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ABSTRACT

The development of lithium-ion batteries necessitates improved management of
these systems, particularly with regard to thermal aspects. They operate opti-
mally between 35 °C and 45 °C. Temperatures exceeding 50 °C accelerate cell
aging, while those surpassing 60 °C can trigger thermal runaway, potentially
leading to catastrophic failure. To mitigate these risks, phase change materials
(PCMs) are employed in battery thermal management systems (BTMS). They
absorb heat during charging or discharging, transitioning from solid to liquid,
then release the stored energy during periods of low demand, solidifying to
help regulate battery temperature. This study conducts a thermal analysis of
a lithium-ion (LiFePO4) battery pack delivering a 24 V load, using COMSOL
MULTIPHYSICS software. The objective is to evaluate and compare the ther-
mal behavior of different PCMs, RT27, Paraffin Wax 58-60, and HM030, against
air as a baseline reference. Simulations are performed using the integrated finite
element method (FEM), with a discharge rate of 4 C. A correlation is proposed
between the choice of PCM and the climate in specific locations, with the choice
being made based on the disparities in the results obtained.
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1. INTRODUCTION
The development of renewable energy sources, particularly photovoltaic energy, as well as electric

vehicles, has made batteries especially lithium-ion-based technologies a necessity [1]-[3]. Lithium-ion batteries
are favored due to their high performance, significant storage capacity, and, most importantly, their longer
lifespan compared to other battery types, in addition to their lower production costs. A lithium-ion battery
stores three times more energy per unit volume than a lead-acid battery [4]-[6].

Severe impacts can lead to the explosion of lithium-ion batteries. To address this, various studies have
been conducted on polymers designed to protect the battery pack [7]. In our case, we focus on thermal analysis
and therefore directly use polyvinyl chloride (PVC) as the protective material. This type of battery typically
consists of a sub-assembly of cells, with arrangements designed to achieve the desired voltage and current.
An advanced battery management system (BMS) is crucial for efficient charging and monitoring of battery
cells, especially for Li-ion batteries [8]-[10]. By accurately estimating the state of charge (SoC), the BMS
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enhances energy efficiency while ensuring operational safety. Moreover, it plays a pivotal role in extending
battery lifespan, optimizing performance, and mitigating critical risks such as overcharging, deep discharge,
and thermal instability [11], [12]. However, these cells have several drawbacks, including significant thermal
runaway during discharge, with a risk of explosion if the temperature exceeds 60 °C [13], [14]. This issue
can be mitigated using a thermal management system (TMS) or by employing phase cange materials (PCMs)
during the charging and discharging cycles of the battery [15]-[17]. The energy generated by the cells is
directly absorbed by the PCM; consequently, the temperature of both the cells and the PCM gradually rises
until it reaches the melting point of the PCM. At this stage, the PCM enters a phase where the absorbed energy
is converted into latent heat, transitioning from a solid to a liquid state. Throughout this phase change, the
system’s temperature remains constant. Once the PCM has completely transitioned to the liquid state, if the
cells continue to generate energy, the system temperature will begin to rise again [18].

To enhance thermal exchange capacity, a material with high thermal conductivity can be added to the
PCM, resulting in a composite with increased thermal conductivity. An example is paraffin, which is typically
combined with good thermal conductors such as graphite, semimetals, or metals [19], [20].

Recent advancements in battery thermal management systems (BTMS) have focused on improving
the efficiency of PCMs through a range of innovative strategies. One of the most promising approaches is PCM
microencapsulation, which involves enclosing PCM particles within protective shells. This technique enhances
thermal conductivity, prevents leakage during phase transitions, and increases the heat exchange surface area,
leading to more effective temperature regulation [21], [22]. Another significant method is the integration of
nanofluids with PCMs. Nanofluids, composed of base fluids with suspended nanoparticles, can be combined
with PCMs to boost both thermal conductivity and heat transfer rates. This hybrid configuration capitalizes
on the high latent heat storage capacity of PCMs and the superior thermal conductivity of nanofluids, thereby
enabling enhanced cooling performance [22], [23].

Additionally, various hybrid architectures combining PCMs with active thermal control systems such
as cold plates, heat pipes, and fin-assisted air cooling have been extensively investigated in the literature [24].
These systems aim to synergize the passive thermal regulation offered by PCMs with the active heat dissipation
mechanisms, resulting in improved thermal stability and enhanced overall performance of lithium-ion battery
packs [25].

The use of lithium iron phosphate (LFP) batteries in combination with a passive cooling system based
on PCM represents a solution that is both efficient and environmentally friendly. PCMs operate through a
natural thermal cycle without requiring external energy input, making them completely carbon-neutral in terms
of CO2 emissions. However, while LFP batteries are more thermally stable and safer than other lithium-ion
technologies, their overall environmental impact remains strongly dependent on the energy source used for
charging. When powered by fossil-based electricity, indirect emissions can be significant, thereby affecting
the system’s overall carbon footprint. In this context, integrating a photovoltaic power supply emerges as a
relevant strategy, helping to reduce emissions associated with electricity generation while ensuring effective
thermal management. This combination supports compliance with international environmental standards and
enhances the energy autonomy of the system [26].

This paper presents a comparison of different PCMs that can help regulate the temperature of a
lithium-ion pack while limiting thermal runaway. In this case, the pack is composed of A121 lithium iron
phosphate cell (LiFePO4) cells, with eight cells arranged in series to achieve a voltage of 24 V and four in
parallel to provide a current of 10 A, thus each branch delivers a nominal current of 2.5 A. The discharge rate
of our battery is 4C, with a total current of 40 A. The paper provides a thermal analysis using COMSOL Mul-
tiphysics software to compare various PCM materials. The method employed for the calculations is the finite
element method (FEM), integrated within COMSOL. The comparison is facilitated by maintaining a constant
thermal discharge rate with the external environment across all scenarios. Advanced numerical techniques
such as the FEM and the finite spectrum method (FSM) are widely used for the thermal analysis of cylindrical
lithium-ion battery cells. FEM provides high spatial resolution by discretizing the cell geometry into finite
elements, enabling precise modeling of anisotropic heat conduction across the various layers of the battery. In
this study, COMSOL Multiphysics, which is based on FEM, was employed to develop a detailed thermal model
of a cylindrical LiFePO4 or LFP cell. The mesh was refined to 7370k elements, ensuring a sufficiently fine
discretization to capture critical thermal gradients throughout the domain.

FSM, in contrast, is a hybrid numerical method that combines the computational efficiency of global
spectral techniques with the geometric flexibility of the finite element framework. Locally, the solution, input
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data, and geometry are represented using high-order Lagrange polynomials constructed on quadrature points.
Globally, the domain is composed of an unstructured mesh of hexahedral elements, which may be deformed
or geometrically non-conforming. This configuration allows FSM to achieve high accuracy while accommo-
dating complex geometrical structures. Although FSM is well recognized for its analytical robustness and
computational efficiency in solving certain heat transfer problems, it was not adopted in this work due to the
already refined meshing strategy implemented with FEM. The chosen approach enables accurate evaluation of
the thermal behavior, supporting the prediction of thermal runaway scenarios and the development of advanced
thermal management systems. Spectral element method offers an efficient and highly accurate alternative for
modeling static magnetic fields in complex devices such as electrical machines or magnetic shielding structures
[27].

The simulation results illustrate the temperature distribution on the cell surface during a nominal dis-
charge of 4C. Initially, air is used as a reference to compare with other materials. Next, the PCM in direct
contact with the cells is replaced to observe the thermal behavior in each case and the effect of the material
used. Among the materials tested is RT27, known for its good cooling efficiency, with performance linked to
the average temperature along the external surface of the battery [28]. However, its low melting temperature
represents a challenge: when the ambient temperature exceeds this point, the PCM’s effectiveness is compro-
mised. For this reason, it is essential to select a PCM whose melting temperature aligns with the expected
ambient conditions, which vary according to geography, in order to ensure optimal cell operation while mini-
mizing the risk of thermal runaway [29], [30]. The second material used is PARAFFIN WAX 58-60, a type of
paraffin wax with a melting point between 58 °C and 60 °C, selected for its acceptable physical, mechanical,
and thermal properties, as well as the fact that its melting temperature is close to the upper operating limit
[31]. The third material is the PCM HM030, which has a melting temperature of around 30 °C, making it a
complementary application to the other two materials [32].

The importance and originality of this research lie in the comprehensive comparative assessment of
the thermal performance of multiple PCMs specifically adapted to a range of climatic conditions. While most
previous studies have focused primarily on a single PCM or on standardized environmental settings, this study
introduces an innovative approach by incorporating real-world climatic data to determine the most suitable
PCM based on actual ambient temperature profiles. This methodology enables the selection of the most ef-
fective PCM according to realistic usage scenarios, thereby supporting the development of more reliable and
context-specific thermal management strategies for lithium-ion battery systems.

2. METHOD
The selected lithium-ion cell is cylindrical, with a storage capacity of 2.5 Ah and a nominal voltage

of 3.3 V when fully charged. Table 1 shows other specific technical data for the A123 battery used and Figure
1 illustrates its voltage profile as a function of the SoC. The cell has a diameter of 26 mm and a height of 65
mm. Figure 2 which also details the geometric dimensions of the pack used; only half of the pack is shown for
symmetry reasons.

Table 1. Specific technical data for a single A123 cell
Parameter Value
Cell dimensions 26×65 mm
Cell capacity (nominal/minimum) (0.5C rate) 2.5/2.4 Ah
Voltage (nominal) 3.3 V
Power 2600 W/kg
Maximum continuous discharge 50 A

In (1) demonstrates how to calculate the voltage of a cell as a function of its temperature, which has
a strong dependence on this parameter. This variation is initially obtained through measurement and is then
used in various simulations. The change in voltage drop or increase is also temperature-dependent. A reference
temperature is generally selected to be 25 °C.

E(SOC, T ) = E(SOC) + (T − Tref)
∂E(SOC)

∂T
(1)
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Figure 1. Caracterestic of voltage profile as function of the SoC

Figure 2. The geometric dimensions of the pack used

From (2) represents the voltage lose equation it combines the ideal OCV with the various overvoltage
terms that represent the losses due to chemical and physical effects inside the cell, providing the actual voltage
under operating conditions. The cell voltage depends not only on temperature and the SoC, but also on various
voltage drops and overvoltage, whether due to ohmic or chemical effects. ηact represents the activation over-
voltage, which is the voltage loss caused by the energy barrier that must be overcome for chemical reactions
to occur. ηconc concentration overvoltage refers to the voltage loss due to mass transport limitations, such as
the movement of ions and reactants within the cell. ηIR represents ohmic losses or ohmic drop, which is the
voltage loss caused by the resistance to current flow within the cell conductive components.

Ecell = EOCV(SOC, T ) + ηact + ηconc + ηIR (2)

In (3), models heat transfer within a solid, accounting for the temporal variation of temperature, con-
duction transfer, and internal or external heat sources. According to this equation, the heat exchange in the
phase change material (PCM) in its solid state depends on its density, specific heat capacity, and, most crit-
ically, the heat absorbed by the cells and dissipated to the surrounding environment. In this state, heat is
transferred by conduction without latent heat release or absorption. This equation allows the calculation of the
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PCM temperature through the temperature derivative term. Here, the temperature increase is linear as long as
no phase change occurs.

ρcp
∂T

∂t
+ ρcp u · ∇T +∇ · (−k∇T ) = Q+Qted (3)

In (4), which describes energy conservation for a fluid, is expressed as a function of temperature. This
equation combines the two primary modes of heat transfer in a fluid: convection and conduction. The study of
heat transport by the fluid considers the interaction between flow and heat exchange. The equation describes
heat exchange when the material has changed phase to the liquid state. While the equation is similar to that
used when the material is in the solid state, convection must now also be considered, as the PCM in its liquid
state is mobile. In this case, heat transfer continues through conduction, but natural convection may become
significant, especially if the PCM is in an open space, where fluid movement is induced by temperature
differences. The term ρcp u · ∇T represents the convective term that models heat transported by fluid motion.
It is proportional to the fluid density, specific heat capacity, and velocity field. The term ∇·(−k∇T ) represents
conduction and describes how heat is transferred by conduction within the fluid. This term becomes significant
when the fluid’s thermal conductivity is high.

ρcp u · ∇T +∇ · (−k∇T ) = Q+Qp +Qvd (4)

In (5) gives the effective specific heat capacity (Cp) of the PCM. The first term represents the contri-
bution from the two phases, weighted by their fractions and specific heat capacities (Cp1 and Cp2). The second
term adds the latent heat effect, where L is the latent heat of fusion. This equation captures both mechanisms
solid and liquid state. The latent heat component becomes significant during the phase change, adding extra
heat capacity without a temperature change.

cp =
1

ρ
(θ1ρ1cp,1 + θ2ρ2cp,2) + L(1→2)

∂αm

∂T
(5)

From (6) calculates the effective density ρ of the PCM during the phase change, which is a weighted
average of the densities of the two phases.

ρ = θ1ρ1 + θ2ρ2 (6)

Table 2 presents the thermophysical properties of different materials such as air, RT27, and paraffin
wax. These include thermal conductivity, specific heat capacity, and density, which are important for evaluating
the ability of each material to store and transfer heat.

Table 2. PCM materials and their thermophysical properties
Material Thermal conductivity (W/m·K) Specific heat capacity (kJ/kg·K) Density (kg/m3)
Air 0.025 1.005 1.22
RT27 0.200 2.000 880
Paraffin Wax 0.206 2.100 920
HM030 0.200 1.932 880

3. RESULTS AND DISCUSSION
The thermal behavior of the lithium-ion battery pack was simulated using COMSOL Multiphysics,

with air selected as the baseline thermal management medium. Figure 3 presents both the surface temperature
distribution and the temporal evolution of temperatures across all cells during a 4C discharge. Air cooling
is often used as a reference in thermal management studies due to its simplicity; however, its low thermal
conductivity limits its ability to control temperature rise under high discharge rates. In Figure 3(a), the surface
temperature of the cells increases from the initial ambient value of 25 °C to a range between 41 °C and 44 °C
by the end of the discharge, indicating significant heat accumulation when air is used as the cooling medium.
This distribution highlights the presence of localized hot spots, which can adversely affect the uniformity of
cell performance and longevity. The temperature variation across the pack is attributed to cell positioning:
peripheral cells, which are in direct contact with the external environment, remain cooler (around 41 °C),
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whereas centrally located cells, more insulated from ambient air, reach higher temperatures (up to 44.3 °C).
This gradient underscores the non-uniformity in heat dissipation across the battery pack.

Figure 3(b) presents the time-resolved temperature evolution during discharge. The plot distinguishes
the average temperatures of the hottest and coolest cell groups, as well as their mean value, representing the
overall pack temperature. While all cells start at 25 °C, disparities increase as the discharge progresses, with
central cells retaining more heat due to limited exposure to ambient cooling. The inset in Figure 3(b) empha-
sizes a critical phase between 0.12 h and 0.22 h, during which thermal divergence between cell groups becomes
more pronounced. This divergence clearly illustrates the challenge of relying solely on air cooling under high
current loads, as it leads to uneven temperature distribution within the battery pack, potentially accelerating
cell aging, reducing overall efficiency, and increasing the risk of thermal runaway in extreme cases.

(a) (b)

Figure 3. Surface temperature distribution of lithium-ion cells after a 4C discharge with air; (a) temperature
distribution for air and (b) real-time variation of maximum, minimum, and average temperatures across all

cells with air

Figure 4, entitled surface temperature distribution of lithium-ion cells after a 4C discharge with PCM
RT27; (a) temperature distribution for PCM RT27, (b) real-time variation of maximum, minimum, and average
temperatures across all cells with PCM RT27, presents a detailed evaluation of the thermal behavior of the
battery pack when cooled with the PCM RT27. In Figure 4(a), the results show a maximum cell temperature of
27.2 °C, with a remarkably uniform surface temperature distribution and negligible variation among cells. This
homogeneity is primarily due to the latent heat absorption during the phase change from solid to liquid, which
effectively limits temperature gradients and prevents localized hot spots. Considering that the initial tempera-
ture of the pack is 25 °C, if it were, for example, 30 °C, the phase change temperature of RT27 would already
be exceeded, leading to reduced effectiveness. In such a situation, excess heat would no longer contribute to the
phase transition but would directly increase the pack temperature, resulting in a less efficient thermal response
and a potential rise beyond safe operational limits. RT27’s narrow melting range makes it particularly effective
in moderate climates or controlled environments where ambient temperatures remain below 27 °C. Compared
to air cooling, which lacks thermal buffering capacity, RT27 provides superior temperature regulation and uni-
formity, as clearly illustrated in Figure 4(a), where minimal thermal deviation is observed between cells. Figure
4(b) complements this analysis by illustrating in real time the evolution of maximum, minimum, and average
temperatures across all cells with PCM RT27. The maximum average cell temperature reaches 27.1 °C, while
the minimum average is 27.04 °C, giving an overall pack average of 27.04 °C. This minimal temperature spread
confirms the excellent thermal uniformity achieved with RT27. The inset in Figure 4(b) highlights a critical
interval between 0.19 h and 0.20 h during which temperature stabilization is clearly observed, further demon-
strating the PCM’s capacity to maintain consistent and balanced thermal performance throughout the discharge
process.

Paraffin wax 50–60 yielded better results compared to air, but less favorable outcomes than RT27:
the maximum temperature of the battery pack reached 36.2 °C when the initial pack temperature was 25 °C.
However, if the starting temperature is 35 °C, its performance surpasses that of RT27, as paraffin wax 58–60
can still absorb heat through a phase change. In terms of heat distribution across the cells, it is similar to that
observed with air, but with a smaller temperature amplitude variation. In this case, as long as the melting
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temperature of the PCM is not reached, its effect remains suboptimal.

(a) (b)

Figure 4. Surface temperature distribution of lithium-ion cells after a 4C discharge with PCM RT27; (a)
temperature distribution for PCM RT27 and (b) real-time variation of maximum, minimum, and average

temperatures across all cells with PCM RT27

Figure 5 presents the thermal performance of the battery pack using paraffin wax 58–60 as PCM after a
4C discharge, a material widely reported in the literature for its higher melting point and delayed phase change
behavior, which makes it more effective in high-temperature environments but less responsive in moderate
conditions. Paraffin wax exhibits the highest melting point, typically ranging from 58 °C to 60 °C, which delays
its phase transition until more significant thermal loads are encountered. This property makes it particularly
suitable for battery systems operating in warmer environments or under high discharge rates. While its thermal
conductivity and latent heat capacity are comparable to those of RT27, paraffin 50–60 offers a substantial
advantage in terms of cost-effectiveness and widespread availability, making it an attractive option for large-
scale thermal management applications.

In Figure 5(a), the surface temperature distribution shows a maximum of 36.1 °C and a minimum of
35.1 °C, reflecting a moderate thermal gradient. This behavior is linked to the fact that paraffin wax 58–60
starts absorbing heat significantly only when approaching its melting range. Figure 5(b) supports this observa-
tion, with a pack average of 35.4 °C and a slight temperature divergence between cell groups during the interval
0.19–0.20 h, highlighting the importance of aligning PCM melting characteristics with the system’s thermal
load and operating conditions. In contrast, RT27, a commercial PCM engineered with a narrow melting range
around 27 °C, delivers superior thermal stability and encapsulation performance, which is particularly bene-
ficial for compact BTMS architectures requiring precise temperature control. Therefore, the choice between
paraffin 50–60 and RT27 should consider not only thermal performance but also economic constraints, scal-
ability, and compatibility with existing battery systems. These findings highlight the need for an integrated
selection approach when designing PCMs for energy storage systems exposed to varying climatic conditions.

Figure 6 presents the thermal performance of the battery pack when cooled with PCM HM030 after
a 4C discharge. According to the results, the maximum temperature of the battery pack reached 29.6 °C,
corresponding to the phase change threshold of the material. At this point, the temperature remains stable
as the latent heat of fusion absorbs the excess thermal energy generated during the discharge. If the PCM
is not entirely melted, the pack temperature does not increase further, indicating effective thermal buffering.
Beyond simply limiting the peak temperature, HM030 ensures uniform heat distribution across all cells, thereby
minimizing temperature gradients that could lead to localized overheating or performance inconsistencies.
This homogeneous thermal behavior plays a critical role in maintaining operational safety, enhancing system
reliability, and extending the overall lifespan of the battery pack. Figure 6(a) confirms this effect, illustrating
a smooth and consistent surface temperature distribution across the entire cell module following the discharge
cycle. Figure 6(b) illustrates, in real time, the maximum, minimum, and average temperatures recorded across
all cells with PCM HM030. In this case, the maximum average cell temperature reaches 29.5 °C, while the
minimum average is 29.4 °C, resulting in a pack average of 29.54 °C. This extremely low thermal gradient
reflects the effective phase change behavior of HM030, which operates optimally within this temperature range,
ensuring uniform heat absorption across the pack. The inset in Figure 6(b) highlights a critical phase between
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0.19 h and 0.20 h, during which the temperature difference between cells remains minimal, demonstrating the
high level of thermal uniformity provided by HM030 under high discharge conditions.

(a) (b)

Figure 5. Surface temperature distribution of lithium-ion cells after a 4C discharge with PCM Paraffin Wax
58–60; (a) temperature distribution for PCM Paraffin Wax 58–60 and (b) real-time variation of maximum,

minimum, and average temperatures across all cells with PCM Paraffin Wax 58–60

(a) (b)

Figure 6. Surface temperature distribution of lithium-ion cells after a 4C discharge with PCM HM030; (a)
temperature distribution for PCM HM030 and (b) real-time variation of maximum, minimum, and average

temperatures across all cells with PCM HM030

This study compares several PCMs with different melting temperatures, with the aim of prioritizing
one over the others according to the external climate. For cold climates, a PCM with a low melting temperature
is selected, as high-load operation can quickly raise cell temperatures; thus, a lower melting point ensures
optimal performance. For hot climates, a PCM with a melting point close to the cell’s stability limit is chosen to
maintain effectiveness under significantly high ambient temperatures. For temperate climates, a PCM offering
a balanced compromise between these two extremes is selected. According to Figure 7, which presents the
variation of pack voltage over time, the voltage is proportional to the pack temperature. Air exhibits a higher
voltage compared to the PCMs evaluated, as the cell temperature is highest in this case. In this discharge
scenario, when air is used as the medium, the total power transmitted is equal to the product of voltage and
current, resulting in W. In contrast, with RT27 as the PCM, the transmitted power is 251.42 W.

Figure 8 shows the maximum temperature measured over the course of a year for various North Amer-
ican cities (Boston, Dallas, New York, and New Orleans), with the different PCM used. The purpose of this
graph is to identify the most suitable PCM for each case, with the objective that the external temperature never
exceeds the melting point of the PCM. This approach allows for the selection of a PCM that is always adapted
to the local climate conditions. In Boston, the maximum temperature measured never exceeds 29 °C in the
shade, making HM030 an appropriate choice. In this case, the PCM will not melt, as the external temperature
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remains below its melting point, while the battery generates enough heat to facilitate its melting. However, for
Dallas, the maximum temperature measured throughout the year exceeds the melting point of both HM030 and
RT27, leading to the melting of the PCM. In this scenario, the most suitable PCM is PARAFFINEWAX 50-60
as its melting point is above 55 °C.

Figure 7. Variation of the pack’s average voltage over time for different PCM materials used

Figure 8. The maximum temperature measured over the course of a year for various North American cities
with the different PCM [33]

The environmental impact and scalability of PCMs such as HM03.0, paraffin wax 50–60, and RT27
are critical considerations for BTMS. Paraffin-based PCMs like RT27 and 50–60 are economically viable and
recyclable; however, their petroleum-based origin raises significant sustainability concerns [34], [35]. HM03.0
demonstrates superior thermal performance, but its formulation with specific chemical additives may reduce
its recyclability [36]. While paraffin PCMs benefit from well-established manufacturing chains that support
large-scale deployment [1], HM03.0 may face limitations in cost-efficiency and raw material availability [37].
Advancing hybrid PCMs that combine favorable thermal characteristics with eco-friendly profiles could im-
prove both the environmental sustainability and scalability of BTMS technologies.
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4. CONCLUSION
This paper presents a comparative study of different thermal conductors used to dissipate heat gener-

ated by various systems. In this case, the system in question is a cell pack consisting of 32 lithium-ion cells,
providing a nominal voltage of 3.3 V per cell at full charge. The pack operates at 24 V, with 8 cells connected
in series and 4 in parallel. The study considers cell discharge at a current of 4C. The materials used are PCMs,
which stabilize temperature through phase transitions at their melting points. These materials are generally
composed, at least partially, of paraffin, a substance widely used in this field. As a baseline, air is used in
place of thermally conductive materials. The results show that, under the discharge current applied, the heat
generated by the cells is insufficient to completely melt the PCMs. Consequently, temperature stabilization oc-
curs only when the melting process begins. If the melting point is not reached, it indicates that the battery has
completed its discharge, as is observed with paraffin wax 58–60. The choice of PCM depends on the ambient
climate: RT27 is ideal when external temperatures rarely exceed 27 °C, whereas paraffin wax 58–60 is better
suited for hotter environments. HM30 offers a compromise between the two. Therefore, as long as ambient
temperature does not cause premature PCM melting, the material can effectively help limit battery temperature
and ensure protection.

The approach proposed in this study takes into account not only the physical properties of the selected
PCM but also the specific external climatic conditions the material is expected to face. The primary objective
is to ensure that PCM melting is triggered solely by internal heat generation within the battery pack during
operation, and not by ambient temperature.

To this end, a high discharge current of 4C is employed, representing a typical upper operational
limit, in order to evaluate the thermal endurance of the battery system. However, future work could inves-
tigate more realistic load profiles, such as those encountered in photovoltaic energy storage systems, where
charge–discharge cycles involve lower but fluctuating current levels.

Moreover, integrating advanced numerical models with experimental validation would greatly im-
prove the precision of PCM selection for specific battery configurations and real-world applications. While this
study offers valuable insights into the climate-dependent thermal performance of PCMs, it remains limited by
the scope and duration of the simulations, which do not fully capture all transient thermal phenomena.
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