batteries

Article

CFD-Taguchi-Based Geometric Optimization of a Liquid
Cooled Battery Thermal Management System

Beytullah Erdogan * and Giineyhan Taskaya

Academic Editor: Xianglin Li

Received: 14 June 2026
Revised: 12 July 2026

Accepted: 20 July 2026
Published: 21 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Mechanical Engineering, Zonguldak Biilent Ecevit University, Zonguldak 67100, Turkey;
guneyhantaskaya@gmail.com
* Correspondence: beytullah.erdogan@beun.edu.tr; Tel.: +90-3722911633

Abstract

In this study, a liquid-cooled Battery Thermal Management System (BTMS) incorporating
aluminum heat-conducting blocks was numerically investigated to enhance the thermal
performance of lithium-ion battery modules used in electric vehicles. The proposed sys-
tem was designed for a battery module consisting of cylindrical lithium-ion cells, and the
effects of different geometric configurations on thermal behavior were analyzed using the
Computational Fluid Dynamics (CFD) method. To efficiently evaluate the multi-parame-
ter design space with reduced computational cost, a Taguchi L9 orthogonal experimental
design was employed. The cooling channel configuration, aluminum heat-conducting
block height, and battery pack geometry were considered as the primary design variables.
The performance of each design configuration was assessed based on maximum temper-
ature (Tmax) and temperature uniformity (AT). Furthermore, an Analysis of Variance
(ANOVA) was conducted to quantify the influence of the design parameters on the ther-
mal performance of the system. The results revealed that the configuration comprising
eight cooling channels, a 65 mm aluminum block height, and a 1 + 8 cylindrical battery
arrangement exhibited the best thermal performance, achieving a maximum temperature
of 303.45 K and a temperature difference of 1.25 K. The optimal design configuration pro-
vided a more uniform temperature distribution within the battery module, thereby en-
hancing thermal safety and operational reliability. Overall, the integration of CFD and the
Taguchi method offers a systematic and efficient optimization framework for BTMS de-
sign, enabling effective evaluation of design alternatives with a reduced number of simu-
lations and shorter computational time.

Keywords: Battery Thermal Management System (BTMS); lithium-ion battery; Computa-
tional Fluid Dynamics (CFD); Taguchi method; thermal optimization

1. Introduction

The continuous growth of the global population, rapid industrialization, and tech-
nological advancements have led to a substantial increase in worldwide energy demand.
This growing energy consumption, largely driven by the extensive use of fossil fuels, has
resulted in increased greenhouse gas emissions and various environmental challenges,
particularly climate change. Consequently, the development of sustainable energy solu-
tions, the reduction of carbon emissions, the widespread adoption of renewable energy
technologies, and the promotion of energy-efficient and low-carbon transportation sys-
tems have become critical priorities for achieving sustainable development goals [1,2].
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Considering the significant contribution of the transportation sector to global energy con-
sumption and carbon emissions, the development of environmentally friendly transpor-
tation technologies plays a vital role in mitigating environmental impacts and supporting
sustainable mobility [3].

In this context, the increasing adoption of electric vehicles (EVs) and hybrid electric
vehicles (HEVs) has significantly accelerated the demand for advanced energy storage
technologies. Among various energy storage systems, lithium-ion (Li-ion) batteries have
emerged as the dominant technology for EV applications owing to their high energy den-
sity, low self-discharge rate, high cycle efficiency, and long service life [4,5]. Currently, Li-
ion batteries are manufactured in several cell formats, including cylindrical, prismatic,
and pouch cells. Among these configurations, cylindrical and prismatic cells are particu-
larly preferred in automotive applications due to their superior mechanical robustness,
operational reliability, and electrochemical performance [6].

The safety, efficiency, and lifespan of Li-ion batteries are highly dependent on their
operating temperature. Excessive battery temperatures accelerate electrochemical reac-
tions and degradation mechanisms, leading to capacity fading and a significant reduction
in battery lifetime. Moreover, elevated temperatures may trigger thermal runaway, which
can result in severe safety hazards such as fire and explosion [7-9]. In addition to the max-
imum temperature, temperature non-uniformity within a battery pack is another critical
concern. Uneven temperature distributions cause cells to age at different rates, resulting
in performance degradation and reduced overall system reliability. Therefore, maintain-
ing the battery temperature within an optimal operating range while ensuring a uniform
temperature distribution among cells constitutes one of the primary objectives of Battery
Thermal Management Systems (BTMSs).

Previous studies have suggested that the maximum battery temperature should be
maintained below approximately 4045 °C, while the temperature difference among cells
should remain below 5 °C to ensure safe and efficient operation [10-12]. To achieve these
thermal requirements, various BTMS technologies have been developed, including air
cooling, liquid cooling, heat pipes, plate heat exchangers, and phase change material
(PCM) based systems [13-15]. Air-cooling systems offer advantages such as simple struc-
ture, low cost, and ease of implementation; however, their relatively low heat removal
capability limits their effectiveness under high thermal loads [16]. PCM-based systems are
effective in suppressing transient temperature rises due to their latent heat storage capac-
ity, yet their inherently low thermal conductivity often necessitates additional heat trans-
fer enhancement techniques during prolonged operation [17,18]. Although heat pipes and
plate heat exchangers provide excellent heat transfer performance, they may introduce
additional complexity and cost. In contrast, liquid-cooling systems are widely regarded
as one of the most effective thermal management solutions due to their superior heat re-
moval capability and high heat transfer efficiency, enabling significant reductions in both
maximum battery temperature and temperature non-uniformity [19,20].

Numerous experimental and numerical studies have been conducted to improve the
performance of liquid cooled BTMSs. In particular, Computational Fluid Dynamics (CFD)
has become a powerful tool for investigating the effects of channel geometry, flow condi-
tions, and coolant properties on thermal performance. Hasan et al. [10] examined the in-
fluence of Reynolds number and nanoparticle size on the thermal performance of
nanofluid-based liquid-cooling systems and reported that higher Reynolds numbers sig-
nificantly enhance heat dissipation. Yang et al. [11] designed an innovative liquid-cooled
plate with multi-branch channels for blade-type batteries and investigated its thermal per-
formance using CFD methods. The study, which demonstrated that the combination of 3
distribution channels, a channel width of 3 mm, and an inlet velocity of 0.10 m/s provided
the best performance, revealed that optimizing channel geometry in liquid-cooled battery

https://doi.org/10.3390/batteries12070267



Batteries 2026, 12, 267

3 of 15

thermal management systems is a critical design parameter for both improving thermal
performance and reducing energy consumption [11]. Dai et al. [16] developed a novel
BTMS incorporating leaf-vein-inspired flow channels and investigated the effects of chan-
nel geometry and flow parameters on maximum battery temperature. Similarly,
Simanjuntak et al. [21] proposed an interconnected straight-channel cooling plate design
that enhanced flow mixing and achieved notable improvements in temperature uni-
formity. Furthermore, studies involving hybrid nanofluids have demonstrated consider-
able enhancement in heat transfer performance, although such improvements are often
accompanied by increased pressure losses [22].

In recent years, researchers have focused not only on improving cooling performance
but also on optimizing BTMS designs. Accordingly, the effects of various design parame-
ters including channel number, channel width, channel height, flow direction, coolant
flow rate, and inlet outlet configurations on battery temperature and temperature distribution
have been extensively investigated [23-26]. However, most existing studies primarily examine
the individual effects of specific design variables, while the combined influence and relative
importance of multiple geometric parameters remain insufficiently explored.

For multi-parameter engineering problems, the Taguchi design methodology has
emerged as an efficient optimization approach for evaluating the effects of design varia-
bles on system performance. By employing orthogonal arrays, the Taguchi method signif-
icantly reduces the number of required experiments or simulations while enabling a sys-
tematic assessment of the relative influence of design parameters. Furthermore, statistical
tools such as signal-to-noise (S/N) ratio analysis and Analysis of Variance (ANOVA) facil-
itate the reliable identification of optimal design conditions and dominant factors affecting
system performance [27]. Owing to these advantages, the Taguchi method has been
widely adopted in CFD-based optimization studies.

Although numerous investigations have examined the effects of channel geometry,
coolant properties, and flow conditions in liquid-cooled BTMSs, studies evaluating the
combined influence of multiple geometric design parameters, such as cooling channel
configuration, aluminum heat-conducting block height, and battery pack arrangement,
remain limited. Moreover, systematic investigations integrating CFD simulations with
statistical optimization techniques to evaluate the effects of these parameters on maxi-
mum temperature and temperature uniformity are still scarce.

Therefore, this study numerically investigates the thermal performance of a liquid-
cooled BTMS using the CFD approach. Three key design parameters, namely the cooling
channel configuration, aluminum heat conducting block height, and battery pack arrange-
ment, were evaluated using a Taguchi L9 orthogonal array design. The thermal perfor-
mance of each design configuration was assessed based on two critical criteria: maximum
temperature (Tmax) and temperature uniformity (AT). In addition, ANOVA was performed
to quantify the contribution of each design parameter to the overall thermal performance.
A novel BTMS architecture incorporating full-contact aluminum heat conducting blocks
and vertically oriented liquid cooling channels is proposed and optimized. The findings
of this study are expected to contribute to the development of high-performance, ther-
mally safe, and reliable battery thermal management systems for next-generation electric
vehicle applications.

2. Materials and Methods
2.1. Physical Model

The Battery Thermal Management System (BTMS) shown in Figure 1 comprises nine
cylindrical lithium-ion battery cells (18 mm in diameter and 65 mm in height) and a full-
contact aluminum heat-conducting block incorporating eight vertically oriented liquid-
cooling channels. The aluminum block serves as an effective thermal pathway between
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the battery cells and the coolant due to its high thermal conductivity, thereby promoting
enhanced heat dissipation and temperature uniformity throughout the battery module.

/

Figure 1. Three-dimensional geometry of the battery pack.

The proposed cooling structure features a novel and innovative design that ensures
full contact thermal coupling with all battery cells, thereby enabling efficient heat transfer
from the cells to the cooling body. As a result, the heat generated during battery operation
is rapidly dissipated and effectively removed from the battery pack by the circulating
coolant. The lithium-ion cells are arranged in a 1 + 8 configuration, consisting of a central
cell surrounded by eight peripheral cells, forming a cylindrical battery pack architecture.
The technical specifications of the lithium-ion battery cell used in this study are presented
in Table 1. In the present BITMS, pure water was used as the working fluid. The thermo-
physical properties of the coolant and the other components of the BTMS are summarized
in Table 2.

Table 1. Technical specifications of the battery cell [28].

Parameters Value
Battery Type Lithium Iron
Diameter 18 mm
Height 65 mm
Cell Voltage 3.3V

Table 2. Thermophysical properties of the battery pack components [28].

Properties Battery Cell Aluminum Pure Water
Density (kg/m?3) 1760 2719 998.2
Specific heat (J/kg'K) 1108 871 4128
Thermal conductivity (W/m-K) 3.91 202.4 0.600
Dynamic viscosity (Pa-s) - - 0.001003

2.2. Taguchi Optimization

The BTMS geometry was optimized using the Taguchi method, which enables the
simultaneous evaluation of multiple design parameters. Three control factors block height
(mm), battery arrangement, and cooling channel configuration were considered, each de-
fined at three distinct levels. In all cases, the cooling channel diameter was kept constant
at4 mm. The design configurations and corresponding parameter levels used in the study
are illustrated in Figure 2.
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Figure 2. Representation of geometries and parameter configurations from experimental designs.

Using the factors and levels presented in Table 3, a total of nine experimental runs
were generated based on the Taguchi L9 orthogonal array, as summarized in Table 4.
Three-dimensional transient simulations were performed using ANSYS Fluent, 2024 R1
considering a 5C discharge rate over a simulation time of 720 s. For each case, the maxi-
mum battery temperature (T) and the temperature difference between cells (AT) were de-
termined as the primary performance indicators of the battery pack.

Table 3. Factors and levels used in Taguchi optimization.

Levels
Factors 1 » 3
A. Height (Block Height) 40 52.5 65
B. Pattern (Cell Pattern) 3x3 1x9 1+8
C. Cooling (Channel Situation) No 4 8

Based on the results obtained from nine CFD simulations, the signal-to-noise (S/N)
ratios of the performance responses were calculated using the Taguchi “smaller-is-better”
criterion, as expressed in Equation (1) [24]. Here, S/N denotes the signal-to-noise ratio
(dB), yi represents the performance value obtained from each experiment or simulation,

S 1 5
N —101log ZZyi

and 7 is the number of repetitions.

)
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Table 4. Experimental design matrix based on the L9 (3°) orthogonal array.

Exp. No A B C Exp. No Height (mm) Pattern Cooling
1 2 1 1 1 52.5 3x3 No
2 2 2 2 2 52.5 1x9 4
3 2 3 3 3 52.5 1+8 8
4 1 1 3 ol 4 40 3x3 4
5 1 2 3 5 40 1x9 8
6 1 3 1 6 40 1+8 No
7 3 1 3 7 65 3x3 8
8 3 2 1 8 65 1x9 No
9 3 3 2 9 65 1+8 4

2.3. Governing Equations

The conservation equations of mass, momentum, and energy for the BTMS are pre-
sented as follows. The coolant flows through the liquid cooling channels as pure water.
The fluid is assumed to be incompressible and Newtonian. Since the flow within the ana-
lyzed channel geometries corresponds to low Reynolds numbers (Re < 2300), the simula-
tions were conducted under the assumption of laminar flow. The governing equations for
mass, momentum, and energy conservation in the fluid domain are given in Equations
(2), (3) and (4), respectively [29-31].
¢  Continuity equation:

V(o) =0 @
t
e  Momentum conservation equation:

9, R
55 (P TF) +V - (pr - 97 - V7)) = —VP +V(ufVy) ©)

¢  Energy conservation equation:

a —
52 (PrCosTr) + V- (07 Cos¥fTy) = Vs VTy) )

Here, pr denotes the density of the coolant fluid, while V represents the divergence
operator of a vector field. vris the velocity vector of the coolant fluid. The static pressure,
dynamic viscosity, specific heat capacity, temperature, and thermal conductivity of the
coolant are denoted by P, 1, Cps, Tf, and kf, respectively. The energy conservation equations
for the battery cells and the cooling channels are formulated in Equations (5) and (6), re-
spectively [23].

aT, .
prp,b _at = V(kaTb) + qg (5)
oT,
PcCpyc a—; = V(k.VT,) (6)

Here, pr  denotes the density of the battery cell, Cp» the specific heat capacity, Ts the
temperature, kv the thermal conductivity, and ¢, the volumetric heat generation rate.
Similarly, p. represents the density of the cooling channel, Cp the specific heat capacity,
T: the temperature, and k. the thermal conductivity. In all simulations, the thermophysical
properties of the fluids and the heat generation rate of the battery cells were assumed to
remain constant throughout the analysis.

https://doi.org/10.3390/batteries12070267



Batteries 2026, 12, 267

7 of 15

2.4. Numerical Analysis
2.4.1. Initial and Boundary Conditions

At the initial time (t = 0 s), the temperatures of the battery cells (Tt), channel surfaces
(Ts), and coolant fluid (Ty) were assumed to be 300 K. A velocity inlet boundary condition
was applied at the inlet surfaces, while a pressure outlet boundary condition was imposed
at the outlet. All external surfaces were considered adiabatic walls. The inlet velocity of
the coolant was kept constant at 0.1 m/s for all cases. In this study, the coolant inlet velocity
was kept constant at 0.1 m/s. This value was selected because it is one of the most com-
monly used operating conditions in previous CFD studies on liquid-cooled battery ther-
mal management systems. Thus, the effect of geometric design parameters on thermal perfor-
mance could be directly compared under the same operating conditions. Furthermore, the
Reynolds number calculated for this inlet velocity is approximately Re = 398, and it has been
confirmed that the flow occurs in the laminar regime in all analyses [6,11,23].

2.4.2. Validation of the Battery Heat Generation Model

Prior to the CFD analyses, the heat generation model was validated using data from
a selected reference study in the literature [28]. A single battery cell was simulated under
a 5C discharge rate over a period of 720 s. As shown in Figure 3, a very good agreement
was observed between the maximum temperature values obtained from the present CFD
model and those reported in the reference study, with an error of only 0.01%. This con-
firms the accuracy and reliability of the heat generation model employed in this study.

O Reference's Study

343 - A This Study @@4

333

323

Tmax (K)

313

303

293
0 120 240 360 480 600 720

Time (s)

Figure 3. Validation results of the single battery heat generation model.

2.4.3. Mesh Independence Study

To avoid unnecessary computational cost and to ensure the reliability of the numer-
ical results, a mesh independence study was conducted for Case 1 by progressively refin-
ing the mesh into five different grid resolutions. The results are presented in Figure 4. For
a transient simulation at a 5C discharge rate, the maximum temperature values were ob-
tained as 390 K for 202,252 elements, 352 K for 400,128 elements, 336 K for 802,504 ele-
ments, 330.09 K for 1,678,661 elements, and 329.8 K for 3,320,138 elements. Since the dif-
ference between the last two consecutive mesh refinements was only 0.09%, the mesh con-
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taining 1,678,661 elements was selected as the optimal mesh configuration. All computa-
tional meshes were generated using ANSYS Meshing 2024 R1 software. The mesh quality
was ensured by maintaining a maximum skewness range of 0.79-0.83 and a minimum

orthogonal quality range of 0.17-0.31, ensuring sufficient numerical accuracy and stability
for all simulations.

393
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< 373 ‘.‘
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Figure 4. Mesh independence study for Case 1.

2.4.4. Time Step Independence Study

In transient numerical simulations, the time step size (At) is a critical parameter that
directly influences solution stability and computational efficiency. To determine an ap-
propriate time step size for the BTMS analysis, four different time step values were tested
under a 5C discharge condition, and the resulting maximum temperature differences be-
tween battery cells are presented in Figure 5. No significant variation in temperature dif-
ference was observed between time steps of 0.5 s and 1.0 s. Therefore, a time step size of

1 s was selected as the optimal value for all transient simulations, ensuring both numerical
accuracy and computational efficiency.

9.0

8.5

2.0
Time Step Size (s)

Figure 5. Time independence study for Case 1.
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3. Results and Discussion

In this study, a Taguchi optimization approach was employed to evaluate the effects
of block height and different battery arrangements with vertically integrated cooling chan-
nel configurations on the thermal performance of a lithium-ion battery pack.

3.1. CFD Analysis of the Taguchi Experimental Design

The nine experimental cases obtained from the Taguchi L9 orthogonal array were
simulated using Ansys Fluent 2024 R1in a transient three-dimensional framework under
a 5C discharge condition. The results are summarized in Table 5. Factor A (Height, mm)
represents the height of the full-contact aluminum block, which was selected due to its
high thermal conductivity. Factor B (Pattern) corresponds to different battery arrange-
ments. Accordingly, three configurations consisting of nine cells were considered: 3 x 3
(square arrangement), 1 x 9 (rectangular arrangement), and 1 + 8 (cylindrical arrange-
ment), in which one central cell is surrounded symmetrically by eight cells. Factor C (Cool-
ing) represents the presence of vertical liquid cooling channels, with three levels defined
as no channel, four channels, and eight channels. The output responses were selected as
the maximum battery temperature (Tmax) and the temperature difference between cells
(AT), which are key indicators of thermal performance. According to Table 5, thermal
management requirements (Tmax < 45 °C, AT <5 °C) were satisfied in Experiments 2, 3, 7,
and 9. Among all nine simulation cases, the best thermal performance was achieved in
Experiment 7, which exhibited the most favorable combination of low maximum temper-
ature and improved temperature uniformity.

Table 5. Simulation results of the experimental design based on the L9 (3%) orthogonal array.

Exp. No Height (mm) Pattern Cooling Tmax (K) AT (K)
1 52.5 3x3 No 330.09 5.64
2 52.5 1x9 4 309.26 4.31
3 52.5 1+8 8 305.90 3.04
4 40 3x3 4 318.50 12.59
5 40 1x9 8 316.01 12.74
6 40 1+8 No 334.14 5.84
7* 65 3x3 8 303.48 1.28
8 65 1x9 No 321.26 0.51
9 65 1+8 4 306.20 1.67

* means the most appropriate parameter for this analysis.

3.2. Signal-to-Noise (S/N) Ratio and ANOVA Analysis of the Taguchi Design

In order to evaluate the effectiveness of the parameter levels used in the Taguchi op-
timization, the signal-to-noise (5/N) ratio was calculated using Minitab Statistical Software
(Version 22). The “smaller-is-better” criterion was applied with respect to the maximum
temperature (Tmax) response to determine the S/N ratios. According to Figure 6, the opti-
mal combination obtained from the Taguchi analysis corresponds to the A3B3C3 config-
uration, whose solid model is presented in Figure 7.

To evaluate the effects of the parameters used in the Taguchi optimization on thermal
performance, an Analysis of Variance (ANOVA) was performed using the General Linear
Model (GLM) approach. According to the results presented in Table 6, the cooling channel
configuration (Cooling) exhibited the most significant influence on the response variable.
The full contact aluminum block height (Height) was identified as the second most influ-
ential parameter, while the battery arrangement pattern showed the least effect on the
overall thermal performance.
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Figure 6. S/N ratio results of the experimental design based on the L9 (3°) orthogonal array.
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Figure 7. Solid model of the optimal configuration obtained from Taguchi optimization (A3B3C3).

Table 6. ANOVA results of the L9 (3%) orthogonal array experimental design.

Source DF Adj SS Adj MS F-Value p-Value
A. Height 2 241.598 120.799 29.01 0.033
B. Pattern 2 7.196 3.598 0.86 0.536
C. Cooling 2 704.533 352.266 84.60 0.012
Error 2 8.328 4.164

Total 8 961.655

3.3. Confirmation Analysis and Selection of the BTMS

To verify the reliability of the results obtained from the Taguchi analysis, a confirmation
simulation (Confirmation Run) was performed using the optimal configuration geometry un-
der a transient condition at a 5C discharge rate. First, a mesh independence study was con-
ducted, and an optimized mesh structure was generated, ensuring a high-quality computa-
tional grid with a maximum skewness of 0.8 and a minimum orthogonal quality of 0.20. The
mesh model and boundary conditions are presented in Figure 8. Due to the relatively low
Reynolds number (Re = 2300), the flow was assumed to be laminar. A five-layer inflation
(boundary layer) mesh was generated around the liquid cooling channels to accurately resolve
near-wall effects. At the inlet, a velocity inlet boundary condition was applied with a constant
flow velocity of 0.1 m/s. At the outlet, a pressure outlet boundary condition of 0 Pa was im-
posed. The heat generation within the battery cells was assumed to be constant and uniformly
distributed in all directions throughout the simulation domain.

The CFD results obtained from the optimal configuration indicated a 2.34% improve-
ment in thermal uniformity (AT =1.25 K) and a 0.01% reduction in maximum temperature
(Tmax=303.45 K) compared to the best-performing case among the Taguchi experiments
(Experiment 7). The comparison of AT values for all nine Taguchi cases is presented in
Figure 9. It is observed that Experiment 8 exhibits the lowest temperature difference
among all cases. This can be attributed to the 1 x 9 battery arrangement combined with a
65 mm full-contact aluminum block height. However, due to the absence of a liquid cool-
ing channel in this configuration, the thermal performance does not reach an optimal level
in terms of overall temperature management. As shown in Figure 10, the comparison of
maximum temperature (Tmax) values obtained from the nine Taguchi cases and the Taguchi-
optimized configuration demonstrates that the proposed A3B3C3 design yields the best over-
all thermal performance. Therefore, it is selected as the final optimized BTMS design.
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Figure 8. Mesh model and boundary conditions of the optimal configuration obtained from
Taguchi optimization (A3B3C3).
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Figure 9. Comparison of inter-cell temperature difference (AT) between the optimal configuration
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Figure 10. Comparison of maximum temperature (Tmax) between the optimal configuration
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3.4. Taguchi Prediction Verification Test

According to the verification test presented in Table 7, the percentage deviation be-
tween the predicted response value and the CFD validation result was calculated as 0.48%.
This corresponds to a prediction accuracy of 99.52%, demonstrating the high reliability of
the Taguchi-based optimization model.

Table 7. Verification test results.

Response: Tmax (K)

Prediction CFD Value
Fit SE Fit 95% CI 95% P1
302.00 1.80 (294.30-309.70) (290.30-313.70) 303.45

Deviation: 0.48%
Accuracy: 99.52%

4. Conclusions

The continuously increasing global population and the associated rise in carbon
emissions pose a growing environmental challenge, making lithium-ion batteries used in
environmentally friendly electric vehicles an increasingly important research focus. In this
study, a numerical investigation was conducted to evaluate the simultaneous effects of
three different geometric parameters on the thermal performance of a battery thermal
management system (BTMS). A total of nine 18,650 lithium-ion battery cells were ar-
ranged in different configurations with vertically integrated liquid cooling channels. Us-
ing the Taguchi method, which enables multi-parameter optimization, nine experimental
designs were generated, and three-dimensional CFD simulations were performed under
a 5C discharge condition. The optimal configuration was identified using the signal-to-
noise (S/N) ratio approach, and a confirmation simulation was carried out to verify the
results, demonstrating the highest thermal performance.

The best-performing configuration consisted of a full-contact aluminum heat-con-
ducting block with a height of 65 mm, integrated with eight vertical liquid cooling chan-
nels of 4 mm diameter, and a 1 + 8 cylindrical battery arrangement. This optimal design
achieved a maximum temperature of 303.45 K and a temperature difference of 1.25 K.
Among the investigated parameters, the cooling channel configuration exhibited the most
significant influence on thermal performance, followed by the block height, while the bat-
tery arrangement had the least effect. This is likely due to the relatively small number of
battery cells (nine cells) considered in the present study. This study was conducted solely
under a 5C discharge condition and a constant coolant inlet velocity of 0.1 m/s, and fo-
cused on the effect of geometric parameters on thermal performance. Therefore, analyses
of pressure loss, pumping power, performance at different charge/discharge ratios, as well
as cost and weight analyses, were excluded from the scope of this study. Future studies
aim to evaluate the thermo-hydraulic performance of the proposed design under equal
total mass flow rate conditions, conduct analyses of pressure loss and pumping power,
examine its performance at different C ratios, and comprehensively evaluate it in terms of
manufacturability, cost, and weight.

Overall, this study presents a systematic, reproducible, and efficient design frame-
work for high-performance and reliable battery thermal management systems in electric
vehicles. The proposed approach is expected to contribute to the development of sustain-
able energy systems and support global zero-emission targets.
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