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Battery thermal management systems are essential to ensure the safety, capacity and lifespan of lithium-ion batteries for
on-board use in electric vehicles. This study proposes a new 3D numerical model to investigate the thermal performance of a
24-cell battery pack consisting with various discharge power rates and 30°C ambient temperature.
The numerical and experimental results showed good agreement, with percentage errors ranging from 0.32% to 7.55% across
the nine cases. Without cooling, the maximum battery temperature reached 59.6°C at 3C, exceeding the recommended
operating range. Phase Change Material (PCM) cooling reduced the peak temperature to 55.02°C, while Nano enhanced PCM
further reduced it to 50.84°C. Nano enhanced PCM also improved temperature uniformity within the battery module by
enhancing heat absorption and dissipation. The superior performance of Nano enhanced PCM is attributed to its enhanced
effective thermal conductivity compared with conventional PCM. Overall, the results demonstrate that Nano enhanced PCM-
based Battery Thermal Management System (BTMS) provides better thermal regulation than conventional PCM and offers a
promising approach for safe and reliable Lithium-Ion Batteries (LIB) operation under high discharge conditions.
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Introduction desired operating range. This study explores the

Due to its high energy density, long cycle life and
excellent working ability, LIBs are widely used in
portable electronics and electric vehicles. These
benefits notwithstanding, an effective thermal control
is still a critical challenge during high-power operation
and under adverse surroundings. Overheating is
detrimental to battery performance, boosts capacity
decay rates; it also raises the risk of safety hazards
(thermal runaway). It is hence considered a key thermal
management solution, which led to the substantial
interest in PCMs recently. By absorbing and releasing
tempered latent heat during phase transitions, PCMs
function to regulate battery temperature up to the
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simulation-based optimization of PCM systems for
enhancing the thermal performance of LIBs.

A PCM-based, cost-effective BTMS has also been
pioneered to prevent the thermal runaway of the
Electric Vehicle (EV) and Hybrid Electric Vehicle
(HEV) battery packs when subjected to greater stress.
The application of Newman Tiedemann Gu Kim
(NTGK) electrochemical model in ANSYS shows the
use of PCM significantly reduces cells highest
temperature at larger rate and increase the uniformity
on the battery thermal history. Results show that the
PCM-based BTMS can control heat generation, thus
alleviating the risk of thermal runaway. Internal heat
generation caused by a variety of mechanisms such as
electrochemical reaction kinetics, ohmic resistance,
and entropic effects ultimately limits the operational
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performance of lithium-ion battery packs.”” In
addition to these major electrochemical contributors,
internal mixing and phase transitions also generate
residual heat that can be significant over time, so
accurate characterization of their contributions is
critical for determining individual cell temperature
profiles to ultimately avoid thermal degradation.’
Active air or liquid circulation tends to result in non-
uniform temperature distribution with high discharge
rates, which carries a risk of considerable energy
loss and mechanical complexity.® Passive thermal
management systems, in contrast to active ones,
belong to a relatively stable and energy-efficient
solutions using latent heat absorbance of phase
change materials (PCMs) which are capable of
controlling temperature.”® Nevertheless, pristine
organic phase change materials generally have a low
thermal conductivity property that may lead to the
creation of risk spots during high current discharges.’
To overcome this limitation, abundant high-
conductivity additives (e.g., graphene or alumina
nanoparticles) have been utilized to improve the
thermal transport regulation of the phase change
medium, leading to a more even heat distribution
throughout the pack.® The addition of nano-particles
during the melting and crystallization processes
creates an interface between the particles and matrix,
which facilitates thermal energy transfer while
improving thermal dissipation efficiency with
enhanced effective thermal conductivity in composite,
avoiding excessive heat generation by rapid charge-
discharge transitions that can encounter the
phenomenon of thermal runaway.”'® In addition,
studies show that those phase change materials
enhanced by the composite and nano-particles can
limit cell temperature under 45°C in moderate to low
discharge conditions with Deng gradients less than
5°C."' On the other hand, Nano-Enhanced Phase
Change Material configurations provided increased
thermal regulation capabilities at rate discharge cycles
3C (reduction of peak temperature increase by 21.3%
with respect to bare cell architectures).'? In addition to
these performance improvements, the strategic
integration of graphene-based enhancers has been
shown to exhibit a synergistic interaction with latent
heat storage capacity of the matrix material,
dramatically mitigate transient temperature spikes
during rapid 5C discharge events.” These
improvements notwithstanding, while direct and
indirect dispersions of these materials in paraffins

appear promising, any practical approach will need to
factor in their long-term chemical compatibility with
the base paraffin; given that most solid lubricants
become practically inactive due to sedimentation at
extended duty cycles.'* In addition, using metallic
foams as the structural skeleton of the paraffin matrix
or expanded graphite can effectively reduce
sedimentation and significantly improve thermal
conductivity, which helps to uniformly transfer heat
to all parts within a module."”'® These advanced
composites represent a breakthrough in heat
dissipation rates (greater than 8 W/m*-K) with over
90% of the base latent heat capacity preserved, thus
improving the passive thermal buffering of the
module.'” Recent studies demonstrated that carbon-
based fillers, such as Single-Walled Carbon
Nanotubes (SWCNTs), could enhance the liquid
fraction during phase change up to 66.5% and
improve energy absorption subjected to transient
thermal loads." These improvements overcome the
weakness of conventional PCMs on thermal
conductivity and mechanical properties under high
temperature conditions.'””® However, optimizing the
nanofiller concentration is imperative to guarantee
phase stability vs enhancing thermal conductivity
while compromising latent heat capacity.”"** The
experimental and numerical researches establish that
the use of metallic structures or fins can improve their
heat capacities in terms of slowing down the melting
and lowering peak surface temperatures, within PCM
composites.” Compared to conventional cylindrical
cells and prismatic cells, they encourage more
uniform heat transfer resulting in less local heating
and aging in battery cells.*** Thus, they not only
assist to keep the battery module in a desired
operating temperature; however, they prevent
thermal runaway.”®?” Pure paraffin has low thermal
conduction at around 0.2 W/mK which can be
enhanced through the inclusion of high-conductivity
fillers (e.g., copper nanoparticles, metallic foams)
reducing maximum cell temperature in high-rate
charge—discharge cycles by more than 10% compared
to pure paraffin®® These improvements in PCM
design represent an important turning point towards
developing passive systems that offer a combination
of high latent heat storage and efficient thermal
transport.””*’  Nonetheless, integration of these
advanced thermal management materials into battery
architectures is key to enhance the overall cycle life
and safety of battery cells for electric vehicles (EV).”!
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Future studies may focus on the long-term durability
evaluations and scalable processes for manufacture of
these composites which would be able to withstand
practical vehicular operation without affecting the latent
heat storage capacity.”>* In addition, upscaling from
experimental prototypes to modular production-ready
battery packs requires additional validation of how these
nano-enhanced materials behave during the mechanical
vibrations and thermal cycling associated with long-term
operation in an electric vehicle.** Furthermore, tactile
and digital twin technologies combined with these
compositions is crucial to optimize thermal regulation
mechanisms against particular battery pack geometry
and operation profiles.”> The work include the thermal
insulation for battery thermal management®, Phase
Change Materials (PCM) based cooling methods”,
Artificial Intelligence (Al)-based thermal prediction and
optimization methods, air cooling approaches and
numerical assessment of battery pack cooling system.*®
The results of these studies show that thermal
management can lower the temperature of batteries,
hence improving the safety and performance of a battery
packinan EV.

During the last decade, BTMS utilizing PCM and
Nano enhanced PCM have received attention, where
higher latent heat and thermal conductivity tend to
provide better performance. A numerical study is
conducted to evaluate commercially available phase
change materials (PCMs) having low melting points
subjected to 1C, 2C and 3C discharge rates at an
ambient temperature of 30°C in a comparison with
air, PCM & Nano enhanced PCM cooling and
therefore determine which PCM may be best suited
for a particular condition.

This paper presents a comprehensive and validated
comparison between conventional PCM and nano-
enhanced PCM (Nano enhanced PCM) under the
same operating conditions, which, to the best of the
authors' knowledge, has not been reported in previous
studies. In contrast to single-point or hybrid cooling
studies, this analysis is performed with no cooling,
PCM and Nano enhanced PCM in different discharge
rates. This hybrid Nano enhanced PCM, which
consists of the addition of graphene with Multi-
Walled Carbon Nanotubes (MWCNTs) and graphite
improves the thermal conductivity and stability. At
3C, the peak temperature was decreased from 55.02°C
for PCM to 50.84°C with Nano enhanced PCM
and also improved thermal uniformity and a good
fit between numerical and experimental results

were achieved. This integrated solution offers a
comprehensive analysis of Nano enhanced PCM for
battery thermal management.

Problem Description

This paper investigates the natural air cooling and
passive PCM-based Battery Thermal Management
System (BTMS) for 24 cylindrical ICR18650-26FM
lithium-ion batteries. The height, diameter, and spacing
of each cell are respectively 65 mm, 18 mm, and the
distance between two adjacent cells is 3 mm in a pure
nickel strip based (6S4P) packaging. The battery pack
is simulated as depicted in Fig. 1. This study uses
commercially available Paraffin Wax (PW) and
nanoenhanced PCM as thermal management materials,
with aluminium being used for the container material.
The thermophysical properties of both the battery cells,
PCM and aluminium are given in Table 1.

Graphene is a two-dimensional carbon-based
material with excellent thermal conductivity and good
mechanical strength, which can further enhance the
thermal conductivity of Nano enhanced PCM and
ensure efficient heat dissipation during battery
operation. MWCNTSs used specifically to provide
stability and thermal scenario that further improve the
mechanical and thermal conductivity thus providing
strength and robustness in battery module. The
introduction of graphite synthetic powder (GSP)
imparts leak-proof properties and potential enhancement
in the sensing metric and reversible capacity/cycling
stability. GSP was therefore incorporated into the
Nano enhanced PCM in this study. In conclusion, the
synergistic effect of reducing thermal resistance
through these materials improves convective and
conductive heat transfer, as well as material stability

Fig. 1 — Three-dimensional model of the 24-cell lithium-ion
battery pack (6S4P configuration)
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Table 1 — Thermo physical properties of the materials used in the battery thermal management system
Parameter Battery Cell Aluminium PCM (Paraffin Wax) Nano enhanced PCM
Density (kg/m?) 2700 2710 820 910
Specific heat (J/kg-K) 900 897 2350 2180
Thermal conductivity (W/m-K) 3.8 237 0.32 18.5
Melting temperature (°C) — — 48-52 48-52
Dynamic viscosity (kg/m-s) — — 0.0048 0.0052
Thermal expansion coefficient (1/K) — — 0.00028 0.00022
Latent heat (kJ/kg) — — 178 165
to ensure good overall utilization of battery thermal  where, p = pressure, p= dynamic viscosity, g=

characteristic.

Nano enhanced PCM was prepared from PW as
base PCM and graphene, MWCNTs and GSP
(synthetic graphite powder) as nano-additives. Nano-
additive concentration was 1 wt.%, with 99 wt.%
paraffin wax. The carbon-based fillers served to
improve heat conduction, thermal stability, and
strengthening properties but at the same time reduced
leakage in phase change. As a result, the Nano
enhanced PCM exhibited a thermal conductivity of
18.5 W/m-K, whereas pure paraffin presented only
0.32 W/m-K. The 1% loading was selected to
improve thermal transport while preserving latent-
heat storage capacity and avoiding excessive
agglomeration or PCM reduction.

Numerical Modelling

Governing Equations

The transient thermal behaviour of the lithium-ion
battery pack and PCM system is described using the
conservation equations of mass, momentum, and
energy. The following equations are used in the
numerical model.

Continuity Equation

The continuity equation as explained in Eq. (1) in
BTMS ensures the conservation of mass in the cooling
fluid by balancing the rate of change of fluid density
with the flow rate. It maintains system stability,
preventing fluid buildup or depletion within the system.
The momentum equations are explained in Egs. (2)-(3).
The energy equation, enthalpy formulation equation,
sensible enthalpy are explained in in Eqgs. (4)(7).

3]
§+V@m=o (1)

where, p = density, u = velocity vector.
Momentum Equation

d(pu)

e T V.(puu) = =Vp+ V.(uVu) + pg + Sp

Q)

gravitational momentum
term.
For natural convection, the buoyancy force can be

expressed using the Boussinesq approximation

pg = pog[1l — B(T — To)] )

where, B = thermal expansion coefficient, T = is the
local temperature, To= reference temperature.

acceleration,S,,= source

Energy Equation

d(ph)
0 .. (4

where, h= total enthalpy, k= thermal conductivity,
Sq= volumetric heat-generation rate.

+ V. (puh) = V.(KVT) + Sq

Enthalpy Formulation for PCM

The phase transition of paraffin PCM is modelled
using the enthalpy method. The total enthalpy is
calculated using Eq. (5),

h=hg +AL . (5

where, hg= sensible enthalpy, A = liquid fraction, L =
latent heat of fusion.
The sensible enthalpy,

T
hg = hper + fTref Cp dT .. (6)
For a PCM undergoing melting between the solidus
and liquidus temperatures, the liquid fraction is
expressed as,

0 T < T,
T-Ts
A= Tl_T,TS <T<T (D
1 T>T
where, T; = solidus temperatures,T; = liquidus
temperatures.

Battery Heat Generation

The heat generated inside each battery cell during
discharge is introduced as a volumetric heat source
and calculated using Eq. (8):
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q =2 . (8)

where, Q = total heat generation rate, Vi, = battery-
cell volume.

For the present study, the volumetric heat-generation
rates corresponding to 1C, 2C, and 3C discharge
conditions are 10447, 41788.37, and 94023.84 W/m?,
respectively, as specified in the manuscript.

The energy equation inside the battery is explained
in Eq. (9),

aTy
prp,b W =V. (kaTb) + q (9)

where, the subscript b denotes the battery.

Thermal Interface Conditions
At the battery—PCM interface, conservation of heat
flux is shown in Eq. (10),

aT aT
—kb 6_1’13 = _kPCM aPI(I:M (10)
Similarly, at the PCM-aluminium container
interface is shown in Eq. (11),
aT aT
—kpem ;;M = —Kal ar?] .. (11)

At the external surface of the aluminium container,
natural convection is represented in is shown in
Eq. (12),

d
—kAla—;rl=h(Ts—TOo) ... (12)
natural-convection heat-transfer

surface temperature, and T,=

where, h=
coefficient, T
ambient temperature.

The manuscript specifies an ambient temperature
of 30°C and a natural-convection coefficient of 5
W/m? K.

Initially, the complete battery module is assumed to
be at the ambient temperature as explained in is
shown in Eq. (13),

TXyz0) =T,

where, T, = 30°C

ANSYS 2024 R1 was used for the numerical
analysis of thermal behaviour of battery module. A
3D computer-aided battery simulator created in
Design Modeler, using tetrahedral meshed with 89795
elements. The continuity, momentum and energy
equations were solved using the finite volume method
considering the phase-change behaviour of PCM and
Nano enhanced PCM. The ambient temperature is
30°C with natural convection and transient simulations
were performed at 1C, 2C and 3C discharge rates.

... (13)

Grid size of 89795 elements and a 1 s time step
produced accurate temperature predictions with
acceptable computational cost and were therefore
selected for additional simulations. The experimental
results were in good accordance with the numerical
model.*” The higher the discharge rate, the higher the
battery temperature, but Nano enhanced PCM
successfully kept the battery temperature below 50°C.
Compared with conventional PCM, Nano enhanced
PCM achieved a peak temperature reduction of up to
8.81% and an inter-module temperature difference
reduction of up to 91.48%, showing more efficient
and uniform thermal management.

The discharge time of the battery pack was defined
in accordance with the specified discharge condition
and thermal safety limits associated with the battery
cells. All the experiments were performed using the
temperature measurement system to continuously
monitor the cell temperature. The battery was found
to be a safer rechargeable one which would stop
discharging once it reaches the safety point or suffer
thermal run away. The 2C discharge test was
intentionally stopped at about 1800 s to avoid
overheating (though the measured discharge time
under this experimental condition was 1142.56 s) so
that the discharged time indicatively stated here
represents the actual duration in which the appropriate
discharge conditions sustained, whereas 1800 s value
is a safety limit on maximum allowable test duration

Hence, the discharge termination criterion in this
research was predominantly on a temperature basis as
opposed to voltage or state of charge. This same
consideration was taken during the experimental
measurements, by avoiding exposing cells to
temperatures that would restrict safety and performance.

Results and Discussion

Three LIB module thermal management conditions
were simulated in the second ANSYS analysis. The
first case is without cooling mode use at ambient
temperature of 30°C, the heat dissipation character of
the 18650 cylindrical cells is limited in local area
leading to non-uniform temperature distributions
create high temperatures at centre of battery pack than
outside cells. In the second instance, passive cooling
medium was placed as a PCM to absorb heat
generated by Dbattery operation that resulted in
uniform temperature and lower thermal gradients. For
the third case, PCM was enhanced with metals on a
nano-range to increase heat absorption and loss.
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Discharge Rate Effects on the LIB Pack without Cooling

At a 1C discharge rate, Fig. 2 shows that the
simulated peak temperature of the LIB module reached
54.27°C, compared with 52.55°C experimentally. As
shown in Fig. 3a, the middle region heated faster than
the corners, resulting in a non-uniform temperature
distribution and exceeding the recommended 50°C
limit. The discharge time was 3433.47 s. At 2C, the
simulated and experimental peak temperatures
were 59.30°C and 55.90°C, respectively. The battery
temperature approached 60°C at 1140 s, and the
discharge was stopped at 1800 s to prevent overheating
as shown in Fig. 3b. The actual discharge time was
1142.56 s. At 3C, the simulated peak temperature was
59.60°C, while the experimental value was 55.10°C.
The battery reached nearly 60°C within 540 s, with a
discharge duration of 539.82 s as shown in Fig. 3c.
These results demonstrate that higher discharge rates
cause faster temperature rise, highlighting the need for
effective thermal management.

contour-2

Total Temperature
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Fig. 2 — Temperature contour of a single cell without cooling
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Discharge Rate Effects on the LIB Pack with PCM Cooling
With PCM cooling, Fig. 4 shows that at a 1C
discharge rate, the simulated and experimental peak
temperatures were 50.8°C and 49.18°C, respectively. As
shown in Fig. 5a, PCM cooling reduced the temperature
rise and maintained the battery near the safe operating
range. The corresponding discharge time was 3519.84 s.
At 2C, the simulated peak temperature was 49.6°C,
while the experimental value was 52.12°C. PCM
cooling effectively restricted the temperature rise despite
the higher discharge rate, with a discharge time of
1765.07 s as shown in Fig. 5b. At 3C, the simulated
and experimental peak temperatures were 55.02°C
and 54.38°C, respectively. As shown in Fig. 5c,
PCM cooling controlled the temperature increase,
with a discharge time of 904.86 s. The close agreement
between numerical and  experimental  results

confirms the effectiveness of PCM cooling for
under

controlling  battery different

discharge conditions.

temperature
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Fig. 4 — Temperature contour of a single cell with PCM cooling
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Fig. 6 — Temperature contour of a single cell with Nano
enhanced PCM cooling

Discharge Rate Effects on the LIB Pack with Nano Enhanced
PCMCooling

With Nano enhanced PCM cooling, Fig. 6 shows the
overall thermal performance, while Figs. 7 (a—)
presents the corresponding temperature profiles at 1C,
2C, and 3C discharge rates. At 1C, the simulated and
experimental peak temperatures were 47.28°C and
45.89°C, respectively, with a discharge time of
3436.73 s. At 2C, the corresponding temperatures
were 47.89°C and 47.74°C, with a discharge time
of 1739.51 s. At 3C, the simulated and experimental
peak temperatures reached 50.84°C and 49.53°C,
respectively, with a discharge time of 902.077 s. The
close agreement between numerical and experimental
results confirms the reliability of the Nano enhanced
PCM model. Overall, Nano enhanced PCM effectively
controlled the temperature rise at higher discharge rates
and maintained the battery within a relatively safe
thermal range.

Experimental Uncertainty and Statistical Error Analysis

The fitness between the numerical and experimental
results was quantitatively assessed by examining the
maximum temperatures acquired under different
discharge rates of 1C, 2C, and 3C for uncooled, PCM,
and Nano enhanced PCM. Percentage error was
computed using the following Eq. (14),

Tnum_Texp

Percentage Error (%) = x 100 ...(14)

where, Thum maximum temperature predicted
by the numerical model, Teyp corresponding
experimentally measured maximum temperature.

The absolute temperature difference was calculated
using Eq. (15),

AT = |Tyum — Texp| ... (15)
where, Ty, ,,m= maximum temperature predicted by the
numerical ~ model, Texp corresponding

experimentally measured maximum temperature.

The comparison of the numerical and experimental
maximum temperatures is presented in Table 2.

The percentage error of these calculations ranged
from 0.31% to 8.17%, indicating good agreement
between the numerical and experimental results. The
minimum deviation of 0.31% was observed for the
Nano-enhanced PCM condition at 2C, while the
maximum deviation of 8.17% occurred under the
uncooled condition at 3C. For the Nano-enhanced
PCM cases, the errors were 3.03%, 0.31%, and 2.64%
at 1C, 2C, and 3C, respectively. The global Mean
Absolute Percentage Error (MAPE) across the nine
cases was approximately 3.65%. These results
demonstrate that the numerical model provides a
reliable prediction of the thermal behaviour of the
battery pack under the investigated discharge and
cooling conditions.

Maximum Temperature Difference of the Lithium-Ion
Battery Pack at Three Different Discharge Rates

The bar graph in Fig. 8 compares the numerical—
experimental temperature deviation for the different
cooling configurations at 1C, 2C, and 3C discharge
rates. The percentage deviation was calculated using
the experimental temperature as the reference value.
Without cooling, the deviation increased from 3.27%
at 1C to 6.08% at 2C and 8.17% at 3C. With PCM
cooling, the corresponding deviations were 3.29%,
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Table 2 — Comparison of numerical and experimental maximum temperatures

Cooling condition Discharge rate Numerical T, (°C) Experimental Ty, (°C) AT (°C) Error (%)
Without cooling 1C 54.27 52.55 2.17 3.27
Without cooling 2C 59.30 55.90 3.40 6.08
Without cooling 3C 59.60 55.10 4.50 8.17
PCM 1C 50.80 49.18 1.62 3.29
PCM 2C 49.60 52.12 2.52 4.83
PCM 3C 55.02 54.38 0.64 1.18
Nano enhanced PCM 1C 47.28 45.89 1.39 3.03
Nano enhanced PCM 2C 47.89 47.74 0.15 0.31
Nano enhanced PCM 3C 50.84 49.53 1.31 2.64
50 (a) . (b) . ()
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Fig. 7 — Comparison of numerical and experimental maximum temperature profiles at (a) 1C, (b) 2C and (c) 3C discharge rate with

Nano enhanced PCM cooling
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Fig. 8 — Maximum temperature deviation under different cooling
conditions

4.83%, and 1.18%, respectively. Nano-enhanced
PCM produced deviations of 3.03%, 0.31%, and
2.64% at 1C, 2C, and 3C, respectively. The results
indicate good agreement between the numerical and
experimental temperatures, with the lowest deviation
observed for Nano-enhanced PCM at 2C.

Conclusions

This study investigated the thermal performance of
a 24-cell 18650 lithium-ion battery pack cooled using
PCM and nanoenhanced PCM under 1C, 2C, and 3C

discharge rates. Without cooling, peak temperatures
reached 54.27°C, 59.30°C, and 59.60°C, respectively.
Extended PCM reduced these temperatures to 50.8°C,
49.6°C, and 55.02°C, while nanoenhanced PCM
achieved the lowest values of 47.28°C, 47.89°C, and
50.84°C. The nanoenhanced PCM reduced peak
temperature by approximately 7-9°C compared

with the wuncooled condition, particularly at
higher discharge rates, demonstrating improved
heat absorption and temperature regulation.

The numerical results showed good agreement
with experimental measurements, with percentage
errors ranging from 0.31% to 8.17% across the nine
tested cases. Overall, nanoenhanced PCM provided
superior thermal performance compared with
conventional PCM and represents a promising cooling
approach for maintaining safer operating temperatures
in lithium-ion battery packs under high discharge
conditions.
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