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ABSTRACT

Efficient thermal management is critical to the safety, performance, and
longevity of lithium-ion battery (LIB) energy storage systems. In this
study, a novel manifold cold plate featuring an overflow channel with
a triangular ridge at the bottom is proposed for a liquid-cooled Battery
Thermal Management System (BTMS). A comprehensive multi-objective
optimization framework is developed by integrating Response Surface
Methodology (RSM), the Non-dominated Sorting Genetic Algorithm II
(NSGA-II), and the Linear Programming Technique for Multidimensional
Analysis of Preference (LINMAP) decision-making method to minimize
the maximum temperature difference (�Tcell) and pressure drop (�P)
across the cooling plate. The design variables include the manifold channel
width ratio (λ), the height ratio (φ), the inlet velocity (u), and the triangu-
lar ridge angle (θ). Second-order polynomial regression models are con-
structed and validated using Analysis of Variance (ANOVA), yielding high
coefficients of determination (R2 = 0.9926 for �Tcell and 0.9600 for �P),
confirming strong predictive accuracy. Sensitivity analysis reveals that the
inlet velocity and channel angle are the primary factors influencing system
performance. The LINMAP-based decision-making approach identifies
an optimal configuration with λ = 1.031, φ = 1.47, u = 1.671 m/s, and
θ = 29.8°, achieving a �Tcell of 12.61°C and a �P of 6742.99 Pa, with
validation errors below 3%. Transient simulations at 0.5 and 1C discharge
rates show that the LINMAP-optimized design reduces the maximum cell
temperature by 13.12°C and 11.77°C, respectively, compared to the natural
convection baseline, and by 1.42°C and 0.76°C compared to the prototype
design, while maintaining comparable hydraulic resistance. This work
offers valuable guidance for designing and optimizing liquid-cooled bat-
tery thermal management systems with complex manifold structures.
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Nomenclature/Abbreviations
Nomenclature

�P Pressure drop
�Tcell Maximum temperature difference between battery cells
λ Inlet-to-outlet width ratio of the manifold channel
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φ The height ratio between the manifold and overflow channels
u Inlet velocity
θ Triangular ridge angle
R2 Coefficient of determination, indicating the goodness of fit of the regression model
lb Length of battery cell
wb Width of battery cell
hb Height of battery cell
ho Height of the overflow channel
wo Width of the overflow channel
hm Height of the manifold channel
wm Width of the manifold channel
ρ Density
g Gravity
E Energy
μ Dynamic viscosity
k Thermal conductivity
h Enthalpy
J Diffusion flux
S Source term
Qb Heat generated by the battery
T Temperature
t Time
cp Specific heat capacity
V oc Open-circuit voltage
I Current
Ri Internal resistance
di+ Euclidean distance between solution i and the ideal point
Fij Normalized value of the jth objective for the ith solution
Fideal

j Ideal value of the jth objective among all solutions
j Index of the jth objective function
i Index of the ith solution in the Pareto front
iLIN Index of the optimal solution selected by the LINMAP decision-making method
ηc Crossover distribution index
ηm Mutation distribution index

Abbreviations

BTMS Battery Thermal Management System
LIB Lithium-ion Battery
RSM Response Surface Methodology
NSGA-II Non-dominated Sorting Genetic Algorithm II
LINMAP Linear Programming Technique for Multidimensional Analysis of Preference
DoD Depth of Discharge
ANOVA Analysis of Variance
CCD Central Composite Design
UDF User-Defined Function
CFD Computational Fluid Dynamics
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1 Introduction

To address the challenges of climate change and carbon emissions, the global energy structure
is undergoing a rapid transition toward renewable energy dominance [1,2]. Although green energy
sources such as wind and solar power are clean and sustainable, their inherently intermittent and
fluctuating output makes them challenging to integrate directly into power grid operations [3,4].
Therefore, to ensure a stable energy supply and maintain grid load balance, the development of efficient
and reliable energy storage systems has become a critical enabler for achieving sustainable energy
systems [5,6].

Among current mainstream energy storage technologies, LIBs have been widely deployed in
large-scale electrochemical energy storage systems due to their high energy density, rapid response
capabilities, and flexibility in design [7,8]. However, during high-rate charging or discharging or
under elevated temperature conditions, LIBs generate significant heat [9]. If this heat is not dissipated
efficiently and promptly, it can lead to performance degradation, reduced cycle life, and, in severe
cases, thermal runaway and safety hazards. Therefore, the development of an efficient BTMS has
become a critical aspect of LIB-based energy storage system design. Recent studies have shown that
LIBs typically operate safely within a temperature range of 0°C to 45°C, with optimal electrochemical
performance achieved between 15°C and 35°C [10–12]. As such, it is essential to design thermal
management systems capable of maintaining the battery temperature within this optimal or acceptable
range, thereby ensuring the safety, reliability, and long-term efficiency of energy storage systems.

To ensure high-efficiency, controllable, and safe operation of LIBs, extensive research has been
conducted on various thermal management systems, including air cooling [13–16], liquid cooling
[17–19], phase change material cooling [20–22], and heat pipes [23,24]. Among these, liquid cooling
has emerged as the mainstream approach for lithium-ion battery (LIB) thermal management, owing
to its superior heat transfer capability and high temperature control accuracy. Akbarzadeh et al. [25]
demonstrated that, under comparable power consumption (0.5 W), liquid cooling systems can reduce
battery module temperatures by approximately 3°C compared to air cooling, while also exhibiting
lower temperature fluctuations and better thermal uniformity. Liquid cooling systems are generally
categorized into two types: direct liquid cooling and indirect liquid cooling. In direct liquid cooling,
the coolant is in direct contact with the battery casing, which enables high heat transfer efficiency [26].
However, this approach carries risks such as electrolyte leakage and insulation failure. In contrast,
indirect liquid cooling transfers heat from the battery to the coolant via intermediate heat exchange
components such as cold plates. Although this method introduces slightly higher thermal resistance, it
offers enhanced safety, better adaptability, and has become the prevailing solution in current battery
thermal management applications [27].

In indirect liquid cooling systems, the structural design of cold plates or cooling channels is
a key factor determining the thermal performance and energy efficiency of the system. Extensive
numerical and experimental studies have been conducted to evaluate the heat transfer effectiveness and
energy consumption characteristics of indirect liquid-cooled thermal management systems for LIBs.
Qian et al. [28] developed a BTMS using a cold plate with parallel and equidistant channels. They
conducted numerical studies to investigate the effects of channel number, volume flow rate, and flow
direction on temperature rise and distribution; the results indicated that the cooling impact improved
with an increase in the inlet flow rate. Additionally, they examined a single-inlet, single-outlet, multi-
channel cold plate. The numerical results demonstrated that the cooling effect increased with the
number of channels. However, when the cooling channel exceeded five, the increase in the cooling
impact became insignificant. Han et al. [29] numerically evaluated dielectric fluid immersion cooling
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with different fin structures for LIB packs. They found that triangular fins offered the best cooling
performance, reducing the maximum temperature by 4.45% and achieving the highest Nusselt number
and Performance Evaluation Criterion. An optimal A/B ratio of 4.304 was identified for enhanced
thermal–hydraulic efficiency. Xu et al. [27] developed an F2-type liquid cooling BTMS with an M-
mode arrangement of cooling plates, designed explicitly for high-energy-density prismatic lithium-ion
battery packs. The system was experimentally demonstrated to maintain effective temperature control
under 1C charge-discharge conditions. The results indicated that this design outperformed other liquid
cooling strategies in terms of cooling efficiency and overall heat transfer performance. Additionally,
the optimal inlet temperature was found to be approximately 18.75°C, and the minimum required
coolant flow rates were 6 and 12 L/h for 1 and 2C discharge rates, respectively. Wang et al. [30]
proposed a modular liquid-cooled BTMS for cylindrical LIBs using a sandwich structure with
integrated cooling plates. Experimental results showed that the system effectively maintained cell
temperatures below 45°C under 3C discharge, with a maximum temperature difference of less than
5°C. They also demonstrated scalability by testing single and multiple module setups, indicating
reliable cooling performance across various configurations. Zhang et al. [31] designed a cold plate
with variable cross-sectional channels and investigated its cooling performance on rectangular LIBs.
The primary focus of their analysis was to examine the impact of the channel outlet aspect ratio,
flow rate, and manifolding structure on the cold plate’s heat dissipation performance. Their findings
demonstrated that using channels with varying cross-sections can significantly improve cooling
efficiency and temperature uniformity. Jarrett et al. [32] analyzed a serpentine channel by modeling and
numerically studying design variables, including length, width, and channel route. Their analysis was
based on fixed boundary conditions and objective functions of average temperature, pressure drop,
and temperature uniformity. They found that a single design could meet the pressure and average
temperature objectives at the expense of temperature uniformity. Although substantial progress has
been made, the intricate nature of these advanced cold plate structures poses considerable obstacles to
real-world application [33].

Recent studies have shown the effectiveness of integrated optimization strategies in improving
battery thermal and energy performance [34]. For example, Li et al. [35] proposed a multi-horizon
model predictive control framework that simultaneously optimizes battery degradation, cooling
energy, and traction power in connected electric vehicles. Their approach reformulates conflicting
objectives into a degradation-centric function, achieving significant reductions in battery aging and
energy consumption. Various multi-objective optimization methods can be employed to simultane-
ously improve the thermal efficiency and flow characteristics of liquid-cooled BTMSs [33,36,37].
Wanittansirichok et al. [38] applied multi-objective topology optimization to design cooling plates
for liquid-based BTMS. Their study integrated a lumped battery model and assessed heat generation
at C-rates ranging from 1 to 3C, achieving a deviation of less than 2% from experimental results. The
optimized model reduced pressure drop by 20%–40% and lowered the maximum temperature by up to
14 K compared to the benchmark. It demonstrated effectiveness across various charge rates, offering
a reliable cooling solution for EV batteries. Feng et al. [39] proposed a gradient distributed Tesla
cold plate for battery module thermal management. They conducted a multi-objective optimization to
improve thermal performance and energy efficiency, considering variables like mass flow rate, channel
depth, and Tesla valve distance. The optimization reduced the pressure drop by 75.7% and improved
temperature uniformity, with a maximum temperature difference of less than 4°C. The optimal
configuration strikes a balance between high heat transfer and low energy consumption, offering a
significant reduction in both thermal performance and pressure drop. Zhu et al. [40] developed a
multi-physics cloak using topologycurrent. The design employs a transformation multiphysics cloak
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to achieve cloaking in arbitrary shapes, validated through simulations and experiments. Their method
couples thermal and electric conductivities in a single device, demonstrating enhanced cloaking
abilities for both heat and electric fields. The approach offers flexibility in shape, functionality, and
robust performance across various scenarios. Kalkan et al. [41] optimized a mini-channeled cold
plate for LIB thermal management using multi-objective optimization and ANOVA. They mini-
mized battery temperature and coolant pressure drop, determining the optimal design parameters: a
5 mm channel width, a 5 mm branch distance, a 10 mm channel depth, 13 crossovers, and a
0.7061 l/min coolant flow. In addition, other studies have demonstrated the significant potential of
machine learning, RSM, the Taguchi method, and ANOVA in assessing factors such as mass flow
rate, channel number, and other key parameters [42,43]. Zuo et al. [44] developed an improved multi-
channel cold plate for thermal management of LiFePO4 batteries. They applied grey relational analysis,
the Taguchi method, and ANOVA to evaluate factors such as mass flow rate, channel number, ambient
temperature, and oblique angle. The optimal configuration achieved the lowest pressure drop and the
highest j/f factor. This study highlights the potential of these methods in optimizing cold plate design.

Extensive literature reviews indicate that an ideal cold plate for BTMS should simultaneously offer
minimal flow pressure drop and enhanced thermal performance. Achieving such an optimal design
requires an accurate correlation between structural parameters and performance metrics, which can be
realized through reliable multi-objective optimization methods. Furthermore, it is essential to explore
practical and efficient structural designs suitable for BTMS applications. Manifold cold structures
have been demonstrated to possess both high heat dissipation capacity and low flow resistance
[18,45,46]. Although several studies have applied these structures to LIB cooling, most have focused on
straight-channel configurations. The impact of varying channel geometries within manifold structures
on BTMS performance remains insufficiently investigated. In addition, conventional machine learning
approaches often demand large volumes of training data to achieve acceptable accuracy, which
significantly increases computational cost and workload.

This study proposes a novel manifold cold plate structure featuring an overflow channel with
a bottom triangular ridge, designed to enhance the thermal management performance of lithium-
ion batteries. Compared to conventional straight-channel designs, the proposed structure offers
significant advantages in reducing flow resistance and improving heat dissipation. To achieve optimal
performance, a multi-objective optimization framework is developed by integrating RSM, NSGA-II,
and the LINMAP decision-making method, enabling a precise trade-off between thermal performance
and pressure drop. Furthermore, this work focuses on a practically significant yet underexplored
scenario—a 1P52S configuration of 280 Ah LiFePO4 batteries, widely used in energy storage systems
[47]. The effectiveness and robustness of the optimized cold plate are validated through both steady-
state and transient Computational Fluid Dynamics (CFD) simulations under various discharge rates,
demonstrating its strong potential for practical application in battery thermal management systems.

2 Geometric Model and Numerical Method
2.1 Geometric Model of the BTMS

As shown in Fig. 1, a three-dimensional computational model of a LIB thermal management
system incorporating a manifold cold plate was established to investigate its thermal and hydraulic
performance. The battery module consists of 52 prismatic cells arranged in a 4 × 13 configuration.
Each cell measures 72 mm in length (lb), 174 mm in width (wb), and 207 mm in height (hb) [48].
The cold plate is installed beneath the battery module and adopts a manifold-type heat dissipation
structure. A series of parallel overflow channels is arranged on the contact interface with the battery,
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with triangular ridges designed at the bottom of each channel to optimize coolant flow distribution
and enhance heat transfer performance. As illustrated in Fig. 1, the blue arrows indicate coolant
flow within the inlet manifold channels, while the red arrows represent flow in the outlet manifold
channels. The inlet and outlet manifold channels are arranged in an alternating pattern. The inlet
manifold channels are sealed at their outlet ends, while the outlet manifold channels are sealed at their
inlet ends, thereby forming a staggered and unidirectional flow path. This manifold configuration has
been widely recognized for its advantages of low flow resistance and high heat dissipation efficiency
[18,49,50]. During operation, the coolant first enters the system through a primary inlet manifold
and is then distributed into the inlet manifold channels. It subsequently flows through the overflow
channels, where the majority of heat exchange takes place. Finally, the fluid is directed into the outlet
manifold channels and collected by the central outlet manifold for discharge. Notably, previous studies
have demonstrated that conical channel geometries can enhance heat dissipation without significantly
increasing flow resistance [46,51]. Therefore, in this study, a triangular ridge is incorporated at the
bottom of each overflow channel to optimize both flow distribution and thermal performance. The
detailed geometric parameters and thermal–physical properties used in the simulation are listed in
Table 1.

Figure 1: Geometric configuration of the battery pack and the manifold cold plate with triangular
raised-bottom channels

Table 1: Summary of model parameters for the battery pack and cooling system

Componnent Parameter Value Unit

Battery pack LiFePO4 280 Ah
Size (LB × W B × HB) 936 × 696 × 207 mm

Battery cell

Density 2300 kg/m3

Specific heat 967 J/(kg·K)
Thermal conductivity 23.4 (kx), 5.3 (ky), 17.4 (kz) W/(m·K)
Size (lb × wb × hb) 174 × 72 × 207 mm

(Continued)
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Table 1 (continued)

Componnent Parameter Value Unit

Coolant

Density 1071.11 kg/m3

Viscosity 0.00339 Pa·s
Specific heat 3300 J/(kg·K)
Thermal conductivity 0.384 W/(m·K)
Inlet velocity 1–2 m/s
Inlet temperature 18 °C

Inlet Inner diameter 8 mm

Overflow channel Height (ho) 2.4∼3 mm
Width (wo) 16 mm

Manifold channel Height (hm) 3∼3.6 mm
Width (wm) 6.66∼20 mm

Triangular ridge angle θ 10∼30 °

2.2 Governing Equations and Boundary Conditions
Since the primary heat transfer within the cold plate occurs in the overflow channels, and the

Reynolds numbers in these channels remain below 200, a laminar flow model is adopted throughout
this study. To further simplify the numerical calculations, the following assumptions are made:

(1) The heat generation within each battery cell is assumed to be uniform.

(2) Thermal radiation is neglected in the simulation.

(3) The thermophysical properties of both the fluid and solid materials are considered constant
and independent of temperature.

(4) The battery pack casing is assumed to have a negligible contribution to heat dissipation and is
therefore excluded from the system-level optimization.

Under the assumptions above, the governing equations can be simplified in the way that
follows [49,52]:

Continuity equation:

∂ρ

∂t
+ ∂u

∂x
+ ∂u

∂y
+ ∂u

∂z
= 0 (1)

Momentum equation [53,54]:

∂ρu
∂t

+ ρu · ∇u = −∇p + ρg + F (2)

Energy equation [52]:

∂

∂t
(ρE) + ∇ · (u (ρE + p) = ∇ ·

(
keff ∇T −

∑
i

hiJi

)
+ S (3)
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In the equations: u denotes velocity, E is the energy, ρ represents density, p stands for pressure, μ
stands for the dynamic viscosity of the fluid, T represents temperature, cp represents the specific heat
capacity of the fluid, k signifies thermal conductivity, h is the enthalpy, J is the diffusion flux, S is the
heat source term for battery cells.

The E and S could be calculated as follows [48]:

E = h − p
ρ

+ u2

2
(4)

S = Qb

Vb

(5)

where V b is the volume of the battery, and Qb is the heat generated by the battery during the charging
or discharging process, which can be expressed as [55]:

Qb = I 2R − IT
dVoc

dT
(6)

where I is the current, Ri is the internal resistance, T is the battery temperature, and V oc is the open-
circuit voltage. During the discharging process of lithium-ion batteries, the internal resistance varies
with the change in battery capacity, leading to a corresponding variation in heat generation. Therefore,
accurately modeling the thermal behavior of the battery requires a reliable expression that captures the
relationship between internal resistance and the depth of discharge (DoD). In this study, an empirical
correlation (Eq. (7)) between the heat generation rate and the depth of discharge was obtained by
fitting experimental data reported by Li et al. [47], providing a basis for thermal source modeling.

Qb = 5398.6DOD6−15860.1DOD5+17667.2DOD4−9146DOD3+2202.7DOD2−232.3DOD+19.5 (7)

As shown in Fig. 2, the fitted heat generation curve is compared with the experimental data. It can
be observed that the simulation results exhibit a strong agreement with the experimental data across
the entire range of DoD. The R2 exceeds 0.98, indicating excellent fitting accuracy and demonstrating
the reliability of the empirical correlation for thermal modeling purposes.
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Figure 2: Comparison of simulated and experimental heat generation rates at various depths of
discharge
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2.3 Numerical Treatment
In this work, both transient and steady-state numerical simulations were carried out to investigate

the thermal and fluid dynamic characteristics of the proposed BTMS. The volumetric heat generation
is implemented into the governing equations through a User-Defined Function (UDF). Velocity-inlet
and pressure-outlet boundary conditions were applied at the coolant inlet and outlet, respectively.
The side walls of the computational domain were assigned a convective heat transfer coefficient of
5 W/(m2·K). For steady-state simulations, a volumetric heat generation rate of 10 kW/m3 was set
for the representative battery cell. Convergence was considered to be achieved when either the outlet
temperature stabilized or the residuals of the governing equations fell below 10−6.

2.4 Grid Independence Verification
A grid independence study was conducted to ensure that the simulation results were not signifi-

cantly affected by the mesh resolution, as shown in Fig. 3. The maximum battery temperature and the
pressure drop between the inlet and outlet were selected as evaluation metrics. It can be observed that
when the total number of elements exceeds 3.4 million, the variations in both maximum temperature
and pressure drop become negligible. Therefore, a grid size of 3.4 million elements was adopted for all
subsequent simulations.
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Figure 3: Grid independence study

3 Multi-Objective Optimization
3.1 Optimization Procedure

Fig. 4 illustrates the optimization framework used to enhance the thermal and hydraulic per-
formance of the proposed liquid cooling plate. The process begins with the identification of key
influencing factors and the formulation of multi-objective optimization goals. A Central Composite
Design (CCD) method is then employed to generate simulation scenarios and systematically explore
the design space. Next, multiple regression analysis is performed to develop empirical models that
correlate the input variables with performance metrics. The statistical significance and adequacy of
the regression models are evaluated using ANOVA. If the model fails to meet significance criteria,
the regression modeling is revisited. Otherwise, response surface methodology is used to examine the
trends and interactions among variables. Based on the established regression equations, the NSGA-
II is used to derive a Pareto front that represents the trade-off between conflicting objectives. The
LINMAP method is subsequently applied to determine the ideal solution from the Pareto-optimal set
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by calculating the shortest Euclidean distance to the perfect point in the normalized objective space.
Finally, the optimal design configuration corresponding to the recommended solution is extracted
and used to guide system improvements. This multi-stage optimization approach ensures a balanced
consideration of thermal efficiency and pressure drop within the battery thermal management system.

Figure 4: Multi-objective optimization framework for enhancing the thermal and hydraulic perfor-
mance of the liquid cooling plate

3.2 Design Variables and Objective Functions
For the multi-objective optimization of the manifold liquid cooling plate, the ratio of inlet to

outlet widths of the manifold channel (λ = wm,in/wm,out), the height ratio between manifold and overflow
channels (φ = hm/ho), the inlet velocity (u) and the inclination angle of the conical bottom surface in
the overflow channel (θ ) are selected as the key design variables. The optimization aims to achieve a
balance between thermal and hydraulic performance. Therefore, the maximum temperature difference
within the battery pack (�Tcell) and the pressure drop across the cold plate (�p) are defined as the
objective functions. The ranges and levels of the design variables used in the optimization process are
listed in Table 2.
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Table 2: The levels and actual values of the design parameters

Factor Description
Coded levels

Level A Level B Level C

λ Inlet-to-outlet width ratio of the manifold channel 1 2.5 5
φ The height ratio between the manifold and overflow channels 1 1.25 1.5
u inlet velocity 1 1.5 2
θ Triangular ridge angle 10 20 30

3.3 Central Composite Design
Based on the CCD method and the selected design variables and levels, a total of 30 simulation

cases were established, as presented in Table 3. The input variables include the inlet-to-outlet width
ratio of the manifold channel (λ), the height ratio between the manifold and overflow channels (φ),
the inlet velocity (u), and the Triangular ridge angle of the overflow channel bottom (θ ). Through
numerical simulations, the corresponding outputs were obtained for each case, including the maximum
temperature difference of the battery pack (�Tcell) and the pressure drop between the inlet and
outlet (�p). These results provide the basis for subsequent regression modeling and multi-objective
optimization analysis.

Table 3: CCD design matrix with simulation results

Test No. λ φ u θ �Tcell �p

1 1 1 1 10 15.04 2752
2 5 1 1 10 15.53 2660
3 1 1.5 1 10 14.56 2977
4 5 1.5 1 10 15.72 3005
5 1 1 2 10 13.34 9869
6 5 1 2 10 13.47 9196
7 1 1.5 2 10 13.06 10,851
8 5 1.5 2 10 13.79 11,143
9 1 1 1 30 15.17 2700
10 5 1 1 30 15.45 2747
11 1 1.5 1 30 15.09 3313
12 5 1.5 1 30 15.54 3195
13 1 1 2 30 13.5 10,364
14 5 1 2 30 13.37 13,289
15 1 1.5 2 30 13.03 12,873
16 5 1.5 2 30 13.47 10,948
17 1 1.25 1.5 20 13.92 7105
18 3 1.25 1.5 30 13.62 5248
19 3 1 1.5 20 13.85 7209
20 3 1.5 1.5 20 13.94 7204
21 3 1.25 1.5 30 13.62 5248

(Continued)
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Table 3 (continued)

Test No. λ φ u θ �Tcell �p

22 3 1.25 2 20 13.23 13,126
23 3 1.25 1.5 30 13.62 5248
24 3 1.25 1.5 30 13.62 5248
25 3 1.25 1.5 20 13.93 7453
26 3 1.25 1.5 10 13.82 7031
27 3 1.25 1.5 30 13.62 5248
28 5 1.25 1.5 20 14.3 5510
29 3 1.25 1.5 30 13.62 5248
30 3 1.25 1 20 15.34 3344

3.4 Response Surface Methodology
RSM is a robust and widely applied statistical and mathematical technique designed to model

and analyze problems in which a response of interest is influenced by several variables [56]. It is
particularly effective for exploring the relationships between design parameters and performance
objectives, especially in engineering optimization problems. The fundamental aim of RSM is to
approximate the genuine functional relationship between the response and the design variables using a
surrogate model, most commonly, a low-order polynomial. Compared to traditional methods such as
the Taguchi technique or artificial neural networks, RSM exhibits superior accuracy, transparency, and
computational efficiency, particularly when addressing thermodynamic and multi-physical challenges
[57,58]. It achieves this by requiring a minimal number of experimental or simulation runs, thereby
reducing the cost and complexity of the optimization process. In this study, a second-order polynomial
regression model is adopted as the response surface function, which includes linear, quadratic (square),
and two-factor interaction terms. The general form of the RSM model with n factors is expressed
as [59]:

y = a0 +
n∑

i=1

aixi +
n∑

i=1

aiix2
i +

n∑
i=1

n∑
i=1

aijxij + ε (8)

where y is the predicted response, xi and xj are the independent design variables, a0 is the intercept
term, ai is the coefficients of the linear terms, aii is the coefficients of the quadratic terms, aij is the
coefficients of the interaction terms, ε is the random error term, respectively.

3.5 NSGA-II Algorithm
The NSGA-II is a widely adopted evolutionary algorithm for solving multi-objective optimization

problems [43]. As illustrated in Fig. 5, the optimization process begins by randomly generating an
initial population of candidate solutions, each of which is evaluated using the objective functions
derived from the RSM. The population is then sorted into different non-dominated levels based on
Pareto dominance. Within each front, a crowding distance metric is calculated to ensure diversity
among solutions by favoring those in less populated regions of the design space. This strategy
promotes uniform distribution along the Pareto front. Next, the algorithm adopts elitism to retain
superior solutions for the next generation. Crossover and mutation operations are applied to selected
individuals to generate offspring with new characteristics. The parent and offspring populations are
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then merged and ranked again, from which a new population is formed for the next generation. These
procedures are repeated iteratively until a predefined maximum number of generations is reached, at
which point the algorithm outputs a set of non-dominated solutions. To avoid convergence to local
optima, the NSGA-II algorithm incorporates genetic operators such as crossover and mutation to
maintain population diversity. While crossover promotes local search by combining features from
parent solutions, the mutation operator introduces new genetic material that is not present in the
parents. This enables the algorithm to explore previously unvisited areas of the solution space. The
stochastic nature of the mutation operator enables it to effectively escape local optima, thereby
enhancing the global search capability of the algorithm [60].

Figure 5: Flow chart of NSGA-II algorithm

3.6 LINMAP Decision-Making Method
Furthermore, selecting an appropriate decision-making strategy is essential for determining the

most favorable solution among the Pareto-optimal set generated by multi-objective optimization.
Among the available methods—such as TOPSIS, LINMAP, and fuzzy Bellman-Zadeh approaches—
this study specifically adopts the LINMAP method, which determines the best solution based on its
minimum distance to an ideal solution in the objective space.
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In the LINMAP decision-making method, the final optimal solution (iLIN) has a minimal distance
from the ideal point as follows:

di+ =
√∑2

j=1

(
Fij − Fideal

j

)2
(9)

where Fij represents the normalized value of the jth objective for the ith solution, and Fideal
j denotes

the ideal value of the jth objective (typically the minimum or maximum value, depending on the
optimization goal). The solution corresponding to the shortest distance is considered optimal:

iLIN ≡ i ∈ min (di+) (10)

4 Results and Discussions
4.1 Validation of the Regression Model

To statistically validate the predictive performance of the developed regression model, ANOVA
was performed for each response variable. ANOVA is a fundamental statistical technique for assessing
the significance of model terms and quantifying the proportion of response variability that can be
explained by the regression model [61].

Table 4 summarizes the statistical performance of the developed regression models for the output
responses �Tcell and �P. The models exhibit strong goodness of fit, with both reactions achieving high
R2 of 0.9926 and 0.9600, respectively. The adjusted R2 and predicted R2 values for �Tcell are 0.9857
and 0.9534, indicating excellent model accuracy and predictive capability. For �P, the adjusted R2 is
0.9227 and the predicted R2 is 0.7735, which are acceptable for engineering applications. Additionally,
the adequate precision values exceed the threshold of 4, further confirming the models’ suitability for
navigating the design space. The p-values for both models are less than 0.0001, suggesting that the
fitted models are statistically significant and can be reliably used for subsequent optimization.

Table 4: ANOVA analysis for output responses

Response Order R2 p-value Adjusted R2 Predicted R2 Adequate precision

�Tcell Quadratic 0.9926 <0.0001 0.9857 0.9534 38.2
�P Quadratic 0.9600 <0.0001 0.9227 0.7735 14.8

To further verify the validity and significance of the developed regression models, a detailed
analysis of the p-values and F-values corresponding to each regression coefficient was conducted, as
presented in Table 5. The intercept terms (a0) for �Tcell and �P exhibited high F-values (154.80 and
1091.03, respectively), confirming the overall significance of the models. Among the linear terms, a2

(corresponding to u) and a4 (corresponding to θ ) showed consistently low p-values (< 0.05) and high
F-values across all three responses, indicating that the fluid velocity and inlet temperature significantly
influenced �Tcell and �P. In particular, a4 exhibited extremely high F-values (1986.22 and 14,567.35
for �Tcell and �P, respectively), highlighting its dominant impact. For the interaction terms, a24

(φ·θ ) was found to be significant for �Tcell and �P, as evidenced by its low p-values (<0.05) and
relatively large F-values. Additionally, a12 (λ·φ) and a23 (φ·u) demonstrated significant effects primarily
on �P, suggesting that the interaction between design variables also played a non-negligible role
in determining the system behavior. Regarding the quadratic terms, a11 (λ2) and a44 (θ 2) exhibited
statistical significance for �Tcell and �P, with p-values below 0.05 and noticeable F-values, further
confirming the necessity of the quadratic terms in accurately capturing the nonlinear relationships
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between the variables and responses. Overall, the analysis of p-values and F-values supports the
conclusion that the key linear, interaction, and quadratic terms are statistically significant contributors
to the predictive models. This further reinforces the validity, reliability, and robustness of the developed
response surface models.

Table 5: p-value and F-value of ANOVA

Coefficient �Tcell (°C) p-value �Tcell (°C) F-value �P (Pa) p-value �P (Pa) F-value

a0 – 154.80 – 1091.03
a1 0.1157 2.79 <0.0001 32.92
a2 0.0152 7.51 <0.0001 299.83
a3 0.0005 19.15 <0.0001 43.07
a4 <0.0001 1986.22 <0.0001 14,567.35
a12 0.5022 0.4727 0.0042 11.33
a13 0.3326 1 0.0119 8.18
a14 0.7816 0.0797 0.0304 5.71
a23 0.18 1.98 0.0034 12.1
a24 0.0157 7.42 <0.0001 108.46
a34 0.8551 0.0345 0.0381 5.17
a11 0.0022 13.56 0.0936 3.21
a22 0.8243 0.051 0.0438 2.82
a33 0.9264 0.0088 0.1795 1.98
a44 0.0021 13.79 <0.0001 57.81

To comprehensively assess the predictive performance of the developed models, scatter plots
comparing the predicted values to the actual experimental results for �Tcell and �P are provided in
Fig. 6. Each plot features a 45° reference line representing ideal agreement. As illustrated in Fig. 6a,
the predicted values of �Tcell show excellent agreement with the actual data, confirming the high
accuracy of the quadratic model in capturing thermal behavior. Similarly, Fig. 6b illustrates a strong
correlation between the predicted and actual values of �P, with only minor deviations observed at
higher pressures.

In addition to the R2 and ANOVA analysis, further validation of the model adequacy was
performed through comprehensive residual diagnostics, as illustrated in Fig. 7. The externally stu-
dentized residuals versus predicted plots (Fig. 7a,b) show that the residuals are randomly scattered
around the zero line without any discernible patterns, suggesting that the assumptions of linearity and
homoscedasticity are satisfied for the models predicting �Tcell and �P, respectively. The standard
probability plots (Fig. 7c,d) demonstrate that the externally studentized residuals closely follow a
straight line, indicating that the residuals are approximately normally distributed, which further
supports the validity of the regression assumptions. The Cook’s distance plots (Fig. 7e,f) were used
to identify influential observations. All data points exhibit Cook’s distance values well below the
reference threshold of 1.0, confirming that no single experimental run unduly influences the model
fits. Collectively, these diagnostic plots confirm that the developed quadratic response surface models
are statistically adequate, robust, and suitable for subsequent multi-objective optimization.

https://www.scipedia.com/public/Zhang_et_al_2026 15

https://www.scipedia.com/public/Zhang_et_al_2026


H. Zhang, P. B. Ganesan, W. T. Chong and M. N. B. M. Zubir,

Multi-objective optimization and performance evaluation of manifold-based cooling systems

for battery thermal management using RSM and NSGA-II,

Rev. int. métodos numér. cálc. diseño ing. (2026). Vol.42, (1), 5

Figure 6: Validation of model predictions for temperature rise and pressure drop: (a) �Tcell; (b) �P

Figure 7: (Continued)
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Figure 7: Comprehensive residual analysis of the regression models: (a) externally studentized residuals
vs. predicted values of �Tcell; (b) externally studentized residuals vs. predicted values of �P; (c) normal
probability plots of �Tcell; (d) normal probability plots of �P; (e) Cook’s distance plots of �Tcell; (f)
Cook’s distance plots of �P

4.2 Response Function and Response Surface Analysis
Based on the constructed response surface models, two second-order polynomial regression

equations have been established, as shown in Eqs. (11) and (12). By substituting specific values of the
design variables into these predictive models, the corresponding response variables can be accurately
evaluated.

ΔTcell = 20.3011 − 0.3496λ − 1.5097φ − 6.3781u + 0.1187θ + 0.0583λ2 + 0.2513λφ − 0.0756λu

− 0.0046λθ + 0.293φ2 − 0.0250φu − 0.0286φθ + 1.6333u2 − 0.0086uθ − 0.0022θ2 (11)

ΔP = 12603.4254 + 1047.1011λ − 16855.5350φ − 12357.8716u + 540.3834θ − 103.4104λ2

+ 491.2500λφ − 47.1250λu + 4.2938λθ + 7765.7362φ2 + 733.0000φu − 56.7500φθ

+ 6055.4341u2 + 73.1750uθ − 14.3171θ2 (12)

To investigate the effects of λ, φ, u, and θ on the thermo-hydraulic performance of the manifold
cold plate. Figs. 8 and 9 present the 3D response surfaces derived from the RSM-based regression
models. As shown in Figs. 8 and 9, the u exerts the most significant influence on all thermal indicators.
With increasing velocity, the convective heat transfer capability of the cold plate is enhanced, thereby
improving heat dissipation efficiency and effectively reducing temperature gradients. However, this
also results in a substantial rise in system pressure drop.
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Figure 9: Response surface of the design parameter for �P (a–f)

In the analysis of �Tcell, u remains the most dominant factor. Higher inlet velocity enhances
the overall heat removal capacity. It reduces local thermal accumulation within the battery pack,
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resulting in a substantial decrease in the maximum temperature difference between cells. Although
λ and φ exhibit relatively weak individual effects, their interaction with u still contributes to variations
in thermal uniformity. A moderate increase in θ facilitates more favorable flow development within
the overflow channel, enlarges the convective heat transfer area, and thereby enhances the cooling
performance around the cells, ultimately lowering the peak temperature in the battery module. In
contrast to thermal responses, the pressure drop �P is not only significantly affected by u but also
highly sensitive to λ. A higher u inevitably increases system flow resistance, resulting in a steep rise in
�P. Although increasing λ widens the inlet of the manifold channel, the simultaneous narrowing at the
outlet contributes to a marked increase in local flow resistance. This conclusion is further supported
by the ANOVA results shown in Fig. 9, where interaction terms such as λu and θφ exhibit p-values
below 0.05, indicating statistically significant effects on both �P and �Tcell. These findings validate
the interaction sensitivity observed in the response surface plots and emphasize the necessity of multi-
parameter coupling in optimizing manifold cold plate design.

4.3 Optimization of Design Parameters
After establishing the response surface regression models and verifying their accuracy through

numerical simulation, further exploration was conducted to identify optimal parameter combinations
for the manifold cold plate design. In this section, a multi-objective optimization approach based
on the NSGA-II is employed to achieve simultaneous improvement of thermal and hydraulic per-
formance. The optimization objectives are to minimize the maximum temperature difference within
the battery pack (�Tcell) and the pressure drop across the cold plate (�P). These two objectives are
inherently conflicting, particularly about the inlet velocity, which affects them in opposing directions.
The fitted response surface models for �Tcell and �P are used as the objective functions for the
optimization process.

The design variables include the inlet-to-outlet width ratio of the manifold channel (λ), the height
ratio between the manifold and overflow channels (φ), the inlet velocity (u), and the inclination angle of
the conical overflow channel (θ ). These variables are constrained within practical engineering ranges,
as detailed in the following formulation:

Minimize: �Tcell = y1(λ, φ, u, θ )

Minimize: �P = y2(λ, φ, u, θ )

1 ≤ λ ≤ 5

1 ≤ φ ≤ 1.5

1 ≤ u ≤ 2

10 ≤ θ ≤ 30

The detailed design parameters used in the NSGA-II optimization algorithm are summarized in
Table 6. To determine appropriate parameter values, multiple rounds of preliminary simulations were
conducted by varying the population size (e.g., 50, 100, 150), generation number (e.g., 100, 200, 300),
and control parameters for crossover and mutation. Through these iterative trials, a population size
of 100 and a maximum generation count of 300 were selected to ensure sufficient solution diversity
and convergence reliability. The crossover and mutation probabilities were finalized at 0.9 and 0.1,
respectively, reflecting an optimal trade-off between exploration and exploitation observed during
preliminary testing. In addition, the distribution indices for ηc and ηm were set to 15 and 20, respectively,
based on their effectiveness in maintaining offspring diversity and controlling mutation intensity
throughout the evolutionary process.
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Table 6: Design parameters of NSGA-II

Parameter Value

Population size 100
Maximum number of generations 300
Crossover probability 0.9
Mutation probability 0.1
Crossover distribution index (ηc) 15
Mutation distribution index (ηm) 20

Fig. 10 presents the Pareto front obtained from NSGA-II optimization, where the two conflicting
objectives �P and �Tcell are simultaneously minimized. Each point on the Pareto front represents a
non-dominated solution offering a trade-off between thermal uniformity and hydraulic performance.
The lower-left corner marks the ideal point, corresponding to the theoretical minimum of both
objectives. In Fig. 10, Point A, located in the upper-left region, exhibits excellent thermal performance
but incurs a significant pressure drop. In contrast, Point B in the lower-right region minimizes
pressure loss at the cost of an increased temperature difference. The selected point, identified using
the LINMAP method, represents the optimal compromise solution, characterized by a pressure drop
of approximately 6742.99 Pa and a corresponding temperature difference of 12.61°C.

3175.19234

12.0 12.5 13.0 13.5 14.0 14.5
2000

4000

6000

8000

10000

12000

14000

16000

)pord
erusser

P(
P

cell (Temperature difference)

Point B

Point A

Ideal point

Selected point

6742.99842

 Pareto front  Ideal ponit 

Figure 10: Pareto front for �Tcell and �P with LINMAP decision-making methods

To identify practical optimal solutions from the Pareto set, the two widely used LINMAP
decision-making methods were applied. As shown in Table 7, the selected solution corresponds to the
design parameters λ = 1.031, φ = 1.530, u = 1.671 m/s, and θ = 29.8°, resulting in �Tcell = 12.61°C
and �P = 6742.99 Pa.

To assess the reliability of the NSGA-II optimization based on RSM surrogate models, the
LINMAP optimal solution was re-evaluated using high-fidelity CFD simulations. As shown in Table 8,
the CFD-predicted pressure drop and temperature difference are 6797.20 Pa and 12.96°C, respectively,
compared to the RSM-based predictions of 6742.99 Pa and 12.60°C. The relative errors are 0.8% for
�P and 2.8% for �Tcell, both within acceptable limits. These results confirm the high accuracy and

https://www.scipedia.com/public/Zhang_et_al_2026 20

https://www.scipedia.com/public/Zhang_et_al_2026


H. Zhang, P. B. Ganesan, W. T. Chong and M. N. B. M. Zubir,

Multi-objective optimization and performance evaluation of manifold-based cooling systems

for battery thermal management using RSM and NSGA-II,

Rev. int. métodos numér. cálc. diseño ing. (2026). Vol.42, (1), 5

practical applicability of the surrogate models used in the optimization process, thereby validating the
effectiveness of the proposed NSGA-II-based multi-objective design approach.

Table 7: Optimal results obtained from Ideal Point and LINMAP

Point λ φ u (m/s) θ (°) �Tcell (°C) �P (Pa)

A 2.263 1.499 1.99 29.99 11.22 15,216.53
B 1 1.115 1 29.98 14.35 3175.19
Selected point 1.031 1.47 1.671 29.800 12.61 6742.99
Ideal point – – – – 11.22 3175.19

Table 8: CFD validation of optimization results

Point �P (NSGA-II) �P (CFD) Error �Tcell (NSGA-II) �Tcell (CFD) Error

LINMAP 6742.99 6797.20 0.8% 12.60 12.96 2.8%

4.4 Cooling Performance of the Manifold Cold Plate under Various Discharge Rates
To more accurately evaluate the dynamic thermal response of the manifold cold plate under

realistic battery operating conditions, a transient simulation was performed using time-dependent heat
generation profiles, with parameters taken from Table 7. As shown in Fig. 11, under 1C discharge,
the natural convection case exhibits the highest temperature rise, reaching 54.7°C, due to the absence
of active cooling. Under the 1C discharge condition, the prototype configuration exhibits a slightly
higher peak temperature of 43°C, while the LINMAP-optimized configuration reduces it to 41.68°C,
indicating improved thermal control. At 0.5C discharge, a similar trend is observed with generally
lower temperatures. The natural convection configuration reaches a maximum temperature of 39.29°C,
whereas the prototype and LINMAP-optimized designs achieve 28.28°C and 27.5°C, respectively.
Notably, the LINMAP-optimized configuration consistently maintains the lowest peak temperature
across both discharge rates, highlighting its superior performance in enhancing thermal uniformity
and mitigating thermal stress. Additionally, as shown in Fig. 11, the pressure drop of the LINMAP-
optimized configuration is 6.797 kPa, only marginally higher than that of the prototype design
(6.754 kPa).
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Figure 11: Transient thermal and hydraulic performance of natural convection, prototype, and
LINMAP-optimized designs under 0.5 and 1C discharges

5 Conclusion

In this work, a manifold cold plate with triangular overflow channels was proposed and optimized
for the thermal management of lithium-ion battery modules. ANOVA was employed to evaluate
the reliability of the constructed regression models. The R2 values for �Tcell and �P are 99.26%
and 96.00%, respectively, indicating that the quadratic response surface models accurately capture
the relationships between the design variables and the output responses. The corresponding F-
values are 154.80 and 1091.03, with p-values less than 0.0001 for both models, confirming their
high statistical significance. Sensitivity analysis revealed that the most influential parameters for
�Tcell are, in descending order, the linear term of u, the linear term of θ , and their interaction term
(u·θ ). For �P, the most significant terms are the linear term of θ , the linear term of u, and the
interaction term λ·θ . Quadratic terms such as θ 2 and λ2 also showed significant effects on both
responses. Response surface analysis further demonstrated that increasing the inlet velocity enhances
convective heat transfer, thereby reducing �Tcell, but at the cost of increased �P. Similarly, a steeper
channel bottom angle improves flow uniformity and thermal dispersion, while also contributing to
higher pressure losses. Interaction effects between λ and u, as well as between θ and φ, were found
to have statistically significant impacts on system performance. Multi-objective optimization was
conducted using the NSGA-II algorithm to minimize �Tcell and �P simultaneously. The LINMAP
method was then used to select the optimal design from the Pareto front. The configuration chosen
achieved a �Tcell of 12.61°C and a �P of 6742.99 Pa, with design parameters λ = 1.031, φ = 1.47,
u = 1.671 m/s, and θ = 29.8°. High-fidelity CFD validation showed good agreement with RSM
predictions, with relative errors of 0.8% and 2.8%, respectively. Transient simulations under realistic
discharge conditions further confirmed the effectiveness of the optimized design. Compared with the
baseline prototype, the LINMAP-optimized configuration reduced peak temperatures across both
0.5 and 1C discharge rates, with only a marginal increase (0.6%) in pressure drop. This demonstrates
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the proposed design’s ability to enhance thermal uniformity while maintaining efficient hydraulic
performance.

6 Practical Applications and Limitations

This study integrates CFD simulations, RSM, and the NSGA-II to establish an efficient multi-
objective optimization framework aimed at improving the thermal and hydraulic performance of cold
plates in liquid-cooled battery thermal management systems. The proposed approach significantly
reduces the number of simulations required and enhances optimization efficiency, while effectively
balancing the trade-off between maximum temperature difference and pressure drop.

However, this method has limitations. RSM may struggle with highly nonlinear or strongly
coupled systems and is sensitive to sample distribution. High-dimensional problems require a large
number of samples, which increases the cost. Moreover, the CFD models rely on idealized assumptions
that may not reflect real-world conditions such as contact resistance and manufacturing variability.
Future research will aim to address these limitations by incorporating experimental validation, more
advanced surrogate models, and a broader range of practical boundary conditions.
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