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Abstract

This paper investigates the thermal performance of Lithium-Ion Batteries (LIB), Lithium-Sulfur (Li-S), and Sodium-
Ton Batteries (SIB) batteries with integrated Phase Change Materials (PCMs) at discharge rates of 1C, 2C, 3C, and
4C. Using ANalysis SYStem (ANSYS) simulations, the study analyzes static temperature distribution to evaluate the
effectiveness of PCM cooling. Results show that LIB batteries perform well under moderate discharge rates but
require enhanced cooling at higher rates. Li-S batteries struggle with localized overheating due to low thermal
conductivity, highlighting the need for improved PCM designs. SIB demonstrate superior thermal stability, with PCM
effectively managing heat even at higher rates. This study emphasizes the importance of tailored thermal management.
It suggests further optimization of PCM systems to enhance the efficiency and safety of next-generation batteries for
energy storage and electric vehicle applications.

Keywords: Battery thermal management, Phase change materials, Lithium-ion batteries, Lithium-sulfur batteries,
Sodium-ion batteries, Thermal conductivity, Energy storage.

1| Introduction

Electric Vehicles (EVs) have emerged as a cornerstone of sustainable transportation, driven by rapid
advancements in battery technology. Among various energy storage options, Lithium-Ion Batteries (LIBs)
remain the dominant choice due to their high energy density, safety, and long cycle life. However, the push
for next-generation chemistries, such as Lithium-Sulfur (Li-S), Sodium-Ion Batteries (SIBs), and All-Solid-
State Batteties (ASSBs), reflects the industry's pursuit of greater efficiency and cost-effectiveness.
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Battery performance is highly sensitive to operating temperature, as excessive heat can accelerate degradation,
capacity loss, and thermal runaway risks. To mitigate these issues, effective Thermal Management Systems
(TMS) are essential for maintaining optimal performance and safety. This study explores the interplay between
battery materials and their cooling requirements, with a particular emphasis on Phase Change Materials
(PCMs) as a promising passive thermal management solution.

1.1| Battery Materials in Electric Vehicles

Modern EV energy storage solutions rely on several battery chemistries, each offering unique advantages and
challenges.

1.1.1| Lithium-Ion batteries

LIB are the dominant energy storage technology in EVs, favored for their high energy density, scalability, and
well-established manufacturing processes [1], [2]. LIB chemistries such as Nickel Manganese Cobalt Oxide
(NMC) and Lithium Iron Phosphate (LEFP) offer distinct trade-offs:

1. NMC batteries provide higher energy density, making them suitable for long-range EVs.
II. LFP batteries exhibit superior thermal stability and cycle life, reducing safety concerns.

Despite their advantages, LIBs face challenges such as capacity fading, dendrite formation, and sensitivity to
high temperatures, necessitating robust thermal management solutions [3—6]. Advanced modeling
approaches, such as physics-based simulations, provide insights into heat generation mechanisms and guide
the development of optimized cooling strategies [7], [8].

1.1.2 | Lithium-Sulfur batteries

Li-S batteries represent a significant leap in energy storage technology, with theoretical energy densities
exceeding those of LIBs [9], [10]. However, widespread adoption remains hindered by the polysulfide shuttle
effect, capacity fading, and volumetric expansion during charge-discharge cycles [11], [12]. Research efforts
focus on cathode design, electrolyte optimization, and Layered Double Hydroxides (LDHs) as separators to
enhance cycling stability and mitigate thermal challenges [13—15].

1.1.3 | Sodium-Ion batteries

SIBs are gaining traction as a low-cost alternative to LIBs, leveraging the abundance of sodium and simplified
manufacturing [16], [17]. While SIBs exhibit lower energy densities, advancements in electrode materials and
electrolyte formulations have improved their thermal stability and lifespan, making them viable for stationary
energy storage applications [18], [19].

1.2 | Cooling Requirements for Battery Systems

High-performance batteries generate heat during charge and discharge cycles due to electrochemical reactions
and internal resistance [5], [20]. Excessive temperature rise can lead to thermal runaway, posing safety risks,
particularly in EV applications where high-power densities are involved [6], [21]. Effective thermal
management strategies are crucial to:

I. Optimize battery efficiency by maintaining temperatures within the ideal operating range (15-45°C) [22],
[23].

II. Minimize thermal gradients that contribute to uneven aging and capacity degradation [24], [25].
III. Prevent catastrophic failure due to thermal runaway [20].

The role of effective TMS, particularly for EVs, is critical for battery longevity and safety [27]. Additionally,
battery degradation mechanisms—such as Solid Electrolyte Interface (SEI) formation and lithium plating—
are closely linked to thermal behavior, further highlighting the importance of adaptive TMS solutions [28—
30].
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1.3 | Thermal Management Systems

To address thermal challenges, several battery cooling techniques have been developed, ranging from air and
liquid cooling to advanced PCM-based and hybrid systems.

1.3.1| Air-cooling

Air-cooling, including natural and forced convection, is a cost-effective and lightweight solution for battery
temperature regulation [23]. Modified airflow channels and fin structures can enhance heat dissipation
efficiency [31], [32]. However, air cooling has limited heat transfer capacity, making it insufficient for high-
performance EV applications [33].

1.3.2| Liquid cooling

Liquid cooling offers superior heat dissipation and temperature uniformity, making it the preferred choice for
high-performance EVs [23], [34]. Cold plates and serpentine channels are commonly used to optimize coolant
flow and reduce thermal gradients [35]. Despite its effectiveness, complexity and maintenance requirements

remain key challenges.
1.3.3 | Phase change material cooling

PCM-based cooling systems utilize the high latent heat of fusion to absorb and dissipate thermal energy
during phase transitions [36], [37]. Several strategies for enhancing PCM-based TMS have been reviewed,
including the incorporation of nano-enhanced PCMs and advanced cooling configurations, offering valuable
insights into improving heat dissipation efficiency [38]. Improvements in PCM thermal conductivity and the
integration of additional techniques such as extended surfaces (fins) have been suggested to overcome the
limitations of PCM cooling systems, particularly for green vehicle applications [39]. Common PCMs include
paraffin wax and composite PCMs with enhanced thermal conductivity [40], [41]. While PCM-based solutions
excel in passive cooling applications, they suffer from low thermal conductivity and potential material leakage,
necessitating further optimization. Nano-enhanced PCMs have demonstrated promising improvements in
thermal performance and stability [37].

1.3.4| Hybrid cooling systems

Although PCM cooling systems have proven effective for LI and SIB, hybrid solutions combining active and
passive cooling systems show potential for even greater temperature regulation efficiency, particularly for
systems with high thermal loads [42]. Hybrid systems integrate active and passive cooling methods, combining
PCMs with liquid cooling or heat pipes to enhance temperature regulation [23]. Recent advancements, such
as nano-enhanced PCMs and thermoelectric elements, have demonstrated significant potential in maintaining
temperature uniformity under high-discharge conditions [41], [42].

Advancements in battery materials and thermal management technologies are shaping the future of EV energy
storage. While LIBs remain the dominant choice, next-generation chemistries such as Li-S, SIBs, and ASSBs
promise greater energy efficiency and sustainability. Effective TMS are crucial for harnessing their full
potential.

Among available cooling strategies, PCM-based systems stand out for their simplicity and efficiency in
maintaining optimal operating conditions. However, further research is needed to overcome their limitations,
particularly low thermal conductivity and material stability. The integration of hybrid cooling systems,
combining PCMs with advanced cooling techniques, offers a promising pathway toward safer, more efficient,

and scalable thermal management solutions for EV applications.
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2| Methodology

2.1| Battery Modeling in ANalysis SYStem

Battery modeling plays a fundamental role in evaluating the thermal and electrical performance of different
battery chemistries. In this study, LIB, Li-S, and SIB were modeled using ANalysis SYStem (ANSYS) to
analyze their behavior under varying thermal and electrical conditions. Each battery type was designed with a
nominal capacity of 14.6 Ah, and the simulations assumed constant heat generation during discharge at fixed
C-rates, as referenced in [1]. The objective of this modeling was to assess heat generation, current density
distribution, and DOD variations to gain insight into the performance of each battery chemistry.

The geometries of the battery cells were carefully designed based on their respective electrochemical
properties and standard industry specifications. Fig. 7 illustrates the battery cell design, where part a presents
the dimensional layout of the battery, including electrode and terminal placement, and part b depicts the 3D
representation of the battery cell model in ANSYS. The model accurately captures the key internal
components, including planar electrodes, electrolyte layers, separators, and terminals. These elements were
integrated into the simulation to ensure a realistic representation of the battery’s behavior under different
discharge conditions.

—
35 mm

145 mm

b.

Fig. 1. Battery cell geometry and numerical model; a. Dimensions of the
battery cell, and b. Battery cell model in ANSYS software.

To obtain meaningful results, a high-fidelity 3D numerical model was developed for each battery type. The
models were constructed using reference data from prior studies, particularly those analyzing thermal
gradients, heat generation, and electrochemical behavior in energy storage systems. The primary objective was
to investigate the interactions between heat dissipation, current density distribution, and the DOD, which are
critical factors in determining the efficiency and longevity of a battery. Furthermore, the study aimed to
compare how different battery materials respond to thermal stress and to evaluate their suitability for
applications in EVs and energy storage systems.
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To ensure accuracy and computational efficiency, a refined meshing strategy was employed. The meshing
process was designed to optimize the balance between solution accuracy and computational cost, with 94,470
nodes and 61,980 elements used for each simulation. Mesh refinement was concentrated in regions where
heat generation and current flow density were highest, ensuring that these areas were adequately resolved to
capture thermal variations and electrochemical performance accurately. The applied meshing technique
allowed for precise evaluation of temperature distribution, electrical conductivity, and localized heating effects
within the battery cells while maintaining a feasible computational workload.

This modeling approach provided essential insights into the thermal and electrical behavior of LIBs, Li-S
batteries, and SIBs, facilitating a comparative assessment of their performance under identical operating
conditions. The findings contributed to optimizing battery designs by identifying potential thermal hotspots
and inefficiencies, which are crucial for improving battery cooling strategies and extending their operational

lifespan.
2.2| Phase Change Materials Implementation

PCMs are widely used in battery TMS to regulate excessive heat generation during charging and discharging
cycles. Effective thermal management is crucial for preventing thermal runaway, uneven temperature
distribution, and performance degradation in high-energy-density batteries. In this study, PCM was applied
around the battery cell with a uniform thickness of 5 mm on all sides except the top, as shown in Fig. 2. This
configuration was chosen to maximize heat absorption while minimizing additional weight and material usage.

o [ D
/]

b.

Fig. 2. PCM integration around the battery cell; a. Side view of the battery cell
model with PCM material, b. Top view illustrating the placement of PCM material
around the battery cell.

During operation, the heat generated by the battery is transferred to the PCM through conduction. The solid
PCM absorbs heat primarily via conduction until melting begins, at which point convection mechanisms start
playing a role in heat transfer within the liquid PCM phase. The inclusion of aluminum fins further enhances
heat dissipation by conducting heat away from both solid and liquid PCM and transferring it to the battery
containment tube, which ultimately dissipates the heat to the surroundings. Additionally, convection between
the PCM and air at the top boundary ensures that excess heat is dissipated naturally. The side and bottom
boundaries of the PCM layer are insulated, ensuring that heat flow is directed outward.

To model these complex heat transfer interactions, a detailed numerical simulation was performed in ANSYS
Fluent, incorporating governing equations for continuity, momentum, turbulence, and energy conservation.
The Volume of Fluid (VOF) multiphase model was employed to track the moving interface between PCM
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and air during phase transition. The PISO pressure-velocity coupling method was selected to ensure
computational efficiency, as it has been shown to produce results comparable to the SIMPLE method while

requiring fewer computational resources.
2.2.1| Governing equations for phase change materials thermal behavior

The governing equations for PCM thermal behavior in this study are based on reference [43], which outlines
the continuity, momentum, and energy conservation equations used to model heat transfer in PCM-based
Battery Thermal Management Systems (BTMS). The equations account for conduction, convection, and
phase change processes, while the multiphase VOF model simulates the evolving interface between PCM and
air, as well as the liquid fraction during melting.

1. Continuity equation.

The continuity equation ensures mass conservation by tracking the volume fraction of each phase within a

control volume:

Da,
Dt

=0, M
where an represents the volume fraction of the nth fluid in the computational cell. This equation helps
determine the phase presence of PCM and air in different regions of the simulation.

II. Momentum equation.

The momentum equation, which governs the velocity field and fluid motion within the PCM, is given as:

DV - -
Poe = —Vp + uv2V + pg + S. (2

Here, p denotes the density of the mixture, V is the velocity vector, p is the pressure, y is the dynamic viscosity,
g is the gravitational acceleration, and S represents the momentum source term, defined as:

S”=-A(y)V", 3)
Where:

_C-y)?
A(y) = Vre 4)

A(Y), known as the porosity function. y represents the liquid fraction of PCM in the computational cell, C is
the mushy zone constant, and ¢ is a small numerical constant (¢ = 0.001) to prevent division by zero.

III. Turbulence equations

ANSYS Fluent allows researchers to choose among several turbulence models. Turbulence occurs at the onset
of simulation due to the moving interface between PCM and air. The RNG k-e model was chosen for its
superior stability. The transport equations for k (turbulent kinetic energy) and e (its rate of dissipation) in the
RNG k-e model are as follows:

2 2 P ok

5 (PK) + a_Xi(pkui) =% (ali-effa_Xj> + Gk + Gp — pg — Yy + Sk )
0 ) ] oe € 2

;P + F (peu;) = o \ Cebert gy + Crei (Gic + C3eGp) = Coep - —Re £35S, (©6)

Where Gy represents the production of turbulent kinetic energy due to the gradients of the mean velocity.
The turbulent kinetic energy generated by buoyancy effects is denoted by Gp. The contribution of oscillatory

expansion in compressible turbulence to the overall dissipation rate is represented by Y. Sk and Se are user-
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defined source terms. Finally, ai and ae are the effective inverse Prandtl numbers for k and €, respectively.

The following formula shows how o and e are analytically calculated based on the RNG theory:

[oc —1.3929 %6321 [oc +2.3929 %37 g
o — 1.3929 oo + 2.3929 T @

It is assumed that o equals 1. If the high Reynolds number condition is satisfied (pmo1/petr<<1), the values of
ok and oe are equal to 1.393. The model constants Cie and Coe are also analytically calculated based on the
RNG theory. The values of the mentioned parameters are as follows:

Cie =142. 8)
Cye = 1.68. )

IV. Multiphase equations and VOF model

As previously mentioned, the specific volume of PCM differs significantly between its solid and liquid states,
causing volume changes during melting. The VOF model is used to capture these volumetric changes, with

the volume fraction continuity equation expressed as:

n

1 0 o . .

E (a (aqpq) +V. (o‘qpqvq) = Saq + Zl(mpq - mqp)' (10)
p:

Here, mpq and my, represent the mass transfer rates between phases p and q.

The source term on the right-hand side of the equation, S, is considered zero here. It is noteworthy that in
the VOF model, the volume fraction equation is not solved for the primary phase (the non-melting phase, in
this case, air) and is instead calculated using the following formula:

ZH: ag = 1. (1)

V. Energy equation
P _ wver
Pt = . (12)
The specific enthalpy is defined as the sum of the sensible enthalpies:
T
hg = hper + fTref cp (T) dt. (13)

Here, h.r represents the specific enthalpy at the reference temperature, and C, is the specific heat capacity at
constant pressure. Most PCMs melt over a temperature range rather than at a specific temperature.
Specifically, when the temperature of the solid PCM exceeds the beginning of this range (known as the solidus
temperature or Ts), the melting process begins, and it ends upon reaching the upper limit of this range (known
as the liquidus temperature or Ttr). At this point, no solid PCM remains. The enthalpy of the PCM significantly
changes within this range.

To model this phenomenon, the parameter yr is used, where y represents the fraction of PCM in the liquid
state (during the phase change process, within the temperature range Ts=260C to T1.=28°C in this study) and
L is the latent heat of the PCM, assumed to be 179 kJ/kg. The mathematical formula for y is defined as
follows:
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(0 IfT < Ts,
B 1 ifT > Ty,
Y= T-Ts (14
lfTS < T < TL
T, —Ts

2.2.1| Boundary conditions

The battery-PCM system was modeled in a vertical containment tube, as shown in Fig. 3. The PCM was
initially in its solid phase, and the outer tube temperature was maintained at 40°C to simulate real-world heat
dissipation. Initial and boundary conditions were applied as follows:

I.  Initial temperature: 23°C for the battery, PCM, air, and aluminum tube.

II.  Material properties: thermophysical properties of RT27 PCM, aluminum, and air were assigned based on
Table 1.

III.  No-slip wall conditions: applied to all solid surfaces.

IV.  Natural convection at the top: PCM was open to air at the top for heat dissipation.

b.

Fig. 3. Battery—PCM simulation model in ANSYS; a. Perspective view of the battery cell model within
PCM material, and b. Front view of the battery cell and PCM material in ANSYS software.

Table 1. Thermophysical properties of RT27 and other materials.

Parameter Value
Density of RT27 (PCM) 870 T < 299.15K
Y=43781.5 299.15K<T <301.15K
750 T >301.15K

Density of Aluminum (fins and tube) 2719 kg/m?
Specific heat capacity (RT27 PCM) 2500 J/(kg'K)

Specific heat capacity (air) 1006.43 J/ (kg'K)
Specific heat capacity (Aluminum) 871 ]/ (kg'K)
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Table 1. Continued.

Parameter Value

Thermal conductivity (Solid phase) 0.24 W/(m'K)
Thermal conductivity (Liquid phase) 0.15 W/(m'K)
Thermal conductivity (Aluminum fins) 2024 W/(m-K)
Latent heat of fusion (RT27 PCM) 179 kJ /kg

Solid phase transition temperature (RT27 PCM)  299.15 K
Liquid phase transition temperature (RT27 PCM) 301.15 K

A fine meshing strategy was implemented to ensure high-resolution thermal and fluid dynamics analysis, with
434,128 nodes and 1,705,392 elements, capturing intricate heat flow and phase transition behaviors.

2.3 | Simulation Setup

The thermal behavior of the battery cell integrated with PCMs was analyzed using ANSYS Fluent to assess
heat dissipation efficiency and phase transition dynamics under different operating conditions. The simulation
framework was designed to evaluate the influence of PCM integration on battery thermal performance,

ensuring an accurate representation of heat generation, conduction, convection, and latent heat absorption.

To achieve reliable results, the numerical model incorporated a fine mesh resolution, well-defined initial and
boundary conditions, and material properties derived from experimental data. Both steady-state and transient
analyses were conducted to investigate temperature evolution, heat transfer mechanisms, and the impact of
different discharge rates on battery performance.

V. Meshing and computational grid.

A structured computational grid was developed to accurately resolve thermal gradients and fluid interactions
within the PCM domain. The meshing process was refined to balance computational efficiency and accuracy,
ensuring sufficient resolution in regions with significant temperature variations. The final mesh consisted of:

Total nodes: 434,128.
Total elements: 1,705,392.

This high-density mesh allowed for detailed tracking of temperature distribution, phase change effects, and
convection patterns within the PCM.

VI. Initial and boundary conditions.
The simulation was initialized with the following thermal and environmental conditions:
2.3.1|Initial temperature

All system components, including the battery cell, PCM, aluminum tube, and surrounding air, were initialized
at 23°C, with PCM entirely in its solid phase at the start of the simulation.

2.3.2| Boundary conditions

The outer aluminum containment tube was maintained at 40°C, simulating heat dissipation in real-world
applications. Natural convection was modeled at the top boundary using a pressure outlet condition to allow
heat dissipation into the surrounding air. No-slip boundary conditions were applied to all solid surfaces,
ensuring accurate modeling of conductive heat transfer between the battery, PCM, and containment tube.

2.3.3 | Material properties

The thermophysical properties of RT27 PCM and other materials were assigned based on Tuble 1, ensuring
realistic thermal behavior representation in the simulations.

VIIL. Simulation type and approach
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To evaluate the cooling performance of PCM-based thermal management, both steady-state and transient
analyses were performed:

2.3.4| Steady-state analysis

Provided an overview of the thermal equilibrium state, highlighting temperature distribution without dynamic
phase change effects.

2.3.5| Transient analysis

Captured time-dependent heat transfer phenomena, including PCM melting progression, latent heat

absorption, and battery temperature variations over the discharge cycle.
VIII. Battery dischatrge rate and thermal load analysis

To analyze the impact of different discharge rates on battery thermal performance, simulations were
performed for multiple C-rates, where 1C corresponds to a full battery discharge in one hour. Table 2 presents
the discharge rates along with their corresponding current values (A) and discharge times (s).

Table 2. Discharge rates, current values, and
discharge times for the battery.

Discharge Rate Current (A) Time(s)

1C 2.5 3570
2C 5 1770
3C 7.5 1170
4C 10 870

This table highlights the inverse relationship between discharge rate and discharge time. As the discharge rate
increases, the time required to deplete the battery fully decreases, leading to higher thermal loads due to
increased current flow and Joule heating effects. These findings emphasize the importance of effective
thermal management strategies, particularly under high-discharge conditions, to prevent excessive
temperature rise and ensure battery safety and longevity.

3| Results and Discussion

This section presents the thermal behavior of three different battery chemistries: LIB, Li-S, and SIB. The
temperature distribution under static conditions was analyzed across various discharge rates (1C to 4C). Figs.
4-7 illustrate these distributions, highlighting the influence of material properties on thermal performance.

3.1| Thermal Behavior of Battery Materials

The static temperature distribution for three different battery chemistries is presented in Fig. 4. These figures
illustrate the thermal response of LIB, Li-S, and SIB cells under similar operating conditions. The analysis
highlights the influence of material properties on temperature distribution, which is critical for optimizing
battery performance and safety.

Total Temperature

[K]
3.08e+02
3.08e+02
3.08e+02
3.08e+02
3.08e+02
3.08e+02
3.08e+02
3.07e+02
3.07e+02
3.07e+02
307e+02
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Total Temperature
[K]

309402
3.09e+02
3.09e+02
3.08e+02
308e+02
3.07e+02
307e+02
3.07e+02
3.06e+02
3.06e+02
3.05e+02

Static Temperature
(K]

3.08e+02
3.08e+02
307402
307e+02
307e+02
307e+02
3.06e+02
3.06e+02
3.06e+02
3.06e+02
3.06e+02

C.

Fig. 4. Static temperature distribution; a. LIB cell,
b. Li-S battery cell, and c) SIB cell, (at a discharge
rate of 1C).

Fig. 4 presents the static temperature distribution of three battery chemistries; a) LIB, b) Li-S, and ¢) SIB —
at a discharge rate of 1C. The LIB battery exhibits a relatively uniform temperature distribution, with a narrow
range from 307.0 K to 308.0 K, demonstrating its superior thermal conductivity and efficient heat dissipation.
In contrast, the Li-S battery shows a wider temperature range, extending up to 309.0 K, with pronounced
hotspots near the terminals. This non-uniformity is attributed to the material’s lower thermal conductivity,
which impedes effective heat distribution and increases thermal stress risks. Meanwhile, the SIB demonstrates
exceptional thermal stability, with minimal temperature variation between 306.0 K and 307.0 K, highlighting
its inherent thermal resilience and suitability for applications demanding consistent thermal performance. The
comparative analysis in Fig. 4 emphasizes the critical need for tailored thermal management solutions,
especially for Li-S batteries, to address thermal hotspots and enhance system reliability.

Total Temperature
(K]

3.12e+02
3120402
312402
311402
3116402
311e+02
3.11e402
3.10e+02
3.10e+02
310e+02
3.108+02
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Static Temperature
L]

3102402
3.10e402
3.10e402
309e+02
3.09e+02
3.08e402
3.08e+02
3.08e+02
3.07e+02
307e402
3.06e402

Total Temperature

(K]
3.13e402
312e:02
3.11es02
3.11e+02
3.10e402
3.08e402
3.0%e+02
3.08e+02
3.07e+02
3.07e402
3.06e+02

C.

Fig. 5. Static temperature distribution; a. LIB
cell, b. Li-S battery cell, and c) SIB cell. At a
discharge rate of 2C.

Fig. 5 illustrates the static temperature distribution of a) LIB, b) Li-S, and c) SIB cells at a discharge rate of
(Fig. 2.¢). The LIB maintains a relatively uniform temperature profile ranging from 307.0 K to 312.0 K,
reflecting efficient thermal conductivity and reliable heat dissipation under increased operational demands.

In contrast, the Li-S battery shows a wider temperature range, reaching up to 313.0 K, with evident hotspots
near the terminals. This uneven temperature distribution highlights the material's lower thermal conductivity
and the need for enhanced thermal management to prevent localized overheating. The SIB exhibits a more
stable temperature profile, with a narrow range between 306.0 K and 310.0 K, confirming its superior thermal
resilience even under higher discharge rates.

Total Temperature
[K]

3.18e+02
3.17e+02
3.17e+02
3.16e+02
3.16e402
3.15e+02
3.15e+02
3.14e402
3.13e402
3.13e+02
3.12e+02
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Total Temperature

(K]
3.15e402
314e402
314e402
313402
312402
311e+02
3106402
3.09e+02
3.08e+02
3.07e+02
3.06e+02

State Temperature
(K]

3136402
3120402
311e+02
311e+02
3.10e+02
3106402
309402
3,09+02
3.08e+02
3.08e+02
3.07e+02

C.

Fig. 6. Static temperature distribution; a. LIB
cell, b. Li-S battery cell, and c) SIB cell, (at a
discharge rate of 3C).

Fig. 6 depicts the static temperature distribution for a) LIB, b) Li-S, and c) SIB cells at a discharge rate of (Iig.
3.¢). The LIB exhibits a relatively uniform temperature range from 312.0 K to 318.0 K, showcasing effective
heat dissipation and maintaining a stable thermal profile under higher discharge rates.

However, the Li-S battery demonstrates a broader temperature range, with maximum temperatures reaching
315.0 K and pronounced hotspots near the terminals. This uneven distribution underscores the material's
limitations in thermal conductivity, highlighting the need for robust thermal management strategies to prevent
localized overheating and ensure operational safety. The SIB shows remarkable thermal stability, with
temperatures ranging between 306.0 K and 313.0 K, further confirming its suitability for applications
requiring consistent thermal performance.

Total Temperature

K]
3.20e+02
3.20e+02
3.19e+02
3.18e+02
3.18e+02
3.17e+02
3.17e+02
3.16e+02
3150402
3158402
3.14e402
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Static Temperature .
[K]

3.15e+02
3.14e402
3132402
3132402
3.12e402
3.11e402
310402
3.10e+02
3.09e+02
3.08e+02
3.08e+02

Total Temperature
[K]

318402
317e402
3.16e+02
3158402
314e+02
3138402
311e402
3108402
3.09e+02
3.08e402
307e+02

C.

Fig. 7. Static temperature distribution; a.
LIB cell, b. Li-S battery cell, and c) SIB cell.
(at a discharge rate of 4C).

Fig. 7 displays the static temperature distribution of a) LIB, b) Li-S, and ¢) SIB cells at a discharge rate of (I/g.
4.¢). The LIB demonstrates a temperature range between 314.0 K and 320.0 K, maintaining relative uniformity
despite the higher thermal load, indicating its ability to handle increased discharge rates efficiently. Conversely,
the Li-S battery shows a significant rise in temperature, with values extending up to 317.0 K and prominent
hotspots near the terminals. It highlights the material's inadequate thermal conductivity and the critical need
for enhanced cooling to prevent localized overheating. The SIB, however, maintains its thermal stability with
a narrow temperature range of 308.0 K to 315.0 K, showcasing its inherent ability to regulate heat effectively
even under demanding conditions.

The analysis of Figs. 4-7 reveals the growing thermal challenges in different battery chemistries under
increasing discharge rates (1C to 4C). LIB exhibit a relatively uniform temperature distribution and efficient
heat dissipation; however, their peak temperatures rise significantly at higher discharge rates, necessitating
robust thermal management. In contrast, Li-S batteries show wider temperature ranges and prominent
hotspots near terminals, reflecting poor thermal conductivity and higher risks of thermal stress and
degradation. SIB maintain stable thermal profiles with minimal gradients, but their performance could still
benefit from improved heat dissipation at high rates. The increasing temperature and uneven distribution at
higher discharge rates highlight the need for PCMs. PCMs effectively absorb and redistribute heat, reducing
thermal gradients, minimizing hotspots, and ensuring temperature uniformity. By integrating PCMs, battery
systems can operate more safely and efficiently, extending their lifespan and mitigating risks of thermal
runaway, especially for chemistries like Li-S that are more thermally vulnerable.

3.2 | Phase Change Materials Cooling System Efficiency

In this section, the efficiency of the PCM cooling system is evaluated by analyzing the thermal behavior of
the battery cells with PCM integrated at various discharge rates (1C to 4C). Figs. 8-77 depict the static
temperature distribution for each battery chemistry (LIB, Li-S, and SIB) at increasing discharge rates,
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providing a clear picture of how PCM affects temperature uniformity and heat dissipation across different
operating conditions. The static temperature distribution at a discharge rate of 1C, shown in Fig. 8, highlights
the differences in thermal behavior across three battery chemistries. The LIB (Fig. 8.4) exhibits a relatively
narrow temperature range, from 307.0 K to 308.0 K, indicating efficient heat dissipation and effective
performance of the PCM cooling system. This uniform temperature distribution is a result of LIB high
thermal conductivity, allowing for even heat spread across the surface of the battery. In contrast, the Li-S
battery (Fig. 8.b) shows a wider temperature range, with hotspots reaching up to 309.0 K, especially near the
terminals. This uneven distribution is caused by the lower thermal conductivity of Li-S, which hinders efficient
heat distribution, leading to localized overheating. The PCM system offers some cooling but is less effective
in managing the thermal stress associated with Li-S's poor heat conductivity. The SIB (Fig. §.0), however,
demonstrates superior thermal stability with minimal temperature variation, ranging from 306.0 K to 307.0
K, underscoring the battery's inherent thermal resilience even under the moderate load of 1C. This stability
highlights the effectiveness of the PCM system in maintaining uniform temperatures for SIB.
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Fig. 8. Static temperature distribution; a. LIB cell: b. Li-S
battery cell and c. SIB cell, (at a discharge rate of 1C).
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At a discharge rate of 2C, as shown in Fig. 9, the LIB (Fig. 9.2) shows a temperature range from 307.0 K to
312.0 K, indicating effective heat dissipation with a slight increase in temperature compared to 1C. The PCM
system continues to work well, but higher discharge rates highlight the need for monitoring to ensure
temperatures stay within safe limits. In contrast, the Li-S battery (Fig. 9.0) exhibits a broader temperature
range, reaching 313.0 K, with noticeable hotspots near the terminals. It indicates that the PCM cooling system
struggles to manage heat effectively due to the low thermal conductivity of Li-S, requiring enhanced cooling
solutions to prevent thermal stress.The SIB (Fig. 9.¢) remains thermally stable, with a temperature range of
306.0 K to 310.0 K, demonstrating consistent thermal performance even under higher discharge rates. It
suggests that SIB, combined with PCM cooling, offer superior thermal stability compared to other
chemistries. Overall, PCM cooling effectively supports LIB and SIB. However, Li-S batteries face significant
challenges in maintaining thermal uniformity under higher discharge rates, necessitating further optimization
of cooling strategies.
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Fig. 9. Static temperature distribution: a.
LIB cell, b. Li-S battery cell and c. SIB
cell. At a discharge rate of 2C.

At a discharge rate of 3C (Fig. 70), the LIB (Fig. 70.2) shows a temperature range between 312.0 K and 318.0
K, with some increased temperature variation compared to the previous rates. While the PCM system still
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performs well in maintaining temperature stability, the higher discharge rate leads to a noticeable increase in
peak temperatures, signaling the need for more advanced cooling strategies at higher loads. The Li-S battery
(Fig. 10.b), however, presents a significant thermal challenge with a temperature range extending up to 315.0
K, accompanied by hotspots near the terminals. This issue arises due to the lower thermal conductivity of Li-
S, which hinders the uniform heat distribution, leading to localized overheating and highlighting the
insufficiency of the PCM cooling system under these conditions.

In contrast, the SIB (Fig. 70.c) maintains superior thermal stability, with a narrow temperature range from
306.0 K to 313.0 K. This consistent performance, even at 3C, underscores the thermal resilience of SIB ries
and the effective role of PCM in stabilizing temperatures even under high discharge rates. While SIB perform
optimally, the Li-S batteries clearly demonstrate the need for further optimization of the PCM cooling system
to reduce thermal gradients and improve heat dissipation, especially when dealing with higher discharge rates.
This analysis reinforces the need for targeted cooling improvements for chemistries with lower thermal

conductivity.
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Fig. 10. Static temperature distribution; a. LIB cell,
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At a discharge rate of 4C (Fig. 77), the LIB (Fjg. 77.4) shows an increase in temperature range, from 314.0 K
to 320.0 K, but the temperature distribution remains relatively uniform. The PCM cooling system continues
to effectively moderate the heat generated by the battery, though the higher discharge rate introduces more
thermal load. Despite this, the LIB manages to maintain its temperature within a safe range, though
continuous monitoring will be required to ensure performance under even higher discharge conditions. On
the other hand, the Li-S battery (F7g. 77.5) exhibits a wider temperature range, reaching up to 317.0 K, with
pronounced hotspots near the terminals. It highlights the poor thermal conductivity of Li-S, which hampers
the PCM’s ability to dissipate heat efficiently, especially under high discharge rates. These results emphasize
the need for improved PCM design or additional cooling solutions for Li-S batteries to mitigate thermal stress
and prevent degradation.

In contrast, the SIB (Fig. 77.c) demonstrates excellent thermal stability with a temperature range from 308.0
K to 315.0 K, even at the high 4C discharge rate. This stable temperature profile indicates that SIB are
thermally resilient, and the PCM cooling system is highly effective in maintaining uniform heat distribution.
While SIB perform optimally at high discharge rates, Li-S batteries require further optimization in their TMS
to handle the increasing heat load. The results reinforce the importance of tailored cooling solutions for each
battery chemistry, particulatly for Li-S, where the battery's low thermal conductivity limits PCM petformance.
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Fig. 11. Static temperature distribution;
a. LIB cell, b. Li-S battery cell, c. SIB cell.
(at a discharge rate of 4C).
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In conclusion, the results from Figs. 8-77 demonstrate significant differences in the thermal performance of
the three battery chemistries under increasing discharge rates from 1C to 4C. LIB exhibit relatively stable
temperature distributions, with the PCM cooling system performing effectively, though higher discharge rates
reveal an increased need for more advanced cooling solutions. Li-S batteries, on the other hand, face
considerable thermal challenges, with wider temperature ranges and hotspot formation, highlighting the
limitations of their thermal conductivity and the need for optimized cooling strategies. In contrast, SIB
showcase remarkable thermal stability across all discharge rates, with the PCM system proving highly effective
at maintaining consistent temperature regulation. These findings underscore the importance of tailored TMS,
particularly for Li-S batteries, to ensure safe and efficient operation, while SIB emerge as a promising
candidate for applications requiring robust thermal performance under demanding conditions.

4| Conclusion

This study aimed to investigate the thermal performance of different battery chemistries— LIB, Li-S, and
SIB—with a focus on the role of PCMs in managing heat dissipation at varying discharge rates.

The results highlight several key findings:

I. LIB demonstrate relatively stable thermal behavior, with PCM systems effectively managing heat at lower
discharge rates. However, as discharge rates increase, the thermal load also rises, suggesting that advanced
cooling strategies are necessary for optimal performance at higher discharge rates.

II.  Li-S batteries show significant thermal challenges, particularly due to their lower thermal conductivity. It
leads to localized overheating and hotspot formation, especially under high discharge rates. Thus, enhanced
PCM designs or additional cooling mechanisms are crucial for improving thermal uniformity and preventing
thermal degradation.

III. SIB, in contrast, exhibit superior thermal stability, with PCM systems effectively managing heat dissipation
across a broad range of operating conditions. The inherent thermal resilience of SIB at high discharge rates
makes them a promising alternative for applications requiring consistent thermal performance.

The study emphasizes the importance of developing tailored TMS based on the specific thermal behavior and
material properties of each battery chemistry. While Li-S batteries face notable challenges in heat distribution,
SIB show significant potential for high-performance applications due to their superior thermal resilience.

For future research, it is essential to focus on optimizing PCM materials specific to each battery chemistry,
exploring hybrid cooling solutions, and examining the real-world applications of these systems in different
operating conditions. Addressing these thermal management challenges will enhance the efficiency, safety,
and longevity of next-generation batteries, paving the way for more sustainable and reliable energy storage
technologies.
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Appendix

c Mushy zone number in Eq. (4) (kg/ (m>.s))
g Gravitational acceleration (m/s?)
Gp Turbulence kinetic energy generation by buoyancy forces (kg/ (m.s?))
G Turbulence kinetic energy generation caused by mean velocity gradients (kg/ (m.s%))
h Specific enthalpy (J/kg)
k Thermal conductivity (W/ (m.K))
L Latent heat for phase change material (J/kg)
Mg Mass transfer rate from phase p to phase q (kg/s)
Mg Mass transfer from phase q to phase p (kg/s)
p Pressure (Pa)
S Source term
t Time (s)
T Temperature (K)
i ith component of velocity vector (m/s)
Velocity vector (m/s)
Greek symbols
a Volume fraction
Y Liquid fraction
H Dynamic viscosity (kg/ (m.s))
p Density (kg/m?3)
Subscripts
b Buoyancy
eff Effective
L Liquidus
ref Reference value
$ Solidus / sensible
b Buoyancy
Acronyms
BEV Battery electric vehicle
BTMS Battery thermal management system
CENG Compressed extended natural graphite
FCEV | Fuel cell electric vehicle
HEV Hybrid electric vehicle
PCM Phase change material
RNG Renormalized group
VOE 1 Volume of fluid




