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Changsha, China

Introduction: With the development of the new energy vehicle industry, the
research aims to improve the energy utilization efficiency of electric vehicles by
optimizing their composite power supply parameters.

Methods: An optimization model based on non-dominated sorting genetic
algorithm Il was designed to optimize the parameters of liquid cooling
structure of vehicle energy storage battery. The objective function and
constraint conditions in the optimization process were defined to maximize
the heat dissipation performance of the battery by establishing the heat
transfer and hydrodynamic model of the electrolyzer.

Results: The results showed that the optimization method had excellent
performance on multiple evaluation indicators, the material degradation rate
after optimization was reduced by 42%, the corrosion rate was reduced by 36%,
and the battery life was increased by 17%. The optimization method ensured the
maximum temperature control for the safe operation of the lithium-ion battery
pack. The temperature of the battery pack was effectively controlled. The
temperature difference was kept within 5°C, preventing the battery from
overheating and extending its service life.

Discussion: The proposed liquid cooling structure design can effectively manage
and disperse the heat generated by the battery. This method provides a new idea
for the optimization of the energy efficiency of the hybrid power system. This
paper provides a new way for the efficient thermal management of the
automotive power battery.

NSGA-II, vehicle mounted energy storage battery, liquid cooled heat dissipation
structure, lithium ion batteries, optimal design

1 Introduction

The demand for in vehicle energy storage batteries is showing significant growth.
However, these batteries emit numerous thermal energy during operation, which not only
shortens batteries’ life, but may also pose safety hazards (Luo et al., 2022). Therefore,
efficient battery thermal management becomes a key issue currently faced. Liquid cooling
technology, as a widely used thermal management method, is crucial for maintaining
temperature stability and uniformity during battery operation (Karimi et al., 2021).
However, the design of liquid cooling and heat dissipation structures is quite complex

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmech.2024.1411456/full
https://www.frontiersin.org/articles/10.3389/fmech.2024.1411456/full
https://www.frontiersin.org/articles/10.3389/fmech.2024.1411456/full
https://www.frontiersin.org/articles/10.3389/fmech.2024.1411456/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2024.1411456&domain=pdf&date_stamp=2024-07-01
mailto:a168102328@163.com
mailto:a168102328@163.com
https://doi.org/10.3389/fmech.2024.1411456
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2024.1411456

Sun and Peng

and requires in-depth research and optimization to achieve optimal
performance. The battery liquid cooling heat dissipation structure
uses liquid, which carries away the heat generated by the battery
through circulating flow, thereby achieving heat dissipation effect
(Yi et al, 2022). The Non-dominated Sorting Genetic Algorithm II
(NSGA-II) can find multiple optimal solutions in one run, achieving
a good balance between multiple objective functions (Xiao et al.,
2021; Wang et al, 2024). NSGA-II was studied and utilized to
heat
characteristics, and heat transfer characteristics to optimize the

analyze the structure, working principle, generation
heat dissipation effect, laying a theoretical foundation for the
thermal analysis of battery stacks. Finally, the structure of the
liquid cooling system for in vehicle energy storage batteries was
optimized based on NSGA-II The efficiency of NSGA-II enables the
optimization design process to be completed in a relatively short
time, reducing research, development, and time costs. Meanwhile,
the global search capability of the algorithm also avoids the problem
of getting stuck in local optima, improving the quality and reliability
of optimization results. This study provides practical guidance for
the optimization design of liquid cooled heat dissipation structures
in vehicle mounted energy storage batteries. Meanwhile, this paper
provides theoretical support for the application of multi-objective
optimization algorithms in the design of the heat dissipation
structure. The article is divided into four parts. The first part
discusses and analyzes the optimization of the liquid cooling and
heat dissipation structure of vehicle mounted energy storage
The of NSGA-II both

domestically and internationally is analyzed. The second part

batteries. current research status
proposes the optimization of battery model parameters and the
optimization design of battery liquid cooling and heat dissipation
structure based on NSGA-II. The third part verifies the effectiveness
and performance of the algorithm through experiments. The fourth

part summarizes the research findings.

2 Related works

The liquid cooling and heat dissipation of in vehicle energy storage
batteries gradually become a research hotspot under the rapid industrial
growth. Fayaz et al. addressed the poor thermal performance, risk of
thermal runaway, and fire hazards in automotive energy storage
batteries. A single-objective optimization technology was adopted to
optimize the thermal parameters and structural design of lithium-ion
batteries, effectively improving their thermal performance and lifespan
(Fayaz et al., 2022). Karthik et al. learned and put forward a novel plate
liquid battery thermal managing solution to address the abnormal
temperature in automotive energy storage batteries under extreme
working conditions. Research comparison showed that the mass
flow, maximum pressure, and power consumption of the system
were reduced by 66.33%, 38.10%, and 43.56% compared with the
case of equal mass flow, respectively. The temperature rise and
temperature distribution of the battery system were kept within the
normal range (Karthik et al,, 2021). Bulut et al. conducted predictive
research on the effect of battery liquid cooling structure on battery
module temperature using an artificial neural network model. The
research results indicated that the power consumption reduced by
22.4% through optimization. The relative error of the prediction results
was less than 1% (Bulut et al., 2022). Kalaf et al. learned and put forward
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a review for liquid cooling heat dissipation structure of in vehicle energy
storage batteries. By reviewing recent research results on battery liquid
cooling systems, they pointed out that an effective cooling system was
crucial for extending battery life. This system effectively effected the
temperature in terms of difference and peak between batteries (Kalaf
et al, 2021). Chen et al. learned and put forward a microchannel
thermal managing solution supported by neural network regression to
address the enormous heat generated by lithium-ion batteries at high
current charging rates. The research results showed that the charging
state value increased by 0.5 after 15min of charging. The energy
consumption was less than 0.02]. The maximum temperature was
controlled within 33.35°C, with a temperature standard deviation
controlled within 0.8°C (Chen et al,, 2021). Park et al. focused on
optimizing the cooling systems and designed the controller as an
optimal control problem. They successfully significantly reduced
energy consumption without increasing computational load by
representing the terminal cost of the predicted horizon to infinity
and using the calculated optimal expected cost to approximate the target
operating cost (Park and Ahn, 2021).

In recent years, researchers are dedicated to studying the
application of NSGA-II in liquid cooling and heat dissipation of
batteries. He et al. adopted an innovative evolutionary NSGA-II in
the multi-objective planning and operational collaborative
optimization of vehicle mounted energy storage hybrid power
systems. Through comparative research, the implementation of
this collaborative operation strategy showed higher economic and
reliability of in vehicle energy storage systems compared to single
energy storage systems in different experimental scenarios,
providing strong support for practical applications (He et al,
2022). Li et al. learned and put forward a multi-objective
quantitative optimization for photovoltaic solar cells based on
NSGA-II to address the uncertainty of charging requirements for
in vehicle energy storage batteries. Research found that this method
achieved cost reduction of retired batteries, with a reduction of
29.4%, providing a new way to reduce battery operating costs (Li
etal, 2022). Tang et al. designed a target mode switching strategy for
maximizing power system efficiency based on the dynamic
programming nested decomposition NSGA-II algorithm to
further explore the new hybrid power system. The experiment
outcomes confirmed that this strategy was superior to the
traditional NSGA-II algorithm in computational efficiency,
providing new ideas for performance optimization of hybrid
power systems (Tang et al, 2021). In response to the need to
enhance electric vehicle battery systems, Wei et al. combined
multi-objective solution to optimize the operating parameters.
The research results indicated that the optimized operating
parameters evolved batteries thermal performance and reduced
power consumption, providing important theoretical guidance for
the operation strategy (Wei et al., 2022).

In summary, the pipeline design of the liquid cooling method for
batteries in the past is relatively complex, requiring high sealing
requirements for the cooling circuit. The thermal balance of the
liquid cooling method is poor. Therefore, in response to these
defects, the optimization design of the liquid cooling heat
dissipation structure of vehicle mounted energy storage batteries
is studied. An optimized design of the liquid cooling structure of
vehicle mounted energy storage batteries based on NSGA-II is
balance can be improved,

proposed. Therefore, thermal
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TABLE 1 Parameters of model 18,650 lithium-ion battery.

10.3389/fmech.2024.1411456

Battery type 186508 18650C 18650D 18650E 18650P
Capacity (mA) 3,400.0 2,600.0 2,500.0 1,500.0 1,100.0
Voltage (V) 3.7 3.7 3.7 3.7 32
Internal resistance (m Q) 30.0 70.0 30.0 15.0 20.0
Charging rate (C) 0.5-2.0 0.5-1.0 0.5-1.0 1.0-3.0 1.0-3.0
Discharge rate (C) 1.0-3.0 0.5-1.0 3.0-5.0 10.0-15.0 10.0-25.0

manufacturing costs and maintenance difficulties can be reduced,
and the safety and service life of the batteries can be ensured. This
algorithm has the advantages of strong global search ability and high
computational efficiency. This paper can provide more efficient and
comprehensive optimization methods for the design of heat
dissipation structures of vehicle mounted energy storage batteries.

3 Structural optimization of liquid
cooling system for vehicle mounted
le\lréeGerylIstorage batteries based on

The study first analyzes the structure, working principle, heat
generation characteristics, and heat transfer characteristics of the
battery, laying a theoretical foundation for the thermal analysis of
the stack. Finally, the structure of the liquid cooling system for in
vehicle energy storage batteries is optimized based on NSGA-IIL

3.1 Optimized lithium-ion battery model
parameters

The construction of mobile storage battery packs in vehicles can
provide sufficient energy reserves and supply for the power system,
improving the stability and reliability of the power system. The
current in car energy storage batteries are mainly lithium-ion
batteries, which have a high voltage platform, with an average
voltage of 3.7V or 3.2 V. Its energy storage density is 6-7 times
higher than traditional lead-acid batteries. However, currently
lithium-ion batteries generally have safety hazards and are prone
to explosions (Xu and Shen, 2021; Serat et al., 2023). It is necessary to
protect lithium-ion batteries to avoid overcharging and over
the battery
parameters related to the 18,650 lithium-ion battery are shown
in Table 1.

In Table 1, there is a significant risk of heat accumulation. The

discharging. According to the network data,

charging and discharging current is very low, which cannot meet the
requirements of high rate charging and discharging. The models are
18650E and 18650P, with high magnification and small capacity,
mainly used in the relevant fields of power batteries. Although
18650D is slightly smaller than 18650B, both can meet the
requirements of discharge rate and high-power discharge in extreme
environments. However, due to the low charging and discharging rate
and lower capacity of 18650D, its volume utilization rate is low.
Therefore, the study chooses 18650B as the follow-up experimental
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battery. The single cell battery used is 3400mAh, with a rated voltage of
3.7V. It is assumed that 1 batteries are connected in series and several
batteries are connected with the a parallel pattern for the purpose of
constructing an energy storage battery system, as it manifested in Eq. 1.

(1)

m x 3.7 >380
nx 3.4Ah x V >330kWh

In Eq. 1, m means the symbol on behalf of the number of series
connected batteries and # means the symbol on behalf of those in
parallel. Through calculation, m is taken as 112. 380 V refers to the
nominal voltage of the battery system and is the safe voltage
threshold that the battery management system needs to monitor
and maintain. 330 kWh represents the total energy capacity of the
battery system. The total energy of the battery pack in the vehicle
energy storage battery system is at least 330 kWh. This value can
ensure the driving range of the electric vehicle or the continuous
power supply capacity of the energy storage system. The entire
power unit consists of 26,880 individual battery packs, which are
composed of two methods: series and parallel. For the convenience
of processing and maintenance, 30 sets of equivalent structural
battery packs are used, each with a uniform size, accommodating
a total of 896 single cell series parallel connections. The composition
design for energy storage battery system is shown in Figure 1.

In Figure 1, a single battery consisting of 8 in parallel and 7 in
series is the module. Finally, the battery module is 16 in series and
the remaining 30 in parallel. The heat generation is a common
problem in power batteries, and their internal structure is very
complex. Electrochemical reactions occur, which not only generate
too much thermal energy but also release a large amount of chemical
energy. It can more accurately reflect the temperature rise and heat
generation rate changes, as shown in Eq. 2.

1 OE
== |(E-U)+T—— 2
Q=5 [ (E-U) aT] @
In Eq. 2, I represents current, % represents temperature influence

coefficient, V' represents volume, T represents temperature, E
represents open circuit voltage, U represents terminal voltage, and
E-U is equivalent to I?R. Therefore, the above equation can be
represented in a different way, as shown in Eq. 3.

1[, . 9E
Q_V[1R+Tﬁ] €)

In Eq. 3, R represents the total internal resistance. Specific heat
capacity is a method of measuring the temperature per unit mass of a
material when it absorbs or releases heat. In lithium-ion batteries,
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8 in parallel and
7 in series

18650 battery

16 series
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30 Parallel

Battery module

Battery pack Battery system

Nominal voltage:3.7V
Nominal capacity:3.4Ah

Nominal voltage:25.9V
Nominal capacity:27.2Ah

Nominal voltage:414V
Nominal capacity:27.2Ah

Nominal voltage:414V
Nominal capacity:816Ah

FIGURE 1
Vehicle mobile energy storage battery system.

specific heat capacity is an important thermophysical parameter that
characterizes the temperature changes that occur. The laws of heat
generation, transmission, and distribution during battery operation
can be better understood by studying the specific heat of each
component. Finally, its thermal stability and safety performance
can be evaluated (Duan et al., 2021). The formula for specific heat
capacity is described, as shown in Eq. 4.

_ zmiCp.i
= S

In Eq. 4, C, means the symbol on behalf of the specific heat
capacity, m; means the symbol on behalf of the mass of different

Cy (4)

materials, and C,; means the symbol on behalf of the capacity of

different materials. The relationship between density and specific
heat capacity is specifically described, as shown in Eq. 5.

ZP 'Cp.iVi
C, =" 5

Py zVi ( )

In Eq. 5, p represents density and V; represents the volume of the

constituent material. The thermal conductivity has significant anisotropy,

and its thermal conductivity varies greatly with direction. Therefore, the

study uses the calculation method of equivalent thermal conductivity to
solve it. The specific thermal conductivity is shown in Eq. 6.

kidx; k,dx, +k,dx, + k,dx,
Ae=) =

- a
kdy, k.dy.,+kdy, +kydy,
{a, =y S S TR T R (6)

i

kidz; k,dz, +k,dz, + k,dz,
Ao = z c c

i

In Eq. 6, A, A, and A, mean the symbols on behalf of the thermal
conductivity coefficients along the x, y, and z directions. a, b, and ¢
represent the distances along those three directions. m, 1, v, and w mean
the symbols on behalf of the constituent materials. In simulation analysis,
the better the grid quality, the better the computational convergence, the
lower the computational cost. The Thevenin equivalent circuit model is a
circuit model used to describe the battery behavior. This model mainly
consists of an ideal voltage source U, an Ohmic internal resistance R
O, and an RC parallel circuit. The specific Thevenin equivalent circuit
model is described, as shown in Figure 2.

Frontiers in Mechanical Engineering 04

Rp

1, Ry

Uocr Cp

FIGURE 2
Thevenin equivalent circuit.

In Figure 2, U, means the symbol on behalf of the current open
circuit voltage value, I; means the symbol on behalf of the total current
of the battery pack, Ry means the symbol on behalf of the Ohmic
internal resistance, Up means the symbol on behalf of the voltage of
capacitor Cp, and U, represents the terminal voltage. The observation
equation of the Thevenin model is specifically shown in Eq. 7.

RyCp

Ut = chv - Ut - ROIt (7)

The behavior of different batteries can be simulated by adjusting the
parameters in the Thevenin model. In summary, the purpose of lithium-
ion battery model parameter optimization is to improve the performance
and safety of the battery, while considering the cost effectiveness of the
battery. The goals of optimization focus on increasing the battery’s
energy storage density, reducing internal resistance to reduce the risk of
heat accumulation. Meanwhile, it should ensure that the battery can
adapt to the requirements of high rate charging and discharging.
Limitations include the physical specifications of the battery, the
charge and discharge rate, and the cost, which together determine
the practical feasibility of the battery design.

3.2 Structural optimization of liquid cooling
system supported

The heat dissipation problem of energy storage battery systems is a
key challenge in the current development of battery technology. If heat
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FIGURE 3

Lithium-ion battery unit and battery module. (A) Ternary lithium-ion battery unit. (B) Ternary lithium-ion battery module.

FIGURE 4

Battery liquid cooling cooling structure. (A) Cooling pipe structure three-dimensional diagram. (B) Module assembly 3D diagram.

dissipation cannot be effectively carried out, it can lead to thermal
runaway due to the large amount of heat generated by batteries during
operation. This problem may affect the performance and lifespan
batteries, even potentially causing safety issues. Therefore, designing
areasonable heat dissipation scheme is crucial for the stable operation of
energy storage battery systems (Zuo et al, 2023). The lithium-ion
battery monomers and battery modules used are described, as shown
in Figure 3.

In Figure 3, individual batteries are usually combined in series
and parallel to meet the storage and performance requirements
when designing battery packs. This design method can effectively
evolve the energy density and output power, but it also brings the
problem of heat dissipation. Because when a large number of
batteries are tightly arranged together, heat transfer and
dissipation between them become very difficult (Jilte et al., 2021).
A common approach to solve this problem is to add a heat
dissipation device inside. The liquid cooling plate is a heat
dissipation device that takes away heat through liquid circulation.
It can effectively reduce the temperature and improve the lifespan.
Meanwhile, the liquid cooled plate can achieve a more uniform
temperature distribution due to the good thermal conductivity of the
liquid, thereby reducing the inconsistency between batteries. Based
on the above analysis, a liquid cooled heat dissipation structure for
energy storage batteries is designed, as shown in Figure 4.

Frontiers in Mechanical Engineering

In Figure 4, a plate with a spacing of 6 mm is used to address
the safety issues caused by direct contact between the plate and
the individual battery. A liquid cooling plate is set between the
battery and the liquid cooling plate. The thermal conductive
silicone is filled. The size of the liquid cooling tube is 4 x 65 mm.
The cross-sectional area of the flow channel is 2 x 63 mm. The
liquid flow flows through the entire plate. The Reynolds number
Re can be used as a criterion to determine the flow state of the
fluid in cooling. The Reynolds number is a dimensionless number
used to describe the relative magnitude between inertial and
viscous forces during fluid flow. The specific Reynolds number is
shown in Eq. 8.

Re =— (8)

In Eq. 8, U represents flow rate, y represents viscosity coefficient,
D represents diameter, and p represents density. When Re <2300,
the liquid cooling flow is laminar. When Re>10000, the liquid
cooling flow is turbulent. When 2300 < Re <10000, the liquid
cooling flow is an excessive flow. D is affected by the cross-
sectional shape of the flow channel. When the cross-section is
circular, D is the diameter of the pipeline. If the cross-section is
rectangular and the length and width are A and B, respectively, it is
Dy. Dy is specifically shown in Eq. 9.
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FIGURE 5
Flowchart of NSGA-II algorithm.
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The cross-section of the liquid cooled pipeline flow channel
designed for research is rectangular. The Reynolds coefficient is
obtained through the above formula, which is Re <2300. The flow
state is laminar. The inlet and outlet boundary conditions adopt
velocity inlet and pressure outlet, respectively. The contact surface
between the battery and thermal conductive silicone is set as the
solid coupling boundary, and the contact surface is set as the fluid
solid coupling boundary.

3.3 Structure optimization of battery liquid
cooling system based on NSGA-II algorithm

NSGA-II is a new genetic algorithm developed on the basis of
genetic algorithm. When solving multi-objective optimization tasks,
many traditional algorithms first decompose them into single ones,
and then use the remaining objectives as constraints to solve these
tasks. The fitness function or simulation results can be used to
evaluate individuals in a population and provide reference for the
survival of the fittest in offspring. It is assumed that there are n,
individuals, and the virtual fitness of each individual is f,. The
Euclidean distance between individuals x; and x; belonging to the
same non-dominated layer is shown in Eq. 10.

= [ F(x;) - Fi( x; ?
dij = Z(llslf;f(]»

=1

(10)

In Eq. 10, m represents the number of targets, F} represents the
upper bound of Fj, and F;’l represents the lower bound of F;. The
sharing function represents the degree of similarity between two
individuals, and the sharing function between two individuals x; and
x; is shown in Eq. 11.

Frontiers in Mechanical Engineering

1 —( i
Sh(d,]) = Oshare

0, dij > Oshare

«, dij < Oshare
> (11)

In Eq. 11, sh(d;;) represents the sharing function, ogare
represents the similarity of the population between individuals x;
and xj, and « represents the adjustment to sh(d;;). The larger the
value, the higher the similarity. The process of the NSGA-II
algorithm is shown in Figure 5.

In Figure 5, the population is first initialized and then evaluated
for fitness. If the termination condition is met, the process ends.
Otherwise, a new population is selected. The NSGA-II has
flexibility,
interpretability, which is an excellent solution. In the structural

advantages in stability, reliability, efficiency,
design for vehicle mounted energy storage batteries, NSGA-II is
used to optimize multiple performance indicators simultaneously. In
the optimization software, the population size is set to 12 and the
genetic algebra is set to 20. The proposed optimization method of
liquid cooling structure of vehicle energy storage battery based on
NSGA-Il algorithm takes into account the universality and
adaptability of the algorithm during design. Therefore, this
method is not only suitable for the battery module size and
configuration used in the current study, but also has the
potential to expand to different battery sizes and configurations.
The optimization method adopts the modular design idea, which
allows the parameter adjustment and optimization of different
battery cells. Whether it is a standard-sized battery or a custom-
sized battery, the optimization method is able to adapt the design
parameters to its unique heat dissipation needs. The optimization
method takes into account the thermal behavior of the battery in
different operating modes and the influence of different ambient
heat This

comprehensive consideration makes the optimization results not

temperatures on the dissipation  performance.

only perform well under specific operating conditions, but also

adapt to variable operating conditions. In summary, the
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TABLE 2 Simulation results of battery modules.

10.3389/fmech.2024.1411456

Initial Discharge Discharge Maximum Maximum temperature
temperatu time/s rate/C temperature/°C difference/°C
26 3,600 1 4126 236
1800 2 54.73 3.78
1,200 3 79.28 6.42
40 3,600 1 55.16 236
1,200 2 68.92 3.78
600 3 75.64 6.42

optimization of the battery liquid cooling system based on NSGA-II
algorithm solves the heat dissipation inside the battery pack and
improves the performance and life of the battery. The goals of
optimization include improving heat dissipation efficiency,
achieving uniformity of fluid flow, and ensuring thermal balance
to avoid inconsistencies between cells. The constraints relate to the
spatial compatibility of the liquid cooling plate design, material
characteristics, and flow path design, which are all key factors

affecting the performance of the liquid cooling system.

4 Simulation on liquid cooling and heat
dissipation structure of vehicle
mounted energy storage batteries
based on NSGA-II

Simulation experiments were conducted on battery modules to
analyze their temperature and discharge conditions. Then, the
surface temperature and pressure drop cloud maps of the battery
were evaluated. Finally, a comparative analysis was conducted on the
parameters of NSGA-II before and after optimizing the battery.

4.1 Simulation analysis of battery module
and liquid cooling heat dissipation structure

ICEMCED software was used to divide the battery pack units
into hexahedral sections, with the interface between the units and
modules set as coupling walls. The simulation outcomes of the
battery module are described in Table 2.

In Table 2, initial temperature, discharge time, and maximum
temperature are the initial conditions of simulation, while discharge rate
and maximum temperature difference are the results of simulation.
“Temperature difference” refers to the maximum temperature
difference between any two points inside the battery module. This
index is used to measure the uniformity of the internal temperature
distribution of the battery module during discharge. A large
temperature difference can mean that some areas are overheating
while others are relatively cold, which can affect the performance
and life of the battery. In the cooling simulation, ICEMCFD
software was used to split the battery pack unit. The unit was
divided into hexahedron. The interface of the unit and module were
set as coupling walls. This showed that the geometric structure of the
battery module was considered in the simulation, which was divided
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into several small computing units to simulate the heat transfer and
distribution. By comparing the results of experiments and numerical
simulations, the temperature rise comparison chart experiment and
simulation was obtained, as shown in Figure 6.

In Figure 6, there was a slight difference between the
temperature rise values and simulations of batteries at the same
temperature. In Figure 6A, the simulated temperature rise under
different discharge currents did not exceed 1.5°C under the
condition of 26°C. In Figure 6B, the difference between the
experimental temperature rose and the simulated temperature
rise did not exceed 1.8°C under the condition of 40°C. These data
indicated that the temperature difference at the same ambient
temperature was relatively small in lithium-ion batteries with
different discharge rates. This proved the accuracy and reliability,
accurately reflecting the heating degree. To verify the effectiveness of
the cooling function of the liquid cooled heat dissipation structure
designed for vehicle energy storage batteries, it was applied to battery
modules to analyze their heat dissipation efficiency. The
optimization of the parameters includes the design of the liquid
cooling plate to better adapt to the shape and size of the battery
module and improve the heat transfer efficiency. The cross-section
size and shape of the runner were optimized to improve fluid flow
characteristics and increase heat dissipation efficiency. For the
optimization of heat transfer materials, thermal silicone materials
were used between the battery and the liquid cooling plate. Under
0.1 m/s cooling medium flow rate, the surface temperature cloud
map and pressure drop cloud map of the battery are shown
in Figure 7.

In Figure 7, the structure of the vehicle mounted energy storage
battery effectively adjusted the temperature. In terms of maximum
temperature, the packs’ temperature was not high. The difference
gave no information that indicating significant, ensuring that the
temperature difference of the entire battery module was controlled
within 5°C. Although there was still some room for optimization in
the pressure drop of this structure, its effect in controlling the
temperature was already quite significant.

4.2 Comparative analysis of NSGA-II
optimized batteries before and after
optimization

The study simulated the parameters before and after
optimization to analyze the performance differences of NSGA-II
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FIGURE 6

Comparison of temperature rise between experimental and simulated battery modules. (A) Comparison of battery surface temperature experiment
and simulation at 26°C. (B) Comparison of battery surface temperature experiment and simulation at 40°C.
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FIGURE 7
Battery surface temperature cloud image and pressure drop cloud image. (A) Temperature cloud map. (B) Pressure drop cloud image.
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Simulation cloud image before and after optimization. (A) Before optimization. (B) After optimization.

before and after optimizing the battery. The simulation cloud map is

performance of NSGA-IL, its fitness curve and polarization
shown in Figure 8.

characteristic curve before and after optimization were tested, as
In Figure 8, the temperature difference of the energy storage  shown in Figure 9.

battery before and after NSGA-II optimization was 4.5°C. Compared
with the predicted value after optimization, the difference was only
0.15°C, and the error was controlled within 3.2%. The liquid cooling
performance was significantly improved. To analyze the

In Figure 9, as the population continued to evolve, the
optimization process of NSGA-II gradually approached a
stable value. When the population size was 30 and underwent
100 generations of evolution, the average optimal output voltage
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TABLE 3 Comparison of optimization methods and indicators of liquid cooling structure of different batteries.

Methods Heat dissipation Energy Temperature Reliability Optimization
efficiency consumption uniformity speed

Method 1 0.78 0.76 0.82 0.86 0.79
Method 2 0.62 0.58 0.63 0.71 0.68
Method 3 0.57 0.52 0.77 0.64 0.61
Method 4 0.63 0.59 0.69 0.52 0.57

of the model started at 0.742V. During the 1st to 10th

generations, the output voltage rapidly increased. Material

Subsequently, from the 10th generation to the 40th g degradation rate

generation, the output voltage showed a stepwise upward 2

trend. Finally, after the 50th generation, the output voltage 5 Corrosion rate

£

stabilized at approximately 0.76 V, indicating that the NSGA- S

II optimization program successfully found the maximum A Battery life

average output voltage. This convergence process reflected the |

effectiveness and reliability of NSGA-II in solving optimization 0 10 20 30 40 50 60 70 80 90 100

problems. The study compared and analyzed the optimization Value(%)

method of liquid structure for vehicle energy storage batteries HGURE 10

based on NSGA-II (Method 1) with other methods. The
methods
of battery

comparison included  genetic
optimization (Method  2),

optimization algorithm-based optimization of battery (Method

algorithm-based
particle swarm
3), and simulated annealing algorithm-based optimization of
battery liquid cooling heat dissipation structure (Method 4).
The comparison indicators include heat dissipation efficiency,
energy consumption, temperature uniformity, reliability, and
optimization speed. Heat dissipation efficiency refers to the
ratio of heat that the heat dissipation system can remove per
unit time to the heat generated by the battery. Energy
consumption means the energy consumed during the cooling
system, usually calculated in electrical energy. Temperature
uniformity describes the consistency of the temperature
distribution between the individual cells in a battery pack.
Reliability refers to the ability of the cooling system to
maintain its performance over a long period. The optimization
speed refers to the time required for the optimization algorithm

Frontiers in Mechanical Engineering

09

Comparison of long-term reliability factors before and after
optimization.

to find the optimal or satisfactory solutions. When designing the
heat dissipation structure, the optimization speed is related to the
research and development cycle and cost. The comparison
indicators are normalized, as shown in Table 3.

In Table 3, the heat dissipation efficiency, energy consumption,
temperature uniformity, reliability, and optimization speed of Method
1 were 0.78, 0.76, 0.82, 0.86, and 0.79, respectively, which were higher
than the other three methods. This indicated that Method 1, based on
NSGA-IL had the best performance in optimizing the liquid cooled heat
dissipation structure of vehicle energy storage batteries. The paper
further studied the long-term reliability considerations and compared
the material degradation rate, corrosion rate, and battery life before and
after optimization, as shown in Figure 10.
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TABLE 4 Comparison between experimental data and model prediction results.

Model predicted value

Parameters/conditions

Experimental measurement

Absolute error = Relative error (%)

Battery surface temperature (°C) 40 39 1 2.5
Maximum temperature ('C) 50 49 1 2
Temperature difference (°C) 5 4 1 20

Fluid flow rate (m/s) 0.2 0.19 0.01 5
Pressure drop (Pa) 1,000 950 50 5
Average temperature difference (°C) 4.5 43 0.2 4.4
Mean absolute error — — 0.25 —

TABLE 5 Influences of parameters on optimization results.

Parameter variation range

Optimization results index change

Parameter
Battery capacity (mAh) 3,200—3,600 Cooling efficiency decline
Battery internal resistance (m) 20—40 Increase in energy consumption
Charge and discharge ratio (C) 1.0-3.0 Little fluctuation
Liquid cooling flow rate (m/s) 0.1-0.3 The heat dissipation efficiency is increased, and the pressure drop is increased
Fluid physical property parameters Change +10% Carry weight

TABLE 6 Manufacturability, cost, and environmental impact of optimized thermal structures.

Quantitative index
Evaluation aspect

Pre-optimization data

Optimized data

Manufacturability Production cost (ten thousand yuan) 50 43
Processing time (min) 40 20

Cost impact Cost (ten thousand yuan) 60 54
Maintenance cost (ten thousand yuan) 8 5

Environmental impact Energy consumption (kWh/month) 100 80
Recyclable material percentage (%) 50 80

Product life (month) 36 42

In Figure 10, the material degradation rate after optimization
was reduced by 42%, the corrosion rate was reduced by 36%, and the
battery life was improved by 17% compared to the pre-optimization.
It showed that the optimized material structure had a significant
improvement in performance, durability, and reliability. The
experimental data were compared with the predicted results of
the model to confirm whether the established heat transfer and
fluid dynamics model can truly reflect the thermal behavior and heat
dissipation performance of the battery under actual working
conditions. The experimental data include the temperature
distribution of the battery surface, the maximum temperature,
temperature difference, fluid flow rate, pressure drop and average
temperature difference. The details are shown in Table 4.
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In Table 4, the average temperature difference predicted by the
model was 4.5°C, the average temperature difference measured by
the experiment was 4.3°C, the average absolute error was 0.2, and the
average relative error was 4.4%. The average absolute error between
the predicted value and the actual measured value was 0.25, and the
relative error was less than 0.2, indicating that the model could
predict the thermal behavior of the battery and the performance of
the heat dissipation system well. Sensitivity analysis was performed
to evaluate the influence of input parameter changes on
optimization results. In the sensitivity analysis of the liquid
cooling heat dissipation structure of the vehicle energy storage
battery, the influence of several key parameters on the
optimization results was investigated, as shown in Table 5.
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In Table 5, when the battery capacity was increased to
3200 mAh to 3600 mAh, the heat dissipation efficiency was
reduced and the heat dissipation difficulty was increased.
When the internal resistance of the battery increased to
40 mQ, the energy consumption increased, highlighting the
importance of low internal resistance. The charge-discharge
ratio varied from 1.0°C to 3.0°C, which had little effect on
temperature uniformity. When the liquid cooling flow rate
increased to 0.3 m/s, the heat dissipation efficiency was
improved, but the pressure drop increased. When the physical
parameters of the fluid changed by +10%, they had a moderate
effect on the energy consumption. This indicated that the
physical characteristics of the fluid had a significant effect on
the energy consumption of the system. The
manufacturability, cost impact, and potential environmental

overall

impact of the optimized structure were discussed at the end
of the study, as shown in Table 6.

In Table 6, in terms of production cost, the optimized
cooling structure reduced the cost from 500,000 yuan to
430,000 yuan, and the processing time was also reduced from
40 min to 20 min. From the overall cost point of view, the
optimization reduced the total cost of the cooling structure
from 600,000 yuan to 540,000 yuan. At the same time,
maintenance costs were reduced from 80,000 yuan to
50,000 yuan. In terms of energy consumption, the optimized
cooling structure reduced monthly energy consumption from
100 kWh to 80 kWh, and the percentage of recycled materials
used increased from 50% to 80%. In summary, the optimized
thermal structure showed positive progress in terms of
manufacturability, cost-effectiveness, and environmental
impact. This structure not only improved the market
competitiveness of the thermal structure, but also promoted

sustainable development and environmental protection.

5 Conclusion

Under the fast growth of electric and hybrid vehicles, the
heat dissipation problem of in vehicle energy storage batteries
becomes more prominent. The optimization of the liquid
cooling heat dissipation structure of the vehicle mounted
energy storage battery based on NSGA-II was studied to
reduce the temperature. The study established a multi-
objective optimization model, comprehensively considering
key indicators such as heat dissipation efficiency, energy
consumption, and temperature uniformity. NSGA-II was
used for optimization solution. The research outcomes
indicated that the heat dissipation efficiency, reliability, and
optimization speed of the liquid cooled heat dissipation
structure optimization method for vehicle mounted energy
storage batteries based on NSGA-II were 0.78, 0.76, 0.82,
0.86, and 0.79, respectively, which were higher than those of
other methods. The temperature difference of the energy
storage battery before and after NSGA-II optimization was
4.5°C, which was only 0.15°C different from the predicted
value after optimization, and the error was controlled within
3.2%. The liquid cooling performance was significantly
improved. The proposed liquid cooling heat dissipation
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structure significantly improved heat dissipation efficiency,
reduced energy consumption, and improved temperature
the
dissipation efficiency, energy consumption, and temperature

uniformity under conditions of balancing heat
uniformity. The study does not fully consider the impact of
changes in ambient temperature, battery usage patterns, and
cooling fluid characteristics on the performance of the
optimization design. Current design optimization is mainly
based on existing material characteristics. The development
of

improvement opportunities for cooling structures.

advanced materials may bring new performance
This
research focuses on liquid cooling technologies. However,
other alternative cooling technologies such as phase change
materials and air cooling may also have potential. Future studies
need to analyze the uncertainties of these parameters in more
depth and explore their long-term effects on thermal
performance. Meanwhile, the integration and application of
novel materials can be considered, and the application of
advanced optimization algorithms in battery thermal design
can be explored.
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