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The present study proposes a parametric investigation of a passive battery thermal management system (BTMS)
utilizing bio-based phase change materials (bPCMs). The thermal network approach allocates to the cell and the
bPCM two thermal nodes to accurately capture the surface and core temperatures of the cell as well as the two
concentric layers of the bPCM. A novel analytical solution to the thermal network model is introduced for the
first time in the context of cell-bPCM configuration. The resolution is implemented through the zero-order hold
discretisation technique, which involves piecewise time integration. Validation against experimental and
computational fluid dynamics data under variable load demonstrates the model’s predictive capability. Notably,
this work features an extensive parametric analysis, examining both bPCM and cell thermo-physical parameters,
thereby providing new insight into their effects on thermal performance over consecutive charge-discharge
cycles. Results indicate that a 6 mm bPCM layer thickness was identified as optimal, providing a balance be-
tween thermal performance and system compactness. A lower melting point within the operating range leads to
earlier activation of latent thermal absorption. The heat of fusion showed diminishing benefits beyond 200 kJ/
kg, while bPCM thermal conductivity mainly improved internal homogeneity rather than peak suppression.
Variations in bPCM density showed negligible impact on peak cell temperature but influenced thermal storage
capacity. Furthermore, the study encompasses the effects of battery format, where the cell radius was found to be
inversely proportional to temperature spikes observed, while cells with higher heat capacity showed improved
resilience to thermal spikes. Notably, increasing the ambient heat transfer coefficient from 5 to 100 W/m2.K
significantly enhances heat dissipation to the environment and promotes thermal recovery of the bPCM between
cycles, reducing peak cell temperatures by up to 3 °C. Additionally, analysis of the BTMS under realistic driving
conditions (WLTC, JC08, CLTC, NEDC, UDDS) underscores the system’s ability to maintain the cell operating
temperature within its optimal range (<36.2 °C), with temperature differences below 6 °C across all driving
scenarios examined. This work provides a scalable tool for BTMS design and sizing, facilitating the integration of
sustainable solutions into electric vehicles.

1. Introduction energy density, optimal safety, reasonable cost, and low environmental

impact [8,9]. However, meeting all of these criteria simultaneously is a

Li-ion batteries (LIBs) are considered one of the key solutions for
reducing the carbon footprint of the global transport sector [1]. How-
ever, a number of obstacles and challenges need to be overcome before
these technologies can be deployed on a large scale. These challenges
include technological [2], geopolitical [3], economic [4], environmental
[5] and societal factors, particularly in terms of acceptability and social
justice [6,7]. In other words, LIBs should simultaneously achieve high

significant challenge, as they are often interrelated and may conflict
with one another, complicating their optimisation.

In terms of safety, thermal runaway is one of the main technological
challenges facing the integration of LIB in electric vehicles [10,11]. This
phenomenon arises from the excessive generated heat, which degrades
the solid electrolyte interphase, triggering a self-sustained reaction that
leads to further heat generation, potentially causing fire or explosion
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Table 1

Summary of published method related to solving thermal model of LIB.

Authors  Paper scope Solving approach method

[47] Investigate the performance of COMSOL based solver
single-phase forced immersion
cooling in Li-ion batteries

[48] Utilizing supercritical CO; as a Finite Volume Method Ansys
direct-contact coolant for solver
cylindrical Li-ion cells

[49] Analysing the thermal performance ~ Numerical based approaches for
of a passive BTMS of a battery pack  lumped thermal model
of 24 cells

[44,50] Assessing the impact of cell designs  Finite difference Crank-Nicolson
and thermal management to solve a 3D distributed thermal
approaches on the internal network model.
temperature. cell designs and
cooling approaches and their
effects on the internal temperature
of the cell.

[45] Elucidating the effect of PCM Iterative semi-analytical approach
passive BTMS influence on the based on the Eigenfunction
temperature distribution in LIB. expansion and perturbation

method.

[46] Unidimensional analytical solution ~ Analytical solution for
in Cartesian and cylindrical unidirectional heat transfer
coordinates for LIB surrounded by equation
PCM.

[51] Compare zero and first order Analytical solution for

unidirectional heat transfer
equation

Hermite integral approximations of
lumped capacitance model to
Green function solution of
cylindrical cell.

[39] Verifying experimentally the
accuracy of analytical solution of
distributed thermal model for Tesla
batterie pack.

[52] Modelling closed loop liquid
cooling batterie pack with
distributed thermal network
model.

Analytical solution of lumped
thermal model

Analytical solution of lumped
thermal model

Fig. 1. Radial cross-section of the battery- PCM system, showing battery
(green) core temperature (Ty ), and surface (T} ), the two bPCM (orange)
zones (Tpem1, Tpem2), and ambient temperature (Tamp)-

[12]. Such an incident represents a critical risk to the safety of users and
to the battery’s longevity, demanding a robust battery thermal man-
agement system (BTMS) [13]. However, the integration of a BTMS has a
substantial impact on the performance of both the battery and the
electric vehicle [14,15]. Therefore, it is essential to optimise its design,
size, and weight to ensure smooth integration without compromising its

International Journal of Thermal Sciences 221 (2026) 110466

overall energy efficiency. The design must carefully consider the po-
tential effects on vehicle performance while maintaining a suitable
compromise between various criteria [16].

In recent years, various approaches based on passive, active, or
hybrid systems have been proposed and extensively studied in the
literature for the thermal management of LIB [17-19]. Each of these
solutions has its advantages and disadvantages. Phase change material
(PCM) stands out from all the passive solutions for BTMS that have
emerged in recent years [18,19]. One of its main advantages is that it
offers excellent thermal uniformity in a passive way, while being based
on a simple structure. The versatility of PCM as passive thermal man-
agement systems has led to their adoption across various disciplines,
from electronics to sustainable design buildings [20]. Paraffin, as a PCM,
is widely used by researchers because of its many advantages, including
its low cost, resistance to decomposition and ability to operate at opti-
mum temperatures [21,22]. These factors help prevent thermal runaway
and ensure efficient thermal management.

All PCMs reviewed in the literature have relatively low thermal
conductivity, lying between 0.15 and 0.42 W m~* K~! [23-26], which
limits their effectiveness in dissipating heat, particularly during
consecutive charge and discharge cycles and/or at high current rates,
even though these solutions often result in a decrease in the latent heat
of PCM [27,28].

A key challenge in implementing a PCM-based BTMS is minimising
its carbon footprint. In this regard, bio-sourced based phase change
materials (bPCM) offer a potential solution [29-31]. However, several
drawbacks must be addressed to ensure their effectiveness in the electric
mobility context, including the large-scale accessibility of these mate-
rials, the necessity to decrease production costs, the mitigation of the
material’s rate of ageing, and the prevention of its performance decline.
bPCMs are often cheaper when sourced from waste oils or animal fats,
with a price around 1.3-1.77 (US$/kg), compared to paraffin wax with a
price range between 1.87 and 2 (US$/kg). Although the paraffins are
more chemically stable and endure long-term usage (+1000 cycles),
they pose a greater fire risk. On the other hand, bPCMs are safer and
environmentally preferable, with a slight decline in performance over
time. Additional challenges involve the high supercooling phenomenon,
which prevents the transition from liquid to solid phase [32]. Fire
resistance is also a critical aspect, where researchers are focusing on
methods aimed at reinforcing its resistance, ensuring the safety of BTMS
using PCMs [33]. The composite PPCTH2 developed by Li et al. [33]
significantly reduces peak heat release under cone calorimeter tests
(heat release rate, total heat release, smoke production). In addition,
during the flammability test, the PPCTH2 was ignited for 30 s with a
flame spray gun, then it self-extinguished within 1 s after the ignition
source was removed. Palm oil as a bPCM was investigated by Fabiani
et al. [34]. The palm oil was found to be stable after 10000 cycles with a
reduction in latent heat of 21 %, with a 1 °C deviation regarding the
onset melting temperature. The life cycle assessment of this bPCM is
very similar to commercial paraffin if palm oil is regarded as a raw
material. Owning to the significant environmental impact associated
with deforestation, land use, and emissions from transportation and
cultivation. However, when palm oil is evaluated as a waste stream, its
environmental footprint is much lower than paraffin. Furthermore, ac-
curate thermophysical characterisation of bPCM is mandatory for
physical modelling, numerical simulation, sizing, and optimisation.

A dynamic thermal model of LIB is essential to evaluate the perfor-
mance of the BTMS in mitigating temperature changes during charge
and discharge cycles. Several modelling approaches were proposed in
the literature, each with different levels of accuracy and complexity
[35-37]. Among these, Computational Fluid Dynamics (CFD) is recog-
nised for its high fidelity and detailed spatial resolution, but it remains
computationally expensive, making it less suitable for extensive para-
metric analyses or real-time applications like BTMS monitoring and
digital twinning [38].

To tackle these constraints, researchers explored straightforward and
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Fig. 2. Lumped thermal network model of the battery-bPCM system.

Table 2
Thermo-physical properties of bPCMs evaluated.

Ep  pem?2

R

p_e

mb

PCM properties Specific heat capacity Latent heat (kJ/ Thermal conductivity Density (kg/ Solidus Liquidus
(Cp) (J/kg.K) kg) (W/m.K) m3) temperature (°C) temperature (°C)
Capric acid [59-61] 2100 — 139.77-168.77 0.153-0.19 1004 25.57-28.85 29.62-32.15
1900 878
Composite eutectic PCM [61] N/A 158.32 0.726 N/A N/A 37.03
Beef tallow [62] 2250 86.6 0.174 945 (solid) 30 33
846 (liquid)
Allanblackia [63] N/A 80.53 N/A N/A 30.5 34.74-37
Composite bio-based N/A 74.3 10.83 N/A 33.15 34.51
polyethylene glycol [64]
Palmitic acid [65] 2059,4 (solid) 203.4 0.162 (solid) 989 (solid) 53 65
2267 (liquid) 0.159 (liquid) 850 (liquid)
Stearic acid [65] 2830 (solid) 186.5 0.180 1080 (solid) 24.5 69.5
2380 (liquid) 1015 (liquid)
Coconut oil [66] 3750 105 0.228 920 15 32
2010 0.166 914
The range covered in this study 1500 50-280 0.1-5 700-1400 29-35 34-40
[67] (solid)
860-1400
(liquid)
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Fig. 3a. Validation of the lumped thermal model against experimental data
[76] and CFD results for a 3C discharge current and 0.5C charge current.

simpler options for complex models. For instance, White et al. [39]
proposed a thermal network model to estimate temperatures in the
unmonitored zone for the Tesla Model 3 SR + battery pack. Their
spatially extrapolated temperature sensors methodology offers a highly
efficient alternative to CFD for real-time thermal monitoring. Similarly,
an analysis contrasted the lumped-capacitance model with the
Newman-Tiedemann-Gu-Kim (NTGK) CFD-based approach for fore-
casting battery surface temperature across different discharge loads
[40]. The investigation demonstrated that the lumped model attained
similar predictive accuracy for battery surface temperature across the
examined scenarios. The lumped model achieves the simulation of the

Fig. 3b. Validation of battery surface temperature profile against experimental
data and CFD results [77].

HWFET driving cycle in under 8 s, a stark contrast to the 7 h needed by
the NTGK model.

Lumped modelling has also proven effective for the parametric
analysis of PCM-based BTMS. Studies such as Lebrouhi et al [41] and
Lamrani et al. [42] illustrate the practicality of these models for BTMS
sizing under various scenarios. However, their limited ability to capture
spatial temperature variations has led to growing interest in more
advanced thermal models like the two-state thermal model [43] or the
distributed equivalent circuit network model [44].

Correspondingly, effort in refining the numerical solutions to these
models gives rise to analytical modelling, which is a powerful tool for
the rapid design and evaluation of PCM-based BTMS. Parhizi and Jain
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Table 3

Default and range value of battery and bPCM parameters.

Parameters Unit Default Parametric study
value range
bPCM layer width (m) 0.006 0. 0001-0.012
bPCM melting temperature (O] 29/34 25/30-35/40
(solidus/liquidus)
Specific heat capacity of bPCM (J/kg. 1500 N/A
K)
Density of bPCM (kg/m®) 860 700-1400
bPCM thermal conductivity (W/m. 0.2 0.1-5
K)
bPCM latent heat (kJ/kg) 198.050 50-280
Interfacial heat transfer (W/i ‘m>. 50 5-100
coefficient K)
Cell height (m) 0.0709 0.065-0.095
Cell diameter (m) (m) 0. 0217 0.018-0.046
Call electrical capacity (Ah) 4 N/A
Cell nominal voltage W) 3.6 N/A
Cell heat capacity (J/kg. 1048 700-2000
K)
Cell mass (kg) 0.069 N/A
Cell radial thermal conductivity (W/m. 1.19 0.1-5
K)
Ambient convective heat transfer (W/m> 5 5-100
coefficient K)
e=1 mm Ts- @ - Tc
40 [-€=3 mm Ts- -4 - Tc i
e=6 mm Ts- 4 - Tc
=9 mm Ts Te

38 -e=12 mmr
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N 2
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[45] introduced an iterative analytical model, addressing the coupled
heat transfer problem between the battery and surrounding PCM in one
dimension. Their study relied on the perturbation method to reveal the
limitations of PCM cooling in mitigating core temperatures and pointed
out the necessity of enhancing the cell’s thermal conductivity. Similarly,
Kermani et al. [46] presented an exact analytical solution for heat
transfer inside a cylindrical cell wrapped in PCM. By considering only
the radial component, the model was used for precise estimation of
optimal PCM thickness at different discharge currents. Overall, a
detailed analytical solution relying on the perturbation method, Green
function, Hermite integration approximations or Paterson’s method
provides exact solutions with high numerical complexity and compu-
tational resources. This complexity increased rapidly when the model
considered a hybrid BTMS or three-dimensional aspects of the system.
Hence the need for a balanced thermal approach with potential exten-
sion in three dimensions for ease. Table 1 summarises the other existing
approaches to solving the BTMS thermal model.

In this paper, we presented and validated a new lumped capacitance
model to describe the performance of a cylindrical LIB integrating a
layer of bPCM. The spatial accuracy depends on the number of thermal
nodes employed, while time resolution is ensured through the proposed
piecewise analytical time integration, which is based on zero-order hold
(ZOH) discretisation. Despite the numerical formulation simplicity, this
approach captures the dynamic thermal behaviour of BTMS with high
accuracy and minimal computational resources. The impact of the major
geometric parameters, as well as the thermophysical properties of the

40

e=1 mm —— Tpeml- -® - Tpem2
e=3mm —— Tpeml- -& - Tpem2
38 |-e=6 mm —— Tpeml- 4 - Tpem2 i
=9 mm Tpeml Tpem2
=12 mm Tpeml
36 1
&}
NS
@
5 4 1
=
=
ot
2
g 2 - B
)
[
30 1
28 1
T | | | | | | | |
0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)
42 T T T T T T
—=— Battery maximum temperature
—e—PCM maximum temperature
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_ 36 1
O
<
g2t g
=
=
=
=
2 30
g
)
[
3k 4
0 L L L L L L
0 2 4 6 8 10 12

PCM layer width (mm)

)

Fig. 4. Effect of bPCM layer thickness on (a) Battery core and surface temperature, (b) Temperature distribution in bPCM zones 1 and 2, (c) Global liquid fraction, (d)

Maximum battery and bPCM temperatures.
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cell and the bPCM, were also presented and thoroughly investigated in
this work. The proposed model could serve as a dynamic and scalable
tool to assist in the design, sizing and optimisation of passive BTMS. It
can also be used by engineers to quantify the influence of the thermo-
physical properties of cells and bPCM on critical thermal criteria, such
as maximum temperature and internal thermal gradients inside the
system.

This paper is structured as follows: Section 3 describes the BTMS
components and their corresponding numerical models. Section 4 in-
troduces the model’s validation. Section 5 presents and discusses the
parametric analysis of the BTMS. Ultimately, the conclusion highlights
the key findings and the potential future directions.

2. Methodology
2.1. Physical model

The proposed BTMS consists of a battery encased in a bPCM layer, as
seen in Fig. 1. The passive BTMS depends on the capacity of bPCM to

retain significant amounts of heat during phase transition at nearly
constant temperature. The average reported value for cell axial thermal

conductivity is 21 (W m~! K1), which is higher than the average radial
one with a value of 1.2 (W m~ KD [53]. Hence, the thermal gradient
along the axis is negligible when compared to the radial component
[54]. Therefore, the physical model can be simplified to a unidirectional
heat transfer problem. The battery domain is characterised by two
thermal nodes representing the core (Ty, ) and the surface temperature
(Th_s). Similarly, the PCM layer is divided into two zones; in each one,
the temperature is considered homogeneous and represented by thermal
nodes (Tpem1) adjacent to the battery surface and (Tpem2) adjacent to
ambient.

Upon disassembling a cylindrical Li-ion battery from the inside
outward, one will encounter the hollow core, the spirally wrapped
"jellyroll" layer, and the outer casing at the ends. Subsequently, the
diameter of the jelly roll, which is the active material, can be deduced as
follows djeyry = dceyt — deore — 2t The thickness of the hollow core and the
metallic case is a linear function of cell diameter, as indicated
deore = 3.75 mm + 0.05(deey —21) and tegse = 0.25 mm + 0.01 (deey —21)
[55,56]. A recent teardown investigation of the Tesla 4680 cylindrical
cell found that the thickness of the nickel-plated steel case is 0.4 mm.
This thick container provides sufficient rigidity to withstand internal
pressure fluctuations during cycling and external mechanical stresses
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from vehicle operation. [57]. The broad results measurement made it
difficult to set a common value for cell measurement components. For
simplicity’s sake, in this study the battery core zone is characterised by a
constant ratio of the core radius to the battery radius dmre/ dear’ main-

tained at 0.92, while the hollow core is neglected. The electrochemical
reaction generates heat within the core region, then heat propagates in
the battery and bPCM to the ambient. Due to the small width of the PCM
layer compared to the height, the conductive heat transfer mode dom-
inates the heat transfer in the PCM. With an aspect ratio (AR) of 3.875,
the conduction accounts for more than 54 %-78 % of the average heat
transfer, depending on the temperature gradient imposed and PCM
thermophysical characteristics. Therefore, this study solely considers
conductive heat transfer [58]. The proposed thermal network, as illus-
trated in Fig. 2, accommodates conductive heat transfer within the
bPCM and battery, while radiant heat transfer is negligible. Both the
density and thermal conductivity of bPCM, in solid and liquid phases,
are assumed to be constant. However, during the phase transition (be-
tween the liquidus and solidus temperatures), an average value is
employed. The effective heat capacity approach is used to describe the
heat capacity value during phase transition in the bPCM (see Eq. (11)).

Additional assumptions have been adopted to model the phase transition
of bPCM during charge and discharge cycles. These include omitting
volume changes in bPCM during melting and solidification, as well as
disregarding the phenomenon of supercooling, despite its potential
impact on the material’s thermal behaviour. These simplifications aim
to reduce the complexity of the physical model while maintaining the
accuracy required for simulation. The thermo-physical parameters of
bPCM addressed in this study are listed in Table 2, with key materials
including capric acids, composite eutectics, and bio-polyethylene glycol
(PEG)-cellulose composites.

2.2. Governing equations

2.2.1. Battery thermal modelling
Based on the assumptions outlined above, the transient thermal
battery response for cylindrical cells is modelled via the two-mass
lumped thermal model, as represented in Fig. 2 [68].
dTb,c _ Tb,s - Tb c

m.C,_c at 7Q+T (@)
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dTbs Tbc_Tbs Trml_Tbs
C === =42 - 2
s P-s dt Rint + Rb_p ( )

Q=RP 3

Where m: and m; represent the mass of the battery core and surface. C, ,
Cp s are the heat capacities of the battery core and surface. Q is the heat
generated in the battery core, with R being the total equivalent electrical
resistance. Previous studies highlight the interplay between reversible
and irreversible heat generation an under wide range of C-rate, they
confirm that the reversible heat contribution to total heat generation
under high C-rate is negligible, particularly under high C-rate [69-71].
The intricate heat generation term can be simplified to the irreversible
heat generation component under high C-rates [72]. The thermal re-
sistances R, and Ry, , are defined as:

In (Rb/R )
R =———

27Thbkb (4)
1
Ry p= ForSs ()

Core and battery radius is denoted R, and Ry, the battery height is hy,
and the radial conductivity of the battery is kp. The convective heat
transfer coefficient in bPCM is hy , and the surface of the battery is Sp.

2.2.2. PCM thermal modelling
Based on the assumptions made, heat transfer coupled with phase
transition in the PCM, is governed by the following equations:

dTpcml _ Tb_s - Tpcml + TpcmZ - Tpcml

Mycm1 Cp,pcml dt Rb R , (6)
-p p_|
dT, T, - T, Tamy — T,
Mycm2 Cp_pcmz dp;mz = pcmlRp ) pem2 + m Rp epcmz 7

Where mpem1 and mpep2 are the mass of the PCM in zone 1 and 2. The
conductive R, , and convective Ry, . thermal resistances are defined as:

. In (Rp /Rip)

PP onhyk, ®)

1

Rpoe=r——
pe hpfambSumb

©)
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R}, denotes the radius of the bPCM and the battery, while R;; is the
radius of the battery and half bPCM layer. Samp, is the outer surface of the
system.

The solid-liquid phase transition of bPCM is modelled via the effec-
tive heat capacity method, where the effective heat capacity contains
sensible and latent heat capacity [42,73]:

Cpcm ( T) = Csensible (T) + Clatent (T) (1 0)

The specific heat capacity of the liquid and solid phases is set apart
by:

Csemible(T) :f(T)Cx(T) + (1 _f(T))Cl(T)

And the effective heat capacity is defined through the variation of the
liquid fraction [74]:
of(T)
Ciatent(T) =Ls —== 11
lat t( ) S oT an
Where, L is the latent heat of fusion, and f(T) represents the liquid
fraction function, ranging from O to 1, defined as:

£(T) :% {arctan (%) + g] (12)

T) and T; are the temperatures of liquid and solidus, y is the dimen-
sionless inclination set as 3.1. Finally, the effective heat capacity of the
bPCM is expressed as a function of temperature as follows [75]:

2y

Cpem(T) = Coensivie (T) + Lsﬂ<<(T - ijzi_;) ) 3 . 1) (13)

2.2.3. Analytical solution

The proposed coupled thermal network model employs a state-space
approach to solve the coupled system of ordinary differential equations
(ODEs) governing heat transfer in the battery and bPCM layers. The
governing heat transfer Eq. (1) (2) (6) (7) are linearised and expressed
in matrix form as:

dT
G -AT+B a4

Where the temperature vector T compasses the four temperatures of the
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system as follows:
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between the PCM outer layer and surrounding air was set to 4 W/m2 K to
match the natural convection inside the incubator.

?ég As illustrated in Fig. 3 (a), the obtained battery surface temperature
T(t) = TS | (©) (15) with the proposed model aligns with the experimental and CFD data; the
Tiz:ﬂt) model captures the transient temperature evolution during battery
operation. The mean absolute error (MAE) and root mean square error
A is a 4 x 4 matrix of thermal resistance coefficients contains: (RMSE) between the proposed model and the experimental data are
0.167 °C and 0.269 °C, respectively. The difference obtained is below
o -1 1 -
—_— —_— 0 0
mcCp_cRint mcCp_cRim
1 ( 1 1 ) 1
- + — 0
mscp,sRint mscp,sRint mscp,st,p mscp,st,p
Sl [ S A DR o (e
mpcml Cp_pcml Rb_p mpcml Cp-pcmRb_p mpcml Cp_pcme_p mpcml Cp_pcme_p
1 1 1
0 0 S - +
L mp:m2cp_pcme_p mp£m2cp_pcme_p mp:m2Cp_pszp_e -

B is a vector includes the rest terms of the equations system.

B= 17)

Tamb
mpcm2 Cp,pcme,e

To solve this system, an analytical piecewise approach is adopted.
Within each time step At, matrices A and B values are constant, and their
values are updated dynamically over each time step enabling a recursive
solution over a time step:

T(t+ At) =e* . T(t) + A (e* —1).B (18)

The presented approach inherently avoids stability limitations
associated with explicit Euler or Runge-Kutta schemes, particularly if
fast parameter fluctuations or disparate thermal time constants are
present. The piecewise constant method allows the model to contain
time-dependent parameters by updating A and B at each time step. In
addition, this formulation also facilitates scalability for larger thermal
networks by expanding A, B and T to include additional nodes [44].

3. Validation

To validate the proposed analytical thermal network model, a
comparative analysis was conducted against CFD and experimental re-
sults from Kong et al.’s work [76]. It should be noted that, this study was
chosen to validate our physical model as the authors fully disclose the
properties and characteristics of the cell and PCM, along with the
experimental conditions related to the battery’s charge and discharge
cycles. The experimental test [76] consists of wrapping 5 mm layer of
PCM around a 21700 cylindrical cell type, then inserting it inside a
thermostat incubator to maintain a fixed temperature of 30 °C with an
incertitude range of +1 °C. The test involves a fully charged battery to
discharge with a constant current corresponding to a discharge rate of
3G, followed by cell charging with a charge rate of 0.5C and allowing for
a 10-min idle period. Two consecutive repetitions of this procedure took
place. K-type thermocouple with a diameter of 0.5 mm was fixed on the
cell middle height. In the physical model the heat transfer coefficient

the typical accuracy range of K-type thermocouples of 0.5 °C. Further-
more, these quantitative metric values confirm the model’s robustness in
predicting thermal behaviour under dynamic conditions for real-world
applications.

1 N
MAE= > T, — Texp | 19)
i=1

RMSE = (20)

The model was also compared to the experimental data from
Ref. [77], where the surface temperature of the 18650 LIB type was
measured using a K-type thermocouple (accuracy of +0.2 % + 1 °C)
during continuous discharge at a 3C current. The battery was main-
tained at a controlled temperature of 22 °C. Fig. 3 (b) indicates that the
relative error of the lumped model in comparison to the experimental
data is below 4 %, hence confirming the model’s validity.

4. Results and discussion

This paragraph comprises the parametric study regarding the impact
of the thermo-physical properties of the bPCM, as well as the cell
characteristics, on the thermal behaviour of the battery during three
successive charge—discharge cycles. The discharge is carried out at a 3C-
rate current, while charging is performed at a 1C-rate, with a 10 min rest
period between the charging and discharging phases to allow the battery
to reach thermal and chemical equilibrium. This procedure allows us to
verify the capacity of the BTMS to control cell temperature under typical
conditions.

Table 3 shows the cell and bPCM properties and the ranges of the
parameters studied. The study will cover the effects of several parame-
ters related to battery and bPCM characteristics, ambient conditions,
and the driving cycle current profile. This section is structured to first
present the influence of bPCM-related characteristics in section 5.1,
followed by an examination of the effects of key cell parameters in
section 5.2, and finally, sections 5.3 and 5.4 address the influence of
ambient conditions and realistic discharge conditions, respectively.
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4.1. Parametric study of bPCM related characteristics

This subsection analyses the impact of various bPCM properties on
the thermal behaviour of the Li-ion cell under three consecutive char-
ge—discharge cycles. For each parameter, we report the temperature
profiles at the cell core, cell surface, bPCM zones 1 and 2, the global
liquid fraction of the bPCM, and the maximum temperatures reached.

4.1.1. Effect of bPCM layer thickness

The amount of bPCM surrounding the cylindrical cell is a key factor
in the thermal management of batteries. To investigate its effect on
thermal performance, the bPCM volume was adjusted by varying the
bPCM thickness around the cell. The physical model used in this study
only takes into account heat transfer by conduction within the bPCM.
This approach is valid when natural convection is neglected, a condition
that is satisfied in configurations where the aspect ratio (AR) of the
bPCM exceeds 6 [58]. The thickness of the bPCM ranges from 1 mm to
12 mm, corresponding to AR values between 70.9 and 5.9, respectively.
It is important to note that the case with the maximum thickness of 12
mm (AR = 5.9) falls slightly outside this conduction-only regime.
Indeed, for small volumes and in confined configurations, fluid move-
ments (liquid phase) induced by density variations can be restricted by
the homogeneous distribution of cells within a battery pack, which
prevents the establishment of significant convective structures. How-
ever, in order to rigorously confirm this hypothesis in the limit case (AR
= 5.9), a CFD simulation could be considered. This would allow for the

10

confirmation of the system’s status relative to the critical threshold of
thermal instability, thus validating the hypothesis of purely conductive
heat transfer.

We also calculated the Biot number for both the cell and the bPCM
across different layer thicknesses. Evaluating this dimensionless number
helps us to verify whether the cell and the bPCM behave as thermally
homogeneous bodies or whether significant internal temperature gra-
dients must be considered within both the cell and the bPCM.

Fig. 4(a) and (b) show the temperature evolution at the centre and
the shell of the cell, as well as in zones 1 and 2 of the bPCM, as defined in
Fig. 1. Fig. 4(c) illustrates the evolution of the global liquid fraction of
bPCM over time, and Fig. 4(d) illustrates the highest temperatures of the
battery and bPCM in relation to the thickness of the PCM layer. Ac-
cording to the findings, the temperature gradient inside the cell remains
negligible regardless of the quantities of bPCM used. The internal ther-
mal gradient of the bPCM increases in proportion to the thickness of the
layer. The thermal response of the battery and the bPCM varies consis-
tently with the thickness employed. For the 1 mm case, there are large
temperature fluctuations observed during the charging and discharging
processes since the bPCM is fully melted at the beginning of the second
discharge cycle, displaying the low longevity of the passive BTMS per-
formance. When the thickness layer of the bPCM exceeds 3 mm, the
fluctuations in magnitude of the cell and bPCM temperature are much
restrained, especially during the discharge period where the battery is
subjected to a high current load. Although the bPCM’s ability to regulate
temperature is demonstrated, as seen in Fig. 4(d). However, above 6 mm



A. Afass et al.

34+ ]
~
)
32 |
@
=
=
] )
£
@
2
g30 1 ]
@
E
A=0.1 (W/m.K) Te--® - Ts
[ A=1.325 (W/m.Ky—— Tc- -& - Ts
8- A=2.55 (W/m.K) Tc- @ - T¢
[ A=3.775 (W/m.K)—— Tc- ‘® - Ts
» A=5 (W/m.K) Te Ts
1 1 1 1 1 | 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)
(a)
0.4 FA=0.1(W/mK) —e— Ts g,
A=1.325 (W/m.K)—A— Ts ) \ b
A=2.55 (W/m.K) —— Ts 7 \
A=3.775 (W/mK) —=— Ts e, Y
03 [A=5 (Wm.K) Ts /r e, ]
: : \
kS 1
=3
I
&E o2 i
=1
g e
3 »
0.1 i
7
00 @ i
X . . . . .
0 3000 6000 9000 12000 15000

Time (s)

(©

International Journal of Thermal Sciences 221 (2026) 110466

31

w
S
T

Temperature (°C)
3
T

N
®
T

2=0.1 (W/m.K) —— Tpem1- - - Tpem?2 |
1=1.325 (W/m.Ky—— Tpeml - -A& - Tpem2
2A=2.55 (W/m.K) —— Tpeml- 4 - Tpem2
27+ & A=3.775 (W/m.K)—— Tpeml- ‘% - Tpem2 |
A=5 (W/m.K) Tpeml Tpem2
L L L 1 L L 1 1 L
0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)
T T T T T
—=—Battery maximum temperature
36 | ——PCM maximum temperature i
—a—Temperature difference betwen battery and PCM
—
34 —
5
<
@ n2r e
g
£
@
=%
g
<
oL i
— A A A A A e e e A
2k a
0 L L L L L
0 1 2 3 4 5

Battery thermal conductivity (W/m.K)

@

Fig. 10. Effect cell radial thermal conductivity on (a) Battery core and surface temperature, (b) Temperature distribution in bPCM zones 1 and 2, (c) Global liquid

fraction, (d) Maximum battery and bPCM temperatures.

thickness, there is minor improvement remarked for the peak temper-
atures despite the addition of bPCM around the cell. Excessive addition
of the materials can be disadvantageous due to increased weight, vol-
ume, and cost without any significant thermal benefit for the BTMS.

4.1.2. Effect of bPCM heat of fusion

Analogously, we explored the influence of latent heat, which reflects
the ability of the bPCM to absorb heat without warming up during phase
transition. A range of latent heat values were explored, spanning from
50 to 280 kJ/kg, and the remaining parameters were kept the same,
following the default values outlined in Table 3. Fig. 5(a) and (b) show
the temperature evolution within the cell and the bPCM, as indicated in
Fig. 1. Through analysing these figures, it’s revealed that the effect of
latent heat on the temperature evolution of the cell is relatively limited.
The temperature fluctuations are damped progressively with the in-
crease in latent heat values. The battery sustains a consistent internal
temperature regardless of the latent heat value of the bPCM. Corre-
spondingly, the temperature of the bPCM increases in a stepwise pattern,
with these steps displaying a clear plateau shape at the higher latent
heat. The liquid fraction profiles in Fig. 5(c) reveal that elevated latent
heat values delay the melting of the bPCM, thereby extending the
effective thermal regulation duration of the passive BTMS. This behav-
iour is particularly beneficial during repeated charge-discharge cycles,
where the issue of thermal accumulation arises. The maximum tem-
peratures decline proportionally with the increase of the latent heat for
values lower than 200 kJ/kg as seen in Fig. 5(d). After this threshold, the
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maximum temperature remains almost constant, indicating no
improvement in thermal regulation. In conclusion, while latent heat
affects the thermal storage capacity of the bPCM, it does not lead to
notable changes in the temperature distribution within the battery.

4.1.3. Effect of bPCM thermal conductivity

Assuming the same setup, the average thermal conductivity of the
bPCM is examined in a spectrum from 0.1 to 5 W/m.K, while main-
taining all other parameters at their default values following Table 3. In
reality, the thermal conductivity of bPCM can be enhanced by intro-
ducing carbon- or metal-based materials [27,78]. Carbon fibre,
expanded graphene, and graphene are known effective with small vol-
ume fraction, the thermal conductivity could be enhanced globally or
along a specific direction [78]. The metal-based approach relies on
nanoparticles, metal fibres and metal foam mostly. These additives
enable reaching an apparent thermal conductivity exceeding 16.2 W
m1K! [79], At alow conductivity value of 0.1 W/m.K, a slight change
in cell temperature is noted when compared to the other conductivity
values, as illustrated in Fig. 6(a). Furthermore, a notable thermal
gradient develops within the bPCM, indicating poor heat distribution
(see Fig. 6(b)). This gradient rapidly diminishes as the thermal con-
ductivity increases, reflecting improved temperature uniformity
throughout the bPCM. According to the liquid fraction profiles shown in
Fig. 6(c), there is a minimal effect of increasing heat conductivity on the
melting of the bPCM. The maximum temperatures recorded at the cell
and within the bPCM remain nearly unchanged across the set of values
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Table 4
Cell format, volume, lateral surface area, and its ratio.

Battery Cell volume Lateral surface area LSA to volume ratio
format (mm®) (LSA) (mm?) (mm™1)
18650 16,540 3676 0.222
20700 21,991 4398 0.2
21700 24,240 4619 0.19
22700 26,614 4837 0.182
25700 34,361 5498 0.16
26650 34,516 5309 0.154
30700 49,480 6597 0.133
4695 157,875 13,729 0.087
4680 132,946 11,562 0.087

studied, as illustrated in Fig. 6(d). These findings suggest that, in this
particular configuration, increasing the thermal conductivity of the
bPCM has a limited effect on peak temperatures, although it signifi-
cantly improves internal heat distribution within the bPCM.

4.1.4. Effect of cell-bPCM interfacial heat transfer coefficient

The interfacial heat transfer coefficient characterises the rate of
thermal energy transfer between the battery cell surface and the sur-
rounding bPCM layer, influenced by surface contact quality, bPCM
thermal properties, and the geometry of the enclosure. As illustrated in
Fig. 7(a), increasing this coefficient from 5 W/m?K to 100 W/m?K
substantially reduces the battery temperature peaks and accelerates
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battery surface cooling, indicating effective heat extraction. The tem-
perature profiles in bPCM zones (Fig. 7(b)) reveal that higher convective
heat transfer values lead to faster bPCM melting, with the liquid fraction
profiles in Fig. 7(c) confirming accelerated phase change rates.
Remarkably, the maximum battery temperature declines hyperbolically
with increasing the convective transfer coefficient, while the bPCM
temperature remains constant, as depicted in Fig. 7(d). The effect of the
interfacial heat transfer on cell and BTMS functioning diminishes above
50 W/m%K.

4.1.5. Effect of bPCM melting temperature

We evaluated the influence of the phase change temperature of the
bPCM on the thermal performance of the cell, varying this temperature
within a range from 27.5 °C to 37.5 °C. All other parameters were kept
constant, in accordance with the default values listed in Table 3. The
results indicate that the melting temperature plays a critical role in the
cell temperature evolution, where the temperature curve increases as a
function of melting points while maintaining the same pattern.
Conversely, the internal temperature gradient of the cell and bPCM re-
mains stable (see Fig. 8(a) and (b)). The liquid fraction profiles in Fig. 8
(c) indicate that a lower melting point of the bPCMs offers superior
initial temperature control, they also achieve complete melting sooner,
which may diminish thermal regulation effectiveness over prolonged
use. In Fig. 8(d), lowering the melting temperature leads to a noticeable
reduction in the maximum temperatures observed at both the cell and
the bPCM levels. This behaviour can be attributed to the fact that a
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Fig. 12. Effect of interfacial heat transfer coefficient between bPCM and cell on (a) Battery core and surface temperature, (b) Temperature distribution in bPCM
zones 1 and 2, (c) Global liquid fraction, (d) Maximum battery and bPCM temperatures.

bPCM with a lower melting temperature begins absorbing heat earlier,
thereby limiting the cell temperature rise more effectively. These find-
ings highlight the importance of selecting an appropriate melting tem-
perature for efficient thermal management. In the configuration studied,
reducing the melting temperature significantly improves thermal
regulation.

4.1.6. Effect of bPCM density

Another key parameter we examined in this study is the impact of the
average density of the bPCM on the thermal performance of the battery.
As shown in Fig. 9(a) and (b), varying the average density of the bPCM
between 700 and 1400 kg/m> does not significantly affect the thermal
gradients within the cell and the bPCM. The liquid fraction profiles in
Fig. 9(c) reveal that denser PCMs undergo slow gradual phase transi-
tions, extending the effective thermal regulation duration across mul-
tiple charge-discharge cycles. In fact, the maximum temperatures
measured both at the cell and bPCM levels remain unchanged, regard-
less of the different bPCM density values (see Fig. 9(d)). This suggests
that, for this specific configuration, the bPCM density does not have a
notable impact on the thermal management of the battery. However, a
bPCM with a higher density allows for maximum thermal storage ca-
pacity within a confined volume. The result helps to optimise the
available space, which becomes a key factor in enhancing the energy
efficiency and overall performance of the battery.
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4.2. Parametric study of cell-related parameters

This subsection evaluates the influence of variations in battery
thermo-physical and geometric parameters on the thermal response of
the battery-bPCM system. The conditions and parameter values are
maintained as in Section 5.1, where the bPCM parameters are listed in
Table 3. The assessment relies on temperature evolution, liquid fraction
behaviour, and peak temperatures as key indicators for BTMS
performance.

4.2.1. Effect of cell radial conductivity

We studied the impact of the thermal conductivity of the Li-ion cell
on its overall thermal performance. This physical property is crucial, as
it determines the cell’s ability to effectively dissipate the heat generated
during its operation while influencing the internal thermal gradient.
According to the literature, the thermal conductivity of LIB exhibits
anisotropic behaviour [55]. In other words, heat does not propagate
uniformly in all directions. Two main conduction axes are typically
considered: the axial direction (along the axis of the cell) and the radial
direction (perpendicular to this axis). These two directions have
different thermal conductivity values, which are directly related to the
internal structure of the cell, especially the jelly roll arrangement of the
electrode layers and separators [80].

Thermal conductivity values in each direction vary depending on the
type of cell (cylindrical, prismatic, pouch) and the materials used.
However, this thermal anisotropy significantly affects the temperature
distribution inside the cell, which in turn influences the efficiency of
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Fig. 13. Effect of heat transfer coefficient on (a) Battery core and surface temperature, (b) Temperature distribution in bPCM zones 1 and 2, (c) Global liquid fraction,

(d) Maximum battery and bPCM temperatures.

thermal management solutions, such as bPCM. The performance of these
materials is highly dependent on their ability to absorb and redistribute
heat generated by the cell. In our case, where the studied cell is cylin-
drical, the literature typically reports a radial thermal conductivity
ranging from 0.1 to 5 W/m.K, while the axial conductivity can vary
between 6 and 36 W/m.K [53]. This significant difference confirms the
highly anisotropic nature of thermal conduction in this type of cell. In
this study, as mentioned at the beginning of the article, we chose to
consider only the radial thermal conduction. This choice is based on the
assumption that radial conduction plays a predominant role in cylin-
drical Li-ion cells. Consequently, we neglected axial conduction,
although it can also influence thermal dissipation, particularly in pris-
matic or pouch cells.

Fig. 10(a) and (b) illustrate the effect of radial thermal conductivity
on the temperature evolution within the cell. When the thermal con-
ductivity value is set to 0.1 W/m.K, a temperature gradient within the
cell emerges. The slow heat diffusion allows the inner cell temperature
to increase compared to the shell area, this gradient becomes less steep
as the value of the cell’s thermal conductivity rises. The bPCM tem-
perature evolution is slightly influenced by the cell heat conductivity, as
seen in Fig. 10(b). The cell thermal conductivity does not affect the
temperature pattern or the internal gradient. The liquid fraction in
Fig. 10(c) is consistent across the examined thermal conductivity values,
with insignificant fluctuations noted for the case with the lowest thermal
conductivity. Additionally, the peak temperatures in both the cell and
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the bPCM stay the same, with the exception of the lowest cell thermal
conductivity, as shown in Fig. 10(d). These results highlight the role of
the thermal conductivity in dissipating generated heat within the cell;
low radial conductive heat can create a high thermal gradient inside the
cell. Consequently, the low radial conductive heat is affecting the cell’s
electrochemical behaviour.

4.2.2. Effects of cell heat capacity

This section covers the impact of the cell’s specific heat capacity on
the overall thermal performance of the passive BTMS. This thermo-
physical characteristic shows how much heat is needed to raise the
temperature of 1 kg of cell by 1 K. With a larger heat capacity, the cell is
able to buffer instant shifts in temperature, especially during high C-rate
charging and discharging, thereby improving thermal stability and
lowering the chances of overheating. The specific heat capacity of LIB in
the literature is generally identified using inverse techniques [53,81,
82]. This method involves adjusting the parameters of a thermal model
based on experimental data obtained under controlled conditions,
resulting in a representative value for the cell’s thermal behaviour. The
specific heat capacity depends on the chemistry, geometry, and archi-
tecture of the cell, typical values for cylindrical shapes are reported in
the range from 700 to 2000 J/kg.K [53].

Fig. 11(a) and (b), and 11(c) illustrate the impact of the cell’s specific
heat capacity on the overall thermal performance of the LIB. More
specifically, these figures show the temperature’s evolution within the
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Fig. 14. Driving cycle speed profile and its corresponding current, (a) CLTC, (b) JC08, (c) NEDC, (d) UDDS, (e) WLTP.

cell, within the bPCM, and the time-dependent variation of the bPCM’s
liquid fraction for different values of the cell’s heat capacity. The fluc-
tuations in cell temperature over time are dampened with the increase of
cell heat capacity; the peak temperatures at the end of the discharge
process of each case are dissimilar, while equal temperatures are
attained during the cell charging period, as seen in Fig. 11(a). In fact,
this remark can be explained by the low specific heat that enables the
cell to store a small amount of heat before its temperature rises. The
unabsorbed heat by the cell is propagated to the surrounding bPCM to
increase its temperature, which aligns with Fig. 11(b) trend. The lower
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the cell heat capacity, the higher the amount of heat absorbed by the
melting process, which in turn impacts the evolution of the liquid
fraction. A careful look at Fig. 11(a) reveals that the difference between
the peak temperatures of the different cases was reduced between each
successive charge-discharge cycle. In reality, in the first cycle, the cell
with a heat capacity of 2000 kJ/kg.K was able to store a high amount of
heat during discharge without massively increasing its temperature.
Then during the charging period, it releases the stored heat to the sur-
rounding bPCM, explaining the high jump in liquid fraction in Fig. 11(c).
At the beginning of the second cycle, the cell was already warm, so its
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Table 5
Reference value for driving cycle conversion.
Symbols Meaning Unit Value
p Air density (kg.m %) 1.204
S Frontal area of the car (m?) 2
Cx Drag coefficient 0.3
CR Rolling coefficient 0.01
mt Total mass of the car (kg) 1500
v Speed of the vehicle (m.s™h) DC profile
g Gravitational acceleration (m.s™?) 9.81
a Vehicle acceleration (m.s™2) DC profile
TNmotor Motor efficiency (%) 90
TNcont Controller efficiency (%) 90
Neonv Converter efficiency (%) 95
Vpack Battery pack voltage W) 365
Table 6
Cell electrical capacity balance for different DC.
Driving cycle CLTC JCO8 NEDC UDDS WLTP
Electrical capacity drawn 1.475 0.805 1.119 1.233 2.784
from the cell (Ah)
Electrical capacity injected -0.562  —-0.354 —-0.348 -0.538 —0.766
to the cell (Ah)
Total cell electrical (Ah) 0.913 0.45 0.771 0.695 2.018

capacity to store heat was limited, which reflects the low difference
between the cases in terms of peak temperature. This tendency is
repeated in the third cycle as well, damping this difference even further.
As illustrated in Fig. 11(d), the maximum temperatures of both the cell
and the bPCM are inversely proportional to the cell heat capacity with a
slight curve slope. Cells with higher heat capacity reduce the reliance on
active BTMS to regulate temperature. Especially in the electric vehicle
context where a large number of cylindrical cells are assembled to form
battery packs.

4.2.3. Effects of battery size

This section covers the impact of cylindrical cell formats available
commercially, spanning from the standard 18650 cell to the newest
formats like 4680 [57,83-85]. The smallest 18650 format has a diameter
of 18 mm and a height of 65 mm, whereas the biggest 4680 format is
characterised by a diameter of 46 mm and a height of 80 mm [86]. As
cell technology advances, the latest generation of cells represents a
significant advancement in battery technology, particularly for EVs due
to their high power and energy density. To compare the influence of
formats objectively, the core cell diameter to overall cell diameter ratio
is set to 0.92. Additionally, the volumetric heat generation is assumed
identical for the studied cell formats, and the cell density is set at 2630
kg/m®. Under these conditions, only the battery format influences heat
propagation within the BTMS; the cell formats studied are tabulated in
Table 4.

Fig. 12(a) depicts the temperature evolution over time for the 18650,
21700, 25700, 30700, and 4860 cell types. The temperature fluctuations
during the charge and discharge process are enlarging as the cell format
increases. This trend is explained by the supplementary heat related to
the cell’s increased volume and lateral surface area (LSA) to volume
ratio. In fact, this ratio is inversely proportional to the radius of the cell,
regardless of its height. In comparison to their heat-generating volume,
cells with a narrow radius have a proportionately larger surface area for
heat dispersion, which results in more effective cooling. The tempera-
ture profiles in bPCM zones (Fig. 12(b)) and liquid fraction evolution
(Fig. 12(c)) confirm that larger format cells with larger diameters drive
more rapid bPCM melting, exhausting the thermal regulation capacity of
passive BTMS earlier in the cycling process. Fig. 12(d) illustrates the
evolution of the maximum temperatures observed inside the lithium-ion
cell as well as in the bPCM, as a function of the cell’s LSA to volume ratio
(2/1). The maximum temperature of the cell is inversely proportional to
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cell radius, suggesting a high effect of the convection mode in regulating
the temperature of the cell. A similar pattern is observed in the bPCM
maximum temperature, with a lower figure slope related to the latent
heat of the phase transition. Overall, regardless of the cell volume, the
LSA to volume ratio is a key indicator for characterising the thermal
behaviours of the cell.

4.3. Effect of ambient convective heat transfer coefficient

The convective heat transfer coefficient between the bPCM outer
surface and its environment is covered in this section. It reflects the
ambient conditions under which the LIB operates, including the fluid
nature, the flow velocity, and the geometry of the battery itself. These
factors can significantly change the convective coefficient, affecting
passive BTMS thermal performance. In this analysis, the coefficient is
varied within a range from 5 to 100 W/m2K, while the ambient tem-
perature was maintained at 27 °C to simulate typical summer conditions
in temperate climates.

As depicted in Fig. 13(a), the temperature evolution of the cell under
different values of ambient conditions reveals a massive difference in the
thermal response. The peak temperature at the end of the discharge
process decreases as the convective coefficients increase. Furthermore,
during the charging period, the battery temperature is cooled at
different rates, which are affected by the ambient convective coefficient.
Under a value of 5 W/m?2K, the battery maintains a stable temperature
during charging, and it’s heated during discharge. This pattern is also
observed in the bPCM temperature and the corresponding liquid frac-
tion, suggesting poor heat dissipation to the ambient, which affects the
regulation role of the passive BTMS. For higher values of the convective
heat transfer coefficient, the bPCM temperature profile exhibits a peri-
odic pattern, where the temperature rises and reaches its maximum at
the end of the discharge, then it cools during the charging period (see
Fig. 13(b)). This cyclic behaviour is explained by the liquid fraction,
where only a small amount of bPCM is melted at the end of the discharge
process, as seen in Fig. 13(c), thereby restoring its thermal regulation
capacity. Furthermore, an increase in the convective coefficient value
leads to an increase in the thermal gradient inside the bPCM. In fact, the
efficient heat transfer with the ambient maintains a lower temperature
in the bPCM exterior zone, explaining the growing thermal gradient
with a small dephasing effect. Furthermore, Fig. 13(d) demonstrates that
maximum temperatures in both the cell and the bPCM decrease with
increasing convective coefficient, with the most significant improve-
ments observed in the range of 5-40 W/m2K.

4.4. Effect of realistic driving cycle

The driving cycle (DC) reflects the real-world operation of an electric
vehicle on a route, including acceleration, braking, average speeds, and
frequent stops. Depending on the intensity and frequency of the electric
motor’s operation, the battery generates varying amounts of heat, which
alters its internal temperature and, consequently, affects its perfor-
mance, lifespan, and safety. Current DCs are generally standardised and
designed to simulate realistic driving conditions that are specific to
different regions of the world. In this study, a representative set of
driving cycles from the United States (UDDS), China (CLTC), Europe
(NEDC, WLTP), and Japan (JCO8) was selected (see Fig. 14) [87,88].
These DCs exhibit differences in speed profiles, acceleration and decel-
eration rates, and overall duration. This variation directly influences the
heat generation profile of the cells. The Worldwide Harmonized Light
Vehicles Test Cycle (WLTC), for instance, stands out due to its high peak
and average speeds, reflecting a dynamic and aggressive driving style
that results in significant thermal stress. In contrast, the Japanese JCO8
cycle is characterised by lower averages and maximum speeds, which
represent dense urban driving with frequent stops and starts, leading to
more moderate thermal loads [89]. For the thermal assessment, the cell
is initially charged, then it is discharged following the current profile
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from each DC. This methodology enables the evaluation of the thermal
accumulation effects during the extended operation period.

To quantify the thermal impact of each DC, a conversion from speed-
time to current-time series is necessary. The conversion is achieved
using a force balance approach that integrates the effects of rolling
resistance, aerodynamic drag, inertial acceleration, and gravitational
forces acting on the vehicle. This approach considers regenerative
braking during deceleration and efficiency losses in the different com-
ponents. The instantaneous battery current is expressed as [90]:

B 1pS.cxv(t)® + crme.gv(t) +mea(t)v

I 2D

MmotorMcont Mconv+ VPﬂCk

Where, v(t) and a(t) are the time variation of vehicle velocity and ac-
celeration extracted from the corresponding DC profile. The relevant
parameters and their values of a standard light-duty vehicle are listed in
Table 5 [91]. The nominal voltage and capacity of the cylindrical cell are
3.6 V and 4 Ah, as shown in Table 3. A battery pack with a 100s5p
configuration is utilised in this study. The purpose of operating a small
number of parallel chains is to replicate severe load conditions on the
cells.

Converting the DC into the current cycle profile reveals some
distinguished properties. The cell current can be positive, indicating the
current drawn from the cell, or negative, indicating the injected current
resulting from regenerative braking, a feature unique to EVs. Table 6
encompasses the cell electrical capacity balance for each DC to quantify
the impact of regenerative braking. In JCO8 and UDDS, the cell restates
44 % of its electrical capacity during deceleration, allowing the cell to
power a long trajectory. Meanwhile, this percentage drops to 27.5 % in
WLTP due to the low deceleration rate. Cell heat generation primarily
correlates with the cell current; therefore, varying current profile
behaviour will significantly differentiate the thermal response.

Fig. 15 shows the current demand, state of charge (SOC), and tem-
perature evolution of the cell under CLTC, JC08, NEDC, UDDS, and
WLTP DC profiles. Each one enables the cell to discharge at different
current values, affecting the time required to fully discharge it. Overall,
the SOC curve decreases over time, with fluctuations reflecting the
charge and discharge of the cell. For CLTC, NEDC, UDDS, and WLTP, the
SOC curve decreases almost linearly with time. A steep decrease was
observed at the end of each cycle, designating the high current drawn
from the cell at these periods. The steep decrease observed in SOC differs
from one DC profile to another. Conversely, the JCO8 profile lacks this
steep decrease pattern (Fig. 15(b)), suggesting that the cell draws a small
amount of current. This specific difference in the current profile across
the DCs investigated leads to diverse thermal cell responses. Under the
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CLTC and NEDC profiles, cell temperatures increase with cyclical be-
haviours, following the current pattern. In the first cycle, the tempera-
ture curve increases and reaches its peak value by the end of it. The cell’s
temperature first drops at the start of the second cycle and then rises at
its conclusion. Until the cell discharges, this tendency repeats consecu-
tively. Under both the JCO8 and UDDS current loads, the temperature
exhibits similar cycling behaviour. Each cycle features distinct periods
of warming and cooling. Nevertheless, the temperature of the cell
maintains its tendency to increase over time, reaching 30.71 °C and
32.04 °C, respectively. Under WLTP current load, the cell temperature
increases with a distinguished two-cycle pattern. Where the temperature
increases sharply, especially near the end of the first cycle, afterwards
the curve slope decreases at the beginning of the second cycle, before the
temperature starts to increase at the end of the second cycle to reach its
peak value of 36.2 °C. Under high load DCs, the bPCM was able to
regulate and maintain the cell in the optimal operational temperature
range for LIB [92].

Fig. 16 illustrates a comparative analysis of the maximum tempera-
tures reached in both the cell and bPCM under the investigated DCs. The
analysis reveals that the maximum temperatures reached vary signifi-
cantly depending on the applied DC profile. Specifically, the WLTP
profile stands out with higher battery maximum temperatures compared
to the other realistic profiles. The peak temperatures of JCO8 and UDDS
are the lowest, measuring 30.71 °C and 32.04 °C, respectively. This
difference can be attributed to the demanding dynamic characteristics of
the DCS, such as higher acceleration frequencies, greater average
speeds, and more intense current demand. These factors place additional
stress on the battery, leading to an immense heat generation rate in a
short period.

4.5. Design guidelines

This section summarises the main conclusions drawn from the
parametric study described in the previous sections, so as to define a set
of recommendations regarding the design of compact passive multi-cell
BTMS systems, particularly under heavy loads.

The results of our study indicate that bPCM thickness has a dimin-
ishing return beyond 6 mm on the maximum cell temperature. More
specifically, for thinner cells such as 18650 and 21700, a 4 mm layer of
bPCM is sufficient to maintain an acceptable cell temperature, while
large format cells (4680) require a thicker layer of more than 6 mm. In
battery pack configurations, partitioning bPCM between cells reduces
total thermal loads while maintaining optimal average cell temperature
conditions.

The thermophysical characteristics of bPCM also have a greater or
lesser impact on the performance of passive BTMS depending on the
external environment associated. The melting temperature of bPCM is
an important parameter; it is recommended to choose a bPCM with a
melting point 2-5 °C higher than the maximum ambient temperature in
temperate climates (20-30 °C). For regions with hot climates, the use of
a hybrid BTMS is strongly recommended, especially when the ambient
temperature exceeds 35 °C. However, it is important to note that hybrid
BTMS systems tend to be heavier and bulkier compared to passive sys-
tems, which presents challenges related to cost, maintenance, and
management for battery applications.

The ability of bPCM to absorb excess heat is determined by its latent
heat of fusion. Our findings indicate that a bPCM with a latent heat
exceeding 150 kJ/kg should be chosen. For optimal performance of the
passive BTMS proposed, thermal conductivity can be improved using
several techniques. In the case of electric vehicles, improving the ther-
mal conductivity via expanded graphite or carbon nanotubes is partic-
ularly effective for maintaining a uniform temperature within the
battery pack. As the density of the bPCM has a minimal effect on the
thermal performance of passive BTMS, low-density bPCMs are therefore
recommended.
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5. Conclusion

The comprehensive parametric analysis presented in this study
provides valuable design insights for optimising bPCM-based BTMS.
This study proposes and validates a two-state analytical thermal
network model for cylindrical LIBs integrated with passive BTMS. The
analysis considers the impact of both battery characteristics and the
properties of bPCM on temperature evolution to assess the overall
thermal performance. Among the parameters investigated, bPCM
melting temperature, layer thickness, interfacial heat transfer coefficient
and ambient conditions emerged as the most influential factors for
reducing peak temperatures. A thickness of 6 mm was selected as the
optimal solution, as it compromises thermal regulation, weight and
volume. Employing a bPCM with a melting temperature below the
maximum operating LIB threshold optimises heat absorption and ex-
tends the passive regulation period. While the thermal conductivity of
the cell and the bPCM affects the internal temperature uniformity, its
damping peak fluctuation effect is limited. The battery format is directly
related to the heat generation rate and heat transfer process. The study
elucidated the relationship between the cell radius and the peak tem-
perature fluctuations through LSA to volume effects. The study also
reveals the importance of ambient conditions, as they determine the
heat dissipation of the BTMS and the regeneration of the thermal ca-
pacity of the bPCM. Under realistic DC loads the passive BTMS manages
the excessive heat generated from the battery effectively, as the peak
temperature during the discharge was maintained below 33 °C. These
insights allow for a rapid and accurate evaluation of material charac-
teristics, geometric configurations, and operating conditions, advancing
the design of BTMS. Future work will explore scalability to battery packs
with hybrid cooling strategies by extending the thermal network in three
dimensions with additional nodes inside the cells to capture spatial
temperature evolution. The parametric nature of the proposed model
makes it a potential candidate for multi-objective optimisation by
integrating weight, cost, and thermal performance metrics to identify
optimal BTMS designs for specific scenarios.
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