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Abstract

This study presents a novel battery thermal management approach for large-format pouch-type
lithium-ion batteries (LIBs) commonly used in electric vehicles. A composite housing structure
consisting of Al,O3 foam filled with a nano-enhanced phase change material (NPCM), a mixture
of n-octadecane and copper nanoparticles, was investigated using numerical simulations under
different C-rates (0.5C, 1C, 1.5C, and 2C) and foam porosities (0.90, 0.92, 0.94, 0.96, and 0.98).
The Al>0O3 foam increases the effective surface area and thermal conductivity, while the copper
nanoparticles mitigate the low thermal conductivity of pure PCM. Results show that this hybrid
system significantly reduces maximum battery temperature, delays temperature rise through latent
heat absorption, and improves temperature uniformity. Increasing the C-rate, especially from 1.5
to 2, intensifies heat generation, while lower porosity (¢ = 0.9) enhances thermal performance

by redistributing heat toward the cell center. The proposed NPCM-A|>O3 foam configuration



offers a promising strategy to enhance the safety, efficiency, and longevity of high-capacity LIBs

in electric vehicle applications.
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1 Introduction

The adoption of electric vehicles (EVs) is a key strategy to reduce greenhouse gas emissions and
urban air pollution [1-4]. EVs can also reduce dependence on fossil fuels and enable cleaner
transportation when coupled with renewable electricity [5-7]. Lithium-ion batteries, including
cylindrical and pouch-type formats, are central to EV operation; however, their performance,
lifetime, and safety are highly temperature dependent, making Battery Thermal Management

Systems (BTMS) essential to prevent overheating and thermal runaway [8-11].

The main objective of BTMS research is to maintain a stable operating temperature during charge
and discharge. Accordingly, several approaches have been proposed, including air-based cooling
systems [12], conductive enhancements such as tins [13], porous media coverings [ 14], and phase
change materials (PCMs) [15-19]. PCM-based BTMS has received considerable attention because
latent heat storage enables passive thermal regulation with silent operation and no additional power
consumption [20]. Nevertheless, the low thermal conductivity of most conventional PCMs limits
heat spreading and can reduce cooling effectiveness under high heat generation [21]. To address
this limitation, hybrid designs have been explored by combining PCMs with forced convection
[13, 22, 23] or conductive structures such as metal fins or foams to enhance heat transfer and

improve temperature uniformity.

These studies have evaluated various fin geometries, including straight [24], circular [25, 26], arc-
shaped [27], helical [28], triangular [29, 30], I-shaped [30], and complex Y-, N-, and Z-shaped
designs [31]. In addition to reassessing these simpler configurations, Liu et al. [32] conducted
further analysis on more intricate aluminum fin structures to assess their influence on the heat
dissipation capabilities of PCMs. Their findings highlighted that bifurcated fin configurations,
notably the two-branch variation, were most effective in lowering battery temperatures. Moreover,

although adding more fins tends to enhance cooling, adjusting the PCM layer thickness did not



show a significant impact on overall thermal efficiency. Xiang et al. [33] investigated a hybrid
BTMS that combines forced cooling with a composite PCM. They reported that the system
maintains the pack temperature within an acceptable range at constant C-rates below ~15C,
whereas at >15C the PCM is depleted quickly and higher coolant flow is required. Under dynamic
cycles, they also showed improved control when the charge rate is kept low, and concluded that
higher-latent-heat CPCMs can further delay PCM depletion and extend high-rate capability. On
the other hand, based on previous research, the presence of pores in a metal matrix increases the
effective surface area between the solid structure and the working fluid, thereby promoting
convective heat transfer. The interconnected pore network facilitates uniform fluid flow,
minimizing stagnant zones and improving overall heat transfer performance. Moreover, the use of
copper foam can generate localized turbulence, disrupt the boundary layer, and further enhance
thermal exchange efficiency [34-37]. Salami Ranjbaran et al. [38] investigated the effect of
incorporating copper foam at varying volume fractions (1-9 vol%) mto paraffin wax, a commonly
used PCM, to enhance its thermal conductivity. Through numerical simulations of nine passive
BTMS configurations, they found that the addition of 6 vol% copper foam yielded the most
effective cooling performance, successfully maintaining the battery temperature within a safe
operating range. However, increasing the copper foam content beyond this level diminished the
PCM’s latent heat storage capacity, thereby reducing the overall reliability of the system.
Sudhakaran et al. [39] investigated how various factors, including PCM type, thickness, copper
foam content, and heat transfer coefficient, affect the cooling performance of PCMs in BTMS,
using numerical simulations conducted in ANSY'S Fluent. The PCMs examined were Capric Acid,
RT-35, RT-42, and RT-55, with thicknesses ranging from 2 mm to 8 mm and heat transfer
coefficients between 5 and 11 W/m?K. Copper foam was added as a conductive enhancer at
volume fractions of 1%, 3%, 5%, and 7%. Among the tested configurations, the fourth
combination, using Capric Acid, achieved the lowest cell temperature (303.088 K), while RT-35
also demonstrated strong thermal performance. ANOVA analysis revealed that PCM material had
the greatest impact on cooling efficiency (35.4%), followed closely by PCM thickness (35.13%),
with heat transfer coefficient (13.98%) and additive content (5.09%) having comparatively lesser
effects.

In recent years, researchers have explored the incorporation of nanoparticle-enhanced phase

change materials (NPCMs) to further enhance the thermal performance of battery systems [40-43].



The addition of nanoparticles (NPs) with high thermal conductivity to the PCM matrix
significantly increases the overall thermal conductivity of the material. This enhancement enables
faster heat dissipation and more efficient thermal regulation within the battery system.
Additionally, the presence of NPs can act as nucleation sites, promoting uniform phase transitions
and reducing the risk of hotspot formation [44-47]. As previously discussed, incorporating thermal
conductivity enhancers into composite PCMs is an effective strategy for improving their heat
transfer capabilities. These enhancers are generally categorized as either metallic or non-metallic,
with copper being the most commonly used metallic additive. Pan et al. [48] developed a BTMS
utilizing a cut copper fiber sintered skeleton (CCFSS)/paraffin composite PCM, which
significantly enhanced thermal conductivity and maintained the cell temperature variation within
500°C. Similarly, Karimi et al. [49] introduced a metal matrix along with metal nanoparticles into
the PCM, achieving a 70% reduction in the maximum temperature difference between the battery
and the PCM surface. Furthermore, composites incorporating silver nanoparticles demonstrated
superior thermal performance. Mehrabi et al. [41] incorporated paraffin into a copper foam matrix,
which effectively maintained the temperature below 6011°C even under high discharge conditions.
However, the system demonstrated reduced efficiency when operating at an ambient temperature
of 4001°C. Among metal-based additives, aluminum and aluminum-containing materials remain
the most commonly employed. Zou et al. [50] reported that a composite phase change material
containing multi-walled carbon nanotubes (MWCNTs) and graphene in a mass ratio of 3:7
exhibited the most effective heat transfer performance. This formulation significantly enhanced
thermal conductivity compared to PCMs incorporating only graphene or only MWCNTs, with
improvements of 31.8% and 55.4%, respectively, while also mitigating the rapid temperature rise
associated with liquid PCMs. Additionally, silicone has been identified as another effective
additive for enhancing thermal conductivity. Righetti et al. [51] investigated the use of metal
meshes with varying pore sizes to enhance the thermal conductivity of PCMs. Their findings
demonstrated that aluminum-based mesh structures significantly improved both the charging and
cooling processes. In another study, Li et al. [52] embedded battery cells within a PCM composite
containing Al,03 and arranged them into arrays. Upon exposure to airflow, it was observed that
power consumption during charging was lowest at a Reynolds number of 300 and highest at a
Reynolds number of 500. Maintaining safe and uniform temperatures in large-format pouch

lithium-ion batteries under high C-rate operation remains a critical challenge for electric-vehicle



thermal management, particularly when passive solutions are preferred to reduce complexity,
mass, and parasitic power consumption. Although PCMs can buffer temperature rise through latent
heat, their inherently low thermal conductivity limits heat spreading and can lead to localized hot
spots, while porous metal/ceramic foams can enhance conduction but require careful design to
avoid sacrificing latent heat capacity. Despite the growing interest in nano-enhanced PCMs
(NPCMs) and porous media separately, the coupled thermal behavior of porous AllJOL] foam
filled with an NPCMs for pouch cells, and the associated trade-offs among peak temperature,
temperature uniformity, and latent heat utilization, remain insufficiently quantified, especially
across different foam porosities and discharge rates. Motivated by this gap, the present study
numerically investigates a hybrid passive cooling concept that integrates AI[1O[! porous media
with an NPCM based on n-octadecane and copper nanoparticles. The novelty of this work lies in
systematically quantifying how foam porosity and C-rate jointly influence heat dissipation,
melting dynamics (latent heat utilization), and temperature non-uniformity in a large-format pouch
cell, thereby providing design-oriented insights for optimizing NPCM—Al,O3foam configurations
for practical EV battery thermal management. Key thermal performance parameters, including
average and maximum battery temperatures, total melting fraction (TMF) curves, and heat

dissipation contours, were examined and discussed in detail.
2 Problem description

As demonstrated in previous studies, Al,O3 foam can significantly improve thermal conductivity
compared to pure PCM. Furthermore, the incorporation of copper nanoparticles addresses the
inherently low thermal conductivity of n-octadecane. To evaluate the effectiveness of this
approach, using CFD framework and FVM approach, we conducted numerical simulations to
analyze its impact under various charge-discharge rates (C-rates: 0.5, 1, 1.5, and 2) and porosity
levels (0.90, 0.92, 0.94, 0.96, and 0.98). The NPCM developed in this work is a composite of n-
octadecane and nano-sized copper particles. N-octadecane (C[I[TH[I[1) is a paraffin-based PCM
widely employed for thermal energy storage due to its high latent heat of fusion (~230-245[1kJ/kg)
and a melting temperature around 28(1°C, making it particularly suitable for applications near
room temperature. It also exhibits excellent chemical stability, is non-corrosive, and can undergo
numerous melting/solidification cycles without significant degradation. However, the material

suffers from low thermal conductivity, which limits the rate of heat transfer during charging and



discharging. To overcome this limitation, we incorporated nano-sized copper particles into the
PCM. Copper nanoparticles possess extremely high thermal conductivity (reduced from the bulk
value of ~40000W/(m-'K) due to surface and grain-boundary effects but still significantly higher
than most materials). Their melting point decreases from 1085[1°C as the particle size decreases,
but they retain superior heat transfer properties. When dispersed in PCMs at low concentrations
(1-50wt%), these nanoparticles greatly enhance the effective thermal conductivity, thereby
accelerating the melting and solidification processes [53, 54]. Therefore, copper nanoparticles are
widely used in thermal energy storage systems due to their effectiveness and relatively low cost

compared to noble metals.

On the other hand, AlI[1O[] porous media was selected instead of commonly used copper or
graphite foams for several practical reasons. Although copper foam provides very high intrinsic
thermal conductivity, they are electrically conductive, which may increase the risk of short circuits
when integrated near battery terminals and current collectors. In contrast, AITJO[ is electrically
insulating, chemically stable, and highly resistant to corrosion, making it more suitable for safe
and long-term integration in pouch-type battery modules. Moreover, Al1lJO[] porous ceramics
allow controllable porosity and pore morphology, €nabling systematic tuning of effective thermal
conductivity and latent heat capacity. While its intrinsic conductivity is lower than that of metallic
foams, the balance between safety, theimal stability, and structural tunability makes AITTO[] a

promising alternative for hybrid PCM-based BTMS applications.

The synergistic combination of nano-enhanced PCM with Al,O3 foam offers an efficient strategy
for managing the heat generated by high-capacity pouch-type lithium-ion batteries. The geometry
and specifications of the pouch-type lithium-ion battery used in this study are shown in Figure[]1
and summarized in Table[]1, while the properties of the housing materials, including Al,O3 foam,

n-octadecane, and copper nanoparticles, are presented in Table[12.
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Figure 1: Geometry of high-capacity pouch-type lithium-ion battery.

Table 1:204h LIPC specifications [55-5§].

Parameter Value
Specific power (W/kg)— 2400
Specific energy ("Wh.kg) 131
Size (mm?) 205x157%7
Density (kg/m?) 1940
Thermal conductivity (W/m.K) 18.2
Specific heat capacity (J/kg.K) 1000
Internal resistance (m€2) 50
Nominal voltage (V) 33
Nominal current at 1C (A) 20

Table 2: Speciation of housing materials [58-62].

A [l [ ) | R [ e [T
n_octadecane 747 0.15 2127 9.1 x 10* | 3.86 x 103 301/ 1.5 | 243.5




Copper 1356 | 398 386 0.17 x 10| - - - -

Aluminum 3970 25 1430 - - - - -
oxide

3 Governing Fluid Dynamics and Heat Transfer Equations

At the beginning of the simulation, a uniform initial temperature of 27 °C is imposed throughout
the entire computational domain. The initial velocity is set to zero, as the battery and the AILIO[1—
PCM composite are treated as a solid/porous structure without any externally imposed flow.
Regarding boundary conditions, all external surfaces are considered thermally insulated, meaning
no heat flux is allowed to pass through the outer boundaries. For the momentum equations, a no-
slip boundary condition is applied wherever velocity terms are present in the numerical
formulation. Moreover, for the numerical simulation carried out in this study, a set of simplifying
assumptions was applied. The NPCM within the lithiuni-ion battery was assumed to be
incompressible and to exhibit laminar flow behavior, with its thermophysical properties considered
constant throughout the process. To capture the dynamics of phase transition, two additional source
terms were introduced into the momentum equations: the first term modeled the solidification
process occurring as the material changes from liquid to solid, and another to account for buoyancy
effects resulting from density variations in the NPCM. Since the system undergoes alternating
solid and liquid phases, the influence of latent heat must be incorporated into the energy balance.
Accordingly, the energy equation is formulated to include the latent heat associated with the phase

change phenomenon [63-66]:

Vv=0
(1)

AV
pNPCME + pnpcm(V.V)V =

(1- )\)2 MNPCM
A+ 10'3V +

-Vp + HnpcMV.(VV) + (pB)npem (T - Ts)g - 10°
(2)



(p CP)eff%I + PNPCM (EhNPCMg%)Z{ + (PCp)npcm(V.VT) = KeffV.(VT) (3)

Ts-Tm
A= 0.5erf(4ﬁ) +0.5
4)

In addition, the thermophysical properties of the NPCM must be considered to conduct a
comprehensive analysis. Key properties such as density, thermal conductivity, specific heat,
thermal expansion coefficient, dynamic viscosity, and enthalpy play a crucial role in formulating
the governing equations required to accurately model and predict the behavior of the NPCM within

the system [53, 54, 63-67].

pnpem = (1 - @)ppcm +@ Pcu

(5)
K __ keu + 2keem + 29(kcu - keem),
NPCM = ", + 2kpcu - ¢(kcu - kpcm) KPCM
(6)
C _ (1 - 9)pCplecm + 9(pCp)cy
p, NPCM = PNPCM
(7)
_ Mecu
MNPCM = (1 - 9)25
()
_ (1-9)(pB)rcm + @(pB)cu
B NpcM = onren
)
hneem = (1 - @)hpem (10)

To investigate the thermal behavior of lithium-ion batteries, a set of fundamental parameters is

defined. The velocity vector V describes the flow of the cooling medium surrounding the battery,



while t denotes time, which is essential for capturing transient thermal responses. The symbol T
corresponds to temperature within the battery, a key factor for both performance optimization and
safety evaluation. The variable p stands for pressure, which influences the thermodynamic state of
battery materials, and g represents gravitational acceleration, affecting fluid motion around the
system. Material properties are also incorporated: p denotes density, which determines mass
transport and thermal inertia; | signifies dynamic viscosity, which governs resistance to fluid flow;
and [ refers to the thermal expansion coefficient, characterizing the volume change of materials
with temperature. The specific heat capacity, Cp, represents the amount of heat required to raise
the temperature of a unit mass of material, while k indicates thermal conductivity, which controls
the efficiency of heat dissipation. The latent heat associated with phase transition is expressed as
h, and A corresponds to the active material fraction, defining the proportion of the battery volume

occupied by active materials.

In the effective-property calculations for the NPCM/AOF coniposite, the AlLJO[] foam porous
diameter was set to d,=0.5 mm. Phase change within the PCM domain is modeled using the
enthalpy—porosity method, in which latent heat is incorporated through an enthalpy-based energy
formulation and the solid—liquid interface is treated as a mushy zone rather than a sharp boundary.
In this approach, the solver updates the local liquid fraction (B) at each time step directly from the
temperature field using the PCM solidus and liquidus temperatures: =0 represents fully solid
PCM, PB=1 represents ftully liquid PCM, and intermediate values represent partial
melting/solidification within the mushy region. To ensure physically consistent behavior, the
momentum equations include a porosity-based damping term that progressively suppresses
velocity as the NPCM solidifies, forcing the velocity to approach zero in solid regions while
allowing buoyancy-driven flow in the molten PCM. This formulation enables stable tracking of
partial or complete melting/solidification under the sub-zero boundary conditions examined in this
study and is used to generate the melt-fraction (melting fraction) profiles reported in the results

[68-70].

(pCpr)efr = €(PCP)pcm + (1 - €)(PCp)af (1)

keff = € kpcm + (1 - €)Kar 2)
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K= 150(1 - €)?

(3)

Also, the volumetric heat-generation rate of the lithium-ion battery is calculated based on the well-
established electrochemical heat-balance formulation. The total heat generation consists of two
main contributions: a) irreversible heat due to internal resistance and polarization losses and b)
reversible  (entropic) heat associated with  entropy change  during lithium
intercalation/deintercalation. The irreversible term is proportional to the product of current and
overpotential (or internal resistance), while the reversible term depends on the temperature
coefficient of the open-circuit voltage. Accordingly, the heat-generation rate in the present study
is expressed as the sum of irreversible and reversible components, assuming a uniform current
distribution within the cell. This approach has been widely adopted i1 numerical thermal modeling
of lithium-ion batteries and provides a reliable representation of hieat production under different
discharge C-rates. Therefore, we can use the following equations to calculate heat dissipation

generated by the lithium-ion battery [53, 54, 65-67]:

aTe °Te  9°Tc 8°Te .
(PCpcleyr = kel o + 752 + 2] +9c
(11)
. 1 2 1Eoc
Qc =y, (Rele + |cTc'<H) (12)

In this study, gc denotes the heat produced inside the LIC due to two primary sources: its internal

electrical resistance and the electrochemical reactions occurring during operation. The portion of

. . . . . . . dEOC
heat associated with electrochemical reactions is quantified using the term o where dEqc
C

represents the variation in open-circuit voltage and dT corresponds to the change in the LIC’s
temperature. For these calculations, the entropy coefficient is taken as 0.4 V/K. Furthermore, V,
Rc, and |c indicate the volume of the LIC, its internal resistance, and the electric current passing

through it, respectively.
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4 Simulation process

In this study, computational fluid dynamics (CFD) combined with the finite volume method
(FVM) was applied to analyze a prismatic lithium-ion that incorporates an inclined enclosure filled
with a NPCM composed of n-octadecane and solid copper nanoparticles. The numerical model
was developed to solve the governing equations and investigate the resulting temperature fields
and flow patterns. The simulations were carried out using defined boundary conditions and
thermophysical parameters, where the effective properties of the NPCM were evaluated based on
the C. The pressure—velocity coupling was achieved using the PISO algorithm, while the energy
equation was employed to evaluate both the temperature field and the total material fraction
(TMF). In the governing equations, conduction and convection effects were accounted for within
the momentum and energy formulations, which were discretized using a first-order upwind
approach for convective terms and a second-order central difference scheme for diffusive terms.
Temporal discretization was performed with the Euler method, applying an adaptive time step to
keep the Courant number below 1, thereby ensuring numerical stability and accuracy. The Al[1O[]
foam region saturated with nano-enhanced PCM is modeled under the local thermal equilibrium
(LTE) assumption. Accordingly, a single energy equation is solved for the porous domain using
effective (volume-averaged) therniophysical properties, implying that the solid foam matrix and
the pore-filling PCM share the same local temperature. This assumption is considered reasonable
for the present configuration due to the high thermal conductivity of the AI[1O[] skeleton, the
small characteristic pore length scale, and the large interfacial area that promote strong local heat
exchange. Under LTE, any potential solid-PCM temperature lag within the porous insert is not

resolved explicitly and is instead represented through the effective-property formulation.

An essential step in CFD modeling is to ensure mesh independence, which is verified by
performing simulations with multiple grid resolutions and comparing the resulting temperature
values and heat transfer rates. The mesh that produces stable and consistent results with the
coarsest grid is considered adequate, as it balances computational efficiency with solution
accuracy. In the present work, a mesh independence study was conducted for a specific C-rate 2
and porosity 0.9. The outcomes of this assessment, presented in Figure[12 and Table 3,

demonstrate how mesh refinement influences the maximum temperature of the NPCM at a state

12



of charge (SOC) of 0%. Table 3 shows the maximum temperatures for various mesh resolutions.
The case with 140,000 elements provides stable and precise results for capturing the PCM’s

thermal behavior.

vikBlockCaolors

SELSLtEnTg

Figure 2: Structured mesh configuration for the pouch-type LIC and housing components.

Table 3: The maximum temperature value for different mech size.

Cell number Tmax (C)
60,000 62.716
100,000 61.951
140,000 61.483
220,000 61.273
340,000 61.112

Since this research is purely numerical, it is essential to validate the model against experimental
data or previously published numerical results. For validation purposes, the results of the present
work were compared with those reported in the experimental study [71], which investigated the
thermal behavior of a PCM-porous system used to cool an inclined photovoltaic (PV) panel,

through both experimental and numerical approaches. Figure 3a presents a comparison of the

13



average temperature between the two studies over a 24-hour period. In addition, to strengthen the
credibility of our study, the predicted maximum temperature is compared with Ref. [72] over
various C-rates. According to the results, the error between our model and the reference studies is
within an acceptable range.

30

70
—s—Experimental study —#—Our study EKursun's work W Our study
28 . 60
fa > o
g < 50
o 26 E
= 40
g / :
g & 30
— :
- w
b 22 g 20
2
R 10
20
0 4 g 12 16 20 24 0
Time (h) 1c 2C 3C
(a) (b) C-rates

Figure 3: Comparison of the present simulation results: (a) liquid-phase average (LPA), where the green
curve represents the present study and the blue curve corresponds to Juan Duan [71]; and (b) maximum
temperature used for code validation [72].

5 Results and Discussions

In this study, we investigated the effects of housing geometry and Al,Os foam on the thermal
behavior and BTMS of a large-forimat pouch-type lithium-ion battery during the discharge process
at different C-rates (0.5C, 1C, 1.5C, and 2C), as commonly used in EVs. For this purpose, the
battery was enclosed within a porous medium composed of Al,O3 with a constant pore diameter
of 0.2 mm and varying porosities (¢ = 0.90, 0.92, 0.94, 0.96, and 0.98) filled with NPCMs. The
presence of the Al,03 foam around the battery increases the surface area and thermal conductivity,
thereby enhancing convective heat transfer and improving the overall thermal stability and
performance of the lithium-ion battery. The NPCM used in this study consisted of n-octadecane
as the PCM combined with copper nanoparticles. N-octadecane exhibits effective thermal
regulation near its melting temperature (28 1°C) by undergoing phase transition and utilizing its
latent heat; however, its inherently low thermal conductivity remains a drawback, limiting its heat
dissipation capability. To address this limitation, copper nanoparticles with high thermal
conductivity were incorporated into the PCM as an effective approach to control and reduce the

temperature of the battery during the charge—discharge cycles. To comprehensively analyze the
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thermal performance, the variations of average and maximum temperatures, the total melting
fraction (TMF%), and the temperature contours within the battery were examined.

As illustrated in Fig.[14, for all C-rates, the average temperature of the lithium-ion battery rises
rapidly to approximately 28(1°C (the melting temperature of the PCM) as the state of charge (SOC)
decreases from 10001% to 95[1%. This behavior occurs because the heat generated by the battery
is initially absorbed as sensible heat by the PCM (n-octadecane) until its melting point is reached.
Beyond this point, from SOC 95[1% to 001% at a C-rate of 0.5, SOC 9511% to 10[1% at a C-rate
of 1, SOC 95(1% to 200 1% at a C-rate of 1.5, and SOC 95[1% to 40[1% at a C-rate of 2, the slope
of the temperature curves decreases significantly for all porosities. This reduction in slope is
attributed to the phase change of the PCM, during which the latent heat absorbed by the PCM
mitigates further temperature rise by transforming the material from a solid to a liquid state.
Toward the final stage of the discharge process, the average temperature again increases rapidly
for all C-rates except 0.5. This is because, at this stage, most of the PCM has fully melted and can
no longer absorb heat through latent heat storage, resulting 1n a temperature increase. However,
for a C-rate of 0.5, the average temperature remains nearly constant at approximately 28.47°C
from SOC 1001% until the end of the discharge process.

On the other hand, an examination of the average temperature for all cases with the same C-rate
reveals that an increase in porosity results in a higher average temperature. As discussed
previously, this behavior occurs because increasing porosity reduces the effective foam surface
area, thereby lowering the overall thermal conductivity of the porous medium. Overall, the average
temperature curves exhibit a clear and consistent trend (see Fig.[15). As shown, both higher
porosity and higher C-rates lead to an increase in the average temperature. Furthermore, a more
detailed analysis indicates that the rise in average temperature between C-rates of 1.5 and 2 is more

pronounced than in the other intervals across all porosity values.
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Figure 4: The average temperature versus SOC for various porosities and C-rates.
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Similar to the trend observed for the average temperature curves, the maximum temperature for
all cases rises sharply at the beginning of the discharge process. For the cases with a C-rate of 0.5,
after reaching approximately 281°C, the maximum temperature continues to increase at a
relatively small slope, ultimately reaching about 38.5[1°C by the end of the discharge (see Fig. 6).
However, for the other C-rates (1, 1.5, and 2), the maximum temperature curves exhibit a nearly
constant plateau in the mid-region of the discharge process, specifically from SOC 9501% to
2000%, 9501% to 4001%, and 9501% to 5001% for C-rates of 1, 1.5, and 2, respectively. As
explained earlier, this plateau corresponds to the phase change of the PCM, during which latent
heat absorption mitigates further temperature rise. Furthermore, increasing both the porosity and
the C-rate results in higher maximum temperatures. As shown in Fig.[17, the influence of these
two parameters on the maximum temperature is evident. The rise in maximum temperature
between C-rates of 0.5 and 1 is relatively small; however, as the C-rate increases from 1 to 1.5 and
2, the differences become significantly larger. It should be noted that, for different C-rates, the
same SOC corresponds to different absolute discharge times because higher C-rates shorten the
total discharge duration. Therefore, comparisons in Figure 6 are performed at identical SOC levels
rather than at identical times. This approach ensures that the thermal response is evaluated at the
same electrochemical state of the battery, while time-dependent temperature evolution is analyzed

separately.
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In addition to peak and average temperature, the spatial temperature gradient within the pouch cell
is an important performance indicator because pronounced non-uniformities can accelerate uneven
ageing and introduce local thermal stresses. The temperature contours (Figure 10) show that
increasing the C-rate intensifies heat generation and amplifies non-uniformity, with the hottest
region remaining concentrated near the ccll core while temperatures decrease toward the battery—
BTMS interface. This pattern indicates that, under severe discharge, heat removal becomes
increasingly constrained by internal heat conduction and the available heat-transfer area. Although
the hybrid NPCM-AI1[1O[] porous medium improves heat spreading through the conductive
skeleton and delays temperature rise through latent heat absorption, the contours still show a
measurable increase in non-uniformity at the highest C-rates, highlighting the need to evaluate

temperature gradients alongside conventional metrics.

Figure 8 further illustrates the combined effects of C-rate and porosity on the temperature field at
SOC = 0%. Across all cases, the upper region of the battery remains warmer than other areas. This
behavior is consistent with earlier completion of melting in this region, after which the generated
heat mainly contributes to sensible heating of the liquid PCM rather than further phase change,
reducing the local contribution of latent heat buffering. For a fixed C-rate, decreasing porosity

(i.e., increasing the amount of A1[JO[] foam) lowers the overall temperature level due to the higher
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effective thermal conductivity, which enhances heat transfer within the BTMS. The contours also
show that, with greater foam content, the warm region shifts toward the cell center, particularly at
lower C-rates, reflecting more effective lateral heat spreading. As the C-rate increases, the
temperature field becomes more uniformly elevated throughout the thickness, and the combined

effect of higher C-rate and higher porosity results in the highest overall temperatures.

Overall, the contour results confirm that higher porosity promotes a warmer top region associated
with earlier PCM liquefaction, whereas increasing Al[JO[] foam content enhances effective
thermal conductivity, reduces the cell temperature level, and redistributes the warm region toward

the interior.
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Figure 8:The temperature distribution of LIB at SOC=0% for specimens with various porosities and C-
rates.

After analyzing the average and maximum temperatures and temperature contours with respect to
SOC, the evaluation of the total melting fraction (TMF[1%) provides additional insights into the
thermal behavior and BTMS performance of the pouch-type lithium-ion battery. As shown in
Fig.[19, the TMF[1% remains at zero at the beginning of the discharge process. This initial stage
corresponds to the period during which the heat generated by the battery is absorbed as sensible
heat by the PCM without inducing a phase change. As the discharge progresses, the TMF[1%
increases for almost all cases. This behavior is expected because, with the accumulation of heat, a
larger proportion of the PCM undergoes a phase transition from solid to liquid. Furthermore, the
rate of this phase change becomes more pronounced as the C-rate increases. As observed, for cases
with a C-rate of 2, the TMF[1% reaches nearly 10001%, indicating that the entire PCM has
transitioned from the solid to the liquid state and can no longer absorb additional heat. In contrast,
increasing the porosity results in a slightly lower TMF[1%. This occurs because higher porosity
allows for a larger volume of PCM, so a greater amount of PCM remains partially un-melted.
However, as shown in Fig.10, the influence ot porosity on TMF 1% is relatively small compared
to the effect of the C-rate. It can be concluded that the impact of increasing the C-rate on TMF[ 1%
is more significant than that of porosity. It is also noteworthy that the change in TMF[1% between
C-rates 0.5 and 1 is less pronounced than the change between C-rates 1.5 and 2. This is because
increasing the C-rate beyond 1.5 leads to a phase transition in more than 8001% of the PCM,

whereas at a C-rate of 2 nearly all of the PCM undergoes a complete phase change.
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6 Conclusion

In this study, a novel battery thermal management system (BTMS) was developed and numerically
analyzed for large-format prismatic lithium-ion batteries commonly used in electric vehicles. The
system integrates Al2O3 foam with a nano-enhanced phase change material (NPCM) composed of
n-octadecane and copper nanoparticles. This hybrid configuration was designed to overcome the
low thermal conductivity of conventional PCMs while taking advantage of their latent heat storage
capability. Simulations were conducted for various C-rates (0.5C, 1C, 1.5C, and 2C) and porosities
(0.90, 0.92, 0.94, 0.96, and 0.98) to evaluate its impact on the battery’s thermal performance. The
results demonstrate that the proposed system effectively controls the temperature of the battery
during the discharge process. At the beginning of discharge, heat is absorbed as sensible heat by
the PCM until its melting point (~281°C) is reached. As the discharge progresses, the phase
change of the PCM significantly slows down the temperature rise due to latent heat absorption.
With higher C-rates, the heat generation intensifies, causing the melting process to complete
earlier, especially at a C-rate of 2 where almost 100[1% of the PCM transitions to the liquid state.

Porosity also plays a key role: lower porosity (greater foam content) improves effective thermal
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conductivity, enhances heat transfer, reduces peak temperatures, and shifts hot spots from the

battery surface to the center.

Analysis of the average and maximum temperature profiles, total melting fraction (TMF[1%), and
temperature contours confirmed that both C-rate and porosity strongly influence thermal behavior.
The Al;03 foam redistributes heat more uniformly, while copper nanoparticles significantly
improve the PCM’s thermal conductivity, resulting in improved stability and reduced risk of
overheating. Overall, this study shows that combining Al,O3 foam with NPCMs offers an efficient
and passive BTMS solution for high-capacity prismatic lithium-ion batteries. This design enhances
safety, prolongs battery lifespan, and improves performance, making it a promising approach for
electric vehicle applications where thermal management is critical. Future work should focus on
experimental validation and optimization of nanoparticle concentration to further enhance heat

transfer without compromising latent heat storage.
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Abbreviation Table

Shortened phrase The full phrase

LIB Lithium-Ion Battery

PCM Phase Change Material

NPCM Nano-Enhanced Phase Change Material (NPCM)
BTMS Battery Thermal Management System

TMF Total Melting Fraction

PISO Pressure-Implicit with Splitting of Operators
CFD Computational Fluid Dynamics
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FVYM

Finite Volume Method

PDE Partial Differential Equation
Symbol Table
Nomenclature Greek symbols
@ Specific heat capacity (J/kg.K) p Density (kg/m3)
g Gravitational acceleration (f‘n/;;z) U Dynamic viscosity (Pa.s)
Thermal conductivity (W/m.K) s Thermal expansion coefficient (1/K)
w Battery Width (mm) A Error function
H Battery Height (mm) ) Volume fraction (-)
Cu Copper o Stefan-Boltzmann constant ( w/m?. K4)
Velocity (m/s) & porosity (-)
K Permeability (M?) Subscript
P Pressure (Pa) max Maximum
A Clgnvective heat transfer coefficient (| W/m? min Minimum
T Temperature (1) eff Effective
u, v, w | Velocity vector (m/s) avg Average
X, ¥,z  Cartesian coordinates (m) c Cell
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