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ABSTRACT

Several factors that influence effective thermal management of electric vehicle (EV)
battery systems are crucial in determining how user-friendly, safe and reliable lithium-
ion cells are in resisting varying temperatures, which may accelerate ageing, decrease
performance and even cause thermal runaway within the sealants of these cells under
extreme conditions. The traditional methods of cooling that include air and liquid
cooling have been commonly used, though it is typically limited to the ability to ensure
uniform temperature distribution and adequate heat dissipation when trying to drive
the load in high mode, especially in that of battery pack that is rather small. As a
solution to these challenges, the current study proposes research in the area of
introductions of phase change material (PCM)-based coupled cooling and traditional
thermal management systems as a hybrid strategy, that utilises the big latent heat
storage capacity of PCM to absorb short-term heat pressure but decreases the load on
active cooling systems. A 3D computational fluid dynamics (CFD) pipe model is created
that represents the electrochemical-thermal coupled response of a 48-cell EV battery
module that includes physical heat generation profiles, the dynamics of PCM phase
transition, and conjugated heat transfer concerning that of solid, liquid, and PCM. The
model can be proved by experimental testing of a prototype battery module already set
up with PCM-integrated cooling jackets and under different ambient conditions with
dynamic driving cycles. Findings indicate that PCM-coupled cooling can cause a
substantial drop in peak-cell temperature (12 to 18 percent) and temperature
heterogeneity across a module (approximately 25 percent), and leads to a reduction in
thermal gradient that is usually the cause of non-uniform cell degradation. In addition,
the hybrid system promises a battery cycle life more than 15 percent longer than
conventional liquid-only systems due to reduced thermal stress and reduced, though
significant, auxiliary energy consumption reduction. These results indicate the
potential of PCM-coupled thermal management as more scalable, energy saving, and
safety-promoting approach to next generation EV battery systems as a part of
enhancing reliability and sustainability of electric mobility.
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1. INTRODUCTION

Electrification of transport has become a key to
addressing energy and environmental issues of the
world, with a significant increase in the adoption of
electric vehicles (EVs) worldwide. The lithium-ion
battery pack is the core of all performance, safety,
and commercial feasibility of EV vehicles as it is the
main storing energy facility. Although the lithium-ion
batteries were characterised by high energy density,
long cycle life, and relatively low rate of self-
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discharge, they are very sensitive to the thermal
conditions. Operating conditions below the optimal
operating temperature (20 -40 C) may cause faster
degradation, less capacity retention, nonuniform
ageing of cells and in the worst case, thermal
runaway, which is highly dangerous. Therefore,
attacking the issue of energy-effective battery thermal
management systems (BTMS) by developing robust
ones that can avoid excessive heat emission and most
importantly, promote enhanced EV technologies
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development has taken its place in the list of most
urgent research topics.

Traditional thermal management techniques such as
forced air cooling, liquid cooling and direct refrigerant
cooling systems have been implemented on EVs with
mixed success. Air cooling is not expensive but in most
cases inadequate in high capacity battery packs as it
does not conduct much heat. By comparison, liquid
cooling has a greater thermal conductivity and better
uniformity in temperature but is more complex,
heavier and more parasitic. Direct cooling with
refrigerant is also better at high thermal loads and is
costly and difficult to scale Figure 1. The identified
limiting factors provide a clear idea of the urgent
requirement of hybrid thermal management solutions
that would provide not only excellent efficiency but
also compactness without compromising the safety and
energy efficiency of vehicles.

Coolant inlet

48-cell Battery

PCM-coupleo <
cooling jacket Coolant outlet

Fig. 1. Schematic of a 48-cell lithium-ion battery module
with PCM-coupled cooling jacket showing coolant inlet and
outlet configuration.

A significant amount of attention is paid to the issue of
phase change materials (PCMs) as a promising passive
cooling solution to EV battery packs. PCMs have high
latent heat of fusion thus are able toaking a significant
amount of heat during the solid-liquid transition
without a significant increase in temperature. This is
what renders them especially appropriate in respect of
mitigating transient thermal spikes arising during such
conditions as fast charging or high-rate discharging.
Nevertheless, practical implementation of PCMs in EVs
is constrained by the fact that the thermal
conductivity of PCMs is rather low which limits the
heat absorption and dissipation speed. To address this
this weakness, a hybrid systems which bind PCM and
active cooling device like a liquid flow channels or
heat pipes have been suggested in order to combine
the merits of both systems.
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It is against such concerns that this paper examines
the performance assessment of PCM-integrated cooling
in the EV battery thermal management systems. The
model is a three dimensional (3D) computational fluid
dynamics (CFD) formulation that is aimed at simulating
PCM phase change, heat generation and heat transfer
within a 48-cell battery module. The experimental
validation with the driving cycles under experimental
conditions is an additional test that evaluates the
possibility of the proposed hybrid system. The results
demonstrate the effectiveness of PCM-couple cooling
in reducing peak cell temperatures, improving
uniformity in temperature, and adding safety margin,
and battery life to lead to the development of the
next-generation EVs with high-performance,
reliability, and sustainability.

2. RELATED WORK

Thermal management systems based on air and liquid
have been experimented with on almost all EV
applications. Air cooling is also among the most cost-
effective and simplest ways but with poor heat
transfer especially when the C-rate discharge is high as
well as the compact module configuration [1]. In
comparison, liquid cooling offers better thermal
conductivity and consistency, but at the cost of
greater complexity and power use of the system with
more pumps as well as more coolant systems [2].
Although such systems are common in commercial EVs,
they fail in room temposement of battery
temperatures in the optimum range of 20-40 C in both
dynamic modes of driving as well as rapid-charging
modes [3].

In order to address these shortcomings, systems
thermal management based on phase change materials
have been suggested as a viable passive solution. PCMs
are characterised by their high latent heat potential
that allows such high thermal energy to absorb a large
amount of thermal energy input at the solid liquid
phase change, and hence temperatures do not rise so
much in the battery modules [4]. It has been shown in
the previous research that PCM integration may
prevent the development of hot-spots and decrease
peak cell temperatures by 15 percent in moderate
conditions of the load [5]. Nevertheless, PCMs possess
a low thermal conductivity where they naturally imply
slower heat dissipation and potential thermal build up
during longer duty cycles [6]. Different PCM
composites using graphite, metal foams, and
nanofluids have already been studied to increase
conductivity, although scalability and increased weight
are still of concern [7].

The recent research has therefore concentrated on
approaches that combine PCM active cooling systems
in which PCM is integrated with liquid or air-based
cooling to combine latent heat absorption and
convective cooling effects. According to these studies,
these hybrid systems can provide within seconds
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response time and better thermal uniformity
particularly in transient high-loads like fast charging
and regenerative braking [8]. However, the majority
of studies that have been conducted are based on the
experiment of the stand-by discharge or on the
simplified load profiles. Extensive performance
measurements of the drive cycles are currently not
available under realistic conditions (WLTP, UDDS) and
more experiments and number simulations are
necessary to validate the results [9], [10].

In addition to traditional methods, other novel
publications in the wider energy and electronics
sectors also discuss the significance of novel, low-
power, sustainable and intelligent thermal
management methods. As an example, Vijay et al. [11]
have reviewed efficient arithmetic circuits, which
illustrate the necessity of optimization in high
performance systems. Veerappan [12] identified the
comparison of NFC and UWB in secure wireless
communication and suggested details on how the low-
latency system can be integrated into the network to
motivate the generation of an efficient EV
communication-cooling system co-design. On the same
note, Madhanraj [13] suggested unsupervised feature
learning used in the low-light detection use case,
which can be applied to adaptive learning to EV health
monitoring. Indeed, Kavitha [14] presented real-time
enhancement of speech on edge devices with
optimised deep learning, which exemplifies methods
that can be selected to develop edge-based EV
systems. TheioT-enabled smart buildings as introduced
by Sadulla [15] are applicable in sustainable energy
management, and the study highlighted the
importance of predictive and loT-centred BTMSs. All
these works point to the fact that hybrid PCM-active
cooling systems, augmented through Al-/loT-based
approaches, would mean the future of scalable,
energy-efficient EV thermal management structures.

3. METHODOLOGY
3.1 Battery Module Design

Battery Cell Configuration

The proposed paper takes into consideration a 48-cell
liithium-ion module with a design of 12s4p, which is
also representative of mid-capacity electric vehicle
(EV) battery packs. The cells are cylindrical and are
rated to create 3.6 V at a nominal capacity of 4.8 Ah
and a maximum discharge rate of 3C which enables
the module to provide high energy and power densities
that would be useful in traction applications. The tight
spacing between cells with a little separation is an
imitation of the actual constraints of EV design in the
real world where the optimization of space is the first
priority. This high packing density can however result
in lots of heat build up when charging quickly and
discharging at high C-rates and so good thermal
management is important.
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Structural and Electrical Design Characteristics

Thorough 3D CAD model of the battery module was
created in order to include structural as well as
electrical detailing that affected thermal
performance. Having accurate cell dimensions and
spatial arrangement, the model guarantees the use of
accurate pathways of heat conduction. Busbar
connexions were also added to model the effects of
current distribution and resistive heating, which can
provide localised hot spots otherwise. Thermal
insulation material in the module enclosure was
modelled to give a realistic boundary behaviour of
heat retention within the commercial EV battery
packs. These are design characteristics that make the
level of numerical simulations close to the real module
functioning.

PCM- Cooling Jacket Integration

In order to contain the thermal issues the CAD model
incorporates a PCM-cooled jacket around the battery
array. This design enables the cells to be in close
contact with direct contact to the encapsulated phase
change material with easy absorption of transient heat
spikes during high load cases. The jacket is also
positioned to ensure that there is uniform temperature
in the module eliminating the inter-cell thermal
gradient that in most cases leads to uneven ageing as
well as safety issues. The inverted structural design
and PCM integration is used as a foundation on which
not only the CFD-based thermal simulations were
performed, but also an experimental prototype was
fabricated to guarantee consistency in the assessments
of numerical and experimental analysis Table 1.

Table 1. Specifications of the Battery Module
Parameter Value

Cell Type Cylindrical 21700
Module Configuration 12s4p (48 cells)
Nominal Capacity per Cell | 4.8 Ah

Rated Voltage per Cell 3.6V

Maximum Discharge Rate 3C

Total Module Voltage 43.2 V (nominal)

3.2 PCM Properties and Integration

PCM and Composite Enhancement selection

Thermal management system uses paraffin wax as a
base phase change material (PCM) because it is cheap,
chemically stable, non-corrosive and with requires
working melting temperature (38-45 C) which is very
conducive to the safe operating range of lithium-ion
cells. In order to counter the low thermal conductivity
(0.25 W/m 2 K) of paraffin, expanded graphite flakes
were added, and the effective conductivity was raised
to about 1.5 W/m 2 K. This alteration will allow
quicker transfer of heat during the transient thermal
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processes, and can be more responsive to sudden
increase in temperature with high C-rate discharges.

Heat Storing capacity and Thermophysical
Properties

The main thermophysical characteristics of PCM
composite are the following: density (850-900 kg/m 3
), latent heat of fusion (200-200 kJ/kg) and specific
heat capacity (2.1 kJ/kg K). Both the sensible and
latent heat storage determine the overall heat
absorption capacity of the PCM during operation
(before and during phase change). The total energy
that is taken in Q_PCM can be obtained as:

QPCM =m. Cp. AT + m. L (1)

where:

e m = mass of PCM (kg),

e ¢, = specific heat capacity (kJ/kg-K),

e AT= sensible temperature rise before melting (K),
e L= latent heat of fusion (kJ/kg).

This dual-mode energy storage mechanism allows the
PCM to delay and suppress peak temperature rise
within the battery module.

Integration within Battery Module Design

To be used effectively the PCM was surrounded by a
modular shell around the cells to guarantee a close
thermal connexion of the bodies that generate heat
and the PCM matrix. The encapsulation design
incorporated the optimization of the uniformity in the
coverage, reduction of air gaps and control of the heat
flow out of the cells into PCM. At high power delivery,
the PCM conducts heat to the surroundings by sensible
heating and then intelligible melting takes place,
keeping the temperature nearly the same until full
melting of the PCM takes place Figure 2. Such an
integration does not only reduce the temperature
increase, it also increases the thermal uniformity
throughout the module which otherwise would have
resulted in inter-cell gradients that will disrupt aging
and reliability.

Heat —» [;:>
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’ - matrix
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Fig. 2. Schematic representation of paraffin wax enhanced
with expanded graphite flakes to improve thermal
conductivity for PCM-based cooling.
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3.3 Simulation Setup and Boundary Conditions
Numerical Framework and Heat Generation Model

A transient computational fluid dynamics (CFD)
framework was developed in ANSYS Fluent to
investigate heat transfer and temperature evolution in
the battery module. Heat generation inside each
lithium-ion cell was modeled using an electrochemical-
thermal correlation that considers ohmic losses and
entropy change. The total heat generation rate per
cell,Qgen , Was calculated as:

ou

Qgen =1 (Voc - V) =L Tﬁ—(z)

where:

e [ =discharge current (A),

e V,. = open-circuit voltage (V),
e V= terminal voltage (V),

e T=cell temperature (K),

. Z—ITJ = entropic coefficient (V/K).

This equation captures both irreversible joule heating
(first  term) and reversible  entropy-related
heating/cooling (second term).

PCM Phase Transition and Conjugate Heat Transfer

The enthalpy-porosity technique was employed to
model PCM melting and solidification, accounting for
both sensible heating and latent heat absorption. The
PCM domain was treated as a porous medium where
the liquid fraction evolves between 0 (solid) and 1
(liquid) based on temperature. The governing energy
conservation equation for PCM was expressed as:

a(ph)
ot
where:

+V.(puh) = V. (kVT) + S, 3)

p = density (kg/m?3),

h = enthalpy (kJ/kg),

u= velocity vector (m/s),

k = thermal conductivity (W/m-K),

S,,= source term (phase change latent heat).

Simultaneous conjugate heat transfer was solved
across three domains: the solid battery casing, the
liqguid coolant, and the PCM composite, ensuring
realistic multi-physics interactions.

Boundary Conditions and Simulation Parameters

Boundary conditions were introduced so as to recreate
the real-world EV operating situations. Normal and hot
climatic conditions were tested at ambient
temperatures of 25 o C and 35 o C. Discharge rates of
batteries were 1C, 2C and 3C which were assumed to
represent moderate, high and extreme driving loads.
In the liquid cooling channels, the inlet rates were
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designated to be 0.050.2 m/s, whereas a convective
bit of heat transfer of 12 W/m 2 K was labelled to the
outer case to embody the natural convection losses.

The time step utilised is 1 s and the overall duration
was 3600 s that is one WLTP (Worldwide Harmonised
Light Vehicle Test Procedure) drive cycle. To resolve
steep temperature gradients in the PCM cell and
coolant wall interfaces mesh refinement was used
around these interfaces Figure 3. The thermalfluid
interaction in the battery module in this arrangement
was well modelled in the transient and steady-state
regimes.

I ANSYS FLUENT I

v

ELECTROCHEMICAL
HEAT GENERATION
MOBEL

ENTROPIC
COEFFICIENT l

= —v)—12U0
(o r3g)

HEAT SOURCE

| CELL DOMAIN ]

Fig. 3. CFD simulation workflow showing electrochemical
heat generation model and application of thermal boundary
conditions.

4. RESULTS AND DISCUSSION

Both the simulation and experimental outcomes point
at the great enhancements that were made using PCM-
coupled cooling over the traditional air- and liquid-
cooling methods. Temperature distributions obtained
as figures indicated that the highest cell temperature
had dropped by 12-18 percent with the incorporation
of PCM to the cooling jacket. More to the point, there
was also a better temperature homogeneity, where
the maximum temperature difference ( -T) across the
module reduced to 6.3 °C when using PCM-coupled
cooling versus 8.5 o C in the liquid-only cooling. This
decrease in the temperature gradients between cells
will guarantee equal distribution of electrochemical
reactions and prevent the development of local hot
spots, which frequently become antecedents of safety
risks and rapid deterioration.

Through dynamic response, the PCM was very
competent in shock absorbing brief-term thermal
spikes especially when there was rapid acceleration or
rapid charging. PCM prevented the occurrence of high
coolant demand at an early stage thereby lowering the
parasitic energy expenditude of the liquid cooling
pump by storing excess heat in the form of latent
energy during the melting process Figure 4. This effect
of energy saving is especially beneficial in city-stop-
and-go types of driving, where short-term variations in
loads are common. Besides, the hybrid PCM-liquid
system reduced the risks of thermal runaway since it
reduced the very rapid increase in temperature, which
further expanded the operating temperature range of
battery module.
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Fig. 4. Comparative performance of air, liquid, and PCM-
coupled cooling strategies in terms of peak temperature,
temperature uniformity, energy consumption, and life
extension.

PCM-Coupled Cooling

The performance appraisal conducted over a long time
also endorsed the advantages of incorporating PCM.
The thermal loads on individual cells have been kept
to a minimum by keeping the peak temperatures lower
and by minimising thermal gradients and this is
predicted to increase the general life cycle of the
battery system by approximately 15% over the base
systems. Table 2 addresses the comparative analysis of
three cooling strategies i.e.: air cooling, liquid
cooling, and PCM-coupled cooling. Although the liquid
cooling was less efficient compared to air cooling, it
proved to be moderately efficient but at the expense
of an increased amount of energy used. Conversely,
PCM-coupled cooling was found to offer the best
trade-off of thermal performance, energy consumption
ideal and extent of life of the cycle, which places it as
a viable choice in the coming next-generation EV
battery thermal controls.

Table 2. Comparative Analysis of Cooling Strategies

Cooling Peak Temperature | Max AT | Energy Estimated Life
Strategy (°C) (°C) Consumption (W) Extension

Air Cooling 48.2 12.1 20 Baseline

Liquid Cooling 42.8 8.5 35 +7%

PCM-Coupled 38.6 6.3 28 +15%

Cooling

4 |
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5. CONCLUSION

This paper has shown that Apple-integration of phase
change material (PCM)-linked cooling technology with
standard thermal management practises is a very
powerful solution in improving the performance,
safety, and reliability of electric vehicle (EV) battery
systems. By a combination of computational fluid
dynamics (CFD) modelling and experimental cheque-
through, it was demonstrated that the hybrid PCM-
liquid cooling method is effective in reducing the peak
cell temperatures by 12-18 per cent, temperature
distribution throughout the battery module by
approximately 25 per cent and reduction in thermal
gradient which is a frequent contributor to uneven
degradation and localised hot spots. The thermal
stability persistence in PCM with regard to transient
heating loads caused by high C-rate discharges and
rapid charging discharges is beneficial in addition to
decreasing the operational load on active cooling
pumps, leading to quantifiable energy requirements.
Moreover, through greater thermal stress alleviation
and keeping with a safer operating range, the
proposed system is estimated to increase the battery
cycle life by roughly 15% and therefore overall
durability and the confidence of the user in EV
technology. Although the current study identifies
feasibility and efficacy of PCM-coupled cooling through
realistic drive cycle modelling, future studies will aim
at maximising lightweight PCM composites, addition of
high-conductivity additives like graphene or metal
foams, and creation of scalable packaging
architectures, which strike the balance between
thermal performance and system compactness and
cost efficiency and will eventually enable the
development of next-generation mass-market EVs.
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