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Abstract

Maintaining stable battery temperatures is critical for the safety, performance, and durability of electric
vehicles (EVs), yet most conventional cooling methods still fall short of that goal. Systems based on air
or liquid cooling tend to struggle with uneven temperature profiles, high energy demand, and mechanical
complexity that adds both cost and maintenance burden. This study explores a hybrid passive Battery
Thermal Management System (BTMS) that combines Phase Change Materials (PCMs) with Pulsating
Heat Pipes (PHPs) to improve heat removal and promote more uniform temperature distribution across
cells.In this work, the PCM region was modeled using an enthalpy-based transient heat conduction
framework, while the PHP was described through a simplified conductance model accounting for both
latent and sensible heat transfer. The coupled model, developed in MATLAB, was tested against
established analytical results and experimental benchmarks to verify its accuracy. A set of parametric

simulations examined how key design factors such as PCM thickness,
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thermal conductivity, and PHP conductance—affect maximum cell temperature (Tma), temperature
uniformity (AT), and overall thermal resistance (Ru).The results suggest that the PCM—PHP hybrid
configuration can significantly improve thermal control compared with PCM-only setups, reducing Tmax
by as much as 24% and AT by nearly 80%, all while remaining fully passive with no auxiliary power
draw. The best-performing configuration reached a thermal resistance of 0.15 K W' and maintained
consistent operation under fluctuating heat loads. Beyond its technical outcomes, the study introduces a
MATLAB/Python framework that could serve as a practical design and optimization tool for researchers
and engineers developing next-generation EV battery cooling systems that prioritize safety, simplicity,

and energy efficiency.

Keywords: Battery Thermal Management (BTMS); Phase Change Materials (PCM); Pulsating Heat Pipes (PHP);
Electric Vehicles (EVs); Hybrid Cooling Systems; Thermal Optimization; Passive Energy Systems.

1. Introduction

The rapid rise of the electric vehicle (EV) industry has placed renewed focus on one of its most persistent
technical challenges: managing battery temperature effectively. Lithium-ion batteries, which remain the
dominant energy source in EVs, are notoriously sensitive to temperature fluctuations. They tend to
perform best within a relatively narrow band—roughly 20 °C to 45 °C. Beyond that, both extremes can
be problematic. Higher temperatures accelerate capacity fade and can even trigger thermal runaway, while
lower ones reduce power output and increase internal resistance. For these reasons, a well-designed
Battery Thermal Management System (BTMS) is not merely a performance enhancer but a safety
necessity (Al-Zareer et al., 2023; Chen et al., 2022).Traditional BTMS strategies mostly rely on air or
liquid cooling. Air cooling is attractive for its simplicity and low cost, yet its poor heat transfer capability
often fails to keep pace with the thermal loads of modern high-capacity packs. Liquid cooling, on the other
hand, improves heat dissipation but at the cost of added weight, more complicated plumbing, and
sometimes uneven temperature distribution across cells (Zhao et al., 2024). In response, newer research
has turned toward passive and hybrid systems that aim to strike a better balance—offering efficient heat

management with lower energy use and less structural complexity (Rehman et al., 2023).
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Among these alternatives, Phase Change Materials (PCMs) have gained considerable attention for their
ability to store large amounts of heat as they melt, effectively flattening temperature spikes during rapid
charging or discharging (Wang et al., 2023). Yet, PCMs are not without drawbacks. Their low thermal
conductivity, typically between 0.2 and 0.3 W/m-K, slows down heat transfer, and their re-solidification
process can be sluggish, which limits long-term thermal cycling efficiency (Zhang et al., 2022).
Researchers have tried to address these issues by adding materials like graphite, graphene, or metal foams
to enhance conductivity. While this can help, it also introduces new trade-offs—higher costs, added mass,
and in some cases, reduced mechanical durability.In parallel, Pulsating Heat Pipes (PHPs) have emerged
as another intriguing passive solution. PHPs rely on a simple yet effective mechanism: a closed-loop
capillary tube filled with a working fluid that naturally oscillates between vapor and liquid phases as
temperature differences arise. These oscillations promote excellent heat transport without the need for
external pumps (Gao et al., 2023). PHPs are lightweight and can achieve very high effective thermal
conductance, but they come with their own challenges, such as sensitivity to orientation and inconsistent
start-up behavior, which can compromise reliability in dynamic environments like vehicles (Khandekar
& Sharma, 2022).Combining PCM and PHP technologies appears to offer a practical compromise between
thermal stability and transport efficiency. The PCM acts as a thermal buffer, absorbing excess heat through
phase change, while the PHP quickly redistributes that heat to cooler regions or external sinks. Together,
they can potentially achieve better temperature uniformity and overall cooling performance than either
component alone (Saxena et al., 2023). However, most prior work has focused heavily on experimental
setups or computational fluid dynamics (CFD) simulations. While valuable, these methods are often
computationally demanding and less suited for parametric or optimization studies (Liu et al., 2023).There
remains a gap for faster, semi-analytical tools that can realistically capture the coupled PCM—PHP
behavior under transient, real-world battery loading conditions.This study seeks to fill that gap by
developing an analytical-numerical model of a hybrid PCM—PHP BTMS specifically for EV applications.
The PCM region is represented using an enthalpy-based transient heat conduction model, while the PHP’s
effect is incorporated through a simplified conductance boundary condition that captures its effective heat
transfer behavior. Implemented in MATLAB/Python, the model simulates temperature evolution, phase

change dynamics, and cooling effectiveness under representative driving cycles.
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It also explores how PCM properties, PHP conductance, and geometric configurations influence key
performance metrics such as peak temperature (Tmax), temperature uniformity (AT), and thermal resistance
(Rw). Design optimization is then performed to identify configurations that minimize thermal hotspots

while remaining compact and manufacturable.

The main objectives of the research are:

To formulate a coupled analytical model for the hybrid PCM—PHP battery cooling system.

e To develop and implement a MATLAB/Python-based solver for transient heat transfer and phase change

processes.
e To assess system performance across varying heat loads and geometric parameters.
e To determine the optimal configuration that delivers efficient cooling and uniform temperature distribution.

By achieving these aims, the work contributes to the development of scalable, fully passive, and energy-efficient

BTMS architectures that can meet the increasingly stringent thermal demands of next-generation electric vehicles.
2. Literature Review
2.1 Phase Change Materials in Battery Thermal Management

Phase Change Materials (PCMs) have been widely explored for their capacity to absorb large amounts of heat
through latent heat storage during melting, allowing them to maintain temperature uniformity and prevent dangerous
thermal spikes in batteries. When strategically placed around battery cells, PCMs can absorb transient heat loads
without causing a major rise in temperature (Zhang et al., 2022). Several reviews (Chen et al., 2022; Rehman et al.,
2023) point to PCM-based cooling as one of the most practical passive approaches, mainly because of its simplicity,
compactness, and reliability under fluctuating thermal conditions.Yet, the appeal of PCMs is tempered by their
relatively poor thermal conductivity—usually around 0.2-0.3 W/m-K (Wang et al., 2023). This low conductivity
slows down internal heat diffusion, which can create uneven melting and local hotspots. Researchers have tried to
address this by embedding metal foams, graphite matrices, or nanoparticles to improve thermal pathways (Zhang
et al., 2022). While metal foams and fins enhance melting rates by shortening conduction paths, they inevitably
increase system mass (Zhao et al., 2024). Experimental results have shown that PCM-based systems can effectively

buffer temperature rises even under elevated ambient temperatures of around 42 °C (Wang et al., 2023), but the
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slow re-solidification of PCM remains a practical limitation. This sluggish recovery between charge—discharge

cycles makes it difficult to sustain consistent performance during extended high-load operation.
2.2 Pulsating Heat Pipes in Battery Thermal Management

Pulsating Heat Pipes (PHPs) have emerged as another promising passive option for managing heat in compact
energy systems. These devices operate through self-sustained oscillations of vapor and liquid slugs inside fine
capillary tubes, creating an effective two-phase heat transfer mechanism. Their high effective thermal conductance,
lack of moving parts, and compact structure have made them increasingly popular for electronics and battery
thermal control (Gao et al., 2023; Khandekar & Sharma, 2022). Because PHPs don’t require mechanical pumps and
are relatively simple to fabricate, they are particularly appealing for systems where weight, cost, and reliability are
critical considerations.The performance of a PHP depends strongly on several design and operating factors: the
working fluid, filling ratio, number of turns, and even the device’s orientation (Chung et al., 2023). Methanol, for
instance, tends to offer faster start-up and more stable oscillations than water-based working fluids. However, PHPs
are not without challenges. Orientation sensitivity—especially in horizontal or inverted setups—and start-up
instability can undermine their effectiveness in dynamic or mobile environments such as electric vehicles
(Khandekar & Sharma, 2022). The complex, nonlinear flow dynamics of PHPs also make them difficult to model
precisely, leading many researchers to adopt lumped or simplified conductance-based approaches that approximate

their thermal performance without solving full two-phase flow equations.
2.3 Hybrid PCM—-PHP Cooling Systems

Pairing PCM with PHP technology offers a synergistic way to manage heat more effectively. The PCM acts as a
thermal buffer, absorbing bursts of heat through melting, while the PHP provides a faster route for transferring that
heat to external sinks. This combination tends to stabilize cell temperatures, reduce peak heating, and maintain
temperature uniformity across the battery pack (Saxena et al., 2023). By continuously cycling heat away from the
PCM, the PHP also accelerates re-solidification, addressing one of PCM’s core weaknesses.Most studies on PCM—
PHP hybrid systems remain either experimental or computationally intensive, typically relying on CFD tools such
as ANSYS Fluent or COMSOL Multiphysics (Liu et al., 2023). While these tools can simulate detailed phase-
change and two-phase oscillation phenomena, they are computationally expensive and not ideal for parametric
design studies or optimization. Analytical or semi-analytical frameworks—particularly those using finite-difference

or enthalpy-based methods implemented in MATLAB or Python—offer a faster alternative.
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They can capture the essential coupled behavior between PCM and PHP while remaining computationally light
enough for iterative design.Experimental work supports the potential of this hybrid approach. Saxena et al. (2023)
observed a nearly 10 °C reduction in peak battery temperature when integrating a PHP within a PCM block,
compared with PCM-only cooling. Similarly, Liu et al. (2023) reported a 20-25% improvement in temperature
uniformity when PHP conductance was optimized. These findings highlight how PCM-PHP systems can
outperform conventional passive cooling methods, yet they also underscore a need for simplified, scalable models

that can generalize such results across different configurations and loading conditions.
2.4 Identified Research Gaps
Despite meaningful progress, several gaps remain in the current literature:

e Analytical-numerical modeling: Most prior work depends heavily on CFD simulations, which are
detailed but resource-intensive. Few studies have developed reduced-order analytical models that
accurately describe PCM—PHP interaction while remaining efficient enough for MATLAB/Python-based

optimization.

¢ Re-solidification behavior: The long-term thermal cycling and re-solidification performance of PCM

when coupled with PHP assistance are rarely examined. This is critical for repeated high-load EV operation.

e Comprehensive optimization: Parametric studies that simultaneously consider PCM geometry, melting

temperature, and PHP conductance are still limited.

e Real-world constraints: Factors such as gravity orientation, mechanical vibration, and fluctuating ambient

conditions typical of on-road environments are often simplified or ignored.

e Scalability and integration: Few studies address how PCM-PHP modules could be manufactured and

scaled for full battery packs under realistic automotive design constraints.

The present work addresses these gaps by developing a coupled analytical-numerical framework in
MATLAB/Python that models transient PCM—PHP interaction. The approach captures key thermal processes—
conduction, phase change, and effective PHP heat transport—while enabling design exploration and optimization
with manageable computational effort. The resulting framework aims to serve as both a design tool and a theoretical
bridge between CFD-based detail and practical engineering application, supporting the development of efficient,

fully passive cooling systems for next-generation electric vehicles.
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3. Methodology
3.1 System Description

The system investigated in this work is a hybrid passive Battery Thermal Management System (BTMS) that
combines the heat-absorbing capacity of a Phase Change Material (PCM) with the efficient heat-transport
characteristics of a Pulsating Heat Pipe (PHP). In this setup, the PCM layer encapsulates a representative lithium-
ion cell, acting as a thermal buffer that absorbs sudden temperature rises during high current operation. Surrounding
this PCM layer, the PHP network functions as a dynamic heat conduit, channeling the absorbed heat toward an
external sink. The intent is to let the PCM moderate rapid thermal fluctuations, while the PHP assists in re-

solidifying the PCM and maintaining a stable temperature distribution across the system.

The model is built around a single-cell configuration, which serves as a simplified but representative unit of a larger
EV battery pack. Focusing on one cell allows clearer observation of coupled heat transfer mechanisms before

scaling to multi-cell configurations. A few simplifying assumptions guide this setup:

e The heat generated within the cell, Ggen(t), is assumed to be uniformly distributed and varies with time

according to dynamic load conditions that mimic realistic charging and discharging cycles.

e The PCM is treated as isotropic, with uniform material properties and a homogeneous distribution

throughout the encapsulated region.

e Natural convection within the molten PCM is neglected, given that heat transfer during the melting and

solidification phases is primarily governed by conduction.

e The PHP is modeled as an equivalent thermal conductance boundary, Gy, Which serves as a compact
representation of its oscillatory heat transfer behavior. This conductance is estimated from empirical data

and existing literature correlations (Gao et al., 2023; Liu et al., 2023).

Conceptually, the heat transfer pathway follows a simple but physically meaningful sequence: the battery acts as
the heat source, the PCM functions as a latent heat reservoir, the PHP serves as an active heat transport bridge, and
the ambient environment operates as the final sink. The schematic representation, shown in Figure 3.1 (not

included here), captures this thermal chain as:
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Battery — PCM — PHP — Ambient.

This structure captures the essential dynamics of hybrid passive cooling: a system where heat absorption and
redistribution occur almost simultaneously, aiming to reduce local thermal peaks while improving overall
temperature uniformity. Although simplified, this model forms a foundation for exploring the interplay between

phase change behavior and pulsating heat transport in real EV battery modules.
3.2 Analytical Model Formulation
3.2.1 Heat Transfer in the Battery and PCM

The transient heat conduction in the composite battery—PCM domain is governed by the energy equation:

) .
pc, a_: =V (kVT) + Ggen(t) -..... (1)

where p is density (kg/m?), ¢, is specific heat (J/kg-K), (k) is thermal conductivity (W/m-K), and (T) is temperature
(°C). The internal heat generation §gen(t) represents time-dependent battery heat output during discharge or fast

charging, modeled as a sinusoidal or step function depending on the test cycle.

For the PCM, the enthalpy method is used to account for phase change (Zhang et al., 2022). The total enthalpy per

unit volume is expressed as:

H=p(cyT+Lfy) oo ove e )
where (L) is the latent heat of fusion (J/kg), and fj is the liquid fraction ranging from 0 (solid) to 1 (liquid).

The governing equation in enthalpy form becomes:

== V- (kVT)....... 3)

The enthalpy—temperature relationship is inverted at each step to update the local temperature field and phase
fraction. To avoid discontinuities, a mushy zone approach is used, defining a narrow temperature interval T,,, +

AT, for smooth transition between solid and liquid states (Wang et al., 2023).
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3.2.2 Boundary and Interface Conditions

At the battery—PCM interface:

aTbat

oT,
— pcm
_kbat an - _kp(;m T ........... (4)

ensuring continuity of temperature and heat flux.

At the outer PCM surface, the PHP boundary is defined by a Robin (mixed) condition representing conductive

heat removal:

oT
_kpcmﬁ = Gphp (T - Tsink) ......... (5)

where Ty is the sink (ambient) temperature, and Gppyp (W/m?® - K) is the effective PHP conductance (Gao et al.,

2023). This conductance is treated as an empirical parameter capturing overall PHP behavior.

At exposed surfaces (if any), a convective boundary condition applies:
aT
—kpcma—n =h(T —Te)...... (6)
where (h) is the convective heat transfer coefficient (5-10 W/m?-K for air-cooled conditions).

3.3 Numerical Implementation (MATLAB/Python Framework)

The coupled governing equations are discretized using a finite difference scheme in one dimension (1D), assuming
heat flow normal to the battery surface. This simplification is justified for planar battery modules where lateral

gradients are minimal (Liu et al., 2023).

An implicit Crank—Nicolson method is used for temporal integration, offering improved stability for large time

steps (Rehman et al., 2023). The numerical scheme for node (i) at time (n + 1) is expressed as:

Tin+1_Tin
pe (TP At = S [(TRY! = 2T/ + TR + (T — 2T + T )] (7)

k
2Ax?
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where c;f T is the apparent specific heat accounting for latent heat within the mushy zone:
L
(M) =c, + sar H(T + ATy = T) = H(Ty = ATy)]....... (8)

The MATLAB solver follows this workflow:

1. Initialize material properties and boundary conditions.
Apply uniform or time-varying heat generation within the battery region.
Solve the discretized enthalpy equations iteratively for temperature and liquid fraction.

Update boundary flux at PCM—-PHP interface based on (G_{php}(T - T {sink})).

wook N

Store temperature profiles and performance metrics for each time step.

The code also supports parametric analysis, allowing automated variation of PCM thickness, thermal conductivity,
melting temperature, and PHP conductance. Optimization is implemented via MATLAB’s fmincon or Python’s
SciPy.optimize package.

3.4 Performance Metrics
The following metrics are calculated to assess system effectiveness:
e  Maximum cell temperature (T'max): the highest temperature reached on the battery surface.

e Temperature difference (AT): the difference between the hottest and coldest points in the module,

indicating uniformity.
o Thermal resistance (Rth):

_ Tcell,max_Tsink
Rep =~k ... )
gen

e PCM liquid fraction (favg): average melted volume fraction over time.
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e Energy absorbed by PCM (Qpcm):

a
Qpem = PLLL...... ... (10)

These metrics allow comparative evaluation between PCM-only, PHP-only, and hybrid PCM—PHP configurations.
3.5 Model Validation and Sensitivity Analysis

The analytical-numerical model is validated against published experimental data for PCM-based cooling (Wang et
al., 2023) and PHP heat transfer correlations (Gao et al., 2023). Model stability and convergence are verified by

grid refinement and time-step sensitivity studies.

A baseline validation is conducted by reproducing the classical Stefan melting problem (1D planar front) using
pure PCM without heat generation. Agreement within 2 % of the analytical front position confirms numerical
accuracy. Sensitivity tests for PCM thermal conductivity and mushy range AT,,, ensure robustness against parameter

uncertainty.
3.6 Parametric and Optimization Studies
To evaluate design sensitivity and optimize performance, a multi-variable analysis is performed on:

e PCM type (melting temperature and latent heat),
e PCM thickness (10-30 mm),

e PHP conductance (10200 W/m?-K),

e Ambient temperature (2045 °C),

e Battery heat flux (1000-5000 W/m?).

A multi-objective optimization aims to minimize T,,,, and AT simultaneously. The objective function F is

expressed as:

T, AT
F=w 28 4y, S (11)
Tref ATr(-;’f

where w; and w, are weighting factors based on performance priorities. The optimization yields the optimal PCM

thickness and PHP conductance for minimal temperature rise under EV duty cycles.
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3.7 Limitations

While the analytical-numerical model offers fast and physically meaningful predictions, certain limitations are

acknowledged:

The model assumes 1D conduction, neglecting lateral thermal gradients.
e Convective effects in molten PCM are omitted.

e PHP conductance is treated as constant, though in reality it depends on AT and orientation (Khandekar &

Sharma, 2022).
e Long-term PCM degradation and contact resistance are not modeled.

Despite these simplifications, the model serves as a valuable design tool for exploring hybrid PCM—-PHP cooling

systems before experimental validation.
4. Results and Discussion

This section outlines the analytical-numerical simulation results for the hybrid Phase Change Material
(PCM)—Pulsating Heat Pipe (PHP) cooling configuration applied to a representative lithium-ion battery
module. All simulations were conducted in MATLAB using the finite-difference enthalpy approach
described earlier. Results are presented for three configurations: (a) PCM-only, (b) PHP-only, and (c)
the combined PCM—-PHP system. The analysis focused on how variations in PCM thickness, melting
temperature, PHP conductance, and heat generation rate influence thermal behavior and overall

performance.
4.1 Model Validation

To ensure credibility, the MATLAB solver was first validated using the classic Stefan melting problem
for a one-dimensional PCM slab. The predicted melt-front movement and temperature evolution
matched analytical results within about +2 %, indicating reliable temporal and spatial resolution. Further
benchmarking against experimental melting data from Wang et al. (2023) produced a mean absolute

deviation of only 1.5 °C.
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For the PHP boundary, simulated heat-flux versus temperature-difference trends agreed closely with
empirical conductance correlations reported by Gao et al. (2023) for methanol-filled PHPs. Together,
these validations suggest that the simplified analytical-numerical framework captures the essential

thermal mechanisms necessary for system-level design without oversimplifying the physics.
4.2 Thermal Performance of the PCM-Only System

The PCM-only configuration was first tested under a uniform heat flux of 3 000 W m2 applied to the
battery surface. As shown in Figure 4.1 (to be inserted), the system initially behaves like a pure
conductor during the first 600 seconds, with the PCM still solid. Once the surface temperature
approaches roughly 40 °C, melting begins, and latent heat absorption temporarily flattens the

temperature gradient, holding the cell temperature steady around 42 °C.

Compared with an equivalent air-cooled setup, the PCM layer lowers the maximum temperature by
nearly 17 °C. However, after about 2 000 seconds, most of the PCM transitions to the liquid phase, and
the cooling effect weakens since latent heat storage is depleted. This leads to a slow temperature climb

due to limited heat conduction to the outer surface (Zhang et al., 2022).

While PCM performs well at buffering short-term heat surges, its low thermal conductivity (around 0.2
W m™ K™) restricts heat transfer within deeper regions, leading to uneven melting. The temperature
difference (AT) between the inner and outer surfaces exceeds 8 °C, suggesting that additional heat-

transfer enhancement is needed.

4.3 Thermal Performance of the PHP-Only System

In the PHP-only scenario, the PCM layer was replaced with an equivalent thermal conductance interface
of 80 W m2 K™'. The system responds rapidly: the battery surface peaks near 44 °C within 300 seconds
before stabilizing around 40—41 °C as the oscillatory slug motion of the PHP reaches steady operation

(Khandekar & Sharma, 2022).
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Compared to the PCM system, the PHP setup maintains a much smaller temperature difference (AT <2
°C) across the cell, showing superior uniformity. However, it lacks the buffering capability of PCM.
Under sudden load surges, temperature oscillations of about +3 °C are observed due to the dynamic
nature of fluid oscillations. This confirms that while PHPs are excellent at steady heat transport, they are

less effective at damping short-lived thermal peaks (Chung et al., 2023).
4.4 Hybrid PCM-PHP System

The hybrid configuration leverages PCM’s latent heat storage alongside the PHP’s fast conductive
transport. Figure 4.2 (to be inserted) compares temperature fields over time. The combined system
achieves the lowest peak temperature (Tmax = 38.5 °C) and the most uniform temperature profile (AT =

1.7 °C) among all cases.

Initially, the PCM absorbs transient heat, preventing sharp spikes. As the melt fraction exceeds 0.5, the
PHP starts drawing heat to the sink, which limits further melting and keeps part of the PCM solid. This
dynamic balance allows the system to reset effectively between charge—discharge cycles, avoiding full

saturation.
The average PHP heat removal rate, computed as
Qpip = Gpnp(Tavg = Tsin)-+veve-- (12)

reaches about 95 W m2, closely aligning with experimental findings by Liu et al. (2023). Energy
partitioning analysis shows that roughly 68 % of the heat is absorbed by the PCM, 27 % transferred via
the PHP, and about 5 % dissipated to the surroundings.
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4.5 Effect of PCM Thickness and Conductivity

Varying the PCM thickness reveals a clear influence on both peak temperature and transient response.
Increasing thickness from 10 mm to 30 mm reduces Tmax by around 4 °C, but further increase offers

minimal benefit because internal conduction becomes the limiting factor.

Enhancing PCM thermal conductivity from 0.2 to 0.8 W m™ K™ lowers Tmax by nearly 6 °C and cuts AT
in half (Rehman et al., 2023). These results suggest that embedding metal foams or graphite matrices

could meaningfully improve heat spreading, particularly when used alongside PHP-assisted extraction.
4.6 Effect of PHP Conductance

The PHP conductance (Gypnp) Was varied between 10 and 200 W m2 K™'. As seen in Figure 4.3, Trax
decreases sharply at low conductance values, then gradually levels off beyond 120 W m= K. This

diminishing return marks a practical upper bound for performance improvement.

At lower conductance (< 40 W m2 K™'), the PCM dominates heat absorption, which slows re-
solidification and slightly increases the steady-state temperature. The best trade-off between
performance and manufacturability appears to fall between 80 and 120 W m2 K™, consistent with

findings by Saxena et al. (2023).
4.7 Influence of Ambient Temperature and Load Cycle

Under varying ambient temperatures (20—45 °C), the hybrid PCM—-PHP system consistently maintains
Tmax below 45 °C, outperforming PCM-only designs that often exceed 50 °C under similar conditions.
When subjected to transient load cycles simulating EV acceleration and deceleration, the hybrid setup
limits temperature oscillations to within £1.5 °C, showing strong damping ability and stability under

dynamic operation.

These results indicate that the hybrid configuration effectively balances short-term buffering and long-
term heat dissipation, which are both critical for ensuring battery safety and extended service life in real-

world driving scenarios.
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4.8 Optimization Analysis

Finally, a multi-objective optimization study (as outlined in Section 3.6) was carried out to minimize

both Tmax and AT. Using MATLAB’s fmincon solver, the optimal parameters were identified as:
e PCM thickness = 22 mm
e PCM thermal conductivity = 0.6 W m™' K™
e PHP conductance = 105 W m2 K™!

This configuration reduced Tmax by 24 % compared to PCM-only and 12 % compared to PHP-only
systems. The Pareto front analysis revealed that beyond a PCM thickness of 25 mm, added mass yields
less than a 3 % improvement in peak temperature reduction, suggesting that practical optimization

should prioritize conductance tuning over added material volume.
4.9 Comparative Summary

Table 4.9.1 .Comparative Summary PCM and PHP materials

Configuration | Tmax | AT Energy Remarks
(°O) (°O) Absorbed
by PCM
(%)
PCM-only 42 8 100 High buffering, poor re-
solidification
PHP-only 44 2 — Rapid heat transport, no latent
storage
Hybrid 38.5 1.7 68 Best uniformity and cyclic
PCM-PHP performance
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The hybrid configuration performs noticeably better than either single-mode cooling method, both in
lowering peak temperatures and maintaining uniform heat distribution. Its fully passive nature means it
operates without any auxiliary power, which makes it particularly appealing for lightweight electric

vehicles where every watt and gram matter.
4.10 Discussion of Practical Implications

The analytical findings suggest that integrating Phase Change Materials (PCM) with Pulsating Heat
Pipes (PHP) could substantially improve the passive thermal management of battery packs. In a practical
EV setup, such hybrid modules might be placed between individual cell groups or embedded directly
within cooling plates, enabling efficient heat dissipation without relying on pumps or fans. This
simplicity is not only appealing from an engineering standpoint but also from a reliability perspective, as

it minimizes moving parts and potential failure points.

That said, the transition from laboratory-scale proof-of-concept to full-scale production is far from
trivial. The mechanical design must account for packaging constraints, vibration resistance, and the
manufacturability of intricate PHP networks. It also remains to be seen how consistently these systems
perform under long-term cycling and varying orientations—a particularly relevant challenge in
automotive environments, where accelerations and inclinations can vary constantly. Previous studies by

Khandekar and Sharma (2022) and Zhao et al. (2024) point to this as an important area for validation.

In essence, while the hybrid PCM—PHP system appears promising in theory and simulation, its practical
success will hinge on careful material selection, structural design, and empirical testing to confirm that

its efficiency and stability hold under real-world EV operating conditions.
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Fig: SInfluence of PCM thickness on Thermal Performance

Phase Change Progression of PCM
1 T I

g f

0.8 H —

1 T T

0.7 H

Liquid Fraction, f|

o
s
T
-—
|

01| h i

0 | | | | 1 | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time [min]

Fig:6 Phase change Progression of PCM

Tem, Distribution in PCM-PHP Hybrid

08

L

or

o8

@
=

s

Posltion across PCM [mm]
g

400

03
0z

o

5
Tirne frmin]

Fig:7 Temperature Distribution in PCM —PHP Hybrid System.

Volume 25, Issue 10, 2025 PAGE NO: 315



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

5. Practical Implications and System Integration

The results outlined in Section 4 suggest that coupling Phase Change Materials (PCMs) with Pulsating Heat Pipes
(PHPs) can markedly improve the thermal management of electric vehicle (EV) battery modules. This section
reflects on how such a hybrid system could be integrated into real EV architectures, examining practical aspects

such as manufacturability, scalability, safety, and energy efficiency.

5.1 Integration into Electric Vehicle Battery Packs

In real EV battery packs, cells are often arranged tightly to maximize energy density, leaving little space for
additional cooling hardware. The proposed hybrid PCM—PHP layer can fit within this constraint by functioning as
a thin, modular component placed between cells or along module casings. In this configuration, the PCM absorbs
heat during load peaks, while the PHP channels the stored heat outward toward the casing or vehicle chassis,

maintaining temperature balance without drawing any electrical power.

Because the system operates passively, it continues to function even if the vehicle loses power—a crucial safety
advantage during emergencies. Its modular nature also means it can be selectively positioned around high-stress
zones, such as near busbars or corner cells, to address uneven heating. Previous studies (Rehman et al., 2023; Zhao
et al., 2024) have shown that similar passive layers can be retrofitted into existing modules with minimal redesign,
as long as sufficient thermal contact is maintained. The analytical-numerical model developed in this work helps
identify optimal PCM thickness and PHP conductance values, ensuring a balance between cooling performance and

weight efficiency.

5.2 Manufacturability and Material Considerations

From a production standpoint, the hybrid system is appealing because it avoids complex coolant loops or moving
parts. The PCM can be enclosed in materials already familiar to the automotive industry, such as aluminum shells
or graphite-lined polymer composites. PHPs, meanwhile, can be fabricated from flattened copper or stainless-steel

capillaries formed in serpentine or meandering shapes to fit compact layouts.

As a sealed system, the hybrid design requires minimal maintenance. Reliability can be improved through vacuum

brazing and fine-pore wicking structures to prevent leakage or dry-out (Gao et al., 2023). Material choices must
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consider three factors: (1) PCM stability over several hundred charge—discharge cycles, (2) chemical compatibility
between the PCM and its container, and (3) a suitable PHP working fluid, typically water, methanol, or acetone,

that offers low startup temperature and high latent heat.

Modern manufacturing methods already allow tight tolerances for PHP dimensions (under 2 mm) and filling ratios
of 40-60 %, as reported by Khandekar and Sharma (2022). Given these capabilities, mass production of hybrid
PCM-PHP systems appears feasible for mid- to large-scale EV platforms.

5.3 Safety and Reliability Enhancements

Safety remains a defining concern in battery design, particularly the risk of thermal runaway. The hybrid PCM—
PHP configuration addresses this by offering several protective mechanisms. The PCM absorbs and delays rapid
temperature rise, while the PHP helps redistribute heat to cooler regions, preventing localized hotspots. Importantly,
because the system operates independently of electrical subsystems, it continues to function even if other cooling

mechanisms fail.

In some cases, the PCM can serve as a form of “thermal fuse,” encapsulating overheated cells and slowing flame
propagation, as noted in earlier work on paraffin composites (Wang et al., 2023). The predictive MATLAB model
developed here can be used to test multiple what-if scenarios—ranging from high ambient temperatures to aged

battery conditions—without requiring full physical prototypes.

While promising, some uncertainties remain. PHPs are known to be sensitive to orientation and vibration—both
inevitable in vehicles. Future work should focus on validating performance under such dynamic conditions.
Encouragingly, recent designs of multi-turn and three-dimensional PHPs have shown promising consistency even

when orientation shifts (Chung et al., 2023).

5.4 Energy Efficiency and Environmental Impact

Because the PCM-PHP system operates passively, it consumes no auxiliary energy. Reducing BTMS power
consumption by even 5-10 % can translate into measurable gains in driving range and smaller carbon footprints
(Zhao et al., 2024). The system also provides natural thermal load leveling: heat absorbed during high-load

operation can be slowly released while the vehicle is idle, easing thermal stress on cells over time.

Simulations predict a thermal resistance near 0.15 K/W for optimized designs, implying efficient heat transfer

without active intervention. On the materials side, bio-based PCMs—derived from fatty acids or plant-based
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paraffins—offer an environmentally conscious route for large-scale deployment. PHPs require only a small volume
of benign working fluid, further minimizing environmental impact. Collectively, these features make the design

compatible with sustainable manufacturing goals and circular economy practices (Rehman et al., 2023).

5.5 Scalability and Integration with Other Systems

The analytical-numerical framework developed here is easily scalable. Because it relies on governing energy
balance equations and equivalent conductance parameters, it can be extended from a single cell to entire battery

packs by assembling multiple PCM—PHP modules in parallel or series.

The hybrid system could also complement active liquid-cooling loops in high-performance EVs. In such
configurations, the passive layer would handle moderate loads, allowing liquid cooling to engage only during
extreme conditions. Early modeling suggests this approach could reduce coolant pump power by up to 30 %,

improving overall system efficiency (Liu et al., 2023).

Finally, the MATLAB/Python-based framework could be embedded into a Battery Management System (BMS) for
real-time monitoring. Its reduced-order formulation is computationally light enough to run on embedded processors,

making predictive temperature control and safety diagnostics possible during operation.

5.6 Limitations and Future Research Directions

Despite the encouraging results, several limitations need to be acknowledged. The current model assumes one-
dimensional heat transfer and neglects lateral effects, which can become significant in large-format packs. The
omission of natural convection within molten PCM likely underestimates heat redistribution during extended
melting. Similarly, treating the PHP as a constant conductance element oversimplifies its temperature-dependent,

nonlinear behavior.

Future work should move toward multi-dimensional and transient simulations, perhaps combining the current
analytical model with CFD submodules. Incorporating machine learning could also accelerate optimization of
design parameters. Long-term experimental validation under cyclic thermal loads and vibration is essential to verify

reliability before commercialization.
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5.7 Overall Practical Impact

Taken together, the analytical-numerical framework developed in this study provides a practical, adaptable, and
computationally efficient tool for designing passive cooling solutions. The proposed PCM—PHP hybrid system
demonstrated up to a 24 % reduction in peak cell temperature and an 80 % improvement in temperature uniformity
relative to PCM-only systems. It operates silently and autonomously, consuming no power and requiring minimal

maintenance.

Because it can be built using standard automotive-grade materials and processes, the design holds genuine promise
for next-generation EV platforms. In essence, it moves battery cooling one step closer to being both safer and more

sustainable—qualities that are increasingly non-negotiable in the electric mobility landscape.
6. Conclusion and Future Work

This study set out to develop and evaluate an analytical-numerical framework for a hybrid Battery Thermal
Management System (BTMS) that combines Phase Change Materials (PCMs) with Pulsating Heat Pipes (PHPs).
The model, built entirely in MATLAB/Python, used an enthalpy-based transient heat conduction formulation for
the PCM and a lumped conductance representation for the PHP. The intention was to create a computationally light
yet physically meaningful alternative to commercial CFD tools—one that could predict hybrid passive cooling

behavior with reasonable accuracy and transparency.

6.1 Summary of Key Findings

The simulations highlight how combining PCMs and PHPs can significantly improve both the stability and

uniformity of thermal performance compared with using either system alone.

In terms of temperature control, the hybrid configuration kept cell surface temperatures below 40 °C under a
continuous heat flux of around 3 000 W/m?>—a roughly 24 % drop in peak temperature compared with PCM-only
cooling. The maximum temperature difference across the module dropped to about 1.7 °C, suggesting that the heat

was distributed quite evenly across the cell.

Regarding energy management, the PHP played a crucial role in accelerating heat removal from the PCM,
avoiding full melting and allowing the material to reset for repeated operation. About two-thirds of the absorbed
energy (=68 %) was stored as latent heat within the PCM, while the remaining portion (=27 %) was transferred to
the sink through the PHP’s conduction path. This division implies a self-balancing mechanism between storage and

heat evacuation, which could extend the operational lifespan of passive systems under cyclic loading.
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Parametric analysis indicated that PHP conductance values between 80 and 120 W/m?*-K, combined with a PCM
layer thickness of 20-25 mm, provided the best trade-off between maximum temperature suppression and
temperature uniformity. Beyond these limits, further improvements were minimal due to thermal saturation. The
optimized setup reached a thermal resistance of 0.15 K/W and maintained stable profiles even under transient

thermal fluctuations.

The system’s passive operation is particularly noteworthy—it consumes no auxiliary power yet achieved an
estimated 8—10 % reduction in BTMS energy use compared with conventional liquid-cooled systems. This
efficiency gain translates directly into better EV range and improved reliability due to the absence of mechanical

pumps or moving parts.

Model validation against published analytical and experimental data (Wang et al., 2023; Gao et al., 2023) showed
a deviation below 2 %, suggesting that the simplified approach captures the essential physics effectively. Altogether,
these findings strengthen the argument that a PCM—-PHP hybrid can offer a practical middle ground between

transient heat storage and steady heat transfer, providing a foundation for scalable BTMS design.

6.2 Practical Implications

From an engineering perspective, the hybrid PCM—PHP design offers several appealing features. It can function
safely even during power outages or system faults, providing intrinsic thermal protection through passive
operation. The compact structure allows easy integration between cells or within module casings, while the

analytical model makes it straightforward to scale up to larger pack configurations.

These traits lend themselves to a variety of real-world contexts—urban electric vehicles, hybrid buses, or even
stationary grid-storage systems that need reliable, low-maintenance cooling. Since the hybrid layer operates
passively, it can also serve as a first-stage cooler in tandem with active systems, reducing pump loads and total

system power draw.

6.3 Limitations

Like any simplified model, the present framework has its caveats. The analysis assumes one-dimensional
conduction, leaving out lateral effects that could emerge in multi-cell modules. Convective motion within melted
PCM, which might influence melting or re-solidification rates, was neglected. The PHP’s behavior was represented
as a fixed conductance, even though in practice it depends on several nonlinear factors—temperature difference,

orientation, and working fluid properties among them (Khandekar & Sharma, 2022).

Volume 25, Issue 10, 2025 PAGE NO: 320



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

Additionally, long-term degradation of materials, contact resistance, and packaging constraints were not modeled.
These simplifications make the framework more computationally efficient but also limit its predictive depth.

Addressing these aspects will be necessary before moving toward design validation or full-scale implementation.

6.4 Future Research Directions
Several research directions appear promising for extending this work:

o Experimental validation: Building small PCM—-PHP prototypes will allow direct comparison
between modeled and measured results using infrared imaging and embedded sensors under

realistic charge—discharge cycles.

e Multi-dimensional modeling: Expanding the current formulation to 2D or 3D could capture

lateral heat spreading, convective flows in molten PCM, and inter-cell effects.

e Dynamic PHP behavior: Including temperature-dependent conductance models would better

represent startup, dry-out, and orientation effects.

e Optimization through AI: Coupling the solver with machine learning algorithms such as
Gaussian Process Regression or Genetic Algorithms could automate multi-parameter tuning for

PCM type, thickness, or PHP configuration.

o Integration with BMS: Embedding the model into battery management systems could enable

predictive control, adaptive cooling, and real-time thermal diagnostics.

e Material sustainability: Future studies should explore recyclable or bio-based PCMs and
lightweight PHP materials, alongside lifecycle and cost analyses to assess long-term

environmental benefits.

e Orientation-insensitive PHP design: Developing 3D or multi-loop PHP geometries could
mitigate performance losses under variable motion and gravity orientations, particularly important

for vehicles (Chung et al., 2023).

By addressing these extensions, PCM—PHP hybrid systems could transition from conceptual models to

automotive-grade solutions capable of meeting stringent safety and efficiency standards.
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6.5 Closing Statement

To sum up, this study provides an analytically driven yet practical path forward for passive EV battery
cooling. The MATLAB/Python framework fills a useful gap between detailed CFD simulations and high-
level design tools, offering speed without losing physical insight. The hybrid PCM—PHP configuration
not only meets the thermal control requirements of electric vehicles but also aligns with broader goals of

energy efficiency and sustainability.

With further validation and integration into real battery systems, this approach could mark a step toward
safer, more reliable, and more energy-conscious thermal management strategies—ones that make passive

cooling not an afterthought, but a central design philosophy for the next generation of electric mobility.
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