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ARTICLE INFO ABSTRACT
Keywords: This paper presents a novel physical model to analyse the energy efficiency of a thermal management system
Thermal model based on a phase change material (PCM) for Li-ion batteries including diffusion and irreversible phenomena such

Phase change material
Li-Ion batteries
New European Driving Cycle

as entropy. Real-world battery performance was assessed using the New European Driving Cycle (NEDC), which
includes four urban routes and one ultra-urban route. The model’s accuracy was validated against experimental
data, and an in-depth analysis of various parameters was conducted. The results show that the choice of PCM
melting temperature range is pivotal in the battery thermal management system (BTMS) performance, with RT-
28HC and RT-31 exhibiting superior thermal regulation during the three charge and discharge cycles. Although
the thermal gradient within the pack is often negligible under different ambient conditions, higher ambient
temperatures (40 °C) or high convective coefficients (60 W/m2K) increased thermal gradients. Simulations
reveal that combining PCM and active cooling systems is required to reduce thermal gradients and maintain
temperature uniformity, especially in extreme conditions and long operating times. This new model provides a
cost-effective, agile alternative to computationally intensive methods for analysing dynamic thermal behaviour
during long charge and discharge cycles.

Despite the various benefits that EVs offer, their batteries necessitate
constant thermal management to avoid potential catastrophic failure.
There is a daily occurrence of several EV fires and explosions caused by
thermal runaway, which has led to growing concerns regarding the
safety of EV [7,8]. As reported by Sun et al. [9], some typical EV fire
accidents have been recorded recently. This presents a challenge for

clear power, electric mobility, and electric vehicles (EVs) are emphas- ﬁre.:ﬁghters with.a significant envir.onn.lental impgct. Tesla’s first aid
ised as critical stepping stone on the way to net zero emissions in the guide states that in case of a battery fire, it may require up to 24 h and up

IEA’s report (Net Zero by 2050) [1-3]. Likewise, successful imple- to 8,000 gallons (30,283 L) of water to completely extinguish and cool
down the fire. This poses a potential risk to users, passengers, and the

citizens [10]. Academics and researchers are compelled to examine the
causal variables that contribute to catastrophic failures. Among the
several factors, battery degradation and ageing are some critical ele-
ments that impact the battery performance, life span, and safety [9,11].

1. Introduction

To achieve the carbon neutrality and net-zero carbon emissions goal
by 2050, clean energy technologies must be developed and deployed
swiftly. Energy efficiency, wind and solar power, hydropower and nu-

mentation of environmentally friendly EVs is considered one of the most
important solutions to meet aforementioned worldwide target [3]. In
this context, many countries have shown their willingness to address the
retirement of fuel-powered cars in order to promote the development of
EVs and plug-in hybrid electric vehicle (PHEVs) (e.g. In France, a
blanket ban on the fuel vehicle sale by 2040; in the United Kingdom, a ~ However, battery degradation is a complex phenomenon involving
complete ban on the sale of traditional diesel-powered cars by 2030; in several physical and chemical processes. Degradation is linked to several

China, the target of banning the sale of conventional fuel cars by 2030, complex mechanisms resulting from a variety of factors (e.g. intrinsic
and so on) [4-6]. and extrinsic) [12]. Intrinsic factors are divided into two groups:

* Corresponding author.
E-mail address: aafass@univ-pau.fr (A. Afass).

https://doi.org/10.1016/j.ecmx.2025.101051

Received 21 January 2025; Received in revised form 30 April 2025; Accepted 3 May 2025

Available online 12 May 2025

2590-1745/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-2823-8438
https://orcid.org/0000-0002-2823-8438
https://orcid.org/0000-0003-2166-6410
https://orcid.org/0000-0003-2166-6410
https://orcid.org/0000-0001-6211-7800
https://orcid.org/0000-0001-6211-7800
mailto:aafass@univ-pau.fr
www.sciencedirect.com/science/journal/25901745
https://www.sciencedirect.com/journal/energy-conversion-and-management-x
https://doi.org/10.1016/j.ecmx.2025.101051
https://doi.org/10.1016/j.ecmx.2025.101051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecmx.2025.101051&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Afass et al. Energy Conversion and Management: X 27 (2025) 101051
Nomenclature cv Convective
ext Exterior
Cp Specific heat capacity [J kg~! K] pcm Phase change materiel
F Faraday number
h Convective heat transfer coefficient [W m~2 K 1] Acronyms . .
I Electrical Current [A] BEVs Battery Electric Vehicles
m Mass [kg] BMS Battery Management System
Pgen Heat generation of battery [W] BTMS  Battery th.ermal m?nagemel}t system
R Internal resistance [Q] CFD Computational fluid dynamics
Rpp Thermal resistance between battery and PCM [K/W] CNT Carbon nanotubes
Rp-ext Thermal resistance between PCM and exterior [K/W] cv Control volume .
S Surface EG Expanded graphite
AS The entropy variation EVs Electric Vehicles
T Temperature [°C] HP Heat port
Li-ion Lithium-ion
Greek letter NEDC  New european driving cycle
p Density [kg m 3] NMC Nickel manganese cobalt
. PHEV plug-in hybrid electric vehicle
Subscript SOC State of charge
b Battery T™MS Thermal management system
cd Conductive

material characteristics and production technologies. Extrinsic factors
result from battery operating conditions such as charging at a high C-
rate, high state of charge (SoC), low and high temperature. In this way, a
snapshot of the degradation modes, aging mechanisms, as well as
affected components in Li-ion batteries is given by Lin et al. (see Fig. 1)
[11].

When examining these several degradation modes, it can be
concluded that the battery temperature is responsible for most of the
aging processes within both electrodes. According to [7], the battery
temperature needs to be kept between 15 °C and 35 °C to enhance the

performance of battery cells[13,14]. A temperature over 35 °C increase
the secondary reactions inside the battery, resulting in a reduction in
capacity and aging of the life span [15]. Temperatures below 15 °C, on
the other hand, increase the internal resistance of the battery and alter
the kinetics of the reaction, limiting discharge capacity and resulting in a
significant reduction in battery life [15]. Furthermore, sub-zero tem-
peratures can cause internal short circuits in some cases [16]. It is worth
noting that non-uniform temperature distribution can cause in-
consistencies in the electrochemical process, resulting in lower battery
pack performance and durability. Consequently, lithium-ion cells
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require continuous thermal management to ensure sustained reliability
and prevent catastrophic failures [17-20] by means of an effective
battery thermal management system (BTMS) to control the battery
temperature during charging and discharging cycles [21].

To address all these issues, numerous BTMS have been designed,
tested, and experimentally studied [22-28]. These BTMS may be broken
down into more specific categories according to their location (internal
or external), transfer media (liquid, PCM or air) purpose (cooling or
heating), and the source of energy (active or passive) [7,29-31].
Numerous studies in the literature thoroughly investigate these strate-
gies from different points of view [28,32,33]. Among these methods,
PCM-based BTMS stands out as an efficient way to cool batteries by
dissipating their heat during solid-to-liquid phase change without
draining auxiliary power [34]. The structural simplicity, high temper-
ature control ability, low cost, stable chemical properties, and applica-
bility are the main benefits of PCM-based BTMS [35-37]. However,
thermal, physical, chemical kinetics, and economic viability must be
considered while selecting the appropriate PCM [38]. Furthermore,
PCM must have a melting temperature within the operational range of
the battery application (i.e. from 15 °C to 35 °C). However, a list of PCMs
for BTM applications can be found in reference [38].

Research in PCM for BTMS applications generally focuses on: (i)
using PCM as a passive system by investigating the effect of different
parameters (e.g. type of PCM, PCM quantity amount) on the battery
performance [39-52]; (ii) improving the poor thermal conductivity of
PCMs by incorporating metal foams (e.g. Aluminium, copper and nickel
foams) with PCMs [38,53,54], combining PCMs with metal fins
[43,55,56], using composite PCMs [41,57,58], testing metal mesh and
carbon-based materials such as expanded graphite (EG), carbon nano-
tubes (CNT), carbon fibre, with conventional PCM [39,59,60]; (iii)
combining PCM with other transfer medium (e.g. air cooling [61,62],
liquid cooling [63,64], or heat pipe cooling [65,66]). The findings
indicate that these configurations may efficiently minimise the
maximum temperature of the battery, assuring high efficiency,
conserving cell temperature uniformity, and preventing thermal
runaway [67]. Studies that have been proposed where PCM is combined
with liquid cooling for batteries often use time-consuming CFD
computational tools and do not analyse the system’s functioning in
continuous charging-discharging cycles (actual real-life battery opera-
tion) [68]. As a result, it is appropriate to use a fast-lumped model that
can reliably forecast the behaviour of this linked PCM-liquid coolant
[69].

To overcome these problems, Lamrani et al. [47] developed a
simplified model to investigate a Li-ion battery pack with PCM-based
BTMS and the maximum relative error of the numerical results ob-
tained is approximately 6 % compared to experimental data from
literature. Likewise, Lebrouhi et al. [70], developed a low-cost lumped
model for simulating a Li-ion battery pack with thermal management
systems (TMS) under continuous charging/discharging process and both
the experimental results and the CFD findings were found to be in
excellent agreement. Nevertheless, in these two models [47,70], the
diffusion phenomenon, as well as the entropic term that reflects the
reversible heat generated, were not included. The last aspect is
frequently ignored in most literary works [71]. In addition, it is
important to remember that the temperature homogeneity has a
considerable impact on the performance of the battery pack. A tem-
perature gradient between cells can lead to variations in the rate of
electrochemical reactions, which can have a negative effect on the
overall discharge/charge performance of the battery. Thermal stresses
emanating from an irregular temperature distribution within a battery
cell can also cause irreparable damage to the cell’s performance and
cycle stability. This can lead to reduced capacity, higher impedance, and
self-discharge.

Therefore, it is essential to develop physical models capable of pre-
dicting temperature variations inside the battery equipped with a PCM
throughout charge and discharge cycles. In this perspective, we have
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developed an improved version of the previously published model [70],
aiming to integrate irreversible phenomena and thermal diffusion
within batteries utilizing PCM as a thermal management system.

The objective of this article is to introduce this enhanced physical
model to the scientific community interested in dynamic modelling of
battery thermal management using phase-change materials. Notably, for
this study, the New European driving cycle (NEDC) has been selected to
assess the battery’s response under real-world conditions within an
electric vehicle, comprising four urban routes and one ultra-urban route.
The proposed model has been validated using experimental data from
literature. The investigation evaluates the influence of different pa-
rameters associated with characteristics of the utilised PCM and ambient
conditions on the thermal behaviour of the battery pack.

2. Model development and validation
2.1. System description

The study addresses a specific battery pack including twenty-four
21700-cell Li-ion LiNiMnCoAlOy (NMC) cathode batteries arranged in
a 6S4P configuration. The batteries are configured in series (6 cells per
series) to attain the required voltage and in parallel (4 sets of 6 cells) to
reach the desired output current. The choice of 21700-cell Li-ion NMC
cathode batteries is based on their recent commercial appeal and
elevated energy density. With over 50 % more energy per cell, these
batteries have a substantially higher capacity than the typical 18,650
cylindrical cells. To regulate temperature disparity and enhance heat
dissipation of the battery pack during charging/discharging cycles, PCM
is integrated around the cells. Its function is to control the heat gener-
ated by the batteries.

The PCM integration prevents overheating, which is important since
the battery performance, lifespan, and safety are affected by excessive
heat. The present study emphasises the role of PCM-based BTMS in
ensuring the optimal functioning of the battery pack and guaranteeing
its safe and efficient operation. Fig. 2, illustrates the arrangement and
configuration of the battery pack addressed in this study, highlighting
the series and parallel connections of the 24 NMC cathode batteries.
Each battery cell has a mass of 69 g and a nominal capacity of 4 Ah, as
indicated in Table 1. The battery pack is 21.7 cm by 14.46 cm and 7.09
in height. It is important to note that in this study four distinct PCMs are
investigated with disparate properties as given in Table 2.

21700 Li-ion
battery ccll

Phase change
malcrial

Fig. 2. The considered Li-lon battery pack with its thermal manage-
ment system.
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Table 1

Characteristics of battery cells.
Property Value
Mass (g) 69 +2
Diameter (mm) 21.7 £ 0.2
Height (mm) 70.9 + 0.2

Nominal capacity (Ah) 4 Ah

Nominal voltage (V) 3.65V
Table 2
Characteristics of PCM.
Property RT28 RT31 RT35 RT42
HC HC
Density of PCM (kg/m?) 770/880 760/ 770/880 760/
880 880
Heat capacity of PCM (kJ/kgK) 2 2 2 2
Thermal conductivity of PCM (W/ 0.2 0.2 0.2 0.2
mK)
Heat of fusion of PCM (kJ/kg) 250 165 240 165
Melting range of PCM (°C) 27-29 27-33 34-36 38-43

2.2. Modelling methodology

The current research introduces a new battery pack and thermal
management system modelling methodology. This strategy relies on a
fast-detailed lumped model to balance computing performance and ac-
curacy. This approach fragments the battery pack into control volumes
(CVij) (see Fig. 3). Each control volume represents a specific region
within the battery pack and contains one battery cell enclosed by a PCM.
During PCM phase transition the thermal energy is either accumulated
or released from the operated battery pack. Dividing the battery module
into control volumes allows the model to capture the internal spacio-
temporal temperature variations. This enables an advanced represen-
tation of the pack in contrast to conventional lumped models, which
presume a uniform temperature distribution throughout the entire pack.
The new fast-detailed lumped model takes advantage of lumped
modelling, simplifying the intricate geometry into interconnected con-
trol volumes. Prior study shows that cylindrical Li-ion cells have
different thermal conductivity in axial and radial directions, with 99.1 %
of heat dissipation occurring radially. This heat flux directionality
demonstrates that a 2D radial would maintain high accuracy for BTMS
with PCM [72].This reduces the computational complexity, and shortens
the time needed for modelling and analysing. The developed model fa-
cilitates efficient and precise prediction of the thermal behaviour of the
battery pack components, including individual cells and the PCM.

The detailed information on temperature distribution is crucial for
customizing the BTMS, ensuring safe and efficient operation of the cell’s
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module, while preventing thermal degradation and thermal runaway
events.

By using the developed lumped approach, heat transfer in a battery
pack can be represented using an electrical circuit analogy. This analogy
allows us to understand and analyse the flow of heat within the pack
using concepts similar to electrical circuits. In this analogy, the battery
pack is represented as a network of resistors, capacitors, and heat
sources (See Fig. 4). Each control volume (CVij) comprises two primary
components: the battery cell and the PCM. The battery cell store and
deliver electrical energy, during its operation the heat is generated as
biproduct. Whereas the PCM absorbs and releases the excess cell heat
generated to fulfil its role as thermal energy storage and transfer me-
dium. Additionally, each control volume is associated with four heat
ports (HPi). The HP associated represent the interfaces where thermal
energy can be exchange between the control volume and its surround-
ings. The HPi can be categorized into two types:

e Heat input ports: These ports are utilized to deliver heat to the
control volume. Heat can be transferred to the control volume from
external sources, including the surrounding environment or other
components within the battery pack. The heat input is essential for
elevating the temperature of the control volume and its constituents.
Heat output ports: These ports enable the removal of heat from the
control volume. Heat may be transported from the control volume to
the surrounding environment or to other cooling components. The
heat emitted through these ports aids in lowering the temperature
within the control volume.

Throughout the HP interface the model simulates the heat transfer
between the cells, PCM, and their surroundings, allowing for a
comprehensive analysis of the thermal behaviour and performance of
the battery pack and its BTMS. To predict the temperature variation at
each control volume, the transient energy balance for both the battery
and the PCM domain is used through considering two capacitors (See
Fig. 5). These transient energy balances for each control volume can be
expressed as the following:

e Control volume 11 (CVy3)

—For the battery cell:

0Tp11 (Tpcmll - Tbll)

(mcp)bll ot = Pgene.ll + Rb#)

@

Where Rj,_, is the conductive thermal resistance between the battery cell
and the PCM. Py is the heat generated by the cell battery in the
control volume 11 given as the following:

ext

Control volume
o (Cvij) :
HP, f ppem | HP

IHP1

0000
0000
0000

0000

ext

Fig. 3. Lumped modelling strategy of the battery pack with PCM.
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Fig. 5. Analogical heat transfer scheme for one control volume.

1
PgeneAll = RIII2 - ITb]] AS;F (2)

1. Is the used current and Ry; is the internal resistance of the cell
expressed as a function of the cell temperature [73]

R11[Q] = [12.407 — 0.5345T};; + 0.0134Ty;1*> — 0.0001Ty1,°] x 1072
(3

It is interesting to note that the used entropy variation (AS) is deter-
mined during the resolution of all coupled equations and it depends on
the battery cell SoC[74]:

99.8850C — 76.67for0 < SOC < 0.77
30for0.77 < SOC < 0.87 4
—20for0.87 < SOC <1

AS =

For PCM:

0Tpcmll o (Tbll - Tpcmll )
(me) pemll g Ry,

+2(Text - Tp:mll)

Rcv(pcml 1—ext)

(Tpcm21 - Tpcmll)

Rcd (pcm11—pcm21)

(Tpcmlz - Tpcmll) +

Rcd (pcm11—pcm12)

()

Where R (pemi1-pemi2) iS the conductive thermal resistance between the
PCM located in the control volume (CV;;) and the control volume
(CV12). Rey(pemii-exy) is the convective thermal resistance between the
PCM in the control volume (11) and the exterior ambient Refer to Fig. 4
for more details. The PCM’s equivalent heat capacity is obtained
following the methodology described in previous studies [47,70].

The methodology described earlier is applied to all 24 control vol-
umes in the system. The control volumes can be categorized into two
types based on their heat exchange characteristics. The first type is
similar to CVy;, where heat exchange occurs between the control vol-
ume and both the exterior ambient and the surrounding PCM. In these
control volumes, the methodology involves calculating both the
conductive thermal resistance (R.q) between the PCM within the control
volume and the surrounding PCM, as well as the convective thermal
resistance (R.y) between the PCM and the exterior ambient. The second
type of control volume is in contact only with PCMs from the sur-
rounding control volumes; this type does not directly exchange heat
with the exterior ambient. Furthermore, the procedure focuses on
calculating the conductive thermal resistance (R.q) between the PCM
within the control volume and the PCM in adjacent control volume.
Overall, the approach considers the heat transfer characteristic of each
control volume and, depending on the form of heat exchange involved,
determines the proper thermal resistances. Differentiating between the
two kinds of control volumes facilitates the calculation of the system’s
applicable thermal resistance.
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As an example of the applied energy balance on the second type of
control volume, CVy4 is considered and the used transient equations to
determine the temperature variation can be given as the following:

—For the battery cell (CV234):

oT, Tpem24 — Thoa
(mcp)bm% = Pyene 24 + % (6)
— For PCM (CV24).'
(mC ) ancm24 7(Tb24 - Tpcm24) (Tpcm14 - Tpcm24) + (Tpcm34 - Tpcm24)
PIpem2a gt Ry, Red(pem24—pem14) R d(pem24—pem3a)

(TpcmZS - Tpcm24)

Rcd (pem24—pcm25)

+ (Tpcm23 - Tpcm24) +
Rcd(pcm24—pcm23)

(@)
2.3. Model validation

The generated model’s accuracy was determined by comparing the
obtained numerical findings with published experimental and CFD data
[63]. Multiple charging and discharging cycles were performed on the
battery cell using PCM as the TMS in the experiments. The used cell is
rated at 4 Ah nominally. PCM was used to insulate this battery pack,
which was set at 30 °C to begin with. The pack of batteries was given a
0.5-C charge and a 3-C discharge. C-rate, which measures the charge and
release current relative to nominal capacity, is an intriguing metric to
consider. The suggested lumped model used the prior experimental
settings as input parameters, and the predicted temperature of the bat-
tery and the observed one are shown in Fig. 6. It can be shown that the
CFD findings from Ref [63] and the experimental data are in excellent
agreement with the suggested model. The proposed lumped model
yields to an error of 2 °C between observed and simulated battery
temperature, with an average absolute error of 0.27 °C and a root means
square error of 0.39 °C. These findings clearly demonstrate that, in
comparison to the time-consuming CFD tools, the use of a rapid and
reduced coupled model for pack TMS is appropriate and able to forecast
with reasonable precision the actual performance of the battery TMS.

3. Results and discussion

To investigate the dynamic thermal behaviour of the battery under

Present model - - - - Measured data — — -CFD model

38

0.5C-C

3C-D

Temperature (°C)

3MF b

30 1 1 1 1 1 1 1
0 3000 6000 9000 12000 15000 18000 21000

Time (s)

Fig. 6. Comparison of the current model, experimental data, and CFD findings
obtained from Ref [63].
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real-world conditions, the integration of the NEDC into the physical
simulations was executed. The NEDC comprises four urban cycles and
one ultra-urban cycle, as visually represented in Fig. 7. The combined
duration of these four cycles amounts to approximately 1200 s. To
replicate authentic usage patterns, the NEDC is executed three times,
each separated by 600 s, allowing for intervals of rest between complete
charging and discharging cycles. As shown in Fig. 8, the updated version
of the thermal model provides precise predictions of the battery pack’s
SoC throughout its operation. Initially, before the rapid discharge pro-
cess begins, the battery pack is assumed to be at full charge. As
mentioned in the reference [75], the vehicle’s velocity is directly pro-
portional to the battery rate of discharge. Once the battery pack is fully
discharged, a constant current of 12 A is applied during the charging
process, raising the SoC to 100 %. An additional resting period of 600 s is
introduced between each charging/discharging cycle, where the SoC is
stabilize at 100 % as depicted in Fig. 8. The battery pack undergoes the
aforementioned charging and discharging process utilising a passive
PCM-BTMS.

The heat generation profile within the battery pack is illustrated in
Fig. 9, demonstrating the evolution of heat during this process. Upon
examining this figure, it becomes evident that the battery temperature
gradually rises during each urban cycle, followed by a rapid increase
during each ultra-urban cycle, reaching its peak value. Subsequently, the
temperature decreases during the charging process and remains stable
throughout this phase.

To investigate the impact of design and operational factors on the
battery pack and its thermal management system, a comprehensive

Current — — Battery state of Charge

12

10

Current (A)
-
State of Charge

1 1 L\ 1
0.0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)

Fig. 8. Applied current (NEDC) per cell and SOC of batteries.
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parametric study was carried out. The study employed the proposed
thermal model, and the subsequent findings are presented and analysed
in the forthcoming sections.

3.1. PCM effect

To assess the impact of different PCMs on battery thermal manage-
ment performance, an investigation was conducted on four distinct
commercial PCMs (RT-28HC, RT 31, RT35 HC, RT 42) as detailed in
reference [76]. The temperature fluctuations of the battery pack during
both charging and discharging cycles are presented in Fig. 10-a as the
outcomes of this study. To quantify the maximum thermal gradients
within the battery during the solid-liquid phase change process, tem-
perature variations were analysed at two locations: at the center of the
pack and at a point near the pack’s outer air interface (specifically, at the
pack’s corner). The intermediate control volume temperature falls be-
tween these two bounds. The use of PCM RT-28HC and RT-28HC as
thermal management materials resulted in the battery achieving its
lowest temperatures at both the corner and the center of the pack.

PCM RT-28HC and RT 31 intrinsic characteristics, particularly their
latent heat, allow them to efficiently absorb a significant quantity of heat
generated by the cells. As a result, the battery pack internal temperature
remains low compared the other cases. It’s important to note that RT35
HC and RT 42 do not undergo a phase transition in the first 3500 s,

55
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Fig. 10. Temporal variation of battery temperature at different location within
the pack the center and corners of the pack.
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Fig. 11. (a) PCM liquid fraction and (b) Stored latent heat during the func-
tioning of battery pack.

which leads to a reduced amount of heat accumulation through the
sensible heat of the PCM. As a result, the module temperature rises
impacting the performance in this period.

This behavior is corroborated by the data presented in Fig. 11-a and
Fig. 11-b, which depict the liquid fraction of PCM and the accumulated
latent heat during the battery pack’s operation. It is evident that PCM
RT-28HC and RT 31 initiate the phase change process rapidly, owing to
their lower phase transition temperature, in contrast to RT35 HC and RT
42.

In addition to the variation in the maximum temperature within the
battery pack, another crucial parameter that affects its operation is the
variation in thermal gradient within the battery pack, as depicted in
Fig. 12. This thermal gradient serves as an indicator to evaluate the level
of temperature uniformity within the battery pack.

The results reveal that the utilisation of PCM RT-28HC maintains a
nearly consistent temperature distribution within the battery.
Conversely, for RT 31, the maximum temperature difference within the
battery remains below 0.5 °C during the first three complete cycles but
gradually increases afterward. In contrast, for RT35 HC, the maximum
thermal gradient rapidly increases during the initial 4000 s, reaching
almost 1.5 °C, before decreasing to values below 0.5 °C. However, it’s
essential to note that temperatures persist relatively high both at the
center and in the corners, at approximately 48 °C.

It is important to note that it is not favoured to use a PCM with a
transition temperature higher than 35 °C in the battery pack. This
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Fig. 12. Variation of maximal temperature difference in the battery pack.

recommendation is grounded from the outcomes disclosed during the
charge and discharge cycles, which showed that the PCM is fully melted
after the third cycle. As a result, it was less able to absorb heat from the
batteries, hence the overall performance of thermal management was
diminished.

In contrast, a BTMS based on PCM RT-28HC demonstrated promi-
nent heat management functioning. While it provides effective cooling,
it may not guarantee perfect temperature uniformity within the battery
throughout the entire charge/discharge cycles.

To further support these findings, reference is made to Fig. 13, which
provides insights on the heat generation within the battery pack for each
kind of PCM, helps to further support the earlier findings. In comparison
to RT35 HC and RT42, PCM RT-28HC and RT 31 both show a lower
amounts of heat generation, as can be seen by closely examining Fig. 13.
This corroborates our earlier conclusions regarding the effectiveness of
these PCMs in managing heat generation. In conclusion, for effective
thermal management of a battery pack, the transition temperature of the
PCM should be considered a critical parameter.

In our case, PCM RT-28HC and RT 31 proved to be effective choices,
while PCMs with higher transition temperatures like RT35 HC and RT 42
did not perform as effectively in absorbing and dissipating heat from the
batteries during operation. This knowledge can guide the design and
selection of thermal management systems for batteries in real-world
applications, enhancing their overall performance and longevity.
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Fig. 13. Heat generation per cell: effect of PCM type.
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3.2. Effect of air temperature

In this section, we investigate the impact of heat exchange between
the battery pack equipped with PCM RT 28HC and its surrounding
environment. The performance of the battery pack is examined
throughout the charge/discharge cycle at different ambient tempera-
tures, including 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C, with the initial
temperature of the pack set to 25 °C. The selected temperature values
reflect the seasonal fluctuations conditions encountered in Europe,
allowing for relevant and representative data for our analysis.

Fig. 14 illustrates the evolution of battery cell temperatures under
diverse operational conditions, whereas Fig. 15 depicts the maximum
temperature variation observed within the battery pack. Fig. 16-a and
16-b illustrate the liquid fraction of the PCM RT 28HC during the
operation of the battery pack.

It is evident that the proposed BTMS effectively keeps the battery
cells within the appropriate temperature range, despite external tem-
peratures varying from 20 °C to 35 °C. The BTMS, incorporating RT
28HC, ensures that the battery cells maintain suitable temperatures
while keeping an acceptable temperature gradient within the battery
pack when the ambient temperature is below 35 °C. However, at
external temperature of 40 °C, a notable increase in the temperature
gradient within the battery pack is observed since the beginning of the
cycle. Which later experiences a significant increase during the third
cycle, especially after 7000 s.
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Energy Conversion and Management: X 27 (2025) 101051

1.0

P —o—5 W/m’K
—*— 10 W/m?K

0.8 F —*— 15 W/m2K ]

—#+— 30 W/m*K

0.7 F —%— 60 W/m?K ]

0.9

Max. temperature difference (°C)

D A
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time (s)
(a)
1.0
—e— 5 W/m’K
09 F —%—10 Wm’K E
0g b~ 15 WK E
! —#— 30 W/m?K

0.7 F —%— 60 Wm’K E

Liquid frcation (-)
=
W
T

04
03|
0.2
0.1
0.0 dor, § 1 1 ) 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)
(b)

Fig. 17. (a) Maximum temperature difference and (b) Average PCM
liquid fraction.

3.3. Effect of ambient convective coefficient

Fig. 17 illustrates the influence of the convective heat transfer co-
efficient between the battery pack and its external environment during
the charge/discharge cycle on both the solid-liquid phase transition
process of RT 28HC and the maximum thermal gradient within the pack.
The convective heat transfer coefficient varies across a range from 5 W/
m? K to 60 Wm? K.

Observations reveal that when the convective heat transfer coeffi-
cient falls within the range of 5 W2 K to 30 Win? K, the maximum
thermal gradient within the battery pack remains below 0.25 °C. How-
ever, when the heat transfer coefficient equals or exceeds 60 W/n? K,
significant thermal gradients within the pack become evident.

To address and mitigate these thermal gradients, it becomes essential
to combine this passive PCM-based method with other thermal man-
agement systems, such as liquid cooling or air-cooling. These supple-
mentary methods have the potential to further reduce the thermal
gradient within the batteries, as indicated by reference [70].

4. Conclusion
In this paper an improved version of a basic physical model that we

previously presented to analyse the energy efficiency of a thermal
management system based on a phase change material (PCM) for Li-ion
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batteries. The updated model incorporates irreversible phenomena as
well as two-dimensional thermal diffusion. For this study, we opted for
the NEDC, which represents the actual use of an electric vehicle on four
urban routes and one ultra-urban route. The validity of the proposed
model was confirmed through validation against experimental data
available in the literature. Our detailed analysis explored the influence
of several parameters on the thermal behaviour of the battery pack. The
proposed model accurately describes heat transfer and temperature
distribution within the battery during the liquid-to-solid phase change
process, as the finding reveals. It’s important to note that under specific
operating conditions, the thermal gradient within the battery pack re-
mains within acceptable safety limits. However, in certain scenarios, the
adoption of a thermal management system that combines PCM with
active cooling is necessary to reduce thermal gradients and maintain
temperature uniformity within the battery pack.

In conclusion, this new model provides an efficient and cost-effective
alternative to computationally intensive CFD methods for analysing the
thermal dynamic behaviour of batteries with embedded PCMs over
prolonged charge and discharge cycles. Moreover, future research will
be centred on the extension of the existing model to the three di-
mensions, using a lumped element approach and integrating localized
heat generation model. Such a model can then be used to compare the
different BTMS configurations used in industry.
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