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ABSTRACT

Battery thermal management system (BTMS) plays an imperative role in keeping the temperature ofbatteries in
electric vehicles below 35°C to avoid power degradation and thermal runaway. The BTMS using phase change
material (PCM) has advantages over other cooling techniques. It provides more cooling capacity than air cooling,
more compact and less expensive than liquid cooling, more battery surface contact than heat pipes and
temperature uniformity during phase change of PCM. However, it has disadvantage of low thermal conductivity.
Many studies recommended the addition of fins and additives to increase heat transfer in PCM but generate the
need to design a PCM BTMS for whole battery pack while considering these improvementswhich is the sole
purpose of this study. The simulation of battery pack of 25 Samsung INR18650 lithium-ion cells under full
discharging at 3C rate is conducted which shows temperature decreases from55°C to 36°C using commercially
available paraffin PCM with 0.2 W/mK thermal conductivity.Circular fins are the most appropriate fins in battery
pack and decrease the temperature to 35°C. Using PCM with expanded graphite additive decreases temperature
to 33°C. It shows thatthermal conductivity enhanced by additives has more effect on PCM performance than fins
andeffect of increasing thermal conductivity on decreasing maximum temperature reduces exponentially.

Keywords: Battery thermal management system, lithium ion-batteries, phase change materials, electric vehicles.

INTRODUCTION

The world's growing population and increasing standard of living, there is a growth in global energy demand.
Energy consumption is rising along with technological advancement, and fossil fuels accounts for over 80% of
energy [1]. Energy derived from fossil fuels has several downsides. The burning of fossil fuels results in global
warming that, in turn, causes a worldwide climate disaster. As a result, it contributes to air pollution, which has
been shown to have harmful effects on human health and reduce the quality of life. This long-utilized energy
source has several negative side effects, including the fact that it is becoming increasingly polluted and so losing
its usefulness, prompting a focus on cleaner, more sustainable options. Renewable energy sources are viable
options because they are non-depletable and harmless to the environment. The primary goal should be to lessen
reliance on fossil fuels and more heavily incorporate renewables into the overall energy mix.

Vehicles powered by internal combustion engines are the primary source of pollution caused by burning fossil
fuels. Internal combustion engine vehicles are losing popularity to electric and hybrid electric vehicles due to
fossil fuel depletion, energy problems, and climate change. Batteries are the energy source for electric vehicles,
while a combination of petrol and batteries powers hybrid electric vehicles. There is a wide variety of batteries
on the market, each with its capacity, lifespan, and price tag. Batteries for electric vehicles are chosen based on
their power and energy densities. Because of their high specific energy and specific power, lithium-ion batteries
have found widespread application. [2]

Continuous charging and discharging of battery pack in electric vehicles produces a great deal of heat. The
batteries are harmed by the extreme heat that results. Batteries' efficiency and lifespan are both diminished, and
new safety concerns are introduced. A battery thermal management system (BTMS) is utilized to lower and
regulate battery temperatures. In other words, BTMS makes batteries more effective and trustworthy. There are
three primary BTMS types. BTMS might be passive, active or hybrid. Using active cooling, like forced air or
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liquid cooling, is a part of active BTMS. In passive BTMS, heat pipes or phase change material PCM are used
to control temperature. Hybrid BTMS include those that combine PCM with air, liquid or heat pipe. The latent
heat is absorbed by the phase change material PCM. Large sensible and latent heat, a high k value, low density,
cost-effectiveness, non-reactant with the anode, cathode, and electrolyte of battery, thermal stability, and
availability are all hallmarks of a high-quality PCM. [3]

Internal combustion engine vehicles contribute to air pollution and global warming. Three-quarters of the
pollution caused by transportation comes from public transportation. Most of this comes from cars and buses,
which account for 45.1% of it. Three-quarters of the pollution caused by transportation comes from public
transportation. Most of this comes from cars and buses, which account for 45.1% of it. Cargo trucks account for
the remaining 29.4% [4]. The development of EVs and HEVs has become a critical concern for the future due
to the depletion of the world's oil reserves along with efforts to reduce carbon dioxide. Due to increased
environmental awareness and the utilization of sustainable energy sources to combat global warming, the electric
car market share is rising. The life cycle reports demonstrate that internal combustion engine vehicles have
negative impacts on the environment and human health in particular. Increased use of EVs may also reduce air
pollution, noise pollution, and pollutant intensities, ultimately improving the local air quality. Fuel costs and
environmental effects for operating EVs, HEVs (Hybrid Electric Vehicles), and PHEVs (Plug-In Hybrid Electric
Vehicles) are significantly lower than for internal combustion engine vehicles. The electric vehicles (EVs)
development is regarded a vital element in the battle against global warming and the reduction of vehicular
pollution. Electric vehicles obtain their power from batteries. The market of EVs and HEVSs is increasing at a
high rate. Based on the forecast, these their market will be 46.2% in 2020 and 60.2% in 2030 [5]. New electric
vehicles (NEVs) market prediction trend is represented in Fig. 1 which predicts the dominance of EVs and HEVs
in the future.
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Figure 1 Market occupancy prediction [5]

The battery provides energy to the induction motor, which drives the gearbox and then the wheels of the EV.
Significant breakthroughs such as the improvements in battery system may be made in in electric vehicles. The
gravimetric energy density (the available energy per unit mass of a substance) is the most significant factor when
choosing batteries [6]. Lithium-ion batteries (LIBs), which offer a high energy density, a low self-discharge rate,
a long cycle life, and no memory effect, have replaced conventional batteries as the go-to power source for
NEVs. Li-ion batteries not only have a remarkable energy density, but also a superior power density in
comparison to other rechargeable batteries [7]. China is currently the largest EV market in the world, and by
2030, it is predicted that China's demand for LIBs for EVs will reach 740 GWh [8]. Ragone plot indicates that
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Lithium-ion batteries possess high specific energy as well as high specific power as compared to other batteries
Fig 2 [7]. Lithium-ion batteries are commonly used in EVs as energy sources. The performance and durability
of the batteries used in electric vehicles are crucial components for ensuring buyer confidence.
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Figure 2 Ragone plot for different batteries [7]

Generally, there are two types of Li-ion battery models: empirical models and electrochemical models. These
models are used to find the State of Health (SOH) and State of Charge (SOC) of battery. The empirical models
depend on the experimental history of the battery [7]. Empirical models' key benefits are they are quick and
straightforward in terms of computation. They do, however, have some drawbacks. For instance, it is impossible
to identify the physics-based parameters. A battery's properties are never updated as it gets older, hence the
empirical model of one battery type cannot be used for another. As a result, after a given charge/discharge cycle,
battery management systems using empirical models do not function effectively which necessitates the use of
sophisticated electrochemical models [7].

In EVs and HEVSs, battery charging and discharging generate a lot of heat. The power packs must release heat
rapidly to the surrounding environment to avoid overheating (caused by heat created inside the cells). The
temperature has impact on different parameters of battery. It not only affects the charge and discharge efficiency,
energy capacity and power output of batteries but also have an impact on lifespan and safety of batteries [9]. The
heat produced by the charging and discharging processes causes the battery pack temperature to rise. Depending
on the charge/discharge rate (C-rate), different amounts of heat are produced As a result, the battery's capacity
declines, its state of charge (SOC) drops, it ages, it breaks, it explodes, and it may even catch fire. Because Li-
ion batteries' performance, lifespan, and safety are reliant on temperature, the highest temperature of the battery
(Tmax) and the highest temperature difference between the cells (ATmax) are considered [10]. The required
maximum temperature and its differential of lithium-ion batteries for an effective BTMS is within 15°C to 35°C
and 5°C respectively [10].

The battery system needs thermal control to prevent thermal runaways and maintain performance. The battery
can avoid capacity loss and lifespan reduction by being maintained within a specific temperature range. A
substantial amount of heat is produced as the batteries are rigorously charged and discharged. Consequently, a
capable BTMS is required to control an EV battery's working environment.

Calculation of internal heat generation in batteries is a complex concept because it depends on the state of charge,
current, internal resistance, initial temperature, and C-rate. Calculation of heat generation can be performed
through various methods. While neglecting reversible heat generation only, Irreversible heat generation
calculations are widely used to avoid complexity [11]. Temperature variation in a cell can create a local hot site.
Such heated spots would induce internal short circuits, which, under some severe situations, may cause a fire or
an explosion. Additionally, changes in internal cell temperature would affect chemical reaction rates, which

Page 356 . .
www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (1JRIAS)
ISSN No. 2454-6194 | DOI: 10.51584/1JRIAS |[Volume X Issue VI June 2025

3, 5
4 RSIS ~

would become more prominent with an increase in the number of cycles [12]. A battery pack consists of several
cell connected in parallel or series in order to meet varying voltage and power requirements. Temperature
changes have a considerable impact on battery packs performance. Maintaining a suitable temperature range is
essential for avoiding power degradation and thermal runaway. The excessive heat causes the thermal runaway
which further increases the heat and becomes a fire hazard. When an internal cell dies, its energy quickly travels
to nearby cells, interrupting the power available for discharging and charging [6]. In order to resolve all these
disadvantages and hazards of high temperature, a competent battery thermal management system (BTMS) is
required to govern the working environment of an EV battery.

Comparison of BTMSs

Several battery BTMSs have been developed which includes air, liquid, heat pipe (HP), and PCM based BTMSs
[13]. The air-based BTMS is the first kind of BTMS; it is also the simplest to implement, the lightest in weight,
and the least expensive both to purchase and maintain which is installed in EVs such as Nissan Leaf, Mitsubishi
I-MIEV and Audi Q5 [14]. Low cooling efficiency and capacity are its main drawbacks. This means that modern
high power electric vehicles which generates a lot of heat cannot be cooled by BTMSs that rely on air [15].
BTMS with liquid cooling offers greater efficiency of cooling as well as higher cooling capacity than air-based
BTMS [16], so it is installed in new EVs such as Tesla Model S, BMW i3 and i8, Chevrolet Volt, and Audi Q7.
Liquid-based BTMS has the drawback of leaks and requires additional pipes and pumps, which raises the
system’'s overall size, complexity, and expense [17]. These active cooling BTMS also cause an uneven
distribution of temperatures across the battery pack when the discharge rate is high. Due to these issues, research
into passive cooling BTMs using heat pipes and phase change materials has been a priority (PCM). While heat
pipes' high thermal conductivity helps speed up heat transfer at high discharge rates, good surface contact
between battery cells and the pipes is crucial to their effectiveness as a BTMS.

PCM-based BTMS, on the other hand, can cool batteries more effectively than air-based BTMS. It is more
compact than liquid-based BTMS, and may be used with batteries of a larger variety of geometries than heat
pipes [18]. Additionally, it offers benefits including reduced energy usage, low price, and great temperature
consistency [19], [20].

Nevertheless, there are two limitations of PCM-BTMS [21]. One is the low heat transfer rate Q in pure PCM,
such as paraffin, due to its very low thermal conductivity. Having a low Q means that PCMs will not absorb heat
from the battery as quickly, which will cause Thattery to rise more quickly [22]. The second one is the limited
latent heat Hpcm that can be absorbed by PCM [23]. The PCM control temperature while it is melting. Limited
Hrcm will cause the PCM to melt completely after absorbing specific amount of heat which in turn do not control
the temperature anymore [22]. The risk of thermal runaway is increased because molten PCM acts as thermal
insulation between the batteries and the heat sink. Solutions for these issues include increasing the PCM's heat
transfer rate Q and coupling the PCM with other cooling technologies to recover Hpcm.

Heat transfer enhancement

The rate of heat transfer (Q) between the battery and the PCM, which is in direct contact with the battery, is
described by the equation:

Q = hA(Tbattery - Tpcm) (1)

Where & is the heat transfer coefficient, A is the surface area between the battery and PCM, Tpatcery iS the battery
temperature and Tpem is the PCM temperature. According to Eq. (1), Q can be improved by increasing # and A
or decreasing Tpcm. Decreasing Tpem Would be impractical as the temperature of PCM should be enough for it to
melt and take advantage of latent heat and temperature uniformity. Since the contact and battery side thermal
resistance are so much smaller in comparison to the PCM side thermal resistance, h is the reciprocal of the total
thermal resistance, which is the sum of the PCM side thermal resistance, the battery side thermal resistance, and
the contact thermal resistance. Thus, lowering the PCM side's thermal resistance, achieved by increasing the
PCM's thermal conductivity, will raise h and thus raise Q. Multiple fin arrangements are used to achieve the
same goal (an increase in A).
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Increasing Heat transfer coefficient

The thermal conductivity of PCM can be increased by adding metal meshes, porous media, and Nano-material
additives in PCM. Metal meshes are usually of aluminum and copper. Porous media include nickel foam, copper
foam, aluminum foam, and expanded graphite. Nano-material additives include graphene and carbon nanotubes.

Wang et al. [24] added aluminum foam which increased the PCM thermal conductivity by 218 times. It resulted
in the maximum rise in temperature decreased by 20% compared to pure paraffin under a 2C discharge rate.
Further study by Alipanah and Li. [25] showed that thermal conductivity rises when the porosity of aluminum
foam in PCM decreases. Reducing the porosity of aluminum foam from 0.97 to 0.88 raised its thermal
conductivity from 6 to 25 W/(mK). The temperature between batteries was negligible by adding aluminum foam.

Hussain et al. [26] used the nickel foam in paraffin which increased its thermal conductivity by 4.8 times
compared to pure paraffin PCM. Hussain et al. [27] then used the graphene-coated nickel foam to further increase
thermal conductivity which was 22 times as compared to only nickel foam. It resulted in the rise temperature of
the battery being 17% lower than paraffin with nickel foam.

PCM with paraffin-filled copper foam was investigated by Mehrabi-Kermani et al. [28]. Thermal conductivity
was increased by more than 40 times. He et al. [29] added expanded graphite in copper foam which further
increased thermal conductivity by an increment of 7 times.

PCMs with copper micro fibrous were studied by Zhu et al. [30]. It was found that Copper micro fibrous increases
the thermal conductivity by approximately 275 times. This large enhancement resulted in the battery maximum
temperature always being maintained below 48 °C, which is much less than the threshold temperature of 60 °C,
even when the discharge rate is as high as 15C. The expanded graphite was used by Jiang et al. [31]. Thermal
conductivity is increased by 69 times for 30% mass fraction of expanded graphite. Increasing mass fraction
linearly increases thermal conductivity however it also decreases the latent heat of PCM. However, LPCM
decreased simultaneously. Consequently, a mass fraction of 9—-20 wt. % expanded graphite is recommended for
optimum thermal management performance.

Azizi and Sadrameli [32] investigated the performance of PCM-BTMSs with aluminum mesh.

The increased thermal conductivity increases battery temperature distribution uniformity, while 1C and 3C
discharge rates lower maximum battery temperature by 19% and 26%, respectively. Situ et al. [33] compared
the performance of single and double copper mesh with expanded graphite. Thermal conductivity for double
copper mesh was 11.2 times which was higher than 8 times for expanded graphite and 9.4 times for single copper
mesh.

Karimi et al. [34] used copper nanotubes and found the enhancement of thermal conductivity by only 2.5 times.
It can be increased by using graphene and expanded graphite with copper nanotubes to increase thermal
conductivity by 12.4 times as proposed by Zou et al. [35].

In summary, copper micro fibrous provides the maximum thermal conductivity enhancement of 275 times to
PCM. In porous additives, the aluminum foam has the greatest thermal conductivity improvement, which is more
than 166 times [36]. Then comes the copper foam and then nickel foam of only 4.8 times. Expanded graphite is
also widely being used having enhancement ranging from 3.3 [37] to 69 times depending upon mass fraction.
The enhancement offered by nanomaterial additives are significantly lower than porous foams.

Increasing heat transfer area

Ping et al. [38] studied the performance of PCM-fin BTMS and then compared it with pure PCM and PCM with
expanded graphite. Even at 3C discharge rate, the use of longitudinal fins incorporated in PCM may control the
maximum battery temperature below 51°C. The comparison, based on maximum battery temperature against
time, is presented in Fig. 1. Fins not only increase the heat conduction but, unlike expanded graphite-filled PCM,
also improve natural convection so they have better performance.
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Figure 3 Graph of maximum battery surface temperature with time for BTMSs with PCM-fin structure, expanded
graphite-filled PCM, and pure PCM [38].

Wang et al. [39] analyzed how 8 fins in a PCM framework may boost heat transmission by 170%.

The results showed that even at a discharge rate of 5C, the battery temperature could be kept below 50 degrees
Celsius. Sun et al. [40] proposed a design for a PCM-fin structure, which can be seen in Fig. 2, and claimed that
it would increase the area by linking all of the fins with cylinder rings. Because of the performance improvement,
the temperature of the battery can be managed, even when it is being discharged at a rapid rate, Zheng et al. [41]
analyzed the effect of fin parameters and suggested 8 aluminum alloy fins with the length of 7.5 mm and 0.5
mm thickness for optimal performance. When comparing the PCM-fin structure to pure PCM, 60% increase in
duration time for effective operation of battery was found.

«~ Housing

-~ PCM

X Fin

“ Ring
Figure 4 Schematic of cylindrical rings within PCM with fins [40]

Weng et al. [42] proposed different fin configurations namely X-shaped, Y-shaped, and V-shaped fins as shown
in fig. 3 and then compared their performance with rectangular fins. The maximum battery temperature in case
of pure PCM without fins was found to be 52 °C while for rectangular fins it was 50°C. For V-shaped fins, it
was 48.5°C and for the fins shaped in Y, it was 47.0°C.

Finally, the fins shaped in X structure had maximum battery temperature of 46.9°C. It showed that the fins of X
shape provided better thermal management performance compared to others. It is because X-shaped fins provide
more heat transfer area.
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Figure 5 Fins configuration presented by Weng et al. [42]
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Choudhari et al. [43] studied fin shape, fin number, PCM thickness, and convective coefficient at PCM housing
and analyzed their effect on discharge rates. Specifically, it was suggested that a battery module be optimized
with I-shaped fins, convective coefficient of 15 W/(m2 K), fin number of 4, and PCM thickness of 26 mm. At a
discharge rate of 3C, the results showed that the use of fins decreased the batteries maximum temperature by 6.4
K and the temperature difference by 1.58 K. As a result, it was determined that fin form has a minimal impact
on battery temperature.

OO0 N

Rectangular fins  Trapezoidal fins  Triangularfins  I-shape fins T-shape fins
Figure 6 Different fin shapes studied by Choudhari et al. [43].
Coupled PCM-BTMS

PCM is coupled with air cooling, liquid cooling, heat pipe (HP) cooling, or thermoelectric (TE) cooling to
recover the thermal storage or latent heat capacity Hpcm. Other cooling methods include air cooling. These
coupling strategies were reviewed by Shen et al. [5] and shown in fig. 5.
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Figure 7 Coupled BTMSs having PCM with: (a) forced air cooling, (b) liquid cooling, (c) heat pipe cooling and
(d) thermoelectric cooling [5]

Maximum temperatures of 46 °C was measured with ambient temperature of 34 °C and discharge rate of 2 C
and an while testing the effectiveness of forced air conditioning paired BTMSs [5]. PCM and air coupled BTMS
has numerous advantages namely low weight, cost, and maintainability, but it requires improvement in their
thermal performance at high temperatures under large discharge rates [44].

Thermoelectric coolers (TECs) are solid-state devices that use the principle of thermoelectric effects in
semiconductors to cool down the surrounding air. To keep PCM within an acceptable temperature range, TEC
can either cool it or heat it, depending on the surrounding temperature. Despite their potential, TECs have a
limited scope of use because of their low efficiency and short lifespan [44].

Considering the importance of surface contact on the effectiveness of the heat pipe, the design of BTMSs with
PCM and heat pipe was presented as shown in fig. 5 (c) [5]. The PCMs' evaporator sections were installed
vertically within the PCMs, while the condenser sections were located externally and cooled using air or liquid.
Experiments showed that at a discharge rate of 5C and 3 m/s air velocity over the condenser portion, batteries
maximum temperature stayed below 50°C, extending their effective operating time by 10% compared to when
they were not equipped with heat pipes. While the addition of a heat pipe with a very high heat transfer rate can
help avoid PCM overheating, this passive HP-linked PCM-BTMS may not be enough for some applications,
especially those with extremely high discharge rate demands [44]. In coupled PCM-liquid BTMS, liquid-cooled
tubes and cold plates are used in PCM to exchange the heat from PCM to flowing liquid in mini channels as
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represented in fig. 5 (b) [5]. A PCM and liquid coupled cooling system appears to be an efficient option, as the
PCM keeps the battery within its optimal operating temperature range and the liquid cooling, with its high
cooling capacity, efficiently recovers the PCM latent heat. One parameter that allows efficient and economical
temperature regulation across an entire PCM is its latent heat. Achieving the same level of performance with a
BTMS that relies solely on liquid cooling could be more expensive and time-consuming to design [44].

Battery thermal modeling

Battery thermal models are classified into three types which vary according to the amount of knowledge
necessary to explain the model. These are white, grey, or black-box model as described by W. Allafi et al. [45].
Experimentally determined characteristics and physical attributes of the system are used to build the white-box
model. Electrochemical-thermal models of one, two, or three dimensions are examples of white-box thermal
models. In contrast, the black-box model requires small knowledge about the physical principles governing the
battery. The practical importance of model parameters, such as thermal capacity and conductivity, is lost in this
model.

The grey-box model incorporates the lumped-parameter (LP) model.
Lumped thermal model

Lumped model is fast and can be implemented easily so it is considered the most efficient model for thermal
management. It is derived through physical knowledge of the system and model parameters estimated from test
data. This model shows extremely close agreement with experiments at Biot numbers less than one, and its sole
downside is the departure from experimental findings at large discharge rates [46]. In the lumped thermal model,
we present the battery as a single node with equivalent physical properties so it ignores batteries temperature
distribution which becomes the problem at high-temperature gradients. More complicated 2D or 3D
electrochemical thermal models are used in this case.

W. Allafi et al. [45] offered a description of a simple heat transfer model with lumped parameters.
For a battery, the balance of heat addition and release satisfying energy conservation is stated as:
(dT(e)ldt) = Qge(t) — Quoss(t)  (2)

Which gives the solution for cell temperature, with time. Here, Q4(t) is the rate of battery heat generation and ¢
= pCyp represent the thermal capacity of battery. Cj is the specific heat of battery and p is the cell density. Qi (t)
represents the heat loss from battery to the surrounding environment. It has two parts namely convective and
radiative heat loss. The convective heat loss is described as:

(t) = hA(T(t) — Tamn(t) (3)

Where h is the convective heat transfer coefficient, Tq(t) represent ambient temperature and A is the area. Using
Stefan-Boltzmann law, the radiative heat transfer is represented as:

(t) = GA(T*(t) = Tamp" )(t) (4)
Where ¢ and o are the emissivity and Stefan—Boltzmann constant respectively.
Two or three-dimensional Electrochemical-thermal models

These models have excellent agreement with experiments and provide significant information for analyzing the
batteries but they are time-consuming, complex, and require high computational costs [46]. These models
consider the temperature distribution and temperature gradients in cells and their effects at high discharge rates
[46].
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Heat generation modeling

Heat generated by the battery Qgen is required in equation (2) for complete thermal modeling of the battery.
Undercharging/discharging operation of lithium-ion batteries, there are 4 sources of heat generation: resistive or
joule heating (irreversible term), the entropy of cell reaction (reversible term), heat of mixing, and side reactions
[45]. There are 3 heat generation models depending upon the heat sources they consider. These are Maximum
constant power, Reversible and irreversible term, and Electrochemistry heat generation models.

Maximum constant power

The most basic model assumes that the rate of heat generation from the battery remains constant at any given
discharge rate; moreover, this rate is assumed to be at its highest possible value for this model. The only place
where it can be used is in the analysis of cooling systems, where its conservative approach to cooling design and
subsequent overdesign of cooling systems proves to be quite helpful [46]. The constant heat generation rate is
usually found from experiments and given in literature at different discharge rates.

Reversible and irreversible term

This heat generation model considers the irreversible resistive or ohmic term and reversible entropy term of heat
generation. This model's compatibility with lumped thermal model and the electrochemical-thermal model
makes it popular among scientists. This model is straightforward, quick, and provide agreement with the
experiment for low and average discharge rates, but it deviates at high discharge rates since it does not account
for all battery phenomena [46]. The equation for heat generation per unit volume of battery qg4en is developed by
Bernardi et al. as:

qgen= V_batl((EOCV— V) —Td EdTOCV) (5)

Where irreversible heat is represented by first term and reversible heat by second term. Eocv is open circuit
voltage, | is current and V is voltage across battery terminals. Eocy is a function of the state of charge. Viya:
represents the volume of the battery while T is the temperature of the battery [45].

Electrochemistry model (P2D)

Electrochemistry models consider the electrochemistry of batteries and thus provide a more precise estimate of
heat production, which is required for constructing an effective cooling system. Pseudo-two-dimensional P2D
and single-particle model are the two most common dimensional electrochemical models. The P2D model relies
on the porous electrode theory, the kinetics equations, and the concentrated solution theory [7]. The results of
this model are validated against experiments from low to high discharge rates and the disadvantage of the P2D
model is complex and time consumption [46].

The single particle model SPM is a simplification of Pseudo-two-dimensional model P2D to decrease its lengthy
calculation times. Transport phenomena are simplified and the electrolyte is disregarded in SPM. However,
temperature circumstances' impacts on the performance of batteries are considered [7].

Research Gap

Many researchers have studied and compared the performance of different kinds of PCM-BTMS. As described
earlier, they have studied the improvements in PCM by adding meshes, porous media, and other Nano-material
additives. Some of them have investigated the impact of adding fins on BTMS performance. while many of them
have studied the coupling of different cooling methods with PCM. What we have found missing, or a research
gap, is the use of the improvements of PCM material additives, fins, and couplings together in a single coupled
PCM-BTMS. The reason for this is that they studied these improvements in very great detail which leaves no
room to incorporate other improvements. On the other hand, we use the results of their studies on different
improvements together in our design.
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MATERIALS AND METHODS
Physical Model, Governing Equations and Boundary Conditions

The schematic of physical model is shown in Fig. 8. The batteries indicated with red are enclosed inside the
PCM block with height H of 65 mm and width W and length L of 134 mm. The battery model is 18650 with
dimensions of 18 mm diameter and 65 mm height. The detailed description of battery used in our analysis is
shown in Table 1. The PCM used is the commercially available organic paraffin PCM with properties described
with detail in Table 2.

Figure 8 PCM model dimensions

Table 1: Properties of battery used [10]

Property Unit Value/Specification

Chemical abbreviation - NMC

Cathode material - LiNiMnCoO2

Anode material - Carbon

Density p Kg/m3 2775

Specific heat Cp J/kgK 880

Thermal conductivity KW/mK Axial=30 [c-p] Radial=0.8

Internal resistance Ri mQ 20

Diameter D mm 18

Height H mm 65

Nominal Capacity mAh 3000

Maximum voltage \ 4.2

Nominal voltage \ 3.6

Table 2: Properties of commercially available paraffin PCM

Producer Plus Advanced Technologies
Model OM32

Type Organic PCM
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Phase transition temperature ('C) 30-33
Density (kg/m3) 926
Specific Heat (kJ/kg K) 3.21
Latent heat (kJ/kg) 187
Thermal conductivity (W/mK) 0.219

The batteries will act as the continuous heat source and PCM will act as heat sink as shown in Fig. 9. The battery
will generate heat at the rate of P = 1 04017 W/m”2 at 9 Ampere current and 3 Coulomb discharge rate. The
three-dimensional (3D) heat transfer analysis is considered involving conduction of heat between batteries and
PCM. The PCM walls are considered insulated.

The above-mentioned physical model is described by governing equation of three dimensional (3D) heat transfer

equation:

§ or & o6r & OT 6T

6x (k 8x) + 8y (k 6) + 0z (k 6z) + qv = P 6t

Where k is the thermal conductivity already known. g is the rate of heat generation per unit volume, ,is specific
heat capacity and p is the density.

Inciilatad

Insulate

Inciilated

Figure 9 Battery as heat source

For this static system with no displacement in any direction i.e. u, v, w = zero, the momentum equation and
continuity equation are not the governing equations. The boundary conditions for above heat transfer equation

are:

1) Adiabatic boundary condition at left and right PCM wall

ST pcu W —-w
=0 at x=_ ____,
ox 2 2

2) Adiabatic boundary condition at front and back PCM wall
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Heat generation boundary condition
qv,battery = P

Where P = 104017 W/m”2, given in literature [10].

_Circular fins

Rectangular fins

Figure 10 PCM model with Circular fins and Rectangular fins

The models with rectangular and circular fins and one another model having additives inside the PCM follow
the same energy equation of heat transfer. The fins used are made up of aluminum while the additive is expanded

graphite.
Analysis Procedure and Characteristics

The analysis procedure for this study involved examining five distinct cases, as presented in Fig. 11. In the first
case, batteries maximum temperature was determined without any cooling mechanisms, serving as a baseline
for comparison. The second case involved incorporating paraffin PCM to gauge its impact on the system's
temperature. The third case entailed the insertion of various types of fins to enhance the model's performance.
In the fourth case, additives like expanded graphite were introduced to compare their effectiveness with fins.
Table 4 showcases the properties of PCM with expanded graphite. Lastly, the fifth and final case integrated both
fins and additives, with their collective performance evaluated. All these cases are simulated under discharge

rate of 3C for 1200 seconds.

PCM+ additive + fins ]

PCM + additive ]

PCM + fins

Paraffin PCM

Model Complexity

No cooling

Figure 11 Cases Simulated
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The anisotropic thermal conductivity of cylindrical battery is used in order to better represent the battery. Due
to different structure in different directions, the radial thermal conductivity, perpendicular to the layers of sheets
in battery, is very small compared to the tangential or axial thermal conductivity which is along the layers.

Table 3: Properties of PCM with expanded graphite [44]

Phase transition temperature ('C) | 30-33

Density (kg/m3) 870
Specific Heat (kJ/kg K) 2.412
Latent heat (kJ/kg) 119.24

Thermal conductivity (W/mK) 5.023

Due to the complexity and time-consuming nature of simulating the phase change material with all the fins
inserted into the model, a simplified approach was implemented. Specifically, a quarter of the geometry was
analyzed with symmetry applied to the inner two faces. This not only simplified the analysis but also enabled us
to visualize the temperature distribution within the middle cross-section of the model.

One of the key boundary conditions in solving the energy equation is about battery’s heat generating rate. To
ensure simplicity in our analysis, a constant heat generation rate was utilized, with values per unit volume of the
battery determined from literature [10] and presented for different values of discharge rate C in Table 3.

To ensure that our model correctly simulate the heat generation, the heat generation rate at a specific discharge
rate is used from this table and then batteries are simulated without any phase change material. The resulting
temperature of batteries is compared with experimental results from another literature source and the error is
found.

Table 4: Rate of heat generation at different discharge rates by [10]

Parameter Values

Discharge rate (C-rate) 1 2 3 4 5
Battery Current (A) 3 6 9 12 15
Rate of heat generation (W/m3) 12907 47579 | 104017 | 182220 | 282189

Numerical Method and Mesh

Numerical simulations of fluid dynamics were conducted using the commercial software FLUENT 21.0. The
computational domain was discretized using a second order scheme, and the resulting equations were solved
using the finite volume method. To determine the corrected pressure and velocity components, the widely-used
SIMPLE algorithm was employed. The convergence of the solutions was assessed by ensuring that all calculated
parameter residuals were less than 10”-6. The under-relaxation factors for the continuity, momentum, and energy
equations were set to 0.3, 0.7, and 1.0, respectively. In FLUENT, ‘Solidification and Melting’ module is used
along with energy equation for the effective simulation of phase change material (PCM) temperature, phase
transition and liquid fraction. ‘Solidification and Melting’ module require phase change temperature along with
other PCM properties provided in Table 2 and Table 4.

In order to generate accurate results for all the models being analyzed, a consistent meshing method was utilized.
Specifically, the Sweep method with Quad/Tri mesh type and program-controlled algorithm was used throughout
the simulations. Additionally, Sweep was applied specifically to improve the mesh for the battery's circular
geometry. The edges were also sized with 20 divisions to ensure proper resolution. The resulting mesh quality
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was evaluated, and it was found that the minimum average mesh quality for circular fins was 0.82, as illustrated
in Fig. 12.
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Figure 12 Mesh shown at inner cross section in case of circular fins
RESULTS AND DISCUSSIONS

In this chapter, we present the simulation results for different cases of battery cooling using various methods.
Before discussing the results, we first validated our model's accuracy in simulating heat generation by comparing
the simulated results without any cooling mechanism to experimental data from literature. The validation was
done using a specific discharge rate, and the heat generation rate was obtained from literature. The resulting
temperature of the batteries was compared with the experimental data, and the error was calculated. Once the
model's accuracy was validated, we proceeded to study the effect of different cooling methods on battery
temperature. We first examined the batteries’ maximum temperature without any cooling mechanism as a
baseline for comparison. Then, we analyzed the impact of incorporating a phase change material (PCM) and
different types of fins and additives. Lastly, we evaluated the collective performance of both fins and additives
when integrated. The simulation results and their analysis are presented in the following sections.

Heat Generation Validation

The accuracy of the model in simulating heat generation was validated by comparing the maximum temperature
of batteries without any cooling mechanism, obtained from the simulation, with experimental results from
literature. The simulation was done using a constant heat generation rate per unit volume of the battery, which
was determined from literature. The validation was performed at a specific discharge rate, and the results are
presented in Fig. 14. The graph shows the change in batteries maximum temperature with time, and both the
CFD results from this study and the experimental results from literature are plotted on the same graph. The
maximum error between the simulation and experimental results was found to be 5%, indicating good agreement
between the two. The validation graph demonstrates that the model accurately simulates the heat generation of
the batteries and can be used to investigate the effects of different cooling methods on the battery temperature.

—m— CFD (This Study) Temperature
—@&— Experimental (Literature) Temperature
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Figure 13 Heat generation validation at 3C discharge rate
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Comparison of Maximum temperature

The maximum temperature for all the cases under discharge with 3C rate for 1200 seconds is shown in Table 5.
The Fig. 14 presents the maximum temperature of the batteries over time for all six cases studied. The y-axis
represents batteries maximum temperature in degrees Celsius, while the x-axis represents time in seconds. The
graph shows that the maximum temperature of the batteries without any cooling mechanism (case a) rises rapidly
and reaches its peak value of 55 degrees Celsius within few minutes. In contrast, the use of cooling methods
such as PCM, along with fins and additives, causes the maximum temperature to rise gradually, with the peak
value being significantly lower than that of the 'No cooling' case. The graph also shows that the combination of
additives and circular fins (case f) yields the lowest maximum temperature among all the cases studied. This
maximum temperature graph provides a clear visualization of the effectiveness of different cooling techniques
in reducing the maximum temperature of the batteries.

60

No cooling

PCM

—— PCM+Additive

55 Rectangular fins+PCM
Circular fins+PCM

------- Max Temp. limit

——— PCM+Additive+Circular fins

Max. Temperature (C)
w » N (6}
(4] (o] (&)} o
1 1 | 1

w
o
1

25

T T T T T
(o] 200 400 600 800 1000
Time (Sec)

Figure 14 Rise of maximum temperature with time for different cases studied

Table 5 Maximum temperature after 1200s under 3C discharge rate for different cases

Case Configuration Max Temperature (°C)
a No cooling 55

b Paraffin PCM 36

c PCM + Rectangular fins ~36

d PCM + Circular fins 35

e PCM + Additive 33

f PCM + Additive + Circular fins 32

Temperature Distributions

Fig. 15 compares the temperature distributions of different cases on a common scale of temperature ranging from
27 to 35 degrees centigrade. The graph provides a clear visualization of the temperature distribution of each case
and how it compares to the maximum allowable temperature for optimum battery performance and lifespan. The
different cases are represented by different colors, making it easy to compare their temperature distributions. By
analyzing the graph, it is apparent that the cases with additives and/or fins showed a considerable decrease in
the temperature of batteries. The case with PCM, additives and circular fins (Case f) shows the lowest
temperature distribution, indicating that the combined use of additives and circular fins is the most effective
cooling method among all the cases. The graph provides crucial insights into the performance of different cooling
mechanisms in managing the temperature of batteries, enabling us to identify the most effective approach.
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Figure 15 Comparison of temperature distribution for all cases on a common temperature scale
PCM Temperature and Liquid fraction

Fig. 17 shows the temperature rise with time of the phase change material for the case of PCM with additive,
which is the case with the maximum temperature inside the optimum range. The graph presents a clear
visualization of how the temperature of PCM varies over time. The temperature remains almost constant after
reaching the phase change temperature during the phase transition of PCM, indicating that the PCM is effectively
absorbing the excess heat generated by the batteries. On the other hand, Fig. 18 indicates the liquid fraction
distribution of PCM, showing that the liquid fraction is less than 1 and close to 0.5. This means that the PCM
does not melt completely and instead undergoes a partial phase change, indicating the effectiveness of the PCM
in absorbing the heat generated by the batteries while maintaining a stable temperature range.

Together, Fig. 16 and 17 provide valuable insights into the effectiveness of PCM with additives in managing the
temperature of batteries, making it an optimal cooling mechanism for battery systems.

|—— PCM Temperature|
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Figure 16 Temperature rise of PCM
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Figure 17 Liquid fraction distribution of PCM
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Performance comparison of different fins:

After analyzing common rectangular and circular fins, another uncommon type of fins with spiral shape is
considered. The utilization of spiral fins in thermal management analysis presents an intriguing approach due to
their unique and complex geometry. Spiral fins with a thickness of 1 mm were carefully analyzed in this study
to assess their performance in temperature control for lithium-ion batteries in electric vehicles. The detailed
geometry of the model with spiral fins of 1 mm thickness is shown in Figure 19, illustrating the intricate
arrangement of the fins. The temperature distribution was then simulated under a 3C discharge rate for a duration
of 1200s, and the results were visualized in Figure 20. Remarkably, the maximum temperature recorded was
only 34.6°C, which is significantly lower compared to circular fins. This suggests that the use of spiral fins with
a thickness of 1 mm could effectively mitigate temperature rise in the battery system, contributing to improved
thermal management.

Figure 18 Geometry of spiral fin with 1 mm thickness

Figure 19 Temperature distribution in case of spiral fins of 1 mm thickness under 3C discharge rate for 1200s

In a similar manner, the performance of spiral fins with a thickness of 2 mm was thoroughly investigated. The
geometric configuration of the model with spiral fins of 2 mm thickness is depicted in Figure 21, showcasing
the intricate design of the fins. The temperature distribution under a 3C discharge rate for 1200s was visualized
in Figure 22, revealing interesting insights. Notably, the maximum temperature recorded was only 34.4°C, which
is only 0.5% lower compared to the spiral fins with 1 mm thickness. This suggests that the thickness of the spiral
fins may not be an exponential factor in influencing the thermal performance of the model. Similarly, the effect
of thickness on the thermal performance of rectangular and circular fins was also found to be minimal, with only
minor decreases in maximum temperature observed with increasing thickness.
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Figure 20 Geometry of spiral fin with 2 mm thickness

To further compare the thermal performance of different fin geometries, a comprehensive analysis was
conducted by plotting a graph depicting the rise of maximum temperature with time for rectangular, circular,
spiral 1 mm, and spiral 2 mm fins, as shown in Figure 23. The comparison provides valuable insights into the
dynamic temperature behavior of different fin designs during battery operation. The results reveal that spiral
fins, particularly those with a thickness of 2 mm, demonstrate superior thermal performance compared to circular
fins, as they result in lower maximum temperatures. This suggests that the unique geometry of spiral fins could
be advantageous in mitigating temperature rise in lithium-ion batteries, potentially contributing to improved
battery performance and safety.

Figure 21 Temperature distribution in case of spiral fins of 2 mm thickness under 3C discharge rate for 1200s

The findings obtained from the analysis of spiral fins with different thicknesses provide valuable information for
optimizing battery thermal management system. The results suggest that spiral fins have the potential to
effectively dissipate heat and control temperature rise during battery operation, which could contribute to
improved battery performance and safety. However, It is worth noting that the complex heat transfer mechanisms
and fluid dynamics associated with the unique geometry of spiral fins warrant further investigation. Future
research could focus on exploring other spiral fin geometries, as well as their combination with other thermal
management techniques, to further enhance the performance and safety of lithium-ion batteries in electric
vehicles. In conclusion, the analysis of spiral fins presents a promising approach for thermal management in
lithium-ion batteries, and further research in this area could significantly contribute to advancing the BTMS field
of study.
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Figure 22 Liquid fraction distribution in case of spiral fins with 2 mm thickness

36 4 i— Spiral fins (1 mm)

——— Spiral fins (2 mm)
|— Rectangular fins + PCM
i Circular fins + PCM

Maximum Temperature (c)
w w w
o N »
1 1 1

N
©
1

N
o
|

0 200 400 600 800 1000 1200
Time (s)

Figure 23 Comparison of maximum temperature rise over time for different fin types
Performance comparison of different additives:

The first set of additives investigated in this study were graphene and carbon nanotubes. The temperature and
liquid fraction distributions for PCM with graphene and carbon nanotubes additives are shown in Figure 24. The
maximum temperature recorded for this PCM with additives was 34.7 degrees Celsius, and the liquid fraction
reached 0.7. This high liquid fraction suggests that the PCM with graphene and carbon nanotubes additives could
potentially melt completely under higher discharge rates of 5C or continuous cycles of 3C discharge.
Furthermore, the addition of these additives resulted in a decrease in temperature from 36 degrees Celsius (in
the case of PCM without any additives) to 34.7 degrees Celsius, indicating their potential for improving the
thermal performance of the PCM.

Figure 24 Temperature distribution (a) and Liquid fraction distribution (b) in case of graphene, carbon nanotubes
additives
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Another set of additives investigated were metal nanoparticles, including Cu, Fe203, and Ag. The temperature
and liquid fraction distributions for PCM with these metal nanoparticles additives are shown in Figure 25. The
maximum temperature recorded for this PCM was 34 degrees Celsius, and the liquid fraction reached 0.6. It was
observed that the addition of these metal nanoparticles increased the thermal conductivity of the paraffin PCM
to a greater extent compared to graphene and carbon nanotubes additives. This resulted in a decrease in
temperature from 36 degrees Celsius (in the case of PCM without any additives) to 34 degrees Celsius, indicating
their potential for enhancing the thermal performance of the PCM.

g.
o.
o
o
0.
0.

Figure 25 Temperature distribution (a) and Liquid fraction distribution (b) in case of Metal nanoparticles (Cu,
Fe203, Ag)

The expanded graphite additive has already been analyzed and presented previously. The last set of additives
investigated in this study was copper micro fibrous. The temperature and liquid fraction distributions for PCM
with copper micro fibrous additives are shown in Figure 27. The maximum temperature recorded for this PCM
was 32.9 degrees Celsius, and the liquid fraction reached 0.4. Remarkably, copper micro fibrous additives
demonstrated the highest increase in thermal conductivity among all the additives studied. The addition of copper
micro fibrous resulted in a significant decrease in temperature from 36 degrees Celsius (in the case of PCM
without any additives) to 32.9 degrees Celsius, indicating its remarkable potential for enhancing the thermal
performance of the PCM.

In conclusion, the performance of different additives in paraffin-based phase change materials (PCMs) was
investigated in this study. Graphene and carbon nanotubes additives showed a moderate decrease in maximum
temperature (34.7°C) with a high liquid fraction (0.7), indicating their potential for effective heat dissipation
under high discharge rates or continuous cycling. Metal nanoparticles additives, including Cu, Fe203, and Ag,
demonstrated a higher reduction in maximum temperature (34°C) and increased the thermal conductivity of
paraffin PCM to 1 W/mK, indicating their superior thermal enhancement capability.

Furthermore, expanded graphite additives significantly increased the thermal conductivity of paraffin to 5
W/mK, resulting in a maximum temperature of 33.4°C and a liquid fraction of 0.4. Interestingly, copper micro
fibrous additives exhibited an astonishing increase in thermal conductivity to 55 W/mK, which is significantly
higher than other additives. However, despite its significantly higher thermal conductivity, the performance of
copper micro fibrous additives in terms of maximum temperature (32.9°C) and liquid fraction (0.4) was
comparable to that of expanded graphite additives with a thermal conductivity of 5 W/mK.

These findings highlight the importance of carefully selecting and optimizing additives for PCM applications
based on specific requirements. While additives such as graphene, carbon nanotubes, and metal nanoparticles
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may be suitable for applications that demand higher liquid fractions, expanded graphite and copper micro fibrous
additives may offer better performance in terms of thermal conductivity.

Figure 27 Temperature distribution comparison between additives of a) Graphene and carbon nanotubes b) Metal
nanoparticles (Cu, Fe203, and Ag) c) Expanded graphite and d) Copper micro fibrous on common temperature
scale

Figure 27 presents a comparison of temperature distributions among different additives on a common scale. It
provides a visual representation of the temperature profiles of paraffin-based PCMs with graphene, carbon
nanotubes, metal nanoparticles (Cu, Fe203, Ag), expanded graphite, and copper micro fibrous additives. Figure
28 illustrates the liquid fraction distribution comparison among these additives on a common scale, showing the
variation in the amount of liquid phase present in the PCM at different temperatures. Finally, Figure 29 depicts
the temperature rise comparison, highlighting the additives performance with respect to reducing the PCM
maximum temperature.

Upon analyzing these figures, it can be observed that the performance of expanded graphite and copper micro
fibrous additives is comparable when it comes to maximum temperature reduction and liquid fraction
distribution. Both additives exhibit similar trends in temperature rise, indicating that their thermal enhancement
capabilities are similar. This suggests that despite the significant difference in thermal conductivity between
expanded graphite (5 W/mK) and copper micro fibrous on their overall performance in terms of temperature
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reduction and liquid fraction distribution is not significantly different. This finding may have practical
implications in selecting suitable additives for PCM-based thermal energy storage systems, considering the cost
and availability of different additives
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Figure 29 Comparison of maximum temperature rise over time for different fin types
FURTHER RESULTS

In the further results of our study, we investigated the effect of increasing thermal conductivity on BTMS
performance under a 3C discharge rate for 1200 seconds. As we observed that the performance of copper micro
fibrous with a thermal conductivity of 55 W/mK was not significantly different from that of expanded graphite
with a thermal conductivity of 5 W/mK, we aimed to understand the relationship between thermal conductivity
and maximum temperature in more detail. The results are presented in Figure 31, which shows a clear trend.

From Figure 31, it can be observed that when the initial thermal conductivity of paraffin is low, the influence of
thermal conductivity on the maximum temperature of BTMS is more significant. As the thermal conductivity of
paraffin increases, the effect of further increasing thermal conductivity on BTMS performance reduces. This is
evident from the graph approaching a horizontal line after a thermal conductivity of 3 W/mK. This suggests that
the impact of thermal conductivity on the performance of BTMS diminishes as the thermal conductivity of the
base material (paraffin) increases, indicating that other factors may become more dominant in influencing the
system'’s behavior at higher thermal conductivities.

These findings highlight the significance of the initial thermal conductivity of the base material in determining
the effect of additional thermal conductivity enhancement through additives on the performance of BTMS. It
suggests that careful consideration should be given to the selection of additives based on the initial thermal
conductivity of the base material in order to achieve optimal performance in PCM-based thermal energy st orage
systems.
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Figure 30 Effect of thermal conductivity on maximum temperature of BTMS
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Performing curve fitting on the trend line presented in Figure 30, we obtained Equation 6, which predicts the
maximum temperature of paraffin PCM based on its thermal conductivity. The coefficient of determination (R-
squared value) for the fitted equation is 0.98, indicating an excellent fit to the data. This high R-squared value
suggests that the predicted maximum temperature based on thermal conductivity is highly correlated with the
actual maximum temperature observed in our experiments, indicating the reliability of the fitted equation.

y=-0.0069 x3+ 0. 1467 x2— 1. 0268 x + 35.877 (6)

The high R-squared value of 0.98 indicates that approximately 98% of the variation in the maximum temperature
of BTMS can be explained by the thermal conductivity of the base material (paraffin). This equation provides a
valuable tool for predicting the maximum temperature of BTMS based on the thermal conductivity of the paraffin
PCM, which can be useful in designing and optimizing PCM-based thermal energy storage systems for various
applications. Further validation of this equation with additional experimental data and sensitivity analysis could
provide more insights into the relationship between thermal conductivity and maximum temperature in PCM-
based systems.

CONCLUSIONS AND FUTURE WORK

The present study aimed to investigate the effect of phase change materials (PCM) with various configurations
on the temperature control of batteries. The simulations were conducted using computational fluid dynamics
(CFD) and validated with experimental data, yielding important findings:

1. PCM significantly reduced and maintained the temperature below 37°C during the full discharge of
batteries at 3C rate in 1200s. This demonstrates that PCM is an efficient way for controlling batteries
temperature during operation, which is crucial for their safe functioning.

2. Changing the thermal conductivity of PCM from 0.2 W/mK to 5 W/mK using additives improved its
performance more than compared to introducing fins. This suggests that additives can be employed to
improve PCM's thermal conductivity, which is a critical parameter for increasing its performance.

3. Spiral fins were found to be more effective than circular and rectangular fins in improving the
performance of PCM. This indicates that the geometry of fins plays a significant role in enhancing the
thermal conductivity of PCM. However, spiral fins are a specific type of fin geometry that may not be
commonly used or readily applicable in all situations.

4. Copper micro fibrous and expanded graphite showed the highest increase in thermal performance or
reduction in the maximum temperature of the PCM. Metal nanoparticles, including Cu, Fe203, and Ag,
demonstrated intermediate improvements in thermal performance, followed by graphene and carbon
nanotubes. These findings highlight the potential of copper micro fibrous, expanded graphite, and metal
nanoparticles as effective additives for enhancing the thermal conductivity and performance of PCM in
battery thermal management applications.

5. Comparison of the performance of different additives and fin configurations revealed that there may be
an optimal thermal conductivity level for achieving the best performance of the PCM. For example,
copper micro fibrous with a thermal conductivity of 55 W/mK and expanded graphite with a thermal
conductivity of 5 W/mK showed similar thermal performance. While higher thermal conductivity
additives and fins generally resulted in better performance in terms of maximum temperature reduction,
there were diminishing returns observed with excessively high thermal conductivity levels. It should be
noted that other factors, such as the low radial thermal conductivity of the battery, may become a
constraint or bottleneck in achieving further performance improvements through large increases in
thermal conductivity.

6. The study also investigated the combined effects of additives and fins on the performance of the PCM.
It was found that the use of both additives and fins resulted in a synergistic effect, leading to even lower
maximum temperatures compared to using either additives or fins alone. This suggests that the
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combination of additives and fins can offer enhanced performance in terms of thermal energy storage,
making it a promising approach for optimizing PCM-based systems.

7. Another important finding from this study was that PCM melting did not pose a problem, as the liquid
fraction remained below 0.6. This indicates that the PCM can be used without the risk of melting and
causing damage to the batteries. This finding is significant for battery safety. The application of PCM as
a thermal management solution can effectively mitigate this risk and enhance the safety of battery
operation.

8. The summary of performance in case of different configurations is shown in Figure 31 while selecting
the optimal fins and additives out of all.
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Figure 31 Summary of temperature performance in case of different optimal configurations

In summary, the present study demonstrated the significant effects of additives and fins on the performance of
PCM for thermal management of batteries. The optimal thermal conductivity level, fin geometry, and PCM
melting behavior were important considerations in designing efficient thermal management systems. The
findings of this study contribute to the understanding of PCM based thermal management for batteries and
provide a foundation for further research and development in this area.

Further research can be conducted to investigate other types of additives or fin configurations to optimize the
performance of PCM for different battery chemistries, operating conditions, and applications. Additionally, the
use of hybrid PCM-BTMS can be explored for further improvements in thermal management of batteries. The
results of this study have implications for a wide range of applications, including electric vehicles, renewable
energy systems, and portable electronic devices, where efficient thermal management of batteries is crucial for
their performance, reliability, and safety.

Data Availability Statement:

¢ The datasets used and analyzed during the current study is available from the corresponding author
Muhammad Tahir and novel to this research.

¢ All data or results generated during this study are included in this published article and are driven from
software simulations.
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