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A B S T R A C T

This study proposed a battery thermal management system (BTMS) integrating phase change material (PCM)
with novel interior-exterior fins to address the low heat conduction properties of PCM. The battery heat gen-
eration and PCM liquefaction were analysed using the lumped model and enthalpy-porosity technique. The
irreversible, reversible, and total battery heat generation were investigated. The BTMS was investigated under
1C, 2C, 3C, and 5C current rates. The Interior-Exterior Fin-PCM-Air-Cooled BTMS outperformed the Air-Cooled
BTMS, PCM-Air-Cooled BTMS, Interior Fin-PCM-Air-Cooled BTMS, and Exterior Fin-PCM-Air-Cooled BTMS
before, during, and after the PCM melting process, providing a superior uniform cooling effect to the battery.
Different heat transfer mechanisms were identified throughout the PCM phase transition. During PCM melting
and solidification cycles at 5C, the variation in the maximum battery surface temperature in the Interior-Exterior
Fin-PCM-Air-Cooled BTMS was 15.98 K lower than that in the PCM-Air-Cooled BTMS, buffering the effects of the
temperature change. In the first cycle at 5C, the interior-exterior fins extended the duration for which the bat-
tery's temperature remained within the optimal range by 6.91 % and decreased the recovery period of the
thermal management system by 37.56 % compared to the PCM-Air-Cooled BTMS. These results provided new
horizons for the development of effective BTMSs.

1. Introduction

Nowadays, fossil fuels provide almost 80 % of the global energy
demands, which causes the prevailing environmental pollution and
deteriorates human health. Additionally, as fossil fuels are depleted,
researchers are motivated to explore more efficient, economical, and
environmentally sustainable power sources in the form of energy storage
technologies. Electrical energy storage technologies powered by
renewable energy sources can be a viable alternative to fossil fuels [1].
Replacing internal combustion engine vehicles with electric vehicles
reduces gas emissions by 20 % and produces less noise and air pollution
[2]. However, the electric vehicle industry continues to encounter sig-
nificant obstacles in reaching its full potential due to the challenges
related to electric batteries, the main power source in electric vehicles
[2].

Lithium-ion batteries, known for their substantial specific capacity,
elevated energy density, and extended lifespan, are the predominant
type of commercially available rechargeable batteries [3]. The operating

temperature affects lithium-ion batteries' capacity, lifespan, and resis-
tance, with 298.15–318.15 K (25–45 ◦C) being the optimal range for
their cycle life and safety [2,4,5]. Hence, a robust battery thermal
management system (BTMS) is crucial [6]. The non-uniform tempera-
ture distribution in the battery can adversely affect the battery's func-
tionality. Hence, it is essential to minimise temperature gradients within
a battery [7]. However, providing a uniform cooling effect for the bat-
tery has been largely neglected [28–30].

Phase change materials (PCMs) have become popular thermal
management systems within the research community due to their simple
structures, affordability, outstanding cooling capabilities, and signifi-
cant latent heat properties, with no requirement for an external energy
source [8–10]. A primary technical obstacle associated with PCMs is
their low heat conduction properties, hindering heat distribution within
the materials and decreasing their ability to dissipate heat [11].
Furthermore, PCMs have limited latent heat capacity due to their
reduced surface heat transfer coefficient. The surface heat transfer co-
efficient is the rate of heat transfer per unit area between a surface and
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its surroundings. A low surface heat transfer coefficient limits the PCM's
ability to efficiently exchange heat with its environment, hindering the
effective utilisation of its latent heat during phase transitions. This can
slow down the solidification process, reduce cooling performance, and
create temperature gradients within the PCM, further diminishing its
efficiency. Thus, the battery temperature will increase after the PCM
completely melts. Therefore, the solidification process has to be con-
ducted in time to recover the PCM latent heat. This is achieved by
dissipating the heat absorbed by the PCM to its surroundings, high-
lighting the importance of employing heat transfer enhancement tech-
niques within the PCM [12,13]. Various techniques [14–16] have been
proposed to enhance heat transfer within the PCMs, including using
metallic and carbon-based materials. Incorporating metal fins into the
PCM is an effective method for improving heat transfer, attributed to
their simple configuration and the simplicity of their fabrication process
[11]. When PCM melts, the natural convection of the liquid PCM can
enhance the heat transfer rate. This factor should be carefully considered
in the design of metal fin inserts [17]. Consequently, comprehensive
research into PCM-based BTMSs with fins is essential.

Metal fins are used in various shapes, including pin, radial, longi-
tudinal, and triangular. Longitudinal fins have been more popular than
radial fins due to the enhancement of heat conduction and natural
convection of liquid PCM [18]. Researchers integrated fins into the PCM
to improve its conductive heat transfer capabilities [12,19] and placed
fins on the PCM surface to enhance the convective heat transfer to the
surroundings [20,21]. Previous research investigated the thermal
management of batteries using fin-enhanced PCMwithin nylon [22–24],
acrylic [25], and plastic casings [21], which prevented heat dissipation
to the surrounding environment through the casing walls.

In addition to passive cooling techniques, such as PCMs, hybrid
BTMSs that combine PCM with active cooling techniques, such as liquid
cooling, have been investigated to address the limitations of standalone
PCM-based BTMSs. These hybrid BTMSs utilise the high latent heat ca-
pacity of PCM for effective thermal regulation while employing liquid
cooling to dissipate excess heat and accelerate PCM solidification [26].
For instance, dynamic liquid cooling enhanced cooling performance and
energy efficiency by optimising liquid cooling activation times [27],
highlighting the potential of combining passive and active cooling
techniques for improved thermal management.

Currently, most studies on PCM-based BTMSs [19,28,29] have
focused on enhancing thermal conductivity by incorporating various
types of metal fins. However, they often fail to achieve uniform tem-
perature distribution on the battery surface and rapid recovery after the
PCM has melted entirely. Furthermore, while previous research has
investigated the use of either interior fins [12,19] or exterior fins

[20,21] individually, there is a notable gap in the literature regarding
the integration of both interior and exterior fins within PCM-based
BTMSs to simultaneously improve heat distribution within the PCM
and heat dissipation to the surroundings. Additionally, existing studies
have not sufficiently explored the challenges of maintaining effective
temperature regulation throughout the complete PCM melting and so-
lidification cycles. These cycles are crucial for ensuring consistent
thermal performance and durability of BTMSs under repeated operation.
The novelty of this study lies in proposing a hybrid fin design that le-
verages the complementary advantages of interior and exterior fins,
enabling effective thermal management of lithium-ion batteries under
demanding conditions, such as high current rates and prolonged oper-
ation. This study investigated a BTMS with a metal casing and metal fins
comprised of a tubular fin covering the battery surface, accompanied by
4 rectangular fins submerged within the PCM and extended to the
outside of the casing (Interior-Exterior Fin-PCM-Air-Cooled BTMS), as
shown in Fig. 1 (e). The rationale behind the proposed BTMS was to
increase the heat transfer area to enhance the conductive and buoyancy-
driven heat transfer within the PCM, plus the natural air convective heat
transfer to the ambient. All the simulations in this study were conducted
for one lithium-ion battery. Its purpose was to evaluate the effects of the
fin design on the battery temperature without the complications of heat
energy interactions among batteries in a battery pack.

The battery's heat generation was investigated under discharging
with 1C, 2C, 3C, and 5C current rates. Furthermore, the temperature
regulation performance of the Interior-Exterior Fin-PCM-Air-Cooled
BTMS was compared to the battery thermally regulated by natural air
convection (Air-Cooled BTMS) (shown in Fig. 1 (a)), PCM without fins
(PCM-Air-Cooled BTMS) (shown in Fig. 1 (b)), PCM with a tubular and 4
rectangular interior fins (Interior Fin-PCM-Air-Cooled BTMS) (shown in
Fig. 1 (c)), and PCM with a tubular and 4 rectangular exterior fins
(Exterior Fin-PCM-Air-Cooled BTMS) (shown in Fig. 1 (d)). Non-
dimensional analyses were conducted during the PCM phase transition
in the BTMSs with different fin designs. This study also presented a
detailed investigation of the dependability of the various BTMSs over
three cycles of the PCM undergoing complete liquefaction and re-
solidification.

2. Problem statement and physical model

The present study used an 18,650 cylindrical lithium-ion battery
(LiNixCoyMnzO2) [30,31]. The properties of the selected battery are
detailed in Table 1 [32]. Since the temperature regulation performance
of a cylindrical battery is not significantly impacted by its detailed
structure in the lumped model, explained in Subsection 3.1, the battery

Fig. 1. The diagrams of the (a) Air-Cooled BTMS, (b) PCM-Air-Cooled BTMS, (c) Interior Fin-PCM-Air-Cooled BTMS, (d) Exterior Fin-PCM-Air-Cooled BTMS, and (e)
Interior-Exterior Fin-PCM-Air-Cooled BTMS.
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was modelled as a uniform cylindrical entity to simplify the model while
maintaining result accuracy [32].

Fig. 2 shows the engineering drawing of the proposed BTMS,
comprising a casing, fins, and an insulating layer. The dimensions of the
BTMS were chosen following standard practices within the research
community [22–24,33]. The battery was placed at the core of the
tubular casing. The battery surface was covered with metal fins,
including a tubular and 4 rectangular interior-exterior fins. Each
interior-exterior fin, measuring 11 mm in length, extended perpendic-
ularly from the outer surface of the tubular fin to the outside of the
casing. The fin and battery measured the same height, reaching 65 mm.
The thickness of the fins, casing, and insulating layer was 1 mm. Paraffin
wax filled the gaps between the fins and the casing, maintaining a
consistent 5 mm thickness across the four PCM-based BTMSs.

Copper and aluminium are commonly utilised in fin construction
because of their superior thermal conductivity, which minimises
conductive thermal resistance, high heat capacity for greater thermal
storage per volume unit, and low density, enhancing thermal storage
capacity per mass unit [34]. For the BTMS casing and fins in this study,
an aluminium alloy was chosen over copper and pure aluminium
because it is lighter, has greater thermal conductivity, and offers supe-
rior heat capacity. Furthermore, aluminium alloy benefits from excellent
corrosion resistance, widespread availability, and affordability [35].
Paraffin wax was selected for its significant latent heat, suitable melting
temperature, minimal volume change during phase transition, and
favourable chemical and thermal stability, all at a cost-effective price.
Detailed thermo-physical characteristics of the selected PCM,
aluminium alloy, and insulating material are listed in Table 2
[22,36,37].

3. Governing equations

3.1. Battery heat generation

The heat generation in lithium-ion batteries is affected by factors
such as the battery nominal capacity, electrode materials (battery
chemistry), charge and discharge rates, battery size, battery type (cy-
lindrical, pouch, or prismatic), depth of discharge (DOD), state of charge
(SOC), and ambient temperature [38,39]. The lumped model was uti-
lised in this study to characterise heat generation in lithium-ion batteries
due to its low computational cost [40].

Bernardi et al. [41] showed that the entire heat generation of
lithium-ion batteries consists of irreversible joule heat and reversible
entropic heat, which are caused due to internal resistance and a change
in the entropy of batteries, respectively [40]. The battery heat genera-
tion is mathematically expressed as [32]:

Qt = Qirr+Qrev (1)

Qirr = I2Re (2)

Qrev = − I
[

T
(

dE
dT

)]

(3)

qb =
Qt

Vb
(4)

The total heat generation (Qt), irreversible heat generation (Qirr),
reversible heat generation (Qrev), electric current (I), total internal
resistance (Re), temperature (T), entropy coefficient (dE/dT), and qb
which is the heat generation per unit of the battery volume (Vb) are
identified. Jiaqiang et al. [32] developed the equations for Re and dE/dT
for the selected battery as:

Table 1
Specification of the selected lithium-ion battery [32].

Parameter Value Parameter Value

Nominal voltage
(V)

3.7 Thermal conductivity in the radial
direction (W⋅m− 1⋅K− 1)

0.2

Nominal capacity
(Ah)

2.6 Thermal conductivity in the axial
direction (W⋅m− 1⋅K− 1)

37.6

Cell mass (kg) 0.0475 Specific heat capacity (J⋅kg− 1⋅K− 1) 1200

Fig. 2. The engineering drawing of the Interior-Exterior Fin-PCM-Air-
Cooled BTMS.

Table 2
The thermo-physical properties of the materials [22,36,37].

Materials Properties Value

Paraffin wax Thermal conductivity (W⋅m− 1⋅K− 1), solid 0.20
Thermal conductivity (W⋅m− 1⋅K− 1), liquid 0.18
Specific heat capacity (J⋅kg− 1⋅K− 1), solid 2000
Specific heat capacity (J⋅kg− 1⋅K− 1), liquid 2350
Density (kg⋅m− 3), solid 880
Density (kg⋅m− 3), liquid 700
Melting temperature (K) 313.75–317.85
Latent heat (J⋅kg− 1) 240,800
Dynamic viscosity, (kg⋅m− 1⋅s− 1) 0.005
Thermal expansion coefficient (K− 1) 0.00076

Al alloy Thermal conductivity (W⋅m− 1⋅K− 1) 167
Specific heat capacity (J⋅kg− 1⋅K− 1) 896
Density (kg⋅m− 3) 2700

Insulation Thermal conductivity (W⋅m− 1⋅K− 1) 0.19
Specific heat capacity (J⋅kg− 1⋅K− 1) 1260
Density (kg⋅m− 3) 1200
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Re =
(
− 112× SOC3 − 0.203× SOC2 ×T + 0.000737× SOC×T2

+0.00000753×T3+ 301× SOC2 − 0.144× SOC×T − 0.0061
×T2 − 188× SOC+1.28×T +23.6

)
× 10− 3

(5)

dE
dT

=
(
− 0.342+0.979× SOC − 1.49× SOC2 +0.741× SOC3

)
×10− 3

(6)

SOC = 1 − x • t = 1 − DOD (7)

where t is time. Under a constant discharge rate (current rate) of x C, the
current rate is determined by dividing the discharging current by the
nominal capacity of the battery [42].

The transient battery heat generation and actual thermal perfor-
mance of the BTMSs were investigated using Eqs. (1)–(7) under dis-
charging with 1C, 2C, 3C, and 5C current rates. The current rates
ranging from 1C to 5C are commonly employed in experimental research
[43] to investigate the performance of the selected battery under
different load requirements, ensuring the battery remains undamaged.
Furthermore, the BTMSs were investigated under constant averaged
heat generation of 185,435 and 412,200 W⋅m− 3 during discharging at
3C and 5C current rates, respectively [43]. This aimed to examine the
temperature regulation performance of the BTMSs under a specific level
of heat generation. Table 3 shows a detailed description of the various
scenarios examined in this study.

3.2. PCM liquefaction

Various techniques are employed to model the process of solid-liquid
phase change. The enthalpy-porosity technique [37] is widely utilised to
precisely characterise the natural convection within the melting zone
and predict the location and shape of the melting front while demanding
comparatively low computational cost. Therefore, a sink term, S→, is
integrated into the Navier-Stokes equations, which is expressed as [44]:

S→= − A(γ) •
(

u→− u→p

)

(8)

where u→ is the velocity and u→p, the pull velocity, is 0. The porosity
function, A(γ), is expressed as [45]:

A(γ) =
Amush(1 − γ)2

γ3 + ε (9)

γ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T < Ts
T − Ts
Tl − Ts

Ts < T < Tl

1 T > Tl

(10)

where γ is the liquid fraction, ε equals 0.001 to avoid 0 in the denomi-
nator, Ts is the PCM solidus temperature, and Tl is the PCM liquidus
temperature. The constant for the mushy zone, Amush, indicates the
melting front's structure and the rate at which the fluid's velocity nears
zero during solidification. Since the effect of the value of Amush on the
heat transfer characteristics can be significant [44,46], a sensitivity
study of the mushy zone constant was conducted by the authors with
Amush being 104, 105, 106, 107, and 108 kg⋅m− 3⋅s− 1 [37]. The simulations
with Amush values above 108 kg⋅m− 3⋅s− 1 were also conducted, which
resulted in the divergence and oscillation of the solution. This diver-
gence and oscillation of the solution were also elaborated by Brent et al.
[45]. As a result, Amush was set at 107 kg⋅m− 3⋅s− 1 in this study.

3.3. Continuity and momentum equations

The governing equations for continuity and momentum are detailed
as follows [11]:

∂ρ
∂t

+∇ • (ρ u→) = 0 (11)

Table 3
Detailed description of the various scenarios examined in this study.

Scenario description Initial conditions Termination conditions Current rates BTMS configurations

Transient battery heat
generation

The initial temperature
was set to 308.15 K.

The simulations concluded at the end of the discharging
process.

1C, 2C, 3C, 5C • Air-Cooled BTMS
• PCM-Air-Cooled
BTMS
• Interior Fin-PCM-
Air-Cooled BTMS
• Exterior Fin-PCM-
Air-Cooled BTMS
• Interior-Exterior Fin-
PCM-Air-Cooled
BTMS

Constant averaged battery
heat generation

The initial temperature
was set to 298.15 K.

The simulations stopped after t = 6000 s at the 3C current
rate and after t = 2500 s at the 5C current rate.

3C, 5C • PCM-Air-Cooled
BTMS
• Interior Fin-PCM-
Air-Cooled BTMS
• Exterior Fin-PCM-
Air-Cooled BTMS
• Interior-Exterior Fin-
PCM-Air-Cooled
BTMS

Three cycles of the PCM
undergoing complete
liquefaction and re-
solidification

The initial temperature
for Cycle 1 was set to
298.15 K.

Cycle specific:
• Cycle 1: The simulations stopped when the PCM melted
completely (γ = 1). Then, the heat generation was
removed, and the simulations stopped when the PCM
solidified completely (γ = 0).
• Cycle 2: The simulations started when the PCM was
solid (γ = 0) and stopped when the PCM melted
completely (γ = 1). With the heat source removed, the
simulations restarted and stopped when the PCM
returned to solid (γ = 0).
• Cycle 3: The process of Cycle 2 was repeated.

The constant averaged battery
heat generation was applied at
3C and 5C current rates.

• PCM-Air-Cooled
BTMS
• Interior Fin-PCM-
Air-Cooled BTMS
• Exterior Fin-PCM-
Air-Cooled BTMS
• Interior-Exterior Fin-
PCM-Air-Cooled
BTMS
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∂(ρ u→)

∂t
+∇ • (ρ u→ u→) = − ∇p+ μ∇2 u→+ ρa[1 − β(T − Ta) ] g→+ S→ (12)

where ρ represents density, p stands for pressure, μ is the dynamic vis-
cosity, ρa is the density at Ta, β indicates the coefficient of thermal
expansion, Ta is the ambient temperature, and g→ signifies the gravita-
tional acceleration. The effect of natural convection during the PCM
phase change was included using the Boussinesq approximation. The
energy equations for the battery (b), fins (f), PCM, and casing (c) can be
written as [11]:

ρbCp,b
∂Tb
∂t

= ∇(kb∇Tb)+ qb (13)

ρfCp,f
∂Tf
∂t

= ∇
(
kf∇Tf

)
(14)

∂(ρPCMHPCM)

∂t
+∇ • (ρPCM u→HPCM) = ∇(kPCM∇TPCM) (15)

ρcCp,c
∂Tc
∂t

= ∇(kc∇Tc) (16)

where k is the thermal conductivity and HPCM, representing the specific
enthalpy, is calculated as:

HPCM = hPCM⏟̅⏞⏞̅⏟
Sensible enthalpy

+ ΔHPCM⏟̅̅̅ ⏞⏞̅̅̅ ⏟
Latent enthalpy

(17)

hPCM = ha +
∫ T

Ta
Cp,PCMdT (18)

ΔHPCM = γLPCM (19)

where ha is the enthalpy at Ta, Cp,PCM denotes the specific heat of the
PCM at constant pressure, and LPCM refers to the latent heat of PCM. The
equations were numerically solved using ANSYS FLUENT 2023/R2.
User-defined functions (UDFs) were developed for the transient heat
generation of the battery using Eqs. (1)–(7) to serve as the heat source
for the battery domain. The PISO scheme was used for transient simu-
lations to couple the pressure and velocity. The PRESTO and second-
order upwind algorithms were also utilised to discretise the pressure
correction and the remaining equations, respectively. The convergence
criteria for the continuity, momentum, and energy equations were 10− 4,
10− 4, and 10− 10, respectively. The initial condition of the system was:

t = 0;T(x, y, z) = Ta (20)

The top and bottom of the BTMSs were insulated. The no-slip
boundary condition was set at the fins and casing walls. No thermal
contact resistance was specified for the thermal boundary conditions for
PCM-fin, PCM-casing, and fin-battery interfaces. The boundary condi-
tion between the casing and ambient was:

− kc
∂Tc
∂n

= h(Tc − Ta) (21)

where h represents the convective heat transfer coefficient, set at 10
W⋅m− 2⋅K− 1 [22,47]. To simplify the simulations, (a) the PCM were
considered isotropic and homogenous; (b) the PCM volumetric change
during its phase transition was ignored; (c) heat transfer through radi-
ation was overlooked; (d) the flow of liquid PCM was presumed to be
laminar and incompressible, with minor viscous dissipation; and (e) the
liquid phase of the PCM behaved as a Newtonian fluid.

4. Validation of the model

4.1. Battery heat generation

The transient thermal model of the battery under discharging with
0.5C and 1C current rates was compared to the numerical and experi-
mental results reported in [32], where the battery's surface was subject
to natural air convection. Fig. 3 shows the temperature at the central
point along the battery's height, as reported in [32], and the temperature
derived from the present numerical results. The current results exhibited
a maximum discrepancy of approximately 0.5 %, demonstrating their
accuracy in reproducing the battery heat generation.

4.2. PCM liquefaction

Sun et al. [22] conducted experimental and numerical studies on the
effectiveness of thermal management using PCM integrated with
straight and curved fins. To mimic the battery discharging, a heater
generating 16 W of heat was used, elevating the battery's temperature
from an initial 293.15 K to a maximum allowable limit of 333.15 K.
Then, the heater was turned off to replicate the battery's cooling phase,
allowing the temperature to drop from 333.15 K back to 313.15 K. Fig. 4
compares the current numerical findings with the results reported in
[22], focusing on the PCM's transition to the liquid phase until complete
melting and the mean battery surface temperature throughout the BTMS
operational cycles. The PCM liquid fraction and battery temperature
closely mirrored those reported in [22], with the greatest differences
being 0.04, observed at t = 349 s, and 3.96 %, recorded at t = 1090 s,
respectively. These results provided additional validation for the nu-
merical model used in this study. The differences between numerical
research and experimental study can be ascribed to the simplified sim-
ulations. Specifically, the simulations assumed constant thermo-physical
properties for the PCM, whereas these properties may vary during
experimental conditions due to various factors, such as the change in
temperature. As shown in Fig. 4 (b), the time lapse between the nu-
merical and experimental results can be attributed to the constant
convective heat transfer coefficient used in the simulations. Experi-
mentally, the convective heat transfer coefficient might be higher due to
the fluctuations in the ambient temperature or changes in the airflow
dynamics. Such conditions could lead to quicker thermal energy release
from the BTMS into the environment and a more gradual rise in the
temperature during the experiments.

Fig. 3. Validation of the transient heat generation of the battery compared to
the results in [32].
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4.3. Grid and time step dependency tests and symmetric model validation

The effects of grid and time step size on the results can be significant.
Therefore, strict grid and time step dependency tests were conducted to
guarantee the accuracy of the results, as shown in Fig. 5. The de-
pendency tests were conducted for the Interior-Exterior Fin-PCM-Air-
Cooled BTMS at the highest current rate of 5C. ANSYS Meshing gener-
ated the 3D structured grid to discretise the computational domain. Five
grid sizes of 0.4 mm, 0.5 mm, 0.8 mm, 1 mm, and 1.5 mmwere selected,
which included 1,203,235, 573,820, 151,146, 91,344, and 28,035 ele-
ments, respectively. The grid size of 0.5 mm was selected, with a
maximum error of 0.01 % in the maximum battery surface temperature
(Tmax,b,sur.) compared to the smallest grid size.

The dependency test was conducted for the time step sizes of 0.1,
0.25, 0.5, and 1 s, as shown in Fig. 5 (b). The time step size of 0.5 s was
used in this study, with a maximum deviation of 0.0002 % in Tmax,b,sur.,

when compared to the time step size of 1 s.
The Interior-Exterior Fin-PCM-Air-Cooled BTMS model was simpli-

fied to a 1/8 model due to the symmetry in the geometry and physics of
the BTMS. The maximum discrepancy in Tmax,b,sur. was 0.009 %
compared to the whole BTMS model, which verified the accuracy of the
1/8 model. Hence, the 1/8 model was employed in the following
research, reducing computational costs and time.

5. Results and discussion

5.1. Qirr, Qrev, and Qt of the battery

Fig. 6 presents a comparison of the volume-averaged and transient
battery heat generation, including Qirr, Qrev, and Qt under natural air
convection cooling during the battery discharging at 1C, 2C, 3C, and 5C
current rates. Increasing the current rate resulted in higherQirr,Qrev, and

Fig. 4. Validation of the current numerical findings through comparison with the results reported in [22] regarding (a) the PCM liquid fraction and (b) the mean
battery surface temperature.

Fig. 5. (a) Grid and (b) time step dependency tests at the highest current rate of 5C.

P. Zare et al. Journal of Energy Storage 108 (2025) 115054 

6 



Qt. This might be because Qirr had a quadratic relation with the electric
current and Qrev was linearly proportional to the electric current, indi-
cating that Qt was significantly affected by the operating current (as
expressed in Eqs. (1)–(3)). Regardless of the current rate, Qirr caused by
the battery's internal resistance was higher than Qrev due to the entropy
changes, implying that the internal resistance played a crucial role in
battery heat generation during discharging. Furthermore, higher current
rates exhibited a greater dominance ofQirr inQt, consistent with findings
in a previous study [48]. The Qirr ranged from 1.33 to 1.77, 2.43 to 3.49,
3.34 to 5.24, and 4.81 to 8.73 times higher than Qrev under discharging
with 1C, 2C, 3C, and 5C current rates, respectively. This indicated that
the impact of the internal resistance on the battery heat generation
became more pronounced at higher current rates. As outlined in Eq. (5),
the overall internal resistance was a function of SOC and the tempera-
ture, and in Eq. (6), the entropy coefficient was a function of the SOC.
Hence, as expressed in Eqs. (2) and (3), Qirr and Qrev were influenced by
the SOC and temperature during the discharging of the battery at a
constant current. Throughout the discharging process, Qirr, Qrev, and Qt
initially increased, slightly decreased in the mid-DOD range, and then
increased again to their maximum values towards the end of the dis-
charging process. More specifically, when DOD was approximately be-
tween 0.1 and 0.5, Qirr showed a declining trend for all current rates.
Similarly, Qrev exhibited a downward trend within the DOD range of
around 0.3 to 0.4. Consequently, Qt decreased within the DOD range of
about 0.1 to 0.5, as shown in Fig. 6 (c). This reduction in Qt could be
attributed to the predominant influence of SOC reduction over tem-
perature increase, as described in Eqs. (1)–(7). These findings contribute
to a better understanding of the heat generation characteristics of
18,650 lithium-ion batteries during the discharging process, shedding
light on the factors that influence Qirr and Qrev and their relationship

with the current rate, SOC, and temperature.

5.2. Various BTMSs' performance under the transient battery heat
generation

Fig. 7 shows Tmax,b,sur. in the five BTMSs depicted in Fig. 1 during the
transient battery heat generation under discharging with 1C, 2C, 3C, and
5C current rates. The change in Tmax,b,sur. of the Air-Cooled BTMS
exhibited nonlinear behaviour throughout the discharging process,
which was influenced by the nonlinear heat generation characteristics of
the battery. This nonlinear battery heat generation was previously re-
ported by Huang et al. [49] and was observed in Subsection 5.1 in this
study. Consequently, as depicted in Fig. 7, Tmax,b,sur. rapidly increased at
the beginning of the discharging process, followed by a gradual increase
and another sharp rise at the end.

The thermal behaviour of the BTMSs highly depended on the current
rate. Increasing the current rate resulted in a higher Tmax,b,sur. in all
BTMSs due to the higher battery heat generation. The rise in Tmax,b,sur.

was particularly pronounced in the Air-Cooled BTMS, indicating the
effectiveness of the PCM-based thermal management systems in
reducing Tmax,b,sur., especially at higher current rates. At a lower current
rate of 1C, all BTMSs succeeded in keeping Tmax,b,sur. under the critical
threshold of 318.15 K, essential for ensuring the battery's safety and
longevity. However, at current rates of 2C, 3C, and 5C, Tmax,b,sur. in the
Air-Cooled BTMS exceeded this optimum temperature limit, reaching
327.17, 336.67, and 354.13 K at the end of the discharging process,
respectively.

The PCM-Air-Cooled BTMS significantly reduced the rate of tem-
perature rise compared to the Air-Cooled BTMS, especially at higher
current rates. This reduction in the temperature rise can be attributed to

Fig. 6. The comparison of (a) Qirr, (b) Qrev, and (c) Qt under discharging with 1C, 2C, 3C, and 5C current rates.

P. Zare et al. Journal of Energy Storage 108 (2025) 115054 

7 



the high heat absorption by the PCM during the phase transition.
However, Tmax,b,sur. in the PCM-Air-Cooled BTMS exceeded the optimum
limit of 318.15 K, reaching 318.32 and 325.43 K at the end of 3C and 5C
discharging, respectively. Therefore, a more effective BTMS was
required at higher current rates.

The Exterior Fin-PCM-Air-Cooled BTMS further reduced the rate of
temperature rise and maintained Tmax,b,sur. within the optimum limit at
the current rates below 5C. However, Tmax,b,sur. was 321 K at the end of
the 5C current rate, exceeding the temperature limit.

At a low current rate of 1C, the lower Tmax,b,sur. in the Interior-Exterior
Fin-PCM-Air-Cooled BTMS, compared to the other four BTMSs,
demonstrated the superior cooling performance achieved by the pro-
posed fin design. At higher current rates of 2C, 3C, and 5C, the Interior-
Exterior Fin-PCM-Air-Cooled BTMS and the Interior Fin-PCM-Air-
Cooled BTMS, with almost similar temperature regulation perfor-
mance, outperformed the other three BTMSs in effectively controlling
Tmax,b,sur. below 318.15 K. At 5C current rate, Tmax,b,sur. increased by

45.98, 17.28, 12.85, 8.89, and 8.74 K in the Air-Cooled BTMS, PCM-Air-
Cooled BTMS, Exterior Fin-PCM-Air-Cooled BTMS, Interior Fin-PCM-
Air-Cooled BTMS, and Interior-Exterior Fin-PCM-Air-Cooled BTMS,
respectively.

5.3. Various BTMSs' performance under the constant averaged battery
heat generation and non-dimensional analysis

This study examined the temperature regulation performance of the
different BTMSs under constant averaged battery heat generation to
investigate these systems' long-term performance and reliability. Fig. 8
shows the variations in Tmax,b,sur. (Sur.) and the maximum temperature
inside the volume of the battery (Tmax,b,vol.) (Vol.) at 3C and 5C current
rates. The combined presentation of surface and volume temperatures
allows for a direct comparison, illustrating how the cooling effect
propagates from the battery surface into its core. The inclusion of ver-
tical lines in the figure indicates the time points when the PCM phase
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Fig. 7. Tmax,b,sur. in various BTMSs during the transient battery heat generation at the current rates of (a) 1C, (b) 2C, (c) 3C, and (d) 5C.
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transition begins and ends, providing additional clarity on the impact of
phase change on temperature regulation. The Tmax,b,vol. followed a
similar trend to Tmax,b,sur., albeit with a delay. This delay occurred
because it took time for the cooling effect to reach the central area of the
battery. Thus, the central area of the battery showed the highest tem-
perature due to the low thermal conductivity in the radial direction of
the battery.

Before the PCM melting process started, the heat transfer and heat
storage within the PCM relied on heat conduction and sensible heat
capacity, respectively. Therefore, Tmax,b,sur. rapidly increased in all
BTMSs until the PCM phase transition started. The interior and interior-
exterior fins provided additional pathways for the heat conduction from
the battery surface to the PCM, further utilising the PCM's sensible heat
storage capacity. This enhancement in the conductive heat transfer in
the Interior Fin-PCM-Air-Cooled BTMS and Interior-Exterior Fin-PCM-
Air-Cooled BTMS reduced Tmax,b,sur. in comparison to the Exterior Fin-
PCM-Air-Cooled BTMS and the PCM-Air-Cooled BTMS.

When the PCM temperature reached its melting point range of
313.75 to 317.85 K, the PCM changed its phase from solid to liquid. As
the PCM started to melt, the remaining solid PCMwas changing its phase
along the radial direction in the PCM-Air-Cooled BTMS and the Exterior
Fin-PCM-Air-Cooled BTMS. In the Interior Fin-PCM-Air-Cooled BTMS
and Interior-Exterior Fin-PCM-Air-Cooled BTMS, the PCM phase change
occurred along the radial and tangential directions until the PCMmelted
completely. Throughout the phase transition of the PCM, the heat
transfer within the PCM relied on conductive and convective heat
transfer, while the heat storage within the PCM relied on the latent heat
storage capacity. Consequently, the PCM experienced an increase in the
thermal energy intake through the latent heat storage, which signifi-
cantly decreased the rate of the maximum temperature rise. The
reduction in the rate of the maximum temperature rise was more sig-
nificant in the Interior Fin-PCM-Air-Cooled BTMS and Interior-Exterior
Fin-PCM-Air-Cooled BTMS compared to the Exterior Fin-PCM-Air-
Cooled BTMS and PCM-Air-Cooled BTMS, especially at the current
rate of 5C. This was due to the increased contact surface area between
the heat-conducting surfaces and the PCM and the exploitation of the
PCM latent heat along the radial and tangential directions in these
BTMSs. As the liquid PCM region around the battery surface expanded in
the PCM-Air-Cooled BTMS and the Exterior Fin-PCM-Air-Cooled BTMS,

the absorbed heat by the liquid PCM could not be dissipated effectively
to the surrounding environment. This was because of the PCM's low
thermal conductivity, resulting in the battery having a higher maximum
temperature. When the PCM was fully melted at 5C current rate,
Tmax,b,sur. reached 342.00 K in the PCM-Air-Cooled BTMS at t =

1656.25 s, 329.90 K in the Exterior Fin-PCM-Air-Cooled BTMS at t =

1808.5 s, 325.28 K in the Interior Fin-PCM-Air-Cooled BTMS at t =

1637.75 s, and 324.56 K in the Interior-Exterior Fin-PCM-Air-Cooled
BTMS at t = 1770.75 s.

After the PCM melted completely, the rate of the maximum tem-
perature rise increased again in all the BTMSs due to the reliance only on
the PCM's sensible heat storage capacity. In the PCM liquid phase, the
heat transfer occurred primarily through convection. The maximum
temperature in the Interior Fin-PCM-Air-Cooled BTMS exceeded that of
the Exterior Fin-PCM-Air-Cooled BTMS due to the increased area for
heat transfer using exterior fins. This highlighted the importance of
exterior fins in reducing the battery temperature when the PCM
completely melted. The temperature regulation performance of the
Interior Fin-PCM-Air-Cooled BTMS and Interior-Exterior Fin-PCM-Air-
Cooled BTMS was almost identical before and during the PCM phase
change process. However, after the PCM melted entirely, the fins on the
casing outer wall surface in the Interior-Exterior Fin-PCM-Air-Cooled
BTMS facilitated the effective dissipation of heat trapped in the melted
PCM to the surrounding environment. This led to the lower maximum
battery temperature in the Interior-Exterior Fin-PCM-Air-Cooled BTMS
compared to the Interior Fin-PCM-Air-Cooled BTMS. Therefore, the
difference between the results for the maximum temperature in the
Interior Fin-PCM-Air-Cooled BTMS and the Interior-Exterior Fin-PCM-
Air-Cooled BTMS demonstrated the improved natural convection
through the exterior fins in the Interior-Exterior Fin-PCM-Air-Cooled
BTMS.

Fig. 9 presents the temperature and PCM liquid fraction contour plots
in the 1/8 models of the different BTMSs during the PCM melting pro-
cess at t = 1200 s, with a constant averaged battery heat generation at
the current rate of 5C. In Fig. 9 (a), it is evident that the heat generated
within the battery was transferred to the PCM layer around the battery
surface in the PCM-Air-Cooled BTMS. During the PCM phase transition,
the PCM absorbed a significant amount of heat by utilising its latent heat
capacity. However, due to the inherently low thermal conductivity of

Fig. 8. Comparison of Tmax,b,sur. and Tmax,b,vol. in PCM-based BTMSs under constant averaged battery heat generation at the current rates of (a) 3C and (b) 5C (the
vertical lines for the time shown on this graph represent the time at which the PCM phase transition started or ended in the respective BTMSs).
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the liquid PCM, the melted PCM around the battery surface acted as a
thermal insulator. This insulating effect limited the temperature rise of
the surrounding PCM and prevented rapid heat dissipation from the
battery surface to the surrounding environment, thus increasing the
battery temperature.

As shown in Fig. 9 (c), the generated heat was transferred to the
casing and exterior fins through the tubular fin and the PCM. Adding
exterior fins increased the heat transfer area and facilitated heat dissi-
pation to the surrounding environment, reducing the thickness of the
liquid PCM formed around the battery surface compared to the PCM-Air-
Cooled BTMS. As a result, less heat was accumulated in the liquid PCM
layer around the battery surface compared to the PCM-Air-Cooled
BTMS, leading to a lower battery surface temperature.

As shown in Fig. 9 (b) and (d), inserting interior and interior-exterior
fins with high thermal conductivity within the PCM offered several
advantages in heat dissipation and temperature regulation. These fins
enhanced the heat transfer in the radial direction of the BTMSs, thereby
improving the cooling effect of the BTMSs. These fins mitigated the heat
accumulation near the battery surface, facilitated more uniform PCM
melting, and effectively utilised the PCM's heat storage capacity.

Furthermore, the fins on the outer wall surface of the casing in the
Interior-Exterior Fin-PCM-Air-Cooled BTMS further increased the heat
transfer area and augmented the heat dissipation performance
compared to the interior fins. Therefore, employing interior-exterior fins
led to a noticeable reduction in the temperature on the surface and in the
core region of the battery compared to the PCM-Air-Cooled BTMS.

Fig. 10 presents the temperature profiles along horizontal I-I lines,
depicted in Fig. 9, at three specific time points: t = 300 s (before the
phase transition of the PCM), t = 1200 s (during the PCM phase change
process), and t = 2400 s (after the PCM phase change process). These
profiles were obtained for different PCM-based BTMSs while the battery
experienced constant averaged heat generation at the current rate of 5C.

The temperature difference between the battery's surface (Distance
= 0.009 m) and its centre (Distance = 0 m) was 14.51, 34.95, and 29.76
K in the PCM-Air-Cooled BTMS, 18.81, 38.53, and 31.55 K in the Interior
Fin-PCM-Air-Cooled BTMS, 18.16, 38, and 33.6 K in the Exterior Fin-
PCM-Air-Cooled BTMS, and 19.32, 38.81, and 33.16 K in the Interior-
Exterior Fin-PCM-Air-Cooled BTMS, at the respective time of 300,
1200, and 2400 s. These results showed that the most significant tem-
perature difference between the battery's surface and its centre occurred

Fig. 9. Temperature and PCM liquid fraction contour plots in the 1/8 models of different BTMSs during the PCM melting process at t = 1200 s, with a constant
averaged battery heat generation at the current rate of 5C.
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during the PCM phase change, as a substantial amount of heat was
absorbed by the PCM, resulting in the temperature on the battery surface
being considerably lower than that in the centre of the battery. While the
PCM-Air-Cooled BTMS achieved the lowest temperature difference be-
tween the battery's surface and its centre, the proposed Interior-Exterior
Fin-PCM-Air-Cooled BTMS showed the lowest temperature on the sur-
face and in the core region of the battery compared to the other BTMSs
before, during, and after the PCM phase change process.

This study examined the circumferential and longitudinal tempera-
ture distribution of the battery, focusing on two specific vertical lines: II-
II (located in the middle of the PCM silo) and III-III (positioned closer to
the fin). Fig. 9 shows the locations of lines II-II and III-III in the Y-axis
direction. Fig. 11 shows the temperature profiles on the battery surface
and along its height at the II-II and III-III lines in the different PCM-based
BTMSs after 300, 1200, and 2400 s, while the battery experienced a
constant averaged heat generation at the current rate of 5C.

As shown in Fig. 11, the Interior Fin-PCM-Air-Cooled BTMS and
Interior-Exterior Fin-PCM-Air-Cooled BTMS achieved nearly uniform
longitudinal temperature distribution, in contrast to the PCM-Air-
Cooled BTMS and the Exterior Fin-PCM-Air-Cooled BTMS. The uni-
form temperature distributions in the Interior Fin-PCM-Air-Cooled
BTMS and Interior-Exterior Fin-PCM-Air-Cooled BTMS can be attrib-
uted to the rectangular fins inserted within the PCM, which enhanced
the heat conduction within the BTMSs and prevented heat accumulation
near the top of the battery. The temperature gradients between the top
and bottom of the battery at the II-II and III-III lines in the PCM-Air-
Cooled BTMS and Exterior Fin-PCM-Air-Cooled BTMS were more pro-
nounced during and after the PCM phase change process due to the
buoyancy-driven natural convection within the liquid PCM. This natural
convection caused the melted PCMwith a higher temperature and lower

density to migrate towards the top, resulting in a higher temperature at
the top of the battery surface. The buoyancy-driven natural convection
phenomenon in the melted PCM was also observed by Sun et al. (2021).
Additionally, in the Interior Fin-PCM-Air-Cooled BTMS and Interior-
Exterior Fin-PCM-Air-Cooled BTMS, the battery temperature at the III-
III lines was slightly lower than that at the II-II lines. This difference
in the battery temperature can be attributed to the shorter distance of III-
III lines than II-II lines to the fins connected to the casing exposed to the
surrounding environment, facilitating slightly improved cooling effects
in these regions.

Nusselt number characterises the underlying heat transfer mecha-
nisms during the PCM phase change [50]. The definition of the surface-
averaged Nusselt number (Nu) used in this study can be found in
[51,52]. The dimensionless time (τ = Fo× Ste*) was used to illustrate
the overall pattern of heat transfer changes resulting from the PCM
phase transition [51,52], where Fo is Fourier number and Ste* denotes
the modified Stefan number, incorporating the sensible heat for both the
solid and liquid PCM [37].

Fig. 12 shows the change in Nu in different PCM-based BTMSs at 3C
and 5C current rates until t = 6000 s and t = 2500 s, respectively. Ac-
cording to the definition of the Nusselt number, which signifies the
proportion of convective heat transfer to conductive heat transfer, the
heat transfer mechanisms were categorised into conduction, strong
natural convection, and weak natural convection. Similar observations
of predominant thermal conduction at the beginning of the PCM lique-
faction, followed by significant thermal convection as the process pro-
gresses, have been reported in previous studies on thermal energy
storage systems [53] and heat sinks [51].

During the conduction-dominated regime, a thin layer of the melted

Fig. 10. Temperature profiles along horizontal I-I lines, shown in Fig. 9, at (a) t = 300 s, (b) t = 1200 s, and (c) t = 2400 s in various BTMSs at the current rate of 5C.

P. Zare et al. Journal of Energy Storage 108 (2025) 115054 

11 



Fig. 11. Temperature profiles at the II-II and III-III lines at (a) t = 300 s, (b) t = 1200 s, and (c) t = 2400 s in various BTMSs subjected to constant averaged heat
generation at the current rate of 5C.

Fig. 12. Comparison of the change in Nu in various BTMSs at (a) 3C and (b) 5C current rates.
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PCM was formed at the battery-PCM interface in the PCM-Air-Cooled
BTMS and the fin-PCM and casing-PCM interfaces in the other PCM-
based BTMSs. This led to a high value of Nu in all the PCM-based
BTMS, attributed to the negligible thermal resistance of the narrow
liquid PCM layer. With the advancement of heat transfer, the thickness
of the liquid PCM layer and the associated thermal resistance increased,
resulting in a significant decrease in Nu. During the strong natural
convection regime, despite the ongoing increase in thermal resistance
due to the continuous melting of PCM, the bulk motion of the melted
PCM increased the heat transfer. As a result, Nu decreased at a slower
rate. During periods of weak natural convection, the intensity of natural
convective heat transfer decreased as the temperature of the melted
PCM became more uniform, leading to a decrease in the variation of the
PCM density. This caused a sharp decline in Nu at the beginning of the
weak natural convection regime.

The exterior and interior fins played a critical role in dissipating heat
to the surrounding environment and distributing heat within the BTMS.
Therefore, more heat was transferred to the PCM layer surrounding the
battery in the PCM-Air-Cooled BTMS compared to the PCM-based
BTMSs with fins, thus enhancing the natural convection in the melted
PCM. Indeed, the intensity of the natural convection in the liquid PCM
depended on the temperature difference and the distance between the
walls, which included the battery surface, casing, and fins surrounding
the PCM, and the PCM solid-liquid interface. When more PCM melted,

increasing this distance enhanced the natural convection of melted PCM
in the PCM-Air-Cooled BTMS compared to the PCM-based BTMSs with
fins. The PCM-Air-Cooled BTMS exhibited higher Nu compared to the
PCM-based BTMSs with fins with almost similar Nu, except at the start of
the 5C current rate. However, Tmax,b,sur. in the PCM-based BTMSs with
fins was lower than that in the PCM-Air-Cooled BTMS, as shown in
Fig. 8. This decrease in Tmax,b,sur. was more significant in the Interior Fin-
PCM-Air-Cooled BTMS and Interior-Exterior Fin-PCM-Air-Cooled BTMS
during the PCM phase transition. These findings emphasised the sig-
nificance of enhancing the conductive and convective heat transfer
within the PCM for the effective thermal management of the battery.

5.4. The BTMSs' performance during three cycles of the PCM undergoing
complete liquefaction and re-solidification

It is crucial to conduct long-term tests and assess the BTMS's capa-
bility to sustain its performance to evaluate the system's durability.
Fig. 13 (a) and (b) compare Tmax,b,vol., and Fig. 13 (c) and (d) illustrate
Tmax,b,sur. in the different BTMSs during three cycles of the PCM under-
going complete liquefaction and re-solidification. The PCM melting
process was conducted under a constant averaged battery heat genera-
tion at the current rates of 3C and 5C until the PCM was completely
melted (γ = 1). During the PCM solidification process, this constant
averaged heat generation was removed from the BTMSs until the PCM

Fig. 13. The comparison of Tmax,b,vol. at the current rates of (a) 3C and (b) 5C and Tmax,b,sur. at the current rates of (c) 3C and (d) 5C in various BTMSs during three
cycles of the PCM undergoing complete liquefaction and re-solidification.
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was completely solid (γ = 0).
In the four PCM-based BTMSs, Tmax,b,sur. and Tmax,b,vol. significantly

increased. As the PCM melting process started, the rate of the temper-
ature rise on the battery surface and inside the battery volume decreased
due to the utilisation of the PCM latent heat capacity. This decline in the
rate of the temperature rise was more pronounced at the 3C current rate
due to the lower heat generation. Upon the complete melting of the PCM
during the three cycles, Tmax,b,sur. in the Interior-Exterior Fin-PCM-Air-
Cooled BTMS was 9.9 and 17.46 K lower than that in the PCM-Air-
Cooled BTMS, 0.7 and 0.73 K lower than that in the Interior Fin-PCM-
Air-Cooled BTMS, and 3.81 and 5.42 K lower than that in the Exterior
Fin-PCM-Air-Cooled BTMS at the current rates of 3C and 5C, respec-
tively. The Tmax,b,vol. in the Interior-Exterior Fin-PCM-Air-Cooled BTMS
was also 6.37 and 10.87 K lower than that in the PCM-Air-Cooled BTMS,
0.17 and 0.03 K lower than that in the Interior Fin-PCM-Air-Cooled
BTMS, and 3.71 and 6.78 K lower than that in the Exterior Fin-PCM-
Air-Cooled BTMS at 3C and 5C current rates, respectively. By
removing the constant averaged heat generation in these BTMSs, the
PCM solidification started, leading to a rapid decline in Tmax,b,vol. and
Tmax,b,sur. until the PCM reached its liquidus temperature. Subsequently,
during the PCM solidification process, the rate of the temperature drop
decreased due to the recovery of the PCM latent heat capacity. These
results highlighted that the Interior Fin-PCM-Air-Cooled BTMS and
Interior-Exterior Fin-PCM-Air-Cooled BTMS with almost identical tem-
perature regulation performance achieved the lowest Tmax,b,sur. and
Tmax,b,vol. compared to the other two BTMSs during the three cycles of the
PCM undergoing complete liquefaction and re-solidification.

In addition to regulating the rise in temperature of the batteries,
minimising the amplitude of temperature variations during repeated
and prolonged operation is crucial in extending the batteries' lifespan
[54]. Wu et al. [54] demonstrated that the amplitude of the temperature

fluctuations in composite PCM-based BTMSs was smaller than that in a
battery without PCM during the battery charging and discharging cy-
cles. This was because of the temperature-buffering effect provided by
the composite PCM. In this study, during the three cycles of the PCM
undergoing complete liquefaction and re-solidification, the amplitude of
the variation in Tmax,b,sur. was 16.29 and 28.36 K in the PCM-Air-Cooled
BTMS, 8.13 and 12.68 K in the Interior Fin-PCM-Air-Cooled BTMS,
10.66 and 16.80 K in the Exterior Fin-PCM-Air-Cooled BTMS, and 7.86
and 12.38 K in the Interior-Exterior Fin-PCM-Air-Cooled BTMS at 3C and
5C current rates, respectively. Furthermore, the amplitude of the vari-
ation in Tmax,b,vol. was 29.96 and 59.03 K in the PCM-Air-Cooled BTMS,
24.42 and 48.85 K in the Interior Fin-PCM-Air-Cooled BTMS, 27.55 and
55.18 K in the Exterior Fin-PCM-Air-Cooled BTMS, and 24.37 and 48.94
K in the Interior-Exterior Fin-PCM-Air-Cooled BTMS at 3C and 5C cur-
rent rates, respectively. These findings indicated that the Interior Fin-
PCM-Air-Cooled BTMS and Interior-Exterior Fin-PCM-Air-Cooled
BTMS successfully minimised the amplitude of the temperature varia-
tions during repeated PCM complete liquefaction and re-solidification.

Fig. 14 (a) and (b) illustrate the change in the PCM liquid fraction
during the three cycles of the PCM undergoing complete liquefaction
and re-solidification in different PCM-based BTMSs at 3C and 5C current
rates, respectively. The PCM melting process started after a certain
period, during which the generated heat was transferred from the bat-
tery to the PCM. The lower heat generation level at the 3C current rate
delayed the PCM melting initiation time.

When the PCM reached its melting point, the PCM liquid fraction
increased almost linearly over time in all the BTMSs. At the 3C current
rate, the fins on the outer wall surface of the casing in the Exterior Fin-
PCM-Air-Cooled BTMS and Interior-Exterior Fin-PCM-Air-Cooled BTMS
prolonged the period during which the PCM latent heat was utilised
compared to the other two BTMSs. This maintained the battery's

Fig. 14. The PCM liquid fraction during three cycles of the PCM undergoing complete liquefaction and re-solidification in different BTMSs at the current rates of (a)
3C and (b) 5C.
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temperature near the phase change temperature for an extended dura-
tion. At the higher current rate of 5C, the exterior fins had a less sig-
nificant impact on extending the PCM latent heat utilisation period. This
suggested that, despite the increased heat transfer area with the exterior
fins, the dissipation of the high heat generated at 5C current rate was not
significantly enhanced.

During the PCM solidification, employing fins on the outer wall
surface of the casing in the Exterior Fin-PCM-Air-Cooled BTMS and
Interior-Exterior Fin-PCM-Air-Cooled BTMS accelerated the heat dissi-
pation to the surrounding environment compared to the other two
BTMSs. Furthermore, the interior-exterior fins created a conductive
network and facilitated heat distribution within the system, which was
even more effective than only the exterior fins for heat dissipation. This
enhanced heat dissipation in the Interior-Exterior Fin-PCM-Air-Cooled
BTMS reduced the PCM solidification period. This reduced PCM solidi-
fication period was more pronounced at the higher current rate of 5C,
highlighting the effective heat dissipation capabilities of the interior-
exterior fins.

In specific applications of PCMs, such as PCMs in thermal energy
storage systems [55,56], heat exchangers [57], and buildings and con-
struction [58], a shorter PCM melting period resulted in greater energy
storage within a given period, leading to the improved temperature
regulation performance. In contrast, specific applications necessitate a
longer PCM melting period to optimise the temperature regulation
performance. For instance, in textile applications, the service life of
phase change cooling suits should be extended, or the discovery of PCMs
with longer melting periods is required to enhance human comfort in
high-temperature and humid environments [59]. Similarly, in BTMSs,
the PCM melting period should be extended to ensure that the battery

temperature remains around the phase change temperature for a longer
period.

Table 4 provides more detailed information about the PCM melting
and solidification periods, as shown in Fig. 14 (b), in various BTMSs
during three cycles of the PCM undergoing complete liquefaction and re-
solidification at the current rates of 3C and 5C. Furthermore, Table 4
highlights the percentage differences in these periods compared to those
in the PCM-Air-Cooled BTMS.

During the three cycles, the PCM melting initiation period decreased
by increasing the current rate in all the BTMSs due to the higher battery
heat generation at higher current rates, which caused the PCM to reach
its melting point more rapidly. Additionally, the PCM melting initiation
period significantly decreased in the subsequent cycles, largely due to
the initial temperature being considerably lower than the PCM solidus
temperature in the first cycle (298.15 K). Incorporating interior and
exterior fins delayed the PCM melting initiation compared to the PCM-
Air-Cooled BTMS due to the improved heat distribution within the
system and enhanced heat dissipation to the surroundings, respectively.
The results underscored the greater influence of interior fins over exte-
rior fins in extending the PCM melting initiation. Consequently, the
interior-exterior fins extended the PCM melting initiation period by
59.95 % and 57.47 % at 3C and 5C current rates, respectively, compared
to the PCM-Air-Cooled BTMS. Notably, this delay in the PCM melting
initiation was far more pronounced in the second and third cycles, pri-
marily due to the PCM complete solidification at a lower Tmax,b,sur. in the
BTMSs with fins compared to the PCM-Air-Cooled BTMS. Therefore, a
longer period was required for the PCM in the BTMSs with fins to absorb
heat and reach the melting point during subsequent cycles.

The PCM latent heat utilisation period, shown in Fig. 14 (b), which

Table 4
The PCM melting and solidification periods in various BTMSs over three consecutive melting and solidification cycles at the current rates of 3C and 5C and their
percentage differences compared to those in the PCM-Air-Cooled BTMS.

Parameters PCM-Air-Cooled BTMS
(3C/5C)

Interior Fin-PCM-Air-Cooled
BTMS (3C/5C)

Exterior Fin-PCM-Air-Cooled
BTMS (3C/5C)

Interior-Exterior Fin-PCM-Air-Cooled
BTMS (3C/5C)

Cycle
1

PCM melting initiation
period

646.75 s/279.25 s 912.25 s (+41.05 %)/412.75 s
(+47.81 %)

867.25 s (+34.09 %)/367.5 s
(+31.60 %)

1034.5 s (+59.95 %)/439.75 s
(+57.47 %)

PCM latent heat utilisation
period

3145.75 s/1377 s 3198.75 s (+1.68 %)/1225 s
(− 11.04 %)

4272.5 s (+35.82 %)/1441 s
(+4.65 %)

4190 s (+33.20 %)/1331 s (− 3.34 %)

Total PCM melting period 3792.5 s/1656.25 s 4111 s (+8.40 %)/1637.75 s
(− 1.12 %)

5139.75 s (+35.52 %)/1808.5 s
(+9.19 %)

5224.5 s (+37.76 %)/1770.75 s
(+6.91 %)

PCM solidification
initiation period

695 s/1469.25 s 488.25 s (− 29.75 %)/1106 s
(− 24.72 %)

286.25 s (− 58.81 %)/820.75 s
(− 44.14 %)

277.5 s (− 60.07 %)/771.5 s (− 47.49
%)

PCM latent heat recovery
period

5845.25 s/5836.5 s 5156 s (− 11.79 %)/5139.75 s
(− 11.94 %)

4265.75 s (− 27.02 %)/4222.25 s
(− 27.66 %)

3820.75 s (− 34.63 %)/3790.25 s
(− 35.06 %)

Total PCM solidification
period

6540.25 s/7305.75 s 5644.25 s (− 13.70 %)/6245.75 s
(− 14.51 %)

4552 s (− 30.40 %)/
5043 s (− 30.97 %)

4098.25 s (− 37.34 %)/4561.75 s
(− 37.56 %)

Cycle
2

PCM melting initiation
period

43.25 s/12.5 s 173.5 s (+301.16 %)/65.75 s
(+426.00 %)

115.25 s (+166.47 %)/33 s
(+164.00 %)

282.25 s (+552.60 %)/97 s (+676.00
%)

PCM latent heat utilisation
period

3195.5 s/1409.5 s 3248 s (+1.64 %)/1287.25 s
(− 8.67 %)

4341.25 s (+35.85 %)/1499.25 s
(+6.37 %)

4219 s (+32.03 %)/1388 s (− 1.52 %)

Total PCM melting period 3238.75 s/1422 s 3421.5 s (+5.64 %)/1353 s
(− 4.85 %)

4456.5 s (+37.60 %)/1532.25 s
(+7.75 %)

4501.25 s (+38.98 %)/1485 s (+4.43
%)

PCM solidification
initiation period

695.25 s/1468 s 488 s (− 29.81 %)/1104.25 s
(− 24.78 %)

286 s (− 58.86 %)/820 s (− 44.14
%)

276.5 s (− 60.23 %)/770.25 s
(− 47.53 %)

PCM latent heat recovery
period

5845.75 s/5837.25 s 5156.25 s (− 11.79 %)/5140.25 s
(− 11.94 %)

4266.75 s (− 27.01 %)/4222.25 s
(− 27.67 %)

3821.25 s (− 34.63 %)/3790.25 s
(− 35.07 %)

Total PCM solidification
period

6541 s/7305.25 s 5644.25 s (− 13.71 %)/6244.5 s
(− 14.52 %)

4552.75 s (− 30.40 %)/5042.25 s
(− 30.98 %)

4097.75 s (− 37.35 %)/4560.5 s
(− 37.57 %)

Cycle
3

PCM melting initiation
period

43 s/12.25 s 173.5 s (+303.49 %)/66 s
(+438.77 %)

115.25 s (+168.02 %)/32.75 s
(+167.35 %)

281.25 s (+554.07 %)/96.75 s
(+689.80 %)

PCM latent heat utilisation
period

3195.75 s/1409.75 s 3247.75 s (+1.63 %)/1287 s
(− 8.71 %)

4341.5 s (+35.85 %)/1499.5 s
(+6.37 %)

4225.5 s (+32.22 %)/1388.25 s
(− 1.52 %)

Total PCM melting period 3238.75 s/1422 s 3421.25 s (+5.63 %)/1353 s
(− 4.85 %)

4456.75 s (+37.61 %)/1532.25 s
(+7.75 %)

4506.75 s (+39.15 %)/1485 s (+4.43
%)

PCM solidification
initiation period

695.5 s/1468 s 488 s (− 29.83 %)/1104.25 s
(− 24.78 %)

286.25 s (− 58.84 %)/820 s
(− 44.14 %)

277.5 s (− 60.10 %)/770.25 s
(− 47.53 %)

PCM latent heat recovery
period

5845.5 s/5837.5 s 5156.25 s (− 11.79 %)/5140 s
(− 11.95 %)

4268.25 s (− 26.98 %)/4222.25 s
(− 27.67 %)

3821 s (− 34.63 %)/3790.25 s
(− 35.07 %)

Total PCM solidification
period

6541 s/7305.5 s 5644.25 s (− 13.71 %)/6244.25 s
(− 14.53 %)

4554.5 s (− 30.37 %)/5042.25 s
(− 30.98 %)

4098.5 s (− 37.34 %)/4560.5 s
(− 37.57 %)
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corresponded to the phase change from solid to liquid, decreased when
the current rate in all the BTMSs was increased. This was due to the
higher heat generation of the battery at higher current rates, which
melted the PCM more rapidly. The insertion of fins within the PCM
slightly extended the PCM latent heat utilisation period at the lower
current rate of 3C by improving heat distribution. However, these heat-
conducting interior fins decreased the PCM phase transition period at
the higher current rate of 5C due to the increased heat generated by the
battery. Furthermore, the fins on the outer wall surface of the casing in
the Exterior Fin-PCM-Air-Cooled BTMS increased the PCM phase tran-
sition period. This was because of the improved heat dissipation to the
surroundings, especially at the current rate of 3C. Therefore, in the first
cycle at 3C and 5C current rates, the PCM latent heat utilisation period
increased by 33.20 % and decreased by 3.34 % in the Interior-Exterior
Fin-PCM-Air-Cooled BTMS, respectively, compared to the PCM-Air-
Cooled BTMS.

As a result, in the first cycle at the current rates of 3C and 5C, the
total PCM melting period increased by 8.40 % and decreased by 1.12 %
in the Interior Fin-PCM-Air-Cooled BTMS, increased by 35.52 % and
9.19 % in the Exterior Fin-PCM-Air-Cooled BTMS, and increased by
37.76 % and 6.91 % in the Interior-Exterior Fin-PCM-Air-Cooled BTMS,
respectively, compared to the PCM-Air-Cooled BTMS. These results
indicated that the Interior-Exterior Fin-PCM-Air-Cooled BTMS and
Exterior Fin-PCM-Air-Cooled BTMS achieved the longest total PCM
melting period at 3C and 5C current rates, respectively. The total PCM
melting period showed similar trends in all the BTMSs in the subsequent
cycles.

The PCM solidification initiation period significantly increased when
the current rate in all the BTMSs increased. This was because of the
higher heat generated within the battery, which must be dissipated for
the PCM solidification to start. The interior and exterior fins decreased
the PCM solidification initiation period compared to the PCM-Air-
Cooled BTMS. This was due to the improved distribution of the cool-
ing effect of the natural air convection around the PCM caused by the
fins within the PCM and the extended heat transfer area with the sur-
rounding environment. Therefore, in the first cycle, the PCM solidifi-
cation initiation period decreased by 60.07 % and 47.49 % in the
Interior-Exterior Fin-PCM-Air-Cooled BTMS at 3C and 5C current rates,
respectively, compared to the PCM-Air-Cooled BTMS.

The current rate had a minimal impact on the latent heat recovery
period, as the heat source was removed from all the BTMSs. In the first
cycle, the PCM latent heat recovery period decreased by 34.63 % and
35.06 % in the Interior-Exterior Fin-PCM-Air-Cooled BTMS at the cur-
rent rates of 3C and 5C, respectively, compared to the PCM-Air-Cooled
BTMS due to the improved heat dissipation using interior-exterior fins.

Consequently, in the first cycle, the total PCM solidification period
decreased by 37.34 % and 37.56 % in the Interior-Exterior Fin-PCM-Air-
Cooled BTMS at 3C and 5C current rates, respectively, compared to the
PCM-Air-Cooled BTMS. During the three cycles, the total PCM solidifi-
cation period remained relatively constant in all the BTMSs.

Previous research on PCM melting and solidification generally cat-
egorised melting as a convection-dominated process and solidification
as a conduction-dominated process. Hence, melting was reported to be
faster than solidification [60]. However, contrasting observations were
reported in some studies [61]. Some studies also identified the strong
influence of both mechanisms in the melting and solidification processes
[62]. Aramesh and Shabani [60] explained that such general conclu-
sions were contingent upon the experiment configuration, leading to
contradictions among different studies. In this study, the PCM melting
process was faster than the PCM solidification process in the PCM-Air-
Cooled BTMS. This behaviour can be attributed to forming a solid
PCM region on the casing wall, which acted as a thermal insulator,
hindering heat transfer to the surroundings and slowing solidification.
Consequently, heat transfer enhancement techniques should be
employed to accelerate the PCM solidification process. Although the
PCMmelting process in the Interior Fin-PCM-Air-Cooled BTMS occurred

more rapidly than the PCM solidification process, utilising the interior
fins decreased the difference between the melting and solidification
periods. In the Exterior Fin-PCM-Air-Cooled BTMS and Interior-Exterior
Fin-PCM-Air-Cooled BTMS, the PCM melting process was slower than
the PCM solidification process at the current rate of 3C, while the
opposite behaviour was observed at the current rate of 5C. This con-
trasting behaviour can be due to the lower heat generation level at 3C
current rate and the effectiveness of the fins on the outer wall surface of
the casing in dissipating heat to the surroundings at a lower current rate.

To conclude, the interior-exterior fins were effective for the thermal
regulation of batteries compared to other fin designs. These fins
extended the total PCM melting period to maintain the battery tem-
perature within the optimal range for a longer period and shortened the
total PCM solidification period to ensure a reduced recovery time for the
BTMS.

6. Conclusion

Effective BTMSs are critical for ensuring the safe operation and
longevity of lithium-ion batteries. This study proposed and evaluated a
novel fin design, incorporating a tubular and 4 rectangular interior-
exterior fins within a metal casing, to enhance the performance of
PCM-based BTMSs. The findings of this research are summarised as
follows:

1. The Qirr generated by the battery's internal resistance dominated
over Qrev generated by the entropy changes across all current rates,
increasing with higher currents. At 5C current rate, Qirr was up to
8.73 times greater than Qrev, highlighting the substantial influence of
internal resistance on heat generation.

2. The Interior-Exterior Fin-PCM-Air-Cooled BTMS was effective in
maintaining Tmax,b,sur. below 318.15 K, ensuring battery safety and
longevity under the transient battery heat generation, even at a high
current rate of 5C.

3. The combined interior-exterior fins ensured a nearly uniform
circumferential and longitudinal temperature distribution to the
battery. These interior-exterior fins showed superior temperature
regulation performance over the interior and exterior fins before,
during, and after the PCM phase change process.

4. During the PCM phase transition, various heat transfer regimes of
conduction, strong natural convection, and weak natural convection
were characterised sequentially. While convective heat transfer was
necessary for utilising the PCM latent heat capacity, enhancing
conduction within the PCM using fins was essential for effective
battery thermal management.

5. During the PCM melting and solidification cycles at the 5C current
rate, the variation in Tmax,b,sur. in the Interior-Exterior Fin-PCM-Air-
Cooled BTMS was 15.98 K lower than that in the PCM-Air-Cooled
BTMS, buffering the effects of temperature change.

6. The interior-exterior fins extended the total PCM melting period,
particularly at lower current rates, thereby maintaining the battery
temperature within the optimal range for a longer period. In the first
cycle, at 3C and 5C current rates, the total PCM melting period
increased by 37.76 % and 6.91 % in the Interior-Exterior Fin-PCM-
Air-Cooled BTMS, respectively, compared to the PCM-Air-Cooled
BTMS.

7. The interior-exterior fins shortened the total PCM solidification
period, thus reducing the recovery time for the thermal management
system. In the first cycle, the total PCM solidification period
decreased by 37.34 % and 37.56 % in the Interior-Exterior Fin-PCM-
Air-Cooled BTMS at 3C and 5C current rates, respectively, compared
to the PCM-Air-Cooled BTMS.

Future work should explore the performance of the BTMS under real-
world operational conditions where discharge periods overlap with
incomplete PCM solidification to better replicate practical scenarios.
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The effect of various convective heat transfer coefficients on the thermal
performance of the BTMSs will also be explored in future studies to
provide a more comprehensive understanding of the impact of external
conditions on the thermal regulation efficiency.

CRediT authorship contribution statement

Parvaneh Zare: Writing – original draft, Visualization, Validation,
Methodology, Formal analysis.Noel Perera:Writing – review& editing,
Supervision, Project administration. Jens Lahr: Supervision, Software.
Reaz Hasan: Writing – review & editing, Supervision,
Conceptualization.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors thank Dr. Roger Tait for his advice and guidance on the
use of the High-Performance Computing (Cluster 3) resource. The au-
thors also thank the Faculty of Computing, Engineering, and the Built
Environment at Birmingham City University for supporting this High-
Performance Computing resource.

Data availability

Data will be made available on request.

References

[1] J. Jaguemont, J. Van Mierlo, A comprehensive review of future thermal
management systems for battery-electrified vehicles, Journal of Energy Storage 31
(2020) 101551, https://doi.org/10.1016/j.est.2020.101551.

[2] A. Angani, H.-W. Kim, M.-H. Hwang, E. Kim, K.-M. Kim, H.-R. Cha, A comparison
between zig-zag plated hybrid parallel pipe and liquid cooling battery thermal
management systems for Lithium-ion battery module, Appl. Therm. Eng. 219
(2023) 119599, https://doi.org/10.1016/j.applthermaleng.2022.119599.

[3] Y. Yang, E.G. Okonkwo, G. Huang, S. Xu, W. Sun, Y. He, On the sustainability of
lithium ion battery industry–a review and perspective, Energy Storage Materials 36
(2021) 186–212, https://doi.org/10.1016/j.ensm.2020.12.019.

[4] C. Lai, S. Shan, S. Feng, Y. Chen, J. Zeng, J. Song, L. Fu, Numerical investigations
on heat transfer enhancement and energy flow distribution for interlayer battery
thermal management system using Tesla-valve mini-channel cooling, Energ.
Conver. Manage. 280 (2023) 116812, https://doi.org/10.1016/j.
enconman.2023.116812.

[5] P.G. Zadeh, Y. Wang, J.D. Chung, Thermal management modeling for cylindrical
lithium-ion battery packs considering safety and lifespan, J. Mech. Sci. Technol. 36
(2022) 3727–3733, https://doi.org/10.1007/s12206-022-0646-0.

[6] Z. Guo, Q. Xu, Y. Wang, T. Zhao, M. Ni, Battery thermal management system with
heat pipe considering battery aging effect, Energy 263 (2023) 126116, https://doi.
org/10.1016/j.energy.2022.126116.

[7] J. Cao, M. Luo, X. Fang, Z. Ling, Z. Zhang, Liquid cooling with phase change
materials for cylindrical Li-ion batteries: an experimental and numerical study,
Energy 191 (2020) 116565, https://doi.org/10.1016/j.energy.2019.116565.

[8] S. Sudhakaran, M. Terese, Y. Mohan, A.D. Thampi, S. Rani, Influence of various
parameters on the cooling performance of battery thermal management systems
based on phase change materials, Appl. Therm. Eng. 222 (2023) 119936, https://
doi.org/10.1016/j.applthermaleng.2022.119936.

[9] M.W. Nazar, N. Iqbal, M. Ali, H. Nazir, M.Z.B. Amjad, Thermal management of Li-
ion battery by using active and passive cooling method, Journal of Energy Storage
61 (2023) 106800, https://doi.org/10.1016/j.est.2023.106800.

[10] P. Zare, N. Perera, J. Lahr, R. Hasan, Solid-liquid phase change materials for the
battery thermal management systems in electric vehicles and hybrid electric
vehicles–a systematic review, Journal of Energy Storage 52 (2022) 105026,
https://doi.org/10.1016/j.est.2022.105026.

[11] Z. Sun, R. Fan, F. Yan, T. Zhou, N. Zheng, Thermal management of the lithium-ion
battery by the composite PCM-Fin structures, International Journal of Heat and
Mass Transfer 145 (2019) 118739, https://doi.org/10.1016/j.
ijheatmasstransfer.2019.118739.

[12] M.M. Heyhat, S. Mousavi, M. Siavashi, Battery thermal management with thermal
energy storage composites of PCM, metal foam, fin and nanoparticle, Journal of
Energy Storage 28 (2020) 101235, https://doi.org/10.1016/j.est.2020.101235.

[13] S. Ahmad, Y. Liu, S.A. Khan, M. Hao, X. Huang, Hybrid battery thermal
management by coupling fin intensified phase change material with air cooling,
Journal of Energy Storage 64 (2023) 107167, https://doi.org/10.1016/j.
est.2023.107167.

[14] P. Goli, S. Legedza, A. Dhar, R. Salgado, J. Renteria, A.A. Balandin, Graphene-
enhanced hybrid phase change materials for thermal management of Li-ion
batteries, J. Power Sources 248 (2014) 37–43, https://doi.org/10.1016/j.
jpowsour.2013.08.135.

[15] B. Mortazavi, H. Yang, F. Mohebbi, G. Cuniberti, T. Rabczuk, Graphene or h-BN
paraffin composite structures for the thermal management of Li-ion batteries: a
multiscale investigation, Appl. Energy 202 (2017) 323–334, https://doi.org/
10.1016/j.apenergy.2017.05.175.

[16] F. Samimi, A. Babapoor, M. Azizi, G. Karimi, Thermal management analysis of a Li-
ion battery cell using phase change material loaded with carbon fibers, Energy 96
(2016) 355–371, https://doi.org/10.1016/j.energy.2015.12.064.

[17] S. Landini, J. Leworthy, T. O’Donovan, A review of phase change materials for the
thermal management and isothermalisation of lithium-ion cells, Journal of Energy
Storage 25 (2019) 100887, https://doi.org/10.1016/j.est.2019.100887.

[18] S.B. Sanker, R. Baby, Phase change material based thermal management of lithium
ion batteries: a review on thermal performance of various thermal conductivity
enhancers, Journal of Energy Storage 50 (2022) 104606, https://doi.org/10.1016/
j.est.2022.104606.

[19] V. Choudhari, A. Dhoble, S. Panchal, Numerical analysis of different fin structures
in phase change material module for battery thermal management system and its
optimization, International Journal of Heat and Mass Transfer 163 (2020) 120434,
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120434.

[20] Y. Lv, X. Yang, X. Li, G. Zhang, Z. Wang, C. Yang, Experimental study on a novel
battery thermal management technology based on low density polyethylene-
enhanced composite phase change materials coupled with low fins, Appl. Energy
178 (2016) 376–382, https://doi.org/10.1016/j.apenergy.2016.06.058.
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