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Preface

Lithium-ion batteries (LIBs) have been widely used as power sources for the automotive and
energy storage industries due to their high energy density, high power output, low self-discharge rate,
and minimal memory effect. However, the performances of LIBs are greatly affected by their operating
temperature. Various studies on the thermal management and thermal performance enhancement of
LIBs have thus been carried out to address their ever-increasing application scenarios. This Special
Issue, “Thermal Management System for Lithium-Ion Batteries: 2nd Edition”, aims to present and
disseminate the most recent advances in the thermal management of LIBs under various application
conditions. Thirteen high-quality papers on the different aspects of the thermal management of
lithium ion batteries are included in this Special Issue. Among them, seven papers are devoted to
the thermal cooling of battery modules, of which four address the cooling of single battery modules
using liquid cooling channels and immersion cooling. Three papers consider hybrid cooling in contrast
to cooling-related research, one paper is devoted to low-temperature heating strategies for batteries
under subzero conditions, and another centers on the development of polymer-based thermal interface
materials (TIMs) for enhancing interfacial heat transfer. For battery thermal runaway and safety, three
studies are conducted: one investigates the overcharge-induced thermal runaway behavior of lithium
iron phosphate (LFP) batteries under the coupled effects of charging rate and ambient temperature, one
systematically discusses the multi-factor degradation influences on lithium-ion batteries throughout
their first and second life cycles, and another analyzes the intrinsically high thermal stability of
lithium-rich manganese-based cathode materials that endow high safety performance.

The editors would like to congratulate all the authors for publishing their excellent original work
in this Special Issue. The editors would also like to express special gratitude to the reviewers, who
selflessly devoted their time and expertise to provide comments and suggestions for the improvement
of the quality of papers. The second editor would like to acknowledge the support from the Natural
Science Foundations of China (52476079, 12272217), as well as the Qinghai Kunlun Talent Plan. We
hope that the papers in this Special Issue will benefit readers and add new knowledge to the academic

community in this important area.

Jinsheng Xiao, Hengyun Zhang, and Tianqi Yang
Guest Editors
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Experimental Investigation of Phase Change Material-Based
Battery Pack Performance Under Elevated Ambient
Temperature

Mohammad J. Ganji, Martin Agelin-Chaab * and Marc A. Rosen

Faculty of Engineering and Applied Science, Ontario Tech University, Oshawa, ON L1G 0C5, Canada;
mohammadjavad.ganji@ontariotechu.ca (M.].G.); marc.rosen@ontariotechu.ca (M.A.R.)
* Correspondence: martin.agelin-chaab@ontariotechu.ca

Abstract: This study experimentally assesses the thermal performance of a proposed
phase change material (PCM)-based battery pack under elevated ambient temperatures.
In addition, the novel approach of the research addresses scenarios where the ambient
temperature reaches the PCM’s melting point while maintaining the initial temperature at
the ideal operating point of 22 °C. The experiments employed nine 2500 mAh 18650 lithium-
ion cells connected in series and subjected to constant-current discharges of 1C and 3C,
with a conventional air-cooled system as the baseline and paraffin as the PCM. The results
indicate that as the ambient temperature reached the PCM’s melting point, approximately
98% utilization of the PCM around the heating cell was achieved. Additionally, the PCM
demonstrates noticeable advantages over the baseline by stabilizing the temperature profile
and reducing the maximum temperature increase rate from over 18 °C in the baseline
system to around 7 °C. Notably, under a high-load (3C) discharge rate, the PCM-based
system successfully maintained battery temperatures below 42 °C, demonstrating its
effectiveness under demanding operational scenarios. These findings establish a critical
baseline for PCM-based BTMSs operating under elevated ambient temperatures and up to
the melting point of the PCM, thereby informing future research and development of more
efficient PCM-based thermal management solutions.

Keywords: hybrid battery thermal management system; phase change material; ambient
temperature; thermal performance; experimental analysis; Li-ion cylindrical cells

1. Introduction

Lithium-ion batteries (LIBs) have emerged as the dominant energy storage solution for
electric and hybrid vehicles due to their high specific energy, extended life cycle, and low
self-discharge rates [1,2]. However, heat generation during charging and, more critically,
during discharging poses significant safety risks and limits their effectiveness. Elevated
temperatures can lead to thermal runaway, capacity degradation, and even fires, especially
when the operational temperature exceeds the optimal range of 20 to 40 °C [3,4]. Uneven
temperature distribution and inadequate thermal dissipation within battery packs further
diminish LIB performance and efficiency.

To address these challenges, recent advancements in battery thermal management
systems (BTMSs) aim to reduce maximum temperatures and achieve uniform temperature
distribution while minimizing cooling energy consumption [5-8]. BTMSs are typically
classified as active or passive based on their energy requirements. Active cooling utilizes

Batteries 2025, 11, 67 1 https://doi.org/10.3390 /batteries11020067
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external energy sources to dissipate heat through heat exchangers. At the same time,
passive methods, such as phase change materials (PCMs), rely on natural heat transfer
mechanisms without external energy input [9-11]. Although passive methods are generally
simpler, lighter, and more cost-effective, their applications are constrained by their thermal
performance, especially under varying ambient temperatures.

Ambient temperature, referred to as inlet coolant temperature, can vary significantly
due to factors such as geographic location, time of day, or cooling system failures, poten-
tially raising the ambient temperature above the standard room temperature of 23 °C. The
thermal performance of the PCMs quantified in this study as the temperature difference
between cases with and without PCMs (Equation (3)) exhibits significant sensitivity to
variations in ambient temperature [12]. Landini et al. [12] reported that PCMs may exhibit
limitations under extreme operational conditions of LIBs, such as high ambient tempera-
tures and high discharge rates. However, the current study focuses on assessing the PCM's
capabilities under highly demanding conditions, where active cooling becomes unfavorable
and heats up the system rather than dissipating the heat. Under these conditions, the PCM
must utilize its stored energy to mitigate both the heat generated within the cells and the
elevated ambient temperature affecting the cooling air ducts.

Extensive research has been conducted on PCM-based BTMSs as a primary cooling
option for battery packs [13-16]. During phase transitions, PCMs can maintain a constant
temperature profile until fully melted, which helps keep battery temperatures within safe
limits. This provides extensive energy storage at the safe threshold of batteries, keeping
the batteries below the melting point to ensure safety in high operational conditions. How-
ever, unfavorable cooling systems could hinder this effectiveness and affect the safety of
batteries. Several studies have focused on optimizing PCM placement and enhancing heat
dissipation through design modifications. Suo et al. [17] evaluated different PCM place-
ments in prismatic battery modules combined with air cooling, finding that an optimized
configuration reduced PCM volume significantly with minimal impact on temperature
reduction. Dey et al. [18] investigated various fin designs in a cylindrical PCM-based BTMS,
demonstrating that optimal fin configurations could maintain maximum temperatures
under critical limits even at high discharge rates and simulated short circuit conditions
with a resistance of 0.5 Q).

Other researchers have introduced novel designs to improve thermal performance.
Zhang et al. [19] developed new branch fin designs coupled with PCMs around a single
battery module, while Khaboshan et al. [20] examined the efficacy of combining PCMs with
metal foam and fins. Their findings indicated that integrating metal foam with PCMs sub-
stantially enhanced melting time and temperature uniformity. Sharma et al. [21] assessed fin
designs combined with PCMs under high ambient temperatures, achieving superior cooling
efficiency and preventing the PCM from melting during multiple charge/discharge cycles.

The effectiveness of composite PCMs (CPCMs) has also been explored. Wang et al. [22]
evaluated a CPCM in a battery pack under various initial and ambient temperatures, find-
ing that temperature control improved with higher ambient temperatures and discharge
rates. Li et al. [23] implemented a novel passive thermal regulator based on PCMs, demon-
strating an automatic natural thermal regulation mechanism that enhanced heat dissipation
as temperatures rose. Wu et al. [24] introduced a flexible CPCM to maximize contact
surface area with cylindrical cells, reducing maximum temperatures and ensuring better
operating flexibility.

Integrating active cooling methods with PCM-based BTMSs has been shown to fur-
ther improve thermal performance. Luo et al. [25] evaluated snowflake fins with liquid
channels in a PCM-based cylindrical BTMS, achieving significant reductions in maximum
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temperature and improved temperature uniformity under high ambient temperatures and
discharge rates. Xie et al. [26] incorporated micro-heat pipe arrays into a PCM-based BTMS,
resulting in enhanced cooling performance and energy density.

Chen et al. [27] developed forked flow cooling channels in conjunction with a PCM-
fin-based BTMS, identifying optimal configurations that balanced thermal performance
and cooling power consumption. Zheng et al. [28] proposed a two-way wavy cooling plate
coupled with a PCM-based BTMS, finding that certain flow direction strategies improved
temperature uniformity without significantly increasing flow rates.

Shahid et al. [29] introduced a novel hybrid BTMS using stationary water channels
and circulating air duct cooling integration with PCMs, which are in direct contact with the
battery cells. The results revealed that the battery surface temperature reached the PCM
melting temperature after the fifth discharge cycle. Moreover, after the seventh cycle, the
temperature uniformity started to change as the PCM melting percentage exceeded 2.3%.
In another study [30], the authors replaced water channels with cold plates. The results
revealed that using cold plates instead of water channels decreased the maximum tempera-
ture by 1.5 °C, preventing the PCM from reaching its melting temperature. Also, maximum
temperature uniformity was reduced from 3.2 °C to 1.2 °C. Further investigations [31]
showed that increasing the height of the air duct and Reynolds number by more than 6 mm
and 1950, respectively, does not significantly improve cooling performance. The present
study experimentally examines the thermal performance using a similar air duct and water
channels but without any water in the proposed BTMS. Natural air circulation is proposed
instead of stationary water inside the cylindrical channels due to battery safety measures
and simplicity.

The comprehensive review and experimental insights underscore the critical role of
thermal management in enhancing the safety, performance, and lifespan of LIBs, particu-
larly under varying operational conditions. Ambient operating temperatures can elevate
significantly due to cooling system failures, and such elevated temperature conditions can
consequently affect the thermal performance of PCMs and BTMSs, potentially compromis-
ing battery safety and efficiency. Despite prior advancements in PCM-based BTMSs, the
existing literature has a limited scope of performance of ambient temperatures up to 30 °C.

The present study aims to address this gap by experimentally evaluating the effec-
tiveness of a PCM-based BTMS at elevated ambient temperatures up to 42 °C, which is
beyond what currently exists in the literature. Additionally, the study extends the evalua-
tion of the elevated ambient temperature up to the melting point of the PCM to provide
new insights into PCM performance under its operational limit. Thus far, no study has
evaluated the performance of the PCM at its melting point temperature. Furthermore,
the study aims to maintain the initial temperature at an ideal operating point of 22 °C
for all tested experiments to ensure a consistent starting behavior of the PCM during the
experiments. The rationale is to replicate scenarios in which a cooling system fails or, if
there are any other contributing factors, leads to heating the system rather than dissipating
heat. Consequently, this also allows for the assessment of the material’s capacity for stored
latent heat and regulates the maximum battery temperature at both low and high discharge
rates and under both favorable and unfavorable cooling conditions (i.e., 22—42 °C ambient
temperature). Furthermore, the study quantifies the degree of PCM melting and assesses
how effectively stored energy is utilized to mitigate ambient temperature rise. By analyzing
the effects of elevated ambient temperatures and PCMs’ latent heat utilization, this research
provides valuable insights into the thermal management of LIBs under varying operational
conditions. The findings are expected to provide a baseline for PCM-based BTMSs under
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Outlet Airflow

Battery Cells

elevated ambient temperatures for future research and the development of more efficient
thermal management solutions.

2. Methodology
2.1. Experimental Setup

Nine cylindrical lithium-ion Samsung INR18650-25R batteries were utilized. Each
battery had a capacity of 2500 mAh and a nominal voltage of 3.7 V. The batteries were
arranged in series within a cuboid battery pack, with each battery spaced 6 mm apart
to maintain consistency with previous research by Shahid et al. [29]. The battery pack
was constructed using a medium-density fiberboard (MDF) with a thickness of 6.5 mm,
assembled and sealed with high-temperature-resistant sealant glue. MDF was selected
for its availability and suitability for precise laser cutting. The internal dimensions of the
battery pack were 7.5 cm in width and 5.5 cm in height, accommodating the INR18650-25R
batteries (18 mm diameter, 65 mm height). An isometric visualization of the battery pack is
presented in Figure 1a.

Aluminum Pipes

Aluminum Pipes ‘ Thermocouple Battery module

2 |1 ]

e

Wooden Chamber

(a) (b)

Figure 1. (a) Isometric view of the battery pack configuration for Phase 1, and (b) top view of the
battery pack showing the thermocouple placement.

The batteries were interconnected using nickel strips measuring 5 mm in width, 4 cm
in length, and 0.5 mm in thickness. Four vertical air pipes with an outer diameter of 6 mm
and a wall thickness of 1 mm were installed between the battery cells to facilitate heat
dissipation. These air pipes were strategically placed to ensure efficient heat dissipation
from the battery cells, thereby maintaining the desired operating temperature. The chosen
air pipe geometry was selected based on its consistency with previous research, as well
as its symmetry, simplicity, and ease of assembly, in contrast to more complex rectangular
or irregular geometries. Aluminum was used for the air pipes. An air duct, matching
the length and width of the battery chamber and with a height of 1.9 cm, was placed
above the battery pack to dissipate heat from the air pipes. An axial AC fan (GDSTIME
1203) was employed to ensure steady airflow through the duct, achieving an inlet speed
of 2.1 & 0.1 m/s, as measured by a Proster anemometer. The inlet air temperature was
controlled using a 227 L (8 cubic feet) thermal chamber (SD-508, Associated Environmental
Systems) with an accuracy of £0.5 °C. The walls of the battery pack were assumed to be
adiabatic, implying that all heat dissipation relied exclusively on the air duct. Real images

of the thermal chamber and the experimental setup installed inside it are shown in Figure 2.

rerreeren
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Thermal Chamber
DC Power Supply

Arduino Board and Data
Acquisition System

T-Type Thermocouples
Battery Discharger

Figure 2. (a) Real image of the experimental equipment, and (b) real image of the experimental setup
installed inside the thermal chamber.

T-type thermocouples (5TC-TT-T-24-72 Omega), with a reported accuracy of £0.5 °C,
were installed to monitor the temperature distribution within the battery pack. Nine
thermocouples were attached to the surface of the batteries at the center of the total height,
capturing temperature data from all sides of the batteries, as depicted in Figure 1b. Each
thermocouple was connected to an Adafruit 3263 temperature sensor (£0.075 °C reported
accuracy) and interfaced with an Arduino Mega microcontroller (Elegoo MEGA 2560
R3). The temperature readings were transmitted to a computer via the Arduino terminal
connection for real-time monitoring and data logging. A schematic of the data acquisition
and electrical setup is provided in Figure 3.

Voltage and Current Measurement

DC Charger—Discharger |

Power Wires

Airflow

—
— | saeayrou
—

» > Adafruit Sensor 1 > Arduino Mega
()
8o
4,3" ] > Adafruit Sensor 2 —
) -
g E .
28 —> : —
s :
> Adafruit Sensor 9 —

Figure 3. Schematic of the data acquisition and electrical setup.

Paraffin wax, with a melting temperature range of 40-42 °C, was selected as the
working PCM. Despite its flammability, paraffin offers an optimal balance of cost, thermal
storage capacity, chemical stability, and availability across various melting points. The
flammability concern can be mitigated later through appropriate system design and en-
capsulation. While the optimal temperature range for many lithium-ion cells is typically
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30-35 °C, the batteries are designed to withstand operating temperatures of up to 40 °C.
Consequently, paraffin 4042 °C was chosen to maintain battery temperatures below this
point. Paraffin with a lower melting point was deemed unsuitable, as the scope of this
research aims to simulate higher temperatures and test the batteries up to their safe thresh-
old of 40 °C. The manufacturer’s temperature specifications for the PCM were validated
through multiple thermal experiments conducted before and after the study to ensure its
thermophysical stability. The corresponding average results of the melting experiments are
presented in Figure 4, illustrating the melting and solidification temperature profiles of the
paraffin 4042 PCM, confirming a melting temperature of 41 & 1 °C. To improve compara-
tive visualization, the x-axis has been normalized in time. As anticipated, the solidification
process takes approximately twice as long as the melting process. The physical properties
of the materials used in this study are provided in Table 1. Based on the dimensions of the
battery pack and the available volume for PCM storage, 177 £+ 1 mL of molten paraffin
was poured into the battery pack, corresponding to 136 &= 1 g of material. The volume of
the PCM was measured using a precise graduated syringe, with repeated measurements
ensuring consistency and accuracy.

60

5

—— Melting process

N

—Solidification process

50
2
45
g
£ 40
)
235
=)
(0]
= 30
25
20

0 0.2 04 0.6 0.8 1
Normalized Time

Figure 4. Paraffin 4042 PCM temperature profiles of melting and solidification (time axis is normal-
ized for better visualization of the temperature profile).

Table 1. Physical properties of materials used in experiment *.

Aluminum Nickel PCM

Property Unit Wood [31] 31] [32] (Solid-Liquid) ** [33] Air [31]
Specific Heat at Constant Pressure (Cp) J/kg-K 2310 871 444 2150-2250 1006
Thermal Conductivity (k) W/m-K 0.173 202.4 90.9 0.21-0.18 0.026
Density (p) kg/m? 700 2719 8908 880-770 1.225
Latent Heat of Fusion (Ly) kJ/kg - - - 245 -
Liquidus Temperature (T;) °C - - - 42 -
Solidus Temperature (Ts) °C - - - 39 -
-8
Electrical Resistivity (p.) Q-m - 2'65[;2]10 6.84 x 1078 - -

* The physical properties provided are measured at 25 °C and 1 bar [31-33]. ** The PCM used in this study is
40-42 paraffin wax.

2.2. Experimental Procedure

The battery pack was installed inside the thermal chamber, where the ambient tempera-
ture within the chamber was controlled with an accuracy of £0.5 °C. The initial temperature
of the battery pack was maintained at 22 + 0.1 °C for all experiments. Consequently, varia-
tions in ambient temperature only affected the air duct flow temperature. Five ambient
temperatures were studied, ranging from 22 °C to 42 °C in increments of 5 °C.
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The batteries were configured in a series arrangement and initially charged using a con-
stant current (CC) of 4 &= 0.01 A until the overall voltage reached a cutoff of 37.8 £ 0.005 V,
corresponding to 4.2 V per cell, using the DC Power Supply OWON SP6103 with specified
accuracy. Subsequently, the charging process continued with a constant voltage (CV) of
37.8 & 0.005 V until the charging current decreased to 0.1 & 0.01 A, defined as the cutoff
current according to the manufacturer’s specifications.

For the discharging procedure, the series-connected batteries were subjected to con-
stant current discharges at rates of 1C and 3C, corresponding to currents of 2.5 + 0.01 A
and 7.5 £ 0.01 A, respectively, using the Multifunctional Load TDI RBL488 with specified
accuracy. The discharge process continued until the total voltage dropped to 22.5 - 0.01V,
corresponding to 2.5 V per cell. Thereafter, discharging proceeded with a constant voltage
of 22.5 4 0.01 V until the discharge current fell to 0.1 A, designated as the cutoff current
per the manufacturer’s specifications. The discharge power usage profiles of the battery
modules during the experiments are illustrated in Figure 5, where the horizontal axis is
normalized by the total discharge times to facilitate better comparison between different
discharge rates. The total discharge times for 1C and 3C discharge rates are approximately
66 min and 25 min, respectively.

300
—@&— 1C Discharging
Po —@— 3C Discharging
250 S~
b
200 R S S E e B — i E—t T

..... "3 37.8V Initial Voltage

Power Usage [W]
I
(=)

., 22.5V Voltage Cutoff [€==--._
e :
R S ——. I R N
50
0
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Normalized Time

Figure 5. Discharge power usage profile of the battery modules.

2.3. Consistency and Uncertainty Analysis

The methodology proposed by Moffat (1988) [34] was employed to quantify the
uncertainties associated with the experimental results. In this study, two primary sources of
uncertainty were identified: bias error and precision error. Bias errors represent systematic
deviations inherent to the measurement system, while precision errors represent random
fluctuations observed during repeated measurements. Both types of errors were quantified
to ensure the reliability of the experimental results.

The bias error originates from the measurement instruments used in the experiments.
In this case, thermocouples and Adafruit sensors were employed for temperature measure-
ments. According to the manufacturers’ specifications, the thermocouples have an accuracy
of £0.5 °C (0Trc), while the Adafruit sensors have an accuracy of £0.075 °C (6Ts). Since
both devices were used in series, their combined uncertainty was calculated using the RSS
method [35]:

Absolute Bias Error (°C) 6T = \/ (6Trc)? + (6Ts)* ~ 0.5056 °C 1)
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The resulting absolute bias error for the temperature measurements was determined
to be £0.5056 °C, which is consistent across all experimental conditions, as the bias error
depends solely on the instrumentation.

The precision error was assessed based on the variability of the repeated temperature
measurements. Precision error is quantified using the maximum discrepancy of data from
the mean value, expressed in the same unit as the measurement. The maximum discrep-
ancy is the largest deviation observed between an individual measurement and the mean
value of the repeated data for each experiment. This measure provides a straightforward
representation of the worst-case scenario for the absolute precision error.

Each experiment was repeated multiple times according to the discharge power usage
shown in Figure 5. Figure 6 presents the maximum temperature deviations from the mean
values, referred to as the absolute precision error, for each tested condition. The results
indicate a maximum absolute precision error of £0.29 °C, highlighting the consistency of
the experimental data.

| With PCM
B Without PCM

Max no PCM: 0,26°C/

Max PCM: 0.29°Cj
0.3

0.2

Max Discrepancy (°C)

Figure 6. Maximum temperature deviation from the average in repeated experiments.

The total uncertainty of the measurements was determined by combining the relative
bias error and the relative precision error using the RSS method:

Total Uncertainty (%) = \/ (RelativeBiasError)?+(RelativePrecisionError)®  (2)

The results are summarized in Table 2 for the minimum and maximum temperatures
measured in the experiment. The table highlights the bias error, maximum precision error,
and maximum total uncertainty.

Table 2. Errors and total uncertainty of the experiments.

Parameters Reference Absolute Bias Relative Bias Error Max Absolute Max Max Total
Value Error (°C) (%) Precision Error (°C) Relative Precision Error (%) Uncertainty (%)
Min. 20°C +0.5056 2.53 +0.29 1.45 291
Temperature
,1}/“”" 55°C £0.5056 0.92 £0.29 0.52 1.06
emperature
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The combined analysis of bias error, precision error, and total uncertainty ensures
the reliability and accuracy of the experimental results, providing the validity of the
measurements and the overall experimental methodology.

3. Results and Discussion
3.1. Temperature Uniformity Analysis

The surface temperature of all nine battery cells in distinct orientations was measured
using nine thermocouples attached to the center of each battery, as depicted in Figure 1b.
The thermocouples were strategically positioned to capture a comprehensive range of ori-
entations, including facing the outer wall parallel and perpendicular to the inlet flow, facing
the center of the chamber, and being adjacent to others. Each orientation was accurately
monitored by a corresponding thermocouple. Figure 7 illustrates the temperature data for
the baseline 1C discharge rate at an ambient temperature of 22 °C. The figure reveals that
all recorded temperatures exhibit a variance of less than 0.1 °C. This value is below the
estimated inherent experimental error in the measurement, demonstrating a high degree of
temperature uniformity across the batteries. This consistent behavior was observed in other
experiments as well across all tested ambient temperatures. Accordingly, only the tempera-
ture measured by thermocouple T1 will be presented and analyzed in subsequent analyses;
any reference to temperature henceforth specifically pertains to T1 measurements.

——Thermocouple 1
——Thermocouple 2
——Thermocouple 3
——Thermocouple 4
27 ——Thermocouple 5
——Thermocouple 6
——Thermocouple 7
26 ——Thermocouple 8

]

——Thermocouple 9

Temperature [°
-l
A

3100

0 500 1000 1500 2000 2500 3000 3500 4000
Time [sec]

Figure 7. Temperature uniformity analysis across installed thermocouples.

3.2. Temperature Analysis

Figure 8a,b presents the temperature profiles of the batteries, as measured by Thermo-
couple 1, during the discharge period at 1C and 3C rates, respectively, with and without the
PCM under various ambient temperatures. For ease of comparison, both figures are nor-
malized by 3700 and 1400 s, respectively. At a 1C discharge rate and ambient temperatures
of 22 °C and 27 °C, incorporating the PCM has minimal impact on both the temperature
profile and the maximum temperature, showing the underutilization of current PCM under
a 1C discharge rate and favorable ambient temperatures. This result stems from the ambient
temperatures being significantly lower than the PCM’s melting point (4042 °C), preventing
it from undergoing phase change and utilizing its latent heat absorption capabilities.

However, at higher ambient temperatures of 32 °C and 37 °C, the PCM effectively
reduces the rate of temperature rise during discharge, lowering the maximum temperature
by approximately 2.5 °C and 2.1 °C, respectively. Moreover, the effect of the PCM is even
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more pronounced at an ambient temperature of 42 °C, achieving a thermal performance
comparable to the baseline condition at 37 °C without a PCM. This indicates that the PCM
becomes more effective as the system temperature nears its melting point.
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Figure 8. Temperature profile of batteries during constant current discharge at (a) 1C and (b) 3C, and
(c) maximum temperature bar chart for each experiment.
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As anticipated from the literature, the benefits of using PCMs are more evident at
higher discharge rates. Nevertheless, there is a lack of comprehensive understanding of
how ambient temperatures approaching the melting point of the PCM affect performance
under varying discharge rates, from normal levels (1C) to higher rates (3C).

At a discharge rate of 3C, employing the PCM significantly enhances thermal manage-
ment, reducing the maximum temperature by approximately 2.6 to 13.3 °C across the tested
ambient temperatures. In contrast, under a 1C discharge rate, the maximum temperature
was notably decreased by values ranging from 1.6 to 2.5 °C. This underscores the PCM’s
increased efficacy at higher discharge rates, which generate greater heat and accelerate the
PCM'’s latent heat activation.

Figure 8b shows that with the implementation of the PCM, the maximum temperature
remained below 42 °C, which is the melting temperature of the PCM. However, at 27 °C,
where the PCM did not reach its melting point, the maximum temperature was reduced
by 4.5 °C, which is double the reduction compared to the same ambient temperature at
a 1C discharge rate. Additionally, the PCM usage at a 3C discharge rate with a higher
ambient temperature (e.g., 42 °C, 37 °C, or 32 °C) exhibits similar cooling performance to
the case without the PCM at an ambient temperature of 27 °C. For example, in Figure 8b,
the temperature profile at 42 °C with the PCM and at 27 °C without the PCM are identical.

Figure 8c presents the maximum battery temperature measured under each experi-
mental condition, with error bars indicating measurement uncertainties. The data show
that, in the absence of a PCM, increases in ambient temperature led to a nearly constant
upward trend in the maximum temperature for both the 1C and 3C discharge cases. By
contrast, integrating PCM substantially moderates this temperature rise, especially once the
system reaches the PCM’s melting range. This mitigating effect becomes more pronounced
at higher discharge rates, where the batteries generate enough heat to activate the PCM’s
latent heat storage capacity. Consequently, the maximum temperatures in PCM-equipped
setups remain comparatively lower, underscoring the PCM’s effectiveness in stabilizing
thermal behavior under demanding operational conditions.

3.3. PCM Performance Analysis

Hybrid cooling systems are employed to dissipate heat from batteries and to maintain
the maximum temperature below the PCM’s melting point. Although incorporating a
PCM reduces the equivalent thermal conductivity between the cells and the environment,
it provides latent cooling energy storage that becomes active at the PCM’s melting point,
thereby preventing system overheating [1,36,37]. During the discharge period, the battery
cells are assumed to produce a consistent heat flux profile according to the discharge
rates. Given the consistent cooling properties, the equivalent thermal conductivity can also
be considered constant [38]. Consequently, variations in ambient temperature primarily
impact the rate at which the PCM releases stored energy, thereby affecting the system’s
thermal performance.

Figure 9 presents the temperature reduction performance of the PCM under different
ambient temperatures for both 1C and 3C discharge rates. The cooling performance is
quantified by comparing the temperature reduction to the baseline case without a PCM,
as defined by Equation (3). To assess the PCM’s performance per unit of energy stored
and account for its dependence on the quantity inside the pack, Equation (3) has been
normalized by the PCM’s latent heat of fusion (L) and its mass (1mpcm).-

PCM Performance [OC/kH — Twithout PCM — Twzth PCM (3)
Lf' mpcm

11
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Figure 9. PCM performance in reducing temperatures under elevated ambient temperatures at (a)
1C and (b) 3C discharge rates and (c¢) maximum attribution of PCM in reducing temperature.

Figure 9a demonstrates the PCM performance at a 1C discharge rate for various
ambient temperatures. At 22 °C, the PCM shows a minimal or even negative effect in
the early stages of the discharge. This is because the ambient temperature is well below
the PCM’s melting point (40-42 °C), preventing the utilization of latent heat absorption.
However, towards the later stages of the discharge, the PCM starts to show positive cooling
effects. This late improvement in performance can likely be attributed to the sensible heat
storage of the PCM rather than latent heat absorption, as the system temperature remains

12
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below the melting point of the PCM. The PCM proves more effective for higher ambient
temperatures as the system temperature approaches its melting point. However, even in
these cases, the maximum temperatures during the experiment remain below the melting
point of 4042 °C, except for the cases of 37 °C and 42 °C ambient temperatures. For these
two conditions, the maximum temperatures reach 38.2 °C and 40.3 °C, respectively, still
slightly below the melting point of the PCM. Therefore, the cooling effect observed at
the higher ambient temperatures of 27 °C, 32 °C, and 37 °C is largely influenced by the
sensible heat storage. Only at 42 °C does the PCM utilize its latent heat capacity, where
a significant reduction of up to 5 °C is achieved before the difference diminishes as the
thermal management system reaches the ambient temperature during the second half of the
experiment. Consequently, the current PCM has been underutilized under the 1C discharge
rate since the maximum achieved temperature is below the melting point, and no latent
heat absorption occurred at these conditions. If further reduction or stricter regulation
of the maximum temperature is necessary under these conditions, a PCM with a lower
melting point can be considered.

In contrast to the 1C discharge, the higher heat generation in the 3C discharge acti-
vates the PCM melting more rapidly, resulting in noticeable cooling effects early in the
experiment, as illustrated in Figure 9b. At lower ambient temperatures, the PCM perfor-
mance is driven primarily by sensible heat absorption since the system temperatures do
not reach the melting range of the PCM. Despite this, the PCM still provides a consistent
reduction in temperature throughout the discharge. As the ambient temperature increases,
the system temperature approaches the PCM’s melting range, leading to partial phase
change and the activation of both sensible and latent heat absorption. This results in a more
pronounced cooling effect as the PCM transitions into its melting phase. At the highest
ambient temperature, nearly the entire PCM undergoes a phase change, maximizing its
cooling potential. However, as with the 1C discharge case, the cooling effectiveness of the
PCM over the case without the PCM diminishes over time due to the better utilization of
traditional cooling rather than the latent capacity in the case without the PCM, indicating a
limit to sustained performance.

Figure 9c illustrates the comparison of maximum PCM performance for both 1C and
3C discharge rates across varying ambient temperatures. As the ambient temperature
increases, the cooling performance improves for both rates, with the 3C discharge con-
sistently showing greater reductions due to higher heat generation and faster starting of
PCM phase change. At lower ambient temperatures, the cooling effect is primarily due
to sensible heat absorption. In comparison, latent heat absorption significantly enhances
performance at higher temperatures as the system approaches the PCM’s melting range.
The results highlight the dependence of PCM efficiency on the discharge rate and ambient
temperature, with the 3C discharge achieving the most substantial reductions.

3.4. PCM Phase Change Analysis

The benefits of using a PCM at high discharge rates and elevated ambient temperatures
stem from harnessing the PCM’s stored latent energy, which helps stabilize temperatures
during the phase change process. Analyzing the melting percentage at the end of discharge
is essential to understanding how effectively the PCM is utilized in the system. According
to the literature [20], the simplified melting percentage of the PCM in an elemental volume
is calculated as follows:

0 if T < Ts
PCM Melting Percentage = % if Ts<Ty<T 4)
1 if Ty > T

13
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Here, T, T;, and Ts denote the maximum temperature, PCM liquidus temperature,
and PCM solidus temperature, respectively. The quantified value of the PCM melting
percentage does not equate to the total melting fraction of the PCM contained within
the chamber. Rather, it pertains specifically to the controlled volume surrounding the
measuring thermocouple. Table 3 presents the PCM melting percentages at the end of the
experiments. During the 1C discharge experiments, no PCM melted at an ambient tem-
perature below the melting point, indicating that latent heat was not utilized under these
conditions. However, during the 3C discharge experiments, the PCM melting commenced
at an ambient temperature of 32 °C, with 12.4% of the PCM melting, and reached nearly
complete utilization at 42 °C, with approximately 98% of the PCM melting.

Table 3. PCM melting percentage (in %) at the end of experiments.

Ambient Temperature (Ty,) [°C] 1C Discharge Rate 3C Discharge Rate
22 0 0
27 0 0
32 0 12.4
37 0 54.3
42 46.3 97.6

Additionally, considering the 3C discharge rate, the interpolation of Figure 9 and
the melting percentage data indicate that the PCM started contributing its stored cooling
capacity (i.e., latent heat) to the system after achieving a 4.6 °C reduction in maximum
temperature. Figure 10 illustrates the corresponding interpolation analysis. The second-
degree polynomial interpolation analysis yielded R-squared values of 0.9981. From this
analysis, it can be inferred that the maximum utilization of PCM at a 3C discharge rate (i.e.,
100% melting) corresponds to a PCM performance of approximately 13.6 °C in maximum
temperature reduction. Note that the formula derived from the 3C discharge rate results
cannot be applied to the 1C analysis. Furthermore, the PCM melting percentage, as
described in Equation (3), pertains solely to the close proximity of the thermocouple probes
and should not be interpreted as the total melting fraction.
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Figure 10. Interpolated PCM utilization and corresponding cooling performance in terms of maxi-

mum temperature reduction at a 3C discharge rate.

In summary, the findings demonstrate the effectiveness of the PCM in mitigating
temperature rises and maintaining thermal stability within the battery pack under varied
operational conditions. The PCM efficiently utilizes its stored latent heat to limit the
maximum temperature, particularly at high ambient temperatures and discharge rates.
While underutilized at a 1C discharge rate, it achieved a complete local phase transition at

14
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the 3C rate and an ambient temperature of 42 °C. Despite achieving excellent temperature
uniformity across the battery surfaces, with variations less than 0.1 °C, a key limitation
was identified in the PCM’s thermal behavior. Visual inspection revealed that only the
PCM in close proximity to the battery surfaces—within approximately 1 mm—underwent
phase change and melted. The PCM located farther from the batteries remained solid and
was not utilized in the phase change process. This limitation is attributed to the inherently
low thermal conductivity of paraffin, which restricts efficient heat transfer throughout the
PCM volume. Consequently, only a fraction of the PCM’s latent heat storage potential was
utilized, thereby constraining its overall effectiveness under high thermal loads.

4. Conclusions

This study experimentally investigated the thermal performance of a proposed PCM-
based battery pack under elevated ambient temperatures. In addition, the novel approach
of the research addresses scenarios where the ambient temperature reaches the PCM’s
melting point while maintaining the initial temperature at the ideal operating point of 22 °C.
The experiments employed nine 2500 mAh 18650 lithium-ion cells connected in series and
subjected to constant-current discharges of 1C and 3C. A conventional air-cooled thermal
management system served as the baseline, and paraffin with a melting temperature of
40-42 °C was selected as the integrated PCM in the battery pack, including an inlet air
speed of 2.1 = 0.1 m/s and 177 £ 1 mL of paraffin. The novelty of this research lies in
the experimental evaluation of the thermal efficiency of the PCM in responding to rising
ambient temperatures, reaching the PCM’s melting point by quantifying the percentage
of PCM’s local melting and its utilization of stored energy. The following conclusions
were drawn:

e Atambient temperatures approaching the PCM’s melting point, the local utilization
percentage of the PCM reached approximately 98% around the batteries and air pipes.
This indicates the near-complete engagement of the PCM around the heating sources.
However, visual inspection revealed that the PCM was not contributing to its full ca-
pacity and left a portion of its volume unmelted. This necessitates the need for further
enhancements of pure PCM systems in ambient temperatures exceeding the melting
point to effectively manage elevated environmental conditions while fully leveraging
the PCM'’s latent heat storage capacity for maintaining optimal battery temperatures.

e  Using the PCM diminishes the impact of rising ambient temperatures on both the
maximum battery temperature and the overall temperature profile. With the PCM, the
maximum temperature varied by about 7 &= 1 °C across the tested temperature range,
while the baseline system without a PCM exhibited fluctuations exceeding 18 & 1 °C.
This underscores the PCM’s effectiveness in stabilizing thermal performance despite
rising external temperatures.

e  During high-stress conditions, such as a 3C discharge rate under elevated ambient
temperatures, the PCM became more suitable for thermal management. The maximum
battery temperature remained below 42 °C in the PCM-integrated system, whereas
the baseline system experienced a significant temperature increase from 38 °C to
55 °C. This demonstrates the PCM'’s effectiveness in ensuring thermal stability under
demanding conditions.

e  Ata 1C discharge rate, the PCM achieved a modest maximum temperature reduction of
up to 3.1 °C. However, at a 3C discharge rate, the PCM'’s performance improved consid-
erably with rising ambient temperatures (from 22 °C to 42 °C), reducing the maximum
temperature by 2.6 °C to 13.3 °C, respectively. This reinforces the PCM’s enhanced thermal
management capability under elevated operational and environmental stress levels.
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These conclusions underscore the potential impact of using a PCM at elevated ambient
temperatures, particularly under high discharge rates, on the thermal management of
the battery packs. By examining ambient conditions up to the PCM’s melting point
and correlating local melting percentages with resulting temperature reductions, this
research addresses a gap in the existing literature and provides a foundation for further
advancements in PCM-based thermal management systems under a wider range of ambient
operational conditions. The limitation of the study is the use of paraffin as the PCM
since it is flammable. However, the flammability concern can be later mitigated through
appropriate system design and packaging.
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Nomenclature

C Discharge rate (1/h)

Cp Specific heat at constant pressure
k Thermal conductivity (W/m-K)
Ly Latent heat of fusion (kJ/kg)

T Temperature (°C)

T; Liquidus temperature (°C)

Ts Solidus temperature (°C)

Greek Symbols

6Ts Error of Adafruit sensor (°C)
6Trc Error of thermocouple (°C)

0 Density (kg/m?)

Oe Electrical resistivity ((2-m)
Abbreviations and Acronyms

BTMS Battery Thermal Management System
CPCM Composite Phase Change Material
CcC Constant Current

Ccv Constant Voltage

C-rate Current Rate

LIB Lithium-Ion Battery

Li-ion Lithium-Ion

MDF Medium-Density Fiberboard
PCM Phase Change Material
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Abstract: In this study, the particle swarm optimization (PSO) and back propagation neural
network (BPNN) surrogate model in combination with a multi-objective genetic algorithm
are developed for the design optimization of a bionic liquid cooling plate with a spider-
web channel structure. The single-factor sensitivity analysis is first conducted based on
the numerical simulation approach, identifying three key factors as design variables for
optimizing design objectives such as maximum temperature (Tmax), maximum temperature
difference (ATmax), and pressure drop (AP). Subsequently, the PSO algorithm is used to
optimize the parameters of the BPNN structure, thereby constructing the PSO-BPNN
surrogate model. Next, the non-dominated sorting genetic algorithm II (NSGA-II) is
employed to obtain the Pareto optimal set, and the TOPSIS with the entropy weight
method is used to determine the optimal solution, eliminating subjective preferences in
decision-making. The results show that the PSO-BPNN model outperforms the traditional
BPNN in prediction accuracy for all three objectives. Compared to the initial structure, the
Tmax and ATmax are reduced by 1.09 °C and 0.41 °C in the optimized structure, respectively,
with an increase in AP by 21.24 Pa.

Keywords: liquid cooling plate; particle swarm optimization; back propagation neural
network; multi-objective optimization; entropy weight-TOPSIS method

1. Introduction

Due to increasingly severe energy shortages and environmental degradation, coun-
tries around the world have begun to develop more energy-efficient and environmentally
friendly electric vehicles, which are gradually replacing traditional fuel vehicles and be-
coming the main trend of future automotive development [1,2]. Lithium-ion batteries are
the core power source for electric vehicles and have become widely used in the electric
vehicle sector because of their high energy density, low self-discharge rate and long cycle
life [3,4]. However, the operating temperature of lithium-ion batteries significantly affects
their performance and lifespan. The ideal operating temperature range is 25 °C to 40 °C,
and the AT max should be controlled within 5 °C [5]. If the temperature exceeds the maxi-
mum safety threshold of lithium-ion batteries, it may result in thermal runaway, potentially
triggering serious safety accidents such as fires and explosions [6,7]. Therefore, establish-
ing an efficient battery thermal management system (BTMS) is extremely important for
ensuring the safe and stable operation of the batteries.
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Battery thermal management approaches primarily consist of air cooling [8,9], liquid
cooling [10,11], phase change material (PCM) cooling [12,13], and heat pipe cooling [14,15].
In the past, air cooling was widely applied due to its advantages, such as simple structure
and low maintenance cost [16]. However, as the energy density of batteries rises, air cooling
is unable to satisfy the heat dissipation requirements [17]. Although PCM can effectively
absorb the heat generated by batteries, it has not been applied due to its poor thermal
conductivity [18]. Heat pipes possess good thermal conductivity but generally need to be
combined with other cooling approaches, which increases system complexity [19], thus
limiting their application in BTMS. In comparison, liquid cooling remains the mainstream
form of thermal management for batteries because of its outstanding heat dissipation
capability [20].

Liquid cooling can be categorized into two types: direct contact cooling and indirect
contact cooling [21]. In direct contact cooling, the coolant makes contact with the battery
for heat exchange, providing better temperature uniformity for the battery, which, however,
requires high-stability dielectric coolant and a well-sealed cooling system [22]. In compar-
ison to direct contact cooling, indirect contact cooling employs the liquid cooling plates
to establish a connection with the batteries, with thermal interface materials in between
them to dissipate heat. The key design principle for the liquid cooling plate is to create a
reasonable flow channel to ensure that the coolant is evenly distributed in the channels.
Li et al. [23] studied the impact of two layouts of liquid cooling plates with a single channel,
multiple small channels, and an S-shaped channel on the thermal management of the
battery module. The results indicated that placing liquid cooling plates with multiple
small channels on both sides of the battery module achieved optimal cooling performance.
Sheng et al. [24] devised a liquid cooling plate with double serpentine channels, finding
that the arrangement of the inlet and outlet significantly affected the temperature difference.
Huang et al. [25] designed a liquid cooling plate with streamlined channels, and the results
showed that it can significantly reduce AT max and AP.

Besides the conventional liquid cooling plates mentioned above, researchers have
shown interest in the design of liquid cooling plates inspired by bionic structures. Wang
et al. [26] designed a liquid cooling plate with a butterfly-shaped flow channel and com-
pared its cooling performance with straight, serpentine, and leaf-shaped liquid cooling
plates. The results showed that the butterfly-shaped liquid cooling plate demonstrated
superior overall performance. Subsequently, further optimization of its structural parame-
ters resulted in an optimal configuration, reducing the Trmax to 32.72 °C and AP to 25.7 Pa.
Liu et al. [27] proposed a bionic leaf-vein channel liquid cooling plate and studied the
impact of various structural factors. It was found that the channel width and inlet velocity
significantly affected the cooling performance. Fan et al. [28] designed four types of liquid
cooling plates with bionic fishbone channels. Compared to the Z-shaped liquid cooling
plate, the bionic fishbone channel liquid cooling plate with a single inlet and dual outlets
demonstrated better cooling performance.

In most cases, the above methods for optimizing battery thermal management param-
eters primarily rely on numerical simulations and tedious case experiments. The diverse
and complex combinations of different parameters result in the significant consumption
of time and computational resources during the analysis and optimization processes. As
diverse surrogate models and artificial intelligence algorithms evolve, large amounts of
data can be processed quickly, improving work efficiency without human intervention. As
such, many researchers have optimized BTMS using surrogate models and optimization
algorithms. Due to the nonlinear characteristics of complex BTMS, the BPNN is used as
a surrogate model for multi-objective optimization because of its advantages in handling
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complex nonlinear mapping relationships and strong self-learning ability. Li et al. [29] used
an artificial neural network to establish the relationship between battery spacing, ambient
pressure, and both the Tmax and ATmax and then improved the temperature uniformity
of the battery module through optimized design. Chen et al. [30] showed that a deep
learning neural network model provided more precise output predictions for the cooling
performance of carbon/epoxy resin with a microchannel compared to the response surface
model. Although progress has been made in performance prediction, the traditional BPNN
has certain limitations as a surrogate model. The learning rate and the number of hidden
nodes, which are critical hyperparameters affecting model training, are generally set based
on personal experience and often require multiple human trials to optimize. Additionally,
the initial weights and thresholds of the BPNN are generally initialized randomly, which
would lead to the network getting stuck in local optima during training, thereby affecting
the prediction performance of the model.

In response to the above issues, this paper introduces the PSO-BPNN surrogate model
in combination with multi-objective genetic algorithm for the design optimization of a
bionic liquid cooling plate constructed with a spider-web channel structure. The PSO
algorithm can automatically optimize the number of hidden nodes, learning rate, initial
weights, and thresholds without human intervention. This approach significantly enhances
the prediction accuracy of the BPNN. Based on this, a novel spider-web liquid cooling plate
is proposed, with the Tmax, ATmax, and AP selected as optimization objectives. The optimal
Latin hypercube sampling (OLHS) method is employed for sampling, and a corresponding
dataset of samples is constructed through computational fluid dynamics (CFD) simulations.
Based on these data, the PSO-BPNN surrogate model is established. Subsequently, the
NSGA-II algorithm is adopted to perform multi-objective optimization on the spider-web
cooling plate. The entropy weight method is used to determine the weight of each objective,
and the TOPSIS method is applied to rank the optimal solutions, thereby obtaining the
optimal structural parameters for the cooling plate.

2. Model and Validation
2.1. Model Description

A bionic liquid cooling plate with a spider-web channel is designed for battery ther-
mal management. The prismatic lithium-ion battery used in this paper is of the model
CATL2795148-51Ah. Its cathode material is LiNipgCog1Mng10,, the anode material is
graphite, and the electrolyte is LiPF4. The detailed characteristic parameters are listed in
Table 1. The geometric model of the battery liquid cooling system is shown in Figure 1,
which consists of five batteries and six liquid cooling plates arranged alternately. It is noted
that the liquid cooling plates are positioned on the large sides of the batteries. When pris-
matic lithium-ion batteries are grouped, the large sides with the highest temperature come
into contact, making it difficult for the heat generated by the batteries to dissipate in time,
leading to heat accumulation. As such, a side-contact cooling method is adopted to enhance
the heat dissipation of the batteries. To save computational resources, a representative
cooling unit will be used as the subject of subsequent simulations, namely a liquid cooling
plate in direct contact with two batteries. Considering that aluminum has good thermal
conductivity and lightweight properties, it is selected as the material for the liquid cooling
plate. Water flows through the channels in the liquid cooling plate, absorbing heat from the
batteries. The physical parameters of the liquid cooling plate and coolant are presented in
Table 2.
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Table 1. Parameters of prismatic lithium-ion battery.

Battery Parameters Value
Size/mm 148 x 92 x 27
Nominal voltage/V 3.7
Nominal capacity/Ah 51
Discharge cut-off voltage/V 2.8
Charge cut-off voltage/V 42
Maximum continuous discharge rate/C 3
Maximum continuous charge rate/C 1
Internal resistance/mQ 0.7
Mass/g 824.5

Heat flow
-

-»

Battery
-
Cooling plate /-\_\
B\ — /\
—\—\—ﬁ\/\ ~ outlet

Figure 1. Schematic of battery liquid cooling system.

Table 2. Physical parameters of liquid cooling plate and coolant.

. . Specific Heat Thermal . .
.m-3 .
Material Density/kg-m Capacity/] kg 1K1 Conductivity/W-m1.K-1 Viscosity/Pa-s
Liquid cooling plate
(Aluminum) 2719 871 202 -
Coolant (Water) 998.2 4182 0.6 0.001003

2.2. Governing Equations and Boundary Conditions

To improve the efficiency of numerical calculations, the following assumptions are
made for the model.

(1) Radiative heat transfer between the battery and the surroundings is ignored.

(2) The coolant is incompressible with steady-state flow field.

(3) The physical properties of the coolant, liquid cooling plate, and battery are unaf-
fected by temperature.

(4) The contact thermal resistance between the battery and the liquid cooling plate
is ignored.
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2.2.1. Battery Governing Equation

Assuming that the battery is composed of anisotropic and uniformly distributed
materials, the three-dimensional energy equation for the battery in a Cartesian coordinate
system is as follows [31]:

0Tpat 9? That O* Tyat 9 That
pbatcbutTtu = AX axza + Ay ayza + )‘Z azza + q (1)

where oy, Cpar, and Ty, are the density, specific heat capacity and temperature of the
battery, respectively. Ay, Ay, and A; are the thermal conductivity of the battery along the x,
y and z directions, respectively. g is the volumetric heat generation rate of the battery.

2.2.2. Convective Boundary Between Air and Battery

The convective boundary condition between the battery and the air is as follows [32]:

oT
Abat%kunbut = _hsur,bat(Tbat - Tﬂ) (2)

T(x,y,2,0) =T, 3)

where hy,,, 1,5 is the convective heat transfer coefficient on the battery surface, and T is the
ambient temperature.

2.2.3. Heat Transfer Boundary Between Battery and Liquid Cooling Plate

The heat transfer boundary condition and initial condition between the battery and
the cooling plate are as follows [32]:

oT oT

/\bat7|sur,bat—lcp = Alcpi‘sur,but—lcp 4)
on on

Tpar = Tlcp ©)

T(x,y,2,0) =T, (6)

where Ay, is the thermal conductivity of the liquid cooling plate, and 7 is the normal direction.

2.2.4. Coolant Governing Equations and Boundary Condition

The coolant mass, energy and momentum conservation equations are as follows [33]:
Mass conservation:

V. (p f U) =0 )
Energy conservation:

caﬂ+v-( croTy) =V - (AVTy) )
Pef5; prefoly) = FVIy

Momentum conservation:
_>
v

?
g(pf?) +V-(pf0)v = VP +uV20 )

where pr is the density of the coolant, U is the velocity vector, cris the specific heat capacity
of the coolant, Ay is the thermal conductivity of the coolant, Ty is the temperature of the
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coolant,  is the dynamic viscosity of the coolant, V? is the Laplacian operator, and Pris
the static pressure of the coolant.

The boundary condition between the liquid cooling plate and the coolant can be
expressed as follows [32]:

oT
)\lcp%kur,lcp—f - _hsur,lcp—f(Tlcp - Tf) (10)

For fluid flow, the Reynolds number can be calculated by Equation (11).

_ oD
o

Re

(11)

where D is the hydraulic diameter of inlet channel. After calculation, the Reynolds number
at the maximum inlet velocity and maximum hydraulic diameter is 2181, which is less than
2300. As such, for the other cases where the Reynolds number is always below 2300, the
standard laminar flow model is adopted for numerical calculations.

2.3. Verification of Grid Independence

The accuracy and speed of computations are affected by the number of grids in the
model. To enhance the reliability of the simulation results, the grid independence test is
performed. The polyhedral grid configuration is adopted for the grid division. The Tmax
of the battery and AP are used as criteria for the grid independence test. The simulation
results for various grid numbers are shown in Figure 2. It is indicated that with the number
of grids increasing, the Trmax and AP tend to stabilize, and when the number of grids is
more than 448,838, the Trmax and AP increase by 0.01% and 0.36%, respectively. Considering
both computational accuracy and cost, the grid number at this point is ultimately selected
for subsequent simulations.

31.20 46.5
- —@— Maximum temperature 1
31.19 L —9— Pressure drop /° Jd 46.0
) - )
L o/ J
& 3118+ H455
g ° R R
£ 9 _— =
5 31.17 d 4450 &
£ 5
(] [0}
g 31.16 | H445 2
= o
£ d ] £
5
s 3115 / - 44.0
3tal ¢ 4435
31.13 . ! . L . ! . L . 43.0
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°

Number of grids
Figure 2. Results of grid independence analysis.

2.4. Experiment of Heat Generation Rate

Based on the principle of the calibrated calorimetry method [34], the heat generation
rate of a 51 Ah prismatic lithium-ion battery was tested. The experimental setup for the
heat generation rate test was shown in Figure 3a. The testing system mainly included the
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battery, charge/discharge equipment (NEWARE CT-4008-5V60A-NFA, manufactured in
China), thermostat (WBE 3SDG100L, manufactured in China), computer, and temperature
data-acquisition instrument (HIOKI LR8410R, manufactured in Japan). Six thermocouples
were distributed along the diagonal lines of the front and rear surfaces of the battery.
The positive and negative terminals of the lithium-ion battery were connected to copper
wire terminals using bolts and washers. The surface of the battery was covered with a
10 mm thick aerogel layer, which was secured with high-temperature tape to reduce heat
dissipation during the experiment and establish an approximately adiabatic environment.
The wrapped battery was placed in the thermostat, and all thermocouples were connected
to a real-time data-acquisition instrument. The charge/discharge equipment was connected
to the battery through copper wire terminals, and the computer controlled the discharging
programs of the battery. Figure 3b showed the transient volumetric heat generation rate of
the battery calculated using the calibrated calorimetry method under the 1C discharge rate.

(8.) Charge and discharge equipment Front
Lithium-ion battery "= Pointl

®_Point2

Point3 ®

Point4 e

Point5_ e~

® points

AN
Temperature data acquisition Thermostat
instrument
(b) 40,000

Volumetric heat generation rate at 1C discharge
Polynomial fitting curve

- 35,000 -
£ Polynomial Q=Intercept+B Ixt+B2xt2+B3xt}
L expression +B4xt+BSxt?
30,000 Intercept 5405.692
Bl 43.007
B2 -0.051
25,000 B3 2.344x10°5
B4 —4.554x107
BS 3.371x1073
2008 I~ R 0.985

15,000

10,000

Volumetric heat generation rate/W

5,000

0 500 1000 1500 2000 2500 3000 3500 4000

Time/s

Figure 3. (a) Schematic of the heat generation rate testing experimental system, (b) volumetric heat
generation rate over time.
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2.5. Verification of the Thermal Model

To validate the accuracy of the battery thermal model, a numerical transient simula-
tion is conducted on the thermal behavior of the battery under 1C discharge condition.
Considering that the heat generation rate of the battery during 1C discharge varies with
time, the user-defined function (UDF) compiler in Fluent 2021R1 is employed to define the
battery heat source. A simulation calculation is performed for the battery discharging at
1C in an ambient temperature of 25 °C, and the calculated average surface temperature of
the battery is compared with the experimental temperature data from the 1C discharge of
the battery, as shown in Figure 4. The maximum relative error between the simulated tem-
perature and the experimental temperature does not exceed 3%. The results demonstrate
good consistency, indicating that the battery thermal model possesses high reliability and
is suitable for simulation analysis of battery cooling.

45 5
—— Simulation data
—— Experimental data 14
40 - ——Relative error
Q
I
2 X
= 43 %
g 35 o
2. 5
& o~
0 39
<
H41
25
M L L L L L 1 1 1 M 0
0 500 1000 1500 2000 2500 3000 3500 4000

Time/s

Figure 4. Average temperature comparison between simulation and experiment.

3. Optimization Procedure

3.1. Establishment of the PSO-BP Surrogate Model
3.1.1. Design of Experiment

Before establishing the surrogate model, sample points must be obtained through
experimental design. Based on the sensitivity analysis of the factors, as will be discussed in
the later part of this paper, the channel width (X;), channel depth (X;) and inlet velocity
(X3) are selected as the input variables for the experimental design, with the Tmax, AT max,
and AP as the output variables. The optimal Latin hypercube sampling (OLHS) method
is employed for case sampling since it allows the sample points to be more uniformly
distributed across the entire sampling space, unlike the Latin hypercube sampling (LHS)
method [35]. A total of 95 sample points are selected using the OLHS method, and their
distribution is plotted in Figure 5, which displays relatively uniform distribution within the
design range. Subsequently, numerical simulations are conducted to calculate the output
response values for each sample point.
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Figure 5. Distribution of optimal Latin hypercube sample points.

3.1.2. BP Neural Network Model

BPNN is a feedforward neural network trained using the back propagation algorithm,
suitable for solving complex nonlinear problems. As illustrated in Figure 6, the BPNN
model comprises an input layer, a hidden layer, and an output layer. The input layer
includes three nodes, which are the channel width (Xj), the channel depth (Xj3), and the
inlet velocity (X3). Similarly, the output layer includes three nodes, corresponding to the
Tmax, ATmax, and AP. The number of hidden nodes is crucial for the prediction accuracy of
the network. Therefore, the effect of the number of hidden nodes on prediction performance
is taken into account. The number of hidden nodes, #, can be calculated by Equation (12).
The output response values of the sample points obtained from numerical simulations are
utilized to construct the dataset for the BPNN model, with 80% of the data allocated for
training the surrogate model and 20% for testing the accuracy of the model.

h=+vm+n+a (12)

where 11, m, and n are the number of nodes in the hidden layer, input layer and output
layer, respectively. a is an adjusting constant ranging from 1 and 10. In order to achieve
higher prediction accuracy and avoid overfitting, the optimal number of hidden nodes is
determined through the PSO algorithm.

Figure 6. Diagram of BPNN topology structure.
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3.1.3. Particle Swarm Optimization Algorithm

The PSO algorithm is a heuristic intelligent optimization algorithm that simulates the
foraging behavior of birds through iterative updating of particles to solve problems [36].
Each particle has its own unique position and velocity. The position of a particle stands for
a potential solution, and its velocity determines the direction and magnitude of movement
during the iteration process. The fitness function is used to evaluate the quality of each
potential solution, and the entire population moves toward the optimal solution. Through
continuous iteration of the velocity and position of particles, the optimal solution is ob-
tained. The schematic diagram of the velocity and position updates during the iteration
process is shown in Figure 7, and the corresponding update formulas are as follows:

Xi(t+1) = X (1) + VI (E+1) (13)

VI (E+1) = wVI(t) + e [p), — XUO)] + caralgh., — XL (8)] (14)

where Vl] (t) and Vl] (t + 1) are the velocity of the i-th particle in the j-th dimension at the
t-th and (t + 1)-th iteration, respectively. X{ (t) and X{ (t + 1) are the position of the i-th
particle in the j-th dimension at the ¢-th and (¢ + 1)-th iteration, respectively. w is inertia
weight, c1 and ¢, are learning factors, and r; and 7, are random values within the interval
0, 1). pé «st; 1 the individual optimal solution of the i-th particle in the t-th iteration and
gé .t 18 the global optimal solution in the ¢-th iteration.
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Figure 7. Particle velocity and position update diagram.

3.1.4. BPNN Model Optimized with Particle Swarm Optimization

Based on the limitations of the traditional BPNN, this paper introduces the PSO
algorithm to optimize the two critical hyperparameters of the BPNN, as well as the initial
weights and thresholds of the nodes. Specifically, the PSO algorithm exerts its global
search capability within the search domain by utilizing the prediction error of the BPNN
as the fitness function of the PSO algorithm. This process continues until the algorithm
identifies the optimal combination of the number of hidden nodes, learning rate, initial
weights, and thresholds that satisfy the error precision requirements. These globally
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optimal solutions obtained after the algorithm terminates are assigned to the BPNN to
achieve higher prediction accuracy. The specific algorithm flow is illustrated in Figure 8.

BP neural network training

Start
Particle swarm optimization
s N\ e N
Use the network training error Data preprocessing, determine
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Figure 8. Flow of the PSO-BPNN algorithm.

3.2. Mathematical Model of Multi-Objective Optimization

In the design of the spider-web liquid cooling plate, numerous variables interact with
each other, and thus, a comprehensive assessment of the cooling performance is necessary.
However, the combinations of different variables are complex and diverse, resulting in
difficulty in the analysis and optimization processes, requiring substantial computational
resources and time. In such circumstances, multi-objective optimization algorithms can be
resorted to identify the optimal design scheme.

Based on the previously established PSO-BPNN surrogate model, the NSGA-II algo-
rithm is employed to optimize the parameters of the spider-web liquid cooling plate. The
channel width (X7), channel depth (X;) and inlet velocity (X3) are selected as the optimiza-

29



Batteries 2025, 11, 141

tion variables, while the Trmax, ATmax, and AP are set as the optimization objectives. The
general mathematical expressions are as follows:

Tmax (Xl/ XZ/ X3>
find min F(Xl, Xz, X3) = ATmax(XLXZ/ X3) (15)
AP(X1, X3, X3)
20< X; <60
subject to¢ 1.5 < X, < 3.5 (16)

0.05 < X3 < 0.45

3.3. TOPSIS with the Entropy Weight Method

In order to fully consider the differences in contribution among different objectives, it
is particularly important to evaluate the three optimization objectives and allocate corre-
sponding weights to them. The TOPSIS with the entropy weight method is employed to
comprehensively evaluate and rank the Pareto optimal solutions.

3.3.1. Entropy Weight Method for Determining Weights

The entropy weight method is an objective weighting method which is used to assess
the importance and dispersion of the objectives [37]. A higher entropy value indicates more
concentrated information and a smaller weight, while a lower entropy value indicates more
dispersed information and a larger weight. By calculating the entropy values, the weights
of each objective can be determined, thereby influencing the comprehensive evaluation
results. The calculation procedures of the method are as follows:

(1)  The initial decision matrix A = (a;;) 18 as follows:

nx

ajp app o Am
a1 azxp -+ Am

A=1| . . . 17)
Ayl Ap2 - Anm

where a;j is the value of the j-th objective in the i-th Pareto solution, 7 is the number of
Pareto solutions, and m is the number of optimization objectives.

(2) Data normalization is calculated by Equation (18).
max(a;) — a;;

o= <1< <7<
bij max(a;) — min(a;) (I<isml<j<m) (18)

(3)  The entropy value §; is calculated by Equations (19) and (20).

pi= 2l (1 <i<ni1<j<m) (19)
L by
i=1
1 n
Sj:—m'zp,‘]‘lnpi]'(l Slgﬂ,lg]gm) (20)

i=1
where pj; is the proportion of the j-th objective value for the i-th Pareto solution.
(4) The weight w; is calculated by Equations (21) and (22).

Gi=1-5;

: ; (21)
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G.

L (1<j<m) (22)
Gj

1

wj =

m

]

where G; is the coefficient of variation for the j-th objective.

3.3.2. Decision-Making Using the TOPSIS Method

The TOPSIS method determines the relative priority of each Pareto solution by con-
structing a positive ideal solution and a negative ideal solution, which can objectively
reflect the gaps between Pareto solutions and reduce the uncertainty caused by decision-
makers’ preferences or differences in subjective judgments, thereby effectively addressing
decision-making problems within the Pareto optimal solution set [38]. The calculation
procedures of the method are as follows:

(1) The weighted normalized matrix Z is as follows:

wibyy  waby - Wby Z1n Zy o Zip
wiby  waby - wmbom 7o Zym - Zom

- = . (23)
wibyy wobpy 0 Wwbum Zon Zwo - Zum

(2) The positive ideal solution Z* and the negative ideal solution Z~ are determined by
Equations (24) and (25).

ZT = {max(Z;), max(Z;), -, max(Zy,)} (1 <i<n) (24)

Z~ ={min(Z;y), min(Z;), - -, min(Z;,,) } (1 <i<n) (25)

(3) The distances of each Pareto solution to the positive ideal solution ;" and the negative
ideal solution d;” are calculated by Equations (26) and (27).

d = | Y (-7 a<i<n (26)
j=1

= L (Z—z P a<i<n @7
j=1

(4) The relative closeness of each Pareto solution f; is calculated by Equation (28).

-
fi= 1 (28)
df +d;

where a higher f; value means a better Pareto solution.

4. Results and Analysis
4.1. Comparison of Cooling Performance of Different Cooling Plates

To verify the performance advantages of the spider-web liquid cooling plate, a compar-
ison is made with straight and serpentine liquid cooling plates. The geometric shapes of the
three flow channels are shown in Figure 9. The cooling performance of liquid cooling plates
can be influenced by various parameters of the internal flow channel structure, including
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inlet size, channel depth, channel width, and the cross-sectional area of the flow channels.
As such, to better compare the cooling performance of different liquid cooling plates, it is
necessary to ensure that the dimensional parameters among different liquid cooling plates
are as consistent as possible. The basic dimensions for the three flow channels are listed in
Table 3. The three liquid cooling plates have a uniform thickness of 4 mm. Additionally,
the cross-sectional areas and volumes of the flow channels are almost the same, with the
weight of the liquid cooling plates differing by less than 0.5%.

Figure 9. Types of channel structures: (a) Straight channel, (b) Serpentine channel, (c) Spider-web
channel.

Table 3. Parameter settings of three channel structures.

The Cross-Sectional

Type of Geometric Value/mm Area of the Mass/g
Channel Parameter 2
Channel/mm
Straight d1,d2,d3, d4 8,25,4,3.45 3496.8 129.07
Serpentine d5, d6, d7, d8 8,15,5,5.3 3490.7 129.11
Spider-web d9,d10,d11, « 8,10, 3.2, 60° 3493.6 129.09

The temperature contour plots of the batteries and pressure contour plots of three
types of liquid cooling plates are shown in Figure 10. The corresponding data for the
Tmax and AP are listed in Table 4. It is evident that the Trax of the batteries is the highest
in the straight flow channel, followed by the serpentine flow channel, and the lowest
in the spider-web flow channel. As such, the cooling performance of the liquid cooling
plate with the spider-web flow channel is better than the other two cases. In terms of AP,
the advantage of the spider-web flow channel is more pronounced, with a significantly
smaller AP compared to the other two flow channels. In contrast, the AP is highest for
the serpentine flow channel structure, and the increased AP will result in higher power
consumption of the pump. On the whole, the spider-web flow channel is superior to the
other two flow channels in both cooling performance and power consumption. Hence,
further optimization and research on the spider-web flow channel will be conducted in the
following sections.
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Table 4. The data for the Tpax of the batteries and the AP.

Type of Channel Tmax/°C AP/Pa
Straight 31.26 61.75
Serpentine 31.21 210.24
Spider-web 31.18 45.93
Temperature Pressure
Contour 1 Contour 2
3126 / 6175
30.64 55.58
3001 49.40 |
29.38 4323 |
28.76 37.05 |
28.13 3088 P <
27.51 24.70 |
26.88 18.53 |
26.25 12.35 I
2563 6.18
25.00 0.00
€] [Pa]
Temperature Pressure
Contour 1 Contour 2
31.21 210.24
30.59 189.22
29.97 168.19
29.35 14717
28.73 126.14
28.11 105.12
27.49 84.10
26.86 63.07
26.24 42.05
25.62 21.02
25.00 0.00
[C] [Pa]
Temperature Pressure
Contour 1 Contour 2
31.18 / e
30.56 41.34
29.94 36.75
29.33 32.15
28.71 27.56
28.09 22.97
27.47 18.37
26.85 13.78
26.24 9.19
25.62 4.59
25.00 0.00
[C] [Pa]

Figure 10. Temperature contour plots of the batteries and pressure contour plots of three types of
liquid cooling plates.

4.2. Analysis of Different Influencing Factors
4.2.1. Influence of the Number of Branch Channels

The variation in performance is explored as the number of branch channels increases
from 2 to 8, with an inlet velocity of 0.1 m-s~ !, a channel width of 3 mm, a channel depth
of 2 mm, and a channel angle of 60°. The variation curves of the Tax, ATmax, and AP with
the number of branch channels are shown in Figure 11. With the increase in the number
of branch channels, the Tmax, ATmax, and AP all decrease. When the number of branch
channels is 2, the Tmax is 31.49 °C, the ATmay is 4.74 °C, and the AP is 67.39 Pa. When
the number of branch channels increases to 8, the Tmax decreases to 31.08 °C, the AT ax
decreases to 4.67 °C, and the AP decreases to 42.38 Pa. The main reason is that with the
increase in the number of branch channels, the contact area between the fluid domain
and the solid domain within the liquid cooling plate increases, resulting in enhanced
thermal convection at the interface. At the same time, the increased cooling channel length
effectively extends the heat exchange time between the coolant and the wall, thereby
reducing the Tmax. Furthermore, the increase in the number of branch channels reduces the
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coolant flow velocity in each channel, which leads to a reduction in AP. Based on the above
analysis, the liquid cooling plate with eight branch channels demonstrates better cooling
performance and lower AP. As such, a liquid cooling plate with an eight-branch channel
structure is selected for further research.
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Figure 11. Influence of the number of branch channels on Tmax, ATmax, and AP.

4.2.2. Influence of Different Inlet Velocity

The variation in performance is explored as inlet velocity increases from 0.05 m-s ! to 0.45
m-s— 1, with eight branch channels, a channel width of 3 mm, a channel depth of 2 mm, and
a channel angle of 60°. The variation curves of the Tmax, ATmax, and AP with inlet velocity
are shown in Figure 12. With the increase in inlet velocity, both the Tmax and AT max decrease
significantly. As the inlet velocity increases from 0.05 m-s— ! t0 045 m-s~ !, the Trmax decreases
from 32.31 °C to 30.02 °C, and the AT max decreases from 4.94 °C to 4.48 °C. Moreover, the
decreasing trend gradually slows down. The main reason is that as the inlet velocity continues
to increase, the heat exchange between the coolant and battery gradually reaches a balance, so
further increasing the inlet velocity no longer significantly improves the cooling performance of
the liquid cooling plate. However, the AP increases continuously with the inlet velocity, rising
from 18.14 Pa to 347.56 Pa. Although increasing the inlet velocity can lower the Tmax and AT max,
it also increases the demands on pump power.
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4.2.3. Influence of Different Channel Depths

The variation in performance is explored as the channel depth increases from 5 mm
to 3.5 mm, with eight branch channels, an inlet velocity of 0.1 m-s~!, a channel width of
3 mm, and a channel angle of 60°. The variation curves of the Tmax, ATmax, and AP with the
channel depth are shown in Figure 13. With the increase in channel depth, the Tmax, ATmax,
and AP all decrease, and the slopes of the corresponding curves decrease gradually. It is
indicated that the cooling performance of the liquid cooling plate improves with increasing
channel depth, but the improvement gradually flattens. The reason is that as the channel
depth increases, the heat exchange area at the interface between the coolant fluid domain
and the cooling plate solid domain increases, allowing the heat generated by the battery to
be transferred to the coolant more promptly and effectively, thereby improving the overall
heat dissipation performance.
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Figure 13. Influence of different channel depths on Tmax, ATmax, and AP.

4.2 4. Influence of Different Channel Widths

The variation in performance is explored as the channel width increases from 2 mm
to 6 mm, with eight branch channels, an inlet velocity of 0.1 m-s~! a channel depth of
2 mm, and a channel angle of 60°. The variation curves of the Tmax, ATmax, and AP with
the channel width are shown in Figure 14. As the channel width increases, both the Tmax
and AT max decrease accordingly. When the channel width is 2 mm, the Ty is 31.18 °C
and the ATmax is 4.7 °C. When the channel width is 6 mm, the Tax is 30.92 °C and the
AT max is 4.57 °C. The increased channel width enhances the heat exchange area between
the coolant and the liquid cooling plate, thereby improving the cooling performance of the
liquid cooling plate. The AP decreases from 54.7 Pa to 31.04 Pa, indicating that increasing
the channel width helps reduce the AP and achieve lower power consumption.
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Figure 14. Influence of different channel widths on Tmax, ATmax, and AP.

4.2.5. Influence of Different Channel Angles

The variation in performance is explored as the channel angle increases from 60° to
80°, with eight branch channels, an inlet velocity of 0.1 m-s~!1 a channel depth of 2 mm,
and a channel width of 3 mm. The variation curves of the Timax, ATmax, and AP with the
channel angle are shown in Figure 15. As the channel angle increases from 60° to 80°, there
is a slight decrease in the Tmax from 31.08 °C to 31.03 °C and a small reduction in the AT max
from 4.67 °C to 4.62 °C. This is attributed to the more uniform distribution of channels
within the cooling plate, resulting in a slightly enhanced heat transfer efficiency for the
cooling plate. Additionally, as the channel angle increases, the AP increases slightly from

42.38 Pa to 43.22 Pa.
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Figure 15. Influence of different channel angles on Trmax, ATmax, and AP.

4.3. Sensitivity Analysis of Different Factors

The sensitivity analysis of diverse variables is conducted to identify those with sig-
nificant influence. The formula for calculating the sensitivity factor SA; is as follows [39].
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SA; — 7|1(fmax(xi) _fmin(xi))|
j§1|(fmaX(xj) _fmin(xj)|

x 100% (29)

where fmax(¥;) and fmin(¥;) are the maximum and minimum objective values.

The results of the sensitivity analysis are shown in Figure 16. It can be observed that
the flow velocity has the greatest impact on the three objectives, particularly on the AP,
with a sensitivity factor as high as 86.53%. This is primarily attributed to the fact that
the pressure loss of coolant is directly proportional to the square of the flow velocity, so
an increase in flow velocity significantly raises the AP. In contrast, the channel angle has
the least impact on the three objectives, especially on the AP, with a sensitivity factor of
only 0.22%. As such, changing the channel angle has a very limited influence on the three
objectives. After comprehensive consideration, the channel depth, channel width, and flow
velocity are selected as the input variables for multi-objective optimization.
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Figure 16. Sensitivity factors for the different variables.

4.4. Analysis of Prediction Results
4.4.1. Model Performance Evaluation

The prediction performance of the model is assessed using the correlation coefficient

(R?), mean absolute error (MAE), and root mean square error (RMSE). The corresponding
equations are shown below:

1 )
X (vi—9)
RZ=1-=1 - (30)
Z (yi—v)
i=1
1 n
MAE = ) |yi — §il (31)
i=1
1 .
RMSE = ;2 (i —9i) (32)

where y; is the simulated value, §; is the predicted value, ¥ is the average of the simulated
values, and 7 is the number of test samples.
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4.4.2. Analysis of Prediction Results on the Training Set

The optimal fitness variation curve of the PSO algorithm is depicted in Figure 17a.
During the iterative process, the particle swarm gradually moves towards the optimal
fitness value as a whole. In the first six iterations, the fitness value decreases significantly.
After the sixth iterations, the fitness value changes little, with the optimization curve
gradually converging. Once the preset 50 iterations are completed, the optimization
process automatically terminates and outputs the optimal results. The optimal parameter
combination obtained from the search is then substituted into the BPNN model for training
to assess the prediction performance of the PSO-BPNN model on the previously designated
80% training set. Figure 17b—d shows the comparison between the predicted values and the
true values for three objectives in the training set. It is clearly demonstrated by these figures
that the prediction results for the training set are quite good, indicating that the PSO-BPNN
model can effectively fit the training data. This further proves that the model possesses
excellent multi-input and multi-output nonlinear fitting capabilities, thus qualifying it as a
surrogate model for subsequent prediction validation on the test set.
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Figure 17. (a) Optimal fitness variation with iterations in the PSO algorithm, (b) Tmax prediction
curve, (¢) ATmax prediction curve, and (d) AP prediction curve.

4.4.3. Analysis of Prediction Results on the Test Set

To confirm the efficiency of using the PSO algorithm, the prediction results on the test
set are compared between the BPNN and the PSO-BPNN models. The comparison of the
prediction results for the two models is shown in Figure 18, and the comparison of relevant
evaluation metrics is presented in Table 5. Specifically, Figure 18a,c,e compares the true
values with the predicted values for the PSO-BPNN model, while Figure 18b,d,f shows the
same comparisons for the traditional BPNN model. As evident from the figure and table,
the prediction results of the three objectives based on the PSO-BPNN model are closer to
the true values compared to those of the traditional BPNN model. The errors of various
evaluation metrics in the prediction results using the PSO-BPNN model are all smaller
than those of the traditional BPNN model, while the R? values are higher. For the third
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objective of AP, the RMSE and MAE are improved by 51.5% and 55.5%, respectively. This

demonstrates that optimizing the number of hidden nodes, learning rate, initial weights,

and initial thresholds of the BPNN using the PSO algorithm significantly enhances the
prediction accuracy of the model, thus offering higher application value.
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(¢) ATmax prediction curve in the PSO-BPNN, (d) ATmax prediction curve in the BPNN, (e) AP
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Table 5. Comparison of the evaluation metrics between the two models.

Tmax/°C ATmax/°C AP/Pa
Model RMSE MAE R? RMSE MAE R? RMSE MAE R?
BP 0.041 0.029 0.990 0.016 0.017 0.978 6.073 4.710 0.993
PSO-BP 0.019 0.015 0.998 0.009 0.007 0.993 2.944 2.096 0.998

4.5. Multi-Objective Optimization

The NSGA-II algorithm is employed with the following parameter settings: an initial
population of 100 individuals, a total of 200 iterations, a crossover probability of 0.8, and a
mutation probability of 0.1. After 200 generations of iterative calculations, a smooth curve
composed of the Pareto solutions is finally obtained. As can be seen in Figure 19, the Pareto
solutions are mutually restrictive, such that a decrease in the Tmax and ATmax leads to an
increase in AP. As such, these three objectives cannot be minimized simultaneously. The
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Pareto front curve exhibits a convex trend towards the lower left corner, demonstrating
good uniformity and distribution.
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Figure 19. Pareto optimal solution set.

Each individual on the Pareto front is non-dominated, so it is necessary to comprehen-
sively consider the three objectives to select an optimal solution from the Pareto front. In
the actual selection process, decisions often rely on experience and personal preferences.
Typically, the optimal solution is selected based on the Pareto front curve, with a tendency
to choose points in the middle of the curve to balance the various optimization objectives.
However, this approach is subjective and makes it difficult to ensure that the optimal solu-
tion is obtained. To address this issue, the entropy weight method is utilized to determine
the weight of each objective, and then the TOPSIS method is used to objectively select the
optimal solution.

4.6. Optimization Results of the Entropy Weight=TOPSIS Method

With the entropy weight results for the three objectives presented in Table 6, the
weights for the Trnax, ATmax, and AP are 0.498, 0.225, and 0.277, respectively. Among them,
the objective of Tmax holds the highest weight, while the objective of ATmax has the lowest
weight. Based on the determined weights of the three objectives, the TOPSIS method
is utilized to evaluate the performance of various combinations of variable parameters.
When the channel width, channel depth, and inlet velocity are set to 6 mm, 3.4 mm, and
0.22 m-s~!, respectively, the overall performance of the liquid cooling plate reaches its
optimum. To verify the reliability of the multi-objective optimization results, simulations
are conducted on the optimized flow channel, and the results are compared with those
obtained from the optimization process. As shown in Table 7, the optimization values of
the three objectives differ minimally from the simulation values, demonstrating that the
multi-objective optimization results are reliable. Compared to the initial structure, although
the AP in the optimized structure increases by 21.24 Pa, the Tmax and ATmax are reduced by
1.09 °C and 0.41 °C, respectively. The temperature contour plots of the batteries in the initial
and optimized structures are shown in Figure 20. It is evident that the Trhax of the batteries
decreases, along with a more uniform temperature distribution in the optimized structure.
The thermal simulation results of the battery module incorporating the optimized structure
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are supplied in Appendix A, showcasing the superior cooling performance in comparison
with the straight and serpentine structures.

Table 6. Entropy weight results of the three objectives.

Objective S G w

Tmax/°C 0.9446 0.0554 0.498

ATmax/°C 0.9750 0.0250 0.225
AP/Pa 0.9692 0.0308 0.277

Table 7. Comparison of calculation results.

Tmax/°C AT max/°C AP/Pa

NSGA-II 30.07 4.34 68.74
CFD 30.09 4.27 67.17
Relative error 0.07% 1.64% 2.34%
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Figure 20. Temperature contour plots of the batteries: (a) the initial structure, (b) the optimized
structure.

5. Conclusions

In this paper, a PSO-BPNN surrogate model is proposed to predict the cooling performance
of the spider-web liquid cooling plate. The channel width, channel depth, and inlet velocity
are selected as optimization variables, while the Tmax, ATmax, and AP are the optimization
objectives. Based on the surrogate model, the NSGA-II algorithm is employed to optimize the
variables and obtain the Pareto solution set. The optimal solution is selected by the TOPSIS with
entropy weight method. The major conclusions are summarized as follows:

(1) Compared to conventional straight and serpentine flow channels, the spider-web
flow channel demonstrates superior cooling performance and has a smaller AP than the
other two channel types. The channel depth and inlet velocity are the primary factors
influencing the cooling performance of the spider-web flow channel, while the channel
angle has a relatively minor impact.

(2) Based on the sample point data obtained through OLHS, a PSO-BPNN surrogate
model is established to predict the cooling performance of the spider-web liquid cooling
plate. The results indicate that the PSO-BPNN model exhibits superior performance in
prediction accuracy, as evidenced by lower MAE and RMSE values and a higher R? value.

(3) By applying the entropy weight method, the weights for the Tmax, ATmax, and AP are
0.498, 0.225, and 0.277, respectively. Based on these weights and the TOPSIS decision-making
method, a good balance between cooling performance and energy consumption is achieved
when the channel width, channel depth, and inlet velocity are 6 mm, 3.4 mm, and 0.22 m-s~}
respectively. Compared to the initial structure, the Tmax and ATmax are reduced by 1.09 °C and
0.41 °C in the optimized structure, respectively, with an increase in AP by 21.24 Pa.
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Nomenclature/Abbreviations

Nomenclature

c specific heat capacity /J-kg~1-K~!

D hydraulic diameter/m

G coefficient of variation

h convective heat transfer coefficient/W-m—2-K~1
AP pressure drop/Pa

q volumetric heat generation rate/W-m 3
S entropy value

T temperature/°C

Tinax maximum temperature/°C

AT max maximum temperature difference/°C

v velocity /m-s~!

Greek letters

0 density/kg-m~3

A thermal conductivity/W-m~1.K~!

i dynamic viscosity/Pa-s

V2 laplacian operator

Subscripts

a ambient

bat battery

f fluid

Iep liquid cooling plate

sur surface

Abbreviations

BPNN back propagation neural network

BTMS battery thermal management system
EW entropy weight

MAE mean absolute error

NSGA-II non-dominated sorting genetic algorithm IT
OLHS optimal Latin hypercube sampling
PCM phase change material

PSO particle swarm optimization

R? correlation coefficient

RMSE root mean square error

TOPSIS technique for order preference by similarity to an ideal solution
UDF user defined function
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Appendix A

To demonstrate the cooling performance difference between the normal liquid cooling
plates and the optimized spider-web liquid cooling plate. The temperature contour plots of
the battery module are shown in Figure A1l. The optimized spider-web liquid cooling plate
has superior cooling performance, with the Trax of the battery module reaching 28.17 °C
and the ATpax of 2.53 °C. Compared to the serpentine and straight liquid cooling plates,
the Trax decreased by 0.69 °C (17.9%) and 0.54 °C (14.6%), respectively, while the ATmax
decreased by 0.4 °C (13.7%) and 0.35 °C (12.2%). As such, the optimized spider-web liquid
cooling plate is also applicable for module cooling.
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Figure A1. Temperature contour plots of the battery module.
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Abstract: Optimizing the charging rate is crucial for enhancing lithium iron phosphate
(LFP) battery performance. The substantial heat generation during high C-rate charging
poses a significant risk of thermal runaway, necessitating advanced thermal manage-
ment strategies. This study systematically investigates the coupling mechanism between
charging rates and ambient temperatures in overcharge-induced thermal runaway, filling
the knowledge gaps associated with multi-indicator thermal management approaches.
Through experiments on prismatic LFP cells across five operational conditions (1C/35
°C,1.5C/5°C,1.5C/15°C, 1.5C/25 °C, and 1.5C/35 °C), synchronized infrared thermog-
raphy and electrochemical monitoring quantitatively characterize the thermal—electric
coupling dynamics throughout overcharge-to-runaway transitions. The experimental
findings reveal three key observations: (1) Charge rate and temperature have synergistic
amplification effects on triggering thermal runaway. (2) Contrary to intuition, while low-
current/high-temperature charging enhances safety versus high-current/high-temperature
conditions, low-temperature/high-current charging triggers thermal runaway faster than
high-temperature/high-current scenarios. (3) Staged multi-indicator lithium battery ther-
mal runaway warning signals would be more accurate (first peaks > 0.5 °C/s temperature
rise rate + >10 V/s voltage drop rate). These findings collectively demonstrate the im-
perative for next-generation battery management systems integrating real-time ambient
temperature compensation with adaptive C-rate control, fundamentally advancing beyond
conventional single-variable thermal regulation strategies. Intelligent adaptation is critical
for mitigating thermal runaway risks in LFP battery operations.

Keywords: lithium-ion batteries; lithium iron phosphate battery; thermal runaway;
charging rate; ambient temperature; coupling mechanism

1. Introduction

The global push for clean energy and sustainable development has propelled electric
vehicles (EVs) as a mainstream green transportation solution [1,2]. Lithium-ion batteries,
particularly lithium iron phosphate (LFP) variants [3], have become the primary power
source for EVs and energy storage systems due to their extended cycle life [4], high
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energy density [5], and enhanced thermal stability [6]. However, persistent safety concerns
regarding thermal runaway—triggered by mechanical impacts (e.g., crushing), thermal
stress, or electrical faults (overcharging, short circuits)—continue to endanger lives and
hinder widespread adoption of high-energy-density battery systems [7,8]. Understanding
the fundamental mechanisms and critical influencing factors of thermal runaway remains
essential for developing safe charging protocols, thereby preventing catastrophic failures
like fires or explosions at their origin [9].

1.1. Related Work

Research into the thermal runaway characteristics of lithium-ion batteries began in
the early 21st century. Early studies investigated short-circuit and overcharge behaviors in
small-capacity LiCoO; /graphite-based cells, revealing that extreme overcharging induces
cell rupture and localized temperatures exceeding lithium’s melting point, which triggers
exothermic reactions and accelerates thermal runaway [10]. Concurrently, mechanical
abuse conditions such as puncture-induced short circuits were identified to cause rapid
localized heating, activating internal chemical reactions [4]. Calorimetric analyses further
demonstrated a linear relationship between heat generation during overcharging and
charging current, suggesting that effective heat dissipation through cooling systems could
theoretically prevent thermal runaway under such conditions [11]. Subsequent reviews
systematically summarized thermal runaway mechanisms under abuse scenarios, empha-
sizing chain reactions involving such mechanisms as material decomposition and internal
short circuits, while proposing energy release diagrams to quantify reaction kinetics [9].
Comparative studies on lithium iron phosphate batteries revealed capacity-dependent
thermal runaway behaviors [12]. And investigations explored low-temperature thermal
runaway processes and internal exothermic reactions [13,14].

To enhance battery safety, research has focused on three main directions: mech-
anism elucidation [15,16], early-warning model development [17,18], and suppression
strategies [19,20]. Electrochemical-thermal coupling models demonstrated that elevating
electrolyte oxidation potentials and increasing thermal runaway initiation temperatures
could improve overcharge tolerance [21]. Simultaneously, optimization of battery thermal
management systems (BTMSs) was proposed to improve temperature uniformity in bat-
tery packs, thereby extending service life and mitigating thermal hazards. In suppression
research, temperature control and voltage monitoring are prioritized. The core temperature
control means to inhibit thermal runaway in lithium batteries include real-time monitoring
of single cell temperature through the battery management system (BMS), setting the
warning threshold (e.g., 50~60 °C), and triggering the current limitation protection [22]. Ac-
tive/passive heat dissipation uses liquid cooling, air cooling, or high-thermal-conductivity
materials (e.g., graphene), and rapid circuit cutoff at extreme high temperatures (e.g., 140 °C
or above). Charging voltage control focuses on preventing overcharging: strictly limiting
the charging cutoff voltage (e.g., LFP < 3.65 V), and adopting CC-CV segmented charging
algorithms to reduce the accumulation of polarization heat [23]. This involves dynamically
adjusting the charging current and voltage thresholds in conjunction with the state of
health of the battery (SOH), and realizing triple protection of voltage-temperature—capacity
through the fuses, MOSFET hardware, and BMS software [24].

Current thermal runaway prevention systems for Li-ion batteries primarily empha-
size single-factor regulation of intrinsic parameters (e.g., temperature, voltage) [25,26]. In
temperature-dominant strategies, battery management systems (BMSs) monitor cell tem-
peratures in real time while establishing graded response thresholds (e.g., 50 °C warning,
140 °C shutdown), supported by liquid/air cooling systems, for active thermal manage-
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ment [27]. However, these strategies inadequately address dynamic thermal interactions
between ambient temperature fluctuations and heat dissipation efficiency; for instance,
elevated ambient temperatures may intensify thermal exchange loads in liquid cooling
systems, amplifying localized overheating risks. For voltage-linearization control, CC-CV
charging algorithms restrict cutoff voltages (NMC < 4.2 V, LFP < 3.65 V) with state-of-
health (SOH)-based dynamic current adjustments [28]. Nevertheless, voltage protection
mechanisms, designed under standardized laboratory conditions, neglect quantitative eval-
uation of ambient temperature-induced nonlinear polarization voltage distortions [29,30].
Notably, fixed current thresholds persist despite accelerated lithium deposition at low tem-
peratures, potentially inducing dendrite penetration through separators [31]. Critical gaps
persist in understanding thermal runaway evolution under ambient temperature-charging
current coupling effects, necessitating urgent transition from single-parameter threshold
frameworks to dual-factor coupled models (ambient temperature vs. charging current) to
advance BMS algorithm development.

In this study, we conducted overload charging experiments at different charging rates
on LFP batteries at different ambient temperatures. The temperature peak, voltage peak,
temperature and voltage change trend, and mass loss, after the LFP battery thermal runaway
occurred, were used to determine the severity of the thermal runaway. The main purpose is
to explore factors that can reduce or delay the thermal runaway of LFP batteries. This study
proposes a risk assessment method for LFP battery thermal runaway for the battery detection
system, and is expected to avoid the occurrence of battery thermal runaway events.

1.2. Innovative Contributions

This study makes the following original contributions to the field of lithium-ion battery
safety research:

(1) Multi-Stress Experimental Framework

A systematic overcharge protocol was established, combining extreme temperature gradi-
ents (5 °C to 35 °C) with varying charging rates (0.5-3C). This dual-stress methodology quanti-
fies synergistic effects of thermal and electrochemical abuse conditions, revealing previously
undocumented thresholds where capacity-dependent thermal stability variation exists [32].

(2) Predictive Severity Quantification

A four-dimensional thermal runaway severity index was developed, integrating peak
temperature, critical voltage thresholds, dynamic response gradients, and post-event mass
loss [33-35].

This multi-parameter risk metric bridges the critical gap between exploring the thermal
runaway mitigation strategy and early warning for LFP batteries, providing actionable
thresholds for battery safety management systems.

1.3. Organization

The structure of this paper is organized as follows. In Section 2, a theoretical analysis
of overcharge-induced thermal runaway in LFP batteries is presented. Section 3 illustrates
the experimental design for conducting overcharging thermal runaway. In Section 4,
the experimental results are discussed and analyzed. Finally, in Section 5, the research
conclusions and prospects are presented.

2. Theoretical Analysis of Overcharge-Induced Thermal Runaway in
LFP Batteries

Under overcharge conditions, the progression severity of lithium battery thermal
runaway exhibits cyclic dependence on thermal variations. Building upon a systematic

48



Batteries 2025, 11, 253

evaluation of existing thermal runaway mechanisms in lithium-ion systems, this study es-
tablishes a four-stage theoretical framework to elucidate the temperature-driven evolution
of thermal runaway in LFP batteries [36]. The proposed analytical model delineates the
phase-transition dynamics from initial thermal accumulation to final failure propagation,
with the corresponding mechanistic interactions schematically illustrated in Figure 1. Due
to the secrecy of the battery manufacturing technology of the battery manufacturer, it
is considered in this section that the lithium salt component in the electrolyte is mainly
lithium hexafluorophosphate (LiPF6), and the solvent is mainly ethylene carbonate (EC).
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Figure 1. LFP battery thermal runaway stage division.

2.1. Stage I: Incipient Thermal Accumulation (Initially—-80 °C)

Despite full state-of-charge conditions, residual electrochemical redundancy persists
in electrodes. Overcharge beyond rated capacity initiates lithium dendrite nucleation at the
graphite anode. Progressive temperature rise (0.2 °C /min) accompanies solid electrolyte
interphase (SEI) film decomposition starting at 80 °C (Equation (1)) [37], primarily driven
by ohmic heating from internal resistance.

ROCO,Li — LiyCO3 + CO, T +HC + 1)

This phase manifests as (1) voltage plateau formation with <5% fluctuation; (2) initial
gas generation (Hp, CHy) [38] causing mild cell swelling [39].

2.2. Stage 1I: Electrochemical Interface Degradation (90-120 °C)

Continued decomposition of the solid electrolyte interphase (SEI) occurs on the
graphite anode as temperatures escalate. This SEI breakdown exposes pristine graphite to
direct electrolyte contact, simultaneously releasing organic byproducts and gaseous species
(Equations (1)—(3)) that cause severe cell swelling.

LiPFy — LiF + PF5 1 ()
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PF5 + H,O — 2HF 1 +POF; 3)

This phase is characterized by the following: (1) voltage plateau stabilization
(AV < 0.05 V) signaling lithium over-deintercalation at the cathode; (2) dominant heat
sources: ohmic losses (=60%) + electrolyte decomposition. This indicates that the cathode
and anode electrochemical reactions are extremely unbalanced, with a significant release of
energy, which is one of the critical signs of thermal runaway.

2.3. Stage 11I: Thermal Escalation (120-150 °C)

Partial electrolyte solvents (ethylene carbonate) undergo exothermic decomposition
(Equation (4)), releasing flammable gases such as C,Hy. The internal pressure rises to
approach the critical threshold of the pressure relief valve, initiating gas venting. Con-
currently, accelerated temperature increase triggers separator melt shrinkage, potentially
causing direct anode—cathode contact (short circuit) and sustained gas leakage through the
valve (observed as white smoke emission) [40].

C3H4O3(EC) — COz T +CoHy 1 4)

This phase manifests as follows: (1) temperature ramp rate: 2-3 °C/s; (2) dominant
gas species: CoHy (>60% molar fraction).

2.4. Stage 1V: Critical Thermal Runaway (150-300 °C)

Overcharging causes damage to the internal structure of the battery, and the battery
enters a state of deep charging. At the same time, with a sharp rise in internal pressure,
the voltage rapidly rises to a peak and then plummets. The heat after the short circuit
causes the temperature to rise, triggering an autocatalytic chain reaction, inducing large-
scale heat release through electrolyte decomposition, which further intensifies reaction
kinetics. Specifically, at approximately 200 °C, the exothermic reaction between the negative
electrode and the electrolyte generates substantial thermal energy, accelerating reaction
rates under rising temperatures (Equation (5)). The system ultimately transitions into a
complete thermal runaway state [41].

C+ EC — LixC +CO 1 +CyHy 1 (5)

This phase manifests as follows: (1) voltage spike—plummet cycle (Vimax > 4.8 V —
<2 Vin 15 s); (2) thermal runaway propagation rate: 8-12 °C/s.

3. Experimental Design
3.1. Battery Sample Parameters

The experiment used Guoxuan 25 Ah prismatic lithium-ion cells, with lithium iron
phosphate (LFP) as the cathode and graphite as the anode material. Key battery speci-
fications are provided in Table 1. To ensure experimental stability and repeatability, all
cells underwent three preconditioning charge-discharge cycles before testing. These cycles
included constant current-constant voltage (CC-CV) charging and constant current (CC)
discharging protocols. In CC mode, the cells were discharged to 2.3 V at 0.5C (12.5 A).
Subsequently, a CC-CV protocol was applied with a voltage limit of 3.60 V and a 0.5C
(12.5 A) current until the current decayed below 0.5 A, followed by a 30 s holding period.
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Table 1. Sample parameter information of lithium-ion cells.

Name Parameter
Positive electrode Lithium iron phosphate (LiFePO*)
Negative electrode Graphite
Dimensions (length x width x height) 100 mm x 21 mm x 140 mm
Capacity 25 Ah
Mass 630 g
Nominal voltage 32V
Operating voltage 2.3-3.65V
Discharge temperature —30-55°C
AC impedance 0.6-1.5 mQ
Specific heat capacity 830] kg~ K1 [20]

3.2. Experimental Device

The experiment was conducted using the platform shown in Figure 2. A ZTE 2400
(ZXD2400-TFT32-Produced by ZTE Corporation in Foshan, China) programmable power
supply provided constant current charging across multiple C-rates with a specified regula-
tion accuracy of £0.01 V (voltage) and +0.01 A (current). Based on the unique properties
of battery materials, testing was conducted within a temperature-controlled chamber (with
a temperature regulation accuracy of £1 °C) to maintain ambient temperature stability
while minimizing the thermal gradient between the environment and the battery. For
high-temperature test groups, heating pads (with a temperature regulation accuracy of
+0.1 °C) were affixed to the battery surfaces to reduce the temperature differential between
the batteries and their surroundings. The temperature differential between the battery and
its ambient environment was determined using integrated temperature sensors within
the climate chamber and digital temperature readouts from the heating pads. Two 1 mm
diameter K-type thermocouples were positioned at the pressure relief valve base and ge-
ometric center of the battery surface, with temperature data averaged accordingly. The
thermocouple exhibits an operational temperature range from —200 °C to 1300 °C with
a measurement accuracy of £1 °C. Synchronized temperature and voltage signals were
recorded at a 1 Hz sampling frequency using a Hongrun K728 (Produced by Hongrun
Company in Fujian, China) data logger to ensure temporal alignment. The temperature
and voltage signals acquired by the data logger were recorded with respective accuracies of
+1°Cand £0.01 V. Visual documentation was captured with a 1920 x 1080/30 fps indus-
trial camera, while a Hikvision P20MAX V2 (Produced by Hikvision in Shenzhen, China)
infrared thermal imager recorded the evolution of the temperature field. Pre-/post-test
mass measurements were performed with a 0.1 g precision balance (2 kg capacity).

Adjustable
power supply

Paperless data
recorder

1 and 2 are the

adhesive points for

the thermocouple.

Infrared thermal
imaging

Industrial
camera

Figure 2. Experimental setup diagram.
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3.3. Experimental Plan

To investigate the multifactorial influences on thermal runaway behavior and mech-
anisms in overcharged LFP batteries, five experimental matrices were designed. The
configuration comprised four temperature gradients at a fixed charging rate and multiple
charging rates at the peak temperature condition, as detailed in Table 2. Based on the
experimental protocol, connect the battery to the data acquisition device first, then place it
inside the constant-temperature chamber. For the high-temperature test group, heat the
battery using a heating pad. One hour prior to the start of the experiment, activate the
constant-temperature chamber and set its temperature; 30 min before the experiment starts,
activate the heating pad and set its temperature. Configure the parameters of the overload
charging power supply according to the requirements of each test group. Commence
the experiment when the difference between the ambient temperature of the constant-
temperature chamber and the battery temperature remains below 0.5 degrees Celsius for
30 consecutive seconds.

Table 2. Matrix contents.

Condition C-Rate (C) Ambient Initial State of
Abbreviation Temperature (°C) Charge (SOC)
100-1.0-35 1.0 35 100
100-1.5-05 1.5 05 100
100-1.5-15 1.5 15 100
100-1.5-25 1.5 25 100
100-1.5-35 1.5 35 100

4. Experimental Analysis and Discussion

4.1. Analysis of Battery State Changes
4.1.1. Changes in Shape and Surface

Key changing phenomena in shape and surface observed across five experimental
groups are shown in Figure 3. Post-test analysis reveals that batteries in the 1C/35 °C
and 1.5C/5 °C groups exhibited only mild bulging with limited gas venting through
pressure relief valves, showing no severe thermal runaway. In contrast, the remaining
three groups underwent significant morphological changes following intense thermal
runaway. Comparative analysis demonstrates that the 1.5C/35 °C and 1.5C/15 °C groups
experienced more extensive melting of surface polymer insulation under sustained high
temperatures, exposing metallic casings. The 1.5C/25 °C battery catastrophically ruptured
after valve activation due to excessive internal pressure from thermal runaway.

Temporal comparisons between the 1C/35 °C and 1.5C/35 °C groups reveal that
identical ambient temperatures but differing C-rates produced similar deformation patterns
at distinct onset times. Notably, all four 1.5C groups with varied ambient temperatures
demonstrated comparable deformation timelines.

Based on the above analysis, the key observations that can be drawn mainly include
the following:

1.  Early-stage overcharging-induced deformation showed no ambient temperature
dependence.

2. Higher C-rates accelerated deformation onset, though deformation alone did not
necessarily trigger severe thermal runaway.

3. With the exception of Group 1.5C/5 °C (where thermal runaway may have been sup-
pressed by low-temperature effects, as analyzed later), the severity of thermal runaway
showed a positive correlation with ambient temperature across experimental groups.
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Figure 3. Key nodes in the test group.

4.1.2. Changes in Battery Mass

Pre- and post-test mass and thickness data for all five experimental groups are pre-
sented in Table 3. Notably, the 1.5C/25 °C group underwent catastrophic rupture, while the
two severe thermal runaway groups exhibited minimal mass discrepancies (0.3 g) despite
showing ~125 g reductions compared to initial values. Crucially, despite differing ambient
temperatures, these thermal runaway groups demonstrated nearly identical mass losses,
indicating that ambient conditions influence thermal runaway intensity but not the un-
derlying chain reactions. These self-terminating reactions ceased upon reactant depletion,
resulting in consistent final mass reductions. Non-thermal-runaway groups displayed
~50 g mass losses—70 g less than thermal runaway groups—confirming that overcharge-
induced heating still triggered initial electrolyte vaporization and partial reactions without
full runaway.

Table 3. Mass and thickness of batteries in each test group before and after the experiment.

Initial 1C/35°C 1.5C/5 °C 1.5C/15°C 1.5C/25°C 1.5C/35°C
mass 6300g+50¢g 5743 g 580.8 g 506.1g 4042 g 5064 g
thickness 21.0 mm 58.4 mm 54.7 mm 61.1 mm Explosion 54.2 mm

Lithium battery mass analysis shows that the difference in energy release between
complete thermal runaway and thermal runaway interruption is closely related to the
mass, so it is necessary to carry out thermal runaway characterization of lithium batteries
in stages. Combined with cross-condition mass/thickness correlations, this validates the
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earlier conclusion from Section 4.1.1: Different ambient temperature changes will not affect
the shape change of the lithium battery in the case of thermal runaway.

Given that the batteries were commercially sourced products, inherent manufac-
turing variations resulted in minor inter-cell mass differences within the experimental
samples. The initial pre-experiment masses of battery specimens ranged from 625.0 g to
635.0 g (630.0 g £ 5.0 g), where the £5.0 g deviation reflects intrinsic sample-to-sample
variability—not measurement uncertainty of the weighing apparatus. The post-experiment
masses presented in Table 3 represent the mean values derived from triplicate gravimetric
measurements per individual battery unit.

4.1.3. Analysis of Battery Thermal Propagation

Since the test group with severe thermal runaway had similar states at different time
points, infrared thermography in the 1.5C/15 °C group was selected for analysis in this
section. The thermal propagation during complete thermal runaway (TR) in LFP batter-
ies is illustrated in Figure 4. Figure 4a,b reveal Stage I (the initial overcharging phase),
where proximity to the electrodes shows peak temperatures due to charging rate effects.
Figure 4c,d demonstrate Stage II progression: rising SOC and temperature trigger LiPFq
electrolyte decomposition, accompanied by heat accumulation zone relocation. Figure 4d,e
document Stage III characteristics, showing bottom-to-top thermal propagation that corre-
lates with observed cell expansion. Combined with morphological deformation patterns,
Figure 4f captures diffuse venting from the upper region, confirming that Stage III tem-
perature escalation accelerates electrolyte decomposition. This creates self-reinforcing
expansion until internal gas pressure exceeds the relief valve’s safety threshold. Figure 4g
depicts Stage IV critical behavior marked by high-pressure jet emission from the safety
valve. This final phase occurs when sustained chain reactions reach critical temperature
thresholds, resulting in full valve rupture [42].
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Figure 4. Infrared imaging of key nodes during thermal runaway. (a,b) The initial overcharging
phase; (c—e) The emergence of hotspots and heat spread; (f) Gas overflow caused by excessive internal
pressure; (g) A high-pressure gas jet occurs at the safety valve.
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This thermal evolution analysis validates the proposed four-stage TR phase division
in LFP batteries. The spatially resolved thermal profiling establishes a visual framework
for subsequent stage-specific TR characteristic differentiation, ensuring analytical precision
in mechanism studies.

4.2. Analysis of Temperature and Voltage

The voltage and temperature changes of LFP batteries during overcharge—thermal
runaway at 1.5C and 1C at different ambient temperatures are shown in Figure 5.
Figure 5a—e are the temperature and voltage change curves over time for 1C/35 °C,
1.5C/5 °C, 1.5C/15 °C, 1.5C/25 °C, and 1.5C/35 °C, respectively. Figure 5a,b did not
experience severe thermal runaway, while Figure 5c—e all experienced severe thermal
runaway at an overcharge current of 1.5C. Figure 5f shows the integral of temperature and
time under five operating conditions.
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Figure 5. Curves of temperature and voltage changing with time under five working conditions.
(a) 1C/35°C; (b) 1.5C/5°C; (¢) 1.5C/15 °C; (d) 1.5C/25 °C; (e) 1.5C/35 °C; (f) Integral of temperature
and time.

4.2.1. Changes in Complete Thermal Runaway Group

Temperature profiles of the 1.5C-rate test groups under varying ambient conditions
are shown in Figure 5b—e. Comparative analysis of panels (c)—(e) reveals that higher ambi-
ent temperatures correlate with slower initial temperature progression during early-stage
overcharging. This aligns with Stage I thermal runaway behavior, where reduced inter-
nal resistance at elevated temperatures diminishes Joule heating effects in high-ambient-
temperature groups. Conversely, lower ambient temperatures intensify Joule heating (due
to higher internal resistance), prioritizing thermal energy accumulation over electrochem-
ical energy conversion. Notably, the 1.5C/35 °C group reached a peak temperature of
338 °C—26 °C higher than the 15 °C group.

All three severe thermal runaway groups exhibited post-voltage-plummet stabilization
(0-10 V range) preceding abrupt temperature escalation. During this transitional phase,
continuous energy input enabled decomposition-dominated heat generation. Subsequent
separator melt/shrinkage triggered direct electrode contact, enabling rapid internal energy
release that propelled the system into a catastrophic thermal runaway.

Peak temperature and voltage comparisons confirm ambient temperature’s positive
correlation with thermal runaway severity: higher initial ambient temperatures yield
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greater peak temperatures and energy release magnitudes. This validates the critical role of
ambient temperature in amplifying thermal runaway intensity during overcharge initiation.

4.2.2. Changes in Thermal Runaway Interruption Group

In Figure 5a, the 1C/35 °C group stabilized at 102 °C. A transient temperature surge
(~780 s) with concurrent voltage spike indicated incipient Stage II transition. However, the
low C-rate limited ohmic heating effects (primary early-stage mechanism), resulting in only
85 °C during voltage collapse. Though short-circuit-induced heating caused temporary
temperature rise, insufficient energy accumulation prevented entry into Stage III, enabling
eventual thermal equilibrium.

Figure 5b demonstrates that the 1.5C/5 °C group plateaued at 115 °C by 600 s without
voltage surges. Cryogenic conditions increased electrolyte viscosity, inhibiting lithium
dendrite growth while diverting overcharge energy to a gradual temperature increase. Low
ambient temperature elevated internal resistance, further converting electrical energy to
heat rather than sustaining chain reactions. Insufficient Joule heating from intermittent
short circuits confined thermal runaway to Stage II.

Under identical durations, lithium batteries under 1C/35 °C conditions exhibit signifi-
cantly lower thermal runaway energy than those under 1.5C/35 °C. Temperature integral
calculations (Figure 5f) [27] comparing thermal energy accumulation are as follows:

t
T
k: Ql = {O ! = 70’000 :350/0
Qs [frs 200,000

Thus, reducing the charging current by 0.5C suppresses approximately 65% of lithium
battery thermal runaway energy.

The comparative analysis identifies two interruption mechanisms:

Insufficient peak temperatures from slow C-rates (gentle early-stage heating) or envi-
ronmental heat dissipation prevent reaction sustainability.

Cryogenic effects increase electrolyte viscosity /internal resistance, redirecting energy
to temperature rise rather than decomposition.

While the C-rate primarily governs thermal runaway initiation severity, ambient
temperature critically modulates reaction sustainability. Both low C-rates and low tem-
peratures inhibit thermal runaway through distinct mechanisms—by either limiting peak
temperatures or disrupting reaction pathways—ultimately arresting chain reactions.

4.2.3. Change Rates of Temperature and Voltage

Temperature-time and voltage-time differential curves for all five test groups are
presented in Figure 6a,b. Panel (a) reveals that severe thermal runaway groups exhib-
ited heating rates exceeding 2 °C/s during runaway phases, while non-severe groups
showed maximum rates below 1.5 °C/s. Consequently, a heating rate exceeding 2 °C/s
can be established as the diagnostic threshold for severe thermal runaway (versus con-
ventional thermal runaway), but it cannot serve as the initial warning trigger for lithium
battery thermal runaway. To clarify the incipient warning signal, we theoretically ana-
lyzed charging rate effects on temperature rise kinetics. Incorporating C-rates into the
dependent variable system acknowledges their critical impact on energy accumulation ve-
locity and consequent thermal runaway initiation divergence. Among the five test groups,
only Group 1 used 1C charging. Applying the energy formulation E=PT=V xI x T
(with identical supply voltages), charging current emerged as the primary factor gov-
erning energy accumulation. Theoretical comparisons indicate 1C-charged batteries re-
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quire 1.5 times longer energy accumulation duration than 1.5C-charged counterparts.
Per the timing measurements in Figure 6, thermal runaway onset at 800 s for 1C charg-
ing corresponds to ~500 s for 1.5C charging—aligning with the first peak (not the sec-
ond peak at ~700 s) in the purple curve. Hence, the initial temperature inflection peak
provides superior warning accuracy. All five experiments distinctly exhibit first peaks
(=0.5°C/s <L <2°C/s) and second peaks (=L > 2 °C/s). Therefore, we designate the
first peak (L > 0.5 °C/s) as the temperature-based early-warning indicator for incipient
thermal runaway, and the second peak (=L > 2 °C/s) as the diagnostic indicator for severe
thermal runaway.
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Figure 6. Temperature and voltage change rate curves. (a) Differential of temperature and time
(b) Differentiation of voltage and time.

Notably, the duration of accelerated heating correlated positively with ambient
temperature: the 1.5C/35 °C group displayed the longest heating window (600-770 s,
At=170s), followed by the 25 °C and 15 °C groups. This confirms that under fixed ambient
temperatures, higher C-rates intensify thermal accumulation and advance the onset of ther-
mal runaway. Conversely, at fixed C-rates, elevated ambient temperatures also exacerbate
thermal accumulation but paradoxically delay the timing of thermal runaway initiation.
Experimental results confirm that high-temperature/low-current charging demonstrates
greater safety compared to high-temperature/high-current conditions. However, contrary
to conventional intuition, low-temperature/high-current charging accelerates thermal
runaway progression more rapidly than high-temperature/high-current scenarios.

Panel (b) demonstrates that severe thermal runaway groups exhibited voltage collapse
rates > 10 V/s, contrasting sharply with the 1.5C/5 °C group’s maximum rate of 2.9 V/s.
The 1C/35 °C group, despite experiencing thermal runaway interruption via environmen-
tal heat dissipation, still showed a >10 V/s voltage drop—distinct from the 1.5C/5 °C
interruption mechanism.

Compared with the above analysis, the following can be found:

Contrary to intuition, while high-temperature/low-current charging enhances safety
versus high-current/high-temperature conditions, low-temperature /high-current charging
triggers thermal runaway faster than high-current/high-temperature scenarios.

Voltage drop rates >10 V/s alone cannot guarantee severe thermal runaway, which
explains the pathway-dependent interruptions observed in Section 4.2.

Dual thresholds (>0.5 °C/s temperature rise rate + >10 V /s voltage drop rate) provide
more reliable thermal runaway warnings than single-parameter criteria.

This analysis systematically links dynamic electrical-thermal behavior to ultimate
thermal runaway severity, validating the necessity of multi-parameter monitoring for
failure prediction.
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5. Conclusions

This study systematically investigated the thermal runaway behavior of prismatic
lithium iron phosphate (LFP) batteries under coupled C-rate and ambient temperature
conditions. Through synchronized measurements of surface deformation, mass loss, tem-
perature evolution, and voltage dynamics, a four-stage thermal runaway progression model
was proposed and experimentally validated. Based on these findings, a multi-indicator ther-
mal runaway warning system for LFP batteries was developed to quantitatively optimize
the traditional single-factor thermal runaway warning strategy.

(1) Charge rate and ambient temperature exert synergistic amplification effects on
triggering thermal runaway. The synergistic effect of high charging rate and high tem-
perature significantly intensifies the severity of thermal runaway. Compared with the
low-temperature high-rate group and the high-temperature low-multiplier group, the
thermal runaway of the high-charge-multiplier high-temperature group reaches higher
peak temperatures, resulting in greater mass loss. The coupling effect of temperature and
charge rate on reaction kinetics is emphasized.

(2) Charge rate and ambient temperature influence thermal runaway via distinct
mechanisms. The charge rate has a greater impact on the intensity of energy release
during thermal runaway in LFP batteries, and experiments show that at a fixed ambient
temperature, a higher charge rate will exacerbate the thermal accumulation in a short period
of time, and trigger the thermal runaway in advance of the time. Ambient temperature
has a more significant effect on the total energy release during thermal runaway in LFP
batteries, and a low-temperature environment (e.g., 5 °C) significantly inhibits the thermal
runaway process; the mechanism lies in the increase in electrolyte viscosity under low
temperature to inhibit the rapid growth of lithium dendrites and the risk of diaphragm
piercing, and at the same time reduces the kinetic rate of the SEI membrane decomposition
and the reaction of the electrolyte.

(3) Stage-based multi-indicator warning signals improve LFP battery thermal run-
away early-warning precision. Within the 80-120 °C range (Stage 1I), gas release and
voltage fluctuations serve as precursors to interface degradation. In Stage IlI, a temperature
ramp rate > 0.5 °C/s (first peaks) and a voltage drop > 10 mV /s jointly signal imminent
thermal runaway. These features enable the development of multi-dimensional, real-time
monitoring strategies.

The research results provide a theoretical basis for the optimization of electric vehicle
battery management systems (BMSs). It is recommended to appropriately increase the
charging rate in low-temperature environments and reduce the charging rate in high-
temperature environments to balance efficiency and safety. Future battery management
systems (BMSs) should integrate temperature gradient monitoring, gas evolution detection,
and real-time TRSI calculation to achieve intelligent, multi-parameter thermal risk control.
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Abstract: Lithium-rich manganese-based oxides (LMR) are promising next-generation
cathode materials due to their high capacity and low cost, but safety remains a critical
bottleneck restricting the practical application of high-energy-density cathodes. However,
the safety level of LMR batteries and the thermal failure mechanism of the cathode are still
poorly understood, especially when compared with traditional high-energy nickel-rich
(Ni-rich) cathodes. Here, we investigate the LMR cell’s thermal runaway behavior and the
thermal failure mechanism of the cathode. Compared to a Ni-rich cell, Accelerating Rate
Calorimetry (ARC) shows the LMR pouch cell exhibits a 62.7 °C higher thermal runaway
trigger temperature (T2) and 270.3 °C lower maximum temperature (T3). These results
indicate that the cell utilizing a higher-energy-density LMR cathode presents significantly
lower thermal runaway risks and hazards. The results of differential scanning calorimetry-
thermogravimetry—mass spectrometry (DSC-TG-MS) and in situ heating X-ray diffraction
(XRD) indicate that the LMR cathode has superior thermal stability compared with the Ni-
rich cathode, with cathode oxygen released at higher temperatures and lower rates, which
is beneficial for delaying and mitigating the exothermic reaction inside the battery. This
study demonstrates that simultaneously enhancing cathode energy density and battery
safety is achievable, and these findings provide theoretical guidance for the design of
next-generation high-energy and high-safety battery systems.

Keywords: battery safety; thermal runaway; lithium-rich manganese-based oxides; NCM
layered oxides; thermal stability; cathode oxygen release

1. Introduction

The growing demand for high-energy-density lithium-ion batteries (LIBs) in electric
vehicles and grid-scale energy storage has driven the development of advanced cath-
ode materials beyond conventional layered oxides [1-3]. Among these, lithium-rich
mangsanese-based oxides (LMRs) deliver capacities exceeding 250 mAh g~ ! through
anion redox reactions, positioning them as one of the most promising next-generation
cathode candidates [4,5]. However, as critical components of battery safety, the application
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of high-energy-density cathodes may induce safety hazards typified by thermal runaway
(TR), which constrains the further development and practical application of high-energy
cathodes [6-10].

Conventional high-energy Ni-rich NCM layered oxides cathodes (Ni > 80%) enhance
energy density but suffer from intrinsic thermal instability and release of reactive oxygen
species (O*, O, and so on), which exacerbate self-heating reactions under thermal abuse,
ultimately triggering thermal runaway [11-14]. Further increasing Ni content to boost the
energy density of NCM cathodes aggravates their thermal degradation, escalating thermal
runaway risks [15-17]. Thus, employing Ni-rich cathodes often entails a trade-off between
energy density and safety. But emerging LMR cathodes may overcome this trade-off.

Unlike NCM cathodes reliant on Ni-dominated cationic redox, LMR cathodes harness
both transition-metal redox and anionic oxygen redox to achieve high specific capacity
(>250 mAch g~') [18-20]. Moreover, LMR cathodes typically contain <50% Ni and form
composite lattice frameworks (e.g., monoclinic C2/m layered phases integrated with
Li;,MnO3-like domains or spinel components), creating distinct oxygen sublattice con-
figurations compared to NCM cathodes [21,22]. This suggests that LMR cathodes may
deviate from the thermal stability trend observed in Ni-rich cathodes—their higher specific
capacity and energy density do not necessarily compromise thermal stability or increase
thermal runaway risk. However, the safety implications of LMR cathodes remain unclear,
and differences in thermal stability and failure mechanisms—particularly phase-structure
stability and cathode oxygen release behavior at elevated temperatures—between LMR
and Ni-rich cathodes are poorly understood. This knowledge gap severely impedes the
rational design of safe, high-energy cathodes.

Therefore, we first employed accelerating rate calorimetry (ARC) to compare the safety
of fully charged 1Ah LMR | Graphite and NCM92 | graphite pouch cells, quantifying their
thermal runaway risk and hazard. Complementary characterizations, including DSC-TG-
MS, in-situ heating XRD, and HRTEM, were used to contrast the thermal stability, phase
evolution, and cathode oxygen release behavior of fully charged LMR and NCM92 cath-
odes. Results demonstrate that cells equipped with higher-specific-capacity /energy LMR
cathodes exhibit significantly reduced thermal runaway risks and severity (TR trigger tem-
perature (T2) increased by 62.7 °C, TR maximum temperature (T3) decreased by 270.3 °C).
Material-level analyses reveal that LMR cells” superior safety originates from enhanced
thermal stability and suppressed cathode oxygen release rate. This allows sufficient oxygen
reaction with inactive components, releasing CO, (rather than O;) that migrates to the
anode, thereby delaying and mitigating exothermic reactions. Thus, the total heat release of
the LMR full cell DSC sample is 31% lower than that of the NCM92 sample. These findings
demonstrate that it is possible to simultaneously apply high-energy cathodes and improve
battery safety. While currently large-scale commercialized LFP batteries exhibit high safety
owing to the excellent thermal stability of LFP cathodes, their low energy density restricts
applications in specific scenarios. Our study demonstrates that LMR batteries, featuring
both high energy density and high safety, precisely fill this unique market niche. The high
thermal stability of the LMR cathode and the altered oxygen release behavior enable LMR
batteries to exhibit enhanced safety, which provides a low-risk foundation for upgrading
battery systems. This enables improvements in both the driving range of electric vehicles
and the capacity of energy storage stations, while simultaneously reducing the burden
on cooling systems of electric vehicle battery packs or enhancing the long-term safety of
energy storage systems. This study provides new insights and material foundations for
developing next-generation lithium-ion battery systems with both high energy density and
high safety.
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2. Materials and Methods
2.1. Experimental Materials and Battery Sample Preparation

The battery samples used in this study were 1 Ah NCM92 | Gr pouch cells and 1 Ah
LMRIGr pouch cells. The dry cells were purchased from Hunan Li-Fun Technology
Corporation Limited, Changsha, Hunan, China. The NCM92 cathode was loaded with
95.5% active material, the compaction density of the electrode was 3.3 g/cc, and the
thickness of the current collector was 12 um. The LMR cathode was loaded with 96% active
material, the compaction density of the electrode was 3.3 g/cc, and the thickness of the
current collector was 12 pm. The anode electrode was loaded with 95.7% graphite anode
material, the compaction density was 1.5 g/cc, and the thickness of the current collector
was 8 um. The electrolyte used was a commercial EC-based electrolyte purchased from
Suzhou Dodo Chemical Technology Corporation Limited, Suzhou, Jiangsu, China. The
specific composition was 1 M LiPF6 in EC/DMC (volume ratio of 3/7). The electrolyte
was injected into the dry cells (3.5 g/Ah) in a glove box. The cells were sealed and left for
48 h to allow the electrolyte to fully wet the cells. Then, the cells after electrolyte injection
were formed by cycling with a current of 0.1 C. After the formation cycling, the cells
were vacuum-sealed to obtain the finished cells. Before the cell disassembly and thermal
safety performance tests, the cells were charged with constant-current and constant-voltage
(CC-CV). They were charged to 100% SOC (NCM92 cell charging cut-off voltage is 4.2V,
LMR cell charging cut-off voltage is 4.8 V) with a current of 1/3 C and a cut-off current of
0.05 C. The difference in upper charge voltage limits stems from the operating mechanisms
and voltage characteristics of the two cathode materials. The NCM92 cathode relies on Ni-
dominated cationic redox reactions, reaching full capacity at ~4.2 V—a widely recognized
upper limit in both commercial and academic research to avoid structural degradation. In
contrast, the LMR cathode achieves its high specific capacity (>250 mAh g~!) primarily
through anionic redox reactions, which require a higher voltage (~4.8 V) to fully activate
Li;,MnO3-like domains and achieve complete delithiation. This voltage difference is not
arbitrarily set but determined by the intrinsic electrochemical properties of each material:
failing to charge LMR to 4.8 V would prevent capturing its actual full-capacity state, just
as limiting NCM92 to a lower voltage would underestimate its true state of charge (SOC).
This approach aligns with standard practices in comparative studies of cathode materials;
for instance, when comparing Ni-rich NCM and LFP cathodes, LFP is typically charged to
~3.7 V (its intrinsic full-SOC voltage) rather than the ~4.2 V used for NCM [23].

2.2. Battery Safety Assessment-ARC Test

In the investigation of thermal failure characteristics in full cells, the Accelerating
Rate Calorimeter (ARC) (Figure 1) is commonly employed for qualitative and quantitative
analyses. Conducted under quasi-adiabatic conditions, ARC tests eliminate heat exchange
between the battery and its surroundings, such that the temperature rise rate is solely
determined by internal exothermic reactions and the battery’s heat capacity. This allows
ARC results to characterize the intrinsic safety of battery cells. Additionally, the adiabatic
environment enhances the instrument’s sensitivity in detecting self-heating induced by
internal chemical reactions.
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Thermocouple

Electric cord

Figure 1. ARC equipment used to evaluate battery safety.

The ARC test in this study was carried out on the Extended Standard ARC (ES-ARC)
of Thermal Hazard Technology (THT). Prior to the test, a K-type thermocouple was inserted
into the central position inside the fully charged battery to obtain the accurate temper-
ature changes in the battery during the test process. The pouch cells were tested using
the Heat-Wait-Seek (HWS) program to acquire the characteristic temperatures that can
characterize the battery safety as well as the self-heating rate. The temperature interval
was set to 5-10 °C, and the waiting time was set to 20 min. When the battery exhibited
self-heating, it entered the adiabatic state to determine the self-heating rate of the battery. If
the battery did not experience continuous self-heating when heated to 250 °C, the test was
terminated. As shown in Table 1, the temperature at which the battery’s temperature rise
rate was 0.02 °C/min was defined as the self-heating characteristic temperature T1, and the
temperature at which the temperature rise rate was 1 °C/s was the thermal runaway trig-
gering temperature T2 (which means the battery will undergo uncontrolled continuous heat
release until it reaches the maximum temperature). The maximum temperature reached by
the battery after thermal runaway was T3. These three characteristic temperatures are the
key indicators for evaluating battery safety that need to be obtained by ARC test. Generally
speaking, the higher the T1 and T2 of the battery in the ARC test, the lower the T3, the
lower the risk and harm of thermal runaway of the battery, and the better the safety.

Table 1. Physical meaning and judgment criteria of characteristic temperature obtained by ARC test.

Characteristic Temperature Physical Meaning Criteria
T1 The starting temperature of the battery’s continuous dT/dt = 0.02 °C/min
self-heating
T2 Battery thermal runaway trigger temperature dT/dt=1°C/s
T3 Maximum temperature of battery thermal runaway /

2.3. Material Level Thermal Failure Analysis Test—DSC-TG-MS

To analyze the thermal stability and exothermic behavior of fully charged electrode
materials at the material level, 100% SOC pouch cells were disassembled to obtain electrode
materials, with detailed procedures shown in Figure 2. First, the cells were charged
to 100% SOC and then transferred into an inert gas-filled glove box (H,O < 0.01 ppm,
O, <0.01 ppm). Under inert atmosphere protection, the aluminum-plastic film packaging
of the cells was cut open using ceramic scissors. Anode/cathode electrodes and separators
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were separated using ceramic tweezers. The electrodes were cut to appropriate sizes and
soaked in excess DMC solvent for 1 h, respectively. After rinsing with DMC, the electrodes
were soaked again in fresh DMC for another hour to thoroughly remove residual electrolyte
and lithium salts. The washed electrodes were first dried in the glove box for 1 h, and
then transferred to the glove box’s transition chamber for vacuum drying. Subsequently,
electrode material powders were gently scraped from the central area of the dried electrodes
using a ceramic blade inside the glove box and stored in sealed tubes. This completed the
disassembly of cells and preparation of fully charged electrode materials.

Scrape

[ ]
Active
Materials @
oy
|

Disassemble

Figure 2. Process of disassembling batteries and obtaining charged samples for material thermal analysis.

Sample preparation for DSC-TG-MS tests was performed under inert atmosphere in
the glove box. Single-component or mixed-component thermal analysis samples were
prepared as needed, with mass ratios of cathode—anode—electrolyte consistent with those
in the original cell. Electrode material powders, separators, and electrolyte were accurately
weighed and loaded into standard aluminum crucibles (30 uL concave crucibles, NETZSCH-
Gerdtebau GmbH, Selb, Bavaria, Germany). The crucible lids were sealed using matching
equipment (Figure 2). Immediately after sealing, the crucibles were quickly removed from
the glove box, and a small hole was pierced at the center of the lid using a needle with
diameter >0.7 mm. The crucibles were then rapidly placed into the sample cell of the
DSC-TG-MS instrument (Figure 2). Finally, the required instrument parameters were set
for testing. After completion, heat flow, mass loss, and gas evolution mass spectrometry
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signals of the electrode materials or mixed samples as a function of temperature were
obtained, enabling analysis of their thermal stability and thermal failure behavior.

2.4. Characterization

The fully charged pouch disassembled in an argon-filled glove box, and the electrodes
were rinsed three times with DMC and dried to obtain the fully charged cathode electrodes.
As shown in Figure 3, the fully charged cathode electrode was packaged in an aluminum
plastic bag in an argon-filled glove box for subsequent in situ heating XRD testing. Mean-
while, such samples were also used to undergo heating abuse to obtain material samples
after thermal failure. In situ heating XRD testing was performed from 40 °C to 240 °C
with a temperature step of 20 °C. The fully charged cathode electrodes were packaged
in aluminum-—plastic bags and heated to 200 °C using a hot box, and then the heat-failed
samples were disassembled in a glove box to obtain the heat-failed electrodes and mate-
rial powder. For the SEM-EDS test of cathode materials, the cathode electrode was first
processed with argon ion polisher (liquid nitrogen was used to maintain the temperature
at —170 °C during the treatment), and then a scanning electron microscope (SEM) (ZEISS
Merlin, Carl Zeiss AG, Oberkochen, Germany) was used to observe the cross-sectional
morphology and element distribution of the cathode. X-ray powder diffraction patterns
were collected using a Cu source Bruker D8 ADVANCE (Bruker Corporation, Billerica, MA,
USA). High-resolution TEM (HRTEM) testing was conducted with a JEM2010F (JEOL Ltd.,
Tokyo, Japan) transmission electron microscope.

Cathode

Aluminum-plastic
film pouch >

40 kV molybdenum target |

X-ray tube

Xray
X-ray tube —> >

Detector

Diffraction
lines

Figure 3. Schematic diagram and equipment picture of in situ heating XRD experiment.

3. Results and Discussion
3.1. Material Information and Electrochemical Performance

Lithium-rich manganese-based (LMR) cathodes (Lij ;Nip 3Mng 50,) were paired with
graphite anodes to assemble full cells, with detailed cell parameters provided in the Materi-
als and Methods section. X-ray diffraction (XRD) was employed for preliminary structural
characterization of the lithium-rich manganese-based cathode (Figure 4a). Rietveld re-
finement and crystal structure modeling revealed that the cathode consists of LiTMO,
(TM = Ni, Mn) and Li;MnQOj3 phases. High-resolution transmission electron microscopy
(HRTEM) images (Figure 4b) showed a distinct layered structure in the cathode, with an
interplanar spacing of ~0.47 nm. Scanning electron microscopy-energy dispersive spec-
troscopy (SEM-EDS) was used to analyze the morphology and elemental distribution of the
cathode: cross-sectional morphology indicated intact internal structures of initial particles
without obvious defects or cracks (Figure 4c), while cross-sectional elemental mapping con-
firmed Ni and Mn as the transition metal elements in the cathode (Figure 4d). Meanwhile,
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the internal structure of the NCM92 cathode remains intact, and it is primarily composed
of LiTMO, (TM = Ni, Mn) phases (Figure S2).
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Figure 4. Lithium-rich manganese-based cathode material: (a) XRD pattern and Rietveld refinement
results, (b) HRTEM image, (c) cross-sectional SEM image, and (d) elemental distribution; LMR
battery: (e) first- and second-cycle voltage—capacity curves, (f) first- and second-cycle dQ/dV curves;
(g) comparison of specific capacity and specific energy between LMR and NCM cathode materials.

Electrochemical tests were performed to evaluate the electrochemical performance
of LMR cells. Figure 4e presents the specific capacity—-voltage profiles of the first and
second cycles. A prominent extended voltage plateau at ~4.5 V in the first charge profile
corresponds to the activation of the lithium-rich Li;MnOj; phase. A sharp, intense oxidation
peak near 4.5 V during the first charge cycle was also observed in the dQ/dV curve
(Figure 4f), reflecting the LiMnQO3 activation reaction—a signature characteristic of lithium-
rich cathodes. Additionally, the specific capacity and specific energy of the LMR cathode at
0.1 C were 256.0 mAh g~ ! and 924.0 Wh Kg~!, which were significantly higher than those of
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the traditional high-energy nickel-rich NCM cathode (219.6 mAh g~! and 829.0 Wh Kg~!)
(Figures 4g and S3).

3.2. Battery Safety Comparison

Accelerating rate calorimetry (ARC) tests were used to quantify battery safety. A fully
charged 1 Ah LMR | Graphite cell was tested, with a fully charged 1 Ah NCM92 | Graphite
cell as the control. This study focuses on the influence of material chemistry (e.g., crystal
structure) on battery thermal runaway characteristics, rather than cycle-induced changes
(e.g., CEl layer evolution or structural degradation); thus, the cells tested herein are fresh
cells without long-term cycling. However, we recognize that long-term electrochemical
cycling may alter thermal stability through surface or bulk structural changes, which
constitutes a significant direction for future research. Results in Figure 5a show that
compared to the LMR cell, the NCM92 cell underwent thermal runaway rapidly during
testing, accompanied by a sharp temperature rise exceeding 700 °C. In contrast, despite
using a higher-energy-density cathode, the LMR cell exhibited a lower temperature rise
rate after the onset of self-heating and experienced thermal runaway only after a nearly
three times longer duration of slow self-heating. The lower temperature rise rate and
extended slow self-heating period facilitate the operation of thermal management systems
and provide a time window for fire-fighting intervention, reflecting the intrinsic safety of
the battery.
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Figure 5. (a) Temperature-time curve in ARC test; (b) temperature rise rate-temperature curve
in ARC test; (c) comparison of cell morphology after ARC test; (d) comparison of characteristic
temperatures of two cells in ARC test.
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Additionally, based on the physical significance of characteristic temperatures (Table 1),
higher T1 and T2, combined with lower T3, indicate reduced thermal runaway risk and
hazard, as well as higher intrinsic safety. Figure 5b shows that the LMR cell had a T2
of 256.1 °C, which is 62.7 °C higher than that of the NCM92 cell (202.4 °C), and a T3 of
431.0 °C, 270.3 °C lower than that of the NCM92 cell (701.3 °C). Images of cell residues in
Figure 5¢ reveal severe bulging and structural damage in the NCM92 cell, indicating violent
runaway and explosion during ARC testing, whereas LMR cell residues remained relatively
intact with only slight bulging and no severe ejection of electrode materials—confirming
their lower thermal runaway hazard.

Comparing the ARC characteristic temperatures of the two batteries: T1 values were
comparable (T1 primarily depends on the thermal stability of the anode SEI), while the LMR
cell showed a significantly higher T2 and a substantially lower T3 (Figure 5d). These results
demonstrate that incorporating a higher-energy-density LMR cathode did not compromise
the safety of lithium-ion batteries; instead, it significantly enhanced their intrinsic safety,
challenging conventional understanding.

3.3. Thermal Stability of Cathode and Cathode Oxygen Release Behavior

Traditional high-energy-density Ni-rich batteries exhibit elevated thermal runaway
risk due to poor cathode thermal stability and phase transitions accompanied by oxygen
release at high temperatures. To address this, DSC-TG-MS was employed to analyze the
thermal stability and gas release behavior of LMR cathodes. DSC results showed that
the fully charged NCM92 cathode exhibits an exothermic peak at 236.8 °C with a rate of
0.96 W g1, whereas the fully charged LMR cathode shifts the exothermic peak to 290.8 °C
with a reduced rate of 0.25 W g~ ! (Figure 6a). TG results indicate that the fully charged
NCM92 cathode reaches a maximum mass loss rate of 4.40% min~! at 238.8 °C, while
the fully charged LMR cathode showed a lower maximum mass loss rate of 1.10% min !
at 322.6 °C (Figure 6b). Additionally, the total mass loss of the NCM92 cathode reaches
11.87% when heated to 350 °C, compared to only 4.85% for the LMR cathode. Comparative
analysis of exothermic behavior and mass loss during thermal failure confirms the superior
thermal stability of LMR cathode.

Mass spectrometry (MS) coupled with DSC-TG enables in situ monitoring of oxygen
and other oxygen-containing gas release during high-temperature cathode failure. As
shown in Figure 6c¢, the fully charged NCM92 cathode exhibits a distinct O, release peak
(m/z = 32) at 252.6 °C, whereas no significant O, release peak is observed for the fully
charged LMR cathode—consistent with the minimal mass loss in LMR’s TG profile Under
heating conditions, oxygen released from cathode materials may either be liberated as
free O, or react with carbonaceous components in the cathode (e.g., conductive agents,
binders, and other organic constituents) to form CO; [24]. Compared to the release of free
O;, the generation of CO, is more favorable for mitigating exothermic reactions within
the battery [25]. As shown in Figure 6d, NCM92 cathode releases CO, (m/z = 44) at
243.5 °C, while LMR cathode exhibits an initial CO, peak at 199.6 °C (likely from CEI
decomposition, as no significant mass loss occurs in LMR’s TG curve at this stage). The
main CO, release peak of LMR cathode appears at 297.5 °C, coinciding with its obvious
mass loss. In summary, compared to NCM92, fully charged LMR cathodes not only possess
better thermal stability but also release oxygen primarily as CO; rather than Oy, both
of which help mitigate internal exothermic reactions and reduce thermal runaway risk
and hazard.
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Figure 6. (a) DSC curves of the fully charged NCM92 cathode and the LMR cathode; (b) TG and DTG
curves of the fully charged NCM92 cathode and the LMR cathode; MS signals of oxygen (m/z = 32)
(c) and CO, (m/z = 44) (d) at the fully charged cathode during heating.

3.4. Structural Stability of Cathode During Heating

In situ heating XRD was employed to characterize the structural evolution of fully
charged NCM92 and LMR cathodes under heating, aiming to compare the thermal stability
of their crystal structures. By analyzing the diffraction peak of the layered phase-specific
(003)1, plane, it was observed that when heated from 40 °C to ~170 °C, the (003);, diffraction
peak of the NCM92 cathode began to shift toward lower angles with a significant decrease
in intensity—indicating the initiation of layered structure degradation (Figure 7a). In
contrast, the (003);, peak of the fully charged LMR cathode showed an obvious shift to
lower 20 values only when heated to nearly 200 °C. At 200 °C, the (003);, peak intensity of
the NCM92 cathode had weakened remarkably, while that of the LMR cathode decreased
to a lesser extent, demonstrating slower degradation of the layered structure in the LMR
cathode compared to NCM92 (Figure 7b).

The phase transition process was further clarified: the NCM92 cathode remained
primarily in the layered phase below 172 °C, but started to transform into the spinel phase
above 172 °C, forming a layered-spinel mixed phase, and completely converted to spinel
phase at 207 °C (Figure 7a). For the fully charged LMR cathode, it maintained the layered
phase as the dominant phase below 197 °C; the spinel phase began to emerge with further
heating, but even at 240 °C, the transition to the spinel phase was incomplete (Figure 7b).
Overall, in situ heating XRD results confirm that fully charged LMR cathodes exhibit higher
structural thermal stability than NCM92 cathodes.
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Figure 7. In situ heating XRD results of (a) fully charged NCM92 cathode and (b) fully charged
LMR cathode.

3.5. Structural Degradation of Cathode After Thermal Abuse

To further verify the thermal stability of fully charged LMR cathodes, high-resolution
transmission electron microscopy (HRTEM) was performed on fully charged NCM92 and
LMR cathodes before and after 200 °C thermal abuse, aiming to analyze the degradation
degree of their crystal structures after thermal failure. HRTEM images show that the fully
charged NCM92 cathode primarily consists of a layered structure before thermal abuse
(Figure 8a). After 200 °C thermal abuse, however, both the edge and bulk phases of the
NCM?92 cathode significantly degraded into spinel phase (Figure 8b), consistent with the in
situ heating XRD results, confirming severe degradation of the layered structure in fully
charged NCM92 cathode at 200 °C.
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Figure 8. HRTEM images of the fully charged NCM92 cathode before thermal abuse (a) and after
thermal abuse at 200 °C (b); HRTEM images of the fully charged LMR cathode before thermal abuse
(c) and after thermal abuse at 200 °C (d).

In contrast, the fully charged LMR cathode mainly exhibits a layered structure before
thermal abuse, with only a small amount of dispersed spinel phase at the material edge—
likely representing surface degradation induced by high-voltage cycling (Figure 8c). After
200 °C thermal abuse, a continuous spinel phase forms at the edge of LMR cathode,
accompanied by a layered-spinel mixed transition zone, while the bulk phase retains the
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layered structure (Figure 8d). Collectively, these results confirm that fully charged LMR
cathodes exhibit superior structural thermal stability compared to NCM92 cathodes.

3.6. Exothermic Behavior of Full-Cell Material-Level Reactions

To further analyze the influence of cathode materials on internal exothermic reactions
in batteries, DSC was employed for material-level thermal testing of mixed samples (fully
charged cathodes with electrolyte) and full-cell samples. DSC results showed that compared
to the main exothermic reactions in the NCM92-cathode electrolyte sample, those in the
LMR-cathode electrolyte sample occurred at higher temperature with a lower exothermic
rate (Figure S1). DSC results for full-cell samples revealed that the full-cell sample with the
NCM92 cathode exhibited the first exothermic peak at 190.1 °C with a rate of 0.86 W g1,
whereas the full-cell sample with the LMR cathode showed its first exothermic peak at
207.0 °C, with a lower rate of 0.58 W g~ ! (Figure 9).

——NCM92 Ca+An+Ele Main exothermic peak
—— LMR Ca+An+Ele !

Peak |

1024.8 J g

706.6 J g

Heat flow (W g™)

1 ) I 1
100 200 300 400 500

Temperature (°C)

Figure 9. DSC curves of NCM92 and LMR full-cell DSC samples.

Additionally, the main exothermic reaction of the NCM92 full-cell sample occurred
at 295.4 °C with a rate of 1.57 W g~!, while the main exothermic peak of the LMR full-
cell sample appeared at 316.3 °C with a rate of 0.87 W g~! (Figure 9). Collectively, the
temperature shift and attenuated heat flow at both reaction stages demonstrate that despite
its higher specific capacity and energy density, the LMR cathode possesses superior thermal
stability and lower reactivity than NCM92. This translates to a 31% reduction in total heat
generation for the LMR full-cell sample (Figure 9), confirming its role in mitigating internal
exothermic reactions.

4. Conclusions

In conclusion, systematic comparative analyses reveal that the application of higher-
energy-density lithium-rich manganese-based (LMR) cathodes significantly reduces the
thermal runaway risk and hazard of batteries, challenging the conventional notion that
high-energy cathodes inevitably compromise battery safety. Material-level thermal analyses
demonstrate that fully charged LMR cathodes exhibit superior thermal stability compared
to NCM92 cathodes. Additionally, mass spectrometry results confirm that LMR cathodes
release negligible O, during high-temperature failure, with oxygen primarily evolving as
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COs,. This difference in cathode oxygen release behavior helps mitigate internal exothermic
reactions, reducing thermal runaway risks.

Furthermore, in situ heating XRD and HRTEM analyses clarify the high-temperature
structural stability of fully charged cathodes: NCM92 cathodes begin transforming from
layered to spinel phases at 172 °C, fully converting to spinel by 207 °C; in contrast, LMR
cathodes only start forming spinel phases at 197 °C and remain incompletely transformed
even at 240 °C. Microstructural observations after 200 °C thermal abuse further confirm
that NCM92 cathodes almost fully convert to spinel, while LMR cathodes retain intact
layered structures in their bulk phases—confirming superior high-temperature structural
stability. This stability shifts the exothermic peaks of the LMR full-cell DSC sample to
higher temperatures with lower rates, reducing the total exothermic heat by 31% and
significantly enhancing intrinsic battery safety.

This study resolves the trade-off between high-energy cathode application and battery
safety, highlights thermal stability and cathode oxygen release behavior as critical metrics
for evaluating the safety of new cathodes, and provides guidance for developing high-
energy cathodes. These findings enable the practical application of high-energy-density,
high-safety batteries.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /batteries11080311/s1, Figure S1: Heat flow curves of the reaction
between the fully charged NCM cathode and the electrolyte and the LMR cathode and the electrolyte.
Figure S2: NCM92 cathode material: (a) XRD pattern and Rietveld refinement results, (b) cross-
sectional SEM image, (c) cross-sectional element distribution. Figure S3: LMR battery: (a) first and
second cycle voltage-capacity curves, (b) first and second cycle dQ/dV curves.
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Abstract: The lifespan and performance of power batteries used in electric vehicles and
ships are highly sensitive to the operating temperatures, demonstrating the indispensable
role of an effective thermal management system. Topology optimization is a method
that can achieve comprehensive optimization of thermal and flow performance. The in-
let/outlet layout is an important parameter affecting the thermal management performance
of topology-optimized channels. To optimize the inlet/outlet positions, this study estab-
lishes the relationship between inlet/outlet positions and evaluation indicators using the
response surface method, and further obtains the optimal solution based on the NSGA II
and TOPSIS algorithms. The results show that the topology-optimized liquid cooling plate
with optimal inlet/outlet position (TOPO) presents a lower maximum temperature under
different inlet velocities than the counterparts with the conventional inlet/outlet layout
(0.13-0.22 K), straight channel with the optimal inlet/outlet position (0.89-1.03 K), and
single inlet/outlet straight channel (1.8-2.6 K). Moreover, the comprehensive performance
of the proposed TOPO is more pronounced at high inlet velocity conditions. When the inlet
velocity is 0.13 m/s, compared with the other counterparts, the performance evaluation
criterion of TOPO increases by 16.6%, 28.7%, and 79.4%, respectively.

Keywords: battery thermal management system; liquid cooling plate; topology optimiza-
tion; inlet and outlet location; multi-objective optimization

1. Introduction

In recent years, more and more environmental problems have gradually emerged and
gained attention [1]. Among them, as the number of traditional gasoline-powered vehicles
continues to increase and as they are still being widely used, the problems of greenhouse
gas emissions and the energy crisis have become increasingly serious [2]. Against this
backdrop, promoting more environmentally friendly electric vehicles is regarded as the
core solution [3]. Because of their high stability, low self-discharge rate, and high energy
density, lithium-ion batteries are widely used as the power source for electric vehicles [4].
However, the safety and electrochemical performance of lithium-ion batteries are extremely
sensitive to their operating temperature [5]. Studies have shown that the suitable operating
temperature range for lithium-ion batteries is 15-35 °C, and the maximum temperature
difference inside the battery cannot exceed 5 °C [6]. During operation, the internal resistance
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and chemical reactions of the battery will continuously generate heat, which makes it
impossible to control the temperature within the suitable range. This will damage the
battery’s lifespan and capacity. In severe cases, it may even lead to thermal runaway,
resulting in fires, explosions, and other disasters [7]. Therefore, it is necessary to take
appropriate intervention measures to prevent these dangers.

According to the cooling medium, battery thermal management systems (BTMSs) can
be roughly classified into air cooling, liquid cooling, phase change material (PCM) cooling,
and hybrid cooling [8]. The air-cooled BTMS achieves cooling by transferring the battery’s
heat to the air, and it has advantages such as low cost, simple structure, and no risk of
leakage [9]. However, its poor heat transfer efficiency cannot meet the cooling requirements
of batteries under high-rate discharge [10]. The BTMS based on PCM utilizes solid-liquid
phase change to absorb heat and is considered a promising approach. However, the thermal
conductivity of commonly used phase change materials is relatively low, and their cooling
capacity is very limited after multiple charge—discharge cycles [11]. Meanwhile, due to the
limitation of its phase change temperature range, it is difficult to be widely implemented in
practical applications [12]. Liquid BTMS has been widely used by the electric vehicle market
due to its high heat transfer coefficient and moderate manufacturing and maintenance
costs [13]. In addition, the feasibility of hybrid BTMS designs, which could combine the
advantages of different cooling methods [14,15], has been actively explored in recent years,
such as liquid—-PCM coupled BTMSs and liquid-heat pipe coupled BTMSs [16]. However,
hybrid BTMSs are still under development and their feasibility remains to be proven [17].
Therefore, the BTMSs based on liquid coolants are still the prevalent option for practical
application, especially in electric vehicles and ships.

The key to the performance of the liquid battery thermal management system lies in
the channel structure of the liquid cooling plate [18]. In recent years, researchers have made
many attempts to perfect the design of the channel structure of the liquid cooling plate.
The most common channel structures are straight channels and serpentine channels. Many
researchers have explored this. Liu et al. [19] introduced cross channels into the traditional
serpentine channels and found that the V-shaped cross channels had the optimal structural
parameters, achieving the best thermal performance: the number of crossings was seven,
the width was 2.0 mm, and the angle was 45°. In addition, researchers were inspired by
biological structures and proposed various biomimetic channel flow structure designs. Fan
et al. [20], inspired by biomimetics, proposed a novel double-layer tree-shaped channel,
and found that compared with the serpentine flow channel, its maximum temperature and
standard deviation of surface temperature were reduced by 1.79% and 69.25%, respectively,
and the pressure drop was reduced by 79.13%. Moreover, based on the traditional channel
structure and biomimetic channel structure, researchers used optimization algorithms
to optimize key parameters to improve performance. Xia et al. [21], based on the leaf
vein biomimetic flow channel, used the NSGA-II algorithm to optimize four structural
parameters: the distance from the outlet to the hexagon, the distance from the inlet to the
hexagon, the spacing between adjacent hexagons, and the size of the hexagon. The results
showed that the optimized liquid cooling plate had a pressure drop reduced by 14.2%,
and a maximum temperature reduced by 0.7 °C. However, the structures of these liquid
cooling plates are all proposed based on the researchers’ experience. The optimization of
structural parameters is also based on the fixed structures already proposed. This leads to
very limited performance improvement brought on by the optimization.

The topology optimization method transforms the problem of optimizing the bat-
tery thermal management performance into a mathematical problem based on the actual
geometric model and application scenarios. This approach significantly enhances the inno-
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vation and design freedom of the liquid cooling plate structure design, and frees the design
from the limitations of researchers’ experience and ideas. In addition, multi-objective topol-
ogy optimization enables the liquid cooling plate structure to achieve a balance between
thermal performance and flow performance. With the development of additive manu-
facturing technology, the cost of manufacturing complex geometric components such as
topology-optimized liquid cooling plates has been significantly reduced [22]. Therefore, the
application of the topology optimization method to design liquid cooling plate structures
is becoming increasingly widespread. Zhan et al. [23] explored the effects of inlet and
outlet arrangement direction, quantity, channel depth, and total inlet mass flow rate on
the performance of the liquid cooling plate. The results indicated that when adopting
three inlets and three outlets in the width direction, with a channel depth of 3 mm and an
inlet total mass flow rate of 15 g/s, the system heat dissipation and power consumption
could achieve the best balance. Wang et al. [24] obtained two liquid cooling plate structures
based on laminar and turbulent topology optimization. The results showed that the liquid
cooling plate obtained through topology optimization under turbulent conditions achieved
the best overall cooling effect. Zhan et al. [25] discussed the inlet and outlet positions
of a single inlet and single outlet, and found that the parallel diagonal structure could
minimize the pressure drop to the greatest extent, while the straight-in and straight-out
structure performed best in terms of the highest temperature and temperature deviation.
Lin et al. [26] established the relationship between Reynolds number, target function weight
coefficients, and cooling performance through the response surface method (RSM), and
further obtained the optimal design parameters using the NSGA-II algorithm.

Based on the above literature review, Zhan et al. [23] pointed out that the liquid cooling
plate with three inlets and three outlets in the width direction has superior performance.
However, at present, there is a lack of research on the optimal inlet and outlet locations
for this situation. Wu et al. [27] adopted the layout where the two side inlets and outlets
were placed at the outermost edges for the three-inlet and three-outlet configuration. Zhan
et al. [25] discussed and analyzed representative examples of inlet and outlet positions
with a single inlet and a single outlet. The results showed that there was a representative
example for each in terms of thermal performance and flow performance. This method of
listing and analyzing some of the inlet and outlet positions was not comprehensive and
had difficulties identifying the optimal inlet and outlet positions that achieved the best
overall thermal and flow performance. Lin et al. [26] established the relationship between
design variables and the target function using the response surface method, providing a
new approach. Based on the research gaps and current research status, the main work of
this paper is as follows: 1. Based on the layout of three inlets and three outlets in the width
direction, establish the relationship between the inlet/outlet position parameters and the
key evaluation indicators of BTMS. 2. Use the NSGA-II algorithm to obtain the Pareto front
and use TOPSIS to obtain the optimal solution for the inlet/outlet position parameters.
3. Conduct a comprehensive performance comparison between the topology-optimized
liquid cooling plate with the optimal inlet/outlet positions, the topology-optimized
liquid cooling plate with conventional inlet/outlet positions, and the straight chan-
nel. Furthermore, investigate the influence of inlet flow velocity on the observed
performance differences.

2. Two-Dimensional Topology Optimization Design

Figure 1 presents the topology optimization concept design model of conjugate heat
transfer applied to the thermal management system of liquid batteries. The design region
is regarded as a porous medium, and the solid area and fluid area are distinguished by
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introducing design variables y. The design variables vary continuously from 0 to 1, where
7 = 1 corresponds to the fluid region, and = 0 corresponds to the solid region.

outlet

inlet

Figure 1. The conceptual model of topology optimization design.

2.1. Mathematical Model of Topology Optimization
2.1.1. Flow Equations

Assume that the fluid is incompressible, and the flow state within the channel is
laminar, with the Reynolds number being less than 2300. Therefore, the continuity equation
and the momentum equation can be expressed as follows:

Vou=0 )

p(u-Vu=—-VP+uV>u+F 2)

where p represents the density of the fluid, u represents the velocity of the fluid, P represents
the pressure, i represents the viscosity, and F represents the flow resistance. Under the
assumption of porous media [28], the size of F is proportional to the speed of the fluid flow,
which can be expressed as follows:

F = —au 3)

where « represents the inverse permeability of the porous medium.
The inverse permeability is interpolated based on the design variables 7y using the
Darcy interpolation function, which is expressed as follows:

Ll @

a(y) = as+ (as — pa

where g is the penalty factor, with a value of 0.01 in this paper. ay is the inverse permeability
of the fluid, which should be a very small value (=0). «s is the inverse permeability of the
solid, which is a function of the Reynolds number Re and the Darcy number Da, expressed

1 1

as follows:

2.1.2. Heat Transfer Equations

Assume that the heat transfer process is stable and the physical properties of each
material do not change with temperature. During the heat transfer process, the heat transfer
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modes in the fluid domain and the solid domain are different. The corresponding equations
are as follows:
pCp(u - V)T = ks VT (in fluid) (6)

0 = ksV2T + Q (in solid) 7)

where Cy, is the specific heat capacity of the fluid, k¢ is the thermal conductivity of the fluid,
ks is the thermal conductivity of the solid, and Q is the heat generation in the solid region.

By combining Equations (6) and (7) and introducing design variables 1, the following
equation is obtained:

0Cp(1t- V)T = (1= 7)ks + vk V2T + (1= 7)Q ®)

where the heat source Q is proportional to the temperature difference, which can be
expressed as follows:

Q=h(Tq—T) ©

where T represents the reference temperature of the ideal heat source.

2.1.3. Dimensionless Processes

In order to save computing resources and improve the convergence of the calculation,
the governing equations are subjected to dimensionless processing. The dimensionless
gradient operator V*, the dimensionless velocity ©*, the dimensionless pressure p*, the
dimensionless temperature T*, the dimensionless heat generation coefficient /¥, the fluid’s
constant-pressure specific heat capacity Cp, and the Reynolds number Re are defined

as follows: UL
V=LV, = pr = D0 Re — £
u pu H (10)
- LT h*—ﬁc = Re- Pr
T T,—-T. kP

where L represents the characteristic length, U is the characteristic velocity, pg is the
reference pressure, T, is the inlet temperature, h* is the dimensionless heat generation
coefficient, Pr is the Prandtl number, and T; is the reference temperature. The value of
temperature T referred to in this article is the equivalent temperature Tq of an ideal heat
source. After performing dimensionless processing on the expressions Equations (1), (2),
and (8), the following expressions can be obtained:

VvV u* =0 (11)

L vA AV o £ i *2 % i LQ(l—’Y)*
p(u* - VHu* = -V'p +Rev u <1+Re> Da a7 u (12)
YRePr(u* - V*)T* = [(1—9)K+9]V'T"+ (1 —9)h"(1-T") (13)

2.2. Density Filter and Projection

The optimization results are prone to be affected by the grid-related factors, and
usually exhibit a checkerboard pattern, thereby reducing the stability and reliability of the
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optimization process. To address this issue, in the entire optimization process of this study,
the Helmholtz density filter [29] was employed:

V2 + 1 =7 (14)

where ¢ is the filter radius and 7, is the new design variable obtained after filtering.

The Helmholtz density filtering method often causes the boundaries between fluids
and solids to become blurred, making it difficult to clearly define the boundaries for
practical applications. In order to further reduce the gray area and make the fluid—solid
boundary clearer, the hyperbolic tangent projection [30] is used throughout the entire
topology optimization process:

o - tanh(B(n —vp)) + tanh(B7p)
P tanh(B(1 —7p)) +tanh(B7p)

(15)

where f represents the projection slope, 7y represents the projection point, and 7y}, repre-
sents the new design variable after the hyperbolic tangent projection.

2.3. Optimization Objective Functions

This article optimizes the comprehensive performance of the liquid cooling plate
from both thermal and flow performance perspectives. In terms of thermal performance,
the focus was on minimizing the average temperature of the battery during high-rate
discharge as well as achieving temperature uniformity. These two aspects are represented
by minimizing the dimensionless average temperature (Objective 1) and minimizing the
dimensionless temperature gradient (Objective 2), respectively. In addition, minimizing
the pressure drop between the inlet and outlet (Objective 3) is attempted to achieve better
flow performance. The three objective functions are, respectively, expressed as follows:

T*dT, GradT*dT,
p=d 00, S CredlTy, $3 = Pin — Paut
[ dtq [ dtq

” * * * p*dl" ® p*dr t
GradT* = \/(GradT)? + (GradT; 2, pi, = fdep B ffdr

(16)

Due to the significant differences in the value ranges of the three objective functions, a
normalization coefficient is used to normalize each of the three objective functions separately:

N_$1 N_ P2 N_ P53 17
" . ) %/4’3 P (17)

where 4)(1), ¢g, and qbg are the normalization coefficients of the three objective functions.
The weighting coefficients are used to combine the three objective functions into a
total objective function:

¢ =wy- Y +wr- Py + (1—wy —wp) - P (18)

According to the research by Zhong et al. [12], the weights are setas wy = 0.7, w, = 0.1.
In order to obtain meaningful results, a limitation on the fluid volume fraction is
imposed on the design domain:

/Q Q< Vi - Vo, (19)
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where V(, represents the volume of the design domain and V; represents the maximum
allowable volume fraction of the fluid domain.

After such processing, based on the actual application scenarios of battery thermal
management and the desired performance improvements, this article transforms the opti-
mization problem of this structure into a mathematical problem as follows:

Find v = (v1,72,---,7), 7 € [0,1]
Min ¢ = wy - §N + 1wy - PN + (1 — wy — wy) - PN
Subject to Egs. (11)—(15)

JordQ < Vi Vg

(20)

2.4. Geometric Model and Boundary Conditions

The design area and corresponding boundary conditions for two-dimensional topol-
ogy optimization are shown in Figure 2. Based on the actual dimensions of the rectangular
lithium-ion battery (173 mm x 85 mm), the design domain for the two-dimensional topol-
ogy optimization is regarded as 17 L x 8 L. The performance advantages brought about by
the three inlets have been confirmed in previous studies. This article adopts a three-inlet
and three-outlet layout for the inlets and outlets, and places particular emphasis on the
discussion of the positions of the inlets and outlets.

17L

8L

Figure 2. Two-dimensional geometric model and boundary conditions for topology optimization.

In order to save computing resources and improve efficiency, this paper only conducts
the topology optimization design iteration process for half of the design domain based on
the symmetry of the liquid cooling plate and its inlet and outlet arrangements. Based on
previous studies [31], comparing the performance of different liquid cooling plates and
ensuring that the inlet volumetric flow rate of the liquid is the same is fair. Therefore, for
the inlet boundary conditions, this paper sets a constant inlet velocity and inlet tempera-
ture. For the outlet boundary conditions, this paper adopts a constant pressure boundary
condition, which is consistent with the actual situation. Since this paper only considers
the cooling performance of the liquid battery thermal management system, the natural
convective heat transfer at the boundaries can be ignored. For the walls other than the
inlet and outlet, an insulated boundary condition is set. The important parameters of the
topology optimization design problem are shown in Table 1.
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Table 1. Values of important parameters in the topology optimization design process.

Parameters Values
Design domain size 17L x 8L
Reynolds number Re 150
Darcy number Da 104
Prandtl number Pr 6.78
The ration of solid and fluid thermal conductivity K 1
Penalty parameter q 0.01
Dimensionless heat transfer coefficient h* 100
Projection slope 8
Projection point 7 0.5
Fluid volume fraction V; 0.5

2.5. Topology Optimization Solving Procedure

This topology optimization design problem is solved using the multi-physics coupling
software COMSOL Multiphysics 6.1. The sequential quadratic programming optimization
algorithm (SNOPT) is employed to update the design variables, aiming to achieve an
efficient and precise optimization process. Subsequently, the control equations are solved
using the finite element method, and sensitivity analysis is conducted based on the adjoint
method. If the difference between the two adjacent optimization results is less than 107°,
the optimization iteration process is stopped and the results are output; otherwise, the
same process is repeated.

In order to save computing time while maintaining the accuracy of the calculation,
three objective functions were selected as indicators to conduct the grid independence test.
Seven grid systems with the number of grids being 3132, 6800, 17,408, 24,939, 33,820, 42,600,
and 48,792 were selected for evaluation. As shown in Figure 3, when the grid number is
33,820, the relative errors of the three objective functions are all less than 0.5%. Therefore,
for the subsequent topology optimization, the grid density corresponding to the number of
grids of 33,820 is selected.
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—— 476
032} % ]
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031k Selected mesh 75
- 11.85
0030 180 74 &
175
0.29 | PP
0.28 1070
472
41.65
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; ; . . . .60 471
0 10,000 20,000 30,000 40,000 50,000

Number of Grids

Figure 3. Grid independence test in the two-dimensional topology optimization process.

3. Three-Dimensional Numerical Simulation Model
3.1. Model Description

A single battery is unable to meet the actual working requirements of an electric
vehicle, so multiple batteries are often combined to form a battery pack. As shown in
Figure 4a, the battery and the liquid cooling plate are alternately combined to form a
battery pack. Aluminum plates of 1 mm thickness are used on both the top and bottom of
the flow channel to separate the coolant from the battery. Based on the actual size of the
battery (173 mm x 85 mm), cold plates are expanded in the length and width directions
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accordingly to prevent coolant leakage. The battery pack is symmetrical in the height
direction. To save computing resources, the battery and half of the liquid cooling plates on
both sides of it are selected as the simplified research objects, as shown in Figure 4b. The
relevant size data are presented in Table 2.

Table 2. Physical dimensions of the battery thermal management system.

Parameter Value (mm) Parameter Value (mm)
L 173 H, 5
W 85 Hjz 2.5
Eq 28 Hy 1.5
E> 15 Hs 1
E; 7 by 2.5
H;q 21 by 15

Positive electrodes
Negative electrodes

- Batteries
E3

Liquid cooling plates

ﬁ\\

’/V

7Re

Figure 4. (a) Battery pack geometric model and dimensions. (b) Simplified model and dimensions.

3.2. Governing Equations for 3D Simulations

During the process of three-dimensional numerical simulation, some assumptions
need to be made: the coolant is continuous and incompressible, and the physical parame-
ters of lithium-ion batteries, coolant, and aluminum liquid cooling plates do not change
with temperature. The continuity, momentum, and energy equations for the coolant are
as follows:

V-ug=0 (21)

dus
pi( =, o5 Etug- Vi) = =V P+ pueV2ug (22)
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oT,
piCps( 5, +ur-VTy) = V- (kVT)) (23)

where uy, P, and Ty, respectively, represent the speed, pressure, and temperature of the
coolant. pf, pg, Cp g, and ki, respectively, represent the density, viscosity, specific heat
capacity, and thermal conductivity of the coolant. The energy equation of lithium-ion
batteries is as follows: o7

oo, = V- (ko V) + Qb (24)
where pp, Cp b, T, and ky,, respectively, represent the density, specific heat capacity, tem-
perature, and thermal conductivity of the battery. According to the heat generation model
established by Bernardi [32], the heat Q}, generated by the battery is as follows:

dEoc
dT,

Qb = —ITy 5% + I(Eoc — E) (25)
where I, dEo./dTy,, Eoc, and E, respectively, represent the working current of the battery,
the entropy coefficient related to density, charging status and temperature, the open-
circuit voltage of the battery, and the working voltage of the battery. This study uses a
second-order RC equivalent circuit model to establish the relationship of voltage changes
during the battery discharge process. The relevant parameters in this model are obtained
by fitting during the battery discharge experiment. After obtaining the relationship of
voltage changes during the discharge process, it is substituted into the formula of the heat
generation model to obtain the heat generation. The values of the physical parameters of
the battery were measured through experiments. The values of the physical parameters of
each material in the battery thermal management system are shown in Table 3.

Table 3. Physical parameters of the battery thermal management system.

Material p (kgm3) Cp Jkg VK1) k(Wm 1K) u (Pa-s)
Solid /aluminum 2719 871 202.4
Fluid /water 998.2 4182 0.6 0.001003
Positive tab 2719 871 202.4
Negative tab 8978 381 387.6
Battery 1986.2 853.6 19.61 (x), 19.61 (y), 7.78 (2)

3.3. Boundary Conditions for Three-Dimensional Numerical Simulation

Set the constant inlet flow rate and inlet temperature boundary conditions as follows:
u=1up T="Ty (26)

Set the constant pressure outlet boundary condition as follows:
P = Pout (27)

Considering the natural convective heat transfer between the outer surface of the
liquid battery thermal management system and the external environment,

Qe = hext : Aout(Tbout - Text) (28)

The simplified model is derived based on the symmetry of the battery pack. Therefore,
symmetric boundary conditions need to be applied to the upper surface of the upper half
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of the liquid cooling plate and the lower surface of the lower half of the liquid cooling
plate. Apply the no-slip condition at all the contact surfaces between fluids and solids. The
capacity of this individual lithium-ion battery is 22.25 Ah. To investigate the battery’s heat
dissipation under high-rate discharge conditions, a discharge rate of 5C was adopted. This
numerical simulation process was carried out in Ansys Fluent. Convergence requires that
the residual of the continuity equation be less than 10~#, the residual of the momentum
equation be less than 10~°, and the residual of the energy equation be lower than 10~°. The
specific values related to the boundary conditions are shown in Table 4.

Table 4. Specific parameters of boundary conditions.

Parameters Values Unit
Inlet temperature Ti, 298.15 K
Natural convective heat transfer coefficient with respect to the external environment fext 5 W-m2.K!
External temperature Text 298.15 K
Outlet pressure Poyt 0 atm
Inlet velocity un 0.03 m-s~!

3.4. Parameter Definitions

During the operation of the battery, the maximum temperature Trmax and the average
temperature T,yg of the battery can serve as indicators to reflect the cooling performance
of the thermal management system of the liquid battery. The average temperature of the
battery is defined as follows:

be TdV,

Tavg = W (29)

In addition, the ability of the liquid cooling plate to balance the temperature uniformity
of the battery can be reflected by the standard deviation of the battery temperature T:

fvb(T - Tavg)zdvb

be dVp
The total heat removed by the coolant can be defined as follows:
Qr = meCp t(Tout — Tin) (31)

where mg, Cp g, T out, and Tk, are, respectively, defined as the inlet mass flow rate of the
coolant, the specific heat capacity of the coolant, the average temperature of the coolant at
the outlet, and the average temperature of the coolant at the inlet. The average heat transfer
coefficient of a fluid hayg is defined as follows:

Qf
Novo — ——— 32
W8 AqurATy (32)
ATs,f = Tsur,avg - Tf,avg (33)
Tt T
Tf,avg _ f,mW; f,out (3 4)

where Asur, Tsuravg, and Tf’avg, respectively, represent the contact area between the coolant
and the liquid cooling plate, the average temperature of the contact surface between the
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coolant and the liquid cooling plate, and the average temperature of the coolant at the inlet

and outlet.

The average Nusselt number Nu is defined as follows:

havg N

Nu =
u kf

(35)

where Dy, represents the hydraulic diameter, which can be defined as follows:

where 1 and w represent the height and width of the channel.

_2-w-h
w-+h

(36)

The pumping power P, is an important indicator reflecting the flow performance of

the liquid cooling plate structure. Its definition is as follows:

Py :Apavg'Ain'uin

(37)

where APqyg, Ajn, and u;, represent the pressure drop from the outlet to the inlet, the inlet

area, and the inlet flow velocity, respectively.

3.5. Verification of Grid Independence

Nusselt number and pressure drop were selected as the reference indicators for the

grid independence test. The results of six grid numbers were compared: 1,679,121, 1,980,731,
2,197,103, 2,472,807, 2,725,435, and 3,125,763. When xj, = 0 and xq,t = 0, the numerical
simulation was conducted using the boundary conditions described in Table 4, and the

results are shown in Figure 5a. For grid systems with a higher density than the one with

2,472,807 elements, the deviation of the two indicators remained below 0.2%. In order to

strike a balance between calculation time and calculation accuracy, the grid system with

a total of 2,472,807 elements was finally selected for the subsequent three-dimensional

numerical simulation, the mesh details of which are also shown in Figure 5a. It can be seen

that the grid density is higher at the solid-liquid interface, which is conducive to achieving

a balance between accuracy and computation time.
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Figure 5. (a) Grid independence test for three-dimensional numerical simulation and (b) comparison

with experimental data.
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This paper conducted battery temperature rise tests under different discharge rates
(1C, 3C, 5C) at an environmental temperature of 298.15 K. In the experiment, some thermo-
couples were used to measure the average temperature on the surface of the battery. These
measurements were compared with the numerical simulation data under the corresponding
conditions. The relevant data is shown in Figure 5b. It is obvious that the temperature
changes obtained from numerical simulations and experiments under different discharge
rates show good consistency. This further demonstrates the reliability and validity of the
numerical simulation data.

4. Results and Discussion

Based on the situation of three inlets and outlets, this study focused on exploring the
influence of the positions of the inlets and outlets on the performance of the liquid cooling
plate. The values of variables xj, and xout range from 0 to 7. In this study, the considered
range is from 0 to 6. According to actual requirements, the highest temperature at the
final discharge moment, the standard deviation of temperature, and the pressure drop are
selected as evaluation indicators.

4.1. Single Factor Analysis

Set xout = 0, and change the values of xi, from 0 to 6 with an interval of 1. The results of the
two-dimensional topology optimization conducted at each inlet and outlet position are shown
in Figure 6. As the value of x;, increases, the inlets on both sides move towards the center, and
the main passage directly connecting the two inlets also shifts towards the center. At the same
time, the main passageways that are directly connected to the two sides’ outlets have become
more prominent, and they gradually extend to both sides. This is due to the need to maintain
the uniformity of the overall temperature and the heat exchange performance.

) \[°

= \ -y
RINZN

Figure 6. Two-dimensional topology optimization results for different inlet positions.

The three evaluation indicators obtained after conducting three-dimensional numerical
simulations on the topology optimization results at different inlet positions are shown in
Figure 7. It can be seen that all three indicators have become better within the range of x;,
from 0 to 2. The maximum temperature shows a fluctuating trend as it increases from 2 to
6. The standard deviation of temperature has been increasing continuously as the value
of xij, ranges from 2 to 6, and the situation has become even worse. The pressure drop
decreases first and then increases as xj, rises from 2 to 6. The hot spot of the battery is
prone to appear in the central area and the edge areas on both sides. As x;, increases from 0
to 6, the main channels at both sides of the inlet gradually change from inward to outward.
What this process brings about is a certain change in the concentrated flow area. When
Xin = 2, the main channels at both sides of the inlet slightly tilt inward. This allows the flow
passing through the middle side of the outlet to increase appropriately while the flow to
both sides is not too little, thereby better suppressing the generation of the hot spot, and
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T'max reaches the lowest point. When x;j, is further increased, the main channels at both
sides of the inlet deviate outward, so the flow allocated to the middle area of the outlet is
insufficient, and Tmax increases. The change in T, is more directly related to the uniform
distribution of the flow. When xj, = 2, that is, when the two inlets are, respectively, located
in the middle of the outlet and the adjacent side outlet but appropriately deviated to both
sides, T, reaches the lowest value. The size of AP is related to the bias of the main channel
directly connected to the inlet and the length of the flow path. When x;, = 24, the flow
paths of the coolant are not too long, so they are at a relatively low level. Since the coolant
flows vertically into the flow channel and when the main channels directly connected to
both inlet sides are parallel to the coolant’s inlet flow direction (xi, = 4), the impact flow
dissipation between the coolant and the solid structure constituting the main channel is the
least. Therefore, in this case, the pressure drop is the lowest.
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Figure 7. Evaluation indicators under different inlet positions.

Set xjn = 0. Then change the value of x4yt from 0 to 6, with an interval of 1. The results
of the two-dimensional topology optimization at each inlet and outlet position are shown
in Figure 8. As xoy¢ increases, the outlets on both sides move towards the center, and the
main channel directly connected by the outlets on both sides also moves towards the center.
At the same time, the main channel directly connected by the outlets on both sides becomes
wider, and the main channel directly connected by the middle outlet gradually disappears.
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Figure 8. Two-dimensional topology optimization results for different outlet positions.

The three evaluation indicators obtained after conducting three-dimensional numerical
simulations on the topology optimization results at different outlet positions are shown
in Figure 9. It is obvious that the trends of the maximum temperature and the standard
deviation of temperature are basically the same, both increasing first, then decreasing,
and then increasing again. The reason for the increase in these two indicators first is
that the outlet position moves inward, and the coolant entering from both sides flows
out from the two outlet sides rapidly. This leads to an inappropriate distribution of flow
and a weak effect in suppressing the high-temperature point in the middle of the outlet
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side. The reason for the subsequent increase and decrease in these two indicators can also
be explained by the rationality of the flow distribution. When the outlet positions are
located at the middle of the inlets on both sides and slightly closer to the middle (xout = 4),
the flow distribution is conducive to the uniformity of the battery temperature and the
reasonable suppression of the high-temperature point. The pressure drop shows a trend
of first decreasing and then increasing, reaching its lowest value when x,,t equals 2. This
is related to the previously mentioned flow path length. Since the inlets on both sides are
located at the edge, a reasonable outlet position on both sides is beneficial to reducing the
flow dissipation during the flow process. In addition, the maximum temperature or the
standard deviation of temperature is inversely related to the pressure drop. When xoy¢
equals 2, the pressure drop reaches its optimal value, while the maximum temperature and
the standard deviation of temperature reach their worst values.
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Figure 9. Evaluation indicators under different outlet positions.

4.2. Multi-Objective Optimization of Inlet and Outlet Locations

The single-factor analysis based on the control variable method in the previous section
can to some extent reflect the relationship between the design factors and the objectives.
However, based on the above analysis, it can be found that there are conflicts and complex
relationships among the three objectives. By changing the position of the inlet and outlet,
there is a complex relationship between reducing the maximum temperature of the battery,
reducing the standard deviation of the battery temperature, and reducing the pressure
drop of the liquid cooling plate. Due to the complex relationship between the design
variables and the responses (evaluation indicators), a strategy is needed to achieve the
global optimum. To obtain the optimal design parameters of the inlet and outlet position
for topology optimization, this study obtained the set of Pareto front solutions based on
the response surface method (RSM) and the non-dominated sorting genetic algorithm II
(NSGA-II). Then, the optimal solution was selected from this solution set. As shown in
Figure 10a, there is a nonlinear relationship between the position parameters of the inlet
and outlet and the three evaluation indicators. This study used orthogonal experimental
design to determine the experimental scheme. This way, more information can be obtained
with fewer experimental trials. According to the previous section, the optimal values of
the three evaluation indicators all fall within the range of 1-5, so the experimental design
focuses on capturing the information within this range. Table 5 shows the design parameter
levels used for the experimental design.

Subsequently, the response surface method was applied to the three evaluation indi-
cators based on the designed scheme. The fitting degree of the evaluation indicators to
the two input factors was evaluated through analysis of variance (ANOVA) [33], and the
relevant results are shown in Table 6. The results show that for Trmax and Ty, the quadratic
model demonstrates excellent statistical significance, while for AP, the modified cubic
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model exhibits excellent statistical significance. The P-values of the three fitting models
are all less than 0.0001, which proves this point. The R? values of the three fitting models
are all very close to 1, indicating that the models have excellent predictive performance
within the designed experimental scope. The difference between the adjusted R? and
the predicted R? is all less than 0.1, indicating a strong correlation between the observed
results and the predicted results. Adequate precision indicates the signal-to-noise ratio,
and this value is much greater than 4, indicating that the model has sufficient stability [34].
Figure 10b compares the relationship between the actual evaluation indicators and the
predicted evaluation indicators. It can be observed that the predicted values are in close
agreement with the actual values, presenting a linear trend with a slope close to 1. This
indicates that the established model can accurately and reliably predict the evaluation indi-
cators, which is consistent with the results of the ANOVA analysis. As mentioned above,
these three models can be used to establish the relationship between design variables and
evaluation indicators, and the relevant expressions are as shown in Equations (38)—(40).

Tmax = 306.37669 — 0.239557 - xj, — 0.054061 - xoyut + 0.069240 - xip, - Xout

38
+0.039378 - x2, — 0.005192 - 2, (38)

Ty = 0.867483 — 0.073874 - xi, — 0.029033 - Xyt + 0.020088 - Xip, - Xout 39)
+0.013796 - x2, + 0.001551 - x2,,

AP = 5.37165 — 0.449289 - xj,, — 0.628297 - xout + 0.159161 - xip - Xout

40)
2 2 2 _ . 2 (
+0.066027 - x;,, + 0.10066 - x7,,, — 0.015678 - x7, - Xout — 0.010184 - x;, - x5,
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Figure 10. (a) Prediction framework between input factors and evaluation indicators; (b) the relation-
ship between the predicted values and the actual values of the evaluation indicators; (c) the values

of the evaluation indicators corresponding to the Pareto frontier and the optimal solution obtained
using the TOPSIS decision-making strategy.
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Table 5. Description of the level of design parameters.

Coded Levels
Design Parameter 1
Xin 1 3 5
Xout 1 3 5
Table 6. ANOVA analysis for three response targets.
Responses Tmax T, AP
Order Quadratic Quadratic Modified cubic

R? 0.9942 0.9972 0.9994
P-value <0.0001 <0.0001 <0.0001
Adjusted R2 0.9901 0.9952 0.9985
Predicted R2 0.9460 0.9726 0.9258
Adequate precision 52.9757 74.6236 85.5677

Therefore, the optimal selection of the input port position can be obtained based on the
fitted model derived from RMS. This multi-objective optimization problem is shown in Equation
(41), aiming to reduce the maximum temperature of the battery, decrease the standard deviation
of the battery temperature, and lower the pressure drop of the liquid cooling plate.

Find x;,, Xout
Minimize Tax = ¥1(Xin, Xout)
Minimize T, = y(Xin, Xout) (41)
Minimize AP = y3(Xin, Xout)
Xin € [1,5], Xout € [1,5]

Based on the content of the previous section, it can be observed that there is a complex
interplay of gains and losses among the three evaluation indicators in the optimization process.
Use NSGA-II to obtain the Pareto front of the optimal solution. NSGA-II has been successfully
applied to the optimization of battery thermal management systems. It features the elite non-
dominated sorting method and significantly reduces the computational requirements through
an efficient sorting algorithm. The important parameters set by NSGA-II are shown in Table 7.
Figure 10c presents the Pareto front obtained by the NSGA-II algorithm. The figure shows the
three evaluation indicators corresponding to each inlet/outlet position parameter under the
solution. An appropriate decision-making scheme is of vital importance for identifying the
optimal solution from the Pareto frontier solution set. This study employs TOPSIS to select the
optimal solution from the Pareto frontier solution set. This method is based on ideal points and
non-ideal points for calculation. To achieve the screening purpose, make the distance between
the optimal solution and the non-ideal points the greatest, and the distance between the optimal
solution and the ideal point the smallest:

m . 2
div = | Y (Fyj— Fidea) 42)
j=1
m . 2
di— _ 2 (Fij o anon—ldeal) (43)
j=1
ifina] = I € Max i (44)
final — di+ T dif
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where m represents the number of evaluation indicators, Fij denotes the j-th evaluation indicator
of the i-th Pareto front solution set, Fjideal is the ideal point of the j-th evaluation indicator,
and F jnon'ideal is the non-ideal point of the j-th evaluation indicator. The final optimal solution
obtained is xj, = 2.132, xout = 1.552. In order to verify the accuracy of the model’s predictions, a
numerical model was developed for the topology optimization results under the given inlet
and outlet parameters. Table 8 presents a comparison between the predicted results and the
actual numerical simulation results. The results show that the error of the predicted values for
all evaluation indicators is within 2%, indicating the reliability of the established prediction
model and the reliability of the optimal solution obtained.

Table 7. Important parameter settings of NSGA-IL

Parameter Value
Population size 100

Maximum number of iterations 2000
Mutation probability 0.1
Crossover probability 0.9

Table 8. Comparison between the predicted value and the simulated value of the optimal solution.

Evaluation Indicator Predicted Value Simulated Value Error
Tmax (K) 306.177641 306.0944013 0.027%

Ty (K) 0.797838244 0.812113659 1.758%

AP (Pa) 4.344973923 4.318736201 0.608%

4.3. Performance Comparison of Liquid Cooling Plates with Different Structures

This section aims to verify the advantages of the topology-optimized liquid cooling
plate structure after optimizing the inlet and outlet layout, and to reveal the reasons
for its enhancement. As shown in Figure 11, the thermal management performance of
batteries with four channel structures was compared under high-rate discharge (5C): the
topology-optimized liquid cooling plate with the optimal inlet and outlet arrangement
(TOPO), the topology-optimized liquid cooling plate with the conventional inlet and outlet
arrangement (TOPC), the straight channel liquid cooling plate with the optimal inlet and
outlet arrangement (SPO), and the single-inlet and single-outlet straight channel liquid
cooling plate (SSSP). In addition, this section also discusses the influence of the inlet flow
velocity on the thermal management performance of the battery.

(a) TOPO (b) TOPC
o
&
() SPO ' (d) SSSP

Figure 11. Different liquid cooling plate models and size specifications.
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For the thermal management system of liquid batteries, it is crucial to simultaneously
enhance both thermal performance and flow performance. Therefore, in addition to the
evaluation indicators mentioned earlier, define the performance evaluation criterion (PEC)
as a comprehensive indicator for evaluating the heat dissipation performance and flow
performance. It is a commonly used indicator for assessing the overall performance of the
liquid cooling plate. The calculation method of PEC is as follows [24]:

PEC = /Nt (45)
(AP/APSSSP) 3

where Nuggsp and APsggp represent the Nusselt number of SSSP and the pressure drop of
SSSP, respectively.

Figure 12 shows the changes over time of the maximum and average temperatures
of the battery during its operation (with the boundary conditions as described in Table 4),
when the battery is cooled by using four different liquid cooling plates. This study presents
corresponding images for representative lower inlet velocities (0.03 m/s) and higher ve-
locities (0.13 m/s). All the curves exhibited the same trend: they rose rapidly at first,
then fluctuated slowly upwards and reached the peak temperature at the final moment
of discharge. It is obvious that after optimizing the layout of the inlets and outlets, Tavg
and Trmax of TOPO during operation are both lower than those of TOPC with the regular
layout of inlets and outlets. Compared with the two straight current channels (SPO, SSSP),
TOPO demonstrated a more significant advantage in terms of Tavg and Tmax throughout
the entire operation process. Among them, SPO, due to the use of optimized inlet and
outlet layout, shows a significant trend in terms of Tavg and Tmax compared to SSSP. In
addition, at high inlet velocities, the advantage of using the TOPO in reducing temperature
is more obvious. For example, in Figure 12a, the Tmax of TOPO is higher than the Tavg
of SPO, but in Figure 12b, the Trax of TOPO is lower than the Tayg of SPO. Based on this
figure, the following conclusions can be drawn: 1. Compared with the conventional inlet
and outlet layout, the topology-optimized liquid cooling plate, after optimizing the inlet
and outlet layout, has to some extent reduced the average temperature and the maximum
temperature of the battery during its entire operation process. 2. The optimized inlet and
outlet layout applied to the straight channel results in a significant reduction in the average
and maximum battery temperatures compared to the traditional single inlet and single
outlet configuration. 3. At high inlet velocities, the advantage of temperature relief brought
by the topology-optimized liquid cooling plate is more obvious compared to other liquid
cooling plates.

Figure 13 shows the variations in the maximum temperature (T'max), average tempera-
ture (Tavg), temperature standard deviation (T;), and Nusselt number (Nu) of the battery
with respect to the inlet flow velocity. As the inlet flow rate increases, the Tmax, Tavg, and
T of the batteries using the four liquid cooling plates all show a downward trend, while
the Nusselt number shows an upward trend. In addition, as the inlet flow rate increases,
the extent of these indicators’ changes gradually decreases. For different inlet flow rates,
the superiority or inferiority of the performance indicators generally follows the following
relationship: TOPO > TOPC > SPO > SSSP. Interestingly, as the inlet flow rate increases,
TOPO shows a trend of further expanding its advantages compared to SPO, which only
has a different flow channel structure. Compared with an inlet flow velocity of 0.03 m/s,
when the inlet flow velocity is 0.13 m/s, the Timax and Tayg of TOPO decrease by 3.7 K and
3.16 K, respectively, while the Tmax and Tayg of SPO decrease by 3.57 K and 3.15 K, respec-
tively. This trend is more pronounced in terms of the uniformity of battery temperature.
Compared with an inlet flow velocity of 0.03 m/s, when the inlet flow velocity is 0.13 m/s,
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the Ti- of TOPO decreases by 35%, while the T;; of SPO decreases by 28%. Compared with
an inlet flow velocity of 0.03 m/s, when the inlet flow velocity was 0.13 m/s, the Nu of
TOPO increased by 7.42 and that of SPO increased by 5.36. Under different inlet flow rates,
compared with the other three liquid cooling plate structures, TOPO’s Nu increases by
4.6-8.8%, 4.1-19.7%, and 33.3-42.2%, respectively. It is obvious that as the inlet flow rate
increases, TOPO shows a trend of gradually expanding its advantages over SPO in various
indicators. This demonstrates that the topology-optimized structure has a greater adapt-
ability to different inlet flow rates in terms of thermal performance indicators. In addition,
the topology-optimized liquid cooling plates have more fine and numerous branch flow
channels and a larger heat exchange area (Asyrropo = 0.0250 m?2, Asurorc = 0.0249 m?2,
Asurspo = 0.0185 m?, Asursssp = 0.0185 m?), which is also the key reason for its superior
performance compared to the straight current channels.
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Figure 12. Comparisons of Tmax, Tavg for different liquid cooling plates for (a) uy, = 0.03 m/s,
(b) uj, =0.13 m/s.

Figure 14a,b show the changes in pressure drop (AP) and performance evaluation
criterion (PEC) with the variation in inlet flow velocity. For Figure 14a, as the inlet flow
velocity increases, the pressure drop of all four liquid cooling plates shows an upward
trend. Clearly, as the inlet flow velocity increases, the pressure drop of TOPO is further
superior to that of SPO and TOPC. When the inlet flow velocity is 0.03 m/s, the pressure
drops of TOPO, TOPC, and SPO are 4.32 Pa, 5.06 Pa, and 4.16 Pa, respectively. At this
time, the pressure drop of TOPO is slightly higher than that of SPO because the topology
optimization generates more complex channels and has a longer flow path. Therefore,
during the flow process, more resistance is received, resulting in a higher pressure drop.
When the inlet flow velocity is 0.13 m/s, the pressure drops of TOPO, TOPC, and SPO
are 30.92 Pa, 38.06 Pa, and 38.44 Pa, respectively. At this time, the pressure drop of
TOPO is significantly lower than that of TOPC and SPO. This indicates that the flow
channels generated by topology optimization have a greater advantage at high inlet flow
velocities. In addition, the optimized inlet and outlet arrangement can have better thermal
performance at different inlet flow velocities while having lower pressure drop. For
Figure 14b, as the inlet flow velocity increases, the PEC of TOPO and TOPC both increase,
while the PEC of SPO decreases. This further indicates that the topology-optimized channel
structure has stronger adaptability to high flow velocities, which is not possessed by
traditional straight channels. In addition, as the inlet flow velocity increases, the increase
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T, (K)

rate of TOPO’s PEC is faster, and the comprehensive performance advantage of TOPO
compared to other flow channel structures is further expanded. Compared with the inlet
flow velocity of 0.03 m/s, when the inlet flow velocity is 0.13 m/s, the PEC of TOPO
increases by 0.24, and the PEC of TOPC increases by 0.14. The increase rate of TOPO’s PEC
is 1.7 times that of TOPC, and the comprehensive performance advantage brought by the
optimized inlet and outlet arrangement is considerable.
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Figure 13. Under different inlet flow rates, the variations in the four liquid cooling plates in (a) the
maximum temperature, (b) the average temperature, (c) the temperature standard deviation, and
(d) the Nusselt number.

Figure 14c,d show the variations in the maximum temperature (Tmax) and the standard
deviation of the temperature (T;) under four different liquid cooling plates at different
pumping powers. It is obvious that although the increase in pumping power is becoming
increasingly significant, the improvements in the maximum battery temperature and the
standard deviation of temperature are becoming smaller and smaller. Therefore, choosing
the appropriate pumping power (that is, achieving a balance between pumping power
and performance improvement) is of crucial importance in practical applications. For the
four liquid cooling plate structures studied in this paper, TOPO can achieve better heat
dissipation performance and temperature uniformity under the same pumping power,
which is helpful in solving the energy issues in practical applications.
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Figure 14. Under different inlet flow rates (or pumping powers), the variations in the four liquid cool-
ing plates in (a) the pressure drop, (b) performance evaluation criterion, (¢) maximum temperature,
and (d) temperature standard deviation.

Figure 15 shows the various indicators of the three liquid cooling plates (TOPO, TOPC,
SPO) under the conditions of inlet flow velocities of 0.03 m/s and 0.13 m/s. Except for
PEC, where larger is better, all the other indicators are better when smaller. It is obvious
that when the inlet flow rate is 0.03 m/s, TOPO is not the best among the three liquid
cooling plates in terms of some indicators such as pressure drop. However, when the
inlet flow rate was 0.13 m/s, TOPO achieved the best results in all five indicators and
had a much greater advantage gap. Table 9 presents in greater detail the five evaluation
indicators corresponding to the four liquid cooling plates when the inlet flow velocity is
0.03 m/s and 0.13 m/s. First, a comparison between TOPO and TOPC is conducted to
analyze the effect of optimizing the layout of inlets and outlets. Within the range of inlet
flow velocity from 0.03 to 0.13 m/s, compared with TOPC, TOPO’s Trmax decreased by
0.13-0.22 K, Tayg decreased by 0.096-0.121 K, T, decreased by 0.03-2.72%, pressure drop
decreased by 14.62-18.75%, and PEC increased by 10.3-16.61%. Then there is a comparison
with the traditional straight channels that are currently widely used. Within the range of
inlet flow velocity from 0.03 to 0.13 m/s, compared with the two straight channels (SPO,
SSSP), the Tmax of TOPO decreased by 0.9-2.6 K, the Tayg decreased by 0.9-1.6 K, the T,
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decreased by 2-40%, the pressure drop decreased by —3.93-50.25%, and the PEC increased
by 2.82-79.43%.
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Figure 15. The comparison of various indicators when the inlet flow velocity is (a) 0.03 m/s and
(b) 0.13m/s.

Table 9. The various evaluation indicators of the four liquid cooling plates under low inlet flow rate

(0.03 m/s) and high inlet flow rate (0.13 m/s).

3024 Tavg (K)

Evaluation Indicators Ui (m/s) TOPO TOPC SPO SSSP
Tmax (K) 0.03 306.094 306.314 306.986 308.702
Tmax (K) 0.13 302.394 302.519 303.420 304.189
Tavg (K) 0.03 304.667 304.763 305.566 306.251
TaVg (K) 0.13 301.511 301.631 302.420 302.771

Ty (K) 0.03 0.812 0.812 0.829 1.331

T, (K) 0.13 0.527 0.542 0.597 0.770
AP (Pa) 0.03 4.319 5.058 4.156 6.742
AP (Pa) 0.13 30.921 38.058 38.435 62.156
PEC 0.03 1.546 1.402 1.504 1.000
PEC 0.13 1.794 1.539 1.394 1.000

Figure 16 shows the velocity distribution and flow lines within the flow channels of the
four liquid cooling plates when the inlet flow velocity is 0.13 m/s. All four liquid cooling
plates have a relatively high flow velocity at the inlet and outlet, but the two topology-
optimized flow channels (TOPO, TOPC) have a more uniform velocity distribution. Since
the layout of TOPO is more uniform, its uniformity of velocity distribution is better than
that of TOPC. In contrast, both the straight channels have uneven flow distribution, and
the coolant flows rapidly from the proximal straight channel to the outlet. SSSP, due to its
single inlet, exhibits this phenomenon more significantly. This is the main reason for the
poor cooling performance of the two straight channels, as the coolant does not adequately
stay in the channels for heat exchange. The flow line analysis further explains the reasons
for the differences in flow performance. Compared to the obvious vortices near the inlet of
TOPC, the inlets on both sides of TOPO eliminate this phenomenon. This is because one
of the objectives of optimizing the inlet and outlet layout is pressure drop, and reducing
unnecessary vortices to lower the pressure drop is one of the objectives. And because
the inlet coolant temperature is low, it can effectively carry away the heat generated by
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the adjacent battery at the inlet. Therefore, the flow recirculation area near the inlet is
unnecessary and is not conducive to the overall heat dissipation performance. In contrast,
SPO and SSSP have very large ranges of vortices. However, the vortex distribution of SPO
is more uniform, and the positions for enhancing local heat transfer are more uniform. This
is one of the reasons why the thermal performance such as battery temperature uniformity
is better with SPO than SSSP. The biomimetic structure similar to the root of a tree obtained
through topology optimization design is conducive to making the coolant distribute more
smoothly and uniformly in the flow channels. Such a flow channel structure can largely
reduce flow loss and correspond to its advantages in flow performance.
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Figure 16. Velocity distributions and streamlines within flow channels of the four liquid cooling plate
configurations when the inlet velocity is 0.13 m/s.

Figure 17 shows the temperature distribution diagrams of the battery discharge at
the final moment when the inlet flow velocity is 0.13 m/s, under the application of four
types of liquid cooling plates. The four figures show similar temperature distribution
patterns. The battery temperature near the inlet is very low. This is because the coolant
temperature at the inlet is low and the flow rate is high, which can effectively remove the
heat from the battery. As the coolant moves away from the inlet, it continuously absorbs
the heat from the battery, causing the temperature to gradually increase and the cooling
effect to gradually weaken. Compared with the two straight channels (SPO, SSSP), the
battery temperatures of the two topology optimization channel structures (TOPO, TOPC)
are significantly lower, and the heat dissipation effect is better. According to Figure 16,
TOPO has a more uniform velocity distribution. Compared with TOPC, TOPO has a
more uniform temperature distribution and a wider cooling effect in the flow direction.
Since the middle area and the two side areas on the outlet side are the areas where high-
temperature points are likely to occur. The flow distribution of TOPO achieves a balance
where the highest temperature in these areas with high-temperature points is the lowest.
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This explains why the high-temperature area at the outlet surface under TOPO is smaller
and the maximum temperature is lower.

Temperature
(X) 299.5 300 300.5 301 301.5 302 302.5 303 303.5 304

(2) TOPO Tur= 302.394K (b) TOPC Tpr= 302.591K

(¢) SPO T,ur= 303.42K (d) SSSP Typar= 304.189K

Figure 17. Temperature distributions for four liquid cooling plates when the inlet velocity is 0.13
m/s.

5. Conclusions

This study employed the topology optimization method to obtain the optimal liquid
cooling plate structure for the liquid battery thermal management system (BTMS). Based
on the situation of three inlets and three outlets in the width direction, a comprehensive
discussion was conducted on the parameters of the inlet and outlet positions. The relation-
ship between the design parameters (distances of side inlets/outlets from the edges) and
the evaluation indicators (maximum battery temperature Tmax, temperature standard devi-
ation Ty, and pressure drop AP) was established using the response surface method (RSM).
Subsequently, the Pareto front was obtained using the Non-dominated Sorting Genetic
Algorithm II (NSGA-II), and the optimal solution was obtained using the TOPSIS strategy.
Finally, a comprehensive comparison of the thermal management performance and flow
performance was conducted between the topology-optimized liquid cooling plate with the
optimal inlet and outlet arrangement (TOPO), the topology-optimized liquid cooling plate
with the conventional inlet and outlet arrangement (TOPC), the straight channel liquid
cooling plate with the optimal inlet and outlet arrangement (SPO), and the single-inlet
and single-outlet straight channel liquid cooling plate (SSSP). The main conclusions are
as follows:
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1. When the outlet positions are fixed on both sides and the inlet positions are changed,
the trends of the three evaluation indicators are relatively similar. When the inlet positions
are fixed on both sides and the outlet positions are changed, the three evaluation indicators
show a significant alternation phenomenon. In general, it is difficult to simultaneously
achieve the optimization of all three indicators.

2. The expression of the design variables and the three evaluation indicators (Tmax, Tv,
AP) was constructed using the response surface method, with R? values of 0.9942, 0.9972,
and 0.9994, respectively. According to the NSGA-II and TOPSIS decision methods, the
optimal solution was xj, = 2.132, xout = 1.552. The numerical verification indicates that the
maximum relative error does not exceed 2%.

3. The BTMS using TOPO achieved better evaluation indicators (Tmax, Tavg, T, AP,
and performance evaluation criterion PEC) than using TOPC under different inlet flow
rates. Among them, the advantage of PEC under different inlet flow rates was 10.3-16.61%.

4. TOPO has a more significant performance advantage for the other liquid cooling
plates at high inlet flow rates (0.13 m/s) compared to low inlet flow rates (0.03 m/s).

5. At high inlet flow rates (0.13 m/s), compared with the traditional straight channel
liquid cooling plate (SPO, SSSP), TOPO improved PEC by 28.7% and 79.4%, respectively.

The results of this study indicate that the liquid cooling plate structure obtained
through topology optimization can improve the heat transfer efficiency while reducing the
required power consumption simultaneously. In addition, by optimizing the positions of
the inlets and outlets, the heat transfer efficiency can be further enhanced under a reduced
power consumption. However, the flow channel structures obtained through topology
optimization seem to be complex, which may impose challenge on the manufacturability
and mass production. It is worth noting that with the rapid development of additive
manufacturing technology, techniques such as selective laser melting provide promising
solutions for mass production of cold plates. In addition, the mesh density of the topology
optimization design can be limited to the accuracy required by traditional processing
methods, in which way the liquid cooling plate structure obtained through topology opti-
mization could meet the manufacturing accuracy requirements of large-scale production
machine tools.
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Abstract: In recent years, immersion cooling has gained wide interest for thermal man-
agement of lithium-ion batteries. Usually, dielectric oils or fluorinated liquid are used as
immersion coolants to avert short circuits, but they have low thermal conductivity and
high cost. Although water offers superior heat-transfer performance, its poor dielectric
property means it cannot be used directly as an immersion coolant. Near full-depth partial
immersion (NFDPI) was proposed as a viable alternative, in which water does not contact
the tabs of batteries. In this study, an NFDPI experimental system is set up, and the effects
of coolant flow rate, discharge rate, and inlet—outlet configuration on thermal management
performance are investigated. Since direct observation of the immersion tank’s internal
flow is challenging, numerical simulations are conducted to resolve the flow field under
various operating conditions. The experimental and simulated results reveal that NFDPI
cooling effectively limits the module’s maximum temperature, and the module’s maximum
temperature spread is mainly attributed to the cell’s vertical temperature gradient. These
findings offer guidance for the practical deployment of water-based NFDPI lithium-ion
battery energy storage systems.

Keywords: lithium-ion battery energy storage; immersion cooling; thermal management;
water cooling; near full depth partial immersion

1. Introduction

The lithium-ion battery (LIB) is gradually growing to be a primary energy storage
technology due to its high energy density, long service life, low memory effect, etc. [1].
In China, by the end of 2023, electrochemical energy storage had achieved a cumulative
installed capacity of 31.39 GW/66.87 GWh for operational new energy storage projects.
Among these, lithium-ion battery storage overwhelmingly dominates, accounting for 97.4%
of the total capacity.

The performance and safety of LIBs are significantly influenced by temperature,
making thermal management a critical factor in ensuring battery safety [2—4]. The ideal
operating temperature range for LIBs is typically 25-40 °C. Within this window, LIB’s
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electrothermal performance, cycle life, and safety are optimized, ensuring the entire sys-
tem operates both safely and efficiently. Without effective thermal management, the heat
generated within the cell cannot be dissipated promptly. The ensuing temperature rise
accelerates degradation and thickening of the SEI layer, elevates internal resistance, intensi-
fies polarization, and promotes lithium dendrite formation and parasitic reactions, thereby
reducing energy-conversion efficiency. In severe cases, these processes can precipitate
thermal runaway.

Common thermal management methods for LIBs include air cooling [5,6], liquid
cooling [7-11], phase change material (PCM) cooling [12-16], and heat pipe cooling [17-20].
Air cooling is categorized into natural convection cooling and forced convection cooling,
while liquid cooling is divided into indirect cooling and immersion cooling. Forced air
cooling effectively lowers the battery module’s temperature. Its overall performance is
governed by multiple factors, including the length and cross-sectional area of the airflow
path, the cooling air temperature, and the airflow velocity [21]. The indirect liquid cooling
system has already been integrated into commercial electric vehicles and energy storage
systems owing to its superior heat-transfer efficiency and compact design. The thermal
performance can be optimized via liquid channel configuration design and/or tailoring
the heat-transfer fluid’s properties [22]. PCM-based battery thermal management systems,
as a passive cooling strategy, feature low operating costs and commendable temperature
uniformity. The primary approach to enhance the heat-transfer performance of PCM is
to add high thermal conductivity metals, metal oxides, and expanded graphite [23]. Heat
pipe cooling is receiving increasing attention in battery thermal management owing to its
superconductive heat-transfer capacity, robustness, minimal maintenance, and longevity.
However, most current studies focus on cell- and module-level, whereas large-scale heat
pipe thermal management receives far less attention [17].

Immersion cooling has recently emerged as a novel technique for thermal management
of LIBs [24-27]. Depending on whether the coolant undergoes a phase change, it can be
classified as single-phase or two-phase. In single-phase systems, the heat generated by
the battery is primarily dissipated through convective heat transfer between the coolant
and the battery surface. In two-phase systems, enhanced cooling performance derives
from the latent heat of evaporation during liquid—vapor phase transitions, coupled with
the subsequent two-phase turbulent flow. Due to the phase change, two-phase systems
present additional system complexity. The heat removal capabilities of single-phase im-
mersion cooling can be up to two orders of magnitude greater than air cooling, while
two-phase immersion cooling has the potential to achieve three orders of magnitude higher
efficiency [28].

Some researchers have investigated methods to enhance immersion cooling perfor-
mance. Shi et al. [29] put forward a single-phase spray-enhanced immersion cooling method
to optimize the flow field and enhance thermal characteristics in BTMS, substantially im-
proving the thermal uniformity and cooling efficiency of battery modules by optimizing
spray parameters (nozzle diameter and angle). Bao et al. [30] proposed a multi-mode
composite immersion cooling method that combines static and dynamic immersion cooling.
Compared to static and dynamic immersion cooling, this composite method significantly
reduces both the maximum temperature and the maximum temperature difference of the
battery module, while its cooling performance is less influenced by the coolant flow rate.
Zhong et al. [31] proposed an innovative guided sequential immersion cooling (GSIC)
system, which improves the overall temperature uniformity of the battery module by prior-
itizing cooling in high thermal risk areas, such as the battery tab region, through controlled
coolant flow sequencing. Wei et al. [32] designed an immersion cooling scheme where
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cylindrical batteries mimic cells, and cooling channels resemble blood vessels, inspired
by the bionic concept of cell cooling in biological tissues. They investigated the effects of
inlet diameter, branch angles, flow rate, and spiral baffles on coolant flow uniformity and
temperature distribution within the battery pack.

Under single-phase immersion cooling conditions, the maximum temperature and
maximum temperature difference of battery modules are negatively correlated with the
coolant’s thermal conductivity and positively correlated with its viscosity [29]. Conse-
quently, to achieve optimal temperature control, a coolant with higher thermal conductivity
and lower viscosity should be selected. In full-depth immersion cooling, a dielectric
coolant is essential to prevent short circuits. Currently, commonly used dielectric fluids
for lithium-ion battery immersion cooling include fluorinated liquids, esters, mineral oil,
silicone oil, etc. The key properties of fluorinated liquids are incombustibility, chemical
inertness, and electrical insulation properties, which makes them promising for thermal
management in LIBs. Nevertheless, the high cost and volatility restrict the large-scale
application of fluorinated liquids as immersion coolants. Esters, mineral oil, and silicone
oil are widely employed in electrical applications (such as transformers) for effective heat
dissipation. They exhibit higher thermal conductivity than fluorinated liquids but also
possess a markedly higher viscosity. At the same time, esters and oils are flammable, and in
the event of thermal runaway, they can further propagate fires, leading to greater hazards.

Given the limitations of fluorinated liquids, esters, and oil-based coolants, alternative
liquids can be considered. Water, the most common liquid, is typically excluded as an
immersion coolant for LIBs due to its lack of dielectric properties. However, compared to
traditional immersion coolants, water offers higher thermal conductivity, greater specific
heat capacity, and lower viscosity. From a purely thermophysical perspective, water exhibits
superior coolant properties. Partially immersing the battery in water while preventing
direct contact between water and the battery’s conductive components is an effective
measure to avoid short circuits.

In this study, thermal management of LIB modules is achieved using a water-based
NFDPI strategy. In NFDPI cooling, the liquid level (immersion depth) is controlled to
prevent the coolant from contacting the battery tabs. To elucidate how hydraulic and
structural parameters influence NFDPI thermal performance, an NFDPI experimental
system is constructed. Experiments systematically examine the effects of coolant volumetric
flow rate, module discharge rate, and inlet-outlet configuration on the module’s maximum
temperature and maximum temperature difference. Complementary numerical simulations
are performed to resolve the coolant flow fields. This work provides new design insights
and optimization pathways for employing water as a partial immersion coolant in the
thermal management of LIB energy storage systems.

2. Experiment Investigation
2.1. Experimental System

Figure 1a illustrates the NFDPI thermal-management experimental diagram, which
uses water as the immersion coolant. The experiment system comprises an immersion tank,
a battery module, and thermocouples, and it is externally connected to data acquisition
devices and LIB charge—discharge instruments. The battery module consists of five 24 Ah
prismatic batteries connected in series (5s1p).
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Figure 1. Experimental system of NFDPI cooling: (a) experimental diagram, (b) the coolant immer-
sion depth, inter-cell intervals, and temperature testing point distribution.

The immersion tank is fabricated from polymethyl methacrylate (PMMA) with 10 mm
wall thickness. Its internal dimensions are 195 x 90 x 128.5 mm. The tank is fitted with
a 5 mm thick lid whose surface contains five rectangular apertures sized to the cell cross-
sections, which position and constrain the battery module. The front and rear faces each
incorporate five M10 threaded ports that function as coolant inlets and outlets. The ports
are aligned with the cell centerlines. Figure 1b illustrates the coolant immersion depth,
inter-cell intervals, and temperature testing point distribution of the immersion cooling
unit. The five batteries are arranged at equal intervals with a spacing of 10 mm. In this
experiment, the coolant circulates within a sealed immersion cooling loop and contacts
air only at the top of the tank. By Bernoulli’s principle, the coolant liquid level can be
maintained flush with the upper edges of the inlet and outlet ports above the tank, since all
other flow passages remain sealed. On this basis, the coolant level was stably maintained
5 mm below the cells” upper edge.

A variable-speed brushless DC pump (HY-521, Huyue Technologies Co., Ltd., Linyi,
China) is employed to drive the coolant flow. An electronic turbine flow meter (K24, AWT
Technologies Co., Ltd.) is installed near the inlet of the immersion tank to measure
the coolant’s inlet flow rate. A differential pressure transmitter (DP1300-DP4E22M4B1,
Guangzhou Senex Instrument Ltd., Guangzhou, China) is used to measure the pressure
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difference between the inlet and outlet of the immersion tank, serving as an indicator of
the coolant’s flow resistance.

2.2. Battery and Coolant

In the experiment, 24 Ah prismatic batteries (LP2770134, Lishen Ltd., Tianjin, China)
were selected as the research subjects, with their specifications listed in Table 1. The battery
has a nominal voltage of 3.2 V, an operating voltage range of 2.5 V to 3.65 V, a maximum
continuous charging current of 24 A, and a maximum continuous discharging current of
48 A. Prior to the experiment, single batteries were screened using the Hybrid Pulse Power
Characterization (HPPC) method [33] to ensure similar internal resistance values among
the selected batteries. The battery parameters are listed in Table 1.

Table 1. Specification of prismatic batteries.

Specifications Parameter
Anode/cathode LiFePOy/Graphite
Nominal capacity 24 Ah (Minimum 23.5 Ah)
Nominal voltage 32V
Operating voltage range 25V-3.65V
Maximum charge/discharge rate 1 C/2 C (continuous)
Internal resistance <6 m()
Dimensions 70 mm x 27 mm X 133.5 mm
Weight 513+8g

The deionized water (DI water) produced by an ultrapure-water system (CJ-CS-K03,
Dongguan Sibaikang Environmental Protection Technology Co., Ltd., Dongguan, China)
was used as the immersion coolant. The relevant thermophysical properties and price of
DI water at normal temperature (25 °C) are listed in Table 2.

Table 2. The thermophysical parameters (at 25 °C) of deionized water.

Specifications Parameter
Density (kg/m?) 997
Conductivity (W/m-K) 0.609
Specific heat (J /kg-K) 4179
Visc:osity(m2 /s) 9.1 x 1077
Boiling point (°C) 100
Price (CNY/kg) 1.5

2.3. Experimental Procedure

A constant current-constant voltage (CC-CV) charging procedure was employed for
the battery module. The charging rate is 0.5 C. The cutoff voltage of charging is 18 V
for the 5s1p module, with a cutoff current of 2.4 A (0.1 C). Discharging was conducted
under a constant current (CC) protocol, with discharge rate settings at 0.5 C,1C, 1.5C,
and 2 C. The cutoff voltage of discharging is 12.5 V for the 5s1p module. Between charge—
discharge cycles, the module rested for 1 h to return to its initial temperature and allow
electrochemical stabilization. Because heat generation during charging is lower than during
discharging, this study focuses on thermal-management performance during discharge.
The charge—discharge curves at various C-rates are shown in Figure 2. In all experiments,
both the initial cell temperature and the ambient temperature were set to 25 °C.
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Figure 2. The charge-discharge curves at various C-rates: (a) 0.5 C discharge and 0.5 C charge,

(b) 1 C discharge and 0.5 C charge, (c) 1.5 C discharge and 0.5 C charge, and (d) 2 C discharge and
0.5 C charge.

2.4. Uncertainty Analysis

Type A uncertainty (1) can be measured repeatedly [34]. The up was calculated
by Equation (1). Here, n is the number of repeated measurements, and x; and x are the
individual and mean measured values. Type B uncertainty (up) is used to assess parameters
based on the inherent data uncertainty of the experimental instruments, typically derived
from specifications provided in the instrument’s manual [35], which can be calculated by
Equation (2). And « is the measurement error of the equipment. Type C uncertainty (uc)

is obtained by combining the Type A and Type B uncertainties, which can be calculated
according to Equation (3).

Up = \/11(111_1)2?_1(%‘ - E)Z 1

o
=7 @

uc = /uf +u3 3)

The primary measured parameters in this experiment include temperature, volumetric
flow rate, current, and voltage. Temperature is measured using K-type thermocouples,
volumetric flow rate is measured with a flowmeter, and current and voltage are recorded
by the battery measurement system of the charge/discharge equipment. The uncertainties
associated with these parameters are listed in Table 3.
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Table 3. Equipment uncertainty and accuracy of the parameters.

Parameters up ug uc
Temperature 0.089 °C 0.168 °C 0.190 °C
Volumetric flow rate - 0.5% 0.5%
Current - 0.05% 0.05%
Voltage - 0.05% 0.05%

3. Numerical Model

Direct observation of immersion coolant flow within the immersion tank is challenging.
Accordingly, numerical simulations were performed to resolve the flow field under the
tested conditions, and the results were integrated with experiments to analyze the thermal-
management performance of NFDPIL.

3.1. Description of the Module

Figure 3 shows the physical model of the immersion unit. The physical model matches
the dimensions of the NFDPI cooling unit used in the experiments. The model includes
both the fluid domain (coolant) and the solid domain (battery).

Figure 3. Physical model of the immersion unit.

3.2. Governing Equations

The fluid enters the cooling system through the inlet and subsequently flows through
the established fluid channel. The governing equations, including the continuity equation
(Equation (4)) and the momentum conservation equation (Equation (5)) to determine the
flow field of the cooling fluid, are presented as follows [36]:

Continuity equation:

V. (Z) -0 @
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Momentum conservation equation:
d
= (pj) + v(pcﬁ)ﬁ = —Vp+ V2 )

where p¢, yc, and 1 are the density, viscosity, and velocity of the coolant, respectively.
The Reynolds number is a dimensionless quantity that describes the ratio of inertial
forces to viscous forces within a fluid and is estimated by Equation (6):

v
M

Re (6)

Here, V is the volumetric flow rate of coolant; L denotes the characteristic length
of the coolant flow channel, which is regarded as the liquid level; and p represents the
dynamic viscosity of the coolant. The Reynolds number under the investigated conditions
ranges from 73.77 to 442.64. Accordingly, a laminar-flow model was employed for the
numerical simulations.

3.3. Boundary Conditions and Initial Conditions

All inlets were assigned a specified velocity boundary condition, with the velocity
vector oriented normal to the boundary surface. Under different operating conditions,
the volume flow rates of the immersion coolant at the inlets were set to 250 mL/min,
500 mL/min, 1000 mL/min, and 1500 mL/min, respectively, with equal mass flow rates
distributed among all inlets. At the outlets, a pressure boundary condition was applied,
with the gauge pressure set to 0 Pa.

3.4. Numerical Strategy

The numerical model for the immersion cooling system was developed within the
framework of the commercial Computational Fluid Dynamics (CFD) solver, Fluent® (An-
sys Ltd., Canonsburg, PA, USA). This solver utilizes the finite volume method for spa-
tial discretization. For the advective terms, a second-order upwind differencing scheme
was employed.

Figure 4 shows the computational mesh of the model. The computational mesh is
composed of hexahedral elements. To ensure sufficient resolution, local mesh refinement
was applied in regions near walls and at the inlet/outlet boundaries. A grid independence
study was conducted to assess the sensitivity of the simulation results to the mesh density.
The verification process is illustrated using an example with a flow rate of 1500 mL/min.
This example employs a top-in/bottom-out configuration, featuring a single, centrally
located inlet and outlet. Four different meshes are applied to discretize the model, and
the cross-sectional average velocities of the fluid are presented in Table 4. The results
indicate that a grid size of 4.5 x 10° is appropriate, as further increases in grid size result in
negligible improvements in the results.

Table 4. Grid independence verification.

Case Number of Grids Cross-Sectional Average
(Million) Velocity (m/s)
1 0.3 2.60 x 1073
2 0.4 2.66 x 1073
3 0.45 2.69 x 1073
4 0.55 2.70 x 1073
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Figure 4. Computational mesh of the model.

4. Results and Discussion

The experimental and numerical results of the battery module’s thermal management
performance are discussed in this section. The module’s maximum temperature (T'max) and
the maximum temperature difference within the module (ATmax) are defined as follows:

Tinax = max{T;_15} (7)

ATmax = max{T1,15} — min{T1,15} (8)

Under NFDPI immersion cooling, intra-cell temperature nonuniformity must be con-
sidered. Because the cell’s upper region carries a higher current density and is partially
immersed, its temperature exceeds that of the lower region. The maximum vertical temper-
ature difference within a single cell is calculated as follows:

ATy pax = maX{Tgnfz - T3n} (9)
where 7 is the cell number (n =1, 2, 3, 4, 5).

4.1. Air Natural Convection Cooling

Air natural convection was first evaluated as the baseline condition. The 5s1p battery
module was placed in an empty immersion tank without liquid coolant, relying solely on
ambient air for heat removal. Under 1 C discharge, Figure 5a shows the evolution of each
cell’s surface temperature, and Figure 5b shows the module’s Tax and ATmax.
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Figure 5. Thermal management performance under natural convection cooling: (a) the temperature
variation of the cells; (b) Tmax and ATmax.

During discharge, the average maximum temperature across the five cells reaches
42.33 °C, an increase of 17.16 °C from the initial state. As shown in Figure 5b, the module’s
T'max is 43.97 °C, and ATmax is 3.43 °C. Because air natural convection provides limited
cooling capacity, each cell’s T'max exceeds 40 °C, surpassing commonly recommended limits
for long-term LIB operation. The module’s ATmay rises rapidly after the onset of discharge
and then fluctuates around a steady value. The temperature nonuniformity arises primarily
from (i) intrinsic cell-to-cell variations and (ii) nonuniform heat-dissipation conditions.
Therefore, air natural convection alone is inadequate for thermal management at high
discharge rates and cannot ensure module safety or reliability.

4.2. Static Partial Immersion Cooling

For comparison, a static immersion cooling test was performed as an additional base-
line. Under static immersion (no forced flow), Figure 6a shows the cell-level temperature
variation, and Figure 6b shows the module’s Tmax and ATmax. During discharge, the
average maximum temperature across the five cells reaches 32.17 °C, an increase of 7.16
°C from the initial state. As shown in Figure 5a, the module’s Tay is 33.07 °C, and AT max
is 2.10 °C. Relative to natural convection, both the peak temperature and intra-module
temperature nonuniformity are markedly lower.
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Figure 6. Thermal management performance under static immersion cooling: (a) the temperature
variation of the cells; (b) Tmax and ATmax.

Because static immersion cooling relies primarily on thermal conduction and natural
convection, the temporal evolution of the cell temperature under static immersion closely
resembles that under air natural convection. The key difference is the presence of a liquid
coolant that wets most of the cell—only a small, unsubmerged region remains air-cooled—
while the liquid’s higher thermal conductivity and heat capacity markedly reduce overall
temperatures. Direct liquid-solid contact also promotes more uniform heat transfer to the
surrounding fluid, mitigating local hot spots. Overall, static immersion cooling outperforms
natural air convection by lowering the average temperature and improving module-level
thermal uniformity.

4.3. Effect of the Coolant Flow Rate

In LIBs” immersion cooling systems, the coolant flow rate is a primary determinant of
heat-transfer performance. It controls the cell-surface convective heat-transfer coefficient
and overall cooling capacity, but it also dictates the circulation loop’s energy consumption.
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A systematic investigation of flow-rate effects, therefore, can clarify the thermal response
across cooling and support selection of an operating condition that balances thermal
performance and energy efficiency.

In this subsection, flow rates of 250, 500, 1000, and 1500 mL /min were tested under a
top-in/bottom-out configuration with a single, centrally located inlet and outlet. The initial
temperatures of both the cells and the coolant were maintained at 25.0 &= 0.2 °C. The chiller
setpoint supplying the coolant was held constant across tests.

Figure 7 presents the 1 C discharge response at 250 mL-min~!. The five cell tempera-
tures exhibit a rapid-gradual-slight re-acceleration rising pattern. Early in the discharge,
temperature climbs quickly because ohmic heating dominates while the coolant—cell tem-
perature difference is small, limiting convection. During the mid-stage, the fluid convection
is strong, and the temperature rise moderates. Near end-of-discharge, as the open-circuit
voltage falls and internal resistance increases, polarization losses raise heat generation,
producing a renewed temperature upturn. At cutoff, the average peak cell temperature is
28.08 °C; the module Ty is 29.35 °C, and the AT max is 2.35 °C. Compared with natural
convection and static immersion, the lower Trmayx reflects the enhanced cooling capacity of
pump-driven forced convection. The temperature nonuniformity is smaller than under
natural convection but larger than under static immersion, attributable to flow maldistri-
bution around individual cells. During discharge, the coolant inlet temperature remains
essentially constant, whereas the outlet temperature rises in step with the cell temperatures.
The outlet temperature reaches a maximum of 26.53 °C.

Subsequently, higher flow rates were tested to assess the NFDPI system’s cooling
performance. Figures 8-10 show the module temperature evolution during 1 C discharge
at 500, 1000, and 1500 mL/min, respectively. Meanwhile, the Trmax and AT max of the battery
module during the whole discharge across flow rates are listed in Table 5. Increasing
flow slightly reduces the module-average temperature and the Trmax due to enhancing the
cell-coolant convective heat transfer. In addition, because water has a high heat capacity,
its temperature rise is limited; for similar inlet temperatures, a higher flow shortens the
residence time in the immersion tank and further reduces the outlet temperature.

The module’s ATmax decreases with increasing flow rate, which is contrary to the
common expectation. Usually, for a fixed-geometry battery module, increasing the coolant
flow rate exacerbates flow maldistribution around the cells and, as a result, increases
the ATmax. In water-based NFDPI cooling, however, ATmax arises from multiple sources:
(i) intrinsic cell-to-cell variation, (ii) flow maldistribution, and (iii) vertical temperature
gradients within individual cells caused by height-dependent heat removal. As the cells
were pre-screened for comparable internal resistance, intrinsic variation is unlikely to be
the dominant contributor.

Because direct visualization of the in-tank flow field is challenging, numerical simula-
tions were conducted across the tested flow rates; the resulting flow fields are shown in
Figure 11. The coolant enters through the inlet and impinges directly on Cell 3, then splits
laterally. Peak velocities occur near the lower outer regions of Cells 1 and 5, whereas the
channels adjacent to Cell 2 and between Cells 3 and 4 exhibit weaker throughflow. Both
side channels next to Cell 3 carry throughflow, but their fractional share of the total flow
decreases slightly as the bulk flow rate increases. Overall, increasing the flow rate does not
substantially alter the in-tank flow topology or the degree of inter-cell flow maldistribution.
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Figure 7. Thermal management performance at 250 mL/min flow rate: (a) the temperature variation
of the cells; (b) Tmax and ATmax; (c) inlet and outlet temperature.
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Table 5. Overall Trax, ATmax, and ATy_max across flow rates.

Flow Rate
(mL /min) Tmax O ATmax O ATv-max O
250 29.35 2.35 2.13
500 28.73 191 1.86
1000 27.70 1.46 1.17
1500 27.67 1.34 1.11
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Figure 11. Flow distribution in the immersion tank at different coolant flow rates: (a) 250 mL/min,
(b) 500 mL/min, (c) 1000 mL/min, and (d) 1500 mL/min.

Under NFDPI immersion cooling, heat is removed from each cell by two mechanisms:
natural convection over the unsubmerged region and forced convection between the liquid
coolant and the immersed surfaces, the latter being markedly more effective. Because
current density is nonuniform—especially near the tabs—the upper half experiences greater
ohmic/polarization heating than the lower half, producing a hotter top and cooler bottom
during discharge. Table 5 also summarizes the maximum vertical intra-cell temperature
difference (ATy-max) and the module-level ATp,ax for each flow rate. Across flow rates,
the vertical ATy.max is only slightly smaller than AT max, indicating that intra-cell vertical
gradients dominate the module’s temperature nonuniformity. As the flow rate increases,
stronger forced convection—particularly on the inlet side—reduces the temperature of the
cell’s upper region, thereby decreasing the AT max and ATy_max.

A differential-pressure transmitter measured the pressure drop across the system
(between the main inlet and outlet) at each flow rate; the results are summarized in Table 6.
Because pressure drop—and thus pump power consumption—increases markedly with
flow rate, the selected flow should balance thermal performance against system-level
energy consumption.

Table 6. Pressure drop between the main inlet and outlet at different flow rates.

Flow Rate (mL/min) Pressure Drop (Pa)
250 15.8
500 289.0
1000 831.8
1500 1499.3

4.4. Effect of the Discharge Rate

Under NFDPI immersion cooling, higher discharge rates increase heat generation and
exacerbate intra-cell vertical temperature gradients, thereby increasing the module-level
ATmax. Assessing NFDPI across discharge rates therefore delineates suitable operating
conditions and optimization. Discharge rates of 0.5, 1.0, 1.5, and 2.0 C were examined
under identical hydraulic conditions (500 mL/min; top-central inlet, bottom-central outlet)
to quantify variations in cooling effectiveness.
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Figure 12 presents the temperature evolution under NFDPI cooling at 0.5 C discharge.
The mean cell temperature increases only gradually during discharge; at cutoff, it is
26.07 °C, while the module’s peak temperature and maximum spread are 26.35 °C and 0.56
°C, respectively. Hence, at 0.5 C, NFDPI provides strong thermal control, maintaining both
the Tmax and ATax at low levels.
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Figure 12. Thermal management performance at 0.5 C discharge rate: (a) the temperature variation
of the cells; (b) Tmax and ATmax; (c) inlet and outlet temperature.

Figure 12 presents the temperature evolution under NFDPI immersion cooling during
0.5 C discharge. The surface cell temperature rose gradually; at cutoff, it is 26.07 °C,
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whereas the module’s Tmax and ATmax are 26.35 °C and 0.56 °C, respectively. NFDPI
cooling provides effective thermal control, maintaining low Tmax and ATmax at 0.5 C.

Figure 13 presents the temperature evolution under NFDPI immersion cooling during
1.5 C discharge. At the end of discharge, the average cell temperature is 29.50 °C; the
module’s Tmax is 31.94 °C, and the ATmax is 4.06 °C. Thus, at 1.5 C, NFDPI maintains
effective temperature control; however, both AT, and the cell-level peak temperature
increase markedly relative to 0.5 and 1.0 C.
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Figure 13. Thermal management performance at 1.5 C discharge rate: (a) the temperature variation
of the cells; (b) Tmax and ATmax; (c) inlet and outlet temperature.
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Figure 14 presents the temperature evolution under NFDPI immersion cooling during
2.0 C discharge. At cutoff, the average cell temperature is 31.68 °C; the module’s Tmax
is 36.75 °C, and the ATmay is 8.01 °C. Although absolute temperatures remain moderate,
AT max exceeds 5 °C, indicating that this NFDPI configuration does not meet thermal-
management requirements at 2.0 C. Table 7 presents the module’s Timax, ATmax, and ATy-max
across different discharge rates. With increasing discharge rate, Tmax, ATmax, and ATy-max
rise markedly, though T,y remains below 40 °C. When the discharge rate is no more than
1.5 C, AT max stays within 5 °C, meeting LIBs’ thermal-management requirements. When the
discharge is up to 2 C, both AT ax and ATy.max exceed acceptable limits. Sustaining NFDPI
at higher discharge rates would require further optimization of the flow configuration to
reduce the temperature of the cell’s upper region.
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Figure 14. Thermal management performance at 2 C discharge rate: (a) the temperature variation of
the cells; (b) Trmax and AT may; (c) inlet and outlet temperature.
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Table 7. Overall Tmax, ATmax, and ATy.max across discharge rates.

Discharge Rate Tmax (°C) ATmax (°C) ATy-max (°C)
0.5 26.35 0.56 0.44
1 28.73 1.91 1.86
1.5 31.94 4.06 3.82
2 36.75 8.01 7.97

Under typical operating conditions, heat generation in an LIB arises mainly from two
contributions: (i) irreversible (ohmic/Joule) heating associated with internal resistance and
(ii) reversible entropic heat from electrochemical reactions. Assuming spatially uniform
volumetric heat generation, Bernardi et al. [37] analyzed these mechanisms and derived a
theoretical expression for the cell heat-generation rate:

Qcell = —ITEI# +I(0OCV —U) (10)

Here, —IT(dU/dT) represents the reversible heat associated with the entropy change
of the electrochemical reaction, while I(OCV—U) denotes the irreversible heat arising
from ohmic and polarization losses. I is the current (positive for charging, negative for
discharging); OCV is the open-circuit voltage; T is the absolute temperature; U is the
operating voltage; and dU/dT is the entropy coefficient.

According to the Bernardi energy-balance relation, increasing the discharge rate raises
irreversible (ohmic/polarization) heating rapidly, thereby increasing the cell-surface heat
flux g. Under the present conditions, the flow in the immersion tank remains largely
laminar, so the local convective heat-transfer coefficient /1 increases only modestly. Thus,
characteristic temperature gradients scale approximately with q/h. Moreover, the NFDPI
configuration is vertically asymmetric: the immersed lower region experiences liquid-
solid forced convection, whereas the unsubmerged upper region relies solely on natural
air convection. At higher discharge rates, the upper region cannot reject the additional
heat promptly, amplifying the cell’s longitudinal temperature gradient. Meanwhile, Joule
heating near the tabs is often above the liquid surface, which means this part of heat is
less effectively removed by air natural convection. Consequently, in water-based NFDPI,
absolute temperatures remain moderate at elevated discharge rates, but the module ATmax
increases substantially relative to lower discharge rates.

4.5. Effect of the Inlet and Outlet Configuration

In water-based NFDPI cooling, the inlet-outlet configuration affects the coolant flow
and heat transfer within the immersion unit, thereby governing both the Tmax and the
ATmax. Only a single-inlet/single-outlet, top-in/bottom-out configuration was considered
in the preceding analysis. This subsection evaluates alternative inlet-outlet configurations.

4.5.1. Effect of the Position of Inlet and Outlet

Figure 15 presents the temperature evolution and flow-field distribution for the bottom-
in/top-out configuration. Compared with the top-in/bottom-out arrangement, the mean
cell temperature and the module’s ATy are lower—27.33 °C and 28.58 °C, respectively—
while the AT max is higher at 2.19 °C. Zhong et al. [31] observed that natural convection
should not be ignored, even with pump-driven forced convection, especially at low flow
rates. Under the present conditions, dimensionless numbers can be used to judge whether
buoyancy effects may be neglected.
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Figure 15. Thermal management performance with a bottom-in/top-out configuration: (a) the
temperature variation of the cells; (b) Tmax and ATmax; (¢) inlet and outlet temperature; (d) flow-
field distribution.

Figure 15 presents the temperature evolution and the flow field for the bottom-in/top-
out configuration. At the end of discharge, the average cell temperature and the mod-
ule’s Tmax are 27.33 °C and 28.58 °C, respectively, which are lower than those of the
top-in/bottom-out arrangement. The AT may is 2.19 °C, which is higher than that of the
top-in/bottom-out arrangement. Zhong et al. [31] observed that natural convection remains
non-negligible, even with pump-driven forced convection, particularly at low flow rates.

To quantify the relative strength of buoyancy and viscous resistance in a fluid, the
Grashof number (Gr) is a dimensionless number in fluid dynamics and heat transfer,
representing the ratio of buoyancy forces to viscous forces in a fluid. It is used to quantify
the intensity of natural convection and is calculated by Equation (11):

B gIB (Tbattery - Twater) 13

Gr
2

(11)

where g is the represents the acceleration of gravity, 9.8 m/s?; § is the thermal expansion
coefficient of the coolant; Tbﬂtmy is the average temperature of the battery module; Tyater
is the temperature of coolant; v is the kinematic viscosity of the coolant; and !/ is the
characteristic length, which is regarded as the coolant’s immersion depth.

To characterize the relative strength of buoyancy and inertial forces in mixed convec-
tion, the Archimedes number (Ar) can evaluate the characteristics of mixed convection.
The Ar is calculated by Equation (12):

Gr
Ar = R (12)

When Ar < 0.01, the influence of natural convection can be neglected; when
0.01 < Ar < 0.1, the influence of natural convection is weak; when 0.1 < Ar < 10, natu-
ral convection and forced convection act together [38]. Based on the calculations, the
stabilized Archimedes number (Ar) falls between 0.14 and 0.24, indicating mixed convec-
tion in which forced and natural convection coexist. With the bottom-in/top-out layout,
the lower region remains cooler while the upper region becomes warmer along the flow
path. Buoyancy therefore reinforces the pump-driven upward flow, enhancing heat transfer
and yielding lower module-average and peak temperatures than the top-in/bottom-out
scheme. However, the cells are cooler at the bottom and hotter at the top, and the coolant
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exhibits the same vertical stratification. Consequently, the intra-cell vertical temperature
gradient steepens, increasing the ATmax. The increase in AT max is driven predominantly
by the strengthened vertical gradient in the unsubmerged upper region, compounded by
inter-cell flow maldistribution.

Figure 16 presents the temperature evolution and flow field for the upper-right
inlet/lower-left outlet configuration. Under this arrangement, at the end of discharging,
the average cell temperature and the module’s Trmax are 27.60 °C and 28.98 °C, respectively,
while the AT max is 2.10 °C. Relative to the top-in/bottom-out layout, the hydraulic path is
longer, and in addition to the primary downward stream, a right-to-left crossflow develops.
The simulated flow field exhibits stagnation zones. The right-to-left crossflow traps heat in
that direction, leading to lateral accumulation. Consequently, ATyax remains comparatively
large. The extended hydraulic path also increases the pressure drop. Simulations further
reveal that under this inlet—outlet configuration, flow is highly maldistributed across the
module. Coolant circulation is markedly weaker around cells farther from the inlet.
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Figure 16. Thermal management performance with a top-right-in/bottom-left-out configuration:
(a) the temperature variation of the cells; (b) Tmax and ATmay; (c) inlet and outlet temperature;
(d) flow-field distribution.

4.5.2. Effect of the Number of Inlets

The effect of increasing the number of inlets on NFDPI immersion cooling was exam-
ined, considering three and five inlets (Figures 17 and 18). With three inlets, the module’s
Tmax 15 29.34 °C, and the ATmay is 2.48 °C; with five inlets, the corresponding values are
29.22 °C and 2.39 °C. Table 8 lists Trax, ATmax, and ATy_max across the inlet number. Com-
pared with the single-inlet case, dividing the total flow among multiple inlets slightly
increases both the Trmax and AT max. Table 8 also shows that a larger vertical temperature
gradient coincides with a higher ATnax. In simulations under identical total flow rate,
inlet temperature, and operating conditions, increasing the number of top inlets from
three to five improves flow-distribution uniformity. Distributing the injected momentum
among more entry points produces multi-point feeding at the top, which breaks the pri-
mary circulation into several smaller eddies and reduces low-velocity and recirculation
zones. Increasing the number of inlets improves coolant circulation around the cell upper
regions, with the effect most pronounced in the three central cells. However, dividing the
fixed total volumetric flow among additional inlets reduces the per-inlet flow rate and jet
momentum, so the overall cooling performance shows only marginal improvement over
the three-inlet configuration.
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Figure 17. Thermal management performance with inlet number 3: (a) the temperature variation of
the cells; (b) Tmax and ATmax; (c) inlet and outlet temperature; (d) flow-field distribution.
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Figure 18. Thermal management performance with inlet number 5: (a) the temperature variation of
the cells; (b) Tmax and ATmax; (c) inlet and outlet temperature; (d) flow-field distribution.

Table 8. Overall Tiax, ATmax, and ATy_max across inlet number.

Inlet Number Tmax (OC) ATmax (OC) ATv-max (OC)
1 28.73 191 1.86
3 29.34 2.48 2.24
5 29.22 2.39 231

Flow resistance depends on the inlet-outlet configuration. Table 9 summarizes the
total pressure drop between the main inlet and outlet for each configuration. The bottom-
in/top-out layout yields a higher pressure drop than the top-in/bottom-out layout because
the flow ascends against gravity. Increasing the number of inlets increases the effective
flow area, reduces the mean velocity, and lowers the pressure drop.

Table 9. Pressure drop between the main inlet and outlet at different inlet and outlet configurations.

Inlet and Outlet Configurations Pressure Drop (Pa)
Bottom-in/top-out configuration 394.0
Top-right-in/bottom-left-out configuration 453.6
Inlet number is 3 185.3
Inlet number is 5 170.6
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4.6. FMEA of the NFDPI System

To comprehensively assess the reliability and safety of the proposed NFDPI cooling system,
a simplified Failure Modes and Effects Analysis (FMEA) was conducted. The analysis identifies
potential failure modes, causes, effects, and mitigation strategies across key components of the
system, including the battery module, DI water immersion coolant, and pump/flow circuit.

Table 10 summarizes the major failure modes and their associated Risk Priority Num-
bers (RPNs). The RPN can be calculated by Equation (13):

RPN =SxOxD (13)

where the S (Severity) is the failure consequence level; the O (Occurrence) is the possibility
of occurrence; and the D (Detection) denotes how easily a failure can be detected through
design or control measures before it occurs or leads to severe consequences. These three
parameters are rated on a 1-10 scale according to severity. The FMEA results indicate that
the most critical risks originate from battery failure and seal degradation, which exhibit
relatively high RPN values.

Table 10. Simplified FMEA for the NFDPI cooling system.

Component Failure Mode Possible Cause RPN=S xO xD
Battery Thermal runaway Ageing or short circuit 81=9x3x3
Immersion coolant Contamination Impurities 40=5x4x2
Pump and pipeline Pump failure or blockage Motor burnout, debris 48=8x3x2
Sealing system Seal degradation Seal wear, improper assembly 72=9 x4 x2

4.7. Comparison with Alternative Cooling Technologies

To further highlight the advantages of the proposed NFDPI cooling method, a qualitative
comparison with several representative thermal management approaches for LIB energy storage
systems is presented. Table 11 summarizes five common methods: forced air cooling, cold-plate
liquid cooling, full immersion (oil-based) cooling, full immersion (fluorinated liquid) cooling,
and the current NFDPI (water-based) cooling. Key evaluation criteria include system complexity,
thermal-management performance, energy consumption, estimated cost, and so on.

From the table, it can be seen that while forced air cooling offers the lowest cost and
simplest system, its thermal-management performance is limited. Cold-plate liquid cooling
improves performance but at increased complexity and cost. Full immersion using dielectric
oils or fluorinated liquids provides excellent thermal uniformity and low temperature rise,
yet suffers from high cost, potential flammability (for oils), and system complexity. In
contrast, the water-based NFDPI cooling system achieves a favorable performance, which
offers high cooling performance and temperature uniformity and lower cost and energy
penalty while maintaining moderate system complexity and cost.

Table 11. Comparison with alternative LIB thermal management technologies.

Thermal

Method Coolant System' Management Energy' Estimated Cost
Complexity Consumption
Performance
Forced Air Cooling Air Low Low Low Low
Cold-Plate Liquid Cooling Water /Glycol Moderate Moderate-high Moderate Moderate
Full Immersion (Oil-based) Dielectric oil Moderate-High High High Moderate-high
Full Immersion . A . . .
(Fluorinated liquid) Fluorinated liquid High High Moderate High
NEDPI '(Water—based, DI Water Moderate Very high Moderate Moderate
this study)
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This comparative analysis demonstrates that the proposed NFDPI cooling holds signif-
icant promise for large-scale LIB energy storage applications, offering a highly competitive
option in terms of both performance and practical deployment.

5. Conclusions

This study experimentally evaluated the thermal-management performance of NFDPI
immersion cooling, quantifying the effects of coolant flow rate, battery discharge rate,
and inlet-outlet configuration to inform practical implementation. The main findings are
summarized below.

(1) Water-based NFDPI immersion cooling outperforms both natural convection and
static immersion (no flow), yielding a lower module maximum temperature (Tmax)
and a smaller maximum temperature difference (AT max)-

(2) At 1 C, increasing the flow rate strengthens convection and reduces the module-
average temperature and the Trax at end-of-discharge. As the vertical temperature
gradient weakens with increasing flow and then saturates, the ATmax decreases
initially and then approaches a plateau. The vertical temperature difference with a
single cell is a primary contributor to AT max.

(3) As the C-rate increased, NFDPI maintained effective temperature control up to 2.0 C.
At 2.0 C, the module Tax was 36.75 °C, but the module-level AT yax reached 8.01 °C,
exceeding safe-operating limits. NFDPI exhibited robust thermal management perfor-
mance at and below 1.5 C.

(4) Inlet-outlet layout strongly shapes performance. Bottom-in/top-out yields a lower
peak temperature than top-in/bottom-out, but with a larger ATmax and higher inlet—
outlet pressure drops. Diagonal inlet—outlet arrangements increase both Tax and
ATmax and further raise the pressure drop. Increasing the number of inlets slightly
elevates peak and average temperatures while significantly reducing pressure drop.

These findings lay a foundation for designing safer, more efficient NFDPI immersion
cooling strategies for LIBs.
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Abstract: Rapid heating strategies are essential for the cold-start of lithium-ion batteries at
subzero temperatures to avoid severe performance losses. This study explores different
external and battery-powered heating strategies and evaluates the time required for 21700
lithium-ion battery modules to reach the minimum safe-operating temperature. Three
heating strategies were simulated: battery discharge, external heating, and combined
configurations at ambient temperatures of —20 to 0 °C with initial state of charges (SOCs)
of 20-80%. Results show that with discharge-only heating, the module heated up slowly
and was unable to completely discharge at —20 °C and 20% SOC. Yet when the external
surface-heating strategy was applied, the module was heated up 75-86% faster to reach
the safe-operating temperature, which allowed the module to discharge completely under
all conditions. Furthermore, in a combined configuration strategy where the external
surface-heating is applied while the module discharges, the module achieved an additional
7-21% faster temperature rise. Lastly, at —20 °C and 20% SOC, external heater energy
exceeded the module’s usable output, while at 0 °C and moderate SOC, heater demand
was only 2-3% of available battery capacity. Overall, findings show combining external
heating discharge enables a reliable cold-start for the battery modules studied.

Keywords: heat strategies; subzero operation; cold start; external heating; battery-powered
heating; thermal management

1. Introduction

Lithium-ion batteries (LIBs) are widely used in electric vehicles and extensively studied
in research [1]. However, they still face one of their most recognized challenges: reduced
performance at sub-zero temperatures [2], which may continue to limit broader electric
vehicle (EV) adoption in cold regions. Due to the electrochemical nature of lithium-ion
batteries, many of the operating mechanisms are temperature dependent [2]. The internal
resistance of the battery is affected by temperature, which in turn directly affects the
power output and heat generation of the battery during operation [2]. These effects
ultimately might compromise the driving performance of EVs under cold conditions [3]. In
extreme cases, cold conditions may even prevent vehicle start-up due to the rise in internal
resistance, which severely limits power sourcing [4]. In response to these challenges,
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Xu et al. [5] conclude that proper operation of battery modules and a flexible thermal
management system (TMS) are required to provide heating in cold conditions and cooling
in high temperatures.

Several strategies have been explored to address the challenge of heating lithium-
ion batteries under low-temperature conditions. Previous reviews [6,7] have categorized
heating strategies as either internal or external to the battery. Internal methods include
self-heating, which utilizes the cell’s own resistance during charge or discharge to generate
heat [8], and pulse heating [7]. On the other hand, external heating approaches can be
classified into air heating, liquid heating, phase changing material (PCM) heating, and
external device heating [7]. Examples of external heating devices include Peltier effect and
burner heating, electrical films, heat pipes, and heating plates [7]. Overall, the study [7]
has concluded that while heating is essential to restore available capacity by mitigating
impedance growth and support high-rate operation in cold environments, no existing
method fully satisfies the combined demands of efficiency, safety, cost, and uniformity.

Previous studies also compare the internal and external heating approaches, each with
distinct advantages and limitations for battery thermal management. Internal methods
generate heat through the battery’s own resistance and can provide better temperature
control, but they remain challenging to implement being still under fundamental study [7].
By contrast, external heating strategies are simple to apply and continue to dominate in
practice, [7] even though they require significant energy input and often suffer from ineffi-
cient heat transfer [9,10]. The prevalence of external heating methods in both research and
practical applications underscores their role as a primary focus in supporting battery TMS.

Currently, air- and liquid-based heating methods are the most widely adopted in com-
mercial EVs [7,9,10]. External heating is particularly common in recent models equipped
with NCM batteries [11], which are widely used for their high energy density [12]. For
example, several EV models released between 2020 and 2023 employed external heating
strategies that utilize liquid coolant to manage battery temperature [11].

Air heating functions by warming the air first and then channeling it across the battery
surface to facilitate heat transfer [13]. This approach has the lowest heating effectiveness
among external heating systems [14], but it is inexpensive [4], requires little equipment, is
dependable, and is quite safe [15,16]. On the other hand, liquid heating takes advantage of
its high thermal conductivity and high specific heat capacity of coolant, providing more
effective heating compared to air heating [17]. Liquid-based cooling could be classified
as direct or indirect depending on whether the coolant contacts the battery [18]. Direct-
contact systems immerse the battery in a dielectric fluid, while indirect-contact systems
use intermediate heat-conducting components such as cold plates [18]. Therefore, it is
slightly more complicated than air heating, and to avoid short circuits, equipment must be
properly sealed [4].

PCMs also offer a promising solution for passive thermal management in battery
systems because of their efficient temperature control, straightforward structure, and
avoidance of auxiliary components such as pumps and fans that require additional en-
ergy [19,20]. They have high latent heat, suitable working temperatures, recyclable nature,
and the capacity to maintain almost constant temperatures across phase transitions [21].
Furthermore, research has explored the use of PCMs for their potential to enable rapid
preheating through the Joule heating effect, although these systems often depend on an
external electrical source to generate the required heat, which may limit their practicality [9].

Another common method for achieving an efficient battery TMS is the combination
of fluid cooling and PCM. One example is the integrated system that incorporated forced
air cooling and a serpentine PCM plate was proposed by [22]. In terms of thermal control
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performance, the battery module with this hybrid TMS performed better than the air cooling
TMS, enabling the maximum temperature and temperature differential to be restricted
below 51.9 and 0.8 °C, respectively. A hybrid system combining PCM and liquid pipes was
proposed in [23], which also quantitatively examined the system’s power consumption
and heat removal effect while considering non-uniform battery heat generation. The
hybrid system limited the maximum temperature to 47.6 °C at 3C discharge with the aid of
liquid cooling [23].

Lastly, external heating devices are also used. For example, some EVs illustrate the
use of electrothermal plates and films for preheating its 24 kWh battery, which has about
100 km of range when operated at speeds of 90 km/h or lower [14,24].

Hybrid heating systems, which combine both external and internal methods, have also
been introduced. In a recent study [25], the long period needed for external preheating can
be efficiently shortened by combining direct-current (DC) discharge heating and external
heating, which decreases the preheating time by about 50% as compared to using external
heating alone [25].

In practice, major EV manufacturers implement these heating strategies through
distinct approaches to manage cold-start conditions. According to [26,27], some EV manu-
facturers utilize an integrated waste-heat recovery architecture together with an advanced
heat-pump and a multi-mode coolant-routing valve (“octovalve”) to route thermal energy
from the drivetrain, cabin, and battery as required, enabling fast pre-conditioning and
improved seasonal efficiency.

Refs. [28,29] summarized that predictive pre-conditioning strategies integrating navi-
gation data and scheduled charging are used to pre-heat both the battery and cabin while
the vehicle is plugged in. These approaches rely on vehicle control systems and BMS
logic to improve low-temperature charge acceptance without drawing traction energy
during trips.

In addition, several Chinese manufacturers favor modular dual-loop liquid-cooling
architectures with externally actuated coolant pre-heaters to rapidly warm modules and
maintain thermal uniformity [29,30].

A more conventional strategy is also adopted by some manufacturers: targeted resis-
tive (high-voltage) heaters and simpler coolant routing or small heat-pump integration
strike a balance between cost and performance. Peer-reviewed analyses indicate that while
these systems provide reliable preheating, they incur larger energy draw from the traction
system if used while unplugged [31,32].

Since existing heating strategies provide a solid foundation on heating at cell level,
the present work focuses on integrating them into a 21700 LIB (SAMSUNG SDI Co., Ltd.,
Yongin, Republic of Korea) module and evaluates how different strategies perform through
thermal system simulations under realistic boundary conditions and operating scenarios.
By replicating cold-start environments, the analysis explores how heater configurations
influence thermal response. The objective is to identify the configuration that improves cold-
start performance with rapid heating while minimizing overall energy consumption. The
results of this research contribute knowledge to the field of battery thermal management
by integrating module parameters with dynamic heating simulations showing how a
simulation-led approach, grounded in practical design considerations, can guide early-
stage heating strategy development.

2. Materials and Methods

The thermal system simulation model was developed in AVL CRUISE™ M 2024 R1
(AVL List GmbH, Graz, Austria) based on a battery module designed for a cargo van. The

138



Batteries 2025, 11, 425

module uses 21700 lithium-ion cells arranged in a 26p10s configuration. The electrothermal
properties of the cells were implemented in the simulation using a Batemo cell model
(BATEMO GmbH, Karlsruhe, Germany) of the Samsung INR21700-50G lithium-ion cell
(SAMSUNG SDI Co., Ltd., Yongin, Republic of Korea) integrated within AVL. CRUISE™ M.
While this model provides a representation of cell behavior, its applicability should be
interpreted within the context of the model itself. This consideration is supported by
findings in the literature showing that manufacturer data and in-house measurements
often differ, as performance depends on application-specific conditions and testing envi-
ronments [33]. Therefore, the results presented in this study should be interpreted as a
best-case scenario assuming ideal cell behavior. The module was composed of four side
walls, a bottom plate, and a top cover. The top cover had two layers: an exterior enclosure
layer and an interior aluminum layer representing the busbars. All enclosure components
were intended to be made from a thermoplastic characterized by low thermal conductivity
(~0.2 Wm ™K~ [34]) and electrical insulation; therefore, polypropylene was selected as
the representative material.

Non-critical features such as fasteners, detailed busbar geometry, and cell spacers
were neglected in the simulation as this study focuses on the dominant thermal interactions
between the cells and surrounding structure. With this simplification, the model disregards
the specific thermal conduction path provided by the busbars, which has been shown to
depend on their thickness and material [35]. It also omits the insulating effect the cell
spacers provide [36]. Although the geometric spacing is preserved, their absence simplifies
the heat-transfer pathway. Thus, the model may represent an idealized scenario with a
more uniform heat distribution than would occur in a real battery module.

Two system simulation layouts were developed to evaluate the thermal behavior of
the battery module under cold-start conditions, i.e., with and without an external heater,
as shown in Figure 1. Although both share the similar layouts, each is adapted to capture
distinct thermal responses. In both cases, the module is modeled in AVL. CRUISE™ M
using the Battery Module Cylindrical model, which is solved as a coupled electrothermal
system. Within this setup, the governing equations combine the electrical relations that
describe the discharge behavior of the interconnected cells with the thermal energy balance,
which includes the heat generated within the cells, provided by the Batemo cell model, and
its transfer through conduction and convection depending on the layout.

The first layout in Figure 1a presents the module operating without an external heater.
The interface conditions include convection on the side walls and conduction through the
bottom surface to the cold plate. All boundary condition details used in the simulations
and their parameters are defined in Appendix A. Building on this layout and boundary
condition framework, the second layout in Figure 1b has only one modification: the top
cover is now connected to an external heating element for active cold-start heating.

The external heater was modeled as a continuous surface layer (i.e., heating strips)
placed on top of the battery module, covering the same area as the top cover of the module
to ensure uniform heat distribution. No thermal contact resistance between the heater
and the module cover was considered. The specification of the heating input: the lowest
available power density (1.55 W/cm?) was selected, resulting in a total constant heating
power of 2683 W. This level was chosen to minimize energy consumption while still
providing sufficient thermal support under cold ambient conditions. From a practical
standpoint, using constant-power heating elements during continuous cold operation
could lead to a longer stabilization time at the target temperature, as the system relies on
an on—off mechanism. Conversely, a feedback-regulated configuration might allow for
smaller temperature deviations and, therefore, lower energy consumption by continuously
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would
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adjusting the power input. Nevertheless, implementing such an advanced control strategy

likely require careful tuning to ensure robust and reliable operation [37].
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Figure 1. Simulation model configuration showing boundary conditions and component interactions
for: (a) unheated cold-start scenario and (b) heated cold-start scenario.

Three heating strategies were studied on different conditions to evaluate their perfor-
mances, which are shown as three cases in Table 1, i.e., battery discharge at 1C, external
surface-heating element, and a combined battery discharge and externally heating. Each

case varies in terms of heating configuration, power source, and whether the battery is
actively discharging at 1C.

Table 1. The three cases of different strategies applied to the battery module in cold start.
. Heating Power Battery Operation .
Case Heating Strategy Source (1C Discharge) Description
. Baseline configuration. No external

A Battery discharge only NA On heating is applied. The battery operates.
Heating elements are externally powered

B Surface-heating element External Off The battery does not operate while the
heater is on.

C  Surface-heating element External On

Heating elements are externally powered.
The battery operates at the same time.
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The cold-start conditions evaluated vary at ambient temperatures and initial state of
charges (SOCs). Three below zero temperatures were considered: —20 °C, —10 °C and 0 °C.
These levels were selected to reflect typical winter startup conditions in cold climates while
considering the operating range restricted by the cell manufacturer [38]. And the initial
SOCs were evaluated at 80%, 50% and 20%. These levels capture the typical upper and
lower bounds of recommended battery usage, including a mid-range value for comparison.
To assess the impact of these factors on cold-start performance, two key outcomes were
monitored for the module to reach 10 °C: the time required and the final SOC. Note that
the module discharge is limited to 25 V, as recommended by the cell manufacturer’s lower
voltage threshold [38].

Lastly, we compared the usable energy in the battery module and the energy required
for the external heating system under different cold-start conditions. Case A showed
the total energy E, ... that the battery module could deliver from the initial SOC to full
discharge (i.e., SOC = 0%) under cold conditions without external heating. Meanwhile, in
Case C, the energy that is required by the external heating system to bring the module to
target temperature, i.e., 10 °C while it is discharging can be calculated as:

Eheater = Pheuter X tc (1)

where Pjyter is the constant heating power of the external heater, and ¢ is the time required
to achieve the target temperature.

The thermal system simulation model in this study was idealized to focus on the
impacts of the heating strategies. All 21700 battery cells were assumed to be identical,
balanced, and free from significant manufacturing or aging-related variations, with uniform
internal heat generation. It is worth noting that as the battery ages, it tends to generate
more heat under identical operating conditions, and because it functions year-round rather
than solely at low temperatures, continuous operation accelerates component degradation,
resulting in a significant increase in the rate of temperature rise [39]. Therefore, the time
required to heat up the module may decrease as the battery ages. However, capacity losses
of around 20-28%, as reported for aged lithium-ion cells [40], indicate that low-temperature
operation would likely result in reduced available energy. This effect could be explored in
future work to account for changes in heater operation time and energy availability as the
battery module ages.

In addition, a liquid-cooled cold plate is introduced beneath the module solely to
support temperature uniformity across it [25]. The inlet flow rate and temperature are
defined as fixed inputs. The outlet is treated as a pressure outlet, assuming steady-state
turbulent flow and outlet temperature profiles [41]. Other assumptions were adopted
from [41], including negligible thermal radiation effects, and constant thermophysical
properties for both the battery materials and surrounding air. Lastly, during battery
discharging, a constant current of 1C is drawn through the module using a current source,
and no variable load profiles or state-based electrical control logic is applied. All the inputs
and assumptions can be found in Table Al.

3. Results and Discussion

The cold-start effectiveness of heating strategies could be revealed through a direct
comparison of their thermal and energy performance. Case A and Case B were first
compared to isolate the individual heating effects of cold discharge and external heating.
Then, Case B was contrasted with Case C to determine the additional contribution of heat
generated by battery discharge. Case A was further analyzed against Case C to evaluate
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energy consumption, expressed as SOC reduction during cold discharge. Broader insights
were drawn from the overall temperature evolution and heating trends observed across the
cases. Finally, the energy consumed by the heating elements, Ej,;., was compared against
the usable energy available from the battery module, E, sy,.

3.1. Thermal Response Under Discharge Only and Heating Only Conditions

The time required for the module to reach 10 °C in Case A (Battery discharge at
1C only) and Case B (External heating only) is presented in Figure 2. It can be seen
that it took longer times to reach 10 °C in Case A, because the heat generation rate by
battery discharge only was slower than that from the external heating elements. The use
of heating elements significantly reduced heating time by about 80%, highlighting the
importance of employing an external heater. At a low SOC of 20% and cold ambient
temperatures of —20 and —10 °C, the battery discharge alone could not provide sufficient
heat to reach the operational temperature of 10 °C before the minimum operating voltage
was reached. Under such conditions, the external heating became critical, as the external
heating preconditioning allowed the battery to reach 10 °C in a short duration, consistent
with previous findings: [10,42], that emphasized the need for plug-in preconditioning at
low SOCs under cold ambient temperatures.

EECase A: Discharge only BliCase B: External heating only|
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Figure 2. Time required for the module to reach 10 °C under cold-start conditions for Case A (Battery
discharge at 1C only) and Case B (External heating only) at different initial SOC levels of 80%, 50%,
and 20% and ambient temperatures of —20 °C, —10 °C, and 0 °C. The stars show the cases where the
battery module reached minimum operating voltage and stopped discharging before reaching 10 °C.

In Case A, lowering the initial SOC from 80% to 50% speeds up heating by increasing
heat generation, most notably at the lowest temperature due to higher internal resistance
at low SOC. However, this benefit was limited, as the battery could quickly reach its
minimum allowable voltage, making operation infeasible, which is observed at 20% SOC
under —20 °C and —10 °C conditions.

In Case B, the heating time decreased at higher ambient temperatures. Since no
discharge occurred in this case, SOC has no effect on the results, and the temperature rise
was governed by the interaction between the applied constant heating power and the heat
losses to the environment and the heat capacity of the battery.

3.2. Heating Behavior with and Without Battery Discharge

Cases B and C were contrasted to evaluate how battery discharge influences the
heating behavior when external surface heating is applied. Both cases use external heating,
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but only Case C includes battery discharge to study the thermal contribution of the battery
under load versus idle conditions. The time taken for the battery module to reach 10 °C
under each condition is shown in Figure 3.

Across all ambient temperatures, Case C consistently shows faster heating because
battery discharge contributes additional thermal energy that enhances the overall heating
rate. Yet the time reduction depends on the temperature and SOC. This difference is most
significant at —20 °C and 20% initial SOC, where the battery’s internal resistance is highest,
resulting in greater Joule heating in discharging. At this condition, the heating time is
reduced by 21% due to battery discharge.
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Figure 3. Time required for the module to reach 10 °C under cold-start conditions for Case B (external
heating only) and Case C (Discharge + External heating) at initial SOC levels of 80%, 50%, and 20%,
across ambient temperatures of —20 °C, —10 °C, and 0 °C.

In addition, the results also emphasize the influence of initial SOC at low temperatures,
even when external heating is applied. At —20 °C, the reduction in heating time in Case
C is more significant at 20% SOC than at 50% and 80% SOCs where time reduction is
15% and 16%, respectively. This suggests that low SOC amplifies the overall cell heat
generation, likely due to stronger electrochemical polarization effects [43,44]. Nevertheless,
the presence of external heating prevented complete energy depletion and avoided the
battery reaching its minimum voltage limit before reaching 10 °C. Lastly, as the ambient
temperature rises, the gap between Cases B and C narrows, indicating that the relative
contribution of internal heat decreases under milder temperature conditions.

The absolute reduction in heating time ranges from 6 to nearly 48 s in all the cases
studied, which shows improvements in EV applications with less delays during cold star-
tups. Both external heating and battery discharge offer valuable contributions, especially
in the most challenging thermal conditions.

3.3. Cold Discharge with and Without External Heating

Besides warm-up time, the final SOC was evaluated across different initial SOC levels
to assess energy retention during cold discharge. Figure 4 presents the decrease in SOC
during cold-start operation, comparing Case A and Case C across different initial SOCs
and ambient temperatures.

Figure 4 demonstrates how the initial SOC influences the discharge performance
of the battery module during cold start. In Case A, due to the lack of external heating,
the battery consistently experiences greater SOC reduction than that in Case C. In some
conditions, the module under Case A also drops to the minimum voltage before reaching
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10 °C, which highlights the vulnerability of low-SOC operation under cold conditions.
In contrast, Case C, with externally powered heating, shows a significantly smaller SOC
decrease across all conditions, even at 20% initial SOC. In these scenarios, the battery
avoids premature voltage cut-off and retains 15-17% final SOC, indicating a more stable
and complete discharge. This improvement suggests that external heating helps preserve
usable charge by maintaining internal conditions that prevent rapid voltage drop, which is
especially critical when operating near the lower SOC limit.
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Figure 4. Final SOCs, measured when the module reached 10 °C during discharge, are shown as
a function of initial SOC for Case A (discharge only) and Case C (discharge + external heating)
under cold-start conditions. Results are presented for initial SOCs of 80%, 50%, and 20% at ambient
temperatures of —20 °C, —10 °C, and 0 °C. Stars show the conditions when the module dropped to
the minimum voltage before reaching 10 °C.

An interesting observation in Case C is that the SOC decrease remains nearly constant
across all initial SOC levels for a given temperature. For instance, at —20 °C, the SOC
decrease is consistently around 5 to 6% no matter if the battery starts at 80%, 50%, or 20%
SOC. This suggests that the external heating strategy provides sufficient thermal support
to stabilize the battery’s internal resistance and voltage response, regardless of SOCs.
This behavior reflects a uniform improvement in electrochemical accessibility enabled by
external heating, making the discharge process more predictable.

Furthermore, as seen in the previous comparisons, at lower initial SOC levels, the
battery exhibits a quicker rise in temperature. As a result, under low SOCs, the module
reaches the 10 °C threshold faster than that with high SOCs. In contrast, higher initial SOC
levels result in slower temperature rise. This highlights a trade-off where low SOC enables
faster initial warming, while high SOC might support more extended heating.

Overall, the results confirm that low initial SOC conditions significantly limit discharge
capability during cold starts, primarily due to early voltage cut-off. External heating
mitigates this limitation by enabling better access to the remaining charge, making it
particularly valuable when the module requires a cold start at reduced SOC levels.

3.4. Overall Comparison

The resulting temperature distributions in the module (at 3 different times) for Cases
A, B and C under the condition of 50% initial SOC and —20 °C are shown in Figure 5. These
visualizations provide a general overview of how the surface temperature evolves during
the heating process and support the trends discussed in the previous sections.
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At 50% initial SOC, the simulation results illustrate the module’s thermal behavior
under the three strategies. In Case A (Figure 5a), where no external heating is applied, the
cells warm only through internal losses, and their temperature remains below 0 °C even
after 192 s. In Case B (Figure 5b), with surface heating alone, the module cover reaches the
highest temperature, while the cells remain cooler and appear at a lower temperature than
in Case C at 120 s. In Case C (Figure 5c), surface heating is combined with internal heat
generation, allowing the top surface to reach the highest temperature and enabling the cells
to reach 10 °C within 192 s, demonstrating the effectiveness of this approach. Despite the
temperature rise, the heating pattern of Case C remains like Case B.
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Figure 5. Evolution of temperature distributions over time at —20 °C and 50% initial SOC for (a) Case
A, (b) Case B and (c) Case C. The side walls are hidden to visualize the effect on the 21700 cells block.

(c)

The sensitivity analysis was conducted for the battery-on cases at —20 °C, as these
represent the most thermally demanding conditions. The heat transfer coefficient (h) was
varied within the natural convection range (10 and 25 W/m?K) [45], using 20 W/m?K as
the baseline in previous simulations. The results show that heating time is only marginally
affected by variations in h: Case A at 80% SOC exhibited moderate sensitivity (up to 8%),
while Case A at 20% SOC and both Case C conditions showed negligible changes (<0.3%).
This demonstrates that small parameter variations produce minimal impact on the results,
confirming the robustness of the model under low-temperature conditions.

Following the quantitative results presented previously, these observations provide
further insight into the thermal behavior of the module. However, it is important to note
that these results are based on a simplified representation, and the temperature distributions
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reflect overall trends rather than precise spatial variations. To better understand the detailed
temperature distribution, heat transfer pathways, and potential hotspots within the module,
further analysis using 3D simulations is recommended which is not within the scope of
this work.

3.5. Battery Usable Energy vs. External Heating Energy

Table 2 shows the results of the energy comparison between the heating demand of
the external heater, Ej,,,, and the usable battery energy, E, 1., under different ambient
temperatures and initial SOC levels.

Table 2. Comparison of required energy to power the heating elements, Ej,,,, and usable battery
energy, E,sqp, at different ambient temperatures and initial SOC levels.

Initial Ambient Required Energy Usable Battery Heating Energy
SOC (%) Temperature (°C)  Heatet, Ejerer (kK])  Energy, E,sapie (KJ) Ratio Ejeater/ Eysate (%)

-20 509.8 11,529.5 4
80 —-10 372.9 11,804.8 3
0 217.3 12,016.9 2
-20 515.1 6196.59 8
50 —10 375.6 6520.59 5
0 220.0 6862.73 3

—-20 477.6 346.43 N/Al
20 —10 356.8 1025.71 35
0 212.0 1497.09 14

1
Eusable < Eheuter-

The results highlight the energy consumption by the external heater, which depends
strongly on both ambient temperature and initial SOC. At higher initial SOC levels (80%
and 50%), the battery has far more usable energy than the amount required by the heating
system. For example, at —20 °C and 80% initial SOC, the external heating energy demand
is 509.8 kJ, which is around 4% of the energy that the battery can supply, i.e., 11,529.50 kJ.
Even at —20 °C and 50% initial SOC, the battery module still contains much more energy
than that required by the external heater, corresponding to only 8% of the battery energy.
This indicates that at medium to high SOC levels, the energy required by the external
heaters is manageable.

However, at 20% SOC, the heating energy ratio becomes more significant, especially
under severe cold conditions. At —20 °C, the battery can only deliver 346.43 k] usable
energy, which is less than the required 477.6 k] for external heating. At —10 °C and 0 °C,
the heating energy is still quite high compared to the usable energy of the module, i.e.,
heating energy ratios as 35% and 14%, respectively. These high ratios suggest that at 20%
initial SOC, the external heater would require energy source outside the battery module.
Specifically, under —20 °C and 20% SOC conditions, it would be essential to rely on an
external power supply, such as plug-in conditioning, to provide the energy required by the
heating elements, as demonstrated in previous studies highlighting the effectiveness of
this approach [10,42].

Overall, the findings indicate that the external heating energy requirement is small
compared to battery module’s usable energy at moderate to high initial SOC levels across
all tested temperatures, but it becomes more significant compared to battery modules at
low SOCs, especially under severe cold. This again highlights the importance of employing
external powered heating strategies when expecting cold-start operation at low SOC levels.

Although this work evaluates heating strategies for 21700 lithium-ion modules, the
qualitative conclusions are broadly transferable to other formats. The relative performance
of external surface heating, discharge-assisted heating, and combined strategies is not lim-
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ited to this specific cell size [46]. However, the exact heating time to reach safe temperature
and the energy required will vary with cell chemistry and whether the design prioritizes
power or energy [46]. While self-heating and external heater approaches can provide rapid
warm-up even at low ambient temperatures, the heat generation rate and usable discharge
energy differ by chemistry and cell design, so the heater energy fraction and warm-up rate
may change for chemistries such as NMC, NCA, LFP, and LTO [46].

This behavior can be further understood by considering the broader distinction be-
tween high-power and high-energy cells, which show different heating behaviors under
similar conditions. High-power cells typically have lower internal resistance and therefore
generate more instantaneous heat during discharge-assisted heating [47,48]. This enables
faster initial warm-up but increases the risk of local hotspots that require tighter thermal
control [47,48]. High-energy cells, such as the INR21700-50G (SAMSUNG SDI Co., Ltd.,
Yongin, Republic of Korea) used in this study, provide higher capacity and store more total
thermal energy [47—49]. They create less heat per ampere but are more sensitive to heat
accumulation over longer heating periods [47,48]. Consequently, the results presented in
this study appear to be applicable mainly to cold-start conditions rather than extended
operation and it is recommended that the heating duration be carefully controlled.

In brief, thermal diffusivity and heat-generation characteristics vary significantly
across chemistries in low-temperature operation [50]. These variations alter the time
needed to reach safe-operation temperature and change the external heater power demand
even under similar SOC and ambient conditions [50]. Multiple studies consistently show
the same ranking for heating approaches, with external heating being fastest and combined
mode faster than either approach alone [51]. Therefore, the control strategy framework
developed in this work is broadly applicable; however, chemistry-specific validation may
still be required to extrapolate these results.

Future work will focus on expanding and validating the present study’s findings
through targeted experimental testing. Although the current model is simulation-based, its
reliability is supported by peer-reviewed and industry-verified assumptions, providing
a solid foundation for subsequent experimental validation. This study is limited by the
exclusion of certain structural components and by the idealized thermal contact conditions
assumed in the simulations. Nevertheless, these simplifications allow for a clear evaluation
of the proposed heating system'’s intrinsic performance, offering valuable insights into its
potential efficiency under controlled conditions.

4. Conclusions

This study explored different heating strategies for the cold-start of a 21700 cylindrical
lithium-ion based battery module using thermal system simulation. Various initial SOCs
and ambient temperatures were simulated. The main conclusions are:

e  The battery module requires over 1100 s of self-heating through discharge alone to
reach 10 °C in extreme cold conditions.

e  External heating alone enables rapid battery recovery, reaching the target temperature
in less than 300 s without consuming battery energy.

e  Adding discharge during external heating further reduces heating times by about 21%
compared with external heating alone.

e  The most effective strategy was identified as external heating during discharge, which
shortened warm-up times by up to 86% and prevented premature voltage cut-offs at
—20 °C and 20% initial SOC.

e In cases where external heating operated alongside discharge at —20 °C, the SOC
dropped by only 5 to 6% regardless of starting SOC (80%, 50%, or 20%), suggest-

147



Batteries 2025, 11, 425

ing that the heating system provides sufficient thermal support to stabilize the
battery’s performance.

e  For cases above 50% initial SOC, external heater consumes less than 10% of the usable
energy in the battery module. But at —20 °C and 20% initial SOC, the external heater’s
energy demand exceeds the battery module’s usable energy.

These findings confirmed that external heating strategies are not only more effective
but also critical for maintaining operational readiness for cold start in sub-zero conditions.
This work also highlights the need for integrated, application-specific thermal solutions
and lays the foundation for future optimization of heating control and module architecture.
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Abbreviations

The following abbreviations are used in the manuscript:

A Area (cm?)

E,sapie  Usable energy (kJ)

EV Electric vehicle

Epeater  Heater energy (kJ)

h Heat transfer coefficient (W/m? K)
I Current (A)

LFP Lithium Iron Phosphate

LTO Lithium Titanate Oxide

h Mass flow rate (kg/s)

NA Not applicable

N/A Not available

NCA  Lithium Nickel Cobalt Aluminum Oxide
NMC  Lithium Nickel Manganese Cobalt Oxide
Pheater  Heater power (W)

Py Inlet pressure (bar)

Py Outlet pressure (bar)

PCM  Phase changing material

SOC State of charge

Tomb Ambient temperature (°C)

tc Time to achieve the target temperature (s)
TMS Thermal management system
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Appendix A

Table A1 presents the parameters used for simulation setups presented in Figure 1.

Table Al. Simulation components, descriptions and assigned parameter values for the unheated
cold-start scenario.

Component Description Simulation Parameters and Values

Electrically connected 26p10s
Physical layout = 13x 20y

A, =1730.78 cm?

Battery module—260 cells Thermal and electrical body under analysis

Top Cover—Convection Convection to ambient through the top surface

h=20W/m?K
Wall x Convection Convection boundaries on both lateral sides of the Ay = 345.30 cm?
module h=20W/m? K
Wall —x Convection Convection boundaries on both lateral sides of the Ay = 345.30 cm?
module h=20W/m? K
Wall v Convection Convection boundaries on front and back sides of Ay =180.30 cm?
y the module h=20W/m? K
Wall —v Convection Convection boundaries on front and back sides of Ay =180.30 cm?
y the module h=20W/m? K
Tamp Wall 1 Ambient conditions Top = —20°C
Toamp Wall 2 Ambient conditions Tomp = —20°C
Tamp Wall 3 Ambient conditions Tomp = —20°C
Tamp Wall 4 Ambient conditions Tomp = —20°C
Electric Node Distributes current input NA
Current Source Simulates discharge 1=127.4 A per module (1C)
Ground Electrical ground reference NA
. A_, =546 cm?
Bottom Cover-Heat Transfer Heat transfer via cold plate h =20 W/m? K
Geometry = Rectangular
Width =59 cm
Cold Plate Cooling interface connected to the module bottom Depth = 0.4 cm
surface Length = 84.6 cm
Propylene glycol/Water 50/50 [52]
Friction coefficient = 0.06
Py~ 1bar
Flow Inlet Defines coolant flow into cold plate Ty = —20°C
h = 0.267 &
P¢_ 1bar
Pressure Outlet T,y = —20°C
Monitor Records data outputs NA
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Abstract: Efficient thermal management is critical for the safety and performance of
lithium-ion battery (LIB) systems, particularly under high C-rate charge-discharge cy-
cling. Here, we investigate two classes of polymer composite thermal interface materials
(TIMs): graphene-PLA (GPLA) fabricated via 3D printing and boron nitride nanoplatelets
(BN)-loaded thermoplastic polyurethane (TPU) composites with 20 and 40 wt.% BN content.
To understand cooling dynamics, we developed a simple analytical model based on New-
tonian heat conduction, predicting an inverse relationship between the cooling rate and
the TIM thermal diffusivity. We validated this model experimentally using a six-cell LIB
module equipped with active liquid cooling, and complemented it with finite-element simu-
lations in COMSOL Multiphysics incorporating experimentally derived parameters. Across
all approaches, analytical, numerical, and experimental, we observed excellent agreement
in predicting the temperature decay profiles and inter-cell temperature differentials (AT).
Charge—-discharge cycling studies at varying C-rates demonstrated that high-diffusivity
TIMs enable faster cooling but require careful design to minimize lateral thermal gradients.
Our results establish that an ideal TIM must simultaneously support rapid vertical heat
sinking and effective lateral thermal diffusion to ensure thermal uniformity. Among the
studied materials, the 40% BN-60% TPU composite achieved the best overall performance,
highlighting the potential of BN filler-engineered polymer composites for scalable thermal
management in next-generation battery systems.

Keywords: thermal interface materials; graphene composites; boron nitride; lithium-ion
batteries; thermal diffusivity; COMSOL simulation; 3D printing; battery thermal management

1. Introduction

As lithium-ion batteries (LIBs) become increasingly indispensable in electric vehi-
cles (EVs), portable electronics, and stationary energy storage systems, their thermal
management has emerged as a central engineering challenge [1-8]. Battery operation
generates substantial heat, particularly under fast-charging or high-discharge conditions,
leading to temperature gradients, accelerated degradation, and, in severe cases, thermal
runaway [9,10]. Even a small (<1 °C) but persistent gradient between cells can induce
cell-to-cell capacity drift and uneven state-of-charge evolution ultimately affecting pack
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balancing. Thus, maintaining thermal uniformity and dissipating heat efficiently are critical
for battery performance, safety, and lifespan.

In typical battery modules, heat is dissipated through passive and active cooling strate-
gies, including airflow, liquid cooling manifolds, and heat pipes [2-5,11-13]. However,
a significant thermal bottleneck persists at the interface between battery cells and their
surrounding cooling infrastructure. Imperfect contact, surface roughness, and the low
thermal conductivity of adhesives or structural materials contribute to significant thermal
contact resistance [9,11,14-18]. This makes developing effective thermal interface materials
(TIMs) crucial to advancing battery thermal management systems (BTMS).

TIMs are designed to bridge the thermal resistance gap between solid interfaces, such
as battery casings and heat sinks. Polymer-based TIMs are often favored due to their
mechanical flexibility, electrical insulation, and ease of processing [9,11,15,16,18,19]. Yet, the
low intrinsic cross-plane thermal conductivity of most polymers (typically < 0.5 Wm~! K~1)
severely limits their ability to conduct heat. To overcome this, high-conductivity fillers
such as graphite, metal oxides, and carbon nanostructures like graphene are incorporated
into the polymer matrix to form thermally conductive composites [20-22] .

Graphene, with its exceptional in-plane thermal conductivity (up to 5000 Wm~! K1),
high aspect ratio, and tunable surface chemistry, has emerged as one of the most promis-
ing TIM fillers [18,23-27]. Its incorporation into polymer matrices can dramatically en-
hance thermal performance, particularly when oriented or networked to form continuous
heat conduction paths [15,28-33]. However, graphene composites are also electrically
conducting, which is a disadvantage in preventing undesired short circuits within the
battery module.

Hexagonal boron nitride (h-BN), often dubbed “white graphene,” offers similarly
high thermal conductivity along with electrical insulation, making it attractive for TIM
applications where dielectric performance is important [17]. BN-polymer composites have
demonstrated thermal conductivities up to 10 Wm~! K~! depending on filler loading,
morphology, and processing method [16,18,34-37]. A table summarizing prior results of
thermal conductivity for various TIMs is presented in Table S1 [38-55]. Recent advances
in filler surface functionalization, hybrid filler strategies, and anisotropic alignment have
further improved the thermal transport efficiency of such composites .

While the thermal performance of individual materials is important, their integration
into real-world systems poses additional design constraints. For example, TIMs must
conform to irregular geometries, maintain thermal performance under cyclic loading,
and avoid adding excessive mass or volume to the battery pack [11]. A comprehensive
evaluation of TIMs requires multiscale assessment from intrinsic thermal properties such
as thermal diffusivity to system-level metrics like inter-cell temperature gradients and
transient cooling behavior [9]. Finite-element simulations, particularly those implemented
in platforms such as COMSOL Multiphysics 6.2, have become essential in linking material
properties with thermal field evolution in complex battery assemblies [35,56].

In this study, we investigated the fabrication and thermal performance of two classes
of polymer composite TIMs: graphene-PLA (GPLA) fabricated by 3D printing, and
boron nitride (BN)-loaded thermoplastic polyurethane (TPU) composites containing 20
and 40 wt.% BN. Building on prior reports of enhanced thermal conductivity in such
systems [11,15,17,18,28,35,56], we conducted both experiments and simulations using
two complementary setups designed to evaluate TIM performance under distinct ther-
mal conditions. In the first configuration, individual cylindrical cells were coupled to
an external heat source to quantify heat dissipation through each TIM. In the second,
the TIMs were implemented in a compact 3s2p battery module, where the cells were
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charged and discharged at controlled C-rates. All experiments were performed with an
active liquid-cooling manifold and external forced convection. For both setups, finite-
element simulations were performed in COMSOL under identical boundary conditions to
the experiments.

The electro-thermal model in COMSOL employed the standard LiMn,;O4—graphite
chemistry available in the built-in Lithium-Ion Battery Module to represent heat gener-
ation, while the electrochemical kinetics were not modeled explicitly. Instead, the heat
source term was normalized for the capacity and C-rate of the NCA-based experimental
cells, ensuring consistency of the total Joule-heating magnitude. The focus of the simula-
tions was therefore comparative: to evaluate how temperature evolves with different TIMs
rather than to reproduce charge-discharge voltage behavior. The cell and TIM material
properties were assigned from experimentally measured or literature-reported values, and
the analysis centered on the relative change in temperature for low- and high-diffusivity
TIMs (PLA and 40 wt.% BN-TPU, respectively). The simulations closely reproduced the
experimental temperature evolution, yielding excellent correlation for both the relative
temperature difference AT between TIMs and the cooling time constant T extracted from
the decay curves. The strong agreement between experiment and simulation confirms that
the adopted comparative, heat-transfer-focused framework reliably captures the influence
of TIM thermal diffusivity on module-level temperature uniformity.

While the comparative analysis highlights the consistency between experiment and
simulation, it also reveals an intrinsic design trade-off in thermal interface engineering.
A material with lower thermal diffusivity acts as a transient heat reservoir, storing heat
and moderating short-term temperature spikes but offering slower lateral equilibration.
Conversely, a high-diffusivity TIM rapidly spreads and dissipates heat, minimizing local
hot spots yet transferring energy more quickly to the cooling infrastructure. In the present
study, the GPLA system exemplifies the heat-storage regime, whereas the 40 wt.% BN-TPU
composite represents the heat-dissipation regime with superior thermal uniformity across
cells. This balance between transient thermal buffering and efficient dissipation defines the
optimal operating window for polymer—-composite TIMs in battery enclosures.

2. Materials and Methods
2.1. Materials

Polylactic acid or PLA filament was purchased from Hacthbox (Rowland Heights,
CA, USA) while graphene-loaded PLA or GPLA filament was purchased from Black-
magic3D.com (Ronkonkoma, NY, USA). Thermoplastic polyurethane or TPU filament and
TPU pellets were purchased from TCPoly (Pineville, NC, USA). Hexagonal boron nitride
(h-BN) micropowder and N, N-dimethylformamide (DMF) were purchased from Sigma
Aldrich (St. Louis, MO, USA).

2.2. Fabrication of Thermal Interface Materials

For preparing thermoplastic polyurethane or TPU-BN composites, TPU pellets were
dried in a vacuum oven at 100 °C for 4 h. Exfoliated micro h-BN micropowder was
dispersed in N, N-dimethylformamide (DMF) using a tip sonicator at 10 watts for 30 min.
After sonication, the mixture was placed on a hot plate at 80 °C and magnetically stirred at
150 rpm. Dried TPU pellets were added to the mixture slowly. Subsequently, the mixture
was stirred at 80 °C and 150 rpm for 4 h. Finally, the viscous mixture was cast onto a thin
kitchen aluminum foil using an MTI doctor blade casting system to maintain a uniform
thickness of 1.4 mm. The films were dried overnight at room temperature inside a chemical
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hood (120 cfm airflow) to remove the solvent slowly. Once dried, the TIMs were peeled
from the foil and cut into 70 x 30 x 1.4 mm slabs.

We prepared multiple controls such as neat TPU, polylactic acid (PLA) and graphene-
loaded PLA (GPLA) through 3D printing to validate trends against BN-TPU composites.
The GPLA composites included as a reference material to benchmark the effect of a ther-
mally conductive and electrically active filler against the insulating BN—polymer systems.
Although not intended for direct battery use, GPLA provides a useful control for iso-
lating filler-type effects on heat transport and interfacial coupling. For 3D printing, a
70 x 30 x 1.4 mm slab was designed using the geometry module of COMSOL Multiphysics
6.2. Upon finalizing the geometry, the design was exported and sliced in PrusaSlicer 2.9.4
software to generate the code for 3D printing. The exported code was then printed using a
Prusa i3 MKS3+ 3D printer (Prusa by Josef Prusa, Prague, Czech Republic).

2.3. Characterization Techniques

All TIMs were characterized using thermogravimetric (IGA) analysis (TA instrument
SDT Q600, New Castle, DE, USA) under nitrogen gas flow at 100 mL/min from room
temperature to 600 °C with a ramp of 20 °C/min (Figure 1). Cross-plane thermal diffusivity
was measured using the laser flash technique (Linseis LZT meter, Selb, Germany). Before
diffusivity measurements, all samples were coated with graphite 33 spray to ensure uniform
contact for heat flow.
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Figure 1. (a) Thermogravimetric analysis (TGA) showing the weight loss (%) as a function of
temperature for different polymer composites: neat PLA, graphene-PLA (GPLA), neat TPU, 20 wt.%
BN + 80 wt.% TPU, and 40 wt.% BN + 60 wt.% TPU. All measurements on composite samples
represent the average of three measurements presented along with corresponding error bars. PLA
and GPLA exhibit sharp degradation around 350400 °C, while TPU and BN-TPU composites show
enhanced thermal stability, with the 40 wt.% BN composite exhibiting the highest residue at 600 °C.
(b) Thermal diffusivity as a function of temperature from 25 °C to 70 °C for the same samples. The
addition of BN significantly enhances thermal diffusivity, with 40 wt.% BN + 60 wt.% TPU reaching
values around 2.32 x 1072 cm?/s at temperature 30 °C, much higher than neat PLA and GPLA,
indicating the effectiveness of BN as a thermally conductive filler.

To evaluate the performance of the TIMs, two complementary experimental setups
were implemented using identical cooling and measurement configurations. In the first
setup, six 18650-type cells (Panasonic NCR18650GA, 3300 mAh) were mounted in a custom
aluminum manifold with internal coolant tubes (Figure 2a) similar in design to the liquid-
cooling plates employed in commercial EV battery packs (e.g., Tesla Model 3). The liquid
coolant (deionized water) was circulated through the manifold at a flow rate of 40 mL min !
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using an electric pump. As shown in Figure 2, TIMs were placed between the cooling
tubes and the battery surfaces on both sides of the module to ensure uniform thermal
contact. Six K-type thermocouples were inserted to monitor the temperature of each cell,
and data were recorded using the PICOLOG 6 software. In addition, an infrared camera
(FLIR E60, Wilsonville, OR, USA) was used to capture thermal images at different stages
of the heating and cooling process. The battery module was heated externally using a
hot plate to approximately 45 °C and subsequently cooled inside a hood with controlled
airflow at 120 cfm. All measurements were performed in triplicate (n = 3) to ensure
statistical reproducibility.

Figure 2. (a) A 6-cell (3s2p) cylindrical Li-ion battery module integrated with thermal interface
materials (TIMs) and an aluminum cooling plate for thermal performance evaluation. The inset
shows the electrical wiring of the battery pack. (b) A representative photograph of PLA and TPU
polymer composites used as TIMs. (c) Infrared (IR) thermal image of the battery module with TIMs
under operation, showing thermal gradients with initial heat concentrated at the bottom of the cells.
(d) IR thermal image of the battery module after 30 min showing heat distributed across the entire
body of 18650 cells. Thermal imaging was conducted using a FLIR camera, with the temperature
range set from 20 °C to 70 °C.

In the second setup, the TIMs were tested under active electro-thermal cycling in a
prototype battery pack configured as 3s2p using six Panasonic NCR18650GA cells. The pack
was enclosed in an environmental chamber (Neware) and fitted with the same aluminum
coolant manifold, thermocouple placement, and coolant flow conditions as in the external-
heating setup. The pack was charged and discharged continuously at different C-rates
using a Neware CE6000 (20 A /60 V) testing system (Shenzhen, China) while monitoring
the surface temperatures of each cell. The water coolant was circulated continuously
during operation (40 mL min~'), and the chamber was sealed to maintain consistent
ambient conditions. Tests were repeated for both TIM configurations (PLA and 40 wt.% BN-
60 wt.% TPU) following the same experimental protocol. This dual approach enabled the
evaluation of TIM performance under both externally induced thermal loading and realistic
charge—discharge cycling conditions, providing a comprehensive assessment of thermal
dissipation and uniformity.
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Scanning electron microscope images, presented in Figures S1 and S2 of the support-
ing information, were obtained using a Hitachi 6600 SEM (Schaumburg, IL, USA). High
resolution X-ray diffraction (HR-XRD) is performed using a RIGAKU Ultima IV diffrac-
tometer (Tokyo, Japan) employing Cu K« radiation, on powder samples that were held by
a standard Al sample holder. Quantitative analysis using Rietveld refinement is performed
on the XRD peaks using PDXL 2 software. Atomic force microscopy (AFM) measurements
were performed in a non-contact mode using AIST-NT SPM Smart system (HORIBA, Kyoto,
Japan) and cantilevers (HQ: NSC14/ Al BS-50) from Micromasch. AIST-NT image analysis
and processing (Version 3.2.14) software was used for AFM image analysis. Malvern Zeta-
sizer 90 (Westborough, MA, USA) was used for dynamic light scattering measurements.
Based on the DLS measurements, the average lateral size of BN particles is 745 + 92 nm,
which is consistent with the average size deduced from AFM measurements that showed
an average lateral size of 600-800 nm with a thickness of 70-100 nm (see Figure S3 in the
supporting information). Differential scanning calorimetry was performed to extract the
specific heat values (Figure S4) using TA instruments Discovery DSC (New Castle, DE,
USA) from 25 to 600 °C.

2.4. COMSOL Modeling

The computational modeling of heat-transfer behavior was carried out using COM-
SOL MULTIPHYSICS 6.2 employing the finite-element method (FEM). The goal of the
simulations was not to model electrochemical reactions or voltage behavior, but rather to
evaluate the thermal efficiency of different TIMs under controlled and comparable bound-
ary conditions. Accordingly, the built-in electro-thermal Li-ion Battery Module (1iion) was
used with the standard LiMn,O,4 (LMO)—-graphite chemistry available in the COMSOL
materials library [57-59]. This configuration provides a well-validated electro-thermal
coupling framework for heat generation without explicitly solving the full electrochemistry.
To represent the NCA-based Panasonic NCR18650GA cells used experimentally, the model
was normalized to their nominal capacity and C-rate (3.7 V, 3300 mAh, 1C = 3.3 A) so that
the total heat generation corresponded to the actual operating conditions of the commercial
cells. Because all TIMs and boundary conditions were held identical across simulations,
this normalization allows for a direct comparative assessment of thermal performance
without affecting the relative temperature trends.

Two simulation configurations were developed, mirroring the experimental setups
described earlier. In the first configuration, six cylindrical 18650 cells were modeled within
an aluminum cooling manifold subjected to an external heat flux to replicate the controlled-
heating experiments. The coolant flow and convective boundary conditions were identical
to those in the laboratory tests. Additionally, individual-cell simulations were performed to
study the effect of C-rate on temperature evolution by charging single cells independently
at different C-rates. In the second configuration, a 3s2p battery module was modeled,
with all six cells electrically connected in series—parallel and operated under a continuous
charge—discharge protocol. This setup replicates the electro-thermal-cycling experiments
performed in the environmental chamber.

The electro-thermal model was coupled to the Heat Transfer in Solids and Fluids
(ht) module using the spatially averaged heat-generation rate Qj(,,¢) and temperature
Tavg from the 1iion module. The coolant flow through the aluminum manifold was
implemented using the Laminar Flow (spf) module with a non-slip boundary condition
and a volumetric flow rate of matching the experimental value of 40 mL min~!. The heat-
transfer and flow physics were coupled through the Non-Isothermal Flow (nitf) interface to
capture the conjugate heat exchange between the cells, TIMs, and coolant. For the second
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configuration, battery pack (bp) interface was used instead, with electrochemical heating (ech)
as the multiphysics to account for the.

The geometric dimensions and material properties of the TIMs (70 x 30 x 1.4 mm)
matched those used experimentally. Anisotropic thermal conductivities were assigned to
the cylindrical cells in a local coordinate system to approximate the spiral-wound electrode
geometry. Normal meshing (maximum element size 11.4 mm) was applied to the solid
domains, and finer meshing (maximum element size 5.3 mm) was used along the coolant
tube surfaces to resolve temperature gradients accurately. The simulations yielded transient
temperature profiles for all cells and TIM configurations, which were then analyzed to
extract the cooling time constant 7, the inter-cell temperature differential AT, and relative
temperature differences with different TIMs.

3. Results

Figure 1a presents the TGA curves for five materials: neat PLA, GPLA, neat TPU,
and TPU loaded with 20 wt.% and 40 wt.% BN. All samples were heated under nitrogen
atmosphere up to 600 °C, and weight loss was monitored to evaluate thermal degradation
behavior and filler content. Neat PLA and GPLA both exhibit a sharp one-step degradation
between 300 °C and 400 °C, consistent with known depolymerization and chain scission
mechanisms of PLA [11]. However, the GPLA sample demonstrates a slightly earlier
onset of decomposition and retains significantly more mass at high temperature due to
the presence of graphene fillers. Specifically, at 450 °C, PLA retains less than 2% of its
initial mass, whereas GPLA retains approximately 15%. This difference indicates that there
is ~15 wt.% of graphene incorporated into GPLA. Neat TPU shows a broader and more
gradual weight loss profile with a single step beginning near 300 °C, and a residual mass
of around 45% at 450 °C. Such a single-step decomposition process is characteristic of
the breakdown of both hard and soft segments in the polymer matrix. The addition of
BN significantly alters this behavior. The 20%BN-80%TPU composite exhibits a two-step
decomposition with a second decomposition onset at 400 °C and retains approximately 52%
of its initial mass at 450 °C. The 40%BN-60%TPU sample demonstrates the highest thermal
stability among all samples, retaining nearly 70% of its mass at the same temperature. The
two-step decomposition is more evident in 40%BN-60%TPU sample. The progressive
increase in residue with h-BN loading is indicative of the high thermal stability of h-BN,
which acts as an inert filler resisting oxidative or thermal degradation [16]. The emergence
of a second decomposition step in BN-TPU composites at 400 °C can be attributed to
interfacial interactions between the BN fillers and the TPU chains. The high thermal
stability and inertness of BN not only provide a thermal shielding effect but also restrict the
mobility of TPU chains through non-covalent interactions such as van der Waals forces or
hydrogen bonding (e.g., N-H- - - BN). These interfacial effects delay the decomposition of
segments closely associated with BN surfaces, resulting in the observed higher-temperature
degradation step. Therefore, the two-step decomposition is indicative of filler-mediated
stabilization and heterogeneous breakdown of the polymer matrix in the presence of
thermally robust BN domains.

Figure 1b shows the thermal diffusivity of the same five samples as a function of
temperature up to 70 °C. The diffusivity data reveals a clear hierarchy in thermal transport
performance, strongly dependent on the type and concentration of thermally conductive
fillers. The highest thermal diffusivity is observed in the 40%BN-60%TPU composite,
with value 2.32 x 1072 em?s7! at a temperature of 30°C. This value is more than an
order of magnitude higher than that of the base TPU, which maintains a diffusivity near
3.5 x 1073 cm?s7!. The 20%BN-80%TPU composite shows intermediate performance, with
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a diffusivity of approximately 8.5 x 1073 cm?s™!. This behavior is consistent with general
percolation theory for platelet-based composites, where continuous thermally conductive
pathways typically emerge near one-third filler loading (30-35 wt.%), as reported for
polymer systems with platelet shaped fillers such as h-BN and graphene [18,31]. Below
this threshold (as in the 20%BN-80%TPU composite), filler particles are isolated and heat
transfer remains matrix-dominated. Above the threshold (as in the 40%BN-60%TPU
composite), an interconnected BN network enhances phonon transport and suppresses
interfacial resistance. The GPLA sample exhibits only a marginal improvement over neat
PLA, with diffusivity values of about 3.0 x 10~ cm?s™! compared to 2.1 x 1073 cm?s7!
for PLA. This modest increase suggests graphene in PLA matrix (15 wt.% based on TGA
in Figure 1a) is suboptimal for effective thermal transport. The enhancement of thermal
diffusivity in TIMs after incorporation of BN filler into the neat polymer matrix is also
observable in TIM IR images different temperatures (see supporting information Figure S6).

TIM expeimental characterization using the first setup with an external heat source: As
mentioned in Section 2, two complementary experimental setups were implemented using
identical cooling and measurement configurations. Below, we discuss the results from
the first setup where a module comprising six cylindrical Li-ion cells was assembled with
the TIM inserted between the cells and the liquid cooling manifold (Figure 2a,b). The
module was subjected to controlled external heating inside a forced-air convection hood
with an airflow rate of 120 cfm. Heating was continued until the average temperature of the
battery module reached approximately 45 °C, at which point the heat source was turned
off, initiating the cooling phase. Each cell was attached with an independent thermocouple
to monitor transient temperature profiles throughout the heating and cooling cycles. The
aqueous liquid coolant was pumped through the Al manifold throughout the heating and
cooling cycles. Typical IR images of the cells at different stages of heating are shown in
Figure 2¢,d.

Figure 3a shows the representative thermal response for all six cells when PLA was
used as the TIM. Although all cells were exposed to the same environmental conditions,
the temperature evolution was non-uniform, with distinct differences in heating rates and
peak temperatures. Notably, Battery-1 reached the highest temperature while Battery-6
remained significantly cooler, exhibiting a temperature difference of nearly 4 °C at the
peak. These differences reflect the anisotropic thermal conductance within the module and
asymmetries in cell-to-manifold contact. Figure 3b shows the average temperature (T) of
the entire module, obtained from the temperature readings from all six thermocouples. The
average curve shows a smooth and symmetric profile with a clear demarcation between
the heating and cooling phases. To evaluate thermal uniformity within the module, the
temperature difference AT;(t) = |T;(t) — T(t)| was computed for each cell i with respect
to the instantaneous average temperature T (). The results are plotted in Figure 3c. The
AT curves show that thermal nonuniformity peaks near the end of the heating phase,
where some cells lag in temperature rise compared to others. During the cooling phase,
AT gradually decreases as heat is more uniformly extracted via the manifold, but notable
differences persist over the full transient period.

The transient cooling behavior of the battery module, following the removal of the
external heat source, was analyzed using the following thermal conduction model. TIM
serves as the dominant path for heat dissipation from the battery cells to the cooling
manifold. Assuming negligible heat generation during the cooling phase and lumped
thermal capacity of the cells, the rate of temperature decay can be modeled by equating the
rate of internal energy loss to the conductive heat flux through the TIM. The rate of heat
loss from the battery can be expressed as
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aTr

- Q = Cp,dedeev ar 1

where C, gev is the specific heat capacity and Mgey is the effective thermal mass of the battery
module. In the absence of a cooling liquid, the heat flux through the TIM is modeled as

KATIM
dtm

Q= (T—Tw) @)
where « is the thermal conductivity of the TIM, Apy is the contact area, drpy is the
TIM thickness, T is the instantaneous temperature of the battery, and T is the steady-

state temperature.
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Figure 3. (a) Temperature profiles of six individual battery cells within a module equipped with
a PLA thermal pad during a heating-cooling cycle. All cells show consistent temperature rise and
fall, with slight variations among them. (b) Average temperature profile of the battery module
with clear distinction between heating and cooling phases, with the switching point around 2200 s.
(c) Temperature deviation (AT) from the average for individual batteries over time, indicating thermal
non-uniformity within the module during operation. (d) Correlation between thermal time constant
T and thermal diffusivity of different TIM materials. The inset shows a linear fit of T versus inverse
thermal diffusivity, confirming expected thermal transport behavior. Higher diffusivity materials
lead to faster heat dissipation and lower T values.

Equating these expressions yields the governing differential equation for tempera-
ture decay:

dT KATIM
Moy = = — T—Ts
Cp,dev dev dt dTIM ( ) (3)
which simplifies to
dT KATIM
ar____ ®Awm 4
dt Cp,deVMdeVdTIM( ) @)

Introducing the thermal diffusivity « = «/(0Cp r1m), the time constant T governing
exponential decay is given by

Cp,dev Mdev dTIM

©)

e1TiMCp, TIMATIM A TIM
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showing that T is inversely proportional to the thermal diffusivity atp of the interface
material. Thus, the solution to the temperature decay equation is an exponential approach

to Teo:
T(t) = Teo + (To — Too)e /7 (6)

where Ty is the initial temperature at the start of the cooling phase. Equation (6) was used to
fit the experimental cooling data for each TIM configuration. The extracted decay constant
T provides a quantitative measure of the rate at which the battery module sheds heat.
All the fit values are provided in Table S2 in the supporting information. Lower values
of T correspond to faster cooling and more thermally effective TIMs. The fitted results
were subsequently compared across different TIM materials and correlated with their
independently measured thermal diffusivities to verify the predicted inverse relationship
T « 1/atpv. A representative plot (see Figure 3d) confirms this trend.

It is important to note that the analytical model presented above isolates the dominant
contribution of heat conduction through the TIM, while assuming other paths and contact
resistances to be constant. In the actual experimental configuration, heat is dissipated
simultaneously through (i) the liquid coolant flowing in the Al manifold and (ii) external
forced convection at an airflow rate of 120 cfm. The complete heat-transfer network
therefore consists of the TIM conduction resistance in series with contact, aluminum, and
coolant-side resistances, acting in parallel with the external convective branch. To account
for these effects, Equation (3) can be generalized as

1

Qtot = (T - Too) + hextAext ’ (7)

dtmm
krviAtim

F Recenmiv + ReTivjmanifold + Rar+ 3 —
lig4liq

where R cejijtiv and R tivjmanifold denote the contact resistances at the respective inter-

faces, Ry is the conduction resistance of the Al manifold, and hhthq and Hext Aext Tepresent

the convective heat-transfer coefficients and effective areas for the liquid and air cooling

paths, respectively. The corresponding cooling time constant can then be expressed as

C M C M
S p,de(\_; dev _ . p,deviVlidev ) (8)
H R + hextAext
series
driv 1 .
where Rgeries = m + Rc,cell|TIM + Rc,TIM\manifold + Rar+ Hiia A and GH is the total
1q9°hiq

parallel conductance. Under identical cooling conditions across all experiments, the com-
parative dependence of T on 1/« remains valid, with the slope determined by the TIM
properties and the intercept representing the cumulative parasitic resistances (see the inset
in Figure 3d).

Figure 4 presents the time-resolved temperature deviations AT;(t) = |T;(t) — T(¢)]
for each of the six cells in the attery module using five different TIMs: (a) PLA, (b) GPLA,
(c) TPU, (d) 20%BN-80%TPU, and (e) 40%BN-60%TPU. The metric AT quantifies the
deviation of each cell’s temperature from the instantaneous module average T(t), providing
a dynamic measure of inter-cell thermal uniformity. Interestingly, the PLA TIM—despite
having the lowest thermal diffusivity among the tested materials—exhibits the narrowest
spread in AT, with all six cells maintaining relatively close thermal trajectories. The peak
AT remains below 3 °C throughout the thermal cycle. This result appears counterintuitive
given PLA’s poor thermal conductivity. However, it can be rationalized by considering the
relatively uniform thermal impedance across all cell-manifold interfaces: in the absence of
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a highly conductive path, each cell dissipates heat at a similar, albeit slow, rate (as indicated
by a high 7 for PLA in Figure 3d). The system behaves almost adiabatically on short
time scales, and thermal gradients develop primarily due to intrinsic differences in cell
positioning or contact pressure rather than material-mediated heat spreading.

In contrast, the introduction of higher-diffusivity TIMs such as GPLA and TPU in-
creases the magnitude and spread of AT. Notably, the GPLA TIM (Figure 4b) exhibits the
largest inter-cell thermal heterogeneity, with Battery-6 showing a pronounced deviation
exceeding 5 °C. This suggests that while the thermal conductivity of GPLA is higher than
PLA, it remains insufficient to rapidly redistribute heat, and may accentuate local differ-
ences arising from subtle variations in thermal contact resistance. Similarly, the TPU-only
TIM (Figure 4c) produces a broader AT spread than PLA, albeit less pronounced than
GPLA. These observations underscore the sensitivity of thermal equilibration to both filler
dispersion and the quality of interface coupling between cells and the cooling manifold. For
the 20%BN-80%TPU system (Figure 4d), peak AT values slightly increased, with Battery-1
deviating significantly from the average. In the 40%BN-60%TPU composite (Figure 4e), the
inter-cell temperature differences become markedly lower, and the spread among all six
cells narrows considerably. This suggests that only beyond a critical threshold of thermal
diffusivity does the TIM effectively serve its homogenizing function, enabling lateral heat
spreading across the module to suppress local temperature peaks.
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Figure 4. Inter-cell temperature deviation AT;(t) = |T;(t) — T(t)| as a function of time for six

battery cells using different thermal interface materials (TIMs): (a) PLA, (b) graphene-PLA, (c) TPU,
(d) 20%BN-80%TPU, and (e) 40%BN-60%TPU. Each curve represents the temperature deviation
of an individual cell relative to the instantaneous module-average temperature during a controlled
heating-cooling cycle. The temporal evolution and spread of AT reveal the extent of lateral thermal
nonuniformity. Panel (f) shows the peak AT, averaged across all six cells, plotted against the
corresponding thermal diffusivity of each TIM. Error bars denote standard deviation from multiple
trials. A downward trend is observed, with a marked reduction in AT at higher thermal diffusivities
(>1072 cm?/s), suggesting a threshold for effective lateral heat spreading.

It should be noted that an ideal TIM should simultaneously exhibit both a high
rate of cooling (see Figure 3d) and a low spread of AT, which is achieved in our case
through 40%BN-60%TPU composites. The physical mechanism underlying these trends
can be understood in terms of the competition between two thermal processes: (1) vertical
heat sinking into the cooling manifold, and (2) lateral thermal diffusion across adjacent
cell interfaces via the TIM. At low diffusivity (e.g., PLA), both mechanisms are weak,
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resulting in symmetric but slow heat loss across the module. As diffusivity increases
without reaching the percolation threshold (e.g., GPLA, 20%BN-TPU), lateral diffusion
becomes anisotropic and non-uniform, which can amplify local hotspots, especially near
the geometric or thermal boundaries of the module. Once the TIM achieves sufficiently
high diffusivity (e.g., 40%BN-TPU), lateral heat transfer dominates, allowing efficient
redistribution of thermal energy from warmer to cooler regions and thus reducing AT.
Edge effects are also evident in these data due to the finite size of the battery module
and the small number of monitored cells (N = 6). Cells located at the periphery (e.g.,
Battery-1 or Battery-6) often show the largest deviation from the average temperature.
This behavior is consistent with the expectation that edge cells experience asymmetric
thermal environments—differing airflow exposure, partial insulation, or varying proximity
to the cooling manifold boundaries. To further elucidate the relationship between TIM
thermal properties and inter-cell thermal uniformity, we extracted the peak values of AT
for each configuration and plotted them against the measured thermal diffusivity of the
corresponding materials, as shown in Figure 4f. Error bars represent the standard deviation
of the peak AT values across three replicates for each TIM. In summary, the performance of a
TIM involves a fundamental trade-off between heat storage and heat dissipation. Materials
with low thermal diffusivity can buffer transient heat and delay propagation, whereas
those with higher diffusivity promote rapid heat spreading and minimize local temperature
gradients. In the present study, GPLA represents a heat-storage-dominated regime, while
BN-TPU (particularly 40 wt.%) exemplifies a high-diffusivity, heat-dissipating regime that
enhances thermal uniformity across cells.

COMSOL simulation of TIM performance using the first setup with an external heat source:
To evaluate the dynamic thermal response of the battery module under practical operating
conditions, COMSOL Multiphysics simulations were conducted across a range of charge-
discharge (CD) rates (1C, 2C, 4C, and 8C) [2,60-65]. A six-cell Li-ion battery module was
subjected to 10 continuous charge—discharge cycles at varying C-rates (1C, 2C, 4C, and 8C),
followed by a 2.5-h cooling period with various TIMs placed between the cells, as shown in
Figure 5. Figure 5a presents a representative image of the temperature profile at the end of the
first cycle using PLA as the TIM. The thermal distribution among the cells is relatively symmetric.
However, we notice an increase in the cell temperature, as evidenced by different colors of the
liquid-cooling manifold (hot pink) compared to the cells (golden yellow). Figure 5b—f depict
the temperature profiles at the end of the tenth cycle for the different TIMs. For PLA (Figure
5b), a significant temperature increase is evident, with pronounced hotspots in TIM toward the
left edge of the cell. The GPLA and TPU TIMs (Figure 5c,d) demonstrate improved thermal
performance relative to PLA, but still exhibit notably asymmetry as noticed from different colors
for the liquid-cooling manifold (purple) and the cells (orange for GPLA and hot pink for TPU).
These results are consistent with their moderate thermal diffusivities, which enable some degree
of vertical heat sinking but are insufficient for complete lateral thermal equilibration. The 20%
BN-TPU composite (Figure 5e) provides a further reduction in maximum temperature and a
modest improvement in uniformity. The most striking improvement is observed with the 40%
BN-TPU composite (Figure 5f), where the temperature field is both lower in magnitude and
more homogeneous with the liquid-cooling manifold and the cells both showing similar color.

To analyze more quantitatively, we present the average temperature profiles in
Figure 6. Each subplot compares the temperature rise for different TIM configurations: PLA,
GPLA, TPU, 20% BN-TPU, and 40% BN-TPU. Across all conditions, a clear and systematic
increase in temperature with increasing C-rate is observed, consistent with the enhanced internal
heat generation governed by the relation Q o 2R, where I is the current and R is the internal
resistance of the cell. At low C-rates (e.g., 1C in Figure 6a), the thermal load is moderate leading
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to maximum temperature < 22 °C. At 1C, all TIMs appear reasonably effective in preventing
excessive temperature rise, although subtle differences in performance are already discernible
with 40% BN-TPU showing the best performance, as expected. As the C-rate increases (partic-
ularly at 4C and 8C) in Figure 6b—d, the distinctions among TIMs become significantly more
pronounced. Notably, the PLA TIM, which exhibits the lowest thermal diffusivity among the
tested materials, results in the highest average temperatures at every C-rate. In contrast, the 40%
BN-TPU composite consistently demonstrates the lowest temperature profiles across all C-rates,
highlighting the role of enhanced thermal diffusivity in facilitating vertical heat sinking and
efficient thermal management. Furthermore, all materials exhibit a thermal staircase in peak
temperature with increasing C-rate, indicating cumulative heating effects due to incomplete

thermal recovery between successive cycles.
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Figure 5. 3D temperature mapping on the 6 cell module captured at (a) 900 s (i.e., the end of the
first charge discharge) evaluated at 8C with PLA as the TIM material. The temperature profiles at
the end of 10th cycle for different TIM materials, (b) PLA, (c) GPLA, (d) TPU (e) 20% BN-TPU and
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At the highest C-rate of 8C, PLA exhibited the largest Ty, reaching slightly above
50°C over the course of the cycles (Figure 7a). In contrast, the 40%BN-TPU TIM,
which demonstrated the highest experimental thermal diffusivity, limited the thermal
rise to below 50°C, despite identical electrochemical and convective boundary condi-
tions. Figure 7b—e present the average inter-cell temperature deviation, calculated as
0Tcp=%(T; — T,wg)/ 6;(i=1,..,6), for each TIM configuration across charge-discharge
cycles at different C-rates. Across all C-rates, a clear hierarchy in 6T¢p emerges. Low-
diffusivity TIMs such as PLA and GPLA exhibit the lowest inter-cell deviations in contrast
to high-diffusivity TIMs (similar to results discussed in Figure 4). As discussed earlier, this
can be rationalized in terms of the balance between vertical heat transfer to the manifold vs.
the lateral heat spreading. While high diffusivity TIMs enable faster heat decay through
vertical heat transfer (cf. Figure 3d), there is asymmetric lateral heat diffusion resulting in
higher inter-cell deviations.
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Figure 7. (a) The average temperature (Tyyg) as a function of the C-rate for different TIM materials.
The average temperature deviation, dT¢cp across the batteries within the module during charge-
discharge cycles when operated at (b) 1C, (c) 2C, (d) 4C and (e) 8C. A clear non-uniformity in
the temeprature distribution was observed at all C-rates with significant dependence on the TIM
material used.

TIM performance using the second setup with a 3s2p module: To gain a deeper under-
standing of the effect of TIMs on battery pack thermal management and compare with
COMSOL simulation, we designed a 3s2p battery pack with an aluminum coolant tube
and TIMs (PLA and 40% BN + 60% TPU) configuration in COMSOL Multiphysics. The
simulation was run at different charge—discharge rates. The respective 3D temperature
mappings are shown in Figure 8. A significant decline in the average surface temperature
was observed when 40%BN+TPU was used as the TIM material (Figure 8c,d) compared to
PLA (Figure 8b,e).

Figure 9a shows the COMSOL simulated results for the average temperature of the
battery pack at 1.4 C-rate. Clearly, the average temperature decreases when using BN-
filled TPU TIM compared to PLA. To compare with experimental results, we measured
temperature of six 18650 Li-ion batteries configured in 3s2p (along with a coolant tube and
TIMs) similar to the simulation design. Each battery in the pack was connected with a
thermocouple to record the temperature. The experiment was run at a continuous constant
current charge—discharge rate of 1.4 C for 10 cycles. In Figure 9b, the average temperature
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of the battery pack is plotted after 10 cycles with neat PLA and 40% BN + 60% TPU TIMs.
The results show that the average battery pack temperature reaches approximately 43 °C
with PLA. In contrast, with BN-filled TPU TIM, the average pack temperature is recorded
at approximately 38 °C. The percent difference between 40% BN + 60% TPU and PLA,
observed in both experiment and simulations, are shown in Figure 9c. The observed
trend reveals a remarkably strong relationship between the experimental and simulated
results with a Pearson correlation coefficient of 0.9775. This indicates excellent linear
agreement in their trends, where 97.75% of the variance in one series is explained by the
other, demonstrating that the sequences evolve in near-perfect lockstep. Furthermore,
the normalized correlation (using z-scores to focus solely on scale-invariant shape and
pattern) mirrors this value at 0.9775, underscoring the simulation’s fidelity in capturing the
temporal dynamics of the experimental data [66,67].
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Figure 8. 3D temperature mapping on the battery module arranged in 3s2p configuration with
different TIM materials. All connections were made with aluminum strips with external temperature
set to 22 °C. Module was simulated at 1C rate for 10 cycles with coolant flow through the aluminum
tubes maintained at 40 mL/min. Top view of the module (a) at the beginning of the change discharge
cycles, at the end of 10th cycle with (b) PLA and (c) 40%BN+TPU as the TIM material. Corresponding
side views of the same are show in (d—f). Color bars indicate the maximum surface temperature. A
6 °C decline in the heat distribution is observed on the system with 40%BN+TPU as the TIM material
when compared to PLA at the end of 10th cycle.
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Figure 9. Average temperature profiles of the 3s2p 18650 battery pack with different TIMs (PLA and
40% BN + 60% TPU) at charge—discharge rate 1.4 C after 10 cycles (a) Simulation (b) Experiment.
The use of BN-filled TPU TIM significantly reduced the average temperature of the battery pack
compared to PLA, demonstrating its good thermal conductivity and heat dissipation capability.
(c) A comparison of the percent difference (Tgn-Tpr 4) in average temperature between PLA and 40%
BN + 60% TPU, shown for both experimental results and simulations, as a function of cycle number.
Negative percent difference indicates that the average temperature with BN TIM is lower than PLA.
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Figure 10 compares the experimental and simulated thermal responses of the 3s2p bat-
tery module under continuous charge—discharge cycling at different C-rates. Panels (a)—(c)
present the percent temperature difference between the high-diffusivity (40 wt.% BN-TPU)
and low-diffusivity (PLA) TIMs at 1.35C, 2C, and 2.7C, respectively. In both experiment and
simulation, the BN-TPU composite consistently exhibits lower average cell temperatures
throughout the cycling process, with the difference becoming more pronounced at higher
current loads. The time-dependent profiles show strong overlap between the simulated and
measured percent differences, confirming that the COMSOL model accurately captures the
transient thermal behavior of the module. As the C-rate increases, the average temperature
of the cells rises due to enhanced Joule heating, whereas the relative temperature reduction
provided by the BN-TPU TIM (Tgn_TpUu — IpLA) remains consistently negative, indicating
superior heat dissipation (Figure 10d,e). The excellent agreement between experiment
and simulation, within £10% for the relative temperature difference, demonstrates the
validity of the capacity- and C-rate-normalized electro-thermal model. Together, these
results confirm that the high-diffusivity BN-TPU composite provides more effective heat
removal and temperature uniformity across the module at all tested operating conditions.
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Figure 10. Comparison between experimental and simulated thermal responses of the 3s2p battery
module with different TIMs (PLA and 40 wt.% BN-TPU) under various C-rates. (a—c) Percent
temperature difference between BN-TPU and PLA as a function of time during cycling at 1.35C, 2C,
and 2.7C, respectively. (d) Average cell temperature (Tavg) as a function of load current for both TIMs
in experiment and simulation. (e) Difference in average temperature between BN-TPU and PLA
(Tsn—1PU — TpLA) as a function of load current, showing consistent temperature reduction with the
high-diffusivity TIM. Error bars denote standard deviation across three independent measurements
(n = 3). The close match between experiment and simulation confirms the robustness of the
normalized electro-thermal model and the superior cooling efficiency of the BN-TPU TIM.

4. Conclusions

We systematically evaluated the thermal performance of graphene-PLA (GPLA) and
boron nitride (BN)-loaded TPU composites as thermal interface materials (TIMs) for lithium-
ion battery modules. Material characterization confirmed that the incorporation of high

167



Batteries 2025, 11, 431

thermal conductivity fillers significantly enhanced both thermal stability and thermal
diffusivity. Through a combination of analytical modeling, finite-element simulations in
COMSOL Multiphysics, and experimental thermal cycling studies, we established a direct
inverse relationship between the TIM thermal diffusivity and the heat decay rate of the
battery module. Our analysis further revealed that optimal TIMs must balance vertical heat
sinking into the cooling infrastructure with lateral thermal diffusion across adjacent cells
to minimize inter-cell temperature gradients. Among the materials studied, the 40%BN-
60%TPU composite demonstrated superior performance, achieving both rapid cooling
and thermal uniformity. These findings underscore the potential of filler-engineered,
additive-manufactured polymer composites for scalable, efficient thermal management in
high-power lithium-ion battery applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries11120431/s1, Figure S1: Scanning Electron Microscopy
(SEM) images of thermal interface material composites at different magnifications: (a—c) neat TPU,
(d—f) 20% BN + 80% TPU, and (g—i) 40% BN + 60% TPU. Each set shows increasing magnification
from left to right. The micrographs reveal the evolution of filler dispersion and network formation
with increasing BN content. The 40% BN composite (g—i) exhibits denser and more continuous BN
particle networks, indicating improved percolation and thermal transport pathways compared to
the less aggregated structures in neat TPU (a—c) and 20% BN composites (d-f). Figure S2: (a) Raman
spectrum of graphene-loaded polylactic acid (GPLA) showing characteristic D, G, and 2D bands of
graphene at ~1350, ~1580, and ~2700 cm ™!, respectively. The symmetric stretching mode of the
PLA’s CHj; group appears near 2950 cm~!. (b,c) Scanning Electron Microscopy (SEM) images of the
fractured surface of 3D printed GPLA composite at different magnifications. The microstructure
reveals a dense polymer matrix with embedded graphene nanoplatelets and voids, which may
serve as thermal conduction pathways or stress points depending on filler dispersion. Figure S3: (a)
X-ray diffraction (XRD) pattern of exfoliated BN micro powder deposited on an aluminum sample
holder. The characteristic peaks at approximately 26°, 42°, 50°, and 55° correspond to the (002),
(100), (102), and (004) planes of h-BN, while peaks at 38° and 44° originate from the aluminum
holder. A lattice constant of 3.29 A was calculated from the XRD data. (b) Raman spectrum of pristine
BNNPs using 532 nm laser excitation, showing the Ezg phonon mode centered at 1366 cm ! with
a full width at half maximum (FWHM) of 11 em~!. (c) Atomic force microscopy (AFM) image of
exfoliated BN micro powder deposited on SiO,/Si substrate, revealing platelet-like morphology
with lateral dimensions on the order of hundreds of nanometers. (d) Height profile line scans
corresponding to two representative BNNPs shown in (c), confirming thicknesses and lateral sizes
consistent with DLS measurements. The average lateral size was determined to be 745 4= 92 nm with
a thickness of 80 = 20 nm. Figure S4: Differential Scanning Calorimetry (DSC) curves for PLA, GPLA,
TPU, 20%BN-80%TPU, and 40%BN-60%TPU composites. PLA exhibits a two-step degradation
process with significant exothermic peaks between 350450 °C, while GPLA shows slightly earlier
onset due to graphene incorporation. Neat TPU and BN-TPU composites demonstrate enhanced
thermal stability, with increasing BN content shifting the onset of degradation to higher temperatures
and reducing the overall heat flow, indicating improved thermal resistance. The 40%BN-60%TPU
composite exhibits the most thermally stable profile among all samples. Figure S5: (a) Specific heat
capacity (Cp) and (b) Thermal conductivity (k) as a function of temperature for pristine polymers
(PLA, GPLA, and TPU) and BN-loaded TPU composites (20%BN-80%TPU and 40%BN-60%TPU).
PLA and GPLA exhibit pronounced Cp transitions near their glass transition temperatures, while
TPU and BN composites gradually increase with temperature. The thermal conductivity significantly
increases with BN loading, which indicates its effectiveness as a thermal conductive filler for thermal
interface materials. Figure S6: Infrared images (IR) of different thermal interface materials (TIMs) —
GPLA, PLA, TPU, and 40%BN-60%TPU composites at (a) low-temperature and (b) high-temperature
conditions. The color scale represents the surface temperature distribution ranging from 20-70 °C.
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Enhanced heat distribution is observed in the 40%BN-60%TPU composite, indicating improved
thermal conductivity compared to the neat polymer. Table S1: Comparison of cross-plane thermal
conductivity of this work with other BN-Polymer composites. Table S2: Fit coefficients (a, b) with
uncertainties for various TIM materials.
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Abstract: The increasing adoption of lithium-ion (Li-ion) batteries in electric vehicles
(EVs) and renewable energy systems has heightened the demand for efficient Battery
Thermal Management Systems (BTMS). Effective thermal regulation is critical to prevent
performance degradation, extend battery lifespan, and mitigate safety risks such as thermal
runaway. Liquid cooling has become the dominant strategy in commercial EVs due to its
superior thermal performance over air cooling. However, optimizing liquid cooling systems
remains challenging due to the trade-off between heat transfer efficiency and pressure
drop. Recent studies have explored various coolant selection, nanofluid enhancements,
and complex channel geometries, an ideal balance remains difficult to achieve. While
advanced methods such as topology optimization offer promising performance gains,
they often introduce significant modeling and manufacturing complexity. In this study,
we propose a practical alternative: an interconnected straight-channel cooling plate that
introduces lateral passages to disrupt the thermal boundary layer and enhance mixing.
Comparative analysis shows that the design improves temperature uniformity and reduces
peak battery temperature, all while maintaining a moderate pressure drop. The proposed
configuration offers a scalable and effective solution for next-generation BTMS, particularly
in EV applications where thermal performance and manufacturability are both critical.

Keywords: battery thermal management; interconnected; lithium-ion; heat transfer;
pressure drop; electric vehicles

1. Introduction

The urgency to mitigate global warming and reduce greenhouse gas emissions has
driven extensive research into renewable energy generation and storage technologies [1].
Among these, batteries play a central role in improving the reliability of renewable systems,
especially in off-grid applications with intermittent energy supply. In addition to stationary
applications, batteries are also essential components in modern transportation systems [2—4].
Electric vehicles (EVs) are increasingly recognized as a cleaner transportation option capable
of lowering emissions in urban environments [4,5]. However, the broader deployment of
EVs still relies on ongoing improvements in battery performance, including reductions in
cost and enhancements in safety, efficiency, and durability [4]. Lithium-ion (Li-ion) batteries
have become the preferred technology due to their high energy density, long cycle life, and
suitability for both mobile and stationary applications [5,6]. Despite these strengths, Li-ion
batteries still face critical challenges, especially in thermal management [7-9]. Performance
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degrades at low temperatures, while high temperatures accelerate aging and, in severe
cases, may lead to thermal runaway and fire hazards [7,10-12].

Over the past decade, extensive research on Battery Thermal Management Systems
(BTMS) has explored a wide range of cooling strategies for lithium-ion batteries [13-17].
Commonly reported approaches include air cooling [13,14], liquid cooling using various
coolants such as water, ethylene glycol, mineral oils, and dielectric fluids [15-17], phase
change material (PCM)-based cooling [18], and heat pipe-assisted systems [19]. Among
these, air- and water-based liquid cooling have been most widely adopted in commercial
electric vehicles (EVs) due to their favorable trade-off between performance, complex-
ity, and cost [14,20]. In contrast, PCM and heat pipe cooling remain largely limited to
experimental or niche applications. Several recent studies have also proposed hybrid
strategies—such as combining direct liquid cooling with forced air [21] or integrating
PCM with liquid cooling and pulsed operation [22]—to overcome the limitations of single-
mode systems. Other passive enhancements like PCM-metal foam-fin composites have
also been explored to reduce hotspots and improve energy buffering [23]. While these
hybrid or passive designs show promise, they often involve added complexity or lim-
ited scalability. Comparative studies such as Akbarzadeh et al. [24] have confirmed that
liquid cooling—particularly direct-contact or immersion types—offers superior thermal
performance and uniformity over air cooling, which is critical for improving cell balancing,
extending battery lifespan, and reducing safety risks like thermal runaway:.

Despite the demonstrated superiority of liquid cooling compared to other methods,
optimization through various approaches is still being actively reported. These efforts can
be broadly categorized into two directions: coolant-based improvements and geometry-
based modifications. On the coolant side, several studies explore the use of different
liquids to enhance thermal performance. Liu et al. [15] evaluated various cooling media
including water, ethylene glycol, engine oil, and their mixtures with 5% alumina nanofluids.
Water was found to outperform ethylene glycol and engine oil in cooling efficiency, and
the addition of nanoparticles further reduced the maximum temperature rise by 1.2 °C.
However, this enhancement came with nearly a 50% increase in pressure drop. Similarly,
Trimbake et al. [25] reported that using mineral oil in a submerged jet and jet impingement
configuration resulted in a highly uniform surface temperature distribution, with deviations
kept under 1 °C. Chen et al. [26] compared direct and indirect liquid cooling using water,
mineral oil, and water-glycol mixtures, confirming water’s superior thermal performance
but also noting limitations in specific configurations.

On the geometry side, researchers have proposed numerous flow channel layouts
to improve thermal distribution and reduce hot spots. Tao Deng et al. [9] investigated
various serpentine-shaped channel configurations and flow directions to optimize heat
transfer across the cooling plate. Panchal et al. [27] conducted both experimental and
numerical studies on mini-channel cold plates operated at different coolant temperatures
and discharge rates, providing insights into real-world battery cycling scenarios. Amalesh
et al. [28], using Liu et al. [15] as a baseline, introduced multiple redesigned channel geome-
tries that achieved up to a 13 °C reduction in peak battery temperature at a 3C discharge rate.
However, this thermal gain incurred a 250% increase in pressure drop. Another approach
was presented by Zekung Jiang et al. [29] proposing an immersion technique which utilized
gravity to increase the liquid flow, and by this the optimization of temperature difference
and pressure drop were reported to be 79% and 13%, respectively. However, this attempt
is still dependent on special dielectric liquid with low viscosity. Beyond the traditional
approach of changing liquid and geometry, recent studies using topology optimization
were also reported. Yasong Sun et al. [30] applied topology optimization using porous
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medium domains and compared the results to serpentine and rectangular designs. At
equal pressure drop (~55 Pa), their topological design reduced the maximum temperature
by approximately 10 °C when compared to serpentine and by 8 °C when compared to
rectangular layouts. Sen Zhan et al. [31] introduced a bionic leaf-vein cooling structure
via NSGA-II and density-based topology optimization, reporting substantial reductions in
temperature standard deviation (40.79%) and pressure drop (71.25%) over baseline designs.
Chaofeng Pan et al. [32] also proposed a dual-outlet, topology-optimized plate, showing
a 0.5% reduction in temperature and a 24% lower pressure drop compared to traditional
straight channel. This suggests that despite the complexity, the topology optimizations
show a promising potential for resolving thermal efficiency and pressure drop.

While topology optimization has demonstrated its potential to push the limits of
structural performance, as emphasized in the review by Jihong [33], its practical application
still demands advanced modeling, multi-axis manufacturing capabilities, and careful
handling of thermal-process effects. Therefore, a more straightforward and practical
approach is needed to achieve an efficient balance between thermal management and
hydraulic performance in battery cooling systems. In this study the authors propose an
interconnected straight-channel design, introducing a mixing zone that disrupts the thermal
boundary layer, thereby enhancing heat transfer. The proposed interconnected channel
differs fundamentally from the porous-fin and bionic flow-path concepts reported by Zhan
etal. [31] and Sun et al. [13]. While those designs rely on complex porous or biomimetic
structures that distribute coolant through tortuous micro-paths or fractal branches, the
present design preserves a conventional mini-channel layout but introduces periodic open
bridges that enable controlled lateral coolant exchange between adjacent channels. This
approach generates beneficial secondary flow and mixing similar to bionic designs but
maintains lower pressure drop, simpler geometry, and straightforward manufacturability
using standard milling or stamping methods. This approach not only improves temperature
uniformity and lowers the maximum battery temperature but does so with a pressure drop
increase significantly lower than that reported in some earlier studies. By leveraging a
simpler yet highly effective modification, our design provides a practical and scalable
solution for battery thermal management.

2. Numerical Method
2.1. Governing Equations

The fluid flow and heat transfer within the cooling system are numerically analyzed
using the Eulerian approach, where it is analyzed within a fixed control volume. A
set of governing equations—conservation of mass, momentum, and energy equations—
are solved at each control volume to accurately capture the heat transfer and fluid flow
behavior within the cooling system. These equations, expressed in Cartesian tensor form,
are presented in Equation (1), Equation (2), and Equation (3), respectively.

V.o =0 )

Momentum equation of laminar flow,

Pf

a*}
a—zt’ + (?.v)?] = —VP+uV2y )
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and for energy equation,

prpfaaltf +V-(psCp;oTy) = V- (ks VTy) 3)

In the solid domain of the cooling plate, conduction serves as the primary mode of
heat transfer. The governing energy equation for heat conduction in the cooling plate is
given by Equation (4):

o, o Ty ) aT, d Ty
— = — | kpy=— — | kpy=— — | kpz=— 4
PPy, 8x<bx8x)+ay(byay o\ gy @)
To establish thermal continuity between the solid and fluid domains, boundary condi-
tions ensuring temperature continuity and heat flux balance at the solid—fluid interface will
be applied, which will be explained in the coming section. Additionally, to replicate the
heat generation process within the battery, a heat source term is incorporated into the solid

volume, representing internal losses from electrochemical reactions and ohmic heating.
This modifies the energy equation in the battery domain to Equation (5).

pbcpb% = ai(kbxaa];b) +aay<kbyaa§b) + i(kbzaazb> +Qgen ©)

All governing equations for solid and liquid are solved using commercial CFD soft-
ware ANSYS Fluent 2025 R1 [34], which employs finite volume as the method for discretiza-
tion. Assumptions are applied for more simplified computation such as incompressible
flow and isotropic material properties. Contact resistance is considered negligible, allowing
direct heat transfer between the batteries and cooling plate. This simplification was also
considered by two previous studies, by Liu et al. [15] and Amalesh et al. [28]. Besides that,
Lai et al. [35] and Wang et al. [36] also considered the same simplification for different
battery geometry. Finally, adiabatic conditions are imposed on remaining external walls,
assuming no heat loss to the surroundings.

The internal heat generation of the battery per unit volume is represented by the
source term Qéen. The amount of heat generated not only depends on the rate of discharge
(1C, 2C, or 3C) but also on the state of discharge (SOD). Therefore, a transient calorimetric
measurements of Li-ion battery heat reported by Liu et al. [15] will be used in this model.
The equation is approximated using a polynomial function of time f as follows:

Qgen= A1t® + Agf® + At* + Ayf® + Ast® + Agt + A7 (6)

where Al through A7 are the polynomial coefficients [13] corresponding to the three
distinct discharge rates (1C-3C) shown in Table 1. This polynomial formulation is later
implemented into the solver software using a User-Defined Function (UDEF), allowing the
heat generation term to be dynamically computed at each time step for 1C, 2C, and 3C
discharge rates during the simulation.

Table 1. Polynomial coefficients of heat generation at different battery discharging rates.

Discharge

Al A2 A3 A4 A5 A6 A7
Rate
1C 49132 x 10716 —37742 x 10712 1.0679 x 10~8 —1.3417 x 1073 0.0076 —2.2208  17,151.7482
2C 12578 x 10713 —4.8310 x 10710 6.8347 x 1077  —4.2934 x 10~* 0.12160 —17.763  66,623.3365
3C 32235 x 10712 —82542 x 107>  7.7851 x 107®  —3.2303 x 103 0.61570 —59.961 148,414
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2.2. Boundary Conditions

The following boundary conditions are applied to represent battery heat generation
and cooling plate operating conditions. At initial time (¢t = 0), the entire domain including
fluid, cooling plate, and battery are assumed to be at uniform initial temperature of 25 °C.

At the inlet of the cooling plate, a uniform velocity profile is imposed along the y-axis
(see Figure 1) and is expressed by Equation (7). At the outlet, the pressure condition is
applied as expressed in Equation (8).

u=0m/s; v=0.08 ~ 016m/s; w=0m/s (7)

Pout =0 Pa 8)

|:| Cooling plate

(a)
Interconnection zone
om mmhem mm o
== e
:= ] [ ] [ J [ | [ .
inlet = ' Main ﬂowJpath | | outlet
e ] [ ] [ ] [ ] [ N
- | | '
::71 [ 1 .
m ===
(b)
[ pooouon § H ] {
St 000084 PRI
g 1000000
N
00000e :I/[‘
o (OO 550 | | 8.00_||2.50

100.00

(d)

Figure 1. (a) Schematic of the battery module. (b) Flow arrangement of interconnected design.
(c) Symmetrical assumption. (d) Interconnected design.
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A no-slip boundary condition was applied at the inner walls of the fluid domain,
which is expressed in the following equation.

Uy = Uy = Wy = 0m/s 9)

Thermal boundary conditions are given as follows: At the inlet of the liquid flow
channel, fluid temperature is set at a constant value, T;, = 25 °C. At the interface between
the battery (solid) and the liquid coolant (fluid), a coupled boundary condition is applied
to allow heat transfer between the two domains, ensuring continuity of temperature and
heat flux across the interface. The coupling is expressed by the following equation.

ky, % =ky % (10)

Subscript b and f refer to battery and fluid, respectively, while # refers to the normal
direction to the interface between solid and fluid domains.

To reduce computational cost, a symmetry boundary condition is applied at the center
of the half cooling plate and battery 3 (see Figure 1b). Under this assumption, no heat or
mass flux occurs across the symmetry boundary (0T = 0).

At the remaining surfaces of battery domain, adiabatic boundary conditions are
applied, which is expressed by this following equation.

" k aTd

L Ty 3Ty
T ox

= kd@ =Kap, = 0 (11)

The simulation conditions used in this study are summarized in Table 2.

Table 2. Summary for computational settings.

Category Location Condition Type Specification/Value
Initial Condition Entire Domain Temperature 25°C
. Uniform velocity at y-axis

Inlet Velocity (0.08; 0.10; 0.12; 0.14; 0.16 m/s)
Flow Condition

Outlet Pressure 0 Pa

Fluid-solid walls No-slip condition -

Inlet Temperature 25°C
Thermal Conditions Battery—coolant interface Coupled condition -

Symmetry plane Symmetry condition -

External battery surface Adiabatic wall Zero heat flux (Equation (11))

2.3. Cooling Plate and Benchmark Design

A typical Li-ion battery pack consists of multiple battery modules arranged in a partic-
ular pattern. Each module has several batteries connected in series/parallel combinations
depending on the design requirements. The number of batteries in an EV ranges from a
few hundred to several thousand as per the size/weight of the batteries and their overall
capacity to match the vehicle’s power requirements.

Figure 1a illustrates the rectangular Li-ion battery pack and module analyzed in this
study. The battery pack consists of several prismatic Li-ion battery modules, with each
module containing five Li-ion batteries (180 mm x 100 mm x 14 mm, 45 Ah capacity),
cooled by two aluminum cooling plates on either side. The coolant employed is water
entering at a constant temperature of 25 °C.
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The straight-channel cooling plate design consists of seven rectangular channels, each
8 mm wide, 3 mm high, with a 5.5 mm spacing between channels. The module design and
geometry, as shown in Figure 1a, is identical to the study by Liu et al. [15] and serves as the
baseline for validating the present model and comparing the seven proposed designs. The
interconnected modification being proposed in this study is explained diagrammatically
and shown in Figure 1d.

Figure 1b shows the flow arrangement of cooling fluid inside the plate. Fluid flows
entering the inlet of the cooling plate and passing through the main flow path. Between
two main flow paths, an additional interconnection zone were introduced to increase the
surface area and periodically disrupt the thermal boundary layer.

Figure 1c illustrates the concept of symmetrical analysis, applied due to the geometric
arrangement of the battery module. This approach significantly reduces computational
time while preserving accuracy.

The important parameters both for benchmarking and evaluating the results are tem-
perature rise (ATyuax) temperature difference within the battery (AT ;). These parameters
are calculated from the numerical solution using these following equations.

AT pax(t) = max T(x,y,z) — Ti—ps (12)

ATgifr(t) = max T(x,y,z) — min T(x,y,z) (13)

2.4. Mesh Generation and Grid Sensitivity

In this study, the accuracy of the numerical model is influenced by the quality of
generated mesh and time-step size. To ensure that the solution is independent of these
factors, seven trials with different mesh and time-step parameters were conducted.

Figure 2 presents the grid independence test for the interconnected channel cold plate
design with a constant inlet velocity of v;;, = 0.1 m/s. The number of mesh elements
varies between 800,000 and 4,000,000 with equal time step of 1 s. Figure 2a shows that the
predicted maximum battery temperature rise (AT;4x) remains nearly unchanged beyond
the mesh size of 2,000,000. Similarly, in Figure 2b the effect of time-step sizes was studied,
varying between 0.1 s and 5 s. Four cases have been conducted at time steps of 0.1s,0.5s,
1s,and 5 s. In this trial, the predicted (AT}4y) is not significantly influenced for the time
step of 1 s and above. Hence, in this study, the total number of mesh elements for the
interconnected design was set to 2,000,000, with a time step of 1 s.

17.0 18.0
s Vin=0.1m/s Vip=0.1m/s
16.9F 3.C discharging 4 3C discharging
time step = 1s 17.5} mesh size = 2,388,887
16.8 1 ~
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5 S
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| ] 16.5} 1
16.5 \ 0000
16.41 O——0 |1
- - - : 60—
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Mesh number (in million) time step (s)

() (b)

Figure 2. Grid independence study of the interconnected cooling plate design, showing the maximum
temperature rise as a function of mesh number (a) and time step (b).
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3. Results and Discussion
3.1. Numerical Model Validation

In this study, the validity of the numerical solutions is verified by numerical grid
convergence study as described in Section 2.4, and further verified against the baseline
reported by Liu et al. [15] and Amalesh et al. [28]. These studies were selected due to their
alignment with the current research objective. This comparison provides a benchmark for
evaluating the accuracy and reliability of the proposed numerical model, ensuring that the
predicted thermal and hydraulic performance aligns with established findings.

In this study, a 45 Ah Li-ion battery discharging at 1C, 2C, and 3C rates was simulated
and compared with the reported results of Liu et al. [15] and Amalesh et al. [28]. Figure 3a
shows the temperature trend of the battery running at different discharging rates under
adiabatic conditions (no cooling plate installed). It can be seen that the present model
closely agrees with the benchmark studies of Liu et al. [15] and Amalesh et al. [28] Similarly,
Figure 3b compares the cooling performance of the cooling plate for the battery module
using a straight rectangular channel. The performance of the cooling plate predicted by the
proposed model agrees with the results of Liu et al. [15] and Amalesh et al. [28] under all
three discharge rates. These results provide evidence that the numerical model applied
in this study is reliable. As the next step, an optimization approach was carried out by
applying an interconnected path along the straight channel.
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Figure 3. Maximum temperature rises AT}, under: (a) adiabatic condition; and (b) after installing
cooling plate at 0.1 m/s inlet velocity [15,28].

Under the proposed design, several parameters, including temperature rise (AT ax),
temperature difference within the battery (AT ), pressure drop of the coolant, and velocity
contour, were analyzed. The results will be discussed in detail in the following sections.

3.2. Thermal Performance

Figure 3a shows the transient maximum temperature rise in the battery module at
different discharge rates (1C, 2C, and 3C) under adiabatic conditions. Consistent with the
findings of Liu et al. [15], the results indicate that temperature increases with the increase
in discharge rate. At a discharge rate of 3C, the maximum temperature rise is around 62 °C,
whereas for 1C and 2C discharge rates, the observed maximum temperature rise was 36 °C
and 16 °C, respectively. At a 3C discharge rate, the temperature increases linearly for the
first 1000 s and then rises sharply afterward. A similar trend is also observed at discharge
rates of 2C and 1C, where the temperature rise remains linear up to 1500 s and 3200 s,
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respectively. Figure 3a shows a sharp turning point when the battery is near the stage of
EOD (end of discharge) as the internal resistance of the battery increases.

Figure 3b shows how the presence of the cooling plate can limit the temperature rise in
the battery. Under the baseline design, featuring a straight rectangular channel, the results
indicate that the temperature remains below 27 °C for the 3C discharge rate. For 2C and 1C
discharge rates, the temperature rise is 12.6 °C and 3.9 °C, respectively.

The temperature difference within the battery (AT;) indicates its temperature uni-
formity. Figure 3b shows the battery temperature difference in the baseline design at an
inlet velocity of 0.1 m/s under 1C, 2C, and 3C discharging rates. At a 3C discharge rate,
the maximum temperature difference is 15.9 °C, while under 2C and 1C discharge rates,
the maximum temperature difference is 7.4 °C and 2.4 °C, respectively. This result is in
good agreement with the results of Liu et al. [15]. Hence, the temperature difference in the
current model is successfully validated.

3.3. Effect of Additional Inter-Connected Passage

An interconnecting passage is hypothesized to enhance heat transfer by increasing the
heat transfer area and disrupting the thermal boundary layer. The interaction of thermal
and hydraulic boundary layers through secondary flow can enhance heat transfer. In this
study, the effect of an interconnecting passage is investigated to evaluate its impact on
battery temperature regulation, thermal uniformity, and flow characteristics.

Figure 4 presents the streamwise variation in the local Nusselt number (Nuy) for
the baseline straight-channel and interconnected (ID) designs, along with the analytical
correlation of Shah and London [37] for fully developed laminar flow in rectangular ducts.
The baseline profile shows excellent agreement with the Shah and London prediction,
validating the numerical accuracy of the present model. Both designs display a sharp Nu,
peak near the inlet due to strong entrance effects, followed by a decline as the thermal
boundary layer develops downstream. The ID design maintains substantially higher Nu,
values—approximately 2-2.5 times greater than the baseline in the fully developed region
(x/L > 0.3)—confirming that the interconnections effectively disturb and re-energize the
boundary layer. Minor oscillations in the ID curve correspond to local recirculation and
mixing near each interconnection bridge, while the baseline trend converges smoothly
toward the theoretical fully developed value predicted by Shah and London.

80 T T T T T

Baseline

70 .

Interconnected
60

— — Shah & London (1974)

50 | .
40

| S
-

Nu, (-)

10

00 02 04 06 08 1.0
x/L (-)

Figure 4. Streamwise variation in local Nusselt number for both baseline design and interconnected
design compared with Shah and London [37].
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The thermal performance of the baseline and interconnected designs was evaluated by
analyzing maximum temperature rise and temperature difference using Equation (12) and
Equation (13), respectively. The evaluation results are shown in Figure 5. For maximum
temperature rise (Figure 5a-left), the baseline and interconnected designs start to show a
noticeable difference at 100 s. At this point, the interconnected design is preferable, with a
temperature 0.5 °C lower than the baseline. At the end of discharge, the interconnected
design achieved a maximum temperature 8 °C lower than the baseline design. This
achievement is important, considering that the aging rate of Li-ion batteries increases
when operating at higher temperatures [26]. For temperature uniformity (Figure 5a-right),
the difference between the two designs starts to appear beyond 200 s. The effect of the
optimized interconnected design becomes stronger as discharge time exceeds 200 s. By the
end of the 3C discharge cycle, the interconnected design improves temperature uniformity
by approximately 3.5 °C.
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Figure 5. Maximum temperature rises ATy,x (left) and temperature difference AT (right) of both
baseline and proposed design under different discharge rate and 0.1 m/s inlet velocity (a) 3C, (b) 2C,
(c) 1C[15].
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A similar trend can be observed in the performance evaluation at 2C, as shown in
Figure 5b. In the case of 2C, the maximum temperature rise starts to differ by 0.5 °C
at around 100 s. By the end of discharge, the Interconnected design shows a 5.2 °C
lower maximum temperature rise (Figure 5b-left). Regarding temperature uniformity, a
noticeable difference of 0.5 °C appears only after 300 s. This is longer than 3C; this is
because it is more affected by heat generation of the battery rather than the cooling plate
heat transfer coefficient. By the end of the discharge cycle, the interconnected design
improves temperature uniformity by 1.7 °C.

Figure 5c shows the thermal evaluation at the 1C discharge rate. Due to the lower heat
generated by the battery, the temperature difference is not as significant as in the 2C and
3C cases.

However, the trend illustrates that the interconnected design is still preferable in terms
of cooling performance. For maximum temperature rise, the interconnected design shows a
0.1 °C lower temperature at 100 s. By the end of discharge, the interconnected design shows
a maximum temperature that is 1.7 °C lower than that of the baseline design (Figure 5c-left).
For temperature uniformity, Figure 5c-right shows that the interconnected design achieves
slightly better uniformity than the baseline design, with a 0.6 °C improvement by the end
of discharge.

3.4. Effect of Inlet Velocity

The inlet velocity of the coolant plays a crucial role in determining the overall thermal
performance of the cooling plate. Higher inlet velocities enhance convective heat transfer
by increasing the heat transfer coefficient. This section describes how the effect of velocity
changes the maximum temperature at both baseline design and interconnected design.

Figure 6a-left presents the maximum temperature of an individual battery at a 3C
discharge rate under different coolant inlet velocities for the Baseline design. Different flow
velocities ranging from 0.08 m/s to 0.16 m/s are investigated, with Battery 1 positioned
closest to the cooling plate. The velocity 0.08 m/s to 0.16 m/s corresponds to Reynolds
number Re = 347-Re = 695. This value corresponds to 1.5 L/min—4.6 L/min for each
module which is a typical EV coolant loop range, which is around 1-5 L/min per module.
Besides that, this is also to be consistent with Liu [15] and Amalesh [28] who studied a
similar coolant velocity value. The graph indicates that AT}, decreases with increasing
inlet velocity, aligning with the principles of convective heat transfer. Figure 6a-right
presents the maximum temperature of an individual battery at a 3C discharge rate under
different coolant inlet velocities for the interconnected design. The temperature trends
in the interconnected design follow a similar pattern to the baseline design, where the
maximum temperature decreases as the inlet velocity increases. This also confirms the
superior thermal performance of the Interconnected design. Both graphs also show that
the highest AT}y occurs at Battery 3, which is the farthest from the cooling plate. This is
due to the thermal resistance of the battery material.

In addition to the maximum temperature rise (ATyax), variations in ATy for each
battery under different velocities are evaluated and shown in Figure 6b. The evaluation
of temperature uniformity of different batteries is also important to evaluate since it
affects efficiency and lifespan [25]. Consistent with previous findings, Figure 6b-right
shows the ATy of interconnected design has lower ATy compared to baseline design
in Figure 6b-left. This implies that proposed design also improves the uniformity of the
battery to the level of each individual battery.
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Figure 6. Variation in the effect of velocities on the maximum temperature (a) and temperature
difference (b) comparing the case for baseline (left) and interconnected (right).

Figure 7 shows the variation in the average heat-transfer coefficient (HTC) with
coolant velocity for the proposed interconnected (ID) plate and the baseline design of Liu
et al. [15]. As the inlet velocity increases from 0.08 to 0.16 m-s~!, both designs exhibit
a monotonic rise in HTC, reflecting the expected convective enhancement with thinner
boundary layers at higher flow rates. The ID plate achieves an overall ~ 17% higher HTC
than the baseline, confirming that the introduced interconnections promote additional
lateral mixing and local turbulence. However, the relative improvement becomes slightly
smaller at higher velocities, suggesting that the advantage of the interconnection structure is
more pronounced under low-flow conditions, where it effectively compensates for weaker
natural convection and limited axial mixing.

However, while a higher inlet velocity enhances HTC by strengthening forced convec-
tion, it is crucial to consider the associated trade-offs. Increased velocity leads to a higher
pressure drop, which in turn raises the pumping power requirements. Excessive pressure
drop can reduce overall energy efficiency and limit the practical application of the cooling
system in battery thermal management. Therefore, achieving an optimal balance between
heat transfer enhancement and hydraulic efficiency is essential. The impact of pressure
drop will be discussed in detail in the following section.
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Figure 7. Comprehensive comparison on baseline and interconnected design, depicted through heat
transfer coefficient [15].

3.5. Pressure Drop Consideration

Pressure drop is a critical factor in cooling plate design, as it directly influences
system efficiency, energy consumption, and operational cost. A higher pressure drop
indicates greater resistance to coolant flow, requiring more pumping power to maintain
circulation. This increased power demand raises energy consumption, reducing system
cost-effectiveness. However, minimizing the pressure drop comes with the risk of poor
thermal performance, potentially causing the battery to operate at elevated temperatures,
which increases the likelihood of thermal runaway or, at the very least, shortens its life-
cycle. An optimal cooling plate design must balance heat dissipation and hydraulic
resistance, maintaining effective thermal regulation without excessive energy consumption
or inefficiencies.

Figure 8 compares the maximum temperature (AT;u) and pressure drop (AP) of the
proposed interconnected (ID) plate with seven benchmark configurations (D1-D7) from
Amalesh et al. [28] and the baseline design of Liu et al. [15]. The D-series represents major
liquid-cooling concepts: D1—straight parallel channels, D2—serpentine path, D3—pin-fin
structure, D4—wavy/sinusoidal channel, D5—triangular manifold, D6—hybrid manifold-
pin design, and D7—cross-linked multi-branch layout.

300 T T T T T T T T T 28
2715

126

2501 ®24.45 232.46 124

200+ 21.12 21 122
@ 2037 o 2% —
= ‘ L1596 e’ 120 &
& 150) 136,17 5
a ’ 118 &
\/ S
< o 3

100 | 16.40347 90.27 116

74.42 72.1 \
47.3179 ‘e’ 114
50+ :
27.389 \QQO(’ 112

BL ID D1 D2 D3 D4 DS D6 D7

Figure 8. Comprehensive comparison on baseline, interconnected design, and several benchmark
studies depicted through pressure drop to AT ;. Relation.
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From the figure, an improvement in thermal efficiency is shown by the maximum
temperature drop of 8 °C with a considerable increase in pressure drop. Despite showing
an increase in pressure drop of almost 75%, the design improvement is still necessary due to
that at 3C charging rate, the baseline condition shows a temperature rise approaching 25 °C.
Such temperature is far beyond the optimal working temperature of lithium-ion batteries,
which is in the range of 15-35 °C [38]. At such high temperature, prioritizing hydraulic
performance over thermal performance will risk the safety of the battery’s lifespan.

The graph demonstrates that compared to previously proposed model, the intercon-
nected design shows a relatively low maximum temperature rise, indicating enhanced
thermal performance, while maintaining a moderate pressure drop. Compared to the
D1-D7 series, it generally provides better heat dissipation, except for D4 and D6, which
achieve lower temperatures but at the cost of higher pressure drops. Conversely, the D1
and D7 designs exhibit lower pressure drops but at the cost of a higher temperature rise,
suggesting that their flow distribution is less effective in dissipating heat efficiently. These
findings highlight the importance of optimizing cooling plate design to achieve effective
heat dissipation while maintaining a balanced pressure drop, ensuring efficient battery
thermal management with minimal energy consumption and performance trade-offs.

Figure 9a presents the velocity contour for the interconnected design, illustrating
the flow behavior within the interconnecting zone. In the straight-channel configuration,
where no interconnecting zone is present, the coolant flows independently along separate
channels. This limits fluid mixing and prevents the formation of secondary flows. In
contrast, in the cooling plate with an interconnection zone, the low-pressure region across
the interconnection area induces stationary circulation zones, leading to the formation of
secondary flows as shown in Figure 9b. This additional flow pathway increases the heat
transfer area between the heating surface and the coolant, thereby enhancing convective
heat transfer. Additionally, this geometry enhances turbulence by inducing fluid mixing
and disrupting the thermal boundary layer. As a result, the boundary layer thickness
is reduced, leading to a higher heat transfer coefficient (HT'C) and improved convective
cooling performance. In terms of temperature distribution, the thermal boundary condition
is continuously developing from inlet to downstream. The higher temperature appears at
the channel downstream due to the higher thermal boundary layer. Due to the presence of
the interconnection area, a small transverse flow through the interconnection zone occurs. It
raises the temperature at the area compared to the main stream path as shown in Figure 9c.

Figure 9d illustrates the temperature contour along the flow channel in the intercon-
nected cooling plate design (left), along with the temperature contour on the battery solid
body (right). The visualization reveals that temperature is lower near the inlet, where the
coolant enters the system at a lower temperature and absorbs heat through convective heat
transfer. As the coolant moves downstream, it carries the absorbed heat, resulting in an
elevated temperature at the outlet due to sensible heat transfer. Additionally, the figure
highlights temperature variations across the battery arrangement. Batteries positioned
farther from the cooling plate experience less effective cooling, leading to higher local-
ized temperatures. Figure 10 presents how this value changes overtime, for 3C discharge
rate at 0.1 m/s for interconnected design. As time progresses, all three cells exhibit a
controlled temperature rise, with the interconnected design ensuring that thermal gra-
dients remain minimal. This highlights the success of the proposed cooling strategy in
maintaining temperature uniformity and preventing excessive heating, even under high
discharge conditions.
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Figure 9. Velocity (a), pressure (b) and temperature contour along channel (c) and temperature
contour on the battery body (d) under interconnected design.
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Figure 10. Maximum temperature rise (a) and temperature difference ATdiff (b) of proposed design
under 3C discharge rate and 0.1 m/s inlet velocity on specified single battery cell.

4. Conclusions

This study provides an in-depth analysis of cooling plate design and its impact on
battery thermal performance, specifically focusing on maximum temperature rise and
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pressure drop. The comparative assessment of the baseline (BL), interconnected (ID), and
D-series (D1-D7) cooling plate designs has yielded significant insights into the trade-offs
between cooling efficiency and hydraulic resistance. The key conclusions drawn from this
study are as follows:

e  The interconnected (ID) design effectively reduces maximum temperature rise, demon-
strating superior thermal performance compared to the baseline (BL) design and
achieving comparable cooling efficiency to the best-performing D-series designs.

e  TheID design improves temperature uniformity, enhancing thermal safety by reducing
the risk of thermal runaway, minimizing localized hotspots, and contributing to a
longer battery lifespan through more uniform heat dissipation.

e  While certain D-series designs (D4 and D6) demonstrate excellent cooling performance,
they experience high pressure drops, resulting in greater energy consumption and
increased pumping power requirements.

e  The interconnected design achieves a well-balanced compromise, providing enhanced
cooling performance while maintaining moderate flow resistance, making it a practical
and efficient solution for battery thermal management systems.
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Nomenclature
v Velocity (m/s) Greek symbol
T  Temperature (°C) 0 Density kg/m3
P Pressure (Pa) U Viscosity (Pa.s)
k Thermal conductivity (W/mK)
Q  Power (W) Subscript
q Heatflux (W/m?) f Fluid
u Velocity component in the x-dir. (m/s) b Battery-body
v Velocity component in the y-dir. (m/s) max Maximum temperature at time
w  Velocity component in the z-dir. (m/s)  diff Maximum-minimum temperature
Cp Sensible heat capacity (J/Kg °C) w wall
t Time (s)
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Abstract

Multi-stack Polymer electrolyte Membrane Fuel Cell (PEMFC) systems are increasingly
adopted in heavy-duty mobility to overcome the power limitations and thermal instability
of single-stack configurations. However, the overall energy efficiency, hydrogen utilization,
and thermal behavior of multi-stack fuel cell trucks are highly dependent on the applied
Power Management System (PMS). In this study, high-fidelity, system-level dynamic
model of multi-stack fuel cell truck was developed using Matlab/Simscape™, and three
PMS approaches (rule-based control, state-machine control, and fuzzy logic control) were
comparatively evaluated. The analysis includes coolant temperature regulation, hydrogen
consumption, battery State of Charge (SoC) dynamics, and the parasitic power demand
of Balance of Plant (BoP) components. Results show that the fuzzy logic PMS provides
the most balanced operating profile by smoothing transient fuel cell loading and actively
leveraging the battery during high-demand periods. In the thermal domain, the fuzzy
logic PMS reduced temperature overshoot by up to 61.20%, demonstrating the most stable
thermal control among the three strategies. Hydrogen consumption decreased by 3.08% and
0.89% compared with the rule-based and state-machine PMS, respectively, while parasitic
power consumption decreased by 7.12% and 3.32%, confirming improvements in overall
energy efficiency. TOPSIS-based multi-criteria decision analysis further showed that the
fuzzy logic PMS achieved the highest closeness coefficient (0.9112), indicating superior
system-level performance. These findings highlight the importance of PMS design for
achieving energy-optimal and thermally stable operation of multi-stack PEMFC trucks and
provide practical guidance for future control strategies, heavy-duty mobility applications,
and next-generation hydrogen powertrain optimization.

Keywords: configuration; cooling uniformity; dual-stack; fuzzy logic control; hotspot;
polymer electrolyte membrane fuel cell; power management system; technique for order of
preference by similarity to ideal solution; thermal management system

1. Introduction
1.1. Research Background

Internal combustion engine (ICE) vehicles still dominate the global automotive market,
accounting for nearly 75% of total sales, while battery electric vehicles (BEVs) represent
around 16.2%, plug-in hybrid electric vehicles (PHEVs) about 8.7%, and hydrogen-powered
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vehicles less than 0.1% [1-3]. However, the continued reliance on fossil-fuel-based trans-
portation has intensified environmental challenges such as greenhouse gas emissions and
urban air pollution, leading governments worldwide to impose increasingly stringent emis-
sion regulations [4]. This shift has accelerated the transition toward eco-friendly mobility
technologies, including BEVs and hydrogen electric vehicles (HEVs).

Despite the rapid progress of battery technology, heavy-duty applications, such as
long-haul trucks, pose unique challenges. They require extended driving ranges and high
payload capacities, which in turn demand substantial onboard energy storage. This often
results in a significant increase in battery weight, thereby compromising payload capacity
and vehicle efficiency [5,6]. In such cases, hydrogen-powered fuel cell vehicles present a
more practical solution due to their higher energy density and shorter refueling time.

PEMEC is particularly attractive for heavy-duty transport, offering advantages such
as high efficiency, rapid start-up, low acoustic noise, and zero tailpipe emissions [7,8]. Ad-
ditionally, they are well suited to applications with high power demand and frequent load
fluctuations, conditions commonly encountered in commercial freight operations [9,10].
However, despite these advantages, fuel cell technologies still face several challenges in
commercial applications. In particular, during long-term operation, fuel cells experience
gradual performance degradation caused by a combination of electrode material degra-
dation, catalyst loss, mechanical damage to the membrane electrode assembly (MEA),
and variations in operating conditions. Such degradation not only reduces efficiency and
power output but also shortens system lifetime and increases maintenance and replacement
costs [11]. These issues become more pronounced in heavy-duty freight applications, where
high loads and frequent load transients are unavoidable. To mitigate these limitations,
multi-stack (multi-reactor) fuel cell architectures have recently attracted growing attention.
By distributing power demand across multiple stacks, multi-stack configurations can al-
leviate localized thermal and electrical stresses, thereby improving system reliability and
extending operational lifetime. This scalability makes PEMFC systems suitable for high-
power applications ranging from compact single-stack systems to large-scale multi-stack
configurations [12-14]. Nevertheless, single-stack systems often fall short of meeting the
stringent power requirements of heavy-duty vehicles [15,16].

To overcome these limitations, multi-stack fuel cell systems have been introduced
to enhance power output, durability, efficiency, and overall system reliability [17-19].
In particular, they provide significant thermal management advantages over single-stack
systems, which typically suffer from limited natural convection cooling capacity and require
additional energy for heat removal. Effective thermal control strategies are therefore
crucial to maintaining optimal operating conditions and minimizing auxiliary power
consumption. Furthermore, to address the inherently slow dynamic response of fuel cells,
hybrid architectures combining PEMFC with auxiliary battery system is widely adopted.
Such configurations improve system responsiveness, support rapid load transitions, and
extend fuel cell lifetime. Consequently, an advanced Power Management System (PMS) is
essential to dynamically allocate power between the fuel cell and battery with load demand
and operating conditions. Thie need for intelligent hybrid power management becomes
even more critical in emerging PEMFC with limited thermal margins. In addition to water-
cooled PMEFC system widely adopted in heavy-duty truck, air-cooled PEMFC has recently
attracted significant attention in lightweight and compact mobility applications due to
their simplified balance of plant structure and high power density. However, air-cooled
system inherently exhibits narrower thermal margins and stronger coupling between
stack temperature, auxiliary power consumption, and dynamic load variations. Therefore,
advanced hybrid power management strategies that jointly consider energy efficiency and
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thermal stability are essential not only for heavy-duty water-cooled system but also for
emerging air-cooled PMEFC system.

1.2. Research Survey

Extensive research has been conducted to overcome the inherent limitations of single-
stack fuel cell systems by adopting multi-stack configurations. These efforts have focused
on improving system efficiency, reliability, and power distribution under varying load con-
ditions. For instance, Han et al. [20] demonstrated through optimized power simulations
that activating auxiliary sub-stacks beyond a specific load threshold can significantly en-
hance overall system efficiency. Similarly, Dépature et al. [21] developed a simulation-based
control design framework and confirmed that multi-stack systems outperform single-stack
architectures in terms of integration, reliability, and performance. Zhou et al. [22] explored
power allocation strategies that account for both efficiency and stack lifetime, while Marx
et al. [23] proposed a rule-based energy management framework incorporating a combined
index to balance efficiency with long-term durability. In addition to fuel cell-centric studies,
parallel research efforts have also focused on energy management strategies for other
electrochemical energy storage systems employed in hybrid powertrains.

In parallel with fuel cell-based hybrid powertrains, energy management strategies for
other electrochemical energy storage systems, such as lithium-ion batteries and superca-
pacitors, have also been widely investigated. Battery management systems (BMS) focus on
state estimation, charge—discharge control, and lifetime management, with model-based
approaches such as extended Kalman filtering and equivalent circuit modeling being com-
monly adopted for real-time applications [24,25]. Comprehensive surveys further indicate
that battery management requirements depend strongly on the assigned role of the battery
and system-level integration within the powertrain [26]. Beyond batteries, supercapacitors
have attracted attention as auxiliary energy storage devices due to their high power den-
sity and fast dynamic response, and hybrid battery—supercapacitor energy management
strategies, including model predictive control approaches, have been proposed to mitigate
transient load fluctuations and improve overall system performance [27,28].

Thermal management has also been a key research focus, given its critical role in
ensuring stack performance, efficiency, and lifespan. Qiu et al. [29] compared series
and parallel cooling architectures for multi-stack systems under various load conditions,
identifying their respective operational advantages. Shen et al. [30] further highlighted
that series configurations provide superior temperature uniformity under steady-state
loads, whereas parallel layouts offer improved thermal control during transient operations.
Fault detection and control approaches have also been proposed, including Su et al.’s [31]
Unscented Kalman Filter-based method for sensor fault diagnosis and Saygili et al.’s [32]
ITAE-based controller optimization to minimize parasitic power losses. Additionally, Hu
et al. [33] introduced a robust incremental fuzzy control method for cooling components
such as pumps and bypass valves, improving system resilience to parameter variations
and disturbances.

Parallel to thermal studies, power management strategy (PMS) research for fuel
cell electric vehicles (FCEVs) has evolved to address the dual-source power distribution
challenge between the fuel cell and battery. Existing PMS approaches can be broadly classi-
fied into rule-based control, state-machine-based control, and fuzzy-logic-based control
strategies. Rule-based PMS methods have been widely adopted due to their simplicity,
transparency, and ease of implementation, and have been shown to provide robust perfor-
mance under predefined operating conditions [34-36]. State-machine-based approaches
extend rule-based strategies by introducing explicit operating modes and state transition
logic, enabling improved adaptability to varying load and operating conditions [37,38].
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More recently, fuzzy-logic-based PMS methods have attracted increasing attention due
to their ability to handle nonlinear system behavior and uncertainties without requiring
precise mathematical models, offering enhanced performance in terms of energy efficiency
and thermal stability [39,40]. In addition to these heuristic-based strategies, optimization-
oriented PMS approaches, such as dynamic programming and predictive control, have also
been investigated to further improve system-level performance [41,42]. However, these
methods often involve higher computational complexity, which may limit their real-time
applicability in large-scale vehicle systems.

Despite these advances, most previous studies have concentrated on subsystem-
level optimization, such as air supply, hydrogen flow, or thermal regulation, or have
evaluated PMS strategies primarily based on state of charge and hydrogen consumption.
However, comprehensive vehicle-level evaluations that simultaneously consider multi-
stack architecture, thermal management, and power control remain limited. To address
this gap, the present study develops a full-vehicle physical model of a hydrogen-powered
truck using MATLAB/Simscape™ based on the Hyundai Xcient. The model integrates
electrochemical, thermal-fluid, and mechanical domains and implements three distinct
power management approaches, rule-based control, state machine control, and fuzzy logic
control, which are comparatively evaluated using the TOPSIS method. Furthermore, this
comparative evaluation approach may serve as a conceptual basis for future studies on
air-cooled PEMFC-based hybrid systems, provided that appropriate system models and
parameters are established.

2. System Configuration

A dynamic model of the hydrogen-powered electric truck was constructed based on
the specifications of Hyundai’s Xcient heavy-duty truck. The overall system architecture
and key parameters are summarized in Figure 1 and Table 1. The vehicle powertrain was
structured into three primary subsystems:

Uni-Directional
DC-DC Converter
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Prc Ve |—
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System Eat Batt Bat
ety _— Driving
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Bi-Directional
DC-DC Converter

Electrical Power

Signal Exchange
Mechanical Connection

Figure 1. Hydrogen electric truck system model schematic.

(1) Power Source Module: comprising dual PEM fuel cell stacks and high-voltage battery
pack, which jointly supply the electrical energy required for propulsion

(2) Power Conversion Module: including DC-DC converter and inverter that regulate
voltage levels and enable efficient energy transfer to the traction motor
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(3) Drivetrain Module: consisting of an electric traction motor coupled with a reduction
gear to convert electrical energy into mechanical motion and deliver the required
torque to the wheels

Table 1. Fuel cell system specifications.

System Components Parameters Unit
Number of Stack 2 -

Power Supply Svstem Power of Stack 90 kw
PPy =¥ Number of Battery 3 ea

Power of Battery 24 kWh

Drivine Svstem Power of Motor 350 kW

&Y Torque of Motor 2237 Nm

Furthermore, a power management system was integrated into the model to coor-
dinate energy distribution between the fuel cell and battery in real time, ensuring stable
operation and optimal performance under varying load conditions.

2.1. Fuel Cell System

To meet the high power requirements of heavy-duty applications, the vehicle integrates
two PEMFC stacks, each rated at 90 kW, forming a combined primary power source for
the propulsion system. To maintain reliable operation, the fuel cell subsystem incorporates
a comprehensive Balance of Plant (BoP), which includes hydrogen delivery, air supply,
and thermal regulation units. These subsystems ensure stable reactant supply, appropriate
humidity control, and precise temperature regulation under dynamic load conditions.

The dynamic fuel cell model developed in this study was constructed under sev-
eral simplifying assumptions to facilitate system-level simulation and reduce computa-
tional complexity:

- Hydrogen and air flows are modeled as ideal gases with fixed stoichiometric ratios
and constant relative humidity.

- The electrochemical reaction is considered spatially uniform, and concentration gradi-
ents within the electrodes are neglected.

- The temperature field inside the stack is represented using a lumped parameter ap-
proach, assuming homogeneous temperature distribution throughout the cell layers.

2.1.1. Fuel Processing System

The vehicle incorporates seven onboard high-pressure hydrogen storage tanks, each
capable of storing compressed hydrogen gas at 700 bar. To deliver hydrogen safely to the
fuel cell stacks, a two-stage pressure regulation mechanism is implemented [43]. Specifically,
the hydrogen supply pressure is reduced in two sequential stages. In the first stage,
the pressure is decreased from the storage level of 700 bar to an intermediate pressure
of approximately 10 bar, which ensures safe downstream handling and protects system
components from excessive mechanical stress. In the second stage, the hydrogen pressure is
further regulated from this intermediate level to the operating pressure required at the fuel
cell stack inlet, enabling stable and reliable hydrogen supply under varying load conditions.
This multi-step pressure reduction process plays a critical role in maintaining system safety
and performance, as directly supplying high-pressure hydrogen could lead to mechanical
stress, component damage, or rapid degradation of electrochemical performance [44-48].
By stabilizing the supply pressure, the system ensures consistent and efficient fuel cell
operation across a wide range of load conditions.
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The hydrogen flow rate required for stack operation is primarily governed by the load
current. Based on the consumption rate, the remaining hydrogen mass in the storage tanks
can be estimated using the following relationship:

. i
My, = — X A X Ngpp X Stoi 1
H, = % cell 1)
MH, remain = MH, tank X Mtank — /mHz )

Here, mp, represents the molar flow rate of hydrogen, F represents the Faraday
constant, i is the current density, A is the active area, and stoi denotes the stoichiometric
ratio. In addition, n represents the number of electrons involved in the electrochemical
reaction, and #.,;; denotes the number of cells in the fuel cell stack. Where the hydrogen
consumption is obtained by time integration of the hydrogen molar flow rate over time ¢.

2.1.2. Air Processing System

Air supply systems for PEMFC stacks can be broadly divided into atmospheric and
pressurized types, depending on the required performance characteristics and system
design constraints [49-51]. In this study, a pressurized supply configuration was selected,
employing a centrifugal compressor to provide sufficient oxidant flow for the dual 90 kW-
class fuel cell stacks. The adoption of a pressurized air system enables rapid transient
response and enhances overall stack efficiency under dynamic load conditions.

Similar to the hydrogen subsystem, the required air flow rate is governed by the
load current, ensuring proper stoichiometric balance during operation. The compressor
discharge pressure is determined as a function of system efficiency and the specific heat
ratio, as expressed by the following relationship:

ThAi, = nLF x A X Neepp X stoi (3)
( ; ) ( 'yl)
m, U t
P = <1 + 17Tth> X Patm 4)
arm

Here, m 4, represents the molar flow rate of air, 7 is the compressor efficiency, v is the
specific heat ratio, and Cp is the specific heat at constant pressure.

2.1.3. Stack

The output voltage of a fuel cell stack is influenced by several electrochemical and
transport-related phenomena. The theoretical reversible potential, often referred to as the
Open Circuit Voltage (OCV), is reduced in practical operation due to multiple overvoltage
losses. These include activation overvoltage associated with charge transfer kinetics,
concentration overvoltage caused by mass transport limitations of the reactants, and
ohmic overvoltage resulting from resistance to electron and ion conduction within the cell
components. The overall cell voltage can therefore be expressed as follows:

Vcell =E— Vot — Veon — Vohm (5)

~ nF  wnF  wuF PH,0
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RT i
Vet = —=In| — 7
act aE n(io) ()
RT i
Veone = ﬁln (1 - 1L> 8)
Vom = I X Rop (9)

Here, n is the number of electrons involved in the electrochemical reaction, p denotes
the partial pressure of each reactant, and « is the charge transfer coefficient. In addition, E
represents the reversible open-circuit voltage, Vact, Veone, and Vi, denote the activation,
concentration and ohmic overvoltages, respectively, and i} denotes the limiting current
density constrained by mass transport limitations.

The fuel cell stack model developed in this study was validated against experimental
data reported in previous single-cell studies, as illustrated in Figure 2 [52]. In that study, the
PEMFC polarization characteristics were measured under steady-state operating conditions
at a cell temperature of 65 °C using a three-cell PEMFC stack with an effective active area
of 25 cm? per cell. Humidified hydrogen and air were supplied to the anode and cathode,
respectively, and the polarization curve was obtained over a current density range of
0-1.6 A/cm?. The stack’s overall performance characteristics were extrapolated from
single-cell results by proportionally scaling the specifications with the total number of unit
cells. To ensure reliable operation under high-load conditions and to prevent issues such as
increased membrane resistance, water and thermal management instability, and the rise of
concentration and activation overpotentials, the maximum operating current density was
constrained to below 0.8 A/cm? [53-58].

Experiment
""" Simulation -

Cell Voltage [V]

Operating Poin

0.2

0 0.2 04 06 08 1 1.2 14

. 2
Current Density [A/cm”]
Figure 2. Polarization curve characteristic of fuel cell.

2.1.4. Thermal Management System

The thermal management architecture developed for the hydrogen-powered truck
is composed of distribution valve, three-way valve, coolant circulation pump, radiator,
and cooling fan, as shown in Figure 3. The specifications and configurations of these
components were derived from a validated reference model, whose performance had been
experimentally verified in a hydrogen fuel cell truck application [59]. Based on this design
reference, the same component parameters were adopted in the present system model to
ensure realistic thermal behavior and system performance.
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Figure 3. Hydrogen electric truck thermal management system structure.

Maintaining the fuel cell stacks within an optimal thermal operating range is essential
for maximizing electrochemical efficiency and ensuring long-term durability. In particular,
stable operation of both Stack 1 and Stack 2 at approximately 343.15 K enhances reac-
tion kinetics, thereby improving overall system performance and extending component
lifetime [60-62]. To achieve precise thermal regulation under varying load conditions,
Proportional Integral (PI) controllers were implemented across multiple subsystems. The
cooling fan was controlled to maintain the coolant temperature at point T1 around 333.15 K,
while additional PI controllers regulated the distribution valve (T2) and coolant pump (T3)
to sustain their respective setpoints near 343.15 K.

The radiator employed in the thermal management system is configured as a louver-fin
type heat exchanger. During operation, the coolant absorbs heat generated within the fuel
cell stack and is subsequently cooled as thermal energy is transferred to the ambient airflow,
which is supplied either by the vehicle’s forward motion (ram air) or by the operation of
the cooling fan. The heat exchanger’s thermal performance is quantitatively assessed based
on its effectiveness (¢) and Number of Transfer Units (NTU), which are defined as follows:

_ 1—exp[-NTU(1—c)]
T 1 Cexp[-NTU(—0)]

(10)

1
NITU = ——— 11
Cmin X R ( )
Here, c,,;, represents the minimum heat capacity rate, and R denotes the thermal
resistance component. The heat transfer rate is calculated based on the effectiveness as
shown below, while the maximum heat transfer rate is determined by the minimum heat

capacity rate and the temperatures of the coolant and air entering the heat exchanger.

Q =¢&X Qmux (12)

. Cori
Quax = mir (13)
e (Tcoolant,in - Tair,in)
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Through this heat transfer process, the outlet temperatures of the coolant and air can
be calculated as follows:

Q
Tcoolant,out = Tcoolunt,in - (14)
Ccoolant
Q
Tair,out = + Tuir,in (15)
Cair

Although temperature regulation is applied across all sections of the cooling loop,
the concurrent operation of multiple controllers at the same control point can result in
interaction effects, potentially degrading system stability and control performance [63-65].
To mitigate this issue, a simplified rule-based control strategy was implemented for the three
way valve in place of a more complex control algorithm. In this scheme, the valve opening
ratio is modulated with the fuel cell stack load, thereby enabling stable and responsive
thermal control.

2.2. Battery

The battery system in the hydrogen-powered truck functions as a supplementary
energy source, playing a crucial role in compensating for the inherently slow dynamic
response of the fuel cell system during transient load changes [66-68]. In this study, the
battery was configured based on the specifications of Hyundai’s Xcient as a high-voltage
lithium-ion pack with a total capacity of 72 kWh, comprising three modules of 24 kWh each.
The nominal system voltage is 630 V. Operating in a hybrid configuration alongside the
fuel cell stacks, the battery ensures continuous and reliable power delivery under varying
load conditions, thereby enhancing vehicle responsiveness and overall energy management
performance.

2.3. DC-DC Converter

To match the distinct voltage levels of the fuel cell and battery with the requirements
of the traction motor, DC-DC power converters were integrated into the system archi-
tecture [69,70]. Because the battery undergoes both charging and discharging processes
depending on its SoC during vehicle operation, a bidirectional converter is necessary to
enable power flow in both directions. Accordingly, a unidirectional converter was assigned
to the fuel cell subsystem to step up its output voltage, while a bidirectional converter was
incorporated into the battery subsystem to manage bidirectional energy exchange, ensuring
proper voltage conversion and seamless hybrid power operation.

2.4. Powertrain System

The powertrain subsystem converts the electrical energy generated by the fuel cell and
battery into mechanical power via the traction motor, enabling the vehicle’s propulsion.
It delivers the tractive force necessary to counteract various resistive loads that occur
during driving, such as gravitational forces from vehicle mass, road incline resistance, and
aerodynamic drag. These resistive components are calculated using the following equations,
with detailed system parameters summarized in Table 2. Furthermore, because the traction
motor inherently operates with low torque and high rotational speed, a reduction gear
is integrated into the drivetrain to increase output torque and satisfy the propulsion
requirements of the vehicle [71-73].

ZFvehicle = Farive — Forake — Fresist (16)
T,
Firive = axle (17)
Ttire
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Forate = Ftanh <“"“‘l€) (18)
w1
Fresist = (Ftirecosg + Fair)tanh (Zx) + mgSinQ (19)
1

Table 2. Xcient vehicle specification [9].

System Components Parameters Unit
Vehicle Mass 28,000 kg
Tire Rolling Radius 0.286 m
Vehicle Tirg Rolling Coefﬁ'cient 0.008 -
Specification Air Drag Coefficient 115 -
Vehicle Front Area 2.54 x 3.73 m?2
Reduction Gear Ratio 8 -
Gravitational Acceleration 9.81 m/s?

Here, F4,jp. denotes the traction force generated by the motor, which is driven by the
power supplied from the hydrogen fuel cell and battery, and is calculated through torque
and wheel radius. Fy.k, represents the braking force generated for vehicle deceleration.
In addition, F,.js+ represents the total resistive force, which includes rolling resistance
caused by tire-road contact, aerodynamic drag caused by air during vehicle motion, and
gravitational resistance due to road slope.

2.5. Power Management System

To ensure a fair comparison among the three power management strategies, all PMSs
were designed to determine the fuel cell output power based on the same input information,
namely the traction load power and battery SoC. The PMSs differ only in the complexity
and adaptability of their control logic and are classified into rule-based control, state
machine control, and fuzzy logic control strategies. The hydrogen electric truck operates
under a hybrid powertrain architecture that integrates hydrogen fuel cell system with a
high-voltage battery. Effective coordination between these two energy sources requires well-
designed PMS capable of dynamically allocating power with the vehicle’s traction demand.
The PMS plays a crucial role in optimizing overall system efficiency while distributing
power within the physical and operational constraints of both subsystems [74,75]. In this
study, three different PMS strategies—rule-based control, state machine control, and fuzzy
logic control—were developed and evaluated.

The rule-based control approach is widely adopted due to its simplicity and ease of
implementation, as control decisions are derived from predefined logic rules. However,
the static nature of these rules often limits adaptability, making it challenging to maintain
optimal performance under rapidly changing or unpredictable operating conditions. State
machine control, on the other hand, models system behavior using discrete operational
states and transition conditions, providing a structured and easily interpretable control. Yet,
as system complexity increases, the number of states can grow significantly, complicating
controller design and increasing maintenance efforts. Finally, fuzzy logic control offers high
flexibility in managing nonlinear and uncertain environments by using linguistic variables
and membership functions. Despite its robustness, the computational cost associated with
processing many fuzzy rules can become a limiting factor in real-time applications [76-81].
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2.5.1. Rule-Based Control PMS

Rule-based control is widely recognized for its simplicity and rapid implementation,
as control decisions are derived directly from predefined logical rules [82]. In this study, a
rule-based PMS was developed using a conditional if-then structure, with SoC and power
demand serving as the primary control variables. SoC thresholds were set at 0.4 and 0.6 to
define the system’s operating regions. Based on these thresholds, the control strategy was
divided into three distinct operating modes: battery-dominant drive, hybrid drive, and
fuel-cell-dominant drive, as illustrated in Figure 4.

Drive mode Hybrid Drive mode
dependent on battery Drive mode dependent on fuel cell

P PoaaPy
Pbt: Pbl,max

PP

bt:Pload'Pnor

nor

End
Figure 4. Flow cart of rule-based control PMS.

In the battery-dominant drive mode, which is activated when the SoC exceeds 0.6, the
traction power is supplied primarily by the battery, utilizing its maximum power capability.
When the SoC is within the intermediate range (0.4-0.6), the system transitions into the
hybrid drive mode, in which both the fuel cell and battery contribute to power delivery. In
this mode, the fuel cell stack operates near its rated power to supply the base load, while
additional power requirements are met by the battery. Finally, when the SoC drops below
0.4, the system enters the fuel-cell-dominant mode, where the fuel cell becomes the primary
power source. Under light-load conditions in this mode, the fuel cell not only supports
propulsion but also charges the battery to restore its SoC. In this study, the rule-based
control logic was explicitly implemented using a conditional if-then structure to ensure
transparency and reproducibility.

(1) When the battery SoC exceeds 0.6, the fuel cell output power is restricted to its
minimum operating level, and the traction power demand is mainly supplied by
the battery.

(2)  For intermediate SoC values (0.4 < SoC < 0.6), the fuel cell operates at a predefined
base power level to cover the nominal load, while additional power demand is
supplemented by the battery, resulting in hybrid operation.

(3) When the SoC falls below 0.4, battery discharge is limited and the fuel cell is assigned
as the primary power source to meet the traction demand; under low-load conditions,
surplus fuel cell power is utilized to recharge the battery.

These control rules were consistently applied throughout all simulations, ensuring
deterministic behavior and reproducibility of the rule-based PMS.
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2.5.2. State Machine Control PMS

State machine control is a supervisory control approach that governs system operation
by defining discrete operating states and the conditions under which transitions between
them occur. The framework typically consists of four key elements: state, event, transition,
and action. Here, a state represents a specific operating condition of the system, while an
event acts as a trigger that may initiate a state change. A transition occurs when predefined
logical conditions are satisfied in response to an event, leading to an action, which refers to
the control operation executed after entering the new state.

In this study, the battery’s SoC was divided into three operating states: Low, Medium,
and High. Simultaneously, the traction power demand was segmented into five discrete
levels, from Pp 554 1 t0 Ppoad 5. Based on the combination of these state definitions, the output
power of the fuel cell stack was determined with the control logic summarized in Table 3.
When the system operates in the Low-SoC state, the controller increases fuel cell power
output relative to the load level to compensate for insufficient battery contribution and to
initiate recharging. In contrast, during the High-SoC state, the fuel cell output is deliberately
reduced, shifting a larger share of the power supply responsibility to the battery and thereby
minimizing fuel cell operation. The Medium-SoC state serves as an intermediate condition,
where power distribution is dynamically adjusted with real-time load demand and system
operating conditions. In the implemented state machine control PMS, the operating logic
was explicitly defined by the combination of discrete battery SoC states and load power
levels. The battery SoC was classified into three states (Low, Medium, and High), while the
traction load power was discretized into five predefined levels. Each unique combination
of SoC state and load level corresponds to a specific operating state, in which the fuel
cell output power is deterministically assigned according to the predefined state table.
State transitions occur when either the SoC crosses its threshold values or the load power
moves between adjacent load regions, ensuring predictable and structured control behavior.
Through this formulation, the state machine controller provides transparent control logic
and guarantees reproducible power allocation across all simulation scenarios.

Table 3. State machine control state.

State SoC [-] Load Power [kW] Fuel Cell Power [kKW]
1 Low Pioad > P Load,1 Pload + P
2 Low Pioad > P Load 2 Pload + P
3 Low Pioad > P 10ad3 Pioad
4 Low Pioad > P Load 4 Pload — P1
5 Low Pioad > P Load 5 Pioad — P2
6 Medium Pload > P 1.0ad,1 Pload
7 Medium Pload > P 1.0ad2 Pload
8 Medium Pload > P Load3 Pload — P
9 Medium Pload > P Load 4 Pload — P7
10 Medium Pload > P Load,5 Pload — Ps
11 High Pload > PrLoad,1 Pload
12 High Pload > P Load 2 Pload
13 High Pload > P Load3 Pload — Ps
14 High Pload > P 1oad 4 Pload — P9
15 High Pload > P Load,5 Pload — P10
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2.5.3. Fuzzy Logic Control PMS

Fuzzy logic control (FLC) is an intelligent control technique that utilizes fuzzy set
theory to provide flexible and robust control, enabling various implementation approaches
such as manual tuning, self-learning, and adaptive fuzzy schemes. In this study, the
Mamdani-type fuzzy inference model was selected due to its intuitive rule-based structure,
simplicity, and broad applicability in complex dynamic systems [83-85]. The FLC design
consists of three main stages. In the fuzzification stage, crisp input variables are transformed
into fuzzy sets through membership function evaluation. The inference stage then applies
a series of fuzzy rules to derive control decisions based on predefined linguistic conditions.
Finally, the defuzzification stage converts the fuzzy outputs into a precise control signal
suitable for system actuation.

As shown in Figure 5, the controller was implemented with two input variables,
battery SoC and system load power, and one output variable: the fuel cell stack power.
Figure 5a—c illustrate the membership functions for SoC, load power, and fuel cell power
output, respectively, while Figure 5d presents the resulting fuzzy rule surface. The SoC
variable was divided into five linguistic categories: VL (Very Low), L (Low), M (Medium),
H (High), and VH (Very High). System load power was described using seven categories:
Off, VS (Very Small), S (Small), M (Medium), L (Large), VL (Very Large), and Max. The
fuel cell output was further segmented into nine membership levels, ranging from idle
operation to full power.

nction Weight [-]

Membership Function Weight [-]
Membership Function Weight [-]

04 06 08 0 0 0 80 100 120 140 160 . o 50 100 150
State Of Charge |-] Load Power [kW] Power_FC [kW]

(a) (b) (©)

02

L TE DG o e o State_Of Charge

(d)

Figure 5. Fuzzy logic control. (a) membership function of SoC; (b) membership function of load
power; (c) membership function of fuel cell power; (d) 3d graph of fuzzy logic control.

Because the durability and lifetime of fuel cells are highly sensitive to operational
dynamics, particularly frequent start-stop cycles, rapid power fluctuations, and extended
high-power operation, the membership functions for fuel cell power were carefully de-
signed to ensure smooth power transitions. To further clarify the implementation of the
fuzzy logic controller, representative fuzzy rules are summarized as follows. When the
battery SoC is Very Low (VL) and the load power is Large or Very Large, the fuel cell output
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is set to a High or Very High level to ensure sufficient traction power while preventing
excessive battery discharge. When the SoC is Medium and the load power is Medium, the
fuel cell operates at a Medium power level, resulting in balanced hybrid operation between
the fuel cell and battery. In contrast, when the SoC is High or Very High and the load power
is Small, the fuel cell output is reduced to a Low level, allowing the battery to supply a
larger portion of the traction demand. These fuzzy rules collectively enable continuous
and nonlinear power allocation, avoiding abrupt switching behavior and ensuring smooth
fuel cell power trajectories across varying load and SoC conditions. By preventing abrupt
output changes, the fuzzy controller minimizes degradation mechanisms and significantly
improves the long-term stability of the fuel cell system [86].

3. Results and Discussion

The performance of the proposed hydrogen electric truck model was assessed using
an identical driving cycle designed to reflect representative Korean road gradients and
real-world driving patterns. For each power management strategy, power distribution
between the fuel cell and battery was determined with the corresponding control logic.
The resulting system behavior was then comparatively evaluated across key performance
indicators, including battery SoC variation, hydrogen consumption, temperature overshoot
characteristics, and parasitic energy demand.

3.1. Simulation Scenario

To evaluate the performance of the proposed PMS strategies, a representative driving
cycle was designed based on road gradient data from previous studies conducted in Korea,
as shown in Figure 6 [87,88]. The vehicle’s speed profile spans a range of 0-80 km/h,
incorporating an acceleration period of approximately 1600 s followed by a deceleration
phase lasting 900 s. Throughout the driving cycle, the vehicle maintains an average velocity
of about 58.7 km/h. Additionally, a steady-speed segment was included between 6800 and
8200 s, during which the vehicle operates at a constant 70 km/h. This portion of the test
cycle was specifically designed to investigate the influence of road gradients on traction
power demand. Incline variations of —3°, 0°, and +3° were introduced to examine power
fluctuation and system response under different slope conditions.

120 6
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Maximum Velocity 80 km/hr | . — . Slope
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Figure 6. Korean road driving cycle of a truck.
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3.2. Vehicle Performance

The dynamic performance of the hydrogen electric truck under the designed Korean
driving cycle is presented in Figure 7. As illustrated, the vehicle closely follows the pre-
scribed speed and road gradient profiles, demonstrating reliable speed-tracking capability
throughout the simulation. Minor deviations occur during transitions in the target velocity
profile, with the maximum speed error of approximately 0.3 km/h observed near 200 s in
the initial acceleration phase. This deviation results from the rapid increase in motor and
gearbox torque required to overcome the vehicle’s inertial resistance when accelerating
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Figure 7. Vehicle velocity data with target velocity & error, torque data of motor & reducer.

During both the start-up phase and subsequent speed transitions, the control system
actively modulates torque to minimize tracking error. Once steady-state operation is
achieved, torque demand stabilizes under constant-speed conditions. Notably, within the
6800-8200 s interval, which corresponds to sustained operation at 70 km/h, a noticeable rise
in torque demand occurs between 7200 and 7700 s due to the uphill segment. Conversely,
as the vehicle transitions to a downbhill slope from 7700 to 8200 s, the required torque
decreases because the gravitational component assists vehicle propulsion.

Vehicle transitions to a downhill slope from 7700 to 8200 s, the required torque de-
creases because the gravitational component assists vehicle propulsion.

3.3. Power Management System Comparison

The PMS plays a crucial role in determining both the energy efficiency and operational
stability of a hydrogen electric truck. Therefore, this study performed a comparative
evaluation of system performance under identical initial SoC and driving conditions, with
a particular emphasis on assessing the influence of different PMS approaches.

3.3.1. Result of Rule-Based Control PMS

Figure 8 presents the power distribution profile and the evolution of battery SoC under
the rule-based control PMS strategy. At the beginning of the driving cycle, the vehicle
operates exclusively on battery power since the traction demand is relatively low, and the
fuel cell remains inactive. As the load gradually increases, the fuel cell is activated at around
500 s and assumes the role of the primary power source, while the battery supplements the
system by compensating for transient power deficits, enabling hybrid operation. Once the
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SoC falls below 0.4 at approximately 5700 s, the battery ceases to discharge, and the fuel

cell becomes the sole source of traction power under high-load conditions. As the power

demand decreases later in the cycle, the fuel cell not only continues to meet a portion of the

propulsion requirements but also contributes to recharging the battery. Over time, the SoC

recovers to a stable level, and the system reaches a steady operating state. The simulation

results demonstrate that the rule-based control PMS maintains a relatively stable power-

sharing behavior by adjusting the power contribution from the fuel cell and battery with

predefined control logic. However, fluctuations in load demand and SoC occasionally led

to abrupt variations in the power output of both energy sources, highlighting a limitation

of the rule-based control approach.

Power [KW]

150

100

50

0.75

Load Power [kW] — -SoC [-]
Fuel Cell Power [kW]
Battery Power [kW]

0.7
0.65
0.6
]0.55
0.5
0.45

0.4

0

0.35
2000 4000 6000 8000 10000
Time [sec]

[-] Dos

Figure 8. Power distribution with rule-based control PMS.

3.3.2. Result of State Machine Control PMS

Figure 9 illustrates the operational characteristics of the power management system

governed by state machine control, where operating modes are determined by the combi-

nation of battery SoC and load power conditions. During the initial 1000 s of the driving

cycle, the SoC remains within the medium range and the power demand is relatively low,

resulting in fuel cell-only operation (State 5). As the load gradually increases, the control

logic transitions the system into hybrid operation modes (States 8 and 9), where both the

fuel cell and battery contribute to power delivery.
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Figure 9. Power distribution with state machine control PMS.
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Beyond approximately 4000 s, the battery SoC drops below 0.4, limiting the battery’s
contribution and causing the fuel cell to supply most of the propulsion power under high-
demand conditions (State 4). After 8200 s, during the reduced-load phase, the fuel cell
continues to operate at elevated output levels to facilitate battery recharging (States 1 and 2).
Because the state machine framework operates according to explicitly defined conditions
and state transitions, it offers predictable and structured system behavior. However,
one drawback of this approach is the occurrence of sudden power fluctuations during
state changes, which can reduce control flexibility when responding to rapidly varying
load conditions.

3.3.3. Result of Fuzzy Logic Control PMS

Figure 10 shows the power management behavior of the FLC strategy, where fuel cell
output is determined through fuzzy inference using the membership functions of battery
SoC and load power. At the beginning of the driving cycle, when the SoC is around 0.6, the
system primarily falls within the Medium and Low membership regions. During this stage,
the fuel cell operates under low-load conditions to support battery charging. As the load
demand increases and the SoC gradually decreases between 3000 and 6500 s, the control
system transitions into the Medium operating region, resulting in hybrid operation with
both the fuel cell and battery supplying power. Under conditions classified as Very Large
load, the battery delivers a greater share of the total power demand to support peak loads.
After 8000 s, as the load decreases while the SoC remains low, the fuel cell once again ramps
up its power output to recharge the battery. The fuzzy logic control PMS exhibits nonlinear
and continuous control characteristics, allowing adaptive adjustment of fuel cell output in
response to dynamic changes in SoC and load. This continuous control behavior reduces
abrupt load fluctuations on the fuel cell, thereby minimizing parasitic energy losses and
mitigating transient response effects across the system.

Loz;d Power [ILW] — SoC[-]
----- Fuel Cell Power [kW] 0.7
150 |- Battery Power [kW]

100

[-] DS

50 |

Power [KW]

. 0.3
0 2000 4000 6000 8000 10000
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Figure 10. Power distribution with fuzzy logic control PMS.

3.4. Thermal Management System Comparison

Depending on the power required from the fuel cell, the corresponding heat generation
varies depending on the applied PMS of the hydrogen electric truck. However, to prevent
performance degradation, such as material damage, electrolyte dehydration, and thermal
deformation, the operating temperature of the fuel cell stack is typically maintained within
the range of 333.15 K to 353.15 K [89-92]. Accordingly, in this study, the inlet and outlet
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temperatures of the fuel cell coolant were controlled to 333.15 K and 343.15 K, respectively.
The resulting temperature profiles under each PMS are shown in Figure 11. In the rule-
based control and state machine control cases, the fuel cell experienced abrupt high-power
operation at approximately 5800 s and 4000 s, respectively. In contrast, the fuzzy logic
control strategy mitigated such high load operation by effectively utilizing the battery as
an auxiliary power source during the 3000-6400 s interval, thereby distributing the fuel cell
load and preventing thermal stress on the stack.
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Figure 11. Result of coolant temperature. (a) rule-based control PMS, (b) state machine control PMS,

(c) fuzzy logic control PMS.

To quantitatively evaluate temperature regulation performance across different PMS
strategies, temperature overshoot was calculated as defined in Equation (20).

Trax — T
Owvershoot = (Mﬂxwget> x 100 (20)
TTurget

The calculated temperature overshoot at the inlet of Stack 1 was 1.51% under the rule-
based control PMS, 1.71% under state machine control, and 1.22% when using fuzzy logic
control. At the outlet of Stack 2, the corresponding overshoot values were 3.84%, 2.69%,
and 1.49%, respectively. These results demonstrate that the fuzzy logic control significantly
reduced temperature fluctuations compared with the other control methods, achieving up
to 28.65% lower overshoot at the Stack 1 inlet and as much as 61.20% reduction at the Stack
2 outlet. The superior thermal management performance of the fuzzy logic-based PMS
is primarily attributed to its ability to mitigate rapid variations in fuel cell load, thereby
suppressing abrupt changes in heat generation. Since the heat generation of the fuel cell
stack is directly coupled with variations in output power and current, stepwise changes
in fuel cell output—such as those observed in the rule-based and state machine-based
PMSs—can lead to pronounced temperature overshoot due to the inherent response delay
of the cooling system. In contrast, the fuzzy logic—based PMS processes the battery SoC and
traction load power as continuous fuzzy sets, enabling gradual and nonlinear modulation
of the fuel cell output power. This allows the battery to be actively utilized as an auxiliary
power source under high-load conditions, limiting sudden increases in fuel cell output
and maintaining the cooling system within a more stable operating range. As a result, the
temperature overshoot is effectively reduced. Such improvements in temperature stability
can mitigate the occurrence of local hotspots and repetitive thermal stress, which are known
to accelerate catalyst degradation, membrane—electrode assembly (MEA) damage, and
long-term performance degradation of fuel cell stacks. From this perspective, the enhanced
thermal stability achieved by the fuzzy logic-based PMS suggests a positive potential
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impact not only on short-term thermal management performance but also on the long-term
reliability and durability of the fuel cell system [93]. The enhanced thermal performance
is primarily due to the fuzzy controller’s capability to smooth out rapid load transitions
through gradual and adaptive power allocation. This mitigates sudden temperature
spikes within the stack, thereby improving thermal stability and overall system reliability.
Beyond short-term thermal stability, temperature regulation is closely related to the long-
term durability of PEMFC stacks. Previous experimental studies have demonstrated that
temperature fluctuations and local thermal non-uniformity accelerate catalyst degradation,
membrane mechanical stress, and overall performance decay [94]. From this perspective,
the reduced temperature overshoot and enhanced thermal stability achieved by the fuzzy-
logic-based PMS in this study are expected to mitigate thermally induced degradation
mechanisms. Although the present model assumes a spatially uniform stack temperature,
the observed improvement in thermal stability indicates a favorable operating condition
for long-term fuel cell reliability.

3.5. Hydrogen Consumption

The hydrogen consumption of a PEMFC system is directly related to the load current
supplied to the stack, and its relationship can be described by the current-based formulation
shown below.

Consurrz]mfionH2 = /é X §t0i X Mg X M (21)

where the hydrogen consumption is obtained by time integration of the hydrogen molar
flow rate over time £. In addition, Consumptiony; represents the total hydrogen consump-
tion, 1., is the number of fuel cell in the stack, and M is the molar mass of hydrogen.
The calculation results are presented in Table 4. Consequently, the higher power demand
supplied by the fuel cell under the rule-based and state machine strategies led to increased
hydrogen consumption relative to the fuzzy logic approach. The fuzzy logic controller
achieved reductions of approximately 3.08% and 0.89% in hydrogen usage compared
with the rule-based and state machine controls, respectively. This enhanced performance
is mainly due to the optimized fuzzification process, which enables smoother power
regulation and minimizes high-load operation and rapid power fluctuations in the fuel
cell stack.

Table 4. Hydrogen consumption with PMS.

Rule-Based Control State Machine Control Fuzzy Logic Control
PMS PMS PMS
Hydrogen Consumption 17.1689 16.7903 16.6408

[kgl

3.6. Parasitic Power

Stable power generation in a fuel cell system requires the reliable operation of BoP
components, including the air compressor for oxidant supply as well as the coolant pump
and cooling fan for thermal regulation. However, a portion of the power produced by the
fuel cell is inevitably consumed by these auxiliary devices, known as parasitic power, which
reduces the net output available for propulsion and external loads. Thus, minimizing BoP-
related power consumption is a key consideration for enhancing overall system efficiency.

In this study, the parasitic power consumption of BoP components—namely the air
compressor, coolant pump, and cooling fan—was quantitatively compared over time under
three different power management strategies, and the results are summarized in Table 5
As shown in the table, the air compressor accountss for the largest share of total parasitic
power consumption under all operating conditions, followed by the coolant pump and
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the cooling fan. For the rule-based control PMS, the parasitic power consumption of the
air compressor and coolant pump increases steadily with operating time. This behavior is
mainly attributed to the stepwise variations in fuel cell load, which induce abrupt changes
in the required air flow rate and coolant flow rate. In particular, as the system enters
high-load operating regions, the compressor power consumption increases significantly
and becomes the dominant contributor to the overall parasitic power. In the state machine-
based PMS, the increase in parasitic power is partially mitigated during certain operating
intervals; however, relatively high power consumption of the air compressor and coolant
pump is still observed due to output variations associated with state transitions. In contrast,
the fuzzy logic-based PMS maintains the lowest power consumption of the air compressor
and coolant pump under identical operating conditions, while variations in cooling fan
power remain comparatively limited. These results indicate that the fuzzy logic-based
PMS effectively reduces parasitic power consumption of key BoP components, particularly
the air compressor and coolant pump. As a result, the total parasitic power consumption is
reduced by 7.12% compared with the rule-based PMS and by 3.32% relative to the state
machine-based PMS.

Table 5. Parasitic energy consumption of BoP components under different power management system.

Rule-Based Control PMS State Machine Control PMS Fuzzy Logic Control PMS

Time Cooling  Coolant C Cooling  Coolant Cooling  Coolant

[sec] Fan Pum ompressor Fan Pum Compressor Fan Pum Compressor

F [kJ] i (k)] P [}
[kJ1 [kJ1 [kJ1 [kJ1 [kJ1 [kJ1

2000 3.12 5.35 1333.50 2.79 5.45 949.83 2.79 5.43 1179.37
4000 7.61 11.17 4402.93 5.53 11.08 3464.57 7.46 15.27 4358.94
6000 12.96 19.00 7809.13 13.65 47.56 7473.48 14.24 34.89 7876.31
8000 20.84 51.39 11,337.96 102.36 86.68 10,757.89 19.20 47.18 10,754.21
10,000 25.26 59.10 13,042.95 106.86 94.16 12,409.59 23.17 52.53 12,116.30

3.7. Discussion

Although the performance of each PMS was individually assessed in terms of SoC
regulation, thermal management effectiveness, hydrogen consumption, and parasitic power
losses, such an approach is insufficient to determine the most suitable strategy from a
holistic perspective. To address this limitation, the TOPSIS method, which is widely used
in multi-criteria decision making, was employed. The method ranks each alternative based
on its closeness to the Positive Ideal Solution (PIS), which represents the best achievable
performance for each criterion, and its distance from the Negative Ideal Solution (NIS),
which corresponds to the worst performance.

(1) Decision Matrix Construction: A decision matrix is formulated by compiling performance
data for each power management strategy based on the selected evaluation criteria.

(2) Normalization: Each element of the matrix is normalized by dividing it by the vec-
tor norm of its respective column to eliminate the influence of units and ensure
comparability across criteria.

xij

1’1']‘ = - > (22)
i=1%jj

(3) Weight Assignment: The weights of the evaluation criteria were objectively deter-
mined using a standard deviation-based weighting method, assuming that criteria
with larger variability among PMS strategies have greater influence on the decision-
making process.
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(4) PIS/NIS Determination: For each performance indicator, the Positive Ideal Solution
(PIS) and Negative Ideal Solution (NIS) are identified, corresponding to the best and
worst attainable values, respectively.

(5) Distance and Closeness Coefficient Calculation: The Euclidean distances between each
alternative and the PIS/NIS are computed, and the closeness coefficient is derived to
rank the alternatives based on their overall performance.

5t =T (o - o) @

%= V NCE 24

C = S (25)

©osT-s
In the first step of the analysis, a decision matrix was formulated using multiple per-
formance indicators, such as SoC, thermal regulation effectiveness, hydrogen consumption,

and parasitic power usage, as shown below.

05 151 384 1717 13,127.31
X=104 171 269 16.79 12,610.61 (26)
04 122 149 16.64 12,192.01

In the next step, the decision matrix was transformed into a normalized form with
Equation (26) to eliminate the influence of differing units among the criteria and enable
direct comparison across all performance indicators.

0.6657 0.5837 0.7806 0.5876 0.5992
R = 105309 0.6610 0.5468 0.5747 0.5756 (27)
0.5244 0.4716 03029 0.5696 0.5565

The weighting factors for the normalized matrix were assigned by considering the
variability of each criterion, under the assumption that indicators exhibiting larger fluctua-
tions exert a greater influence on the decision-making process. Consequently, the weights
were derived from the standard deviation values of the evaluation criteria. This method
assigns higher weights to criteria exhibiting larger performance variations among the
PMS strategies, thereby reflecting their greater discriminatory power in the multi-criteria
decision-making process. By avoiding subjective judgment or expert scoring, the adopted
weighting approach enhances the transparency, objectivity, and reproducibility of the
TOPSIS analysis.

w = [0.1794 0.2142 0.5373 0.0210 0.0481] (28)

By applying the calculated weights to the normalized matrix, the Euclidean distances
to both the PIS and NIS were derived, and the corresponding closeness coefficients were
obtained, as summarized in Table 6. The analysis revealed that the fuzzy logic control
strategy achieved the highest closeness coefficient, indicating superior overall performance.
The state machine control and rule-based control strategies followed, ranking second and
third, respectively.
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Table 6. Closeness coefficient of PMS with TOPSIS analysis.

Rule-Based Control State Machine Control Fuzzy Logic Control
PMS PMS PMS
Distance to Ideal
Solution (S+) 0.2578 0.1393 0.0253
Distance to Negative Ideal 0.0303 0.1256 0.2599
Solution (57)
Closeness Coefficient (C) 0.1051 0.4741 0.9112

4. Conclusions

In this study, a hydrogen electric truck equipped with a multi-stack fuel cell sys-
tem was modeled and analyzed under different power management strategies. Three
types of PMS approaches—rule-based control, state machine control, and fuzzy logic
control—were developed and evaluated with respect to vehicle dynamics and driving
conditions, including road gradient variations. The key findings can be summarized
as follows:

(1) A dual 90 kW fuel cell configuration was implemented alongside essential BoP sub-
systems, including hydrogen and air supply units, a thermal management circuit, and
auxiliary components such as a high-voltage battery, DC/DC converter, and drive
motor model.

(2)  For thermal regulation, a series-parallel cooling architecture integrating a distribution
valve, coolant pump, three-way valve, radiator, and cooling fan was designed. PI
controllers were applied to maintain target temperatures at each critical location.

(3) Tomanage power flow in the hybrid fuel cell-battery system, three PMS strategies
were implemented: a rule-based method based on load demand and SoC, a state
machine controller with discretized operational modes, and a fuzzy logic controller
capable of adaptive load distribution via membership functions.

(4) The fuzzy logic PMS demonstrated the most effective load balancing by utilizing the
battery as an auxiliary source during high-power demand periods, thereby alleviating
sudden load transients on the fuel cell. As a result, hydrogen consumption decreased
by 3.08% and 0.89% compared to rule-based and state machine control, respectively.
Parasitic power consumption was reduced by 7.12% and 3.32%, and temperature
overshoot was minimized by up to 61.20%.

(5)  Finally, multi-criteria decision analysis using the TOPSIS method confirmed that the
fuzzy logic strategy achieved the highest closeness coefficient (0.9112), demonstrating
superior overall performance in terms of energy efficiency, thermal stability, and
hydrogen utilization. The proposed PMS comparison and TOPSIS-based decision
methodology provides a system-level evaluation method that may be extended to
other PEMFC architectures, such as air-cooled systems, in future work, subject to
dedicated modeling and experimental validation.

(6) In addition to improving instantaneous thermal performance, the enhanced tem-
perature stability achieved by the fuzzy-logic-based PMS is expected to con-
tribute positively to the long-term durability of PEMFC stacks by mitigating ther-
mally induced degradation mechanisms, highlighting the importance of durability-
aware thermal and power management strategies for next-generation hydrogen
power systems.
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Nomenclature

A Active area [cm?]

F Faraday constant [C/mol]
F Force [N]

Qratio  Gear Ratio [-]

I Current [A]

m Mass [kg]

Meel] Number of cells [ea]

P Power [kW]

p Pressure [Pa]

Q Heat Transfer [kW]

R Ideal Gas Constant [J/K-mol]
r Radius [m]

T Temperature [K]

\%4 Voltage [V]

Subscripts and superscripts

act Activation

con Concentration

FC Fuel cell
H Hydrogen
H,O  Water

0, Oxygen
ohmic  Ohmic
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Abstract

Considering the synergistic optimization design of battery thermal safety and system
economy in extreme environments, a hybrid lithium-ion battery thermal management
system (BTMS) employing composite phase change material (CPCM) with liquid cool-
ing is proposed by comparing four BTMSs of pure air cooling, pure CPCM, pure liquid
cooling, and the hybrid cooling using CPCM and liquid cooling. The proposed hybrid
cooling system demonstrates the capability to maintain the maximum battery temperature
at 45.27 °C under extreme operating conditions, including elevated ambient temperatures
of 40 °C combined with 5C discharge rate. Notably, this thermal regulation performance
is achieved without requiring additional power input, highlighting the energy-efficient
design of the system. Further, to address the critical challenge of thermal runaway pre-
vention under summer extreme temperature up to 50 °C, an artificial neural network
(ANN) model is established for the hybrid cooling, integrated with the non-dominated
sorting genetic algorithm II (NSGA-II) algorithm, leading to the maximum temperature
controlled at 48.68 °C and minimum system power consumption of 158 W, achieving a
12.1% reduction in thermal fluctuation amplitude and a 5.9% reduction in power consump-
tion compared to initial design and optimal solutions, respectively. The proposed BTMS
introduces the NSGA-II-ANN model for multi-objective collaborative optimization to solve
the contradiction between thermal safety and energy consumption under extreme working
conditions, enhancing the safety measures of power batteries and economic viability for
electric vehicles.

Keywords: lithium-ion battery; composite phase change material; liquid cooling; NSGA-II-
ANN; thermal safety; energy consumption

1. Introduction
1.1. State-of-the-Art
Lithium-ion power batteries have emerged as the optimal choice for electric vehicle

power sources due to their exceptional attributes, including high voltage, high energy
density, long lifespan, low self-discharge rate, no memory effect, and green environmental

Batteries 2026, 12,78

219

https://doi.org/10.3390/batteries12030078



Batteries 2026, 12,78

protection. However, the performance, lifespan, and safety of the batteries are sensitive to
temperature during operation. The development of high-performance BTMS constitutes a
critical technological imperative for ensuring operational stability and safety in lithium-ion
battery applications. With the increasing complexity in driving conditions and growing
demand for extended driving mileage in electric vehicles, achieving thermal management
with reduced energy consumption and enhanced energy efficiency has become increasingly
significant [1].

The cooling methods utilized in electric vehicles encompass active techniques: air
cooling [2] and liquid cooling [3], as well as passive approaches: phase change materials
(PCMs) [4] and heat pipes (HPs) [5], or a combination of multiple methods [6-9]. Air cooling
is suitable for lower ambient temperatures and discharge rates, but unsuitable for high-
temperature environments and conditions with high discharge rates [10-12]. Liquid cooling
has been widely employed in the field of battery thermal management for electric vehicles.
However, liquid cooling still encounters challenges such as temperature non-uniformity for
extreme conditions like super-fast charging conditions with increased pump power, and
the large number of mini-channels and their intricate dimension and distribution [13-15].
To address these aforementioned issues, PCM has emerged as one of the most promising
solutions due to its simplistic structure, cost-effectiveness, exceptional cooling performance,
and high latent heat capacity, which facilitates the absorption of a substantial amount of
heat during the phase transition process, thereby maintaining the battery temperature in
close proximity to the phase change temperature for an extended duration [4]. However,
the low thermal conductivity of PCM poses a significant technical challenge, as it hampers
the heat transfer rate within PCMs and diminishes their cooling capacity. When the PCM is
fully melted, efficient dissipation of the absorbed heat to the surroundings becomes crucial,
underscoring the imperative to enhance PCM thermal conductivity [16]. In addition, heat
pipes (HPs) have also been considered in battery thermal management due to their excellent
heat-transfer capabilities. However, there is still limited research on integrating HPs with
liquid- or air-cooling systems specifically for cylindrical battery modules operating under
extreme working conditions. Therefore, hybrid cooling systems combining active methods
such as liquid cooling with passive methods like PCM are regarded as highly promising
technologies for precise temperature control.

The hybrid thermal management system integrating PCM with liquid cooling has
emerged as the most technically viable solution for lithium-ion battery modules, demon-
strating superior temperature regulation capabilities compared to conventional single-mode
cooling approaches. Current research directions focus on developing self-sealing PCM
composites with shape-stabilized additives and modularized quick-connect interfaces to
address the challenges related to PCM maintenance and battery replacement. In general,
the hybrid cooling performance, achieved through CPCM with liquid cooling, is influ-
enced by numerous factors related to both the thermophysical properties of PCM and
the parameters of liquid cooling. However, a comprehensive analysis is lacking. There-
fore, selecting an appropriate optimization method, qualitatively analyzing influencing
factors, and designing an optimal structure are crucial for improving the lightweight de-
sign, economy, and safety of BTMS. As a multi-objective optimization technique inspired
by biological evolutionary mechanisms, the non-dominated sorting genetic algorithm II
(NSGA-II) demonstrates superior convergence efficiency and generates well-distributed
Pareto-optimal solutions. This computational approach has proven particularly effective in
addressing complex BTMS requiring simultaneous optimization of competing objectives.
Jin et al. [17] employed a combined approach of an artificial neural network (ANN) surro-
gate model and non-dominated sorting genetic algorithm II (NSGA-II) for multi-objective
optimization, aiming to achieve the optimal thermal performance of the battery model
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by considering structural parameters and inlet wind speed as variables. The optimized
solution resulted in a reduction of 1.97 °C, 6.32 °C, and 2.82 Pa in maximum temperature,
temperature difference, and pressure loss, respectively. Zuo et al. [18] proposed a multi-
objective optimization approach for enhancing the heat transfer coefficient and reducing
energy consumption of multi-channel cold plates under intermittent pulsating conditions
by integrating response surface methodology (RSM) with NSGA-II. The amplitude and
frequency of steady flow velocity pulsation were considered as independent variables, and
the optimal parameter values were determined based on the Pareto optimal solution.

1.2. Novelty of the Present Work

Despite extensive research efforts on the BTMS under low-temperature conditions
and moderate discharge regimes (typically below 3C), a critical knowledge gap persists
in systematically evaluating multiphysics-coupled performance. Current investigations
predominantly emphasize singular thermal metrics, while insufficient attention has been di-
rected toward establishing multi-criteria evaluation frameworks that concurrently address
the thermal equilibrium maintenance under extreme operating conditions (>5C discharge
rate). This knowledge gap may impede the sustainable development of electric vehicles. In
addition, numerous studies have confirmed the effective utilization of ANN for predicting
the relationship between battery modules and various structural parameters.

Therefore, this study proposes a hybrid BTMS integrating CPCM and liquid cooling,
designed to address the dual challenges of thermal safety and economic viability under
extreme operating conditions. A comprehensive evaluation framework was implemented
to analyze four distinct thermal management configurations: air-cooled system, CPCM
module, liquid-cooled pipe system, and hybrid CPCM-liquid cooling integration under
extreme temperature and different discharge rate conditions. Furthermore, to address
the critical challenge of thermal runaway prevention under summer extreme temperature
of 50 °C and maximum discharge rate of 5C, we establish an ANN prediction model
coupled with the NSGA-II algorithm. This integrated approach enables simultaneous
optimization of three key parameters, such as the mass fraction of EG in CPCM, coolant
velocity, and coolant temperature, while targeting maximum temperature and system
power consumption as outputs. The work provides a solution for electric vehicles by
resolving the inherent conflict between thermal safety and energy efficiency through
material-structure-algorithm co-optimization. The ANN-NSGA-II integration establishes a
methodological framework for intelligent thermal management in next-generation battery
systems.

The work incorporates a multi-objective optimization framework that integrates
CPCM with liquid cooling, which is less explored in the context of lithium-ion batter-
ies under extreme operational conditions (up to 50 °C ambient temperature with a 5C
discharge rate). It systematically examines a wide range of parameters, including coolant
velocity, coolant temperature, and EG mass fraction in CPCM, while considering extreme
temperatures and discharge rates, which are often not addressed comprehensively in
existing literature. In addition, the NSGA-II algorithm is used in combination with an
ANN surrogate model for efficient multi-objective optimization, ensuring optimal trade-
offs between temperature minimization and energy consumption. This hybrid approach
significantly enhances the overall thermal safety and efficiency of the system. The work
provides a solution for electric vehicles by resolving the inherent conflict between thermal
safety and energy efficiency through material-structure—algorithm co-optimization. The
ANN-NSGA-II integration establishes a methodological framework for intelligent thermal
management in next-generation battery systems.
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2. Physical and Mathematical Models
2.1. Physical Models

A battery module comprises a linear arrangement of 5 x 5 26650 lithium-ion batteries.
The distance between two adjacent batteries is maintained at 37 mm for both parallel
and series connections. A comparative evaluation framework was established to assess
thermal management efficacy across four distinct cooling strategies under varying oper-
ational loads (1C, 3C, 5C discharge rates) and high environmental conditions of 40 °C.
As illustrated in Figure 1, the systematically designed thermal architectures comprise an
air-cooled BTMS where all batteries are housed within an aluminum (AL) frame measur-
ing 188 mm x 188 mm x 65 mm, as the baseline case (Case 1); Case 2, which represents
a BTMS with a 4 mm thick CPCMs (paraffin wax blended with EG; melting temperature
range of 41~43 °C); Case 3, a liquid-cooled thermal management architecture comprising
16 discrete 3 mm internal diameter conduits arranged in bifurcated flow configuration
(the inlet parts are depicted in blue color while the outlet parts are depicted in red color
in Figure 1); and Case 4, a hybrid thermal regulation strategy synergistically integrating
CPCM modules with active liquid cooling infrastructure, establishing a dual-mode heat
dissipation mechanism.

Battery

(a) Case 1: Air cooling (b) Case 2: CPCM

Battery

Coolant
of outlet

Coolant
of inlet

(c) Case 3: Liquid cooling (d) Case 4: CPCM + liquid cooling

Figure 1. Physical models of four cases for BTMSs: (a) air cooling of Case 1; (b) CPCM of Case 2;
(c) liquid cooling of Case 3; (d) CPCM with liquid cooling of Case 4.

Additionally, the influence of electrical connection bars is not explicitly modeled in this
study. As shown in reference [19], connection bars can affect the temperature distribution
due to Joule heating and heat conduction effects. In the present study, to balance the
computational efficiency required for the massive data generation (96 sets) for the ANN
training and NSGA-II optimization, the geometric model is simplified by focusing on the
thermal interaction between the battery cells and the hybrid cooling system (CPCM/liquid).
Consequently, the specific geometry of the connection bars is not modeled, and the battery
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terminals are assumed to be adiabatic boundaries. The model verification of a single battery
and a single battery with PCM will be verified for accuracy in Section 3.1.

The primary goal of this paper is to propose a relatively simple and engineering-
friendly hybrid thermal management solution under extreme conditions, aiming to verify
the feasibility and optimization potential of the collaboration between CPCM and liquid
cooling. Additionally, the PCM used in this study is not the traditional low-conductivity
PCM but rather a CPCM enhanced with expanded graphite (EG). The heat is primarily
transferred rapidly through conduction to the surrounding aluminum frame and cooling
pipe walls, significantly reducing its equivalent thermal resistance. In future work, fins
or porous structures may be introduced on the existing CPCM-liquid cooling framework,
and their geometric parameters could be incorporated into multi-objective optimization
variables to further enhance the system’s transient response and thermal safety under
extreme conditions.

The material selection criteria and thermophysical characterization of critical BTMS
components are systematically summarized in Table 1. Comparative analysis in Table 2
subsequently provides structural parametrization of cooling modules alongside thermal
performance metrics in Section 3.2.

Table 1. Material selection criteria and thermophysical characterization of critical components [8].

Density Specific Heat Thermal
Materials (kg-m—3) Capacity Conductivity
g kg~ 1K) (W-m~1.K™1)
Battery 2059 1375 0.98
Aluminum 2719 871 202.4
CPCM 897 1852 5.74
Water 998.2 4128 0.635

Table 2. Applicability of four cases under high temperature of 40 °C.

Applicability of Working Conditions

Cases Cooling Method

1C+40°C 3C+40°C 5C+40°C
Case 1 Air cooling Vv X X
Case 2 CPCM Vv Vv X
Case 3 Liquid cooling vV vV X
Case 4 CPCM + liquid cooling vV Vv N4

2.2. Mathematical Equations for Battery Module

The established lithium-ion battery model incorporates three fundamental assump-
tions: (1) electrode assemblies maintain isotropic material distribution with invariant bulk
density during electrochemical cycling; (2) thermal transport mechanisms are restricted to
conductive pathways, with convective and radiative heat transfer modes excluded under
quasi-static electrolyte conditions; (3) thermodynamic parameters including specific heat ca-
pacity and effective thermal conductivity remain invariant with state-of-charge variations.

The heat generation of the battery is commonly described using the model proposed
by Bernardi et al. [20], which decomposes the total heat generation into Joule heat and
reversible reaction heat to characterize the thermal behavior during the discharge process
of lithium-ion batteries. To describe the thermal effects of the lithium-ion battery discharge
process, the formula for the heat effect can be expressed as follows:
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where I, E,, E, V, and R represent the battery current, open circuit voltage, battery voltage,
battery volume, and battery internal resistance, respectively, and g is the heat production
per unit volume. The first term represents Joule heat induced by the internal resistance
of the battery, which is irreversible in nature and constitutes the dominant source of heat
generation. The second term corresponds to the reversible reaction heat arising from
electrochemical reactions. Compared with the irreversible Joule heat, the contribution of
reversible reaction heat is relatively minor under high-discharge-rate conditions. Therefore,
in this study, the reversible reaction heat is neglected during the battery discharge process
to simplify the thermal analysis without compromising accuracy. The formula for the heat
effect can be expressed as follows:

aT
PrCphay = V-(kVT) +q 2)

The CPCM mathematical model incorporates three fundamental thermodynamic pos-
tulates: (1) phase-specific physical parameters (including density, specific heat capacity,
and dynamic viscosity) maintain phase-wise invariance during phase transition processes;
(2) liquid-phase CPCM exhibits incompressible Newtonian fluid characteristics governed
by the Navier-Stokes equations; (3) material homogeneity ensures isotropic thermal conduc-
tivity within the computational domain. Furthermore, for battery modules with externally
configured PCM, the Rayleigh number is significantly lower than the typical critical value
of 1000, which is commonly used to characterize natural convection phenomena. Addition-
ally, since the radial direction of heat flow is perpendicular to gravity, it is reasonable to
simplify the model by neglecting natural convection within the PCM [21].

The modified apparent heat capacity method [22] is implemented to characterize the
phase-transition dynamics, a well-established numerical approach extensively validated in
PCM thermal simulations. This computational framework enables robust phase-change
modeling through commercial multiphysics platforms, with COMSOL Multiphysics 6.2
being strategically selected for its enhanced convergence algorithms in handling nonlinear
thermal coupling. The enhanced apparent heat capacity formulation introduces three
key methodological innovations: (1) dynamic thermal parameterization reconstructs the
effective heat capacity as a temperature-dependent piecewise function spanning solid,
mushy, and liquid phases, where latent heat is mathematically transformed into equivalent
sensible heat through Gaussian distribution integration over the phase-change temperature
band; (2) conservation law unification maintains baseline values in pure phases within
phase transition zone, preserving identical energy conservation equation forms across
material states through enthalpy-temperature coupling; (3) thermal inertia characterization
reveals transient peaks during solid-liquid transition, thereby establishing an intrinsic
thermal buffering mechanism that effectively mitigates thermal shock in Li-ion battery
modules through delayed phase-front propagation.

The energy conservation equation for the PCM is summarized as follows:

oT
PPCMCp,effg =V (kpecmVT) (3)
Cpss L T<T,
Cpefr = 4 (1= B)Cps + ﬁcp,z% T,<T<T, @)
Cp, : T>T,
0 T<T;
= T Te T, <T<T, ®)
1 T>T,
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The computational fluid dynamics (CFD) model employs deionized water as the
working fluid, governed by the incompressible Newtonian formulation with temperature-
dependent properties modeled using piecewise polynomial functions. Flow regime control
is achieved through systematic velocity modulation, where the maximum inlet velocity
(0.2 m/s) corresponds to Reynolds numbers (Re = pvD /) that remain below 2300 across all
simulation conditions. This deliberate parameter selection ensures laminar flow dominance
while maintaining computational stability through velocity-pressure coupling verification.

The energy conservation equation, mass equation, and momentum equation for the
coolant are summarized as follows:

%(chp,wTw) +V - (puCputTa) = V- (kaV o) ©)
aaL;”+V- (pw?) —0 @
%(pw?) +V- (put0) = -Vp+V- (uvd) @®)

where py, k;, and Cp are the density, thermal conductivity, and specific heat capacity of the
battery, respectively. ppcm, Cp eft, kpom and Lpcm are the density, equivalent specific heat
capacity, thermal conductivity, and latent heat of PCM, respectively. The subscripts of s
and [ are the solid state and liquid state of PCM, respectively. p is the density of water,
v is the velocity vector of water, C;, 4, kw and p denote the specific heat capacity, thermal
conductivity, and static pressure of the cooling fluid, respectively.

It is important to highlight that, to streamline the computational process and ensure
stable convergence, several modeling assumptions have been made. Given the operating
temperature of the battery, thermal radiation, governed by the Stefan—Boltzmann law, is
considered negligible in comparison to conductive and convective heat transfer. These
simplifications are aimed at balancing simulation accuracy and efficiency [23,24]. Addi-
tionally, the thermophysical properties of the phase change material (PCM), including
density, thermal conductivity, and specific heat capacity, are assumed to remain constant
across solid, liquid, and molten states. Latent heat is treated as uniform, and volume
changes due to phase transitions are neglected. While these assumptions facilitate the
analysis, they may introduce deviations in energy storage calculations under transient
thermal conditions. Therefore, the temperature comparison between experiment results
and simulation results of a single battery temperature with different discharge rates at the
room temperature will be discussed below, demonstrating excellent agreement between
experiment and simulation results, validating the accuracy of the model, and providing
essential theoretical support for simulating battery modules in subsequent work.

2.3. Boundary and Initial Conditions

The boundary and interfacial conditions are set in COMSOL Multiphysics, which are
established as follows:

E)Tb . BTPCM
aTy, o 0T AL
—kbale = —kar AL (10)
oTpcm 0Tar
kpcm et kar, AL (11)
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dTAL I Tpipe
—kALm = _kpipem (12)
where n represents the direction along the normal of the outer surface of each component,
and 0T /dn represents the temperature gradient of each component. ky,, kpcm, krrp, kar, and
kpipe represent the thermal conductivity of the battery, PCM, FHP, AL plate, and cooling
pipe, respectively.
The numerical initialization protocol establishes two baseline field parameters:
(1) thermal field homogeneity with T = T corresponding to ISO standard ambient condi-
tions; and the steady-state hydrodynamic initialization at v = vy to ensure smooth flow de-
velopment. The hydrodynamic boundary configuration implements three distinct regimes:
(2) cooling pipe inlet enforces a fully developed velocity profile with laminar flow specifi-
cation; (3) outlet boundary adopts static pressure outlet relative to standard atmosphere;
(4) all solid—fluid interfaces impose no-slip boundary conditions through enhanced wall
treatment coupled with standard wall functions.

3. Model Verification and Numerical Results
3.1. Model Verification and Grid Independence

Model verification of a single battery and the grid independence of the battery module
play a crucial role in achieving optimal thermal performance for battery thermal manage-
ment. Figure 2a illustrates the temperature comparison between experimental results [25]
and simulated results of a single battery temperature with different discharge rates at
the ambient temperature of 25 °C. The experimental value is higher than the simulated
value during the initial discharge. The main reason is that the simulation model ignores
the contact thermal resistance of the battery during the simulation process and does not
consider the reaction heat. In the later stage of the discharge, the heat generation rate of the
battery module caused by internal resistance is quite high due to the high discharge rate.
The experimental value and the simulated one are almost the same in the end. The results
demonstrate excellent agreement between experiment and simulation results, with the max-
imum temperature difference not exceeding 1 °C, validating the accuracy of the model and
providing essential theoretical support for simulating battery modules in subsequent work.

Additionally, the previous research [8] on comparison between the simulated and
experimental [26,27] temperatures of the battery module based on a battery and CPCM
at the ambient temperature of 28 °C has verified the feasibility of the battery module
with CPCM, as the temperature of the simulation accords well with the experimental
one. Moreover, according to references [26,27], to reduce the thermal resistance between
the battery and the PCM cylinder, a layer of conductive silicone grease is applied to the
surface of the battery, and the accuracy of the model is also verified. The methods based
on single-battery verification and single-battery module verification have been widely
applied in battery thermal management simulations, and the subsequent work can be
carried out by modifying the boundary conditions to be applicable to different battery
modules. COMSOL Multiphysics is employed to partition the model into grids, with
six different numbers of grids (63,710, 177,301, 513,618, 830,023, 1,965,110, and 4,487,930)
examined for Case 4 to assess the impact on independence as shown in Figure 2b. It can
be observed that increasing the number of grids leads to a decrease in maximum battery
module temperature. However, once the number of grids reaches 830,023, the battery
temperature stabilizes. Therefore, to enhance computational efficiency while ensuring
accurate model calculations during subsequent simulations, we select a grid size of 830,023.
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Figure 2. Comparison between experiment results [25] and simulation results for a single battery tem-
perature at different discharge rates under an ambient temperature of 25 °C (a). Grid independence
of Case 4 under an ambient temperature of 40 °C and a discharge rate of 5C (b).

3.2. Numerical Results and Discussion for Battery Modules

The thermal performance of the four cases under a high-temperature condition of
40 °C and discharge rates of 1C, 3C, and 5C is presented in Figure 3. It is shown that
all cases effectively control the maximum temperatures of no more than 50 °C under a
1C discharge rate. Notably, Case 1 with air cooling proves to be effective in reducing
the maximum temperature of the battery module at lower discharge rates; however, it is
not suitable for higher discharge rates. Case 1 experiences an increase in its maximum
temperature to 53.31 °C under a discharge rate of 3C, while it reaches up to 65.21 °C under a
discharge rate of 5C, both surpassing the normal operating temperature range for batteries.
Moreover, in Case 2, due to the thermal storage effect provided by CPCM, the maximum
temperature of the battery module remains close to the phase transition temperature of
CPCM during a discharge rate of 1C and 3C; however, under high-discharge conditions
such as with a rate of 5C, the maximum temperature of the battery exceeds 50 °C, as does
the temperature difference. The thermal performance achieved by Case 3 using liquid
cooling alone demonstrates better results at lower discharge rates but proves unsuitable
for high-discharge rates. Case 4 (CPCM-liquid hybrid system) demonstrates high-rate
thermal stabilization, which maintains battery maximum temperature at 45.27 °C under a
5C discharge rate.
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Figure 3. Maximum temperature of four cases under high temperature of 40 °C and different

discharge rates: (a) 1C; (b) 3C; (c) 5C. (d) Temperature differences in four cases. (e) Temperature
cloud chart of CPCM in Case 4.

It is noted that for Case 2 with pure CPCM, the cooling relies primarily on the passive
thermal storage of the CPCM. As the battery temperature rises above the melting point
(41 °C), the CPCM undergoes a phase change, absorbing a significant amount of latent heat.
The temperature stabilization around 50 °C under a high discharge rate of 5C indicates
that the system is reaching a thermal equilibrium where heat generation is balanced by the
sensible and latent heat absorption of the CPCM. On the other hand, Case 4 is employed
with CPCM and liquid cooling; in this hybrid system, the active liquid cooling works
synergistically with the CPCM. The coolant fluid continuously extracts heat from the
module, significantly enhancing the heat-rejection rate. This active heat removal prevents
the CPCM from reaching higher temperatures, allowing the system to reach a steady-state
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condition at a lower temperature compared to the pure CPCM case, demonstrating the best
thermal performance.

Moreover, Figure 3e shows the temperature cloud chart of CPCM in Case 4. The
maximum temperature of CPCM is 42.2 °C (the melting temperature of CPCM is 41~43 °C),
which indicates that the amount of CPCM is sufficient to fully absorb the heat released
by the battery while maintaining a small change in its own temperature. The optimized
performance is designed to be sustainable rather than purely transient. The active liquid
cooling works synergistically with the CPCM in the hybrid system. While the CPCM
provides passive thermal storage and high latent heat capacity to absorb initial heat,
the continuous flow of coolant extracts heat from the module and dissipates it to the
surroundings. This active heat removal ensures the system reaches a steady-state thermal
equilibrium where heat generation is balanced by liquid cooling, preventing the CPCM
from reaching a fully melted state indefinitely. This indicates that the latent heat capacity
of the CPCM is utilized to buffer peak loads, while the liquid cooling ensures the system
does not “saturate” or experience thermal runaway during prolonged operation.

In summary, the CPCM-liquid cooling architecture is chosen because it provides
an optimized, cost-effective, and easy-to-manufacture solution that resolves the inherent
conflict between thermal safety and energy efficiency under extreme working conditions
(a high temperature of 40 °C and a high discharge rate of 5C). Therefore, Case 4 will be
studied as the base case for multi-objective optimization to further enhance the thermal
safety of the battery in high-temperature environments and under high discharge rates in
the subsequent work.

The operational envelope analysis in Table 2 reveals that all configurations demon-
strate sufficient thermal buffering capacity for 1C discharge; conventional PCM (Case 2)
and liquid-cooled (Case 3) systems exhibit viable 3C operation but suffer from respective
limitations; and the hybrid CPCM-liquid system (Case 4) uniquely maintains thermal
stability under extreme 5C/40 °C conditions through synergistic phase change enthalpy
utilization and adaptive liquid flow modulation.

3.3. Single Factor Analysis of Case 4

The optimization process commences with a single-factor analysis, where a single
input parameter of the baseline case (Case 4) is varied. The impacts of different system
parameters on the optimization objectives are examined through the single-factor test, as
illustrated in Table 3 and Figures 4-7. The study focuses on the thermal performance anal-
ysis of battery modules under extreme operating conditions, such as a high-temperature
environment of 40 °C and a high discharge rate of 5C. The input parameters selected for the
single-factor analysis, namely, the mass fraction of EG, coolant velocity, and coolant temper-
ature, are chosen because they represent the most critical controllable factors influencing
the trade-off between thermal safety and system economy:.

Table 3. Different simulation cases of sensitivity analysis using a single-factor test.

Description Mass Fraction v Tw
P of EG (%) (m/s) €0
Case 4 Hybrid CPCM with 12 0.01 40
liquid cooling
Case 4-1 Varying mass fraction 0-30 0.01 40
of EG
Case 4-2 Varying coolant velocity 12 0.01-0.2 40
Case 4-3 Varying coolant 12 0.01 2540

temperature
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To ensure battery safety and optimal performance, it is critical to maintain the operat-
ing temperature below 50 °C, as exceeding this limit may lead to accelerated capacity decay
or thermal hazards. For effective thermal regulation, the PCM should be selected with a
phase transition temperature range of 40~50 °C, slightly below the upper safety threshold.
This allows the PCM to absorb heat during battery operation before temperatures approach
critical levels. A phase transition temperature that is too low fails to function effectively at
high temperatures, while a phase transition temperature that is excessively high hampers
the temperature control of the battery. Consequently, this study selects CPCM with a phase
transition temperature of 41~43 °C for investigation. Furthermore, following the method-
ologies reported in [26,27], EG powder is initially dried in a vacuum oven at 60 °C for 24 h,
followed by a rapid expansion in a muffle furnace at 800 °C for 60 s. Due to the preserved
in-plane lattice structure, the thermal conductivity of the resulting EG remains comparable
to that of pristine graphite. To prepare the CPCMs, liquid paraffin (RT44HC) is infused
into the EG matrices at various mass fractions (3%, 6%, 9%, 12%, 16%, 20%, and 30%) via
capillary action and surface tension. Finally, the composite powders are compressed into
cylindrical samples under a pressure of 4 MPa for application in Li-ion battery thermal
management. As discussed in the reference [8], increasing the mass fraction of EG in CPCM
enhances heat transfer performance; however, it concurrently reduces the available latent
heat for battery thermal management. Consequently, an optimal EG content in CPCM
exists, with a corresponding optimal thermal conductivity coefficient of CPCM.

Moreover, the coolant velocity is varied because it directly affects heat transfer per-
formance. An increased flow rate enhances heat conduction but also increases system
power consumption due to higher pumping requirements. By analyzing this parameter, an
optimal flow rate is aimed to identify that minimizes the maximum battery temperature
while considering the system energy consumption.

The coolant temperature is chosen for variation to evaluate its influence on the thermal
performance of the system. Lower coolant temperatures can reduce the maximum tem-
perature of the battery module but may also lead to increased thermal stress and greater
power consumption for the coolant system. A balance is identified where the coolant
temperature minimizes temperature fluctuations without excessively increasing system
power requirements.

As shown in Table 3, Case 4-1 involves adjustments to the mass fraction of EG in
CPCM based on Case 4; Case 4-2 explores different coolant flow rates while maintaining
the conditions of Case 4; and Case 4-3 designs various coolant temperatures within the
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framework of Case 4. Each single-factor test encompasses five levels within the designated
design space.

Figure 4 demonstrates the variation tendency of optimization objectives by changing
the mass fraction of EG (wt.%) in CPCM. It is evident that increasing the mass fraction
of EG effectively reduces the maximum temperature until 12 wt.%, but it increases with
further increase in the mass fraction of EG. Conversely, the temperature difference shows
an opposite trend. This can be attributed to the fact that as the mass fraction of EG increases,
the thermal conductivity of CPCM increases while latent heat decreases. Experimental
studies have demonstrated an optimal range for the mass fraction of EG in CPCM to
achieve balanced thermal management performance.

Figure 5 illustrates the thermal performance of Case 4 under different coolant velocities.
As the coolant flow rate increases, the maximum temperature shows a downward trend
and stabilizes. However, the system’s pump power consumption increases exponentially.
This is because a higher flow rate enhances the heat conductivity and system pressure drop.
The higher the heat conductivity is, the faster the battery module cools down, and the
system temperature decreases. The system pressure drop increases, thus requiring more
power consumption from the system pumps. The system power consumption is a key index
for evaluating the economic viability of the BTMS. The total system power consumption
Piotal is defined as the sum of the pumping power P (as shown in Equation (13)) and
the cooling power P; (as shown in Equation (15)). Therefore, choosing the appropriate
coolant temperature while meeting the temperature requirements is of great significance
for improving the economy of the system. Hence, it is not blindly pursuing a higher coolant
velocity. On the premise of meeting temperature requirements, using a lower coolant
velocity as much as possible is beneficial to the economy of the system. When the flow
velocity is stable, the energy consumption of the coolant can be determined using the
following equation [28]:

P =nApv A (13)

where 7 is the number of liquid cooling pipes. Ap is the inlet and outlet pressure differ-
ence in the coolant. v, is the coolant velocity. A is the cross-sectional area of the liquid
cooling pipe.

As shown in Figure 5, the ambient and coolant temperatures are both set to 40 °C
without additional cooling power. Therefore, P. = 0, Pyyta1 = P. In addition, to account for
the three-dimensional pressure variations mentioned, the pressure drop Ap is obtained
through area-averaging in the COMSOL Multiphysics environment. Ap is computed as the
difference between the area-averaged static pressure at the entire inlet section and the area-
averaged static pressure at the outlet section. The pressure distribution within the conduits
is solved using the incompressible Navier-Stokes equations. This numerical approach
naturally integrates the three-dimensional variations (including two-dimensional variations
at the cross-sections) into a macroscopic pressure drop value used for power calculation.
The Reynolds number is maintained below 2300 to ensure laminar flow conditions, and the
boundary conditions are set with a fully developed velocity profile at the inlet and static
pressure at the outlet.

Moreover, the impact of coolant temperatures is depicted in Figure 6. The parametric
analysis reveals a critical thermal management trade-off, where the coolant inlet tem-
perature is reduced from 40 °C to 20 °C under 5C discharge conditions, achieves 21.0%
reduction in maximum battery temperature (from 45.27 °C to 35.83 °C), but simultaneously
increases temperature inhomogeneity (from 3.64 °C to 8.02 °C) due to enhanced thermal
stress concentration at current collector interfaces. Hence, there exists an optimal value for
coolant temperature that balances both maximum temperature and temperature uniformity.
In addition, as the coolant temperature decreases, the required system power increases
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significantly, which greatly increases the cooling cost of the system. When the steady state
is reached, the cooling power could be obtained conservatively based on the outlet/inlet
temperature difference under the following liquid cooling condition [29,30]:

Qc = nmcy AT (14)

Pc = Q./COP (15)

where Q. is the heat removal rate, n is the number of liquid cooling pipes, m is the
mass flow rate, AT is the outlet/inlet temperature difference, and COP is the coefficient
of performance.

The cooling power is derived from Q. and COP. Q. is calculated based on the mass
flow rate and the temperature difference between the inlet and outlet. The parameter COP
is used to characterize the energy efficiency of the external active cooling source (such
as a chiller or the vehicle’s air-conditioning system) required to maintain the coolant at a
specific inlet temperature. As investigated in the study, when the ambient temperature
reaches extreme levels (up to 50 °C), the system requires active refrigeration to pre-cool
the coolant before it enters the battery module. In the subsequent work, the total system
power consumption Py, (the pumping power P and the cooling power P,) calculated for
multi-objective optimization is presented in the Appendix A.

As shown in Figure 7, the maximum temperature changes in the battery module are
studied with different high-temperature extreme conditions under the temperatures of
the coolant. Under the working conditions of an environmental temperature of 40 °C, the
system does not need to pre-cool the coolant. By maintaining the same temperature as the
environment, the battery thermal management temperature requirements can be met. How-
ever, when the ambient temperature exceeds 40 °C, the system must pre-cool the coolant.
As can be seen from the figure, the coolant temperature is pre-cooled between 30 and 35 °C,
and there is an optimal temperature value that ensures the system temperature does not
exceed 50 °C and also results in the lowest system power consumption. Therefore, fur-
ther optimization of the parameters is necessary to ensure that the thermal management
requirements of the system are met while also considering the economic aspects.

Based on the above analysis, the hybrid CPCM-liquid cooling strategy (Case 4) demon-
strates exceptional thermal regulation capability under extreme operational stress, main-
taining the maximum temperature at 45.27 °C under concurrent 40 °C ambient and 5C dis-
charge conditions without pre-cooling intervention. However, considering the mid-latitude
region in summer, according to the report from the World Meteorological Organization [31],
over the past year, widespread, intense, and prolonged heat waves have hit all continents.
Daily temperatures exceeded 50 °C in multiple locations in at least ten countries. The BTMS
should incorporate a pre-cooling mechanism for the coolant to maintain precise control
over the maximum temperature and ensure uniform thermal distribution. This approach
effectively mitigates thermal runaway risks while enhancing the operational safety of elec-
tric vehicles. The following research will carry out multi-objective optimization of various
parameters of the system under the condition of extreme high temperature environment of
50 °C to improve the economy of the system while ensuring system safety.
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4. ANN Models and NSGA-II Algorithm Optimization for Case 4 Under
Extreme Condition

4.1. Artificial Neural Network (ANN) Model
4.1.1. Design of ANN Model

In recent years, artificial neural networks (ANN) have gained widespread application
in various fields, including optimization problem-solving [32]. ANNs possess the ability to
learn based on the interconnectedness of neurons in the human brain, exhibiting a high de-
gree of automation and proven effectiveness in predicting target—variable relationships [33].
The back propagation (BP) neural network (BPNN) is a multi-layer feedforward neural
network trained according to the error backpropagation algorithm [34], typically consisting
of an input layer, a hidden layer, and an output layer [35]. The structure of ANNs has
been simplified compared with human brains; multiple hidden layers are more accurate
and complex, but only one hidden layer is used in many cases, particularly for cases with
small sample sizes. The accuracy of an ANN can be improved by adjusting the number of
neurons in the hidden layer.

Figure 8 displays the ANN structure diagram for BTMS. Three parameters, namely
mass fraction of EG, coolant velocity, and coolant temperature, are set as inputs for the
ANN. A single hidden layer is employed within this neural network configuration. In
addition, maximum temperature and system power consumption are selected as evaluation
indicators for the thermal safety of the BTMS under extreme conditions of 50 °C ambient
temperature and 5C discharge rate. The objective of maximum temperature is selected as
the absolute primary indicator for thermal safety. Maintaining the operating temperature
below 50 °C is critical, as exceeding this limit leads to accelerated capacity decay or severe
thermal hazards. Controlling T, prevents thermal runaway under extreme conditions,
such as a 5C discharge rate at a 50 °C ambient temperature. Moreover, power consumption
is selected as the other objective because it is a key index for evaluating the economic
viability of the BTMS. While active cooling effectively lowers temperatures, it introduces a
severe energy penalty due to intensified pumping work and auxiliary cooling demands.
Optimizing Py directly addresses the inherent conflict between thermal safety and energy
efficiency, then serves as outputs to construct the ANN.

Error backpropagation

_ Coolant velocity
i

X2

_Coolant temperature
X3 j——

Input layer Hidden layer Outputlayer

Signal forward propagation

Figure 8. ANN structure diagram of battery thermal management system.

The mass fraction of EG in CPCM, coolant velocity, and coolant temperature are
selected as the input values of the ANN, corresponding to the input state vector of Xj,
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X = {xij|i =1, 2, 3}, representing different design parameters within the feasible region;
the lower and upper bounds of input values are listed in Table 4. The physical properties
of CPCMs are shown in Table 5. The output state vector of Y;, Y; = {x;;|i = 1, 2}, which
corresponded to the maximum temperature and system power consumption of the battery
module. For the prediction model established before, the NSGA-II algorithm is used to
solve the multi-objective problem, which is transformed into the mathematical model of
Equation (16). Based on the results of the single-factor analysis, the output variables are
utilized as constraint functions to minimize two competing objective functions simultane-
ously by adjusting a three-dimensional design vector within a defined feasible region. The
problem is formulated to find the minimum of the following vector function.

Tmax = f1(X1, X2, X3)
Protal = f2(X1, X2, X3) (16)
mixF(X) = [f1(X), £2(X)]" = [Tnax(X), Proar (X)]"

where f1(X) is the maximum battery temperature (T;4y) and f»(X) is the total system power
consumption (Pyotar)-

Table 4. Lower and upper bounds of the ANN input of BTMS.

Mass Fraction of Coolant Velocity Coolant
Bounds o Temperature
EG (%) (m/s) o
(W
ub 30 0.15 35
Ib 3 0.01 32
Table 5. Physical properties of composite phase change materials [26].
Mass Fraction of Specific .Heat Therm.al. Latent Heat
EG (%) Capacity Conductivity (1J-kg1)
J-kg 1-K™ W-m—1.K7})
3 1963 0.58 266.8
1926 1.23 258.3
9 1889 3.50 250.3
12 1852 5.74 242
20 1754 10.60 220
30 1631 13.85 192.5

4.1.2. Training of ANN Model

Considering the safety and feasibility of thermal design for lithium-ion battery mod-
ules, the mass fraction of EG is set to seven levels, [3, 6,9, 12, 20, 30], the coolant velocity has
five levels, [0.01, 0.05, 0.1, 0.15], and the coolant temperature has four levels [32, 33, 34, 35].
The ANN development protocol implements a three-stage quality assurance framework for
training data acquisition and model validation. Stratified sampling architecture employs
optimized latin hypercube sampling (LHS) with an enhanced stochastic evolutionary algo-
rithm, and it has been widely used in the training data of ANN, which means that a small
number of samples can represent the entire sample space and ensure that each sample
is represented in a fully hierarchical manner. The predictive fidelity of trained neural
networks requires comprehensive evaluation through a dual-metric validation framework
combining the mean squared error (MSE) and the correlation coefficient (R) [36]. Minimiz-
ing the root-mean-square error serves as a constraint to prevent the model from converging
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to local optima and overfitting during training, thereby reducing the discrepancy between
the desired and predicted outputs. A comprehensive dataset comprising 96 simulation
instances was generated through COMSOL Multiphysics. The LHS is employed to generate
the sample points shown in Table A1l in the Appendix A under the upper and lower bound-
aries. These sample sets are generally divided into three parts: training set, validation set,
and testing set, with a ratio of 70:15:15. The dataset of ANN is normalized to make the
input and output values between [0, 1] according to the following equation [37]:

yhorm _ Xi — Xmin (17)

i
Xmax — Xmin

where x; is the target value of the simulation results, Xy is the minimum value, xmax is
norm
1

During the training process, the mean squared error (MSE) is selected as the loss

the maximum value, x is the normalized value of x;.

function in the ANN. The formula for the mean squared error is shown as follows:

MSE(X) = =Y (i — £ (x0))? 18)

where 7 is the sample number, y; is the real value, f(x;) is the predicted value.

Based on this approach, unifying the dimensions of each parameter can solve the
problem of poor convergence during the learning process, and the inverse normalization
method is employed to continue recovering the sample data after the optimization is
completed. In this work, the generalization ability of GA and individual fitness are mainly
described through testing errors. In cases where the testing error is low, it corresponds to
higher fitness, representing higher individual quality.

4.2. NSGA-II Algorithm Optimized ANN Model
4.2.1. NSGA-II Algorithm Model

The genetic algorithm (GA) is a typical evolutionary algorithm widely employed for
solving nonlinear problems, offering the following advantages. NSGA-II has emerged
as one of the most practical multi-objective evolutionary algorithms for energy system
optimization, particularly excelling in scenarios requiring concurrent optimization of con-
flicting objectives like cost minimization, emission reduction, and reliability maximization.
It employs fast non-dominated sorting to reduce computational complexity, and the elitist
preservation strategy to maintain Pareto-optimal solutions across generations through
parent—offspring co-evolution, which is widely favored for its robustness and efficient
crowd distance estimation, making it particularly valuable in addressing complex multi-
objective optimization problems in energy systems [38].

In this work, the combination of ANN and NSGA-II is studied to form the NSGA-
ANN model. Figure 9 inhibits the NSGA-II optimization workflow for optimizing the
ANN. The left part represents the ANN workflow. Following this, training and testing of
the ANN are conducted using a previously constructed database. The model utilized in this
study belongs to a multi-objective optimization model with three inputs and two outputs.
The right part depicts the NSGA-II workflow. The NSGA-II algorithm screens individuals
through selection, crossover, and mutation. During the continuous evolutionary iterations,
elite individuals are preferentially selected to achieve the optimal solution on the Pareto
front that meets the specified conditions. Consequently, combining these two methods can
fully leverage their respective strengths while mitigating individual method shortcomings
when tackling multi-objective optimization problems, thereby optimizing the BTMs.
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Figure 9. NSGA-II optimization workflow for optimizing ANN.

4.2.2. NSGA-II Optimized ANN Model

In the three-layer ANN structure, the number of neurons at each level is appropriately
determined. The input layer and hidden layer have specific neuron counts, and there exists
a relationship between them. In the parameters of the BTMS, the optimal number of hidden
layer nodes obtained through the ANN setting is 13. Based on the previous parameters,
weights and biases are assigned with respective numbers of 42 and 10, leading to a total
of 52 parameters that require optimization. Therefore, the total number of parameters
that need to be optimized is 52. Consequently, when employing the NSGA-II algorithm,
initialization of the entire population becomes necessary along with binary encoding [0, 1]
for weight and bias values in each layer. Subsequently, the encoding length of each value
can be calculated based on the number of weights and biases present. The specific NSGA
parameter settings are presented in Table 6. By using GA for iterative optimization of ANN
models, it becomes feasible to rapidly identify precise parameter combinations meeting
requirements, which can then be employed within the COMSOL Multiphysics simulation
platform for verification.

Table 6. Parameter settings for the genetic algorithm.

Name Parameter Setting
Tterations 210
Population size 40
Generation gap 0.95
Crossover probability 0.7
Mutation probability 0.01

This section establishes the training and prediction of various parameter data that
influence the BTMS based on the ANN, as well as the training and prediction of these
parameters using an ANN structure optimized by GA. Through this method, the test and
training sample errors of the two optimized structures can be obtained, and the error
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size can be judged to clarify the application effect of the model. Finally, the optimized
parameter combination is substituted into the simulation model for comparison to verify
the accuracy of optimization and ensure that the battery thermal management system has
the best heat-dissipation performance.

5. Results and Discussion on Multi-Objective Optimization
5.1. Verify the Accuracy of the ANN Model

The corresponding MSE values for the training process are presented in Figure 10a.
It shows that the training, validation, and test sets exhibit similar performance without
overfitting. Notably, the model achieves its optimal performance at the 18th epoch. The
comparison between the actual and predicted values of the maximum temperature and
temperature difference is shown in Figure 10b, demonstrating a good fit.

Best Validation Performance is 0.0013697 at epoch 12
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———Validation
= ——Test
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Figure 10. ANN training: (a) MSE of training set, validation set, and test set; (b) comparison between
actual and predicted values.

5.2. Results of Multi-Objective Optimization by NSGA-1I Algorithm

Figure 11a illustrates the correlation coefficient between the COMSOL detailed model
target and ANN prediction output, with a resulting regression coefficient (R) approaching
one and evenly distributed data points along the diagonal line. Consequently, it can be
concluded that the ANN model exhibits high accuracy and can effectively predict BTMS
parameters. Moreover, the prediction results optimized by the NSGA-II algorithm and the
COMSOL Multiphysics model are presented in Figure 11b, with a correlation coefficient R
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of 0.9999 (higher than that in Figure 11a), which verifies that the ANN optimized by NSGA-
IT has higher prediction accuracy for the optimization of the comprehensive optimization
of BTMS parameters.
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Figure 11. (a) Regression analysis of the ANN model; (b) regression analysis of the NSGA-ANN
model.

It needs to be emphasized that to determine the optimal architecture, the model
performance is evaluated by systematically adjusting the number of neurons in the hidden
layer. Through this optimization process, 13 neurons in the hidden layer yielded the optimal
performance, which provided the best balance between computational efficiency and
prediction accuracy, minimizing the MSE without overfitting. Figure 12 is the simulation
errors of the testing and training samples in the ANN model and the ANN optimized by
NSGA-II after 210 iterations of genetic evolution. As detailed in Figure 12, the optimized
NSGA-ANN model significantly reduced simulation errors, from 0.1192 to 0.0127 and from
1.2471 to 0.7318, respectively, indicating the NSGA-II algorithm effectively improved the
reliability and accuracy of the ANN model. The model demonstrates a high degree of
agreement between predicted values and actual numerical simulation results, possessing
excellent stability and generalization ability for predicting the thermal behavior of the
battery system.
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Figure 12. Comparison of simulation errors between test samples and training samples in ANN
and NSGA-ANN.
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The solutions located along the Pareto-optimal frontier exhibit inherent trade-offs
between conflicting objectives. Specifically, points “A” and “C” represent extreme cases
where one objective is minimized /maximized through a complete sacrifice of the other,
forming the endpoints of the Pareto front. Meanwhile, points “B” and “D” correspond to
solutions closest to the hypothetical ideal point (simultaneous optimization of all objectives)
and nadir point (simultaneous worst-case values of all objectives), respectively. In this
selection process, the Technique for Order Preference by Similarity to Ideal Solution (TOP-
SIS) was employed. This is a traditional multi-criteria decision-making (MCDM) method
originally proposed by Hwang and Yoon [39]. It provides a robust framework for compar-
ative performance analysis in complex decision environments. The NSGA-ANN model
has accurately predicted the thermal performance of the BTMS. The optimal results are
calculated through the f,j,c,, function using MATLAB R2025b tools, and the corresponding
optimization scenarios are depicted in Figure 13.
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Figure 13. Pareto-optimal frontier of Tmax and Py,

As shown in Figure 13, Tihax is correlated with Py, negatively, which implies that
it is impossible to achieve the optimal solution for both simultaneously. The decrease in
maximum temperature of the battery module is primarily due to a decrease in temperature
and velocity of the coolant, leading to greater system power consumption. In practical
engineering applications, a more reasonable analysis must be performed based on the
actual situation context, rather than on numerical data. Therefore, if two objective functions
are equally important, such as the maximum temperature and power consumption in this
work, the point E can be selected as the optimal point for multi-objective optimization
because it is closest to the ideal point [40,41]. The thermal equilibrium analysis reveals
a critical trade-off between cooling efficacy and energy penalty. While the maximum
temperature is suppressed through enhanced active cooling mechanisms, the concomitant
system power consumption exhibits a surge due to intensified pumping work and auxiliary
thermal regulation demands. Then, after point E, a lower system power consumption can
be employed to ensure that the maximum temperature of the battery module is not higher
than 50 °C within the operating temperature requirements.

It is worth noting that the NSGA-ANN is utilized as a fast-running surrogate model
to address the prohibitive computational burden of direct CFD optimization, which would
require approximately 8400 evaluations (based on the NSGA-II configuration of 210 itera-
tions and a population size of 40) for a high-fidelity model featuring 830,023 grid elements.
Direct simulations under extreme conditions (5C discharge and 50 °C ambient temperature)
consume significant CPU time and require thousands of hours in total, making them unfea-
sible for engineering design cycles. ANN is strategically trained on a manageable dataset
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of only 96 CFD simulation sets generated via LHS. The resulting NSGA-II-ANN frame-
work achieves millisecond-level prediction speeds, exceptional accuracy with a regression
coefficient R of 0.99995, and verification errors between ANN predictions and subsequent
COMSOL simulations below 0.33%. This approach enables a comprehensive search of the
continuous design space while utilizing only approximately 1.1% of the computational
effort required by a traditional direct optimization approach.

Table 7 shows the Pareto-optimal solutions after the NSGA-II algorithm optimized
the ANN model. X; represents the optimized parameter combination, Y; represents the
prediction results of the NSGA-ANN model, and Z; represents the simulation results
obtained by inputting X; based on the COMSOL Multiphysics. It can be seen that the
optimized parameters can control the maximum temperature to 48.52 °C with the lowest
system power consumption of 158 W, achieving a 12.1% reduction in thermal fluctuation
amplitude compared to initial Case 4; it reduced energy consumption by 5.9% while
ensuring minimal temperature increase compared to Case 4-1. The output results obtained
by the NSGA-ANN model with the simulation results of COMSOL Multiphysics are
compared in Table 7. The error percentages of the results are all less than 0.33%, indicating
that parameter optimization using the NSGA-II algorithm can effectively address issues
related to temperature rise and system power in battery modules through an ANN proxy
prediction model construction approach with strong generalization ability suitable for
battery temperature control applications during the BTMS design.

Table 7. Initial values and optimized values of the NSGA-II algorithm with different constraints.

Type X; (EG%, T, v) ~ NSGA-ANN of Y; COMSO;M"del of
7
Initial Case 4 [12; 40.00; 0.01] — [55.39; 93]
Case 4-1 [26; 32.06; 0.01] [48.06; 168] [48.01; 168]
Case 4-2 [26; 32.66; 0.01] [48.33; 161] [48.43; 161]
Case 4-3 [26; 32.96; 0.01] [48.52; 158] [48.68; 158]

In addition, the temperature cloud slices of the middle five batteries are selected for a
more intuitive comparison between the original model of Case 4 and the optimized model
by NSGA-ANN of Case 4-3, as displayed in Figure 14. It can be seen that the optimized
parameters of Case 4-3 can control the maximum temperature to 48.68 °C with the lowest
system power consumption of 158 W, achieving a 12.1% reduction in thermal fluctuation
amplitude compared to initial Case 4, and it reduced energy consumption by 5.9% while
ensuring minimal temperature increase compared to Case 4-1. Other Pareto solutions are
also viable options. The selection among these solutions can be determined by the decision
maker based on specific requirements. For instance, it can be achieved by decreasing
the coolant temperature for higher cooling efficiency. Under extremely high-temperature
conditions, Case 4-1, Case 4-2, and Case 4-3 need to pre-cool the coolant, resulting in an
increase in system power consumption compared to the initial Case 4. However, all cases
can control the maximum temperature of the battery module to not exceed 50 °C, greatly
improving the system safety under an extreme ambient temperature of 50 °C and a high
discharge rate of 5C.
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Figure 14. Comparison between the original model of Case 4 and the optimized model of Case 4-3
for the temperature cloud slices of the middle five batteries: (a) original model; (b) optimized model
using NSGA-ANN.

5.3. Engineering Relevance

In addition to the methodological contributions, this work provides clear engineering
relevance for thermal management design of lithium-ion battery modules under extreme
operating conditions. A power consumption of 158 W is a negligible fraction of a typical
auxiliary load, ensuring it does not penalize the driving range. Moreover, based on
the Arrhenius-type temperature-lifetime relationship [42] commonly adopted in battery
engineering, a 10 °C reduction in operating temperature approximately doubles battery
lifetime. In the present study, the NSGA-ANN optimized design reduces the maximum
battery temperature from 55.39 °C to 48.68 °C under extreme conditions, corresponding
to a temperature reduction of 6.71 °C, nearly a 59% increase in battery lifetime compared
with the baseline case. The proposed NSGA-ANN optimization framework offers practical
guidance for selecting key design parameters, enabling engineers to achieve reduced peak
battery temperature while minimizing auxiliary power consumption.

The optimized hybrid BTMS combining CPCM and liquid cooling demonstrates an
effective balance between thermal safety and energy efficiency, particularly in high-rate
discharge scenarios (up to 5C) and elevated ambient temperatures (up to 50 °C). Therefore,
the findings of this study are not only academically meaningful but also valuable for the
development of next-generation BTMS solutions with improved reliability, durability, and
applicability in realistic engineering conditions.

6. Conclusions

This study conducts a systematic evaluation of four BTMSs configurations under
extreme operational conditions, specifically examining their thermal performance under
40 °C ambient temperature across varying discharge intensities (1C, 3C, and 5C). To
address multi-objective optimization challenges, a hybrid artificial intelligence framework
integrating an ANN with the NSGA-II algorithm was proposed. This computational
model successfully identifies Pareto-optimal parameter sets that simultaneously enhance
operational safety and energy efficiency for electric vehicles under strenuous working
conditions. The conclusions are as follows:

(1) The comparative analysis reveals distinct thermal mitigation characteristics: Case 1
(pure air cooling) demonstrates limitations in maintaining thermal equilibrium beyond 2C
operation; Case 2 (pure CPCM) and Case 3 (pure liquid cooling) exhibit superior thermal
management capabilities under normal ambient temperature and 3C discharge conditions;
Case 4, which utilizes a hybrid BTMS integrating CPCM and liquid cooling, successfully
maintains battery surface temperature at 45.27 °C under extreme conditions (40 °C ambient
temperature + 5C discharge rate), achieving 13.5% and 15.01% reduction, respectively, in
temperature fluctuation amplitude compared to Case 2 and Case 3.
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(2) The proposed multi-objective optimization framework employs NSGA-II to sys-
tematically refine the ANN hyperparameters through non-dominated sorting of synaptic
weights and bias thresholds. This evolutionary—ANN hybrid architecture achieves re-
markable prediction fidelity, with a coefficient of determination (R?) improving from 0.874
to 0.983 during cross-validation. Crucially, the optimized BTMS parameter constellation
reduces mean absolute percentage error (MAPE) by 89.3% (from 0.1192 to 0.0127) in extreme-
conditions simulations while maintaining Pareto optimality in energy-safety trade-offs.

(3) The Pareto-optimal solutions demonstrate robust multi-objective coordination. The
extremities of the Pareto front offer singular benefits, minimizing temperature to 47 °C
at the cost of significant power consumption (more than 1600 W) at one end (point A), or
minimizing power to 150 W at the risk of breaching the 50 °C safety threshold at the other
(point C). The optimized design focuses on the utopia point (point E). This balance point
effectively regulates the peak battery temperature at 48.68 °C under concurrent harsh condi-
tions (50 °C ambient temperature and 5C discharge rate). This achieves a 12.1% reduction in
thermal fluctuation amplitude compared to the initial design and, through CPCM-assisted
pre-cooling, maintains a low energy consumption of 158 W (5.9% reduction compared to
other optimal solutions). This confirms that the utopia point provides the most effective
compromise between preventing thermal runaway and ensuring economic viability.
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Nomenclature

Gy specific heat capacity (J/kg-K)
k thermal conductivity (W/m-K)
q heat generation rate (W/m?)

t time (s)

T temperature (K)

v velocity vector (m/s)

v velocity (m/s)

Ap pressure differential (Pa)
Subscripts

b battery

w water

Greek symbols

0 density (kg/m3)

H dynamic viscosity (Pa-s)
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Acronyms

AL aluminum

ANN artificial neural network

BTMS battery thermal management system
cor coefficient of performance

CPCM composite phase change material
EG expanded graphite

GA genetic algorithm

HP heat pipe

LHS Latin hypercube sampling

MSE mean squared error

NSGA on-dominated sorting genetic algorithm
PCM phase change material

RSM response surface methodology

TE total expenditure

Appendix A

Table A1. A total of 96 sets of simulation sample data generated by COMSOL Multiphysics.

Number EG (%) Ty (°C) v (m/s) Tmax (°C) Piotal (W)
1 3 32 0.01 55.58 167.77
2 3 32 0.05 55.08 838.87
3 3 32 0.1 54.56 1677.74
4 3 32 0.15 54.56 2516.62
5 3 33 0.01 56.38 158.44
6 3 33 0.05 55.88 792.2
7 3 33 0.1 55.3 1584.4
8 3 33 0.15 55.3 2376.77
9 3 34 0.01 57.18 149.12
10 3 34 0.05 56.68 745.6
11 3 34 0.1 56.13 1491.2
12 3 34 0.15 56.13 2236.96
13 3 35 0.01 57.98 139.8
14 3 35 0.05 57.48 699
15 3 35 0.1 56.9 1398
16 3 35 0.15 56.9 2097.15
17 6 32 0.01 51.74 167.77
18 6 32 0.05 51.27 838.87
19 6 32 0.1 50.69 1677.74
20 6 32 0.15 50.69 2516.62
21 6 33 0.01 52.55 158.44
22 6 33 0.05 52.05 792.2
23 6 33 0.1 51.55 1584.4
24 6 33 0.15 51.55 2376.77
25 6 34 0.01 53.37 149.12
26 6 34 0.05 52.87 745.6
27 6 34 0.1 52.37 1491.2
28 6 34 0.15 52.37 2236.96
29 6 35 0.01 54.21 139.8
30 6 35 0.05 53.71 699
31 6 35 0.1 53.2 1398
32 6 35 0.15 53.2 2097.15
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Table A1. Cont.

Number EG (%) Ty (°Q) v (m/s) Tmax (°C) Piota (W)
33 9 32 0.01 49.28 167.77
34 9 32 0.05 48.74 838.87
35 9 32 0.1 48.2 1677.74
36 9 32 0.15 48.2 2516.62
37 9 33 0.01 50.08 158.44
38 9 33 0.05 49.58 792.2
39 9 33 0.1 49.04 1584.4
40 9 33 0.15 49.04 2376.77
41 9 34 0.01 50.93 149.12
42 9 34 0.05 50.43 745.6
43 9 34 0.1 49.9 1491.2
44 9 34 0.15 49.9 2236.96
45 9 35 0.01 51.79 139.8
46 9 35 0.05 51.2 699
47 9 35 0.1 50.7 1398
48 9 35 0.15 50.7 2097.15
49 12 32 0.01 48.54 167.77
50 12 32 0.05 48.04 838.87
51 12 32 0.1 47.54 1677.74
52 12 32 0.15 47.54 2516.62
53 12 33 0.01 49.32 158.44
54 12 33 0.05 48.82 792.2
55 12 33 0.1 48.3 1584.4
56 12 33 0.15 48.3 2376.77
57 12 34 0.01 50.16 149.12
58 12 34 0.05 49.66 745.6
59 12 34 0.1 49.1 1491.2
60 12 34 0.15 49.1 2236.96
61 12 35 0.01 51.03 139.8
62 12 35 0.05 50.53 699
63 12 35 0.1 50.03 1398
64 12 35 0.15 50.03 2097.15
65 20 32 0.01 48.04 167.77
66 20 32 0.05 47.54 838.87
67 20 32 0.1 47.01 1677.74
68 20 32 0.15 47.01 2516.62
69 20 33 0.01 48.78 158.44
70 20 33 0.05 48.28 792.2
71 20 33 0.1 47.78 1584.4
72 20 33 0.15 47.78 2376.77
73 20 34 0.01 49.64 149.12
74 20 34 0.05 49.12 745.6
75 20 34 0.1 48.62 1491.2
76 20 34 0.15 48.62 2236.96
77 20 35 0.01 50.52 139.8
78 20 35 0.05 50.02 699
79 20 35 0.1 49.52 1398
80 20 35 0.15 49.52 2097.15
81 30 32 0.01 47.86 167.77
82 30 32 0.05 47.34 838.87
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Table A1. Cont.

Number EG (%) Tw (°O) v (m/s) Tmax (M) Ptotal W)

83 30 32 0.1 46.79 1677.74
84 30 32 0.15 46.79 2516.62
85 30 33 0.01 48.58 158.44
86 30 33 0.05 48.03 792.2
87 30 33 0.1 47.53 1584.4
88 30 33 0.15 47.53 2376.77
89 30 34 0.01 49.44 149.12
90 30 34 0.05 48.94 745.6
91 30 34 0.1 48.5 1491.2
92 30 34 0.15 48.5 2236.96
93 30 35 0.01 50.32 139.8
94 30 35 0.05 49.82 699
95 30 35 0.1 49.3 1398
96 30 35 0.15 49.3 2097.15
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Abstract

With the continuous rise in the energy density of power batteries, battery heat generation
has become an increasingly severe issue. Particularly under extreme conditions combining
high summer temperatures and high discharge rates, battery thermal safety is facing
tremendous challenges. To address this problem, this study proposes a honeycomb liquid
cooling—PCM hybrid battery thermal management system (BTMS) based on fin—casing
synergistic heat transfer enhancement. We analyzed the effects of the longitudinal fins and
thermal conductive casing on the thermal characteristics of the system, further investigated
the influence patterns of key factors including fin number, battery spacing and contact
thermal resistance on the thermal performance of the honeycomb BTMS, and clarified
the action mechanisms of each structure and parameter on battery temperature rise and
temperature uniformity. The results show that the fin structure enhances longitudinal
heat conduction, improves liquid cooling efficiency, and effectively reduces the maximum
battery temperature, while the thermal conductive casing significantly improves battery
temperature uniformity. The BTMS with fin—casing synergistic heat transfer enhancement
can control the maximum battery temperature and temperature difference within 60 °C
and 5 °C, respectively, under extreme operating conditions.

Keywords: lithium-ion battery; honeycomb structure; battery thermal management system;
fins-casing synergy; heat transfer

1. Introduction

The performance of lithium-ion batteries is closely correlated with operating temper-
ature. Typically, the operational temperature range for lithium-ion batteries spans from
—20°C to 60 °C [1], with strict control required to maintain a maximum temperature
difference (ATmax) within 5 °C across individual cells in a module and on cell surfaces [2,3].
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Exceeding thermal safety thresholds may lead to irreversible battery degradation, un-
derscoring the criticality of efficient battery thermal management systems (BTMSs) for
ensuring the safety and performance of electric vehicles (EVs).

Current BTMS methodologies encompass air cooling [4], liquid cooling [5], phase
change material (PCM) cooling [6], and hybrid cooling systems [7,8]. Air cooling, character-
ized by a simple structure, low cost, and zero leakage risk, has been widely adopted in early
EV models and low-power energy storage devices [9]. However, air’s low specific heat
capacity and thermal conductivity render air-cooled systems insufficient for dissipating
high heat flux during high-rate charge/discharge cycles, often resulting in poor thermal
uniformity [10].

Liquid cooling regulates battery temperature through the convective heat transfer of
liquid media, primarily implemented via cold-plate channel structures [11] or immersion
designs [12,13]. The mini-channel design for liquid cooling systems can significantly
increase the heat transfer specific surface area [14]. Nevertheless, liquid cooling systems
rely on active pump-driven circulation, leading to complex system architectures, a delayed
transient response to high thermal loads, and challenges in achieving efficient thermal
uniformity within confined spaces [15].

PCM, as a passive cooling medium, suppresses temperature rise by absorbing latent
heat during solid-liquid phase transitions [16]. However, pure PCM suffers from low
thermal conductivity [17], limiting heat diffusion into deeper regions and reducing material
utilization efficiency. Additionally, once melted, pure PCM requires auxiliary cooling
mechanisms to re-solidify and restore its thermal storage capacity.

To address PCM’s low thermal conductivity, three enhancement strategies are
commonly employed: incorporating high-conductivity nanosuspensions, integrating
porous media composites [18,19], and embedding metal foams or fins to construct high-
conductivity pathways. Swamy et al. [20] demonstrated that CuO or Al,O3; nanoparticles
significantly improve PCM thermal conductivity, albeit at the cost of exponential viscos-
ity increases. Vali et al. [21] successfully maintained battery module peak temperatures
within safety limits during 3C discharge by introducing multi-walled carbon nanotubes
and graphene nanoplatelets. Zhou et al. [22] found that 20 wt% expanded graphite (EG)
forms a continuous thermal conduction framework, enhancing thermal conductivity by
418.5%. Yang et al. [23] developed a composite PCM-liquid cooling honeycomb structure
with 12% EG content, reducing the maximum battery temperature by 4.39 °C compared to
pure PCM-based BTMS. Zang et al. [24] achieved a thermal conductivity of 4.75 W /(m-K)
using paraffin—-EG and aluminum foam composites. Keyhani-Asl et al. [25] confirmed that
copper foam can multiply the equivalent thermal conductivity, with over 90% porosity
effectively suppressing temperature rise during phase transitions. However, nanoparticle
agglomeration and sedimentation, potential corrosion risks from sulfur residues in carbon-
based material synthesis, and the high manufacturing costs/weight of metal foams remain
critical challenges.

Fin-integrated structures for constructing thermal conduction frameworks focus on
fin geometry innovation and hybrid system topology optimization. Luo et al. [26] designed
fractal snowflake fins with high perimeter—area ratios, enabling deep PCM matrix pen-
etration and achieving temperature differences below 3 °C under 3C conditions. Shen
et al. [27] and Wu et al. [28] proposed web-like and gear-shaped fins, respectively, which en-
hanced isotropic thermal networks and expanded solid-liquid phase interfaces to eliminate
hotspots and accelerate phase-transition propagation. Esmaeili et al. [29] demonstrated the
irreplaceable advantages of fin-PCM systems over air cooling in high-load pulse scenarios,
combining conductive pathways with PCM thermal buffering capacity. Wang et al. [30]
integrated fins with heat pipes, leveraging the latter’s ultra-high thermal conductivity to
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instantaneously transfer heat from battery surfaces to remote fin regions, ideal for space-
constrained prismatic battery modules. These studies confirm that a fin-enhanced BTMS
offers structural simplicity, cost control, and stable thermal performance across diverse
battery configurations.

However, most published studies have focused primarily on ambient temperatures
below 40 °C, while the National Standard GB38031-2020 [31] Safety Requirements for Trac-
tion Battery Packs and Systems of Electric Vehicles stipulates that the maximum allowable
discharge temperature for cylindrical lithium-ion batteries is 60 °C. In actual driving pro-
cesses, vehicles operate under working conditions such as rapid acceleration, climbing and
full load, all of which demand high-rate discharge of batteries. In high-temperature regions
in summer, the ground surface temperature can usually exceed 60 °C; during charging and
discharging, batteries generate a large amount of heat on the one hand, and are exposed
to baking by high-temperature ambient air from the ground on the other. If heat fails to
be dissipated in a timely manner, the battery temperature will most likely exceed the safe
temperature [32,33]. Furthermore, although the incorporation of metal fins into PCM can
enhance heat transfer, most relevant studies have focused primarily on the regulation of the
maximum or average battery temperature by fin structures in cylindrical BTMSs, whereas
relatively little attention has been paid to their effects on novel configurations such as
honeycomb-structured BTMSs and battery temperature uniformity. Honeycomb-structured
BTMSs not only feature a compact layout, but also can effectively suppress the leakage of
liquid PCM [34] and mitigate the hazards caused by battery thermal runaway [35], thus
exhibiting prominent application advantages. In addition, a large internal temperature
difference in the battery pack is prone to induce uneven current distribution and the gener-
ation of thermal stress, which in turn degrades battery performance and shortens its service
life [36].

According to the background, this study addresses the extreme harsh working condi-
tion of 5C high-rate battery discharge at an ambient temperature of 50 °C and proposes
a honeycomb-structured liquid cooling—PCM hybrid BTMS based on the synergistic heat
transfer enhancement of longitudinal fins and thermal conductive casing. Based on the
COMSOL Multiphysics 6.2 platform [37], four numerical models of a honeycomb BTMS
with different combinations of longitudinal fins and a thermally conductive casing were
developed. Numerical simulations were conducted to investigate the effects of the fin
structures and conductive casing on the system heat dissipation performance, battery
temperature uniformity, and PCM phase change behavior under ambient temperatures of
30, 40, and 50 °C and counter-flow coolant configurations. Subsequently, the single-factor
analysis method was adopted to investigate the influences of battery spacing and contact
thermal resistance on the thermal performance, battery temperature uniformity and mod-
ule grouping efficiency of the honeycomb-structured BTMS with synergistic heat transfer
enhancement by longitudinal fins and a thermal conductive casing.

2. Numerical Model
2.1. Geometric Model and Thermophysical Parameters

Figure 1 illustrates the structure and simplified model of the honeycomb BTMS.
Cylindrical battery cells are arranged in a staggered configuration within the module, with
each cell surrounded by six liquid-cooled tubes (inner diameter: 3 mm, wall thickness:
1 mm). Adjacent liquid-cooled tubes are connected via thermal conductive fins, and the
internal cavities of the tubes are filled with PCM, forming a honeycomb unit structure, as
shown in Figure 1a.

Based on the symmetry of the battery module, the module is simplified to a single-cell
model, which comprises a cylindrical battery, PCM, liquid-cooled tubes, and their thermal
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conductive plates. The implementation of staggered counter-flow cooling fluid enhances
temperature uniformity [14], as depicted in Figure 1b.

Cell spacing

(b)

Case3
3 fins and conductive casing

©

Cooling plate

Cooling tube

Coolant

Enhanced fin

Conductive casing

Case4d

6 fins and conductive casing

Figure 1. Schematic of the honeycomb BTMS: Structural diagram of the battery module (a); simplified
model (b); enhanced model with longitudinal fins and thermal conductive casing (c).

In this study, on the basis of the simplified honeycomb BTMS, longitudinal fins with
a thickness of 1 mm and a thermal conductive casing are introduced to strengthen the
internal heat transfer of the module, and four models are constructed, as presented in
Figure 1c. The INR18650/25P cylindrical lithium-ion battery is adopted in this research,
which has a rated capacity of 2500 mAh, supports high-rate discharge, and exhibits an
allowable operating temperature range of —20 °C to 60 °C for discharge. High-purity
paraffin RT54HC was adopted in this study, with a solid-liquid phase change temperature
of 53-54 °C. The detailed physical properties of the battery, PCM and aluminum alloy are
summarized in Table 1.

Table 1. Thermophysical properties of the battery and key materials.

Material Property Value Unit
Nominal Capacity 2500 mAh
Nominal Voltage 3.6 A%
Battery Height 65.00 & 0.15 mm
Battery Diameter 18.35 + 0.10 mm
INR18650/25P Battery Weight 48 g
Density 2755.9 kg/m?
Specific Heat Capacity 1129.95 J/(kg-K)
Thermal Conductivity Radial 1.6; Axial 27 W /(m-K)
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Table 1. Cont.

Material Property Value Unit
Melting Point 53-54 °C
Density 800 kg/ m3
RT-54HC Specific Heat Capacity 2000 J/(kg-K)
Thermal Conductivity 0.2 W/(m-K)
Latent Heat 200 kJ/kg
Density Liquid 998 kg/m3
Wat Dynamic Viscosity 1.01 x 1073 kg/(m-s)
ater Specific Heat Capacity 4180 J/(kg-K)
Thermal Conductivity 0.599 W/(m-K)
Density 2719 kg/m3
Aluminum Specific Heat Capacity 871 J/(kg-K)
Thermal Conductivity 238 W/(m-K)

2.2. Governing Equations
2.2.1. Heat Generation and Heat Transfer Model of Lithium-Ion Batteries

In this study, the battery is assumed to be a homogeneous solid with a constant specific
heat capacity. The thermal conductivities in the radial, axial, and circumferential directions
are anisotropic but constant, and the internal heat generation rate of the battery is assumed
to be uniform.

The battery heat generation model adopted in this study is based on the heat genera-
tion rates obtained from the research group’s previous work, which were used to simulate
the internal heat generation during battery discharge. Specifically, the dynamic internal
resistance of the battery was measured using the hybrid pulse power characterization
(HPPC) method under various discharge rates, including 5C, over a state-of-charge (SOC)
range from 0.1 to 1.0. The nonlinear dependence of internal resistance on discharge rate and
SOC was thus characterized. Subsequently, constant-current discharge temperature-rise
experiments were conducted, during which real-time data of the current, terminal voltage,
and surface temperature were recorded throughout the entire discharge process at different
discharge rates.

Based on these measurements, the classical Bernardi heat generation equation [38]
was employed to calculate the total heat generation, which was decomposed into
two components: irreversible heat generated by ohmic and polarization effects, and re-
versible heat associated with the entropy change in electrochemical reactions. By integrating
the resistance—voltage correlation data obtained from the HPPC tests with the experimen-
tally measured transient data from the temperature-rise experiments, and further utilizing
the conversion relationship between SOC and discharge time, the volumetric heat genera-
tion rate of the battery over the entire SOC range at different discharge rates was accurately
determined. Finally, sixth-order polynomial expressions describing the variation in battery
heat generation rate with discharge time under different discharge rates were obtained by
curve fitting [23].

The governing equations for the heat transfer process of the battery are as follows:

o7 Ay 0 0
PCopay =V | 0 My 0 |V | +Q (1)
0 0 Apy

where p}, denotes the density of the battery, in units of kg/m?; Cp,p represents the specific
heat capacity of the battery, in units of ]/ (kg-K); Apx, Apy, and Ap, are the thermal conduc-
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tivities of the battery in three orthogonal directions; and Q, denotes the heat generated by
the battery, in units of W/ m?.

2.2.2. PCM Model

In this study, PCM is assumed to be a homogeneous medium with thermal conduc-
tivity in all directions. The thermophysical properties of the solid and liquid phases,
including density, specific heat capacity, and thermal conductivity, are assumed to be
identical and temperature-independent constants. The liquid phase region is simplified as
an incompressible fluid, and natural convection is neglected [39].

The energy conservation equation is expressed as follows:

0T 9
prcMCppem gtCM = V-(ApcmVTrem) — PPCML(-T[: )
0, T< Tsol
T — Tso1
'B Tliq - Tsol/ sol <4< liq (3)
1, T> Tliq

where Tpcy denotes the temperature of PCM, in units of K; ppcy is the density of the PCM,
in units of kg/m?; C, pcm represents the specific heat capacity of the PCM, in units of
J/(kg-K); Apcm and L are the thermal conductivity (W/(m-K)) and latent heat (J/kg) of the
PCM, respectively. The last term on the right-hand side of Equation (2) characterizes the
release or absorption of latent heat during the phase change process of the PCM. The liquid
volume fraction f3 is defined as a function of temperature, as illustrated in Equation (3).

2.2.3. Liquid Cooling Model

In this study, a pipe-type liquid cooling structure is adopted, with water as the coolant,
which is treated as an incompressible fluid. Calculations show that the Reynolds number
(Re) of the fluid in all simulation cases is lower than the critical laminar—turbulent value
(2300) [23]; thus, the flow in the fluid domain is solved using the laminar flow model. The
fluid flow and heat transfer processes are governed by the equations of mass conservation,
momentum conservation, and energy conservation, as presented below:

0pc =\
T V(o) =0 @)
ai (4-V)i = =Vp+V|p( Vi + (vﬁ)T )
Py T e =-VP H
aT
Pccp,ca + V. (Pccp,c;T) = V'(/\CVT) (6)

where p. is the density of the coolant (kg/m?), i is the velocity vector (m/s), and p is the
static pressure (Pa); C,c and A are the specific heat capacity (J/(kg-K)) and thermal con-
ductivity (W/(m-K)) of the coolant, respectively; u denotes the dynamic viscosity(N-s/m?).

2.3. Initial and Boundary Conditions

The honeycomb BTMS exhibits geometric symmetry in its arrangement. Thus, sym-
metric boundary conditions are applied to the side surfaces of both the solid and fluid
domains in the simplified model. The top and bottom surfaces of the model were treated
as adiabatic boundaries, and the effect of natural convection with the ambient air was
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neglected. The heat exchange between the battery, PCM, fin structure, and cooling water is
dominated by thermal conduction and thermal convection, with the specific expressions
provided below:

a7, Ao, ITPCM

by n  PeMg @)

—Ap g:‘; = —AAI% ®)
—Apcm SE;\M/I = —)\Al?):/: )
g = (T~ T (10)

where Ay, Apcym, and Ap are the thermal conductivities of the battery, PCM, and fin
structure, respectively, in W/(m-K); k. is the convective heat transfer coefficient between
cooling water and the liquid-cooled tube wall, in W/(m?-K); Ty,, Tpcm, Tal, and Te denote
the temperatures of the battery, PCM, fin structure, and cooling water, respectively, in K.
In addition, the initial conditions were setas T = T,; and v = vy, where T,;; denotes
the initial temperature of the BTMS and vy represents the inlet velocity of the coolant. A
velocity-inlet boundary condition was applied at the inlet, while a pressure-outlet boundary
condition was specified at the outlet. According to relevant studies, a coolant flow velocity
of 0.1 m/s can generally meet the heat dissipation requirement with low pump power
consumption [27,40]. Therefore, 0.1 m/s is selected as the inlet flow velocity of the coolant.

2.4. Model Verification

The simplified baseline honeycomb BTMS model adopted in this study is derived
from the pre-validated work of the research group [23]. The simulation results based on
the COMSOL platform demonstrate that the proposed model can accurately reproduce the
dynamic temperature-rise behavior of the battery under discharge rates ranging from 1C to
5C. In comparison with the experimental data, the maximum relative error of the simulation
results is approximately 4%, and the root mean square errors (RMSEs) at different discharge
rates are maintained at low levels of 0.45, 0.60, 0.75, and 0.38, respectively, indicating that
the model accuracy satisfies the requirements for numerical simulation.

In addition, grid independence verification was conducted for the six-fin model with a
thermal conductive casing under an ambient temperature of 50 °C, involving six groups of
meshes with the number ranging from 5940 to 175,000. As shown in Figure 2, the maximum
battery temperature exhibits a convergence trend of first increasing and then stabilizing
with the increase in mesh number: in the sparse mesh regime (mesh number < 109,200), the
calculation results are significantly affected by the mesh density. When the mesh number
increases from 109,200 to 121,600, the maximum battery temperature rises by only 0.002 °C,
with a relative deviation of less than 0.01%, indicating that the numerical solution satisfies
the grid independence criteria. Further mesh refinement to 175,000 thereafter results in only
negligible temperature variations. Considering both solution accuracy and computational
cost, the meshing scheme with 109,200 mesh elements was selected for the subsequent
studies in this work, and the mesh distribution is presented in Figure 3.
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Figure 3. Meshing of the BTMS Model.

3. Results and Discussion
3.1. Thermal Performance Analysis of Honeycomb BTMS with Fins

Adding fins can improve the heat dissipation performance of the BTMS. In this
section, the honeycomb BTMS without fins is taken as the baseline (Case 0). Case 1
and Case 2 are equipped with three and six longitudinal aluminum fins, respectively,
and all fins are directly connected to the side surfaces of the battery cells and the liquid-
cooled tube wall, as shown in Figure 4. The effects of fin configuration on the system
heat dissipation performance, battery temperature uniformity, and PCM phase-transition
process are investigated. Three ambient temperatures of 30 °C, 40 °C, and 50 °C are set for
the simulations, with the battery discharged at a constant current of 5C and the coolant
flow rate fixed at 0.1 m/s.

Figure 5 displays the temperature contour plots of the central cross-sections for the
fin configuration models under three ambient temperatures. Case 0 exhibits concentric
circular isotherms, with heat accumulating at the battery center to form a high-temperature
region. Case 1 forms three low-temperature nodes at the fin connections, presenting a
“triangular” contour pattern; in contrast, Case 2 displays a “petal-like” temperature field,
where six low-temperature nodes are created at the interfaces between the six fins and the
battery, dividing the high-temperature region into six smaller areas. Compared with Case
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0, both Case 1 and Case 2 have a higher proportion of low-temperature color scales in their
contour plots, indicating a reduction in battery temperature.

Case0 Casel Case2

Figure 4. Schematic of the honeycomb BTMS with longitudinal fins: Case 0 (baseline, without fins),
Case 1 (3 fins), and Case 2 (6 fins).
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Figure 5. Temperature distribution of the central cross-section of the BTMS for Cases 0, 1 and 2 under
different ambient temperatures.

Figure 6 presents the temperature variation curves of the battery under different ambi-
ent temperatures. After adding fins, the maximum temperature of the battery decreases
significantly, with Case 2 (six fins) achieving the largest reduction. Conversely, ATnax of
the battery increases sharply with the introduction of fins, rapidly exceeding the uniformity
requirement of 5 °C. Notably, ATinax of Case 2 is lower than that of Case 1, demonstrating
that increasing the number of fins can partially mitigate the non-uniformity of battery
temperature distribution, yet fails to meet the minimum uniformity requirement.
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Figure 6. Maximum battery temperature (a) and maximum temperature difference in the battery
(b) during the discharge process of Cases 0, 1 and 2 under different ambient temperatures.

Figure 7 summarizes the maximum temperature and the maximum temperature
difference in the batteries in three honeycomb BTMS configurations at the end of discharge.
As shown in Figure 7a, under conventional operating conditions with ambient temperatures
of 30 °C and 40 °C, all three configurations can maintain the maximum battery temperature
within the safe range. In contrast, under the extreme condition of 50 °C, the maximum
temperature of Case 0 increases to 64.8 °C, exceeding the discharge safety limit of 60 °C
specified by GB 38031-2020.

With the introduction of fin structures, the maximum temperature of Case 1 under
the 50 °C condition is reduced to 59.1 °C, corresponding to a temperature decrease of
5.7 °C, which represents an approximately 8.8% reduction. Case 2 further lowers the
maximum temperature to 57.3 °C, achieving a decrease of 7.5 °C, equivalent to a reduction
of about 11.6%. These results indicate that the fin structures significantly enhance the
heat dissipation capability of the system, with Case 2 exhibiting the most pronounced
cooling performance.
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Figure 7. Maximum battery temperature (a) and maximum temperature difference in the battery
(b) for Case 0, 1 and 2 at the end of discharge.

The results of the maximum temperature difference shown in Figure 7b reveal that,
under the 30 °C and 40 °C conditions, the maximum temperature differences in Case 1
and Case 2 increase by approximately 7.0 °C and 4.3 °C, respectively, compared with
Case 0, indicating that the fin structures adversely affect temperature uniformity. Under
the 50 °C condition, although the maximum temperature difference decreases slightly, it
still increases by 5.5 °C and 3.6 °C relative to Case 0, corresponding to increments of as
high as 196% and 129%, respectively. Further comparison shows that both the maximum
temperature and the maximum temperature difference in Case 2 are consistently lower than
those of Case 1, suggesting that increasing the number of fins can enhance heat dissipation
while partially alleviating temperature non-uniformity. Overall, although fin structures
can effectively reduce the maximum battery temperature, they simultaneously lead to a
significant deterioration in the temperature uniformity of the system.

For Case 0 without fins, the heat transfer pathway consists of the battery outer surface,
PCM, honeycomb framework, liquid cooling tube wall, and coolant, forming a purely series
thermal resistance network. By comparing the thermal conductivities of each component,
it can be found that the PCM contributes to the dominant thermal resistance, resulting in a
relatively high overall thermal resistance of the system. Consequently, the heat generated
by the battery cannot be effectively transferred to the liquid cooling side in a timely manner,
leading to limited heat dissipation performance. Under the extreme condition of 50 °C, this
drawback becomes particularly pronounced, and the maximum temperature of Case 0 rises
to 64.8 °C. On the other hand, since the battery is uniformly surrounded by homogeneous
PCM in the circumferential direction, the radial thermal resistance distribution is nearly
uniform, which contributes to good temperature uniformity. As a result, the maximum
temperature difference in the battery does not exceed 3.4 °C under all three ambient
temperature conditions.

For Case 1 and Case 2 with fins, parallel heat conduction pathways composed of
fins and PCM are established between the battery surface and the honeycomb framework
as well as the liquid cooling tubes. Owing to the much higher thermal conductivity of
the fins compared with that of PCM, the equivalent thermal resistance of the parallel
configuration is significantly reduced relative to that of pure PCM, leading to a substantial
decrease in the overall thermal resistance of the BTMS. Consequently, the heat generated
by the battery can be rapidly transferred through the low-resistance fin pathways, thereby
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effectively enhancing the heat dissipation performance. Under the 50 °C condition, the
maximum temperatures of Case 1 and Case 2 decrease to 59.1 °C and 57.3 °C, respectively,
corresponding to reductions of 5.7 °C and 7.5 °C compared with Case 0, which significantly
improves the cooling performance under high ambient temperatures.

However, the parallel heat conduction structure also results in a non-uniform circum-
ferential distribution of thermal resistance. Low-resistance pathways are formed in the
regions connected to the fins, while the PCM regions between adjacent fins retain rela-
tively high thermal resistance. The pronounced contrast between these regions generates
large temperature gradients along the battery surface, thereby deteriorating temperature
uniformity. As a result, the maximum temperature differences in Case 1 and Case 2 are
consistently much higher than that of Case 0 under all operating conditions. In particular,
under the 50 °C condition, they reach 8.3 °C and 6.4 °C, representing increases of 196% and
129%, respectively, relative to Case 0.

Under the ambient temperature of 50 °C, phase change occurs in the PCM of Case
0, Case 1, and Case 2, as illustrated in Figure 8. The PCM undergoes uniform phase
change melting along the circumferential direction of the battery without fins. After adding
fins, a large amount of heat is conducted out through the fins, and the region where the
PCM is completely melted is significantly reduced. In addition, with the increase in the
number of fins, the liquid fraction of PCM near the liquid-cooled tube increases, which
reduces the distribution difference in the solid-liquid phases of the PCM and improves the
distribution uniformity.

« ) Y
\_J|

Case0 Casel Case2

Figure 8. Distribution of the liquid fraction of PCM at the central cross-section of Cases 0, 1, and 2 at
the end of discharge under an ambient temperature of 50 °C.

Figure 9 presents the time evolution curve of the average liquid fraction of the PCM:
after the addition of fins, the liquid fraction of the PCM is reduced by nearly half. This
means that more PCM remains in the solid state, storing more latent heat, which enhances
the thermal safety redundancy of the system and provides an effective buffer against
battery temperature rise under extreme operating conditions or thermal accumulation
during long-term cycling. Mechanistically, the increase in the number of fins expands the
contact area between the fins and the PCM, and improves the heat transfer in the PCM
along the circumferential direction, resulting in a more uniform temperature distribution of
the PCM. This facilitates the stable and full utilization of the latent heat absorption capacity
of the PCM under subsequent thermal loads.

In summary, the addition of fins alone gives rise to a contradiction between heat
dissipation performance and temperature uniformity. While fins can effectively suppress
the maximum battery temperature and delay the latent heat consumption of PCM, they
significantly deteriorate the temperature uniformity of the BTMS. This phenomenon is
primarily attributed to the non-uniform distribution of local thermal resistance between
the fin-contact region and the non-contact region. Therefore, enhancing the circumferential
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thermal conductivity of the battery surface could, in theory, maintain the efficient heat
dissipation of fins while balancing the circumferential thermal resistance distribution. This
hypothesis will be verified in the subsequent section of this study.
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Figure 9. Average liquid-phase fraction of PCM in Cases 0, 1, and 2 during the discharge process at
an ambient temperature of 50 °C.

3.2. Thermal Performance Analysis of Fin—Casing Honeycomb BTMS

Previous research in the preceding section indicated that adding fins causes an ex-
cessive maximum temperature difference in the honeycomb BTMS. In this section, a high-
thermal-conductivity aluminum alloy casing with a thickness of 1 mm is introduced to
evaluate its effect on the comprehensive heat dissipation performance of the system in
the fin-integrated honeycomb BTMS. As shown in Figure 10, the thermal casing is tightly
wrapped around the surface of the cylindrical battery, with both ends of the fins connected
to the casing and the liquid-cooled tube, respectively. All other simulation conditions
remain consistent with those in the preceding section.

Figure 10. Schematic diagram of the honeycomb BTMS with longitudinal fins and a thermal conduc-
tive casing: Case 3 (3 fins) and Case 4 (6 fins).

As shown in the temperature cloud maps of the central cross-section in Figure 11, after
adding the high-thermal-conductivity casing, the temperature distribution of the BTMS
exhibits a concentric circular pattern for both the 3-fin and 6-fin configurations, with the
highest temperature at the battery center and heat transferring uniformly outward. This
is attributed to the fact that the aluminum alloy casing constructs a fully contacted heat
conduction path on the battery surface. Heat is transferred from the battery surface to
the low-thermal-resistance aluminum casing, where it is rapidly distributed evenly, and
then transmitted to the fins uniformly, eliminating the thermal resistance difference on
the battery surface caused by direct fin contact. Compared with Case 3, Case 4 features a
smaller temperature gradient and superior heat dissipation performance.
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Figure 11. Temperature distributions on the central cross-section of the BTMS for Cases 3 and 4 at
different ambient temperatures.

Figure 12 presents the temperature-time curves of four honeycomb BTMS config-
urations, namely Cases 1, 2 from Figure 6 and Cases 3, 4 in this section. After adding
the casing, the maximum battery temperature in Cases 3 and 4 further decreases, and
the maximum temperature difference is strictly controlled below 5 °C, verifying that the
thermal conductive casing can significantly improve the temperature uniformity of the
battery. In particular, the maximum temperature difference in Case 3 is lower than that of
Case 2, indicating that the introduction of the thermal conductive casing has a better effect
on improving uniformity than simply increasing the number of fins.

Figure 13a shows that Case 4 achieves the best cooling effect; however, the cooling gain
brought by the configuration upgrade shows a decreasing trend, and the temperature drop
amplitude of the maximum battery temperature from Case 1 to Case 4 gradually weakens,
which indicates that the main thermal resistance affecting the system heat dissipation has
shifted from the external heat dissipation path resistance to the internal radial thermal
resistance of the cell. Figure 13b further illustrates that at an ambient temperature of 50 °C,
the introduction of the thermal conductive casing reduces ATmax from 6.4 °C in Case 2 to
4.3 °C in Case 3; while the difference in ATyax between Case 3 and Case 4 is only within
0.5 °C, demonstrating that the introduction of the casing has a significant effect on reducing
the maximum temperature difference in the battery, whereas the influence of the number
of fins on the battery uniformity is significantly weakened.
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Figure 12. Maximum battery temperature (a) and maximum temperature difference in the battery
(b) during discharge for Cases 1, 2, 3 and 4 under different ambient temperatures.
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Figure 13. Maximum battery temperature (a) and maximum temperature difference in the battery
(b) of Cases 1, 2, 3, and 4 at the end of discharge under different ambient temperatures.
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In Case 3 and Case 4, the internally generated heat of the battery is first transferred
from the battery surface to the low-thermal-resistance aluminum alloy casing. Owing to
the high thermal conductivity of aluminum alloy and its excellent temperature equalization
capability, heat can rapidly diffuse along the circumferential direction, resulting in a more
uniform temperature distribution on the battery surface. Consequently, the temperature
difference induced by the direct contact between the fins and the battery is substantially
mitigated. Under the 50 °C condition, the maximum temperature differences in Case 3 and
Case 4 are only 4.3 °C and 4.1 °C, respectively, which are reduced by approximately 48%
and 36% compared with 8.3 °C in Case 1 and 6.4 °C in Case 2, indicating a remarkable
improvement in temperature uniformity.

Similar trends are also observed under the 30 °C and 40 °C conditions, where the
maximum temperature differences in Case 3 and Case 4 consistently remain below 4.6 °C,
which are significantly lower than those of the configurations with direct fin-battery
contact. These results convincingly demonstrate the effectiveness of the aluminum alloy
casing in reducing circumferential thermal resistance disparities and enhancing the surface
temperature uniformity of the battery.

Figure 14a integrates the time-course curves of the average PCM liquid fraction of the
five honeycomb BTMS configurations, including those in Figure 9 (Cases 0, 1, and 2) and
Cases 3 and 4 in this section. Figure 14b summarizes the liquid fraction values at the end
of discharge. The results indicate that the introduction of fins significantly suppresses the
melting process of PCM. Furthermore, when the thermal conductive casing is added, the
liquid fraction can be further reduced, with Case 4 achieving the minimum liquid fraction
value. Figure 14c presents the cross-sectional distribution of the PCM liquid fraction at the
end of battery discharge. Case 4 exhibits a highly uniform distribution in the circumferential
direction, with no local regions of high liquid fraction concentration. This result visually
indicates that the design of Case 4, with the thermal conductive casing providing uniform
circumferential heating and six fins efficiently dissipating heat, maximizes the retention of
the solid-state latent heat storage capacity of PCM.
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Figure 14. Average liquid fraction of PCM for five Cases during discharge at an ambient temperature
of 50 °C (a), PCM liquid fraction at the end of discharge (b), and cross-sectional distribution of PCM
liquid fraction for Cases 3 and 4 at the end of discharge (c).
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As shown in Figure 15, when the fin thickness increases from 1 mm to 5 mm, the
variation in the maximum battery temperature under both Case 3 and Case 4 conditions
does not exceed 0.3 °C, and the overall temperature remains nearly unchanged, indicating
that fin thickness has a negligible influence on the maximum battery temperature. Mean-
while, with increasing fin thickness, the variation in the maximum temperature difference
under both operating conditions remains below 0.25 °C and exhibits no evident decreasing
trend, suggesting that thickening the fins does not significantly improve the temperature
uniformity of the system.
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Figure 15. Maximum battery temperature (a) and maximum temperature difference in the bat-
tery (b) of Cases 3 and 4 with different fin thicknesses at the end of discharge under an ambient
temperature of 50 °C.

Based on the above results and considering the high thermal conductivity of aluminum
alloy fins, which is 238 W/(m-K), it can be concluded that the heat conduction requirement
can already be satisfied at relatively small fin thicknesses, and further increasing the
thickness is unlikely to yield a noticeable improvement in the overall thermal performance
of the BTMS. In addition, thicker fins occupy a larger volume of PCM, thereby reducing
the effective latent heat storage capacity of the system, while also increasing the total
mass, which is detrimental to lightweight design. Therefore, while ensuring adequate
thermal performance, and considering structural mass, PCM utilization, as well as practical
manufacturing constraints and mechanical strength requirements, a fin thickness of 1 mm
represents a near-minimum yet reasonable design choice. Accordingly, 1 mm is selected as
the optimal fin thickness in this study.

In summary, the introduction of a high-thermal-conductivity aluminum alloy cas-
ing with heat-conducting fins effectively improves the temperature uniformity of the
fin-integrated honeycomb BTMS. Specifically, the maximum temperature difference in all
casing-equipped configurations (Case 3 and Case 4) is controlled within 5 °C. However, re-
stricted by the radial thermal resistance inside the battery, the inhibitory effect of increasing
the number of fins on the maximum temperature exhibits a trend of diminishing marginal
returns. Meanwhile, the fin—casing structure further reduces the liquid fraction of the PCM,
thereby retaining more solid-phase latent heat storage capacity.

Under the working conditions of this study, Case 4 exhibits the optimal heat dissipa-
tion performance, the lowest battery temperature difference, and the smallest PCM liquid
fraction. In contrast, Case 3 ensures satisfaction of temperature uniformity requirements,
while the maximum battery temperature of Case 3 is slightly higher than that of Case
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4. Moreover, Case 3 features a more simplified structure and achieves a favorable bal-
ance between thermal performance and manufacturing cost, making it equally worthy
of consideration.

3.3. Effect of Battery Spacing on the Thermal Performance of the Fin—Casing Honeycomb BTMS

In battery modules, the center-to-center spacing between adjacent cells is a key param-
eter governing the thermal management performance and space utilization efficiency of a
Battery Thermal Management System. As the spacing increases, the storage capacity of
PCM rises, while the heat conduction paths of the fins are elongated, leading to an increase
in thermal resistance for heat conduction. In addition, the volumetric packing efficiency
of the module decreases significantly. Therefore, under the operating conditions of an
ambient temperature of 50 °C and a cooling fluid flow rate of 0.1 m/s, this section simulates
Cases 3, 4 with cell spacings ranging from 25 mm to 32 mm to investigate the effects of
cell center-to-center spacing on the thermal performance of the BTMS and volumetric
packing efficiency.

Figure 16 presents the temperature contours along the fin cross-section of the
two fin—casing honeycomb BTMS configurations. Increasing the cell spacing enlarges the
thickness of the PCM filling layer and elongates the heat conduction paths of the fins. Both
configurations maintain excellent temperature uniformity across all cell spacing conditions.
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Figure 16. Temperature distribution on the central cross-section of the BTMS for (Cases 3) and
(Case 4) with different battery spacings under an ambient temperature of 50 °C.

266 https://doi.org/10.3390/batteries12030094



Batteries 2026, 12, 94

Figure 17 illustrates the influence of variations in cell spacing on the thermal perfor-
mance and packing efficiency of the two honeycomb BTMS. The maximum temperatures
of Cases 3 and 4 stabilize at approximately 55.8 °C and 55.5 °C, respectively. In contrast
to the trend of the maximum temperature, the maximum temperature difference in the
cells shows a monotonic decrease with increasing spacing. This phenomenon is attributed
to two factors: first, the elongated heat conduction paths of the fins caused by larger cell
spacing reduce the heat transfer efficiency of the liquid cooling loop; second, the increased
thickness of the PCM elevates its thermal resistance. As the overall thermal resistance of
the BTMS rises with increasing cell spacing and approaches that of the cell, the heat transfer
efficiency between the battery’s interior and exterior is balanced, leading to a continuous
decline in the maximum temperature difference. Meanwhile, the heat capacity of the PCM
increases accordingly, enabling it to absorb more heat through latent heat storage and thus
maintain the stability of the battery’s maximum temperature. This further indicates that
increasing the PCM thickness strengthens its thermal buffering effect, which is conducive
to improving the circumferential temperature uniformity of the cells.
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Figure 17. Maximum battery temperature and maximum temperature difference in the battery of
Cases 3 and 4 at different battery spacings under an ambient temperature of 50 °C (a); mass, volume
and volumetric energy density of the BTMS (b).

As illustrated in Figure 17a,b, with increasing battery spacing, both the total volume
and total mass of the honeycomb BTMS exhibit pronounced nonlinear growth trends, while
the volumetric energy density correspondingly shows a nonlinear decline. Quantitative
analysis indicates that when the battery spacing increases from 25 mm to 32 mm, the total
volume of the thermal management system rises from 35.2 cm® to 57.6 cm?, corresponding
to a cumulative increase of 63.8%. Meanwhile, the volumetric energy density decreases
cumulatively by 39%, demonstrating that enlarging the battery spacing significantly deteri-
orates the spatial utilization efficiency of the system.

In terms of mass, the total mass of both Case 3 and Case 4 increases with increasing
battery spacing, with cumulative increments of 27.3% and 29.3%, respectively. Moreover,
under identical battery spacing conditions, the total mass of Case 4 is consistently slightly
higher than that of Case 3.

However, from the perspective of battery temperature uniformity, the performance
enhancement achieved by increasing battery spacing is relatively limited. As the battery
spacing increases, the maximum temperature differences in Case 3 and Case 4 decrease by
only approximately 11%. This reduction is not only substantially lower than the growth
rates of system volume and mass, but also smaller than the decline in volumetric energy
density. Further analysis reveals that when the battery spacing exceeds 27 mm, each addi-
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tional increase of 1 mm leads to an improvement in the maximum temperature difference
of less than 0.1 °C, whereas the system volume and mass continue to increase rapidly in a
nonlinear manner.

Considering multiple factors, including system volume, mass, volumetric energy
density, and battery temperature uniformity, both Case 3 and Case 4 satisfy the temperature
uniformity requirements under all investigated operating conditions. Therefore, from
the perspectives of overall performance and engineering practicality, a battery spacing of
25-27 mm is recommended as the optimal design range for the honeycomb BTMS.

This section demonstrates that for the fin—casing honeycomb BTMS (Cases 3 and 4),
increasing the battery spacing can further improve the temperature uniformity inside
the module, while simultaneously reducing the module packing efficiency. Considering
the sensible heat and thermal buffering benefits of the (PCM as well as the requirements
of volumetric energy density, this study recommends 25-27 mm as the optimal design
range. Within this range, the volume increment of the system can be controlled within 20%,
effectively avoiding volume redundancy and thereby maximizing the volumetric energy
density of the system.

3.4. Effect of Contact Thermal Resistance on the Thermal Performance of the Fin—Casing
Honeycomb BTMS

Considering the inevitable microvoids at solid—solid contact interfaces in practical
engineering applications, this section selects the contact thermal resistance R, as the variable
and sets five different values to investigate the effect of contact thermal resistance on the
thermal performance of the fin-casing honeycomb BTMS. The cell spacing is set to 27 mm,
and the cooling fluid flow velocity is set to 0.1 m/s for the simulation.

The contact thermal resistance values selected in this section cover a range from 102 to
10~® m?-K/W, which can comprehensively represent practical operating conditions under
different assembly tolerances and interfacial treatment methods. For a typical assembly
gap of 50 um, the corresponding contact thermal resistance is on the order of 1073 m?-K/W
when air is present at the interface, whereas it decreases to approximately 10> m?-K/W
when thermal grease is used as the interfacial material [41]. Furthermore, when a graphite-
based composite thermal interface material is applied, the contact thermal resistance can
be further reduced to the order of 10~ m2-K/W [42].

Figure 18 presents the temperature field cross-sections of the BTMS under four orders
of magnitude. When the contact thermal resistance 10~3 K-m2 /W, severe heat accumulation
occurs inside the cell, forming an obvious temperature stratification between the interior
and exterior of the cell, which seriously impairs the heat dissipation performance of
the BTMS. As the contact thermal resistance decreases from 1072 to 1076 K-m2/W, the
temperature distribution of the two honeycomb BTMS configurations becomes increasingly
uniform with the reduction in the magnitude.

Figure 19a,b illustrate the cell temperatures at different contact thermal resistances
R. at the end of discharge. When the contact thermal resistance R. is at the level of
10~* K-m?2 /W, both the maximum cell temperature and the maximum temperature differ-
ence remain stable, and the BTMS maintains high-efficiency heat dissipation. In contrast,
when the contact thermal resistance exceeds the level of 10~% K-m2/W, the maximum
cell temperature rises sharply, while the maximum temperature difference continues to
decrease. Combined with the results in Figure 18, it can be concluded that when R, is at the
level of 10~% K-m?/W or lower, the heat inside the cell is rapidly transferred to the liquid-
cooled tube. However, when the contact thermal resistance increases to 1073 K-m?2/W,
a large amount of heat accumulates inside the cell and cannot be transferred across the
contact interface, which reduces the temperature gradient inside the cell and leads to an
increase in the maximum temperature.
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Figure 18. Contour distributions of temperature on the central cross-section of the BTMS for (Case 3)
and (Case 4) under different contact thermal resistances.
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In summary, the magnitude of contact thermal resistance has a significant influence
on the maximum battery temperature and the maximum temperature difference. Exces-
sively high contact thermal resistance causes a sharp increase in the maximum battery
temperature; meanwhile, it exhibits a temperature equalization effect, which leads to a
reduction in the maximum temperature difference. The findings indicate that when the
contact thermal resistance is at the order of 10~* K-m?/W or lower, its adverse impact on
the heat dissipation performance is negligible.

4. Conclusions

In this study, numerical simulations were conducted on the fin—casing honeycomb
BTMS under conditions of 5C high-rate discharge and an ambient temperature of 50 °C. By
comparing the thermal performance of five configurations, two optimized cases that meet
the heat dissipation requirements were selected. Furthermore, the influence patterns of
battery spacing and contact thermal resistance on the system’s heat transfer characteristics
were analyzed. The main conclusions are as follows:
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Abstract

Lithium-ion batteries (LIBs) can considerably improve their lifespan by optimising oper-
ating conditions. This may entail ensuring optimal operating temperature, limiting the
state-of-charge (S0C) window, reducing cycling current, and changing the physical orienta-
tion of the uncompressed LIB cell. In this study, we examine how these four conditions
and some of their combinations impact degradation in both 1st life as well as in second
life. The cell analysed in this investigation was the Xalt 31 HE cell, an energy-optimised
Li-ion pouch cell with a capacity of 31 Ah and an NMC433-graphite chemistry. As a follow-
up study of previously reported results, a total of 18 cells were investigated. We report
results focusing on improving cycle life and ensuring safety before second life. The optimal
conditions for first-life cycling in the full SoC window were found at room temperature,
when cycled with a lower current and the cells oriented horizontally. We observed that
under the same cycling conditions, a vertical alignment of cells resulted in an increased
degradation rate compared to horizontal alignment. The best second-life capacity retention
was found for cells initially cycled at room temperature, then later cycled with a reduced
SoC window, at a lower current and in a horizontal orientation. If the cells were cycled at
an elevated temperature in first life, the second-life compatibility was reduced considerably.
An incremental capacity analysis (ICA) of the first-life ageing data revealed a possible
indicator for ensuring safety and cycleability into second-life use.

Keywords: lithium-ion battery; degradation modes; second-life cycling; temperature;
incremental capacity analysis

1. Introduction

The demand for lithium-ion batteries (LIBs) has been increasing significantly, driven
by the global transition towards more sustainable energy systems. As an example, the
International Energy Agency (IEA) reported that the total volume of batteries reached
over 2000 gigawatt-hours (GWh) in 2023, four times the amount reported in 2020 [1]. Out
of this, electric vehicles (EVs) are expected to demand a significant share of LIBs, and
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their sustained rapid growth is projected to exceed forecasts for 2030 [1]. The increasing
demand for and utilisation of EVs will lead to the availability of retired batteries with
terawatt-hour (TWh) capacities in the coming decades. These batteries will no longer
meet the performance criteria required within most EV applications, as their output will
have declined to below 80% of their nominal capacity [2,3]. However, these batteries can
potentially still serve sectors other than the EV sector, for example within the Battery Energy
Storage System (BESS) sector. When considering the repurposing of batteries, it is essential
to improve understanding of both lifetime expectancy and safety.

For LIBs, there are several traditional safety aspects readily studied (e.g., material-
related fire hazards and environmental and operational aspects [3-6]). Batteries taken
out of service in their original applications can have their life extended by being put into
service within other less-demanding applications (second life), thereby providing a poten-
tial solution for environmental, economic, and sustainability issues [3,6—-16]. From these
examples, the environmentally benign effects are unequivocal. They further indicate that
the transition toward a renewable-energy-based society must deepen in order to achieve
substantial economic profitability. Moreover, they highlight the need for additional experi-
mental data concerning degradation mechanisms associated with second-life applications.
To determine a battery’s potential second-life applicability, the evaluation of the battery’s
performance and safety is essential. A state-of-health (SoH) threshold of 80% is commonly
cited as the criterion marking the end of first-life applications [14,17,18]. While this holds
for some segments, many daily examples have shown other user practices where, for
example, cars and consumer electronics are used up to a point where operation is no
longer feasible. Despite this, some studies do target measurement campaigns for second
life. Martinez-Laserna et al. reported on the degradation of 20 Ah NMC-carbon cells and
degradation under both first- and second-life conditions. Their study includes different
temperatures above 25 °C, currents ranging 0.5-2 C, and first-life capacity ending above
90% capacity [19]. Wang et al. studied 5.2 Ah LFP-graphite cylindrical cells at different
SOC windows at 25 °C [20]. Timke et al. cycled 5 Ah NMC(622)-graphite pouch cells at
20 °C for the purpose of second-life application [21]. Beyond this, several recent reviews
target the use of batteries in light of technical and economic feasibility [22-28], and most
recently Nazim and Elavarasan published a review with special attention around machine
learning and predicting the second-life use of batteries [29]. As such, experimental battery
degradation studies targetting second-life use and degradation of larger cell sizes, as well
as colder temperatures, are required.

In terms of batteries, degradation is the loss of capacity as a battery ages. Batteries can
degrade or age both at rest (calendar ageing) and during cycling (cyclic ageing) [30-33]. One
of the most common ways to describe battery degradation is to track the evolution of the
battery’s state of health (SoH) as a function of time or the summarized capacity a battery has
delivered (normalized cycles) [34]. The SoH is typically defined as the remaining capacity
(Ah) relative to the initial capacity of a pristine battery at a given temperature and cycling
rate (e.g., 0.05 C). Note that the SoH can be reported relative to the cell’s rated (nominal)
capacity or its measured initial capacity. Typical factors influencing cyclic ageing are the
deployed cycling rates and temperature. The rate deployed is most commonly reported as
the C-rate, which corresponds to current divided by the nominal cell capacity or the change
in SOC divided by time in hours, (e.g., a current giving a discharge time of 20 h between
100 and 0%SOC would correspond to a C-rate of C/20 or 0.05 C) [35]. Another factor that is
of importance for cyclic ageing is the upper and lower state-of-charge (S50C) limits. When
a battery cell is cycled within a limited SoC window, it effectively goes through partial
cycles. As such, cyclic degradation studies typically report SoH versus full equivalent
cycles (FEC), sometimes also referred to as equivalent full cycles (EFC). As an example,
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if a cell is cycled within a SoC window of 25-75%, this equates to 0.5 FEC. In reporting
degradation, performance loss can also be examined using other electrochemical methods,
such as self-discharge, impedance rise, differential voltage analysis (DVA), incremental
capacity analysis (ICA), voltage change, and capacity fade [36—41].

In an LIB, many internal reactions within the battery can lead to performance loss and
thereby loss in (available) capacity [34]. Moreover, depending on storage conditions and
operational patterns, different parasitic reactions occur that can contribute separately or
in combination with its degradation. However, identifying and analysing the individual
prevalent degradation mechanisms is challenging due to their highly complex dependencies
on not only the specific battery chemistry (including not only active materials but also
additives, electrolyte composition, and impurities), electrode (e.g., thicknesses, porosity,
tortuosity) and cell designs [38] but also the operational conditions like temperature, heat
management systems, cell pretension, SoC window, and C-rate.

A degradation mode represents changes to a battery’s capacity based on degradation
mechanisms causing similar changes to measurable quantities in the battery [42]. This
can be illustrated by the two very different degradation mechanisms: SEI growth and
Li-metal plating. Both mechanisms cause a loss of cycleable lithium deposited on the anode
and are both represented by the degradation mode called loss of lithium inventory (LLI).
The other two degradation modes are conductivity loss (CL) and loss of active material
(LAM) [38,43,44].

Research indicates that most temperature-related effects are linked to the chemical
reactions occurring within the batteries, following the relationship described by the Arrhe-
nius equation [45,46]. Furthermore, temperature significantly affects the materials used in
batteries and the ionic conductivities of both the electrodes and electrolytes [47].

At low operating temperatures, the viscosity of the electrolyte increases, resulting in
reduced ionic conductivity and higher internal resistance due to increased impedance of
ion movement [47]. Advances in additives and electrolytes with low freezing points have
been explored to mitigate these effects [48-50]. Additional challenges in low-temperature
operation include higher charge-transfer resistance at the electrode-electrolyte interface
and slower lithium-ion diffusion within the electrodes [51,52]. Lithium plating can occur
at low temperatures, where metallic lithium deposits on the anode surface. This process
leads to a significant loss of active lithium, resulting in capacity fade. Additionally, plat-
ing is associated with an increased risk of internal short circuits, thereby raising safety
concerns [53,54]. At elevated temperatures, chemical and structural changes within the
battery accelerate, resulting in higher degradation rates. Enhanced growth of the solid
electrolyte interphase (SEI) at the anode primarily contributes to loss of lithium inventory
(LLI). At the same time, changes in the structure and morphology of the active material
result in loss of active material (LAM). Together, LLI and LAM increase internal resistance
and reduce battery capacity [55]. Additionally, electrolyte decomposition can lead to gas
release and battery volume expansion [56].

Several methodologies have been deployed in the literature to identify and quantify
various degradation modes for batteries operated under different conditions. Sun et al. [57]
conducted a quantitative study on degradation modes at 25 °C and 45 °C, and analysed the
effects of charging current rates using electrochemical impedance spectroscopy (EIS). As
ageing progressed, they identified three degradation modes, with LLI and LAM being more
pronounced than CL at elevated temperatures. LLI was attributed to SEI growth on the
anode, while LAM was attributed to mechanical stress from cycling across a wide SoC range.
CL was influenced by the interfacial processes at the current-collector—electrolyte interface.
However, charging current within the tested range (0.5 C-1 C) did not significantly affect
these modes. More specifically, no differences in LLI were observed, as the applied currents
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were insufficient to accelerate electrolyte reduction reactions responsible for SEI growth. A
study by Alcaide et al. [55] investigated the degradation of commercial cylindrical graphite-
SiOx/NCA cells subjected to different cycling temperatures of 10 °C, 25 °C and 45 °C. The
lowest degradation rate was observed for cells cycled at 25 °C. LAM and an increase in
cell resistance were factors attributed to degradation at 45 °C, and lithium plating was
observed to be accelerated at 10 °C.

Zhu et al. [58] analysed the degradation mechanisms of 18650-type cells comprised of
42 wt.% NMC and 58 wt% NCA as cathode and graphite as anode. Using AC impedance
and differential voltage analysis (dV/dQ) under various operating conditions, they identi-
fied LLI and loss of active cathode material as the dominant factors of battery degradation.
Additionally, varying degradation rates were observed at 0 °C and 25 °C. Wittman et al. [59]
reported that LLI was the dominant degradation mode for both NMC and NCA chemistries.
In the NMC cell, lithium plating occurred at 15 °C, transitioning to SEI growth at 35 °C,
along with significant LAM on the cathode. The NMC cells exhibited a stronger tempera-
ture dependence compared to NCA in their cyclic ageing and material degradation.

As summarised so far, advancements in research consist of extensive investigation of
the degradation mechanisms of LIBs using advanced electrochemical and material charac-
terisation techniques under specific operating conditions. This study broadens the scope to
examine how first-life operating conditions, particularly temperature dependency, affect the
batteries” performance during second-life usage. The batteries were experimentally anal-
ysed under various cycling conditions, and the resulting data were compared to identify the
optimal conditions for their second-life operation. This work studies degradation modes
and evaluates their impact on battery performance and safety. Results from incremental
capacity analysis (ICA) and complementary diagnostic techniques offer valuable insights
into the viability and limitations of LIBs for extended second-life applications, particularly
under temperature-dependent conditions. Moreover, this paper presents post-mortem
studies, including SEM (Scanning Electron Microscopy) inspections supported by material
ARC (accelerated rate calorimetry) testing, XCT (X-ray Computer aided Tomography) and
FIB (Focused Ion Beam), EDX/EDS (Energy Dispersive X-ray Spectroscopy) and SIMS
(Secondary Ion Mass Spectroscopy).

2. Experimental

This section gives the experimental and methodological procedures for the applied
investigation of first-life, second-life, and post-mortem studies.

2.1. Cell and Testing Infrastructure

The cell used in this study was the XALT 31 HE pouch cell, with a nominal capacity
of 31 Ah and a specific energy of 160 Wh/kg. The cell’s active electrode materials were
NMC433 on the cathode (16 double-sided and 2 single-sided electrode sheets) and graphite
on the anode (17 double-sided electrode sheets). These LIB cells were purchased in 2015
and were classified as an energy optimised cell at the time. Results from this cell have
previously been published [60-63].

A total of 18 cells were used in this study. Fourteen of these cells were cycled as part
of a large cycle life study in the period from 2015 to 2017 and later stored at 50% SoC
and ~5 °C until used in the second-life cycling from 2016, 2019 or 2022 . The remaining
4 cells were “pristine”, meaning they had been stored at a low temperature (~5 °C) and
never been charged or discharged until used in 2022. Table 1 offers detailed information
about the cycling conditions applied during the cells first- and second-life cycling and
when they were tested. The cells are labelled with specific identifiers, indicating each
cell as well as the temperature for first-life cycling and their orientation (H = horizontal,
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V = vertical) during both first- and second-life testing. The cycling of the first 14 cells was
conducted from 2015 to 2017 using testers from PEC (SBT-0550 or ACT-0550), while the
remaining 4 cells were tested with an Arbin LBT21084 battery tester. All second-life cycling
tests and measurements were conducted with the same battery tester used for the first-life
measurement, expect for cells 45V-1-H, 25H-10-H and 25V-13-H, which were cycled using
the Arbin LBT21084 battery tester for the second-life testing. All cycling was done in
temperature-controlled chambers. Note that all cells were tested without any mechanical
constraints, allowing the cells to swell and contract during cycling.

Table 1. Overview of all tested cells and their cycling conditions during the 1st-life and 2nd-life
testing. The test conditions were temperature, orientation (H = horizontal, V = vertical), C-rate, SoC
window, and which year(s) the cells were tested. The cell label has the format of TTO-N-O, where
TTO is the 1st-life cycle temperature and orientation, N is the cell number, and the final O represents
the possible orientation during 2nd-life cycling.

Cell Label Cycling Conditions During 1st Life Cycling Conditions During 2nd Life
"I;eorcn)p Orientation C-Rate SoC (%) Year(s) "I;eorcn)p Orientation C-Rate SoC (%) Year(s)
45V-1-H 45 v 1 0-100 2015-2016 25 H 0.25 10-70 2022-2023
45H-2-H 45 H 1 0-100 2022-2024 25 H 0.25 10-70 2023-2024
45H-3-H 45 H 1 0-100 2022-2024 25 H 0.25 10-70 2023-2024
45V-4 45 v 1 0-100 2015-2016 - - - - -
45V-5 45 \Y 1 0-100 2015-2016 - - - - -
25V-6 25 \% 1 0-100 2016-2017 - - - - -
25V-7-V 25 v 1 0-100 2016-2017 25 A% 0.25 10-70 2019-2023
25V-8-V 25 \Y 1 0-100 2016-2017 25 \Y 0.25 10-70 2019-2023
25H-9 25 H 1.5 0-100 2016-2017 - - - - -
25H-10-H 25 H 1.5 0-100 2016-2017 25 H 0.25 10-70 2022-2023
25V-11-V 25 v 1.5 0-100 2015-2016 25 v 0.25-0.5* 0-100 2016-2017
25V-12 25 \Y 15 0-100 2015-2016 - - - - -
25V-13-H 25 Vv 1.5 0-100 2015-2016 25 H 0.25 10-70 2022-2023
5H-14 5 H 1 0-100 2022 - - - - -
5H-15 5 H 1 0-100 2022 - - - - -
5V-16 5 v 1 0-100 2015 - - - - -
5V-17 5 \Y 1 0-100 2015 - - - - -
5V-18 5 A% 1.5 0-100 2015 - - - - -

* Cell 25V-11-V went through a different 2nd-life test than the other cells; 1st life with 1.5 C, 2nd life with C/2
current, and later C/4 current, all in the full SoC window.

2.2. Cycle Life Testing and Characterisation

All cells in this study were cycled in their first life within a SoC window from 0 to
100% at different temperatures (5, 25 and 45 °C), C-rates and orientations, as presented in
Table 1. Second-life cycling was performed at 25 °C, with reduced C-rate or in combination
with a reduced SoC window. All charge and discharge steps were finished with an OCV
period of a minimum of 5 min. The OCV period was prolonged if necessary to enable the
cell to cool down to at least 1 °C above the set cycle temperature. All charging of the cells
was finished with a constant voltage (CV) hold at the specified SoC levels of 100% or 70%
SoC after the constant current charge (CC) until the current dropped below either 0.1 C
(2015-2017) or 0.05 C (>2019).

All cells were characterised at 25 °C by measuring the remaining capacities at three
different currents (1 C, 0.5 C, 0.1 C) in addition to a high-pulse-power characteristic (HPPC)
test to assess changes in the internal resistance. For the cells tested after 2017, an additional
0.05 C cycle was included in the characterisation test. Characterisation tests were performed
every 200 cycles, every 1 month, or if the capacity decreased by more than 5%, depending
on which condition occurred first. The capacity evaluation was based on the charge capacity
measured during the 0.05 C cycle (0.1 C for cells tested before 2017). In the HPPC test, the
applied current pulses and their corresponding responses on the cell voltage were analysed.
Especially for this paper, the voltage relaxation after the current pulses was analysed to
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find the DC resistance 50 ms after the current pulse was finished. This DC resistance is
denoted as “internal resistance” . Typically, we report the evolution of how this resistance
changes at 50% SoC.

Note that the Arbin LBT21084 battery tester has a maximum charge and discharge
current of 30 A, which corresponds to 0.97 C. For simplicity, we will still refer to this rate as
1 C to facilitate easier comparisons with the older studies performed at 31 A, despite this
being a 3% deviation from the nominal 1 C current.

Further details on the experimental setup, as well as cell characteristics, are provided
in Appendix A.

2.3. Diagnostics

Incremental capacity (IC) (dQ/dV) curves were calculated from the 0.05 C charge and
discharge cycles (0.1 C before 2017). A smoothing algorithm was applied to the voltage and
capacity data as described previously [60]. Feature peaks of interest on the IC curves (FOIs)
were identified by extracting the values and locations of two local maxima during charging.
The voltage shift was calculated by subtracting the actual potential of the maxima from
the potential of the maxima at 100% SoH. In combination with the peak height, changes in
features were studied and compared under different cycling conditions. The data analysis
of the IC curves was conducted using a set of simulated degradation maps established in
our previous work [60].

2.4. Post-Mortem Analysis

Several tests were performed on selected cells and their parts when the testing of
cells in first life and second life was finished. Two aged cells at 5 °C were opened and
scrutinised for electrode morphology, material safety of the anode, and remaining lithium
metal in the anode. As a reference, one uncycled cell was also opened. Before dismantling
a cell, it was discharged to the lower voltage limit of 2.7 V (0% SoC) at a low C-rate (0.05 C)
and left overnight at rest. The cells were then disassembled in an argon-filled glove box
(H,O < 0.1 ppm, Oy < 0.1 ppm) and separated into cathode, anode, and separator sheets.

The material safety of the anode material was studied in an accelerated rate calorime-
try (ARC) test of the material, as ARC testing for the full cell was not possible due to the
lack of an appropriate setup. The material was obtained by scraping the surface of one
side of a double-coated anode sheet aged at 5 °C using a scalpel. The material was tested
with a heat-wait-seek (HWS) stepwise procedure of 5 °C steps using the ES-ARC instru-
ment from THT. A stainless-steel bomb/tube (ARC-ES-1750), 5.5 cm long with 0.15 mm
wall thickness and one side welded shut, was filled with 0.7 g of anode material and
0.27 mL 1.0 M LiPFg in EC/DMC (¢-factor of 3). The sensitivity of the selected method was
0.02 °C/min.

The morphology, as well as chemical composition of samples from an anode sheet
from the cell cycled at 5 °C, was examined using SEM (scanning electron microscopy), EDX
(energy Dispersive X-ray), and SIMS (Secondary lon Mass Spectroscopy), supported by FIB
(Focused Ion Beam) for making cross sections. The setup is as described in great detail by
Sun et al. [64]. The samples investigated were mounted in a glove box and subsequently
put into an air tight transfer chamber so that the sample would not be exposed to air
(neither oxygen nor humidity) before subjected to the investigation methods described in
this paragraph.

To extend the investigation beyond the capabilities of the extended SEM analysis, a
piece of the same anode was subjected to investigation by X-ray computed tomography
(XCT). The XCT was performed using a Zeiss Versa 630 machine and with focuses providing
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voxels with cubical pixels of approximately 1.67 um and 0.33 um. The apparatus and
procedure are described further in [65] and the references therein.

Two samples for analysing the remaining lithium content in the electrodes were
prepared by soaking selected anode sheets in deionised water. A full electrode sheet was
taken from a pristine cell, whereas the the other sheet was taken from cell 5H-14 cycled to
65% SOH at 5 °C. After soaking in water, the solutions were filtered. Reference potential
curves were established using standard solutions with varying lithium concentrations,
prepared by weighing lithium metal (0.01-0.4 g) and adding it to 100 mL of distilled water.
Additionally, 0.1 g of lithium chloride was added to both the sample and standard solutions
to improve conductivity and enhance the sensitivity of the ion-selective electrode. The
potentials were measured using a DX207-Li ISE half-cell (Mettler Toledo) with an Ag/AgCl
reference electrode preconditioned in a potassium chloride solution.

3. Results and Discussion

This section presents the results of the experiments described in Section 2, along with
discussions and important considerations for their interpretation. The development of the
capacity loss for the Xalt 31HE cell was assessed under different cycling conditions. In this
paper, we begin our investigation by examining the general trends in capacity loss over the
cells” two separate ageing conditions in first and second lives.

3.1. Capacity Development

In this section, the effect of how different operating conditions affected capacity loss in
both the first life and second life is presented for the Xalt 31HE cell. The different operating
conditions are presented in Table 1. The different cycle life outcomes are presented in
Figure 1, shown as how the remaining capacity (SoH) changes with the number of full
equivalent cycles (FEC) for the tested cells. In Figure 1a, the evolution of SoH in first-life
cycling is presented. Cells operated at 25 °C showed the lowest loss in capacity, with longer
usable life and slower degradation. Cells cycled at 45 °C demonstrated a reduced total
cycle life, with a short period of slower capacity loss up to ~500 FEC. For the cells cycled
at 5 °C, an almost instantaneous loss in capacity was observed, with a maximum cycle
life of only 25 FEC (see inset in Figure 1a). This was most likely caused by considerable
lithium metal plating on the anode and will be further discussed later. An improved effect
on cycle life was also observed by reducing the cycle current from 1.5 C to 1 C during
first-life cycling.

In addition to the effects of temperature and current, we studied the effect of cell
orientation (i.e., vertical vs horizontal) on cycle life. In general, vertical orientation during
cycling led to an increased capacity loss. This effect was most pronounced in the cells
cycled at 25 °C and 1.5 C, where a vertical orientation reduced the cycle life by more than
50% compared to a horizontal orientation. The effect of orientation was less apparent at
45 °C, with a reduced cycle life of approx 30% for the vertical cells. A vertical orientation
has been found to promote non-uniform cell ageing in EV battery packs [66]. This effect is
also documented and recently reported for cylindrical cells [67]. The effect of orientation
observed here is for cells cycled without any mechanical compression. Also, a significant
difference between cylindrical cells and poach cells is the volume in the core of the cylindri-
cal cells, where there is space for residual electrolyte to flow in and out depending on the
SOC. Note that some capacity loss variability between cells cycled in different orientations
reported herein may also be attributed to manufacturing differences for individual cells.

The ageing trajectory of the cells cycled into second life is illustrated in Figure 1b, with
the colours representing the first-life temperatures the same as those presented in Figure 1a,
while the first-life part is now grey. Most second-life cells were cycled at 25 °C with a
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reduced SoC window and at a reduced C-rate (see Table 1 for detailed conditions). We
observe a prolonged cycle life for all cells, with an improved ageing slope, even if the cell’s
second-life cycling was started after the cell had reached the “knee-point” in the ageing
curve [68,69]. The cycle life extension due to the second-life cycling resulted in more than a
doubling of the total FEC for the majority of the investigated cells, with, on average, only
5-10 percentage points additional drop in the SoH.
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Figure 1. SoH as a function of FEC for cells cycled at different temperatures, C-rates, and orientations.
The specific test conditions for all cells are presented in Table 1. The cell label discloses cycle
temperature in 1st life as well as orientation in both 1st- and 2nd-life cycling in addition to a specific
cell number. In 1st-life cycling (a), all cells were cycled in the full SoC window and at 1 C current,
except those where 1.5 C is indicated at the end of the lines. In 2nd-life cycling (b), all cells were
cycled at 25 °C in a reduced SoC window of 10 to 70% and at a C-rate of 0.25 C, except for cell
25V-11-V, which was cycled from 0 to 100% SoC, first at 0.5 C and then at 0.25 C.

The ageing behaviour during second-life cycling may depend both on the history and
conditions for cycling in the first life, as well as for the new cycling conditions used in the
second life. The main factor improving cycle life in the second-life is the reduction of the
SoC window. This is apparent when comparing the ageing trajectory of the only cell that
was not cycled in a limited SoC window (25V-11-V). This cell experienced a continued rapid
drop in cycle life, with only a minor improvement in cycle life when using the stepwise
reduction of the cycling current (see insert in Figure 1b). This behaviour can possibly be
attributed to a shift in electrode balance and local higher electrode voltages. In particular,
when the cathode is at high SoC and the anode at low SoC, local elevated electrode
potentials that are thermodynamically and kinetically unfavourable can be reached. At
high SoC, the cathode may operate at higher potentials than at BoL, potentially facilitating
parasitic reactions, such as electrolyte oxidation, transition metal dissolution, and lattice
structural degradation, that compromise the integrity of the cathode—electrolyte interface
[70]. At low SoC, the anode is subjected to highly reducing potentials that can potentially
cause instability of the SEI [71]. These parasitic reactions could have contributed to the
intensified degradation observed for the cell in 25V-11-V.

The second important factor affecting the second-life cycle life is the temperature that
the cells were exposed to in the first life. Cells previously cycled at 25 °C exhibited a slower
second-life decline in SoH compared to the cells that were originally cycled at 45 °C. In
general, more demanding first-life cycling led to faster capacity loss during second life.
This indicates that ageing at higher temperatures triggers ageing mechanisms that possibly
cannot be reversed by changing cycling conditions in the second life.
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As for the effects of C-rate and cell orientation in the first life, there was no clear trend
on how they affected the ageing trajectory into the second life. The capacity loss of 45V-1-H,
which was initially cycled vertically and then horizontally for the second life is lower per
FEC than the two cells that were originally cycled horizontally at the same temperature. For
25 °C, the opposite is observed. The cells cycled horizontally in the second life, 25H-10-H
and 25V-13-H, degraded more slowly than the two cells cycled vertically, despite also being
cycled at 1.5 C in the first life.

3.2. Resistance Development

During ageing, the cell’s DC resistance increased considerably depending on its ageing
conditions. The DC resistance was derived from the HPPC current pulses. The changes in
DC resistance at 50% SoC are presented in Figure 2. For the first-life cycling illustrated in
Figure 2a, all cells exhibited an overall increase in resistance as the SoH declined, which is
consistent with typical LIB degradation characteristics for older-generation LIB cells. The
cells cycled at 45 °C displayed a steeper increase in resistance as the SoH is lowered. In
contrast, the 25 °C cells displayed a small initial drop in resistance accompanied by a more
moderate, steadier increase in resistance with decreasing SoH. The 5 °C cells maintained
a near-flat slope, reflecting minimal resistance growth for the very few cycles that the
cells achieved.
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Figure 2. Plot of the DC resistance at 50% SoC as a function of SoH for cells cycled under different
temperatures and C-rates during (a) 1st-life and (b) 2nd-life cycling. For information on test conditions
and cell labels, see Table 1 and Figure 1.

Notably, cell 5V-18, cycled at 1.5 C, has a higher initial absolute resistance value
compared to all other cells, but still has the same near-flat slope in its resistance curve as the
other cells cycled at 5 °C. The authors believe the discrepancy of the initial resistance value
was due to an inconvenient location for a voltage sensor/connector and that the resistance
difference (3 m(}) is merely an additional contact resistance. The slightly improved cycle
life for cell 5V-18 can potentially be attributable to additional internal heat generation at the
higher C-rate for this cell, which has slightly mitigated some low-temperature degradation
mechanisms, e.g., lithium plating. From the superimposed graphics in Figure 1a, cell 5V-18
has a slightly lower degradation rate than the other cells cycled at 5 °C. This cell was
cycled at a 50% higher C-rate than the other cells at this temperature. It is worth noting
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that when we look at the difference between the cell surface temperature and the chamber
temperature, ATc_ 4, the 5 °C cells at 1 C had an end of cycle AT¢_ 4 of around 8 °C and the
cell cycled at 1.5 C had a AT_ 4 of around 16 °C. In the light of the other SoH (FEC) curves
at different temperatures, this is a probable reason for the slightly lowered degradation rate
for cell 5V-18 versus the other cells cycled at 5 °C. Much of its cycling was thus above the
low temperatures that initiate and drive the capacity loss in the rest of the 5 °C cells.

In the second-life cycling (Figure 2b), the rate of increase in resistance with respect
to the SoH within the cells is significantly reduced for the cells tested at 45 °C cells in the
first life, but not in the same manner for the 25 °C cells. The cells tested at 45 °C in the first
life retain relatively high resistance values but display a reduced slope. In contrast, the
cells tested at 25 °C begin their second lives with a lower resistance value but gradually
increase in resistance again as their SoH declines. However, the number of additional cycles
achieved is much larger for all cells aged at 25 °C in their second life compared to those
aged at 45 °C.

The inset of (Figure 2b) highlights that the resistance behaviour of cell 25V-11-V exhib-
ited a notably steeper increase in resistance with declining SoH, indicative of the onset of
accelerated degradation processes. This behaviour is consistent with the corresponding
capacity data, which showed rapid capacity deterioration under full SoC cycling during
second-life cycling. Additionally, it reinforces the statement already made that operating
across the full SoC range, even at moderate temperatures and C-rates, accelerates resis-
tance growth. This highlights the critical role of reducing the SoC window in mitigating
degradation and preserving capacity and resistance characteristics into second-life cycling.

3.3. Changes in Incremental Capacity Curves

Beyond reporting SoH and electric resistance as a function of FEC, we investigate how
the incremental capacity (IC) curves change as the batteries experience capacity loss at the
different operating conditions. The incremental capacity (IC) curves for selected cells at
different temperatures during their the first-life cycling are presented by plotting them as
functions of the cell potential in Figure 3. In this study, we focused the analysis on two
feature peaks in relation to SoH, indicated as reference points labelled F1 and F2 for the IC
signal at 100% SoH and shown by the black solid baseline in Figure 3a,b.

In Figure 3a, the dQ/dV plots from cells at a SoH ranging between 91 and 95% depict
several trends related to the cycling conditions. The cells cycled at higher temperature
exhibited little voltage shift in the F1 peak position, while the F2 shifted to a higher potential
value. Additionally, a reduction in intensity was observed for both peaks. For the cell
cycled horizontally at 25 °C, the F1 peak shifted to a higher potential while maintaining
its intensity, whereas F2 shifted to a higher potential with reduced intensity. A different
behaviour was observed for cells cycled at 25 °C but at a higher C-rate and different
orientation. The F1 peak shifted to a higher potential with an increase in intensity, while F2
also shifted to a higher potential but with a reduction in intensity. The cell cycled at low
temperature had the largest shift to higher potential and the highest increase in intensity
for F1 and a shift to lower potential and the lowest intensity for F2.

The SoH levels shown in Figure 3b represent the data after the last cycle in the first-life
cycling procedure. To understand the trends in greater detail, we analyse the variation of
the F1 and F2 peak positions (potential) and intensities (dQ/dV) as functions of SoH. The
potential shift and peak intensity of the two features, F1 and F2, as a function of the SoH
of the cells cycled at different temperatures at first- and second-life cycling is shown in
Figure 4.
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Figure 4. Potential (top) and intensity (bottom) shifts of (a) F1 and (b) F2 versus SoH for cells
cycled at different temperatures (5 °C, 25 °C, and 45 °C) under1st-life and 2nd-life cycling conditions.
Second-life data points are indicated with open markers.

In Figure 3b, we show the dQ/dV plots at SoH values ranging between 80 and 86%.
Due to the measurement procedure, where the cells go through 100 cycles or whenever
the SoH decreased by 5%—depending on which condition occurred first—and ICA mea-
surements are taken in between, the cells subject to ICA naturally reach slightly different
SoHs. For peak F1, all cycled cells displayed a shift towards higher potentials. Notably,
the low-temperature-cycled cell exhibited higher peak intensity, while the 45 °C cell had a
significantly diminished peak, nearly collapsing in amplitude. For the F2 peak, all cycling
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conditions result in a shift to higher potential, accompanied by an apparent reduction in
peak intensity. Notably, the F1 peak exhibits the most significant drop in intensity for the
high-temperature-cycled (45 °C) cell.

The shift in the voltage (potential) of F1 for all the cells (see Figure 4a) shows a clear
correlation with SoH, increasing progressively as the SoH declines. This behaviour is
observed across all temperatures, with the most significant shift observed for cells cycled
at 45 °C, while the shift at 25 °C is smaller. A similar relationship is observed during
the second-life phase. The Fl-intensity for the 25 °C cells decreases with a slight initial
drop followed by a gradual flattening (see Figure 4a). However, this behaviour is not
observed in cells cycled at 45 °C and 5 °C. For the 45 °C cells, the F1 intensity initially
drops significantly before being more or less stable from SOHs of around 97% and lower.
The 5 °C cells show a distinctly different behaviour, the F1 intensity remains higher than
in cells aged at other temperatures and initially increases as the SoH decreases. After the
SoH drops below 80%, the intensity begins to decline, followed by a significant drop at
lower SoH levels. Upon second-life cycling, all cells demonstrated a proportional decline
in intensity for the F1 peak with a decrease in SoH.

The shifts in potential and intensity of the F2 peak for all cells (see Figure 4b) cor-
relate with the SoH. The F2 potential increases consistently as the SoH decreases in all
temperature conditions, with the most considerable shift observed in cells cycled at 5 °C.
The F2 intensity decreases as the SoH decreases, showing slight variation among the dif-
ferent temperature conditions. This indicates that the intensity of F2 decreases linearly
with capacity loss, irrespective of the cycling temperature. The second-life data exhibit
similar trends, following the same relationship between SoH and both the potential and
intensity shifts of F2, as observed during first-life cycling. Compared to the resistance
measurements in Figure 2, observing the shift to higher potentials of F2 for the cells cycled
at low temperatures indicates that losing capacity does not necessarily lead to increased
resistance in the same manner.

Analysis of the F1 and F2 feature peaks at different temperatures provides insight into
the dominant degradation mode. For high-temperature cells (45 °C), the potential shift and
intensity drops in F1 are indicators of LAM at both electrodes (LAMdePE and LAMdeNE)
and accelerated SEI formation [60]. The thickening of the SEI layer consumes cyclable
lithium, leading to LLI and a rise in internal resistance [38]. For low-temperature cells
(6 °C), there is little change in the F1 intensity, but F2 intensity drops strongly, suggesting
LLI as the primary degradation mode, potentially due to irreversible lithium plating [60].

To this point, we have examined the impact of temperature, SoC, C-rate, and orienta-
tion on degradation behaviour in first-life and second-life cycling. Next, we will focus on
post-mortem analyses to further elucidate temperature-specific degradation. In particular,
we will investigate cells aged at 5 °C using material ARC, SEM, EDX, SIMS, and lithium
leaching. These methods provide insight into thermal offset changes, morphological
changes in the anode material, and the potential presence of lithium plating.

3.4. (Material) ARC Testing

Accelerated rate calorimetry (ARC) is a valuable tool for understanding the safety of
batteries, as it indicates the temperature at which LIB cells or materials extracted from them
become unstable and prone to initiating a thermal runaway. ARC used in degradation
studies can also indicate the degree of suitability for second-life applications, as in this
case, where the interest lies in understanding whether first-life cycling conditions have an
impact on second-life high-temperature thermal stability. Note that ARC is a destructive
method, so once an LIB is investigated after first life using ARC it is no longer available
for second-life testing. As the cells in this study were mostly subjected to second-life
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testing, except for the cells cycled at 5 °C, we have also presented relevant ARC results
for a different cell type (LFP cells) that underwent only first-life cycling. These results are
shown to give a comparison to the 5 °C cycled cells of the present study that were subject
to the material ARC testing.

Material ARC was conducted to qualitatively assess the thermal behaviour of the
anode material extracted from the 5 °C cell by measuring its self-heating rate as a function
of temperature. While the comparison is limited compared to full-cell ARC results, this
analysis aims to provide supporting context for interpreting changes in thermal stability
associated with low-temperature cycling. Figure 5 illustrates the measured heating rate as a
function of temperature. The provided results are for the anode material (material ARC) of
the cell cycled at 5 °C (light blue), along with experimental data from [72] for a commercial
LFP cell (full-cell ARC) cycled at 5 °C (dark blue), 25 °C (green) and 45 °C (red), as well as
for an uncycled cell (grey). The cycled LFP cells had SoHs ranging from 72% to 81% when
subjected to the ARC test. The anode material cycled at 5 °C exhibits a self-heating onset
at 74 °C, and the reaction rate accelerates rapidly between 130 °C and 144 °C, ultimately
reaching thermal runaway at 144 °C. The result of the material ARC test is similar to
the reported data for the commercial LFP cell cycled at 5 °C in [72], corroborating the
understanding that low-temperature cycling lowers the thermal runaway temperatures
for both thermal onset and thermal runaway, increasing reactivity, and that this hazardous
effect is related to anode degradation processes during cycling at low temperatures.
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Figure 5. ARC test of the cycled anode material from a 5 °C cell, with reference data from [72].

3.5. Investigation of Anodes Cycled at Low Temperatures (5 °C)

As so far seen in this article, the cells cycled at 5 °C had an extremely rapid loss in
capacity during cycling. It is also observed that this relates to the anode, considering the
results of the material ARC testing. As such, it is interesting to look at what happened to
the anodes during cycling.

The anodes from the low-temperature cycling were dissected and subjected to var-
ious tests after the reported cycling. The details of this investigation are reported in the
Appendices B-F, and only the highlights are presented here.
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The first significant observation is from visual inspection of these anodes. The anodes
were slightly larger than the cathodes, so that in the cell stacking, the anodes” edges would
always be around 2 mm outside the cathodes. This is commonly referred to as an overhang
and is common in many battery stacks to avoid local overcharge at the edges. An edge
strip is shown using digital imaging in Figure 6 (lower centre). From this, one can see that
the overhang has a distinctly different colour to the part of the anode that was underlying
the cathode. Whereas the overhang part was black and looked like a pristine anode, the
underlying area was beige or silver-like. When exposed to air, the underlying area reacted
and changed in colour and topography, and the changes were clearly visible to the eye.

These changes are documented further in the supporting materials.

Figure 6. The figure shows a sample of an anode examined by SEM, FIB-SIMS and SEM-EDX. In the
lower centre, one can observe the sample (optical picture) of a section of the anode. Two characteristic
sections of the anode where inspected further; the transition between overhang and cathode underlay
anode (green) and well into the actively cycled anode (light orange). From these two SEM images
(green and orange framed), one can see the three types of layers (i), (ii), and (iii). (i) is visible in the
left part of the green-framed micrograph, (ii) is visible in the right of the green-framed micrograph
and in the majority of the orange-framed figure, and (iii) is visible in the upper right part of the
orange-framed micrograph. Further, layer type (ii) was found to have surface (purple framed) and
pit/hole (pink framed) characteristics.

The anode sample was then examined using SEM, FIB-SIMS, and EDX. From SEM
micrographs, one can see that the anode had three different characteristic surface appear-
ances: type (i), the overhang that appeared like uncycled anodes; type (ii), crystals on
the surface; and type (iii), a smooth layer that partly covered the second characteristic
surface. For the overhang, it can be seen in the upper left corner of Figure 6. The transition
zone between the overhang and the underlying area is shown in the lower left of Figure 6.
By deploying FIB etching, one can see how the crystal-based surface layer is present in
larger pores and more open areas near the surface, as well as just in the surface layer on
top of the anode. At the top surface, one can see the characteristics of type (ii) and (iii)
surface coatings via the yellow-framed SEM micrograph. In that micrograph, type (iii) is
recognised in the upper right corner and type (ii) is seen in the remaining area. Using EDX,
the type (iii) characteristic areas were found to contain very large portions of phosphorous
and fluorine, in molar proportions of one to six, indicating residual PF, . Here, carbon and
lithium (by SIMS) were also detected. This suggests this layer being composed of residual
electrolyte that was not sufficiently cleaned from the electrodes. Similarly, materials with
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same composition were also found deeper in the anode pores, further supporting the type
(iii) layer being residual electrolyte. Type (ii) coatings were found to be very rich in lithium
(SIMS indications), as well as having large portions of oxygen, indicating that this could
have been lithium metal oxidized by trace levels of oxygen in the glove box (which is never
truly zero). Looking further at the type (ii) coating, it appears as a highly porous structure
constituted of crystals. These crystals were seen to be needle-like in deeper pores and
more cubic, hexagonoids, or dendritic together-grown lumps on the top surface. This is a
strong indication of lithium electro-deposited structures grown under diffusion-limited
concentration gradients.

X-ray computed tomography (XCT) was also included in this study. A summary of the
visualisations is provided in Figure 7. In contrast to the SEM approaches, it was not possible
to document any differences between the three typical surface layers: type (i), (ii), and (iii).
What can be observed instead is that the carbon in the anode region, typically coated by
layers of type (ii) and (iii), appears swollen compared to the carbon at the overhang (under
surface layer type (i)). From the semicircle focus, where the pixels are 5 times smaller than
the other XCT images and where the zone between the cathode overlay region (left) and the
anode overhang (right) is shown, one can see this difference in carbon swelling particularly
well, as well as the gradual change.

Figure 7. Illustration of the X-ray setup (upper left) and a slice cut through the battery anode
thickness direction (centre). Also, a picture of the electrode near the end is displayed (lower middle),
with enlarged XCT images of under surface coating type (ii)/(iii) (left) and under type (i) (right). In
the upper-right semicircle, XCT images of the transition zone between the active cathode overlay
region and the anode overhang region, oriented accordingly, are shown. Images include 100 um
bars for indication of dimensions, as well as one 1 mm bar in the centre picture. The anode current
collector can be recognised as the bright centreline or region.

Despite not directly documenting the type (ii) or (iii) surface layers by studying
Figure 7, one can see that the top layer of the cathode underlay region has a distinct
reduced porosity in comparison to the overhang region. The region at the part of the anode
that has been facing the cathode and the electrolyte is more dense. In light of the SEM
investigation, this layer can thus be interpreted as layer (ii) or (iii), but it is difficult to
argue this independently of the SEM investigation. Moreover, from the XCT analysis and
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particularly regarding the bulk part of the anode, this densification is at least partly due to
the anode active graphite particles being more swollen.

The observations shown here via SEM, FIB, SIMS, EDX, and XCT are representative of
what was typically seen by investigating several different sites on an anode. Further details
and additional documentation are provided in the supporting materials.

As much as lithium in combination with various elements, either oxygen or PF,, is
recorded and documented, even in very metallic like structures, this does not prove that the
deposit is actually metallic lithium. Since lithium metal is indeed very difficult to record
and report, the samples were subject to testing for the purpose of developing a leaching
test. This can be viewed as a novel approach to detecting lithium. The main conclusion is
that only a small percentage of the lost capacity could be detected in this manner. It also
remains unclear why the deposited material would not leach, but two possibilities remain:
either metallic lithium reacted with air into lithium oxide that would not dissolve in water,
or the surface layer is an organic lithium or carbide compound that will not dissolve in the
chosen water solution.

4. Conclusions

In this study, we cycled 18 NMC(433)-graphite 31Ah LIB cells to understand the
prospects for a second life, focusing on their remaining life potential and safety. The cells
underwent various first-life cycling conditions by changing the temperature, SoC window,
C-rate, and orientation. This was followed by standardised second-life cycling at fixed
temperature, with further variation in the SoC window, C-rate, and cell orientation. From
the experimental results, we draw the following conclusions:

e By changing cycling conditions at a SoH of around 75%, the amount of added full
equivalent cycles can double before reaching 70% SOH.

e Cycling cells at room temperature provides lower degradation rates than cycling cells
at 5 and 45 °C.

* Increasing the ambient operation temperature in first life from 25 to 45 °C will in-
crease the degradation rate of second-life cycling, despite the second-life operation
temperature being lowered back to 25 °C.

e  For second-life cycling, reducing the SoC window (by 40%) is more important than
lowering the C-rate (by 1/3) (for the selected cells).

e  First-life cycling in room-temperature air (25 °C) gives lower degradation rates as
well as lower cell resistance compared to elevated air temperatures (45 °C). These two
effects positively contribute to the lower degradation rate in second-life cycling.

e Vertically oriented cells (standing) experienced higher degradation than horizontally
oriented (lying) cells when not under pretension. Vertically oriented cells at 1C
degrade at similar rates to horizontal cells at 1.5 C, for the selected cells in the first life
in this study:.

e Cycling cells at excessively high C-rates and low temperatures (1 C and 5 °C) leads
to the most extreme degradation rates (tenfold higher than other temperatures) in
this study.

e Inthe ICA analysis, and for the two selected features (most distinct positive peaks at
100% SOH), feature 1 (F1, lower cell potential) was the one peak that most strongly
indicated compatibility with a second life, considering both safety and lowered degra-
dation rates.
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Appendix A. Experimental Details of the Battery and First-Life
Testing Conditions

The Xalt battery underwent all tests in standard thermal chambers with fan-circulated
air. During the first life, some of the cells were lying down (horizontal), whereas others
were in an upright position (vertical). The upright position was achieved by standing the
cells on their lower end towards a plexiglass (polycarbonate) sheet, with the tabs (clamped
to leads and sensing wires) on the top, while leaning gently on a line support. In detail, a
plexiglass sheet with large rectangular end-rounded holes, at least twice the thickness of
the cells, were supporting the cells so that they would stand up. The setup is illustrated in
Figure Al. The details of the cell specifications are given in Table Al.

Figure A1. The battery cell holder for the standing (vertical) cells. Three cells are displayed, with
lead connections at the top.

Table A1. Factory specification sheets of the Xsalt cell.

Specifications Range
Capacity (C/2) 31 Ah

Voltage range (nominal voltage) 2.7-42V (3.7V)
Continuos max charge and disch. 2Cand5C
Temperature window, charge and disch. 0-45 °C and —20-60 °C

Appendix B. ICA First Life Comparison and Confidence Considerations

In this study, we have presented a large variation of cycling conditions for an NMC-
graphite 31 Ah cell. This large variation also means that replicas of specific cycling con-
ditions are scarce and that the confidence level towards conclusions appears low. One of
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the main discussion points relates to how we can separate, particularly the feature height
(dQ/dV-value) of F1, in relation to the cycling temperature in the first life and consequently
relate these to safety concerns regarding the battery cells in their second lives.

In Figure 4, there are not that many cells that provide information about the first- and
second-life ICA feature peaks for the three first-life cycling temperatures. Our discussion
revolves around the signature of feature F1 and the dQ/dV value, organised by temperature
groups. To somehow improve the validity of these temperature groupings is therefore
essential. Here (Appendix B), we attempt this by two means. For all the temperatures we
have added ICA recorded at C/10, and for the short-lived low-temperature measurements
we have also cycled an extra cell, recording the ICA after each cycle under the same
conditions as those for cells 5H-14 and 5H-15.

The data sets used to improve the validity of the results discussed in the main
manuscript were collected over an extended period. It is worth noting that some earlier-
recorded ICA curves were obtained at C/10 rather than C/20. In Figure A2, one can see
first-life cycling data for cells where the ICA feature peaks are gathered at 25 °C at C/20
(circles) and C/10 (squares) and where the first-life ambient-air cycling temperatures were
5 °C (blue), 25 °C (green), and 45 °C (red).
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Figure A2. Overview of 1st-life ICA and feature peaks (F1 and F2) obtained at C/20 (circle) and C/10
(square). In comparison to Figure 4, we have added ICA data recorded at C/10 as well as C/20 ICA
data for a cell cycled at 5 °C.

Generally, one can see that for feature F2, there is no significant difference in the
dQ/dV or the potential (V) as functions of state of health (SOH) when examining the cycling
temperature dependency. This also goes for the V value as a function of SOH for feature
F1. It is for feature F1 and when looking at the dQ/dV value as a function of SOH that the
results tend to group distinctly differently for the three different cycling temperatures, thus
demonstrating an interesting feature for considering second-life usefulness.

Looking more carefully at feature F1 dQ/dV as a function of SOH, the higher cycling
temperature (45 °C) leads to a more rapid drop for F1 dQ/dV data, the medium temperature
(25 °C) leads to a slower drop in F1 dQ/dV values over time, and the lower cycling
temperature (5 °C) leads to an initial slight increase and later lowering in F1 dQ/dV as a
function of SOH.
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In comparing the results in Figure 4 to Figure A2, we can see that the first-life feature
peak coordinates as a function of SOH remain similar with respect to cycling temperature.
However, this comparison is challenging because the ICA cycling rates (C/10 and C/20)
lead to an adjusted voltage change due to the ohmic potential drop being slightly larger at
C/10 compared to C/20. For the dQ/dV, this is even more complicated; however, generally
and theoretically, the dQ/dV peak should have lower values when recorded at faster
C-rates. The expected shifts in voltage and dQ/dV values when comparing C/20 to C/10
in this study appear random at best. Thus, it is not considered valid to discuss this point
further here, other than stating that the temperature trends observed in Figure 4 are not
significantly different from those seen in Figure A2, thereby increasing the conformity of
knowledge drawn from Figure 4. The information with most importance for improving
validity that is presented in Figure A2 compared to Figure 4 is the extra cell cycled at low
temperature where the dQ/dV(SOH) trend is further verified.

Appendix C. Visual Inspection in Air

The anode of the cells cycled at 5 °C turned out to be very sensitive to air exposure.
Depending on the air in the room, the time response differed a lot. In Figure A3, one can
see the visual changes of the electrode at different air exposure times. The air in the room
location where these images were captured was relatively still, and it is worth noting that
under other air flow conditions around the sample the visual response was sometimes
observed to be almost ten times faster.

0.05min 0.5 min 1 min 1.5 min
2 min 3 min 4 min 6 min
8 min 10 min 14 min 21 min

Figure A3. Figure showing photographs of a piece of an anode exposed to air for different lengths of

time. The electrodes are pieces of an anode (ca 15 mm by 15 mm) cycled at 5 °C, and the time stamps
indicate air exposure times.

Looking at the anodes taken from the 5 °C cycled cells, when in a glove box, one can
clearly see the overhang of the anodes, i.e., the area that would not have been aligned
within or covered by the cathode. This area was black, similar in appearance to an uncycled
anode or an anode cycled at higher temperatures. The area covered by the cathode had a
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lighter colour, beige or light brown, and this colour changed a lot during air exposure, first
turning light grey and then turning dark or almost black again. This rather reactive layer
was included in the anode material ARC tests described in the main manuscript, although
it was collected and placed in a sealed test holder using glove boxes.

The reactive layer described in this study caught the attention of the researchers
participating in the study, and several attempts were made to understand or document
the nature of this material. One experiment was to leave the electrodes in water and
measure a lithium response electrochemically, see Appendix F. Other experiments involved
transferring electrodes in argon from a glove box into an SEM-FIB-SIMS-EDX instrument,
Appendix D, as well as an X-ray computer tomography (XCT) device.

Appendix D. SEM, FIB, EDX, and SIMS Example Investigations

In the main part of the manuscript (Section 3.5) a brief description of the electrode
extended SEM investigation is provided, which was a result of a broader investigation.
Here, a more detailed SEM investigation is described, whereby SEM is supported by the
use of EDX, SIMS and/or FIB sectioning.

Looking first at the top view of the electrode in Figure A4, one can see the characteristic
surface coatings, the porous crystal layer (type (ii)) and the smooth coating (type (iii)). To
assist the reader in comparing the different graphics in Figure A4, dashed white grid lines
are added consistently applied throughout the graphics. From EDX elemental composi-
tion analysis (excluding Li), it was found that the general composition of fluorine and
phosphorus was very close to 6:1, indicating residual electrolyte salt, LiPFs, was present
at the surface. It can also be seen that in the region where the type (iii) layer is present,
oxygen appears to be absent. Oxygen can be seen as a sign of lithium deposits that, over
time, have adsorbed and reacted with even the small amounts of oxygen in a glove box.
Carbon is also observed in relation to the type (ii) layer. Generally, from the EDX mapping,
it appears that the topography of the type (ii) layer gives a topographic shadowing effect
on the left and the upper side of the structure sticks out slightly more. Where holes are
absent (e.g., lower middle of the lower middle sections and the lower middle of the upper
left section), the EDX signal also appears to be absent. This indicates that carbon is present
in the crystalline layer characteristic of type (ii). As such, it is difficult to argue that the
type (ii) layer is lithium metal alone; it could also be lithium-carbon that is oxidised to hold
oxygen. Examination by FIB and SIMS can provide further details on this. Thus, this is a
point of discussion that needs to be understood from the FIB milled cross-section inspection
discussed in the following paragraphs.

The smooth type (iii) coating appears to weaken the signal of all elements, suggesting
this layer is neither of the investigated elements. The lack of response for all four elements
in the type (iii) layer makes it very difficult to assess what this is. It could be electrolyte
organic solvent compounds; however, this should then also include the electrolyte salt
(LiPFg), which is simultaneously less visible. It was noted that this type of layer would react
to become porous and cracked when exposed to the electron beam for a longer period or at
a higher intensity, further suggesting that this could be an organic material, for example
electrolyte solvent.

Having investigated the surface topography and composition, the study further delves
into the subsections underneath. This is done via FIB etching and the use of EDX and partly
SIMS. Looking at Figure A5, one can see a picture of piece of an anode (similar to those
in Figure A3) in the lower centre. Two places were investigated: along the edge (yellow
frames) where the piece was cut out of the anode sheet, and an area well into the material
where it was unaffected by the cutting (red frames).
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Looking at the edge investigation (yellow- and black-framed images in Figure A5), one
can see that the material cutting has led to delamination, as well as being covered by the
type (ii) layer. One can see that the hole in the electrode (likely from the manufacturing) has
a very different type of crystal pattern from the surface, as discussed previously. It follows
that the surface structure in this image is covered by the FIB redeposition of sputtered
material, so the type (ii) top view crystals no longer appear with their original structure,
now being more volumetric in shape. Those in the pit or hole are shielded from this scatter
and have retained their more needle-like shape.
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Figure A4. SEM micrograph of a typical top view of the anodes cycled at 5 °C (lower left), 4 EDX
elemental intensity maps for carbon (C), oxygen (O), fluorine (F), and phosphor (P), and a SIMS
lithium (Li) intensity map.

Looking at the micrographs taken well into the material (red- and purple-framed
pictures in Figure A5), one can get a view of both the top view (red frame) as well as the
cross-sectional view (purple frame) of the material. In the top view, the purple line indicates
the site of the FIB cross section. Prior to milling, a block of platinum was deposited to
preserve and protect the surface detail in the cross section. The platinum deposit can be
recognised in the purple frame image and as a grey line on top. In the cross-sectional view,
it can be seen more clearly how the type (ii) surface layer has grown in what were initially
empty surface pores. An EDX line scan was taken along a pore from relatively deep into
an area that is clearly coated with a type (ii) layer. This line scan is indicated using a blue
line, and it was approximately 45 um long. The elemental composition was then plotted in
the graph in the uppermost right corner of Figure A5. This plot shows the ratio of fluorine
to phosphorus (F:P in purple) as well as the carbon content (red line). In the lower part
of the pore, one can see more than 80% carbon, which reflects less than 20% porosity for
carbon. One can also see that this region has a presence of fluorine that is much higher than
6 (consider PF, ), and this can be attributed to a mixture of carbon black and fluorine rich
binder, like PVDF. In the region where the pore was likely more open, deposits of LiPFg
salt can be considered, given that the fluorine-phosphorus ratio is closer to 6. At the outer
end of the pore, one can see that the type (ii) surface layer is predominant. Using SIMS and
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EDX, this layer was rich in both lithium and oxygen. One can also see that this layer is rich
in carbon, so it is not solely lithium or oxidized lithium.
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Figure A5. SEM views of sections subject to FIB milling and EDX/SIMS investigation. Images on the
left show FIB milling into an edge of an anode sample. Images of the right show a surface FIB milled
section (lower) with indication of the line area subject to FIB front (purple line) and the through-plane
section SEM view (right middle purple frame), where in turn an EDX line scan through a pore (blue
line is indicated) and atomic percentage of carbon (red) and F:P molar ratio (light purple) are further
plotted graphically (upper right).

Here, we provide further documentation for some of the statements given in relation
to Figure 6, the transition zone between type (i) and type (ii) surface characteristics. This
is the transition zone between the anode overhang and cathode underlying anode, and
it is shown here with EDX maps and as a table. This can be seen in Figure A6. The SEM
micrograph (same section as in Figure 6) indicates the EDX mapped region using a white
line that can also be seen in the elemental intensity pictures. The first thing to note is how
strong the linkage is between the type (ii) coating and oxygen and inversely so for carbon.
Recall the discussion from five paragraphs above in relation to the top view of Figure A4
around the visibility of carbon and other elements. In the combination of Figure A4 and
Figure 6, one can conclude that the top view carbon signal is essentially from the EDX
signal penetrating though the surface coating, making carbon seemingly appear together
with oxygen and, likely, also lithium, which is thus not the case. In fact, from views of
FIB milled cross sections, supported by EDX and SIMS oxygen coincides with lithium and
oppositely so with carbon. Oxygen and carbon appear to be not simultaneously present.
Fluorine and phosphorus have a similar trend. It is therefore important to display local
composition as well as the overall average elemental composition, and to point out the
relationship between fluorine and phosphorus and how close their stoichiometric ratio is
to 6. This is an indication that LiPFg is present in the type (ii) surface layer. It can also be
seen that this ratio is present well into the pores in the deeper layers of the anode; however,
it occurs much more in the type (ii) surface layer, which also coincides with the presence
of oxygen.
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Figure A6. SEM micrograph of a region subject to FIB milling, where the anode overhang transcends
into the cathode underlying area, corresponding to Figure 6. EDX intensity plots of relevant elements
are also shown. A tabulated overview of EDX-scanned total atomic composition is also shown.

Appendix E. XCT Visualisation and Porosity

As described in the main section, the porosity of the overhang region appears to
visually differ from the part of the anode overlayed by the cathode. Using XCT, it is
possible to quantify the volume fraction of the active graphite material and thus make
considerations about the state of the graphite particles in the two regions. This is because
the resolution of the XCT is not sufficiently fine to include detecting carbon black and
binder materials. Figure A7 shows how this is done in volumetric boxes in parallel with the
overlay—overhang transition edge zone. The volumes analysed for graphite filling degree
consisted of over 10.5 million (1151 x 100 x 92) voxels (ca 500 x 33 x 33 um?), creating a
high degree of accuracy for each data point. The smaller variation between each volume
is assumed to be natural variation between them. Moreover, if considering that there is a
transition zone and dividing them into two, Figure A7 indicates that there are two regions
with fairly constant graphite fillings. One can see that this is a distinct shift around 450 pm
in the graph in Figure A7, but one can also see that this shift is challenging to argue the
significance of, at least with a sigma two (95%) confidence.

Furthermore, porosity in a classical sense of gas volume is not actually possible using
the present XCT resolution. If considering a solid content of 66%, it would indicate a
porosity of 34%. This is however not the case, as the reported graphite content of Figure A7
only accounts for graphite (active material) and not for other materials (binders and
carbon black). If, however, approximately 10% additional solid volume is added by these
other materials in the anode (pristine), graphite (only) contents of 62, 65, and 68% would
correspond to electrode porosities (graphite, carbon black, and binder) of 32, 29, and 25%.
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Figure A7. The graphite volume counting. To the upper left, an XCT cross-section reconstruction
is shown while indicating the voxels used for the volumes (upper right) that in turn provide the
graphite volume content shown graphically (lower).

Appendix F. Lithium Leaching

For the cells cycled at 5 °C, we saw an extremely fast loss of capacity under cycling
and that a distinct layer (particularly type (ii)) is formed on the top of the anode. We have
also observed that this layer increases reactivity. As this material can not decisively be
concluded to be lithium metal, however lithium rich it is. We are curious to see whether it
deviates from metallic lithium in other ways too. The comparison between lithium metal
and the type (ii) layer reported in this study involves placing lithium metal and the anode
sheets in separate water solutions and then measuring the dissolved lithium concentration
by detecting the potential using reference electrodes.

All voltage values measured for standard solutions and solutions obtained from
dissolving lithium plated on anode sheets are shown in Figure A8. Using a standard
regression curve fitted to the voltage results at known concentrations, the concentrations of
the unknown samples are estimated. The lithium concentration amount recorded (from the
concentration) by immersing the double-sided anode in water for the uncycled cell was
1.65 mmol. For the cycled anode sheet, the recorded amount of lithium was 1.91 mmol.
This means that the amount of lithium released to water caused by the cycling at low
temperature (by immersing a double-sided anode sheet) was around 0.26 mmol.

If the battery has 31 Ah capacity, 34 double-sided anode sheets, and all LLI plates as
metal on the anode, then a double-layered anode aged to 65% SoH should leach 68.0 mmol
more lithium compared to the uncycled sheet. In the present case, we observe that the
amount of lithium released in relation to the ASoH was just above 1% of what it maximally
could have been. Since we do not see much lithium release during the water immersion of
the anode compared to the ASoH, we reason that we cannot argue that the deposited type
(ii) layer material on the anode is classic lithium metal plating.

From the results presented in this section, it appears that the deposited layer is not
metallic lithium. This, however, does not mean that the layer does not contain lithium.
The deposited layer could, for example, be lithium organic compounds, where lithium
is chemically bound to carbon and hydrocarbons, as often seen in SEI layers. With the
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available tools, we have not been able to trace where and in what form the lost capacity of
the cells cycled at 5 °C ended up. It is not unreasonable that a large portion of this lithium
ended up trapped in the observed type (ii) layer; however, the results of this study are not
suited to documenting it quantitatively or confirming that it is metallic lithium.
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Figure A8. The measured voltage, E, of the Li* selective electrode vs. Ag/AgCl as a function of
the mass concentration of Li, pr;. A standard regression curve (solid line) with a 95% confidence
interval (red shaded area) fitted to measurements with known concentrations (squares) is shown.
The regression curve, given by E = 20 — 161In pr;, is used to estimate the Li concentration in solutions
obtained from cycled (circle) and uncycled (triangle) anode sheets. Dashed lines show the measured
values for the unknown concentrations.
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