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ARTICLE INFO ABSTRACT

Keywords: This study investigates the thermal behavior of a 48 V lithium-ion battery (LIB) pack under dynamic operating
Lithium-ion battery

Electric vehicle

conditions using experimental and numerical methods. While most existing research targets high-voltage
systems or steady-state scenarios, this work addresses the overlooked case of low-voltage packs under real-
world transient loads. An indirect liquid cooling mechanism was utilized, activating at approximately 40 °C.
Five test cases were examined: a full charge-discharge cycle (Case 1), worldwide harmonized light duty test
cycle (WLTC) profiles and their inverted versions at initial state of charge (SOC) levels of approximately 90%
and 60% (Cases 2 and 3), and the effects of initial temperature and temperature difference, the difference
between the highest and lowest temperature points within the pack (Cases 4 and 5). Thermal behavior was
analyzed at cell, module, and pack levels using 27 thermocouples, whose utilization is rarely documented

Battery temperature
Temperature prediction
Cooling system

in literature. A sensitivity analysis identified the specific heat and density of the cells as key parameters
influencing thermal predictions, highlighting the importance of precise thermophysical characterization.
Results indicated temperature variation across modules, influenced by cooling strategy. Maximum temperature
rises during WLTC driving cycles were 10.5 °C, 11.4 °*C, and 9.1 *C for Cases 2, 3, and 4, respectively,
highlighting the influence of initial SOC and temperature. Although the initial temperature difference did
not affect temperature rise, it influenced temperature gradients (Case 5). The indirect liquid cooling system
effectively maintained pack temperatures below 40 °C under WLTC and inverted conditions, while constant
high-current cycling led to higher peaks around 46 *C. These findings underscore the complexity of thermal
management in LIB packs under dynamic conditions and emphasize the effectiveness of indirect liquid cooling
in limiting temperature rise. This work offers practical insights for optimizing alternative battery thermal
management strategies in electric vehicle applications.

1. Introduction LIB cells, the core component in EVs, have attracted significant
research interest. Compared to other types of energy storage [7-9], LIB
cells are preferred in new energy vehicles due to their long service life,
low self-discharge rate, and high power and energy densities [10,11].
However, the cycle life, performance, and safety of LIB cells are highly
dependent on their operating temperature [1,2,12-16]. The optimal
temperature range for LIB cells is between 15 °C and 35 °C, with a max-
imum temperature difference of less than 5 *C between modules in a

battery pack to ensure optimal performance and longevity [1,2,17-20].

In recent decades, the global challenges of energy resource shortage
and climate change due to fossil fuel use have arisen. The transporta-
tion sector, being one of the largest consumers of fossil fuels, is a
significant contributor to these issues [1,2]. As a result, the automotive
industry is shifting towards clean energy technologies. Among different
technologies, electric vehicles (EVs) and hybrid electric vehicles (HEVs)
stand out for their higher efficiency, reduced emissions, lower noise,
and regenerative braking capabilities [3].

Forecasts indicate that HEVs are expected to account for 36%
of the market by 2030 [4]. Within this category, 48 V mild hybrid
electric vehicles (MHEVs) are particularly promising for reducing both
CO, emissions and vehicle production costs [5,6]. This shift towards
EVs places increasing demands on energy storage systems, particularly
lithium-ion batteries (LIBs), whose performance and safety are closely
tied to effective thermal management.

* Corresponding author.

To maintain LIB cell temperatures within the optimal range and
minimize temperature difference between cells, a battery thermal man-
agement system (BTMS) is crucial [21,22]. BTMSs can be categorized
into various types, such as active or passive, series or parallel (a
definition of series, s, and parallel, p, connections of battery cells is
provided in Section 2.2), heating or cooling, internal or external, air or
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Nomenclature

Acronyms

BMS
BTMS
C

D
DOD
EV
ExH
H
HEV

LIB

M
MAE
MHEV
NCM
NTGK
OFAT
PCM
RMSE
S50C
WLTC

battery management system

battery thermal management system
charge period

discharge period

depth of discharge

electric vehicle

extra high

high

hybrid electric vehicle

low

lithium-ion battery

medium

mean absolute error

mild hybrid electric vehicle

lithium nickel manganese cobalt oxide
Newman, Tiedemann, Gu, and Kim
one factor at a time

phase change material

root mean square error

state of charge

worldwide harmonized light duty test cycle

Dimensionless Numbers

R-E'L
Symbols

AT(1)
AT (1)

2y
A

LiNiMnCoO-

n

q;:,rr.'.r:
S0C.
SO,
TE.I
LoD

Tuug.MerJ'uh.'l{ﬂ
Iu:'g.ﬂffrrf.rmrr.'z{ﬂ

Rayleigh number

temperature difference (°C)

coolant temperature difference (°C)
density (kgm~)

surface area (m?)

specific heat capacity (J kg™' K™!)
convection heat transfer coefficient
(Wm™2K™)

maximum current (A)

minimum current (A)

pack current (A)

battery thermal conductivity (Wm™' K~')
thermal conductivity of gap (g) or bottom
plate (p) (Wm ! K-!)

gap thermal conductivity (Wm~!' K~!)
bottom  plate  thermal conductivity
(Wm-! K-!)

thermal conductivity of battery (b) or
bottom plate (p) (Wm™' K1)

lithium nickel manganese cobalt oxide
denotes the direction

total heat generation (W m™)

initial state of charge (%)

pack state of charge (%)

ambient temperature (*C)

average temperature (*C)

average temperature of Modulel (*C)
average temperature of Module2 (°C)
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average temperature of Module3 (°C)
average pack temperature (°C)

Tovs Modutez(D)
Ta ve Pack (1)

T initial temperature (°C)

T, (1) inlet coolant temperature (°C)
Tz (i) thermocouple position name (*C)
T oin(t) minimum temperature (°C)

T (1) maximum temperature (°C)

T, (1) outlet coolant temperature (°C)
s temperature rise (*C)

f outer surface temperature (°C)
Vi pack voltage (V)
Subscripts/superscripts

+ close to the positive tab

- close to the negative tab

a ambient

avg average

avg, Modulel average Modulel

avg, Module?
avg., Module3

average Module2
average Module3

avg, Pack average pack

b battery

c cell number (in the range of 01 to 12)

¥ either g or p

B gap

gen generation

i initial state of charge or temperature

j thermocouple position (m, z)

! liqui

i liquid, inlet

l,o liquid, outlet

L Rayleigh number subscript

m module number (1, 2, or 3)
denotes the direction

P bottom plate/specific heat capacity sub-
script

rise rise

§ surface

L either b or p

z either — or +, represents the negative or

positive tab, respectively

liquid or phase change material (PCM), or hybrid strategies combining
multiple methods [1,2,23]. Each type possesses its advantages and
disadvantages, and the choice depends on factors such as volumetric
constraints, installation costs, and efficiency. Modern EVs and HEVs
typically use active methods. Liquid cooling systems, due to their
higher thermal conductivity and specific heat capacity compared to air,
provide better thermal performance and cooling efficiency [1,2,24].
The liquid cooling system can be used either directly or indirectly in
contact with the coolant and battery surface.

Experiments on the thermal behavior of MHEV LIBs have been
performed on both individual cells and packs, with and without the
implementation of cooling systems. However, a detailed analysis of
how external factors, such as the presence of other cells and real-time
operational profiles, affect the internal temperature distribution remain
limited [25,26]. High-resolution thermal analysis of LIB packs under
realistic operating conditions is needed to enhance the development of
effective and reliable thermal management systems.
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Research on the thermal behavior of 48 V LIB packs is limited. For
instance, Lee et al. studied a 0.4 kW, 48 V, 8 Ah LIB pack designed
for an MHEV used in ground transportation [5]. Their work involved
monitoring overall temperature, current, and voltage during three driv-
ing cycles. They observed that the battery pack temperature, recorded
at a single location, increased by approximately 6.0 *C during each
driving cycle. However, their study did not investigate temperature
distribution among individual cells or provide specific details about LIB
cell dimensions or thermocouple placement.

Similarly, Hall et al. examined the design challenges of a 48 V
MHEV battery pack, focusing on cell selection and thermal perfor-
mance [27]. Using 18 LIB cells connected in series, they observed an
11.0 °C temperature rise following a full charge or discharge event but
did not study temperature distribution within the pack.

Anselma et al. explored a BTMS control framework for a 48 V
LIB pack in a 14sl1p configuration (meaning that 14 cells are con-
nected in series to increase voltage, and 11 sets of these three series
cells are connected in parallel to increase capacity) for a HEV pow-
ertrain, analyzing temperature-unaware, battery current-constrained,
and temperature-constrained strategies [28]. Their findings indicated
the temperature-aware strategy was superior in energy consumption
and fuel savings, especially at higher ambient temperatures. However,
they did not consider varying initial state of charges (SOCs), internal
temperature differences, or different driving scenarios.

[n summary, previous experimental studies on MHEVs have primar-
ily focused on the performance of LIB cells, modules, and packs using
a limited number of thermocouples to monitor pack thermal behavior
under various cooling strategies and both steady-state and dynamic
conditions. Real MHEV battery packs experience irregular currents un-
der mixed charging and discharging processes, making steady-state con-
ditions insufficient to represent actual phenomena [29]. Even dynamic
condition studies have not applied high currents to LIB packs [20], and
many rely on current and power profiles from previous literature rather
than real scenarios. As a result, there is a lack of detailed temperature
distribution studies in LIB packs for automotive applications under real
operational conditions.

This study aims to fill the gap in existing research by examining
the thermal performance of a 48 V LIB pack designed for an MHEV,
incorporating an indirect liquid cooling system. To better replicate
actual driving conditions, besides fully charging and discharging cy-
cles, the worldwide harmonized light duty test cycle (WLTC) - a
standardized driving cycle that simulates diverse speed profiles and
introduces realistic and high-current load patterns, unlike the simplified
or averaged profiles commonly used in previous studies - is used as
a benchmark. In addition, 25 temperature sensors — whose utilization
is rarely documented in literature — are strategically positioned within
the LIB pack to provide a detailed temperature distribution across cells
and modules, enabling a comprehensive thermal analysis. Furthermore,
the effect of initial temperature gradients (i.e., the difference between
the highest and lowest initial temperature points within the pack, a
parameter that has not been previously explored) is examined. Finally,
the performance of the indirect liquid cooling system is studied through
numerical simulations and experimental monitoring of the inlet and
outlet coolant temperatures.

In previous works by the same authors [30-32], several key aspects
of LIB pack thermal behavior were explored. The current work inte-
grates and expands upon these studies by introducing three significant
advancements:

» Examining the impact of initial temperature differences on ther-
mal distribution using real-world driving cycles.

» Investigating the effectiveness of an indirect liquid cooling sys-
tem in managing LIB pack temperatures exceeding the maximum
threshold through numerical and experimental methods.

» Comparing temperature distribution and cooling system perfor-
mance during dynamic cycling and fully charged-discharge cy-
cles.
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Table 1

Key characteristics of the LIB cells and pack utilized in this study.
Parameter Unit Cell value Pack value
Shape type - Prismatic 1253 p
Chemistry - NCM NCM
Nominal capacity Ah B.23 24.69
Nominal voltage V 3.7 44.4
Maximum wvoltage V 4.17 50
Maximum current A 233 700

Dimensions (length x width x height) mm 144 = 17 ® 60 660 x 475 x 132

The rest of this paper is organized as follows: Section 2 provides
an overview of the experimental setup, LIB cell and pack parameters,
the indirect liquid cooling system, tested operating conditions, and the
theoretical background of the numerical simulation. Section 3 presents
the validation and verification of the numerical simulation, along with
a sensitivity analysis. This section is followed by analysis of the results
derived from SOCs, temperature measurements, average temperature,
and temperature differences between battery cells, modules, and the
pack for all cases, as well as the performance of the liquid cooling
system. The results are discussed in Section 4. Finally, conclusions and
suggestions for future research are presented in Section 5.

2. Materials and methods

This section introduces LIB cells and parameters of the 48 V pack.
The designed experimental layout is then presented, illustrating the
charging-discharging architecture setup with the liquid cooling system.
Additionally, different cases are introduced, explaining the appropri-
ate initial and boundary conditions. Furthermore, sensitivity analysis
approach used in this study is presented in details. Eventually, the
numerical procedure for simulating a LIB cell is described.

2.1. Lithium-ion battery cell parameters

LIB cells are composed of positive and negative electrodes, elec-
trolytes, separators, and current collectors [23]. In the automotive
sector, prismatic, pouch, and cylindrical shaped battery cells are widely
utilized [33-35]. Each of these cell formats presents specific trade-
offs [36-38]. Cylindrical cells offer strong mechanical stability and
ease of manufacturing; however, they are characterized by lower space
efficiency. Prismatic cells provide high energy density and high packing
efficiency, although they are more complex and costly to manufacture.
Pouch cells deliver the highest flexibility and energy density; neverthe-
less, they are more prone to swelling and require additional structural
support. In this study, prismatic cells were selected for their balance of
space ufilization, structural integrity, and energy density, making them
suitable for 48 V MHEV applications.

In the EV battery industry, the adoption of lithium nickel manganese
cobalt oxide (NCM) batteries, LINiMnCoQO5, has been increasing [39].
NCM batteries are well-regarded for their high C-rate capability during
charge and discharge, long lifespan, and good performance at low tem-
peratures [40]. Therefore, NCM LIB cells are utilized in this study. Each
LIB cell features a nominal voltage of 3.7 V and a capacity of 8.23 Ah.
Table 1 summarizes the electrical and geometrical characteristics of the
LIB cells used in this study.

2.2, Lithium-ion battery pack parameters

The thermal performance of a real 48 V LIB pack, equipped with a
cooling system, for application in an MHEV is investigated in this study.
The selection of a 48 V LIB pack is driven by its ease of integration
into an MHEV, minimal impact on overall vehicle weight, safe and
compact modular design, and cost-effective contribution to improved
fuel efficiency. The battery pack comprises multiple individual cells
connected in series and parallel configurations to enhance voltage and
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Fig. 1. (a) A top view of the battery pack model showing thermocouple positions and naming convention (T , where m = module number, ¢ = cell number, z = positive/negative

tab) in Modulel, Module2, and Module3; (b) a 3D view of the battery cell components; () an isometric view of the indirect liquid cooling system located at the base of the pack,

illustrating relative placement and flow direction. Note: Component sizes are not to scale.

capacity, respectively. The LIB pack utilized in this study aligns with
previous works by the same authors [30-32]. A 1253p configuration
is used, indicating that three cells are connected in parallel, and 12
groups of these parallel-connected cells are arranged in series. Table 1
outlines the properties of the battery pack used in this study, and Fig.
1 illustrates the structure of the pack, its modules, and individual cells.
The LIB cells are separated by thin thermal barriers.

The LIB pack includes various components, such as a battery man-
agement system (BMS) circuit, electrical elements like a shunt and
a relay, and an aluminum chassis. These specific elements were not
replicated in this study due to their structural complexity and the
diverse materials involved. The assembly is encased within a metallic
sheet, with its dimensions detailed in Table 1.

2.3. Liguid cooling system

A uniform indirect liquid cooling system is implemented at the base
of the three modules once the pack reaches a threshold temperature of
approximately 40 °C. The schematic layout of the system components is
shown in Fig. 2, while Fig. 1c provides a 3D schematic of the cold plate
integration beneath the pack. Figs. 1c and 2 reflect the layout and flow
paths relevant to the thermal analysis. The cooling system incorporates

two tubes (inlet and outlet) to the channels positioned at the base of
the modules.

Different heat transfer fluids, including water, deionized water,
ethylene glycol-water mixtures, mineral oil, and liquid metal, are ex-
plored in the context of both direct and indirect liquid-based cooling
systems [24]. The liquid cooling system employed in this study utilizes
a mixture of water and ethylene glycol.

The cooling system status can be divided into two distinct phases
based on its operation: passive, during which the cooling system is filled
with non-circulating liquid; active, during which the liquid circulates
(when the temperature threshold is reached).

2.4. Experimental layout

Fig. 2 illustrates the experimental test set-up used in this study. This
setup closely follows the configuration presented in previous works by

the same authors [30-32]. The main components in the experimental
set-up are as follows:

» a battery pack equipped with a BMS;

» an AVL battery bidirectional power supply controlled by the AVL
PUMA system,;

» 27 K-type temperature sensors (commonly used for their wide
temperature range and fast response time) connected to two data
acquisition modules (ES620 ETAS);

« a liquid cooling system; and

» a computer unit for data monitoring and storage.

Out of 27 thermocouples, 25 are used to measure the temperature
of the LIB cells. As shown in Fig. 1a, the thermocouples are positioned
on top of the cells using tape for secure attachment and accurate tem-
perature measurement. The thermocouples are positioned across three
modules of the battery pack, named Modulel, Module2, and Module3.
The labeling convention for the measurement points is defined in Eq.

(1)
T;(t) = T, (1) (1)

where m is the module number (1, 2, or 3), ¢ indicates the cell number
from 01 to 12, and the superscript z, either — or +, represents the
negative or positive tab, respectively. The tabs refer to the thin metal
strips attached to the electrodes inside the battery cell, which allow
electrons to flow between the electrodes and the external circuit.

In Modulel, the thermocouples are placed on the left side, close
to the external surface of the pack, to monitor its thermal response
to environmental conditions. On the other hand, in Module3, the
thermocouples are positioned internally, near Module2, to observe the
interactions between the two modules. Additionally, Module3 features
an externally positioned thermocouple, T, ., to evaluate the tempera-
ture difference between the external surface of the pack and the internal
surface of the module.

The highest temperature in LIB cells typically occurs near the
tabs [1,2,41]. In this study, T)", and T, , are positioned close to

2,04 204
the positive and negative tabs of the same cell, respectively (Fig. 1a).
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Fig. 2. A schematic of the LIB pack thermal performance test and cooling system used in this study. The inlet and outlet coolant temperatures are denoted as T, and T,

respectively.

Table 2

B —
— : \
8 4 g
et
Pump Reservoir Heat Cooling
exchanger tower

It

A summary of the five cases evaluated in this study, including initial temperature, initial state of charge, maximum and
minimum current values, test duration, and cycle profile shape. These values define the initial conditions used in the numerical

simulations.

Case number T, [°C) S0OC, (%) AT, (°C) I... [(A) I, (A) Time (s) Shape

Casel 26.2 47 - 237 —237 5180 Fully charge/discharge
Case2 24.0 90 - 600 —600 3600 WLTC & inverted
Case3 24.0 60 - 600 —600 3600 WLTC & inverted
Cased 28.5 92.5 - 600 —600 1800 WLTC

Case5 28.5 90.5 2 600 —600 1800 WLTC

These thermocouples are used to measure the temperature differences
between the positive and negative tabs of the same LIB cell during
charge and discharge cycles.

The finalized experimental campaign analysis of the thermal perfor-
mance and the cooling system of the battery pack was carried out at
the “Center for Studies of Vehicle Components S.p.A"”, Bosch plant in
Modugno, Bari, Italy.

2.5. Charging and discharging cycles

In the present study, two test protocols — continues full charging-
discharging cycles and dynamic charging-discharging cycles deter-
mined by the WLTC Class 3b followed by an inverted version of the
same cycle — were implemented in order to study the temperature
distribution and cooling system effectiveness of the 48 V LIB pack of an
MHEV. As shown in Table 2, there are totally five cases with different
initial conditions and charging-discharging cycles. In Table 2, T;, SOC,,
at, 1., I, time, and shape represent the initial temperature,
initial SOC, initial temperature difference between the maximum and
minimum values within the pack, maximum current, minimum current,
test duration, and the shape of the charging and discharging profiles,

respectively.

In this study, high charge-discharge currents were selected to sim-
ulate the high-power demands of MHEVs, particularly during accel-
eration and regenerative braking. For dynamic cases (Cases 2-5), a
peak current of 600 A was applied over short durations to evaluate the
thermal behavior and cooling system response under transient, high-
load conditions. In Casel, a peak current of 237 A was employed over
extended charging-discharging cycles. This choice reflects practical
limitations: applying high currents continuously may lead to excessive
heat generation, accelerated aging, and performance degradation of the
battery.

The following lines present a description of each case along with
the reasoning behind its selection.

- Casel (continuous operation with cycling): In the first case,
a series of five full charge-discharge cycle tests was performed,
starting at a T, and SOC, of 26.2 °C and 47%, respectively.
Throughout the cycles, the battery pack experienced maximum
and minimum currents of 237 A and —237 A, respectively, while

the SOC ranged from 10% to 91%. The test was concluded when
the SOC reached its maximum wvalue at the end of the fifth cycle.
These cycles were used to study the thermal behavior of the
battery pack under varying SOC conditions during both charging
and discharging.

This setup was designed to evaluate thermal behavior under
sustained high-current operation, providing a baseline for com-
parison with dynamic WLTC cases. The extended duration of this
case allowed for the activation of the cooling system, enabling the
observation of its impact on thermal performance. Therefore, this
scenario characterizes the thermal response of the LIB pack under
prolonged cycling conditions.

- Case2 and Case3 (WLTC cycles and inverted): In these cases,

the effect of WLTC Class 3b, followed by an inverted version
of the same cycle, on temperature distribution and the cool-
ing system was analyzed. Charging and discharging cycles were
conducted with a 7, of 24.0 °C (ambient temperature) and a max-
imum SOC,; of 90%, defining Case2 in this study. To investigate
the influence of different SOC s, Case3 was derived from Case2 by
maintaining the same T, and lowering the SOC, to 60%. Prior to
each test, the pack was charged or discharged to a specific SOC.
This procedure ensured that all test cases began with a specific
SOC for consistent and repeatable results.
It is essential to note that the extended duration of an inverted
WLTC in Case2 and Case3 allowed for the activation of the cool-
ing system, facilitating the observation of its impact on thermal
performance.

« Case4 and Case5 (WLTC cycles): In these cases, the effect of dif-
ferent T; and AT, (the AT is the difference between the maximum
and minimum temperatures at each time) during a WLTC Class 3b
on temperature distribution was analyzed. In Case4, charging and
discharging cycles were conducted with a T} of 28.5 °C and a high
SOC; of 92.5%. In Case5, the T, was identical to that of Cased4;
however, the AT, was set to 2 °C, and the SOC, was reduced to
90.5%.

2.6. Mathematical battery model and governing equations

To assess the impact of liquid cooling on system thermal behavior
under high temperatures, it is imperative to obtain battery temperature
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data in the absence of any cooling intervention. Due to safety consider-
ations, the battery pack cannot be subjected to temperatures exceeding
a threshold value (40 °C) during testing. Consequently, the utilization
of a LIB thermal model becomes essential.

In this investigation, a single LIB cell is selected to evaluate the
effectiveness of the liquid cooling system. This decision is motivated by
two factors: firstly, the consistency of temperature patterns induced by
the cooling system across various cells (as demonstrated in Section 3);
and secondly, the desire to minimize computational cost.

It is worth mentioning that the high number of thermocouples in
the experimental setup, as mentioned previously, allows us to capture
the detailed thermal behavior of the entire LIB battery pack both in
the absence and presence of the liquid cooling system. However, for
the specific purpose of assessing the performance of the cooling system
in reducing temperature rise, analyzing the temperature behavior at a
single and strategically selected point (cell T; ) is sufficient. This part
provides a reliable indication of the cooling effectiveness, without the
need for full pack-level thermal simulations.

As specified in Fig. 1, cell T, 5, is chosen for modeling purposes due
to its location in the middle of the module, where higher temperatures
are typically evident, and to the presence of nearly symmetric boundary
conditions.

2.6.1. Energy balance and heat generation

In this study, a multi-scale and multi-dimensional electrochemical-
thermal model, known as Newman, Tiedemann, Gu, and Kim (NTGK)
in the literature, was adopted. The NTGK models the electrochem-
ical behavior of LIB cells by using semi-empirical relationships to
describe voltage, current, and heat generation. This model captures
both reversible and irreversible thermal effects and accounts for inter-
nal resistance heating, making it suitable for coupled thermal-electrical
simulations in battery systems [42,43]. A detailed formulation of the
NTGK model can be found in [43-45]. The model was implemented
under the following assumptions:

« The distance between the two electrodes is considered short,
ensuring that the current flow remains perpendicular to them.

» The electrode is treated as an equivalent network comprising
electrode material and current collector resistors connected in
parallel [42,46].

» The battery cell is treated as a single domain, utilizing a coupled

semi-empirical model. The parameters of this model are derived
from [42,44].

The continuity of current and Ohm's law were used to derive
the equations for potential and current-density distribution within the
battery [47]. The Poisson equations for the potentials in the positive
and negative electrodes were derived, and the functional relationship
for current density was improved by including the polarization of the
electrodes [42].

Heat generation, g,.,, occurs inside the battery domain due to
chemical reactions during charging-discharging and internal resistance.
A detailed description of the equations governing the heat generation
components inside the battery cell can be found in the literature [43,
44]. In this study, the heat generation due to other sources is neglected
as they have no significant impact on the total heat generation [44,48].

The conductive equation with the heat source term governs the heat
transfer inside the battery cell as follow (energy conservation equation):

d
2 (oreT) = V- (6,7) + 4y @

where p,, c,,, and k, represent the battery’s density, specific heat
capacity, and thermal conductivity, respectively. These parameters are
listed in Table 3.
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2.6.2. Boundary and initial conditions
Heat dissipation from a single cell body happens through three main

paths:

- Gaps: Assuming the air gaps between the cells as an enclosed
space, a dimensionless parameter, Rayleigh number (Ra, ), is used
to determine the heat transfer mode in the gaps [49-51]. Heat
transfer in the air gaps between cells occurs by conduction due
to the small thickness of the gaps (2 mm) and the low Rayleigh
number (Ra; < 107), indicating negligible convection. Therefore,
the gaps (shown in Fig. 1b) are considered as a solid domain with
the thermophysical properties of the air that are listed in Table 3.
The following thermal equilibrium condition at the interface of
the battery (subscript of b) and the gap (subscript of g), Eq. (3],
is written with an assumption of negligible contact resistance.

~k, 2L =k, 2L (3)
where, k, is considered as either k, or k, that are the thermal
conductivities of the gap or plate, respectively, and »n denotes the
direction. It is worth mentioning that each of the two gap bodies
considered is half of the real gap, 1 mm, and Neumann boundary
conditions have been applied on the outside surfaces (a zero heat
flux boundary condition).

- Bottom plate: At the bottom of the LIB cell, there is a plate in
order to transfer the generated heat to the cooling medium (Fig.
1b). This body includes solid plates assumed to be aluminum
and cooling fluid. The fluid is considered not moving as this
simulation refers to the passive portion of the tests. The total
height of the combined layers is approximately 4 mm; however,
the detailed internal structure is not fully known. In this study,
to reduce the complexity of the structure, the whole body is
considered as a solid body with the thermophysical properties of
the aluminum and water combined together as listed in Table 3.
Therefore, Eq. (3) shows the heat transfer happens between the
battery surface and bottom plate (subscript of p).

It is worth nothing that, the heat transfer to air from the bottom
plate at its outer surface is considered to be a free convective heat
transfer to the air, i.e.,

dT

H"E
where k, is either k, or k, that are the thermal conductivities
of battery or bottom plate, respectively, h is convection heat
transfer coefficient (h = 5 Wm=2 K~!), A denotes the surface area,
T, , is the outer surface temperature, and T, shows the ambient
temperature.

» Convection: Convective heat dissipation to the ambient air from
the remaining battery surfaces is considered in this study, while
radiative heat dissipation is neglected. This boundary condition
is represented in Eq. (4).

—kyy=— = hA (T,, - T,) (4)

$,0

For all simulations, the T, of the battery cell is assumed to be
uniform and equal to the T, at the beginning of each test case. The
values of T, for each case are listed in Table 2. In addition, the SOC;
is set based on experimental inputs and is provided in Table 2. These
initial conditions are applied uniformly throughout the LIB domain.
Furthermore, it is assumed that the LIB is initially at rest, with no
internal heat generation or temperature gradients present prior to the

start of the charge-discharge cycle.
2.7. Numerical simulation setup

In this study, a finite volume-based commercial solver ANSYS FLU-
ENT 2023 R2, is employed to solve the governing equations. The
governing equations and the details of the battery model employed in
the present simulation are already explained in the previous section.
The second-order upwind scheme is employed to discretize energy
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LIB cell, gap, and bottom plate properties used in the numerical simulation of this study.

Parameters Unit LIB cell Positive tab Negative tab Gap Bottom plate
Density (g) kg m—3 2002 2719 8978 1.235 1858.6
Specific heat (c) J kg™ K! 1400 871 381 1006.43 2526.5
Thermal conductivity (k) Wm! K 18.2 202.4 387.6 0.242 1.196

equation. The convergence criteria and the under-relaxation coefficient
for energy are set at 107 and 1.

The initial depth of discharge (DOD) and reference battery capacity
have been modified based on different test cases in this study. The
thermophysical properties have been reported previously and the re-
maining values are considered as default values of the NTGK model in
the software.

A hexahedral structured mesh is applied to the computational do-
main. The average values for element quality and aspect ratio are 0.94
and 1.27, respectively. To establish the reliability of the numerical
model, grid and time-step independence studies have been performed.
They are reported in Section 3.1.

The numerical simulation presented in this study was designed
to represent the thermal behavior of a representative LIB cell during
the passive phase. Since there is no fluid motion during this phase,
flow regime characterization is not required. This baseline allowed
for comparison against experimental results with active liquid cooling
engaged, offering insight into the effectiveness of the cooling system
under WLTC loads.

2.8. Sensitivity analysis

In this study, a sensitivity analysis is performed to evaluate the
influence of key thermophysical parameters on the simulated LIB cell.
Sensitivity analysis is a technique used to assess how wvariations in
model input parameters affect the output, helping to identify and
exclude parameters that have negligible influence on the results [52-
54].

Among various approaches, simulation-based sensitivity analysis is
employed, which examines how changes in input parameters influence
simulation outputs. This method is particularly useful for capturing
nonlinear relationships between inputs and outputs [53].

Simulation-based methods are generally categorized as either local
or global. Local methods, such as the one factor at a time (OFAT) ap-
proach, vary one parameter at a time while keeping others fixed at their
nominal values. This allows for a clear and straightforward assessment
of each parameter’s individual effect on the model output [53,55].

On the other hand, global methods (including Monte Carlo and
variance-based techniques) evaluate sensitivity across the full range of
input values and account for interactions between parameters. While
global methods are more comprehensive, they are computationally
expensive and require parallel computing resources [53,55].

Due to its simplicity and lower computational demand, the OFAT
method is adopted in this study. The values used in the sensitivity anal-
ysis are listed in Table 3. This analysis helps identify which parameters
most significantly impact the model’s thermal response, guiding future
model calibration and refinement efforts.

3. Results

The results are organized into six parts. Firstly, the numerical
approach is validated and verified to ensure the accuracy and reliability
of the findings. Next, a sensitivity analysis of the input parameters is
conducted to quantitatively evaluate their influence on the thermal
response of the model. Subsequently, the SOC and voltage dynamics
are examined, focusing on the variations in initial SOCs and their
evolution over the test period across the five test cases. Furthermore, a
detailed examination of the thermal behavior during full charging and

discharging cycles is presented, analyzing the performance of individ-
ual cells, modules, and the pack itself in the first test case. Following
this, the thermal behavior observed in the remaining four test cases are
examined. Finally, the effectiveness of the indirect cooling system on
temperature management is explored, providing insights into how the
cooling system influences thermal performance of Casel, Case2, and
Case3.

3.1. Numerical model validation and verification

This section presents the verification and validation of the numer-
ical model used in this study. Verification aims to ensure that the
numerical solution is independent of discretization parameters such
as mesh size and time step. Validation, on the other hand, evaluates
the accuracy of the model by comparing simulation results with the
corresponding experimental results. To examine these independencies,
the average temperature, T, of the top surface of LIB cell over time
is used as the reference temperature under a constant C-rate profile.

For verification, mesh and time step independence studies were
conducted using the time-averaged temperature of the selected refer-
ence temperature. The relative error, expressed as a percentage, was
calculated as the difference between successive mesh results, normal-
ized by the value obtained from the coarser mesh. For validation, the
root mean square error (RMSE) and mean absolute error (MAE) were
used to quantify the difference between the simulated and experimental
results.

» Grid independence study (verification): Grid independence is
assessed by varying the element size. Mesh domains with approxi-
mately 25k, 62k, 193k, and 473k elements are considered (Fig. 3a).
Results indicate negligible differences in T,,, between the 193k
and 473k meshes, with relative errors of 0.10% between the 62k
and 193k meshes, and 0.03% between the 193k and 473k meshes.
Therefore, the 193k mesh is selected for further studies.

« Time step independence study (verification): Larger time steps
yield faster results but with greater inaccuracies, while smaller
time steps improve accuracy at the cost of increased computa-
tional time. Thus, optimizing the time step is essential to balance
accuracy and computational efficiency. Using the optimal mesh
from the grid independence study, time steps of 0.33 5, 1 s, 3 s,
9 s, and 27 s are evaluated (Fig. 3b). The results indicate that the
time-averaged temperature remains nearly constant for time steps
of 3 s and smaller. Specifically, the relative error is approximately
1.07% between 27 s and 9 s, 0.48% between 9 s and 3 s, 0.16%
between 3 s and 1 s, and 0.11% between 3 s and .33 s. Therefore,
a 3 s time step is selected for the subsequent simulations.

- Comparison with experimental data (validation): Numerical
results are compared with experimental data from cell T; .
The T,,, of the top surface is matched with the T, , from two
thermocouples placed on the cell. At the WLTC cycle (the first
1800 s) for Case2 and Case3, the RMSE values are 0.3 °C and
(.8 °C, respectively, while the corresponding MAE values are
(.2 °C and 0.7 °C, respectively. These low error metrics indicate
strong alignment with experimental data. A detailed temperature
behavior of WLTC cases is discussed in Section 3.6.
Furthermore, the second discharge cycle of Casel (characterized
by high-current discharge operation in the absence of active
cooling) is used to further evaluate the model's predictive accu-
racy under thermally demanding conditions. The comparison be-
tween simulated and experimental temperatures yields an RMSE
of 0.6 °C and an MAE of 0.5 °C, supporting the model’s reliability
under extreme operating conditions.
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Fig. 3. (a) Mesh independency study with four different mesh sizes; (b) time step
independency study with five different time steps.

3.2. Sensitivity analysis of thermophysical parameters

This section presents a sensitivity analysis of ten thermophysical
parameters affecting the numerical thermal model of the LIB cell. Each
parameter is varied by +10% from its nominal value, and the resulting
effects on model outputs are evaluated. The analyzed parameters in-
clude the thermal conductivity, specific heat, and density of the LIB
cell, bottom plate, and gap region, as well as the convective heat
transfer coefficient to ambient air (see Table 3).

Simulations are conducted using the WLTC current profile (Case2),
while keeping all other boundary and initial conditions constant. The
influence of each parameter is quantified by calculating the relative
error in temperature rise (T, ) during the WLTC phase. This relative
error is defined as the percentage difference in 7,,,, between the
modified and baseline cases.

The sensitivity results are presented in Fig. 4, where parameters
are grouped based on their impact: sensitive and insensitive. Sensi-
tive parameters are those whose variation causes notable changes in
T.,,.., while insensitive parameters show minimal influence on thermal
response.

Fig. 4a shows that a 10% decrease in the LIB cell’s density and
specific heat results in an 8.2% increase in T, whereas a 10% increase
in these parameters reduces 7., by 6.1% and 6.9%, respectively. A
decrease in thermal conductivity causes a minor 0.8% increase in
T,,.. while its increase results in a 0.1% reduction. As illustrated
in Fig. 4b, variations in the convection heat transfer coefficient lead
to changes of approximately 0.4% in T,,, .. Increasing this parameter
slightly decreases the T, ., while decreasing it has the opposite effect.

Fig. 4c shows that a £10% change in the bottom plate’s density and
specific heat causes an inverse change of approximately F0.8% in T, ..
Changes in its thermal conductivity, however, have negligible impact.
Fig. 4d illustrates that the thermal properties of the gap (thermal
conductivity, specific heat, and density) has negligible influence on the

model output when altered within +10%.
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In summary, the parameters most sensitive to variation are the
specific heat and density of the LIB cell and bottom plate, the LIB cell’s
thermal conductivity, and the convection heat transfer coefficient of
air. Conversely, the thermal conductivity of the bottom plate and all
parameters related to the gap region are classified as insensitive due to
their limited influence on thermal output.

3.3. State of charge and voltage

In this section, the variations in initial SOC values and their changes
over the test period are examined. The SOC represents the amount
of energy stored in a LIB cell as a percentage of its total capacity.
First, the SOC and voltage profiles for Casel are examined. Next, Case2
and Case3 are explored, presenting the WLTC and its inverted version.
Finally, the remaining two cases, Case4 and Case5, are covered, where
additional WLTC profiles are analyzed. It is important to note that in
all cases, the cell voltage is assumed as one-twelfth of the pack voltage.

3.3.1. Fully charging and discharging - Casel

Fig. 5 provides a comprehensive visualization of the voltage, cur-
rent, and SOC for Casel. In this figure, and the subsequent figures in
this section, the LIB pack current, voltage, and SOC are represented by
the abbreviations /., V.., and SOC,, ., respectively. The applied
current varies from a minimum value of -237 A to a maximum value
of 237 A. For a more thorough analysis, the test duration of Casel has
been divided into two sections for each of the five cycles, namely the
discharge period (D) and the charge period (C). Numerical identifiers
from 1 to 5 have been assigned to each abbreviation, corresponding to
cycles 1 through 5, respectively.

In the initial section of the first cycle (D1) shown in Fig. 5, the
current is maintained at —237 A for 140 s, leading to a variation of the
SOC from 47% to 10%. During this period, both the pack voltage and
cell voltage decrease from 44.16 V and 3.68 V to 39.24 V and 3.27 V,
respectively. In the second section of the first cycle (C1), the current is
kept constant at 237 A until 226.5 s, which results in an SOC of 33% and
an increase in pack voltage to 44.71 V (high current charging segment).
Following this, the current decreases to 33 A, leading to an SOC of 91%
and a rise in pack voltage to 48.68 V.

The second cycle in Fig. 5 starts at 959.5 s (D2). Throughout the
subsequent cycles (D2 and C2 to D5 and C5), the pack SOC, current,
and voltage exhibit temporal evolution similar to that observed in D1
and C1. The key distinction lies in the discharge periods, as they initiate
at the maximum SOC value, unlike the first cycle. The test of Casel
finishes at 5180 s.

3.3.2. WLTC & inverted version - Case2 & Case3

To facilitate a detailed analysis of the results for Case2 to Case5,
the WLTC cycle is divided into four phases: low (L), medium (M), high
(H), and extra high (ExH) speed segments. The numerical identifiers
1 or 2 associated with each abbreviation indicate the specific WLTC
cycle or its inverted version, respectively. Therefore, Case2 and Case3
include the numbers 1 and 2, as they encompass the WLTC cycle and
its inverted version. In Case4 and Case5, only the number 1 is present,
as they exclusively involve the WLTC cycle.

Fig. 6 illustrates the voltage, current, and SOC of the battery pack
for Case2. The SOC values recorded at the end of the WLTC segments
L1, M1, H1, and ExH1 are 91%, 84%, 82%, and 73%, respectively. This
trend reflects a 1% increase in SOC during the initial segment, while
subsequent sections exhibit a progressive decrease in stored energy,
with the most reduction of 9% observed in ExH1. In contrast, during
the inverted WLTC cycle, the SOC values at the end of ExH2, H2, M2,
and L2 are 60%, 65%, 66%, and 74%, respectively. Consequently, the
stored energy of the battery pack shows a 13% reduction by the end
of ExH2, whereas increases were noted in the other segments (refer to
Fig. A.21 in Appendix A).
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Fig. 7 shows the current, voltage, and SOC of the battery pack for
Case3, where the test starts with a lower SOC value of 60% compared
to Case2. At the end of each section (L1, M1, H1, ExH1, ExH2, H2,
M2, and L2), the SOC values are as follows: 74%, 69%, 68%, 60%,
47%, 52%, 53%, and 62%, respectively. Compared to Case2, Case3
demonstrates a greater energy gain during the initial portion (L1),
with a 14% increase. However, the stored energy decreases during
the subsequent segments of the WLTC, albeit with smaller reductions
compared to Case2. The general trend of Case3 aligns with that of
Case2; however, the inverted WLTC cycle exhibits lower values overall
(refer to Fig. A.21 in Appendix A).

It is worth noting that the SOC decreases by 15% in Case2, while
it increases by 2% in Case3 in the complete test period. In Case2, the
battery pack reaches a maximum voltage of 49.6 V and a minimum
voltage of 42.5 V. In comparison, Case3 exhibits a maximum voltage
of 48.8 V and a minimum voltage of 41.7 V.

3.3.3. WLTC - Caseq & Case5

In Case4 and Case5, the driving cycles only include the WLTC. Fig.
8 illustrates the voltage, current, and SOC of the battery pack for Case4.
In this case, the initial SOC is 92.5%. At the end of each time portion,
the SOC values are as following: 86.96%, 84.74%, 82.89%, and 73% at
the end of L1, M1, H1, and ExH1, respectively. It indicates a decrease in
SOC in all portions except during M1 portion, where the SOC increased
by 0.78% (Fig. A.21 in Appendix A).

Fig. 9 shows the voltage, SOC, and current of the battery pack for
Case5. In this case, the initial SOC is approximately 90.5%. At the end
of each portion, the SOC values are as follows: 91.86% at the end of
L1, 85.25% at the end of M1, 82.94% at the end of H1, and 82.94% at

10

the end of the test (ExH1) (Fig. A.21 in Appendix A). Similar to Case2
and Case3, the SOC decreases in all WLTC portions, except during L1,
where the SOC increased by 1.36%.

The minimum pack voltage values for Case4 and Case5 are 44.66 V
and 44.70 V, respectively. The maximum voltage recorded for both
cases is 49.61 V.

3.4. Thermal behavior of fully charging and discharging - Casel

As mentioned previously, the first portion of all cases is named
as passive cooling, indicated by a white background in figures such
as Fig. 10. The second section of Casel, Case2, and Case3, involving
the liquid cooling system, is termed active cooling and is depicted by
the blue background (for example, in Fig. 10). In the figures of this
and the following sections, the LIB pack maximum, minimum, and
average temperatures are represented by the abbreviations T, ., T,....,
and T, p,.; (referred to as T, in the text), respectively. Additionally,
the time histories of the average temperatures of Modulel, ModuleZ2,
and Module3 are illustrated using the labels T
and T, vrodues» TESpPEctively.

ave, Modulel TuL:g-Mr.u.l'uIEE!

3.4.1. LIB cell thermal behavior - Casel

The temperature time histories of the 25 thermocouples positioned
in Modulel, Module2, and Module3 are shown in Fig. 10. During the
passive cooling phase, T|", and I, represent the T, (1) for Modulel
and Module2, respectively. T ; » corresponds to the second-lowest tem-
perature in Module3. However, in the third and fourth cycles, these

values increase relative to other points within the same module, and

|'FT”‘I
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Fig. 10. Temperature time histories of the thermocouples for Casel placed in (a) Modulel, (b) Module2, and (¢} Module3. In all plots, the light blue region represents the active
cooling phase of the test (D and C portions represent discharging and charging periods, respectively).

by the fifth cycle, they become the T, (1) for the respective module in During the passive cooling phase, the T, (t) is observed in the
the active cooling portion. middle cells; in particular, in Modulel, T, (1) is recorded in Tass Tl'"m,
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discharging and charging periods, respectively).

and T/ .. In Module2, T, (1) occurs in 777 and 77 . In Module3,
T, (t) occurs in three internal cells: T , T , and T . However,

3,047 7306 3.07°
in the subsequent cycles, during the active cooling phase, the highest

temperatures shift towards the middle or lowest temperature points
within each module.

In addition, T,,,(t) of Module3 consistently occurs in T, through-
out all cycles (Fig. 10¢). This observation highlights the complexity of
the dynamic system and emphasizes the importance of assessing the
temperature behavior of a large number of battery cells within a pack
during the research phase.

Finally, the temperature time histories of thermocouples positioned
near to the negative and positive tabs on the same LIB cell are recorded
by T,,, and T, ,, respectively. The temperature at the positive tab
[T;_-m] is higher than that at the negative tab [Tz'_-m]'

3.4.2. LIB module thermal behavior - Casel

Fig. 10a shows the temperature trends of Modulel throughout each
cycle. The T, . (1) of Modulel is observed during the charging periods
(C1 to C5). In cycles C2 to C5, the maximum temperatures happen at
the beginning of the corresponding charging periods, reaching values
of 40.2 °C, 44.1 °C, 458 °C, and 45.3 °C. These points correspond to
the times when the high current charging of 237 A is completed. In
contrast to the other charging periods, two peak temperature points are
observed in C1, both around 32.7 °C, with the second peak occurring
in the middle of the section.

The evolution of the maximum temperature in Module2 and Mod-
ule3 across the five cycles follows a similar pattern to Modulel from C1
to C5 (Figs. 10b and 10¢). The highest temperature values observed for
Modulel, Module2, and Module3 throughout the entire test occur at the
beginning of C4, measuring 45.8 °C, 45.0 °C, and 44.6 °C, respectively.

Fig. 11 presents the time histories of T, ., T,;,» T, and AT for each
module and the entire battery pack. The T,,, of Module2 and Module3
follow a trend similar to that of the LIB pack. However, the T, of
Modulel is slightly higher than the pack’s average during discharge
periods and at the beginning of charging periods, particularly when
high currents of 237 A are involved in either charging or discharging.

This observation indicates that Modulel is more sensitive to high
currents and consequently generates more heat compared to the other
modules.

Furthermore, as the test progresses and enters the active cooling
phase, the maximum temperature difference between T, ., of Modulel
and the pack increases with each cycle (Fig. 11a). Specifically, this
difference at the end of each high charging period in the passive cooling
phase is around 0.6 °C. This difference increases, peaking at 0.9 °C in

the final cycle (C5) during the active cooling phase.

3.4.3. LIB pack thermal behavior - Casel

As depicted in Fig. 11a, the maximum 7, , of the battery pack
occurs during the charging periods (C1 to C5). Notably, these maximum
temperatures are observed at the beginning of the respective charging
cycles, corresponding to the position between the maximum charging
current (237 A) and the remaining time.

During the low current charging periods within the passive cooling
portion, the pack’s temperature remains relatively stable (Fig. 11a). In
contrast, during the active cooling portion, the temperature decreases,
leading to a negative T,,... The maximum decrease is observed in C5,
where the temperature drops by 5.4 °C from the initial value of 42.9 °C
(Fig. 11).

From Fig. 11a, the T, , during a full discharge in the passive cooling

ise

portion (D2) is approximately 5.8 °C, starting from an initial T, of
the pack at 31.8 °C. In the active cooling portion, the T, . decreases to

4.2°C, 43 °C, and 3.5 °C for D3, D4, and D5, respectively, with initial
T, values of 37.8 °C, 39.8 °C, and 39.4 °C.

As shown in Fig. 11b, the maximum AT values for each cycle occur
during the middle of the charging sections, specifically between the
high and low charging currents. The maximum AT values for cycles one
through five are 2.1 °C, 3.3 °C, 3.3 °C, 3.1 °C, and 3.9 °C, respectively.

3.5. Thermal behavior of WLTC cycles - Cases 2 to 5
This section considers the thermal behavior observed in the remain-

ing four cases (Cases 2 to 5). Case2 and Case3 involve a WLTC and its
inverted version, while Case4 and Case5 involve only the WLTC cycle.

12
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3.5.1. WLTC & inverted version - Case2 & Case3
Fig. 12a presents the temperature-time history in Modulel of Case2.

The T,,.(t) occurs in T|+|3’ followed by 7, as the second lowest.
The T,,,,(r) occurs at T" ,, T ., and T, . Most temperatures follow

a consistent pattern throughout the driving cycle, except during a brief
abnormality from 350 s to 800 s (from the middle of L1 to the middle
of M1), where T]*_'{m deviates (illustrated in a zooming box on the left
top of Fig. 12a). This irregularity can be categorized into three phases:
initially, a temperature rise of (.5 °C compared to the second-highest
temperature in Modulel at the same moment; next, a temperature
disparity of 2.5 °C; and finally, a difference of 0.7 °C using the same
comparison criteria. The anomaly disappears within a short duration
and does not influence the overall results. Further details are provided
in Section 4.2. To ensure precision, data from this temperature point
were excluded from the calculations of T, (1), T,,,(1), AT(t), T,..(1),
and T,...

Fig. 12b illustrates temperature profiles of the points in Module2
of Case2. T, (t) is observed at TE"':M, with Tz"fm as the second highest,
except from the middle of M2 to the end of L2. Initially, T, shows
the highest temperature in L1, however, it decreases during M1 and
remains the second lowest until the end of the test. T, (t) is found at
L

Fig. 12c illustrates the temperature behavior of various cells in

Module3 of Case2. T, (t) occurs in o followed by T{* ;- On the other
hand, the T, . (1) is observed in T:‘m and T, .- Except for and ’,-“;"_'Iz,

all other temperature points are in close alignment with the maximum
temperature range.

The T,,,(t) profiles of Module2 and Module3 in Case2 exhibit a
trend similar to Modulel during L1, with slightly lower values for
the remaining periods (Fig. B.22 in Appendix B). By the end of the
WLTC, the T, (1) values for Modulel, Module2, and Module3 in Case2
are 348 °C, 34.1 °C, and 34.0 °C, respectively. By the end of the
inverted WLTC, these values increase to 39.5 °C, 38.7 °C, and 38.3 °C,
respectively. In all modules, the highest T, (1) occurs at the beginning
of M2 (around 2960 s) when the liquid cooling system is activated, and
again in the middle of L2 (around 3260 s).

Fig. 13a shows temperature profiles for Modulel in Case3. T, . (1)
occurs at 7, and T+ , with T":nﬁ generally having a higher tempera-

1,06’ I.
ture. T, (1) fluctuates between T~ and TI'"”.

Fig. 13b illustrates temperatlliﬂé variations in Module2 of Case3.
Throughout all time sections, Tzil,-m consistently records the T, (7).
Furthermore, T, _ exhibits a high temperature during the test, except
from the middle of M2 to the end of L2. Conversely, the T, (1) of
Module2 is observed at 7, ,. As in Case2, 7,  in Case3 initially
exhibits the 7, (1) during the L1 section; however, its rate of T,
decreases and remains the second lowest in the module from the middle
of M1 (around 650 s) until the end of the test.

Fig. 13c presents the temperature profiles of various points in Mod-
ule3 for Case3. Initially, 7 starts within the mid-range of tempera-
tures during the first 100 s, but its T, . rate slows down, making it the
lowest temperature point in Module3 from the middle of L1 onward.
T/ , consistently shows the second lowest temperature. Conversely,
T, ..(t) is observed at T_:m, while the second highest temperature alter-
nates among 17, T_{:m, and T_{':m, all of which are internal temperature
points.

The T,,, (1) profiles for Modules 1, 2, and 3 in Case3 are similar,
with values at the end of the WLTC at 35.4 °C, 35.0 °C, and 349 °C,
respectively, and at the end of the inverted WLTC at 39.5 °C, 39.0 °C,
and 38.7 °C, respectively (Fig. B.22 in Appendix B). As in Case2, the
highest T, . (t) occurs at the beginning of M2 (at 2900 s when the liquid
cooling system is activated) and in the middle of L2 (around 3260 s).

Fig. 14 illustrates the time-averaged T, (f) for each time section
in Case2 and Case3, along with the corresponding time-averaged AT'(1)
at the specified time sections. In both cases (Case2 and Case3), time-
averaged temperature increases gradually throughout the test, peaking

during H1 (with increases of 3.2 °C in Case2 and 3.0 °C in Case3) and
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Fig. 12. Temperature time histories in Case2 of the thermocouples placed in (a)
Modulel, (b) Module2, and (¢} Module3. The active liquid cooling period is highlighted
in blue (L, M, H, and ExH represent low, medium, high, and extra-high speed sections).

M2 (with increases of 3.0 °C in Case2 and 3.1 °C in Case3). Conversely,
in L2, where the cooling system is active, the time-averaged temper-
ature decreases. Despite Case3 showing slightly higher temperatures
than Case2, both follow a similar trend.

In CaseZ, the pack T, (t) increases by 10.5 °C and 4.6 °C in the first
WLTC and inverted WLTC periods, respectively. Similarly, in Case3, the
T,..(1) rises by 11.4 °C and 4.0 °C in the first WLTC cycle and inverted
WLTC cycle, respectively (Fig. B.22 in Appendix B).

Additionally, the time-averaged AT'(t) for Case2 is 0.7 °C in L1 and
increases throughout the test, except during L2. Case3 exhibits a similar
pattern but with higher values in L1 (1.2 *C) and M1, almost the same

value in H1, and lower values in the remaining time sections. The
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maximum time-averaged A7 (t) occurs in M2 for both cases, with values
of 3.2 °C in Case2 and 2.7 °C in Case3.

3.5.2. WLTC - Case4 & Case5

Fig. 15a illustrates the temperature distribution in the first module
of Case4. During the L1 portion, the T,,;, for Modulel occurs at ."I'" .
which shifts to TI".'” from M1 until the end of the cycle. The T, in
Modulel fluctuates between 7}'  and T ..

Fig. 15b presents the temperature profiles for Module2 in Case4.
Throughout the test, T, consistently occurs at 7| ,. On the other side,
initially, Tzfm is placed as the highest temperature in the L1 phase but
shifts to the second lowest temperature from the middle of M1. In this

+ +
module, the T, . fluctuates between T and 77 ..
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Fig. 15c shows the temperature distribution in Module3 of Case4.

The T,,, is observed at T, with the second lowest temperature at
T} _. The highest temperature points in this module are found in the

3,12°

central cells.
At the beginning of the test, T, for Modulel is intermediate

between Module2 and Module3 (28.4 °C, 28.7 °C, and 28.1 °C, respec-
tively). However, by the beginning of M1, the T . of Modulel shifts

e

to the highest value among the three modules. Fig. B.23 in Appendix B

shows the T, (1) for all three modules and the battery pack. At the end
of the test, T, (1) values are 38.0 °C for Modulel, 37.5 °C for Module2,

dUg
and 37.2 °C for Module3.

Fig. 16a shows the temperature profiles for Modulel in Case5. T,
consistently occurs at T'" _, with the second lowest temperature at 7

1,12? Lol
The T,,,, alternates between T\', and T ..

Fig. 16b depicts the temper:t}?lre profiles for Module2 in Case5. T,
is consistently at T, ,. Furthermore, outside the L1 phase, T records
the second lowest temperature. In L1, the T, occurs in Tz-l:r}? and the
second lowest temperature point is Tz":m. Then, the highest temperature
fluctuates between the two points (outside of the L1 portion).

Fig. 16c shows the temperature profiles for Module3 in Case5. T,
alternates between T;l , and T o The T, ., is found in the internal cells
with no fixed cell consistently having the maximum temperature.

Similar to Case4, in Case5, Modulel initially has the lowest T, (1)
during L1, but shifts to higher values during M1, H1, and ExH1 (shown
in Fig. B.23c in Appendix B). The T, (r) values at the beginning are
295 °C, 30,0 °C, and 30.1 °C for Modules 1, 2, and 3, respectively,
and at the end of ExH1 are 39.1 °C, 38.9 °C, and 38.8 °C, respectively.
Finally, when comparing Case4 and Case5, the T, (1) differences
between modules in Case5 are smaller than in Case4 during M1, HI,
and ExH1 portions.

In both Case4 and Case5, the time-averaged temperature gradually
increases throughout the test, as shown in Fig. 14. Although Case5
exhibits slightly higher temperatures than Case4, both follow a similar
trend, peaking during H1 with an increase of 2.8 °C in both cases.

The T,,,(r) for the pack increases by 9.1 °C during the WLTC period
for both Case4 and Case5 (Fig. B.23 in Appendix B). The peak T, (1)
for the pack occurs at the end of the cycle, reaching 38.9 °C for Case4
and 37.5 °C for Case5. Therefore, in these two cases, the cooling system
remains inactive,

Furthermore, the time-averaged AT'(¢) for Case4 is 1.1 °C in L1 and
increases throughout the test, similar to Cases 2 and 3. In Case5, the
initial AT(t) in L1 is 2.0 °C, higher than the other cases. As shown in
Fig. 14, the average AT (r) of Case5 remains almost constant during L1
and M1 portions, and is lower than the other cases during the remaining

portions of the WLTC cycle.
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Fig. 15. Temperature time histories in Cased4 of the thermocouples placed in (a)
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high, and extra-high speed sections).

3.6. Indirect liquid cooling system behavior

In this section, the performance of the cooling system in Casel,
Case2, and Case3 is investigated. The first subsection reports the exper-
imental results of Casel, where the constant C-rates with and without
the cooling system allow for comparative analysis. Subsequently, the
results for the cooling system in Case2 and Case3 are presented, in-
cluding experimental data on the cooling system activation timing and
temperature, along with numerical results for evaluating the impact of
the cooling system.

3.6.1. Fully charging and discharging - Casel
The temperature rise during all discharge periods (Ds) in Casel
follows a monotonic trend, with the exception of D3 (Fig. 11a). This
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deviation is likely due to the initial activation of the liquid cooling
system, which takes place midway through D3. In Fig. 11, the inlet (T ;)
and outlet (7, ) temperatures of the liquid cooling system are depicted,
along with their difference, denoted as AT;. During this phase, an initial
rise in AT;(t) is observed, indicating enhanced heat absorption from
the battery pack (Fig. 11b). This temporary change in the T, . slope
is driven by the rise of AT,(t). The maximum value of AT)(r) in Casel
is about 6.0 °C and occurs shortly after the initial time of the active
cooling phase (around 100s). This peak value is maintained for about
60 s before gradually decreasing. The lowest value of AT|(r), reached
during C5, is approximately 1.7 °C.

The active cooling system in Casel is activated at 2102 s, when the

T,..(t),T,.,and AT of the LIB pack reach 40.2 °C, 39.3 °C, and 2.5 °C,

max (g
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L2 represent medium and low speed sections in the inverted version of the WLTC.

respectively (Fig. 11). T;,(r) starts at 27.2 °C, peaks at 37.9 °C during
the middle of C3, and remains at this maximum until the end of D4,
Subsequently, it gradually decreases, reaching 32.7 °C by the end of
the test. Similarly, T; ,(t) exhibits the same general trend but remains
consistently higher due to heat absorption throughout the test cycles.
The behavior of AT during the third cycle mirrors the temperature
behavior and is impacted by the activation timing of the liquid cooling
system (Fig. 11b).

3.6.2. WLTC - Case2 & Case3

Figs. 17a and 18a present the T;,(r) and T; /(1) for both Case2 and
Case3, respectively. As previously indicated, the liquid cooling system
activates approximately midway through the M2 phase, specifically at
2042 s for Case2 and 2890 s for Case3. Therefore, the active liquid cool-
ing system operates during the final 18% and 20% of the test time for
Case2 and Case3, respectively. The values of AT,(t) are approximately
3.1 °C for Case2 and 2.2 °C for Case3 (Figs. 17b and 18b). In Figs. 17
and 18, it can be observed that T, (1) and T, (t) in L2 for both cases
remain almost steady-state, with 7, (1) for both cases being around
34.0 °C.

To investigate the indirect liquid cooling system performance in
Case2 and Case3, the thermal behavior is simulated numerically (as
detailed in Section Section 2.6). Fig. 19 illustrates the thermal behavior
of T, with the activated cooling system (experimental results) and
without the activated cooling system (numerical results). The reported
temperature is the average temperature of the top surface of the LIB
cell. Furthermore, for each case presented in Fig. 19, the temperature
distribution across the LIB cell at the end of the test is depicted, with the
right legend indicating the corresponding temperature contour values.
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respectively.

Fig. 19a shows that in the last 18% of the test in Case2, the LIB cell
temperature reduces from 38.8 °C to 38.6 °C with the activated cooling
system (a reduction of 0.2 *C). In contrast, without the activated cooling
system, the temperature increases from 394 °C to 424 *C (a T,,,, of
30=C)

Fig. 19b indicates that in the last 20% of the test in Case3, the
temperature decreases from 39.5 °C to 39.2 °C (a decrease of about
0.3 *C) with the activated cooling system. Without the activated cooling
system, the temperature increases by 3.4 °C from an initial temperature
of 40.8 °C.

This study focuses on the LIB thermal response without modeling
active cooling in the simulation. However, future simulations could
incorporate the cooling system’s activation to evaluate different con-
trol strategies and activation timings. This would require a detailed
thermal-fluid model at the module or pack level, and can build upon
the validated cell-level data presented in this study.

4. Discussion

This section provides a comprehensive analysis of different aspects
of the experimental and numerical results, focusing on the SOC behav-
ior under various dynamic profiles, the detailed thermal performance
of the cells, modules, and pack under different dynamic loads, the
overall efficiency of the indirect liquid thermal management system for
the pack, and the contribution of the sensitivity analysis to evaluating
model robustness and identifying critical thermophysical parameters.

4.1. State of charge analysis

The SOC serves as a crucial parameter in battery system analysis,
influencing energy availability and overall performance [33,56]. While
much of the literature on LIB cell analysis focuses on SOC limitations,
real-world applications often demand sustained high currents for ex-
tended periods [57,58]. As a result, the BMS restricts output well below
the maximum static limit to prioritize safety and minimize damage.
This behavior is illustrated in Fig. 5, where a constant current of
237 A leads to a sudden drop during the latter part of each charging
cycle, reflecting the implementation of the BTMS strategies aimed at
protecting the battery [57].

In Cases 2 to 5, the highest decrease in SOC occurs during the
ExH portions, attributed to high power demands during these periods,
particularly in hybrid mode. Comparing Cases 2 to 5, it is evident that
Case3 (lowest initial SOC) experiences a smaller reduction in stored
energy during certain sections, balancing the final SOC relative to its
initial level (Fig. A.21 in Appendix A). This observation highlights the
influence of initial SOC on energy storage during the tests.

Notably, Cased, with the highest initial SOC, shows an approxi-
mately 20% reduction, while Cases 2 and 5 show an 18% reduction,
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and Case3 (with the lowest initial SOC) shows about a 0.3% reduction.
Comparing the initial and final SOC levels in the WLTC and its inverted
cycles, Case3 shows an increase of approximately 2% of its initial SOC
at the end, while Case2 shows a reduction of about 15%. This finding
highlights the critical role of the initial SOC in the overall energy
balance and stability of the battery pack.

4.2. Detailed cell thermal performance

Experimental results indicate that on the same LIB cell, the temper-
ature of the positive tab is higher than that of the negative tab, with a
maximum difference of about 0.6 *C in Casel [1,2,41]. This behavior is
due to the thermomechanical properties of different materials used for
the positive and negative tabs (aluminum and copper, respectively).

The maximum difference between the two mentioned positions

occurs at the end of H2 in Cases 2 and 3, while in L1, Case3 shows
a higher temperature difference due to a higher initial SOC. This trend
is consistent in Cases 4 and 5.
An abnormality in 7"~ was observed during WLTC in Section
Section 3.5.1 (Fig. 12a), characterized by a temporary increase in
temperature compared to neighboring cells. This irregularity could
be attributed to two main causes: measurement errors or internal
cell factors. First, measurement errors such as sensor misalignment,
contact issues, or data acquisition inaccuracies may have contributed
to the observed deviation. Repeating the test would likely eliminate
this phenomenon. Second, the abnormality may reflect actual cell
behavior (since positive tabs tend to have higher temperatures), poten-
tially resulting from internal cell factors. Localized effects such as cell
degradation, manufacturing variations, higher local current density, or
higher internal resistance (polarization effects) could explain the higher
readings. To ensure the validity of the thermal analysis, data from
T were excluded from pack-level calculations (7,,,,, (1), T, (1), Ty (D),
AT(t), and T,,..) [31].

Fiae

4.3. Detailed module thermal performance

The T,,,(r) of Modulel in Casel is higher than the pack 7, during
discharging periods (Ds) and the initial stages of Cs (high current por-
tions). Modulel exhibits greater sensitivity to high currents, generating
more heat and experiencing a faster temperature rise compared to
the overall pack. This behavior is consistent in Cases 2, 3, 4, and 5,
highlighting the complexity of the battery pack system and the need to
study the thermal behavior of each module independently.
{ i and T, ,, measured on external cells close to the negative
tabs, represent the T, (r) of the modules for Cases 2, 3, 4, and 5.
Despite high initial temperatures in T in Module2 in Case2, Case3,
Cased4, and Case5, as well as T; iy 1 Module3 in Case3, a decrease in

their temperatures related to other cells is observed over the course
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of the tests, eventually reaching one of the two lowest temperature
points (Figs. 12, 13, 15, and 16). These effects arise from enhanced
convective heat transfer, which improves cooling efficiency at the
boundary surfaces of the module, aided by the ambient temperature.

In contrast, T, ,(t) is observed in the central cells of each module,
illustrating the non-uniform temperature distribution within the LIB
pack. This pattern highlights the complex dynamics of the system and
underscores the necessity of evaluating temperature behavior across all

modules in a battery pack.
4.4. Detailed pack thermal performance

In Casel, temperatures consistently increase during high current
periods (237 A), including discharge cycles (Ds) and the beginning of
each charging cycle (Fig. 11). The T, during each cycle is observed
at the end of the constant charging phase at 237 A, attributed to the
increased movement of lithium ions.

In Cases 2, 3, 4, and 5, the time-averaged T, (t) of the battery pack
shows a gradually increase over the test, with the exception of the final
L2 section in Case2 and Case3 (Fig. 14). The maximum temperature
rises are observed during the H1 and M2 sections, highlighting these
portions as the most thermally demanding for the battery pack.

The maximum AT of the pack remains below 4 °C across all cases,
staying within the acceptable range for a LIB pack temperature differ-
ence [59-61]. Furthermore, the time-averaged AT(t) exhibits a grad-
ual increase in Case2 and Case3, with the maximum value in M2,
emphasizing the importance of an effective BTMS.

In Case5, with a higher initial AT(#) of 2.0 =C, the time-averaged
AT'(t) remains stable in the first two portions, L1 and M1, indicating
the impact of initial AT(r) and energy equilibrium. This should be
considered in future studies to estimate its influence on a pack in
different scenarios.

In Case4 and Case5, the time-averaged T, (¢) of the pack increases
by 9.1 °C, during the WLTC. In Case2 and Case3, the temperature rise
is 10.5 °C and 11.4 °C, respectively, during the WLTC. This difference
arises from the higher T, , (t) observed at the beginning of each cycle in
Case3 (Figs. 12 and B.22), highlighting the importance of carefully con-
sidering initial SOC levels when evaluating and managing the thermal
performance of the pack. In addition, the results show that higher initial
temperatures lead to lower temperature rises during dynamic loads due
to increased convective heat transfer.

4.5. Cooling system performance

As shown in Fig. 10, a transition occurs between T, (1) and T, (1)
during the passive and active cooling phases. This shift can be at-
tributed to two key factors. Firstly, in the absence of active liquid
cooling during the initial cycles, heat transfer primarily relies on air
convection. As a result, boundary cells on the pack’s boundaries ex-
hibit lower temperatures due to convective heat loss to the ambient
environment, while the middle cells experience higher temperatures.
Conversely, in cycles with active cooling (indicated by the blue back-
ground in Fig. 10), heat transfer to the liguid cooling medium becomes
more significant. Since the middle cells generally have higher tempera-
tures, the larger temperature gradient between these cells and the liquid
medium leads to enhanced energy transfer from the middle cells to the
liquid cooling system.

Similar to Casel, the liquid cooling system demonstrates a similar
effect on the cell temperatures at the T, () points in both Case2 and
Case3. As shown in Figs. 12 and 13, 7], consistently exhibits higher
temperatures throughout the test compared to other cells in the same
module, except during the activation of the liquid cooling system (from
the middle of M2 to the end of L2, indicated by the blue area). This
behavior is primarily due to heat transfer between the cell bodies and
the cooling medium. Consequently, the cooling system not only reduces
the T, (1) of the pack in Case2 and Case3 but also contributes to a
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reduction in temperature non-uniformity, as reflected by the decrease
in AT(r) (Fig. B.22 in Appendix B).

The findings reveal that during the low charge current period, the
heat generated by the LIB pack is lower than the heat absorbed by
the liquid cooling medium, resulting in a reduction in the pack’s final
temperature. As illustrated in Fig. 20b, the T, . during the charging
portions (Cs) decreases throughout the test. By the end of the test, the
T,,,. reaches its lowest value, as the energy absorption by the indirect
liquid cooling system exceeds the heat generated by the battery cells.

The implementation of the indirect liquid cooling system in Case2
and Case3 maintains the T, (r) of the pack below 40.0 °C (blue area in
figure B.22 in Appendix B), while in Casel, the T, of the pack exceeds
this threshold despite the presence of the indirect cooling system. This
is due to the constant high current discharging portion in Casel for
an extended period, producing significant energy and, consequently,
higher temperatures. In real-world scenarios, similar to Case2 and
Case3, the current cooling system maintains the pack temperature
within the desired range. However, in high current scenarios, which
are uncommon in typical driving styles but may occur, the BMS should
adjust to the driving style accordingly to ensure a safer battery pack.

The findings highlight the cooling system’s role in amplifying tem-
perature behavior differences across the modules, emphasizing the
importance of performing comprehensive temperature distribution tests
throughout the battery pack (Figs. 11 and B.22 in B). In addition,
the results reveal that even within the same battery pack, individual
modules can exhibit variable thermal responses due to the applied
cooling strategy. This behavior emphasizes the necessity of optimizing
cooling strategies to minimize temperature differences across the pack.

The experimental and numerical results on a LIB cell show the influ-
ence and reliability of the cooling system during WLTC driving cycles
in high-temperature periods. The results from Case2 and Case3 indicate
that the liquid cooling system not only prevents the temperature of the
battery cell from rising but also causes a temperature decrease of about
1% in both cases. This result contrasts with scenarios lacking a cooling
system, where natural convection alone leads to a temperature increase

of about 8%.
4.6. Model sensitivity to thermophysical parameters

The sensitivity analysis results presented in Fig. 4 enhance confi-
dence in the numerical model’s predictive capability and clarify the
relative importance of the thermophysical parameters governing ther-
mal behavior. Among the parameters evaluated, the specific heat and
density of the LIB cell exhibit the greatest influence on the predicted
T, indicating their critical role in determining the thermal inertia
of the system. These parameters are followed by the specific heat and
density of the bottom plate, and the thermal conductivity of the LIB
cell, which contribute to heat dissipation and storage. The convective
heat transfer coefficient of air has a smaller, yet non-negligible, effect
on thermal response under the passive conditions studied.

These findings underscore the importance of precise characteriza-
tion of the thermal mass and conductive properties of the battery cell
and associated structural components when modeling passive thermal
behavior, particularly under transient loading conditions.

5. Conclusion

This study provides a comprehensive investigation on the thermal
behavior of a 48 V LIB pack under real-world conditions for MHEV
applications, focusing on typical operating temperatures. While most
existing research focuses on high-voltage systems or steady-state sce-
narios, this work addresses the underexplored case of low-voltage packs
under transient, real-world driving scenarios. The LIB pack is composed
of three modules, each containing 12 prismatic NCM cells, to evaluate
the effects of initial temperature, SOC, and temperature variations on
the pack’s thermal response. An indirect liquid cooling system was



H. Darvish et al

activated at the bottom of the LIB modules when the pack temperature
reached approximately 40 °C.

A combined experimental and numerical approach was employed
to investigate the system’s thermal behavior. A high number of ther-
mocouples enabled high-resolution experimental evaluation of tem-
perature distribution, while numerical simulations complemented the
analysis by characterizing the thermal response under varying load con-
ditions. In addition, a sensitivity analysis was conducted to identify the
key thermophysical parameters influencing thermal predictions. The
results highlighted the complex and nonlinear temperature dynamics
across individual LIB cells, modules, and the entire pack, along with
the influence of the indirect liquid cooling system on the pack’s thermal
behavior. Key findings include:

» The temperature at the positive tab was consistently higher than
that at the negative tab within each cell, aligning with existing
literature.

» An abnormal temperature reading in a specific internal battery
cell was observed, suggesting potential external influences (such
as sensor misalignment) or internal irregularities (such as man-
ufacturing variation and local current concentration) in cell per-
formance. This result underscores the importance of studying a
high number of cells within the pack and carefully validating
measurement systems.

» One of the modules demonstrated greater sensitivity to high
currents, resulting in a faster temperature rise and enhanced heat
generation. This observation could only be made by analyzing all
the modules within the same LIB pack.

« Fully charging-discharging cycles showed a gradual increase in
the average pack temperature and temperature difference during
high-current portions. In the WLTC cases, the average pack tem-
perature and temperature differences gradually increased over
time, with certain sections applying the most significant thermal
stress.

« In WLTC cases, decreasing the initial SOC increased the tem-
perature rise, whereas increasing the initial temperature reduced
the temperature rise. Increasing the initial temperature difference
decreased the temperature difference rise in the cycle.

» During the passive cooling phase, external cells exhibited lower
temperatures than the internal cells, due to more effective con-
vective heat transfer.

» The implementation of an indirect liquid cooling system modified
the temperature distribution within the pack, mitigating temper-
ature rise in high constant current conditions and improving the
pack’s overall thermal performance.

« The liquid cooling system effectively maintained the maximum
temperature below 40 °C during extreme thermal portions of the
WLTC driving cycles. However, in the high-current charging and
discharging case (Casel), temperatures reached approximately
46 °C. This behavior highlights the need for future research into
alternative cooling systems that can regulate the temperature
within the desired range according to varying load conditions.

» Sensitivity analysis showed that thermal mass-related properties
of the LIB cell (specific heat and density) are the dominant factors
influencing simulated temperature rise, showing the importance
of accurate material characterization in thermal modeling.

Future research directions could expand on the findings of this study
to further improve BTMS efficiency. Improving existing cooling meth-
ods, such as refining the cooling activation threshold and integrating
localized control, may help reduce temperature gradients within the
pack. In addition, developing alternative technologies such as PCMs are
promising areas. PCMs offer advantages such as its ability to absorb and
release heat over a wide temperature range, which can enhance tem-
perature control in LIB packs. In addition, understanding the long-term
impacts of dynamic load conditions, developing predictive models, and
studying BTMS behavior under extreme ambient temperatures would
provide valuable insights to further optimize LIB pack performance and
longevity in real-world applications.
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Appendix A. Average state of charge

This appendix presents the results of the SOC analysis conducted
for four cases: Case2, Case3, Cased4, and Case5. The SOC is a critical
parameter in BMSs, representing the remaining energy capacity of the
battery and requiring continuous monitoring and regulation. Fig. A 21
illustrates the final SOC levels recorded at the end of each time segment
across the four cases. The x-axis denotes the specific time sections,
while the y-axis depicts the SOC percentages.

Appendix B. Average temperature behavior for WLTC cases

This appendix presents an in-depth examination of the thermal be-
havior of the battery modules and pack during various test cycles. Tem-
perature is a critical factor influencing battery performance, efficiency,
and longevity, necessitating a thorough analysis of its fluctuations dur-
ing operation. Figs. B.22 and B.23 illustrate the maximum, minimum,
and average temperatures recorded in the modules for Case2, Case3,
Cased, and Case5. Additionally, the average temperature and thermal
gradient of the battery pack for these cases are depicted. This detailed
visualization facilitates a comprehensive understanding of the thermal
dynamics of the battery system during the test cycles.

Data availability

Data will be made available on request.
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