz are the Biot number for x-, y-, and
z-direction, respectively, and h and Lc are the convective
heat transfer coefficient and characteristic length for each
direction. The convective heat transfer coefficient is
2.3W·m-2·K-1 which is calculated using a generalized reduced
gradient algorithm developed in our previous study [35]. kx, kx,
and kx are the x-, y-, and z-directional thermal conductivity of
battery, respectively.

The principle of heat generation in the battery was ana-
lyzed to derive the exact heat generation rate during the
charging process [14]. The heat generation of the battery
can be expressed using

Qgen =Qirr +Qrev 2

Qgen is the overall heat generation rate and is divided

into Qirr and Qrev , which represent the irreversible and
reversible heat, respectively.

Irreversible heat is the Joule heat caused by the internal
resistance of the battery and can be expressed as the product

of the current and overpotential due to the internal resis-
tance, as shown in

Qirr = I Voc −V cell , 3

where I, Voc, and Vcell are the current, open-circuit voltage
(OCV), and battery voltage, respectively.

In contrast, the reversible heat is the heat generated by
the entropy change and can be expressed by:

Qrev = −IT
dVoc
dT

, 4

where T and dVoc/dT are the temperature and the entropic
coefficient of the battery, respectively. Unlike other values,
the entropy coefficient cannot be directly obtained from
experiments and requires a special calculation method. In
this study, it was determined using an inverse heat transfer
analysis method, which was developed in our previous
study [35].

For the battery thermal model, the energy conservation
equation for the battery is given by [9]

mcp
dT
dt

= kx
∂2T
∂x2

+ ky
∂2T
∂y2

+ kz
∂2T
∂z2

+Qgen −Qdis, 5

where m and cp are the mass and specific heat.
During the battery charging/discharging process, the

heat from the battery can be dissipated into the environ-
ment owing to the convection effect, which is expressed
by Qdis as in

Qdis = hA T − Tamb , 6

where A and Tamb denote the heat transfer area and ambi-
ent temperature, respectively.

The energy equation for the solid region, such as the
cooling plate, is expressed in

∂
∂t

ρscp,sTs = ∇∙ ks∇Ts , 7

where ρs, cp,s, Ts, and ks are the density, specific heat, tem-
perature, and thermal conductivity of the solid, respectively.

The continuity, momentum, and energy conservation
equations for the fluid region are expressed in

∂ρf
∂t

+∇∙ ρf v f = 0,

∂
∂t

ρf v f +∇∙ ρf v f v f = −∇P + ρf g ,

∂
∂t

ρf cp,fT f +∇∙ ρf cp,f vT f = ∇∙ kf∇T f

8

In the above equations, ∇P, ρf , cp,f , T f , v f , g , and kf are
the static pressure, density, specific heat, temperature,

Table 1: Specifications of the battery cell [14, 31].

Item (unit) Value

Active material LiNi1/3Mn1/3Co1/3O2-graphite

Electrolyte Polymer

Nominal capacity (Ah) 16

Nominal voltage (V) 3.7

Nominal energy (Wh) 59.2

Battery energy density

Gravimetric (Wh∙kg-1) 179

Volumetric (Wh∙L-1) 396

Max. charge/discharge
current (A)

48

Width (mm) (x-direction) 100

Length (mm) (y-direction) 188

Thickness (mm) (z-direction) 8

Weight (g) 330

Density (kg∙m-3) 2,250

Specific heat (J∙kg-1∙K-1) 1,230

Thermal conductivity

In-plane (W∙m-1∙K-1) 26.57

Cross-plane (W∙m-1∙K-1) 0.97
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velocity vector, gravitational vector, and thermal conductiv-
ity of the fluid, respectively.

The PCM undergoes a phase change process between the
solid and liquid states; therefore, this study adopted the
enthalpy-porosity method for the CFD simulation to reflect
this behavior. In this method, the PCM is considered a
porous region, where the porosity governs the state of the
PCM. The porosity can vary between 0 and 1, representing
the solid and liquid states, respectively. Therefore, this can
be considered as the liquid fraction of the PCM in the mushy
zone, where melting and solidification occur.

The continuity, momentum, and energy conservation
equations for the PCM are given by [33]

∂ρPCM
∂t

+∇∙ ρPCM v PCM = 0,
∂
∂t

ρPCM v PCM +∇∙ ρPCM v PCM v PCM = −∇P+∇∙ μPCM∇∙v PCM

+ ρPCMgβ T − Tref

+ S ,
∂
∂t

ρPCMH +∇∙ ρPCM v PCMH = ∇∙ kPCM∇TPCM 9

In the above equations, ρPCM, v PCM, μPCM, β, and Tref
are the density, velocity vector, dynamic viscosity, and
thermal expansion coefficient of PCM and reference temper-
ature, respectively.

S is the momentum source term related to porosity, as
shown in

S =
1 − f 3

f 3 + ε
Cmush, 10

where ε is a small constant in the denominator, which can-
not be 0 and is set to 0.001. Cmush is the mushy zone param-
eter used to determine the damping properties and is set to
105. This term represents the velocity damping during the
transition stage [25]. f is the liquid fraction calculated using

f =

0, if T < Ts,
T − Ts
T l − Ts

, if Ts < T < T l,

1, if T l < T

11

H represents the enthalpy of the PCM and can be
calculated using

H = hPCM,s + ΔH,

hPCM,s = href +
T

Tref

cp,PCMdT ,

ΔH = f hsl,

12

where hPCM,s, ΔH, href , Tref , cp,PCM, and hsl denote the sensi-
ble enthalpy, latent enthalpy, reference enthalpy, reference
temperature, specific heat capacity, and latent heat of
PCM, respectively.

When developing a BTMS, the hydraulic performance
and reduction in the size of the BTMS are crucial to its
thermal performance. The power consumption, specific
power consumption, and volumetric and gravimetric energy
densities of the BTMS were calculated using [14].

W =
mΔP
ρf

,

Wspe =
W

VolBTMS
,

δ =
Ebat

VolBTMS
,

γ =
Ebat

mBTMS

13

Table 2: Physical and thermal properties of the materials used for the BTMS [14, 21, 34].

Item (unit) Copper Aluminum PCM (n-eicosane) EPDM Water

Density (kg∙m-3) 8,978 2,719 776 1,500 998.2

Specific heat, solid (J∙kg-1∙K-1) 381 871 2,150 1,900 —

Thermal conductivity, solid (W∙m-1∙K-1) 387.6 202.4 0.425 0.29 —

Specific heat, liquid (J∙kg-1∙K-1) — — 2,275 — 4,182

Thermal conductivity, liquid (W∙m-1∙K-1) — — 0.152 — 0.6

Melting temperature (°C) — — 36.1 — —

Latent heat (J∙kg-1) — — 247,050 — —

Volume expansion coefficient — — 0.0009 — —

Viscosity (kg∙m-1∙s-1) — — 5 77 × 10−2 − 2 77 × 10−4T + 3 4 × 10−7T2 — 0.001003

Table 3: Boundary conditions for numerical simulations.

Item (unit) Value

Charging rate (C) 3

Ambient/initial temperature (°C)
0 (preheating), 25 (cooling),

40 (precooling)

Coolant inlet temperature (°C) 25-35

Coolant mass flow rate (g∙s-1) 0-20
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In the above equations, W, Wspe, ΔP, Ebat, VolBTMS,
mBTMS, δ, and γ represent the power consumption, specific
power consumption, pressure drop, total battery energy, vol-
ume and mass of the BTMS, and volumetric and gravimetric
energy densities, respectively.

The Reynolds number was obtained with

Re =
4m
πdμ

, 14

where m, μ, and d are the mass flow rate, coolant viscosity,
and hydraulic diameter of the flow path, respectively. The
maximum mass flow rate in this study was 20 g∙s-1, which
made 1,586 of the maximum Reynolds number, to adopt
the laminar flow equations in the ANSYS Fluent in this
study.

For the numerical analysis, ANSYS Design Modeler was
used to develop a 3D simulation geometry model of the fin,
hybrid fin, and intercell cooling BTMS; the geometry models
were generated, as shown in Figure 1. Only the active regions
were considered for the batteries to reduce the computa-
tional cost by reducing the grid number because most of
the heat from the batteries came from the active region;
other regions, such as tabs and films, did not account for a
large portion. ANSYS Mesh was utilized to generate meshes
with 3D geometries; the mesh for intercell cooling is shown
in Figure 2(a). To improve calculation accuracy, the capture
proximity strategy was used to create a coarse mesh for the
simple region and a fine mesh for the complicated region.
If the grid number of the mesh was significantly large, the
calculation accuracy would increase, thereby also increasing
the computational cost; however, if it was significantly small,
the numerical results could not be considered reliable owing
to its low accuracy. Therefore, a grid independence test was
conducted to determine the proper number of grids consid-
ering both the computational cost and accuracy, as shown in
Figure 2(b). An element number of 581,160 was selected as
the appropriate grid number because the maximum temper-
ature and pressure drops converged. Compared to the
element numbers of 348,006 and 700,249, the differences
in the maximum temperature were 0.07% and -0.14%,
respectively, and the differences in the pressure drop were
0.16% and -0.03%, respectively.

2.3. Experimental Setup. To support our semiempirical bat-
tery thermal model, necessitating certain experimental data,
we conducted battery charging and cooling experiments,
measuring temperature, voltage, and current. The battery
cycler (PEMC 50-60, PNE Solution Co., Ltd., Republic of
Korea) managed charge and discharge, supplying up to
120A current and 50V voltage. It recorded profiles over
time on a control computer. An environmental chamber
(THC576, Jinsung PLT Co., Ltd., Republic of Korea) main-
tained a stable ambient temperature and humidity, set at
25°C and 50%, respectively, throughout the experiments.

For temperature measurements, five t-type thermocouples
(TT-T-30-SLE-1000, OMEGA Engineering, United States of
America) were affixed to the battery surface and recorded
using a data acquisition system (DAQ) (PX1000, Yokogawa

Electric Co., Ltd., Japan). The battery cooling system included
a pump to control coolant flow rate, a flow meter, RTD sen-
sors for fluid temperatures, an external chiller for maintaining
coolant temperature (-25°C to 100°C), and a heat exchanger
connecting the coolant cycle with the external chiller. The
chiller’s inlet temperature ranged from -25°C to 100°C and
the pump facilitated a flow of up to 42.8ml per sec. RTD tem-
perature data and mass flow rate information were saved in
the DAQ. See Table 4 for the specifications and measurement
accuracies of the experimental components.

To validate the simulation of cooling using the PCM and
cooling plate, a PCM pouch and an intercell cooling plate
were produced, as shown in Figure 3. The PCM pouch was
produced by melting an n-eicosane PCM in ambient air
(40°C) because it has a melting temperature of 36.1°C. The
liquid-state PCM was then placed and sealed into the poly-
ethylene pouch. Subsequently, the pouch was laid on the
battery surface and was resolidified in ambient air (25°C).
For the intercell cooling plate, symmetric plates with a
serpentine-shaped flow path were manufactured using cop-
per, and pipes for the inlet and outlet were inserted facing
the symmetric plane of the plates. The edges of the contact
surfaces of the cooling plates were welded to prevent leakage.

Data obtained by experimental equipment had measure-
ment accuracy as listed in Table 4, resulting in errors. There-
fore, the uncertainty analysis of the measured and calculated
parameters was conducted. The total error consists of a sys-
tem error due to the measurement limit of the equipment
and a random error caused by an unexpected variable in
the experiment. Among them, the random error could be
reduced by conducting numerous steady experiments, but
the heat generation of the battery changed over time, so it
could not always be maintained the same, so only the system
error was analyzed.

The calculated parameters were functions of measured
parameters as shown in Eq. (15) because they were calcu-
lated using numerical equations, and the uncertainty of the
calculated parameters could be obtained with Eq. (16) [9].

R = R x1, x2,⋯,xn , 15

δR = 〠
n

i=1

∂R
∂xi

δxi
2

=
∂R
∂x1

δx1
2
+

∂R
∂x2

δx2
2
+⋯+

∂R
∂xn

δxn
2
,

16

where R and δR are the calculated parameters and its uncer-
tainty and δx1, δx2, ⋯, and δxn are the uncertainties of the
measured parameters. With these equations, the uncertainty
analysis was conducted, and the results are summarized in
Table 5. The uncertainty of each parameter would be calcu-
lated for every time step because the battery charging was
transient process, but the values at the end of the charging
were presented.
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3. BTMS Design Validation and Development

The battery charging experiments were conducted to obtain
the battery voltage, OCV, current, battery temperature,
ambient temperature, and heat transfer coefficient during
3C charging to calculate the battery heat generation using
Eq. (1). First, the battery cell was fully discharged to 0%
SOC to measure the open-circuit voltage of the battery
under 25°C of initial and ambient temperature. It was then
measured from 0% to 100% at 5% SOC intervals; 21 SOC
data were linearized and used to calculate the battery heat
generation. Subsequently, five TCs were attached to the bat-
tery surface to measure the temperature of the battery, and
another TC was used to measure the ambient temperature.
The battery was completely discharged to 0% SOC and
charged in 3C CC-CV mode; the data necessary for the cal-
culation of the heat generation amount were measured.
Finally, the heat transfer and entropy coefficients during bat-
tery charging were obtained using the inverse heat transfer
method in a previous study [36], and the simulation temper-
ature was compared with the experimental results under the
same conditions. For the case without cooling (Figure 4), the
average values of the experimental and numerical results
from the same points were compared, showing a maximum
error of 3.3%; therefore, battery heat generation was consid-
ered to be valid. Subsequently, the battery cooling experi-
ments using the PCM and intercell structures under 3C
charging condition were conducted to develop battery

cooling simulation models under the same conditions as
the battery charging experiment. As shown in Figure 3, the
PCM cooling experiment involved attaching a PCM pouch
to a battery cell and charging the battery at 0% SOC. The
intercell cooling experiment maintained the same initial
and ambient temperatures and was conducted at a mass flow
rate of 10 g∙s-1 and an inlet temperature of 25°C. The graphs
in Figure 4 show the experimental and numerical results
obtained for both structures, which exhibit a maximum
error of 3.1%.

Three types of cooling structures were developed to
improve the thermal performance of the battery, fin cool-
ing, PCM cooling, and intercell cooling, which were
designed to have similar volumes; the results under 3C
charging condition for fin cooling and PCM cooling are
shown in Figure 5. Generally, aluminum is used for
cooling fins, and thicker cooling fins have better cooling
performance because they can absorb more heat from
the battery. However, in this study, copper was selected
as the cooling fin material because of its higher thermal
conductivity than that of aluminum. The maximum tem-
perature and temperature difference concerning different
fin thicknesses are shown in Figures 5(a) and 5(b), respec-
tively. The coolant used was water, and the mass flow rate
was 10 g∙s-1 with an inlet temperature of 25°C. Although
both cooling performances improved with increasing
thickness, a fin thickness of 3mm was selected to satisfy
the battery size requirements.

(a)

70

72

74

76

78

80

82

31.0

31.2

31.4

31.6

31.8

32.0

0 200,000 400,000 600,000 800,000 1,000,000

Pr
es

su
re

 d
ro

p 
(P

a)

Te
m

pe
ra

tu
re

 (°
C)

Grid number

T
max

ΔP

(b)

Figure 2: (a) Generated mesh and (b) grid independence test.

Table 4: Specifications of the experimental equipment and measurement accuracy.

Equipment Manufacturer Model Operating range Accuracy (F.S)

Battery cycler PNE Solution PEMC 50-60
0-50V ±0.05 V
0-120A ±0.12A

Environmental chamber Jinsung PLT THC576 -20–80°C ±0.5°C
Thermocouple OMEGA Engineering TT-T-30-SLE-1000 -50–200°C ±0.5°C
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The PCM cooling structure contained a 1mm aluminum
cooling fin to transfer heat to the bottom cooling plate, and
the cooling performances with various PCM thicknesses are
shown in Figures 5(c) and 5(d). The PCM cooling structure
selected lighter aluminum rather than copper because lower
conductivity of aluminum can be compensated with the
PCM. The mass flow was similar, but the inlet temperature
was 31°C, which was chosen as the optimal inlet temperature
in our previous study [21]. Approximately 400 s after battery

charging began, the maximum temperature and temperature
difference started to stabilize because the PCM began to
melt. Subsequently, they increased again when the PCM
fully melted for the cases with 0.5mm and 1mm thickness.
Conversely, thicker PCM showed a continuously steady
trend until the end of the charging process. Therefore, a
2mm thick PCM can provide sufficient latent heat for our
battery thermal management systems while maintaining a
similar volumetric size.

The intercell cooling performance was highly affected by
the design of the intercell cooling plate. In this study, a ser-
pentine design was used for the intercell cooling plate, as
shown in Figure 6(a), which was optimized to improve ther-
mal and hydraulic performances by reducing the tempera-
ture difference and pressure drop. The design variables of
the cooling plate are summarized in Table 6, and the opti-
mized processes were performed using the same cooling
plate size. Based on the DOE of 160 samples and the OAAO
method, a meta model was developed to predict the opti-
mized design. Among the several types of meta models,
genetic aggregation was utilized for prediction accuracy
because it derives the most suitable prediction model
through a genetic algorithm [37]. The battery was charged
under 3C, and the mass flow rate was 10 g∙s-1. After develop-
ing the meta model, 25 random verification points were gen-
erated for validation. Validation was conducted for the
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Figure 3: Experimental facilities for the battery experiments and photographs of battery cooling experiments.

Table 5: Uncertainty analysis.

Parameter Unit Value Overall uncertainty

Measured parameter

Temperature (Tbattery)
°C 41.9 ±0.5

Battery voltage (Vcell) V 4.20 ±0.05
Open-circuit voltage (Voc) V 4.13 ±0.05
Current (I) A 11.15 ±0.12
Calculated parameter

Average temperature (T) °C 41.9 ±0.144
Irreversible heat (Qirr) W 172.1 ±1.945
Reversible heat (Qrev) W -0.77 ±0.789

Total heat generation (Qgen) W 171.3 ±2.09
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temperature difference and pressure drop and was completed
with an error within 5%. With the optimization processes in
the appendix, the Pareto solutions were obtained, as shown
in Figure 7. The design constraint region is colored green,
where both performances are better than the baseline. The
final optimized intercell cooling plate design, which could
reduce both the pressure drop and temperature difference,
was developed (Figure 6(b)). The optimized design reduced
the temperature difference and pressure drop by 19.9% and
19.2%, respectively, compared to the initial design.

4. Performance of the BTMS

4.1. Effect of Mass Flow Rate. The BTMS cooling perfor-
mances of the three validated and developed simulation
models were compared with respect to the mass flow rate.
All the simulations were conducted under 3C charging con-
dition, and the inlet mass flow rate was varied from 0 to
20 g·s-1 with 25°C inlet temperature. Initially, fin cooling
did not meet the optimal battery temperature conditions,
set at a maximum temperature of 40°C and a temperature
difference of 5K under the given mass flow rate conditions,
as shown in Figures 8(a) and 8(d). Despite an increase in
the mass flow rate, only a marginal reduction of 1.7°C in
the maximum temperature was achieved when the flow rate
increased from 5 to 20 g·s-1. The temperature difference in
the battery module even increased with a higher mass flow
rate of the coolant, highlighting the limitations of the fin
cooling structure. The structure struggled to remove heat
from the battery efficiently, resulting in a continuous
increase in battery temperature, especially in the upper
section far from the bottom cooling plate, as shown in
Figure 9(a), which illustrated the temperature contour of
the middle section of the battery. This led to a higher
maximum temperature and temperature differences inside
the battery.

PCM cooling could provide sufficient cooling to satisfy
the maximum temperature at every mass flow rate; however,

the temperature difference exceeded 5K when the coolant
flowed, as shown in Figures 8(b) and 8(e). Notably, the
maximum temperature and temperature difference of PCM
cooling exhibited a similar trend to that of fin cooling when
the PCM was in the solid state. However, they stabilized
after 400 s from the battery charging condition when the
PCM started to melt. The maximum temperature remained
relatively constant across all mass flow rates until approxi-
mately 900 s. After this point, the cases with 0 and 5 g∙s-1
began to increase, indicating that the PCM had completely
melted and no longer functioned as a heat storage system.
Instead, it behaved similarly to a fin with a lower thermal
conductivity. Therefore, the cases with a higher mass flow
rate than 10 g∙s-1 showed similar maximum temperatures
because PCM restricted the batteries from being heated
more due to its heat storage ability. Regarding the tempera-
ture difference, it was more uniform when the pump was not
operational. As the pump begins to operate, the temperature
difference of the battery increased with increasing flow rates
until the PCM was completely melted. The PCM cooling
method exhibits a trend similar to the fin cooling system,
using a bottom cooling plate, where the temperature devia-
tion increased as the flow rate increased. This phenomenon
was due to the PCM structure, where the lower part of the
battery near the cooling plate experienced a temperature
decrease as the flow rate increased owing to the use of a
lower cooling plate. However, the maximum temperature
of the upper part of the battery, which was far from the cool-
ing plate, was limited by the PCM. Therefore, the tempera-
ture deviation of the battery increased as the flow rate
increased as illustrated in Figure 9(b).

Finally, in the case of the intercell cooling method, the
maximum temperature was initially significantly high, exhi-
biting a small temperature difference when the pump did not
work. This was also observed in the case where the pump did
not operate in the fin cooling structure, resulting in an over-
all high temperature. However, when the flow rate started to
increase, the target battery temperature conditions were
consistently met. Moreover, as the flow rate continued to
increase, the maximum temperature decreased by 3.2°C,
from 33.8°C to 30.6°C. Compared with other methods, the
intercell cooling method demonstrated a greater reduction
in the maximum battery temperature owing to the increased
flow rate. Additionally, the temperature difference of the
battery decreased with increasing flow rate, thereby improv-
ing temperature uniformity. The temperature contour in
Figure 9(c) indicated that the intercell cooling method pro-
vided a clear advantage over using a lower cooling plate by
evenly cooling the battery module. Previous cooling
methods relied on heat transfer through fins or PCM to
the lower cooling plate, resulting in limited and unbalanced
heat dissipation depending on the location of the battery,
thereby leading to temperature differences. In contrast, with
the intercell cooling method, all parts of the battery made
direct contact with the cooling plate, thereby shortening
the path for heat transfer and providing overall even cooling.

The heat generated by the batteries was absorbed by
various components, including the battery itself, PCM,
fin, and cooling plate, and then dissipated by the coolant.
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Figure 4: Simulation model validations with experimental results.
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The contribution of each component is illustrated in
Figures 10(a)–10(c) under 3C charging and a mass flow
rate of 10 g∙s-1. Although fin cooling and PCM cooling
shared a similar structure, PCM cooling absorbed more
heat from the battery than fin cooling. However, the heat
dissipated by the coolant was lower in PCM cooling before
the PCM started to melt. This occurred because the solid
PCM had poor thermal conductivity, whereas the copper
fin exhibited superior thermal conductivity, enabling more
effective heat transfer from the battery to the coolant in
fin cooling than in PCM cooling. Liquid PCM also had a
low thermal conductivity, resulting in inadequate heat dis-
sipation by the coolant. Nevertheless, PCM could absorb
heat through phase changes, thereby reducing the amount
of heat remaining in the battery. The heat remaining in
the battery became negative after 700 s, thereby decreasing
the battery temperature. Intercell cooling, with its larger

heat transfer area and shorter heat transfer distance
between the battery and coolant, dissipated heat more
effectively than the other BTMSs. Consequently, the bat-
tery absorbed less heat, leading to better thermal perfor-
mance, as shown in Figure 8.

Figure 10(d) summarizes the overall heat dissipation
during 3C charging. The remaining heat in the battery
followed the order of fin cooling, PCM cooling, and intercell
cooling, and the corresponding battery temperatures aligned
with this order. Moreover, the coolant in fin cooling could
remove more heat than that in PCM cooling due to the dif-
ference in thermal conductivity between the components.
Although copper had a higher thermal conductivity than
aluminum, it had a lower specific heat. Therefore, the heat
absorbed by the fin itself was lower, and the heat absorbed
by other components containing fins was also lower than
those in the other cooling methods. These results indicated
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Figure 5: Temperature profiles concerning different thicknesses of copper fin: (a) maximum temperature (T inlet = 25°C), (b) temperature
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that the cooling performance of the active system itself was
low because it is aimed at assisting in dissipating the heat
stored in the passive system rather than to function indepen-
dently, as in the case of using the active system alone. Addi-
tionally, considering materials with high specific heat for
BTMS components was crucial for improving battery heat
dissipation, as the heat absorbed by these components
should not be disregarded.

4.2. Effect of Inlet Temperature. The issue with using fin and
PCM cooling with the bottom cooling method as the active
cooling method was that the lower part of the battery that
passed through the coolant was colder than the upper part.
To address this concern, simulations were performed by
increasing the inlet temperature of the cooling water
(Figure 11). The flow rate was fixed at 10 g∙s-1, and the inlet
temperature of the fluid was changed from 25 to 35°C, while
other boundary conditions remained consistent. Analysis
based on the maximum battery temperature revealed that
fin and intercell cooling increased as the fluid inlet tempera-
ture rose, whereas the maximum temperature using PCM
cooling remained nearly constant regardless of the fluid inlet
temperature.

For fin cooling and intercell cooling BTMSs, active cool-
ing by the bottom cooling plate significantly influenced the
thermal management system’s performance, making it
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dT = 4.00 K
dP = 78.7 Pa
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Figure 6: (a) Initial cooling plate design with its design parameters and (b) final optimized design.

Table 6: Initial and optimized values of the input parameters and their ranges with the progress of OAAO.

Step V1 (mm) V2 (mm) V3 (mm) V4 (mm) V5 (mm) H1 (mm) H2 (mm) H3 (mm)

Initial 25 25 105 25 17.5 20 25 20

1st range 10-40 10-40 60-150 10-25 15-40 15-25 15-35 15-25

2nd range 38-40 38.5-40 60-150 10-25 38-40 20-25 15-28 15-25

3rd range 38-40 38.8-40 60-150 10-20 38-40 21-25 15-28 15-25

Optimal 39.25 39.08 60.69 12.79 39.83 22.89 24.17 16.02
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highly sensitive to the coolant temperature. A 10°C increase
in the coolant inlet temperature led to a 5.1°C and 9.2°C rise
in the maximum temperature for fin cooling and intercell
cooling, respectively, indicating greater sensitivity in inter-
cell cooling due to its dependence on the coolant’s tempera-
ture. In contrast, the fin could be considered a passive
cooling aid to some extent. In the case of PCM cooling, the
PCM contributed to passive cooling due to its robust heat
storage capacity, limiting the maximum battery temperature
because the PCM did not completely melt. However, if the
PCM fully melted, the maximum temperature of the battery
would increase, similar to the fin cooling method.

The temperature difference in the battery underwent three
stages, as shown in Figures 11(d)–11(f). Initially, it rapidly
increased as the battery began to charge, with a more pro-
nounced effect observed as the coolant inlet temperature
increased. Subsequently, the temperature difference decreased
until the battery temperature approached the inlet tempera-
ture. The lowest temperature region of the battery typically
coincided with the coolant inlet when the initial and inlet tem-
peratures were similar, as shown in Figure 9. However, with an
increase in the inlet temperature, this region experienced the
highest temperature briefly at the beginning of battery charg-
ing, resulting in a reduced temperature difference, as shown
in Figure 12. The temperature difference then began to
increase again when the battery temperature surpassed the
coolant inlet temperature, following patterns similar to those
in the previous results in Figure 8.

Throughout the battery charging process, the tempera-
ture difference appeared to decrease with a higher inlet
temperature owing to the increased lowest temperature.
However, the fin cooling method failed to satisfy the target
temperature conditions regardless of the inlet temperature,
making it unsuitable for this study. As the inlet temperature

increased, PCM cooling exhibited a similar maximum tem-
perature but effectively reduced the temperature difference.
Thus, controlling the inlet temperature, such as selecting
an optimal temperature or modifying the temperature at
which the PCM began to melt, could be crucial for utilizing
PCM cooling.

Finally, the temperature difference with intercell cooling
marginally decreased as the inlet temperature increased;
however, the maximum temperature showed a significant
increase, indicating that a lower inlet temperature was favor-
able for intercell cooling. PCM cooling required an inlet
temperature above 29°C, whereas intercell cooling only
needed it to be below 33°C. Therefore, in terms of control-
ling the coolant inlet temperature to meet the target battery
temperature conditions, the intercell cooling method had a
significant advantage.

4.3. Power Consumption and Energy Density. Building on the
preceding results, increasing the coolant’s mass flow rate
enhances the BTMS’s performance, enabling effective cool-
ing even in less efficient air-cooled systems. However, higher
mass flow rates lead to a significant increase in pressure drop
and power consumption, necessitating a balance between
thermal and hydraulic performances in BTMS design.

This section evaluates the specific power consumption of
three BTMS types. The power consumption per BTMS vol-
ume at various flow rates during 3C charging is shown in
Figure 13(a). Despite all cooling plates having the same inlet
shape, the bottom cooling plate, with its straightforward flow
path design, incurs relatively lower power consumption. Fin
cooling and PCM cooling have similar specific power con-
sumptions due to identical cooling plate designs. In contrast,
the serpentine flow path of the intercell cooling plate leads to
increased pressure drop and, thus, higher power consumption.

(a) (b) (c)

Fin cooling
Tmax = 41.26°C
dT = 9.27 K

PCM cooling
Tmax = 36.28°C
dT = 6.40 K

Intercell cooling
Tmax = 27.98°C
dT = 1.61 K

Tinlet = 25°C
MFR = 10 g∙s–1

[C]
26.36
27.26
28.17
29.07
29.97
30.88
31.78
32.68
33.59
34.49
35.39
36.30
37.20
38.10
39.01
39.91
40.81

Temperature
contour 1

Figure 9: Temperature contours inside (a) fin, (b) PCM, and (c) intercell BTMSs.
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While intercell cooling offers superior thermal performance,
its higher power demand may affect hydraulic efficiency.

Moreover, as the total weight of electric vehicles
increases, their mileage decreases [32]. Thus, designing a
BTMS that minimizes volume and weight is beneficial. In
this study, three BTMS types with similar volumes were
designed, resulting in comparable volumetric energy densi-
ties, as shown in Figure 13(b). Different cooling methods
and materials led to varied gravimetric energy densities.
Specifically, fin cooling, using copper, exhibited almost half
the gravimetric energy density of other methods due to cop-
per’s higher density compared to aluminum. PCM cooling,
using materials with lower density than metals, achieved
the highest gravimetric energy density. The intercell method,
using aluminum plates, is lighter than fin cooling but does

not reach PCM cooling’s gravimetric efficiency. Therefore,
PCM cooling emerges as the most efficient BTMS in terms
of gravimetric energy density, potentially enhancing electric
vehicle mileage.

4.4. Precooling and Preheating Performance. Maintaining a
battery’s operating temperature within the 15-40°C range is
universally recognized as crucial for optimal performance.
Predominantly, research has focused on battery operation
at an optimal temperature of 25°C. Temperature increases,
typically observed during charging and discharging processes,
can precipitate thermal runaway if the battery pack’s internal
temperature continues to rise without adequate heat dissipa-
tion. Moreover, for every 1°C increase within the 30-40°C
range, battery lifespan diminishes by roughly two months
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Figure 11: Maximum temperature of (a) fin, (b) PCM, and (c) intercell BTMSs and temperature difference of (d) fin, (e) PCM, and (f)
intercell BTMSs concerning different inlet temperatures during 3C charging condition.
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[38, 39], underscoring the impact of exceeding operational
temperature limits on the acceleration of lithium-ion batteries’
aging processes.

Conversely, low temperatures significantly impair
lithium-ion battery performance, inducing degradation and
capacity loss [29, 40, 41]. This performance degradation is
attributed to a marked decrease in the solid-phase diffusion
coefficient, which leads to concentration difference polariza-
tion and a swift drop to the cut-off voltage, thereby consid-
erably diminishing the available capacity. Furthermore, a
rise in charge transfer resistance signals decelerated electro-

chemical reaction rates, intensifying performance degrada-
tion in cold conditions. Additionally, electrolyte freezing in
extremely cold conditions may result in discharge failure.

Challenges related to charging and discharging become
pronounced, posing safety risks such as lithium dendrite for-
mation, which can cause short circuits and thermal runaway
during extreme temperature fluctuations. Thus, preheating
or precooling batteries prior to charging or discharging is
essential. This study explores the effects of precooling and
preheating on battery thermal management, using three dis-
tinct systems.
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Figure 12: Temperature contours inside (a) fin, (b) PCM, and (c) intercell BTMSs with high inlet temperature (31°C).
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Figure 13: (a) Ideal power consumption and (b) energy density for each BTMS.
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In a high-temperature environment, with an initial and
ambient temperature of 40°C, the study assessed how
quickly the battery’s maximum temperature could be
reduced to 30°C as shown in Figure 14(a). With a coolant’s
mass flow rate set at 10 g∙s-1 and inlet temperature at 25°C,
results indicated that the fin-based thermal management
system could reduce the maximum temperature to 30°C in
1,687 seconds. In contrast, the phase change material BTMS
failed to achieve this even after 3,600 seconds due to its melt-
ing temperature of 36.1°C acting as a thermal barrier,
thereby precluding temperature reduction before PCM
solidification. Meanwhile, the intercell BTMS succeeded in
lowering the battery temperature below 30°C in just 308 sec-
onds, proving to be approximately 81.7% faster than fin
cooling, with a significant reduction in power consumption
by about 63.5%.

This study further evaluated the time required to
increase the battery’s minimum temperature to 15°C from
an initial 0°C as shown in Figure 14(b). The fin BTMS
needed 1,422 seconds, while the PCM BTMS took 2,474
seconds, hindered by the PCM’s low thermal conductivity
in its solid state, which impeded heat transfer. However,
preheating via the intercell BTMS was significantly faster,
achieving the target temperature in only 265 seconds, show-
casing superior efficiency in diverse climatic conditions with
reduced power consumption.

The preceding analysis underscores the fin BTMS’s
inadequate thermal performance at room temperature.
Under varying climatic conditions, deploying a PCM-
based thermal management system poses challenges due
to its fixed melting point. Selecting an appropriate PCM
type based on environmental conditions is crucial. Despite
higher power consumption, the intercell BTMS, with
reduced operating time, emerges as a highly efficient ther-
mal management solution capable of addressing diverse
climatic challenges.

5. Conclusions

In this study, the performances of three types of BTMSs
were compared under various conditions, and the main con-
clusions were summarized as follows:

(i) The BTMSs were developed to enhance their ther-
mal performances while maintaining a similar vol-
ume for each system. This involved using copper
fins with high thermal conductivity for fin cooling,
selecting an appropriate PCM thickness to provide
sufficient latent heat for PCM cooling, and optimiz-
ing the plate design for intercell cooling

(ii) In the context of 3C charging, fin cooling did not
meet the prescribed target temperature conditions,
whereas PCM cooling successfully achieved the
desired maximum temperature. However, PCM
cooling struggled with an unacceptable temperature
difference within the battery. In stark contrast,
intercell cooling consistently met the desired tem-
perature conditions, even at low flow rates

(iii) Increasing the coolant’s inlet temperature effectively
reduced the temperature difference between the
upper and lower battery sections, resulting in reduc-
tions of 1.5K and 4.3K for fin cooling and PCM
cooling, respectively, using the bottom cooling
plate. However, fin cooling showed suboptimal
thermal performance as its maximum temperature
continued to rise, while PCM cooling successfully
limited the maximum temperature. Conversely,
increasing the coolant temperature did not posi-
tively affect intercell cooling

(iv) Despite intercell cooling demonstrating superior
thermal performance, its specific power consumption
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was approximately three times higher than that of
other methods. In terms of gravimetric energy den-
sity, fin cooling achieved only half the performance
of other methods due to the use of heavy copper,
whereas the PCM method exhibited approximately
12% better performance than intercell cooling

(v) In scenarios applying a precooling effect for high
ambient temperatures, the intercell method required
81% less time and 63% less power (308 s and
38.9mJ, respectively) to achieve the target tempera-
ture compared to the fin BTMS. However, the PCM
BTMS, struggling with PCM solidification challenges,
failed to reach the target temperature even after an
hour. During preheating in low ambient tempera-
tures, the intercell BTMS achieved the target temper-
ature significantly faster and consumed less power
than other methods, requiring 265 s and 30.3mJ,
respectively

The conventional battery thermal management system
using fins was heavy and lacked the capacity for adequate
thermal management; consequently, alternative methods
needed to be considered. The intercell BTMS proved suitable
in scenarios requiring robust thermal management, even if it
involved higher power consumption across various temper-
ature ranges. In contrast, the PCM BTMS was appropriate
in situations where minimizing power consumption was
crucial, especially in temperature ranges close to room tem-
perature. Hence, selecting an appropriate BTMS could be
based on specific target operating conditions.

Lithium-ion batteries come in various types, such as
LCO, LMO, and LFP, categorized based on the battery mate-
rial type. However, this classification pertains only to the
material type, and the electrochemical reaction inside the
battery remains consistent. Previous research indicates that
the amount of heat generated by the battery changes in a
similar order for different battery types [42]. Therefore, the
results of the battery thermal management system in this
study are expected to follow similar trends, although the
specific values may vary slightly when applied to other com-
mercially available batteries. This study is also anticipated to
serve as a reference for determining the appropriate battery
thermal management method, especially when considering
faster battery charging conditions or developing an optimal
battery thermal management system.

Appendix

Optimization

This study employed the OAAO technique to develop an
optimal cooling plate for the intercell cooling system. The
purpose of the intercell cooling plate optimization is to
increase the thermal-hydraulic performance of the battery
cooling plate by reducing the temperature difference
between the battery and the pressure drop. The OAAO is a
computational method that helps reduce the computational
cost associated with numerical simulations and optimization
algorithms [43]. A flow chart of the OAAO process is pre-

sented in Figure 15, and the main steps are conducted in
the following order: (1) initial CFD simulation, (2) design
of experiments, (3) parallel parameterized CFD, (4) meta
model, and (5) optimization. The process before the meta
model can be considered a preliminary step in building a
training dataset for the meta model.

The preliminary work involved conducting an initial
CFD simulation in which the user developed a 3D geometry
model for analysis and parameterized it to generate various
geometries. Because the optimization required a large
amount of simulation data, 3D geometry modeling was
simplified to reduce the computational cost. Only half of
the battery module and intercell cooling system were
designed, and symmetry was applied to the middle plane.
The selected geometric parameters used as inputs for the
meta model are shown in Figure 6(a). The initial and opti-
mized parameters and their ranges utilized in the optimiza-
tion process are listed in Table 6. After setting the input
parameters, mesh generation and simulation were per-
formed. The mesh structure was created in a tetrahedral
form and converted into a polyhedral form in ANSYS Flu-
ent. The boundary conditions were set in the simulation
setup, and the numerical results were defined as the output
parameters. The boundary and initial conditions were set
as follows:

(i) Transient analysis during 3C fast-charging condition

(ii) Ambient and initial temperature: 25°C

(iii) Convection heat transfer coefficient: 2.3W∙m-2∙K-1

(iv) Type of coolant: water

(v) Inlet temperature of coolant: 25°C

(vi) Total mass flow rate: 10 g∙s-1

From the grid independence test, the element number of
581,160 was selected as the appropriate grid number because
the maximum temperature and pressure drop converged.
Compared to the element numbers of 348,006 and 700,249,
the differences in the maximum temperature were 0.07%
and -0.14%, respectively, and the differences in the pressure
drop were 0.16% and -0.03%, respectively. After running the
CFD simulation and verifying the grid independence, the
next step was to establish the design of experiments
(DOE), which involved setting the range of the input param-
eters and sampling them accordingly. The DOE was pro-
duced with 160 samples of channel shapes according to the
changes in these geometric parameters. In this study, Latin
hypercube sampling (LHS) was employed to distribute the
samples uniformly along the parameter range with a smaller
number of samplings. The sampled input parameters were
then sent to the parallel parameterized CFD (PPCFD) step.
The CFD simulations based on the initial settings were
repeated for each sample, and the output results were
exported to the DOE and recorded as the output dataset.

Once the DOE was filled with all the outputs, the data
based on the DOE of the 160 samples were imported to
develop a meta model. In this study, genetic aggregation
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was used, as it automatically selects the most suitable meta
model for each output among several options, including full
2nd-order polynomials, nonparametric regression, kriging,
and moving least squares. The accuracy of the meta model
was verified by comparing the output from the CFD simula-
tions with the predictions of the meta model using another
random sample. If the prediction error of the meta model
is acceptable, the meta model can be used in the optimiza-
tion algorithm. Twenty-five random verification points were
generated to validate the results. Validation was conducted
for the temperature difference and the pressure drop and
was completed with an error within 5%.

This study employed a multiobjective genetic algorithm
(MOGA) to determine the optimal point that satisfies both
the minimum temperature difference in the battery module
and the minimum pressure drop of the cooling plate. The
combination of the meta model and optimization algorithm
provided the Pareto solutions, which represented the combi-
nations of optimal points that satisfy multiple objectives.
Among the Pareto solutions, the optimal point can be
selected based on certain criteria, and CFD verification was
conducted to check for deviations from the true CFD results.

To reduce the computational time or improve the accu-
racy of deriving the optimal point, the OAAO method can
be applied after the CFD verification. In this study, two fur-
ther iterations of the optimization process were conducted,
and the range of input parameters was reset along with the
range of the Pareto solutions at each start of the OAAO.
The accuracy of predicting the optimal model can be
improved by maintaining the size of the DOE at 160
samples. After the third AAO, the optimal point was deemed
valid, and an optimized cooling plate was developed. The

optimized cooling plate design reduced the temperature
difference and the pressure drop by 19.9% and 19.2%,
respectively.

Nomenclature

Symbols

A: Heat transfer area (m2)
Bi: Biot number
Cmush: Mush zone parameter
cp: Specific heat (J∙kg-1∙K-1)
d: Diameter (m)
E: Energy (Wh)
f : Liquid fraction
g : Gravitational vector (m∙s-2)
h: Heat transfer coefficient (W∙m-1∙K-2)
hPCM: Sensible enthalpy (J∙kg-1)
hsl: Latent heat (J∙kg-1)
H: Specific enthalpy (J∙kg-1)
I: Current (A)
k: Thermal conductivity (W∙m-1∙K-1)
Lc: Characteristic length (m)
m: Mass (kg)
m: Mass flow rate (kg∙s-1)
ΔP: Pressure drop (Pa)
∇P: Static pressure (Pa)
Q: Heat (W)
R: Calculated parameter
Re: Reynolds number
t: Time (s)
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Figure 15: Flow chart of the multiobjective optimization using OAAO.
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T : Temperature (°C)
v : Velocity vector (m∙s-1)
V : Voltage (V)
Vol: Volume (m3)
W: Power consumption (W)
x: Measured parameter
γ: Gravimetric energy density (Wh∙kg-1)
δ: Volumetric energy density (Wh∙m-3)
μ: Dynamic viscosity (kg∙m-1∙s-1)
ρ: Density (kg∙m-3).

Abbreviations

3D: Three dimensional
BTMS: Battery thermal management system
CC: Constant current
CFD: Computational fluid dynamics
C-rate: Current rate (C)
CV: Constant voltage
DAQ: Data acquisition
DOE: Design of experiments
EPDM: Ethylene-propylene-diene rubber
EV: Electric vehicle
F.S: Full scale
ICEV: Internal combustion engine vehicle
LHS: Latin hypercube sampling
MFR: Mass flow rate
MOGA: Multiobjective genetic algorithm
OAAO: Online approximation-assisted optimization
OCV: Open-circuit voltage
PCM: Phase change material
PPCFD: Parallel parameterized computational fluid

dynamics
RTD: Resistance temperature detector
SOC: State of charge
TC: Thermocouple.

Subscripts

amb: Ambient
bat: Battery
cell: Battery cell
dis: Dissipated
f : Fluid
gen: Generated
irr: Irreversible
max: Maximum
melting: Melting point
oc: Open circuit
pcm: Phase change material
ref : Reference
s: Solid
spe: Specific
x: x-direction
y: y-direction
z: z-direction.
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