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ABSTRACT The battery thermal management system plays an important role in electric vehicles, and
determines the performance and the lifespan of electric vehicles. In this paper, optimization of the heat
dissipation structure of lithium-ion battery pack is investigated based on thermodynamic analyses to optimize
discharge performance and ensure lithium-ion battery pack safety. First, the heat generation and heat transfer
model of the lithium-ion battery cell are derived based on thermodynamic theory. Then, the thermodynamic
governing equations of battery are established based on Fluent, and the model is verified by comparing
simulation data and experimental data. Afterwards, the simulation model of pure electric vehicles and the
model of the heat generation rate are established using ADVISOR to analyze the dynamic performance of the
battery pack. Finally, the air-cooling structure of the battery pack is designed according to the temperature
field distribution obtained from the Fluent simulation, which is optimized using a back propagation neural
network combined with genetic algorithms for the air flow rate, air flow channel spacing between cells, and
air inlet angle. Based on the results of the optimized structure, the optimized structure effectively increases
the heat dissipation performance and eliminates temperature inconsistency between the cells.

INDEX TERMS Air cooling, thermodynamic analysis, heat dissipation structure optimization, battery
thermal management system (BTMS).

I. INTRODUCTION
With the increasing scarcity of energy and the pollution
created by fuel-powered cars, electric vehicles (EVs) have
achieved a larger market share in recent years, and relevant
policy support has contributed to the growth of the indus-
try [1]. Lithium-ion batteries, the heart of EVs, are highly
sensitive to temperature [2]. The capacity of the battery will
improve as the temperature varies within a specified range.
However, the speed of irreversible reactions will acceler-
ate inside the battery when the temperature becomes too
high, leading to a decrease in capacity and the generation
of a large amount of heat in the battery simultaneously [3].
At high temperatures, lithium-ion battery performance may
degrade substantially, and thermal runaway may occur,
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causing fires or explosions and threatening the safety of peo-
ple and property [4]–[6]. At present, research in the field of
EVs mainly focuses on battery management systems (BMS)
and battery thermal management systems (BTMSs) [7]. The
purpose of deploying a BMS for EVs is to ensure opti-
mal performance and operational safety of the system, with
state-of-charge (SOC) estimation and state-of-health (SOH)
monitoring being the two most important tasks [8], [9].
Similarly, deploying BTMSs for thermal monitoring of bat-
teries serves the same purpose as with BMS. Therefore,
research on efficient and effective BTMSs is extremely urgent
in the EV industry.

BTMSs have developed considerably in recent years,
especially in the areas of the selection of cooling methods,
optimization of channels for different cooling medium and
simplification of the battery pack structure. At present, bat-
tery thermal management methods are split into 4 categories
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according to different heat transfer media: air cooling, liquid
cooling, phase change material (PCM) cooling, and heat
pipe cooling. Regarding liquid cooling, the liquid medium
removes heat from battery, and it has an excellent cooling
performance. However, the structure of the liquid cooling
device is rather complex, and liquid leakage is difficult to
avoid [10]. PCM cooling has good temperature control and
ensures a uniform temperature in lithium-ion batteries, and
most lithium polymer batteries exhibit significant reversible
thermal effects, but this method suffers from a lack of thermal
conductivity [11]. Heat pipe cooling has a series of advan-
tages, such as a high heat dissipation efficiency, fast thermal
response, good isothermal performance, and flexible struc-
ture [12]. However, this method is still in the experimental
stage in the field of thermal management, and its application
ability is not strong. Air cooling is the earliest structure
used heat dissipation systems, due to its simple structure,
low cost, light weight, and easy maintenance. Air cooling
is divided into two types: natural air cooling and forced air
cooling [13], [14]. Natural air cooling has a slow rate of
heat dissipation, which does not fulfil the requirements of
BTMSs [15], whereas forced air cooling has the advantages
of a low cost, superior cooling effect, and a simple structure,
making it a better alternative.

Many optimization strategies have been used for the BTMS
based on forced air cooling to reduce the tremendous amount
of heat generated, which includes the arrangement of the
batteries and fans and the design of the airflow channel.
Soparat et al. optimized the structure of heat dissipation based
on simulation results, which considered the effects of the
fan arrangement and air outlet position on the temperature
distribution of the battery pack [16]. Yang et al. analyzed the
phenomenon of substantially different temperatures among
the cells and designed the structure to change the air inlet
angle and the wind speed, where the air intake form of blast
cooling and exhaust cooling were used [17]. Wang et al. stud-
ied different groups of 18650 lithium-ion batteries [18]. The
best temperature field distribution effect was achieved when
the cylindrical lithium batteries were arranged in a circle by
analyzing the temperature field. Mahamud et al. designed a
flap valve to control the air flow that reduces the cell temper-
ature at the outlet when the air temperature increases during
the flow process [19]. Mohammadian et al. integrated a heat
sink in the channel to improve heat dissipation and studied the
effects of discharge rate, initial temperature, and flow rate on
the overall temperature distribution of the battery pack [20].
Anthony Jarrett et al. designed a serpentine cooling channel
to adapt the pressure drop of the flow field and optimized
the cooling performance by changing the position of the
channel [21]. Xie et al. employed a single factor analysis
and orthogonal test method to optimize the structure of three
parameters, discovering that the layout of the air flow chan-
nels exerts a significant effect on temperature, with the max-
imum temperature decreasing by 12.82% compared with the
temperature of the initial structure [22]. Paul Nelson designed
a parallel airflow channel between the cells using the

auxiliary device of the heat dissipation system of air cooling
to attenuate the inconsistent temperature between cells [23].
Zhang et al. used natural air cooling combined with a forced
air-cooling strategy to reduce the extreme heat, improve the
transient thermal power of batteries and prolong the lifetime
of batteries using a longitudinal airflow, resulting in a depth
of discharge of 84.2% [24]. In summary, unique heat dissi-
pation structures and optimizations of essential parameters
are inferred to have the ability to improve the performance of
BTMS based on the studies described above. However, few
systematic studies have been conducted to assess accuracy
of the battery model, the mechanism of battery medium
transmission, and the optimization strategy for the battery
heat dissipation structure. As a result, this research focuses
on the thermodynamic analysis of lithium-ion battery packs
and the optimization of heat dissipation structures based on
thermodynamic theory.

In this paper, a lithium-ion phosphate battery is chosen for
analysis. First, a numerical model of lithium-ion batteries is
established based on the heat generation and heat transfer
mechanisms of lithium-ion batteries. Afterwards, Fluent is
used to create a thermal model of a battery cell. The bat-
tery thermal simulation is analyzed based on the thermal
characteristics of a lithium-ion battery at various discharge
rates and ambient temperatures, while the validity of the
model is confirmed by comparing simulation results with
experimental results. Then, the simulationmodel of a pure EV
and the model used to calculate the heat generation rate of the
battery pack under typical cycling conditions are established
using ADVISOR, obtaining the dynamic performance and
real-time heat generation rate of the battery. Then, the heat
dissipation structure is designed. Finally, the effects of the
air flow rate, airflow channel spacing between cells, and air
inlet angle on the temperature distribution of the battery pack
are analyzed and optimized using back propagation neural
network-genetic algorithms (BPNN-GA) to ensure the con-
sistency of the temperature distribution between the battery
cells, while the effectiveness of the optimized structure is
highlighted through comparative experiments. The organiza-
tion of the paper is described below. Section II presents the
derivation and establishment of the numerical battery model.
Section III presents the thermodynamic analysis of a battery
cell. Section IV presents the heat generation characteristics
and thermal temperature field simulation of the battery pack.
The structural optimization of lithium-ion battery packs and
comparative experiments are described in Section V, fol-
lowed by a discussion of conclusions in Section VI.

II. ESTABLISHMENT OF THE NUMERICAL MODEL OF
LITHIUM-ION BATTERIES
A. THE STRUCTURE AND WORKING PRINCIPLE OF
LITHIUM-ION BATTERIES
In the course of the charging and discharging process
of lithium-ion batteries, lithium ions experience inter-
calation and deintercalation cycles and shuttle in the
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FIGURE 1. The process of charging and discharging of lithium-ion. (a) Charging process. (b) Discharging process.

electrolyte as charge carriers in the internal circuit. The
oxidation–reduction reaction occurs on the electrode during
lithium ion intercalation and deintercalation to generate elec-
trons, which move directionally via the external circuit to
form the electric current. Fig. 1 shows the chemical reactions
of the lithium ion phosphate between the battery charging and
discharging processes.

The chemical reaction of the anode is shown in (1).

LiFePO4
charging
––––––⇀↽−−−−−
discharging

xLi+ + xe− + Li(1−x)FePO4 (1)

The chemical reaction of the cathode is shown in (2).

6C+ xLi+ + xe− charging
––––––⇀↽−−−−−
discharging

LixC6 (2)

The whole chemical reaction is shown in (3).

LiFePO4 + 6C charging
––––––⇀↽−−−−−
discharging

Li(1−x)FePO4 + LixC6 (3)

B. HEAT GENERATION MODEL
In the course of the charging and discharging process, com-
plex electrochemical reactions, charge transfer, and material
transfer processes occur. Their heat production is primarily
composed of the reaction heat (Qr ) due to the redox pro-
cess within the battery, the Joule heat (QJ ) produced by the
current flowing through the internal resistance of the battery,
the polarization heat (QP) generated by the polarization of
the positive and negative electrodes due to current flowing
through them, and the side reaction heat (Qs) generated by
additional reactions such as self-discharge and electrolyte
decomposition. Equation (4) depicts the total heat gener-
ated (Q) in the battery pack:

Q = Qr + Qj + QP + Qs (4)

The chemical reaction of a cell at a particular temperature
and pressure obeys the second law of thermodynamics, and

the reaction heat is related to the operational temperature of
the battery and the entropy change during the chemical reac-
tion.When the electrochemical reaction during charging is an
endothermic reaction, the reaction heat is negative; when the
electrochemical reaction during discharging is an exothermic
reaction, the reaction heat is positive. The reaction heat is
calculated using (5):

Qr = ItT
(
∂E
∂T

)
P

(5)

where I represents the battery working current; t represents
the battery working time; T represents the thermodynamic
temperature; E represents the battery electromotive force,
i.e., the open circuit voltage of the battery; and P represents
pressure.

The Joule heat is related to the ohmic resistance of the
internal materials of the battery and is a positive value during
the charging and discharging process, which meets Joule’s
law and is represented in (6):

Qj = I2Rjt (6)

where Rj represents the ohmic resistance of the battery.
When current flows inside the battery, the electrode poten-

tial deviates from the equilibrium potential, which is defined
as polarization. Polarization will produce difference in poten-
tial with heat generation. The amount of heat generated is
proportional to the internal resistance of the battery to polar-
ization. The value of polarization heat is positive during the
charging and discharging process, as shown in (7):

QP = I2RPt (7)

where RP represents the polarized internal resistance of the
battery.

The proportion of side reaction heat generated during the
charging and discharging of lithium-ion batteries is so small
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TABLE 1. Technical parameters of SE100AHA square lithium-ion phosphate battery.

TABLE 2. Thermo-physical parameters of the LiFePO4 battery.

that it can be ignored. As a result, the total heat generation
can is calculated using (8):

Q = ItT
(
∂E
∂T

)
P
+ I2Rjt + I2Rpt (8)

The corresponding heat production per unit time and unit
volume is calculated using Equations (4)-(8) and the model
proposed by Bernardi [25]as shown in (9):

q =
I
V

[
T
∂E
∂T
+ I

(
Rj + Rp

)]
(9)

where V represents the battery volume.

C. HEAT TRANSFER MODEL
The heat transfer model of lithium-ion batteries consists of
3 parts: thermal conduction, thermal convection, and thermal
radiation [26]. Chemical reactions inside the battery generate
heat during charging and discharging processes. Part of the
heat is transferred to the surface of the battery by thermal con-
duction through the internal materials of the battery, and then
the heat is transferred to the cooling fluid and the surrounding
environment by thermal convection and thermal radiation,
respectively. The other part of the heat is absorbed by the
internal materials of the battery, causing the temperature to
increase.

The non-steady-state thermal conduction differential equa-
tion is established based on the law of energy conservation
and Fourier, as illustrated in (10):

ρc
∂T
∂t
=
∂

∂x

(
λ
∂T
∂x

)
+
∂

∂y

(
λ
∂T
∂y

)
+
∂

∂z

(
λ
∂T
∂z

)
+q (10)

where ρ represents the density of battery cells; c represents
the specific heat capacity of the battery cell; x, y, and z
represent the x, y, and z directions in the Cartesian coordinate
system, respectively; λ represents the thermal conductivity of
battery cells; and q represents the value of heat produced by
the battery per unit time and unit volume.

Thermal convection only occurs in fluids (gas and liquids),
which must be accompanied by heat conduction caused by

the movement of fluid molecules. The convective heat of the
battery is always a positive value since the surface tempera-
ture of the battery is always higher than that of the cooling
fluid during normal battery operation. The formula used to
calculate the convective heat on the battery surface adopts
Newton’s law of cooling, as shown in (11):

qe = h
(
tw − tf

)
(11)

where qe represents the heat flow density; h represents the
surface heat transfer coefficient; and tw and tf are the tem-
perature of the battery surface and that of the cooling fluid,
respectively.

Radiation heat exchange accounts for a relatively small
part of the overall heat of the battery due to the modest tem-
perature difference between the battery and the surrounding
environment. As a result, radiation transfer heat is normally
ignored in calculations.

III. THERMODYNAMIC ANALYSIS OF THE LITHIUM-ION
BATTERY CELL
The SE100AHA square lithium-ion phosphate battery, which
is manufactured by a Chinese company and chosen for
this study. The technical parameters of the battery used are
shown in Table 1, while the thermodynamic parameters are
described in Table 2 [27], [28].

The structure of the battery is simplified to a reason-
able degree to reduce the simulation complexity and ensure
meshing quality. The core, positive pole (P), and negative
pole (N) are built into a model of the cell. Meanwhile, the
intersection of the two diagonal lines on the front of the
battery is regarded as the center point of the surface, namely,
measuring point (O), as shown in Fig.2.

A. ESTABLISHMENT OF GOVERNING EQUATIONS
ANSYS Fluent is used for the simulation and analysis of
the lithium-ion battery cell based on the computational fluid
dynamics (CFD) method. In this research, the battery is
cooled by air, and thus the heat transfer and fluid flow pro-
cesses in the battery pack are components of the open system,
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FIGURE 2. The model of the battery cell.

which follows the continuity equation, momentum equation,
and energy equation, as shown in (12)-(14), respectively:

∂ρ

∂t
+
∂ (ρu)
∂x
+
∂ (ρv)
∂y
+
∂ (ρw)
∂z
= 0 (12)

where ρ represents the density; u, v, and w denote the com-
ponents of the velocity vector in the x, y and z directions,
respectively.

∂ (ρu)
∂t
+ div (ρUu) = div (ηgradu)−

∂p
∂x
+ Su

∂ (ρv)
∂t
+ div (ρUv) = div (ηgradv)−

∂p
∂y
+ Sv

∂ (ρw)
∂t
+ div (ρUw) = div (ηgradw)−

∂p
∂z
+ Sw

(13)

where U represents the velocity vector; η represents the
dynamic viscosity of the fluid; p represents the pressure on
the fluid element; and Su, Sv and Sw denote the generalized
source terms of the momentum equation.

∂ (ρT )
∂t
+ div (ρUT ) = div

((
keff
cp

)
gradT

)
+ Sh (14)

where cp represents the specific heat capacity under constant
pressure; keff represents the effective heat transfer coefficient
of the fluid; and Sh denotes the heat of the chemical reaction
and other user-defined volumetric heat source items.

When the Reynolds number is larger than the critical
Reynolds number (2000–3000), the state in the battery box
is turbulent. For turbulent motion, the standard model k − ε
is commonly used as follows:

∂ (ρk)
∂t
+
∂ (ρkui)
∂xi

=
∂

∂xj

[(
µ+

µt

σk

)
∂k
∂xj

]
+µt

(
∂ui
∂xj
+
∂uj
∂xi

)
∂ui
∂xj

− ρε + Sk (15)
∂ (ρε)

∂t
+
∂ (ρεui)
∂xi

=
∂

∂xj

[(
µ+

µt

σε

)
∂ε

∂xj

]
+C1εµt

(
∂ui
∂xj
+
∂uj
∂xi

)
∂ui
∂xj

−C2ερ
ε2

k
+ Sε (16)

where k represents the turbulent kinetic energy; ε represents
the turbulent energy dissipation rate; σk and σε are the Prandtl
numbers for k and ε, respectively; Sk and Sε are user-defined
source terms;C1ε andC2ε are empirical constants; andµt rep-
resents the turbulent viscosity, which can be calculated as
follows:

µt = ρCµ
k2

ε
(17)

where Cµ is a constant, and the values of empirical constants
are calculated using the following equation: C1ε = 1.44,
C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.0.

B. TEMPERATURE DISTRIBUTION OF THE BATTERY CELL
In Fluent, when the discharging test is performed, the initial
temperature is 25 ◦C, and the discharge rates are 1.0 C and
1.5 C, respectively. The simulation results are shown in Fig.3.
The temperature of the battery center is visibly the greatest,
and it progressively decreases towards the edge. Upon dis-
charging to the cut-off voltage at a rate of 1.0 C, the peak tem-
perature is 41.95 ◦C, and the lowest temperature is 38.44 ◦C,
which increases by 16.95 ◦C and 13.44 ◦C, respectively, com-
pared to the initial battery temperature. Meanwhile, the max-
imum temperature difference is 3.51 ◦C. When the discharge
rate is 1.5 C, the highest and lowest temperatures on the
battery surface are 48.66 ◦C and 43.76 ◦C respectively, which
increase by 23.66 ◦C and 18.76 ◦C, respectively. In addi-
tion, the maximum temperature difference on the surface
reaches 4.90 ◦C. Overall, as the discharge rate increases, the
value of heat generation and the temperature difference of the
battery increase.

The simulation result of setting the discharge rate to 1.0 C
and the initial temperature to 45 ◦C is shown in Fig.4.
In this situation, the battery has a maximum temperature
of 58.43 ◦C and a minimum temperature of 55.03 ◦C, while
the temperature of the battery surface is greater than the
upper limit of the normal operating temperature. Further-
more, as the initial temperature increases, the temperature of
the battery increases substantially, since the rate of chem-
ical reaction accelerates in a higher-temperature environ-
ment, generating a considerable amount of reaction heat.
As heat accumulates in the battery, the temperature increases,
potentially reducing the lifespan and capacity of the bat-
tery while also causing a safety risk. Hence, conducting
and improving battery thermal management are particularly
important.

C. MODEL VERIFICATION
In accordance with the temperature field distribution of the
battery, a trend towards an increasing temperature trend from
the edge to the center of the core is observed. The temper-
ature of measurement point O is positioned in the center of
the battery surface, where the highest surface temperature
is measured. As a result, the temperature at measurement
point O is chosen as a critical point to test the reliability
and validity of the model. The simulated temperature data
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FIGURE 3. Temperature distribution at different discharge rates (initial temperature of 25 ◦C). (a) Simulation results at 1C.
(b) Simulation results at 1.5 C.

FIGURE 4. Temperature distribution at 45 ◦C (discharge rate of 1 C).

from point O are compared with the experimental data at
different discharge rates, with the initial temperature set
to 25 ◦C, as shown in Fig. 5. The trends of the simulation and
experimental results are basically consistent under different
discharge rates, and the simulation data are slightly higher
than the experimental data. Measurement point O reaches
the maximum temperature of 39.14 ◦C at the discharge rate
of 1 C and during the end period of the discharge process
in the experimental data, which is only 0.78 ◦C lower than
the simulation data. When the discharge rate is adjusted to
1.5 C, the maximum difference between the simulation data
and the experimental data is 0.89 ◦C. The error may be
caused by the heat transfer coefficient, which is obtained from
empirical values when setting the boundary conditions. If the
coefficient is selected to be slightly lower, the simulation
result will be slightly higher than the experimental result.

FIGURE 5. Comparison between simulation results and experimental
results at different discharge rates.

In general, the error is small, which meets the error range
requirement of 5% [29]. At the same time, the simulation
results are higher than the experimental results, implying
that the battery will operate in a wider temperature range,
which exerts a significant positive effect on the design of
the BTMS.

The experimental and simulation temperature data from
the measurement point O at 25 ◦C and 45 ◦C are chosen
for comparison, as shown in Fig. 6. The experimental data
and simulation data obtained at different temperatures are
basically consistent, with the maximum temperature differ-
ence between the experimental data and the simulation data
of 0.62 ◦C at the initial temperature of 25 ◦C and 0.87 ◦C
at the initial temperature of 45 ◦C. Therefore, the error is
small, which validates the effectiveness of the model and
further illustrates that the use of Fluent to simulate the battery
temperature field is feasible.
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TABLE 3. Technical parameters of pure EV.

FIGURE 6. Comparison between simulation results and experimental
results at different temperatures.

IV. HEAT GENERATION CHARACTERISTICS AND
TEMPERATURE FIELD SIMULATION OF THE
BATTERY PACK
A. DYNAMIC CHARACTERISTICS OF THE BATTERY PACK
Normally, the static performance test is used to obtain the
thermal characteristics of battery packs [30]. However, the
heat generation is closely related to the battery internal
characteristics and the external environment. Additionally,
changes in parameters such as SOC and ambient temper-
ature may affect battery pack performance. Therefore, the
static performance test is unable to accurately estimate heat
generation, and a dynamic performance simulation should
be performed. ADVISOR software is used to simulate the
dynamic performance of pure EVs to obtain the real-time
heat generation rate of the battery pack under typical working
condition. The technical parameters of the pure EV model
used for the simulation are shown in Table 3.

The model of the pure EV battery pack is built in
SIMULINK, as shown in Fig. 7. The modules of the heat
generation rate and the calculation of heat generation in the
battery pack are built, as shown in the area marked by the
dotted frame in Fig.7. Usually, the submodules of the heat
generation rate and the calculation of heat generation are
not considered while the heat generation and heat dissipation
of each cell in the battery pack are uniform in the temper-
ature calculation module, which ignores the effects of the
battery characteristics and the structural parameters of the

heat dissipation. Therefore, the module must be modified
based on the current, temperature and internal resistance.
The actual heat generation of the battery is calculated using
Equation (9), considering the characteristics of internal
resistance.

The condition of CYC_ECE_EUDC (Cycle-Economic
Commission for Europe-Extra Urban Driving Cycle) is
selected because EVs work in complex road conditions. And
compared with other working conditions, the selected work-
ing condition is more complicated, which meets the require-
ments of our simulation purpose. CYC_ECE_EUDC consists
of 4 Economic Commission for Europe (ECE) conditions
and an extra urban driving cycle (EUDC) condition. The
total mileage in this working condition is 10.93 km, which
lasts 1225 s, the maximum speed is 120 km/s, the average
speed is 32.1 km/s, the maximum acceleration is 1.06 m/s2,
and the maximum deceleration is −1.39 m/s2. At the same
time, 13 stops occur during the driving, and the idling
time is 339 s. The simulation results are shown in Fig. 8.
When the speed is maintained at less than approximately
50 km/h, the output of the current is basically stable; however,
the current fluctuates considerably at speeds ranging from
60–120 km/h. When the EV reaches the maximum driving
speed, the current reaches the maximum value of 140 A. The
battery pack current increases as the EV accelerates while
running at a high speed. The heat generation rate of the battery
pack is low under urban road conditions. Nevertheless, the
heat generation rate increases substantially under the sub-
urban road condition as the output power increases, which
may reach a maximum value of 24000W/m3. Therefore, the
performance requirements of the battery pack heat dissipation
system are more stringent under the condition of the extra
urban condition and high driving speed.

The content mentioned above is collectively referred to as
the thermal analysis model of the battery. In quite a lot of
studies, only the numerical model of the battery is established
to conduct the simulation study of the battery pack, and the
thermodynamic analysis of the lithium-ion battery cell and
the verification of the established model are rarely carried
out. Meanwhile, only a few researches consider the heat gen-
eration characteristics of the battery. Therefore, the compara-
tive analysis of different techniques is presented in Table 4
(in the table, represents the model contains the attribute
and × represents the model does not contain) to highlight
the advantages of the battery thermal analysis model used in
the paper compared to the mainstream models. The attributes
in Table 4 are considered important for thermal analysis of
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TABLE 4. Comparison of important attributes for the battery thermal analysis models.

FIGURE 7. The simulation model of a pure EV.

a lithium-ion battery. An effective strategy for the thermal
analysis of a lithium-ion battery should have the following
attributes: (i) establishes an accurate numerical model of
lithium-ion batteries including heat generation model and
heat transfer model, (ii) conducts the thermodynamic analysis
of the lithium-ion battery cell based on the establishment
of governing equations and the analysis of temperature dis-
tribution of a battery cell, (iii) verifies the battery model
at different discharge rates and different temperatures, and
(iv) takes into account the heat generation characteristics in
the dynamic characteristics of the battery pack. Based on
the experimental work presented in this paper, the proposed
battery thermal analysis model features the above-mentioned
attributes and, thus, is suitable for the thermodynamic analy-
sis of lithium-ion batteries.

B. HEAT DISSIPATION TEMPERATURE FIELD SIMULATION
OF THE BATTERY PACK
The heat dissipation structure of a Li-ion battery pack
should be designed with the goal of not only adapting heat
dissipation during peak power but also ensuring temperature

consistency between battery cells. Therefore, the heat dis-
sipation structure is designed through comprehensive con-
siderations and comparisons. In the structure, 8 prismatic
battery cells are connected in series to form a battery pack
with parallel ventilation, the inlet angle is 8◦ and the gas
channel spaces are 4 mm with equal intervals. The overall
heat dissipation structure is shown in Fig. 9

In ANSYS, the automatic meshing module is used for
meshing the model of the battery pack. The fluid domain of
the simulation model is established using Fluent. The wind
speed and the initial temperature are set to 4 m/s and 25 ◦C,
respectively. The simulation results are displayed in Fig. 10,
which shows that the lowest temperature of the battery pack
is 34.65 ◦C and the highest temperature is 45.04 ◦C, with
a maximum temperature difference of 10.39 ◦C within the
battery pack. The explanation for this phenomenon is that
the cooling air may transport a large amount of heat after
heat exchange with multiple battery cells in order, even
if the cooling air temperature is low at the air inlet. As a
result, the heat exchange capacity is greatly reduced, causing
a temperature difference in the cells. Meanwhile, most of the
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FIGURE 8. The simulation results under CYC_ECE_EUDC working condition by using ADVISOR. (a) The curve of speed. (b) The curve of current.
(c) The curve of heat generation rate.

FIGURE 9. The structure of the battery pack.

battery pack has a temperature greater than 40 ◦C. Although
the temperature is still within the safe temperature range
of the lithium-ion battery, it exceeds the upper limit of the
ideal temperature range. In these situations, the temperature
may reduce the performance of the battery when operating at
these temperatures for a long time, which may increase the
inconsistency of the temperature between cells and shorten

FIGURE 10. Simulation results of the battery pack.

lifespan of the battery pack. As a result, further optimization
of the heat dissipation structure is needed.

47258 VOLUME 10, 2022



Y. Li et al.: Optimization of Heat Dissipation Structure for Lithium-Ion Battery Packs Based on Thermodynamic Analyses

FIGURE 11. Simulation results under different rate of cooling air flow. (a) Setting the cooling air flow at 4m/s. (b) Setting the cooling air flow at 5m/s.
(c) Setting the cooling air flow at 6m/s. (d) Setting the cooling air flow at 7m/s.

V. STRUCTURAL OPTIMIZATION FOR THE LITHIUM-ION
BATTERY PACK
A. EFFECTS OF THE WORKING PARAMETERS ON HEAT
DISSIPATION
The initial temperature is set to 25 ◦C, and the other param-
eters remain unchanged except for the rate of the cooling air,
which is set to 4m/s, 5m/s, 6m/s, and 7m/s for the simulation
calculation, as shown in Fig. 11. The battery pack temperature
increases from left to right, while the overall temperature of
the battery pack decreases as the rate of cooling air increases,
reducing the temperature difference between the cells. When
the wind speed increases from 4 m/s to 5 m/s, the maximum
temperature of the battery pack decreases from 45.04 ◦C to
43.32 ◦C, and the maximum temperature difference between
the cells decreases from 10.39 ◦C to 9.40 ◦C, representing a
decrease of 1.72 ◦C and 0.99 ◦C, respectively. When the wind
speed increases from 5 m/s to 6 m/s, the maximum tempera-
ture of the battery pack decreases by 1.43 ◦C, and the maxi-
mum temperature difference decreases by 0.98 ◦C. When the
wind speed increases from 6 m /s to 7 m/s, the maximum

temperature of the battery pack decreases by 0.86 ◦C,
while the maximum temperature difference decreases by
only 0.54 ◦C. In summary, the temperature gradually
decreases as the wind speed increases.

B. EFFECTS OF THE STRUCTURAL PARAMETERS
ON HEAT DISSIPATION
In the heat dissipation structure, the initial battery arrange-
ment interval is set to 4 mm, and the tolerance is 0 mm. The
structure is optimized by adopting different tolerance values.
The tolerance values are set to 0.5 mm and 1.0 mm; therefore,
the spacing among the flow channels increases in the battery
pack. For example, when the tolerance value is 0.5 mm, the
distance between each cell is 4 mm, 4.5 mm, 5 mm, 5.5 mm,
6 mm, 6.5 mm, and 7 mm. The simulation results are shown
in Fig. 12. In this case, the maximum temperature is 44.62 ◦C,
which is 0.42 ◦C lower than in the configuration with equal
intervals, while the maximum temperature difference of the
battery pack does not change noticeably. When the tolerance
value is 1.0 mm, the maximum temperature of the battery
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FIGURE 12. Simulation results under different spacing. (a) Setting the tolerance value at 0.5mm. (b) Setting the tolerance value at 1mm.

pack is 43.87 ◦C, which is 1.17 ◦C lower, and the maximum
temperature difference is 0.98 ◦C lower than in the configu-
ration with equal intervals. Hence, the heat dissipation effect
and the temperature inconsistency between the batteries are
gradually improved by optimizing the distance at which of
the cells are arranged.

The difference in pressure explains the air flow; therefore,
the effect of the pressure difference on heat dissipation is
explored by changing the inlet angle. When the inlet angle is
set from 8◦ to 5◦ (see Fig. 13), the maximum temperature of
the battery pack increases from 45.04 ◦C to 46.33 ◦C, while
the maximum temperature difference increases by 1.29 ◦C.
Thus, if the inlet angle is appropriately set within a reasonable
range, the cooling effect maybe better.

C. OPTIMIZATION OF THE HEAT DISSIPATION STRUCTURE
BASED ON BPNN-GA
The heat dissipation performance of the battery pack is
related to the inlet angle, the battery layout, and the cool-
ing wind speed, based on the simulation analysis. The back
propagation neural network-genetic algorithm (BPNN-GA)
method is used to optimize the heat dissipation parameters,
and the optimized battery pack is substituted into Fluent for
analysis to obtain reasonable parameters that lower the maxi-
mum temperature of the battery pack. BPNN combined with
GA to perform function extremum optimization is mainly
divided into two parts: BPNN training and fitting, and genetic
algorithm extremum optimization. First, a suitable BPNN is
established, and the air flow rate, spacing tolerance value
between battery cells, and inlet angle are used as the inputs.
Meanwhile, the temperature is used as the output to train
the BPNN. Then, the trained BPNN with a high goodness
of fit is used to predict the temperature. BPNN is regarded
as a nonlinear function [33], where the network input value
and output value are the independent and dependent vari-
ables of the function, respectively. When the number of input

layer nodes is m and the number of output layer nodes is n,
BPNN expresses the functional mapping relationship from
m independent variables to n dependent variables [34].
Any mapping relations of the m-dimension to n-dimension
can be approximated by a 3-layer BPNN, but the network
will become more complex and the training efficiency will
decrease as the number of layers increases, although this
approach can improve network accuracy [35]. Hence, the
hidden layer number is set to 1. The prediction result obtained
after BPNN training is used as the individual fitness value of
the GA, and the global optimal value of temperature and cor-
responding parameter conditions are obtained through selec-
tion, crossover and mutation operations [36], [37]. Neural
network training is used to optimize the objective function
to ensure the lowest temperature of the system. The flow
chart of the BPNN-GA method is shown in Fig.14. The
orthogonal experiment is used to select representative data
and reduce the number of simulations; at the same time,
3 levels and 3 factors L9(33) (air flow rate, spacing between
battery cells and inlet angle) are applied to obtain training
data. The factors and levels are shown in Table 5, where TMAX
denotes the maximum temperature of the battery pack. The
scheme and results of the orthogonal experiment are shown in
Table 6.

In this structural optimization, the trained neural network is
used as the fitness function, the maximum genetic algebra is
set to 100 generations, and the optimization parameter value
ranges from 0 to7. Then, the minimum system temperature
is obtained when setting the air flow rate to 6.58 m/s, spac-
ing tolerance value between battery cells at 1.0 mm, and
the inlet angle to 6.5◦. The optimized model of the battery
pack is shown in Fig. 15. The inlet angle of the optimized
structure is 1.5◦ smaller than that of the initial structure, and
the spacing between the cells is now larger than before as
well.

The temperature distributions before and after struc-
tural optimization are shown in Fig. 16. The trend for
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FIGURE 13. Simulation results under different inlet angles. (a) Temperature distribution at 8◦. (b) Temperature distribution at 5◦.

FIGURE 14. The flow chart of BPNN-GA.

the temperature distribution of the battery pack before and
after optimization is basically the same. The maximum
temperature of the initial structure is 45.04 ◦C,while that after
optimization is 40.86 ◦C, representing a decrease of 4.18 ◦C.
At the same time, the maximum temperature difference of
the initial structure is 10.39 ◦C, while that of the optimized
structure is 7.68 ◦C. The temperature of the battery pack
clearly decreases after optimization, ensuring that the battery

pack can operate in an appropriate temperature range and
improving temperature inconsistency.

Additionally, the initial ambient temperature is set to 30 ◦C
and 35 ◦C to verify the feasibility and generality of the
optimized structure. The temperature distribution trend of
the battery pack before and after optimization under the
newly set ambient temperature is consistent with that of the
ambient temperature at 25 ◦C. The temperature distribution
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TABLE 5. Factors and levels in the orthogonal experiment.

FIGURE 15. The structure of the battery pack after optimization.

of the battery pack before and after structural optimization
are shown in Fig. 17. When the initial ambient temperature
is set to 30 ◦C, the maximum temperature of the initial struc-
ture is 47.14 ◦C, while that after optimization is 41.29 ◦C,
representing a decrease of 5.85 ◦C. At the same time, the
maximum temperature difference of the initial structure is
9.91 ◦C, while that of the optimized structure is 7.33 ◦C.
Similarly, when the initial temperature is set to 35 ◦C, the
maximum temperature of the initial structure is 50.87 ◦C,
while that after optimization is 42.93 ◦C, representing a
decrease of 7.94 ◦C. At the same time, the maximum tem-
perature difference of the initial structure is 10.48 ◦C, while
that of the optimized structure is 6.86 ◦C. Therefore, it can
be determined that the heat dissipation structure optimized at
an ambient temperature of 25 ◦C can still maintain a good
heat dissipation performance when the ambient temperature
changes.

TABLE 6. The scheme and results of the orthogonal experiment.

D. DISSCUSSION ON OPTIMIZATION METHODS
According to the existing battery heat dissipation struc-
ture optimization research, the optimization methods of heat
dissipation structure are divided into the following cat-
egories: traditional optimization methods, multi-objective
optimization methods based on orthogonal experiment, and
optimization methods based on the combination of corre-
lation algorithms [10]–[22]. Traditional optimization meth-
ods combine multiple different cooling methods to opti-
mize the heat dissipation structure, e.g. the combination of
phase change material (PCM) and pyrolytic graphite sheet
and fin [32]. The heat dissipation structure obtained by
this optimization method has a relatively simple structure,
but its performance cannot be greatly improved, and the

FIGURE 16. Temperature distribution before and after structural optimization. (a) Initial structure. (b) Optimized structure.
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FIGURE 17. Temperature distribution before and after structural optimization under different ambient temperatures. (a) Initial structure under
ambient temperature of 30 ◦C. (b) Optimized structure under ambient temperature of 30 ◦C. (c) Initial structure under ambient temperature
of 35 ◦C. (d) Optimized structure under ambient temperature of 35 ◦C.

generalization ability corresponding to different batteries
is not strong. The multi-objective optimization algorithm
based on orthogonal experiment is to find the correspond-
ing relationship between different parameters and heat dis-
sipation performance after determining the initial structural
parameters, and then optimize the structure by finding the
optimal structural parameters through the method of orthog-
onal experiment. It is a commonly used optimization method
at present. The structure optimized by this method has better
heat dissipation performance, but the calculation amount is
large and the process is more complicated. Algorithm-based
optimization methods that utilize different algorithms and
their variants or combinations (such as BPNN combined
with GA or Gaussian process regression combined with non-
dominated sorting genetic algorithm II) to optimize the rel-
evant parameters through the mapping relationship between
each parameter and the heat dissipation performance [31].
It is also a popular optimization method in various fields,
and relies on machine learning, with low computational cost
and good reliability, thus, it may be the trend for future
research.

VI. CONCLUSION
An appropriate temperature range of the operating battery
pack must be maintained and the temperature difference
between the cells must be limited to ensure the safety of
the EVs and optimize the charge and discharge performance
of the battery. In this paper, the thermodynamic analysis of
a pure EV lithium-ion battery is conducted to assess the
effect of the temperature field distribution under different
conditions. The reliability of the method is shown through the
establishment of a numerical model and the thermodynamic
analysis of the battery cell. The maximum heat generation
rate (24000W/m3) is extracted through dynamic simula-
tion by ADVISOR, which illustrates the higher requirements
of the battery dissipation structure under the extra urban
condition and driving at high speed. The structure of the
heat dissipation of the battery pack is optimized based on
BPNN-GA and the orthogonal experiment. Additionally, the
optimal parameters for the proposed structure are as follows:
6.58 m/s (air flow rate), 1.0mm (spacing tolerance value) and
6.5◦C (inlet angle). After optimization, themaximum temper-
ature decreases from 45.04 ◦C to 40.86 ◦C (9.2% decrease),
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while the maximum temperature decreases from 10.39 ◦C
to 7.68 ◦C (26.1% decrease). Besides, the results of setting
different ambient temperatures reveal that the proposed opti-
mized structure reduces the temperature of the battery pack
while effectively improving its heat dissipation performance.
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