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Abstract: This paper presents a three-dimensional modeling approach to simulate the thermal
performance of a Li-ion battery module for a new urban car. A single-battery cell and a 52.3 Ah
Li-ion battery module were considered, and a Newman, Tiedemann, Gu, and Kim (NTGK) model
was adopted for the electrochemical modeling based on input parameters from the discharge
experiment. A thermal–electrochemical coupled method was established to provide insight into the
temperature variations over time under various discharge conditions. The distribution temperature
of a single-battery cell was predicted accurately. Additionally, in a 5C discharge condition without
a cooling system, the temperature of the battery module reached 114 ◦C, and the temperature
difference increased to 25 ◦C under a 5C discharging condition. This condition led to the activation
of thermal runaway and the possibility of an explosion. However, the application of a reasonable
fan circulation and position reduced the maximum temperature to 49.7 ◦C under the 5C discharge
condition. Moreover, accurate prediction of the temperature difference between cell areas during
operation allowed for a clear understanding and design of an appropriate fan system.

Keywords: lithium-ion battery; thermal-electrochemical coupled; electric vehicle; computational
fluid dynamics

1. Introduction

After more than a century of development and use, the lithium-ion battery is familiar to consumers.
It is widely applied in fields related to electronic products and electric vehicles. In the last few years,
a promising market for urban electric cars has emerged, with fierce competition among mobile device
manufacturers [1–3]. This has spurred system-level studies related to optimal small-size battery
management to ensure high thermal performance and longevity of lithium-ion batteries. Regarding
the idea of developing a heat management system, some systems have established a criterion [4,5] of
maintaining the optimal temperature range between 20 ◦C and 40 ◦C. This is necessary to extend the life
of battery devices and to ensure their safety. During operation, unevenly generated heat sources should
be considered, and appropriate adjustments should be made to ensure that the maximum temperature
difference does not exceed 5 ◦C [6]. This is a major challenge under rapid discharge conditions because
of the requirement for a high volumetric energy density in electric-drive vehicles. Recently, several
effective approaches have been proposed and studied in terms of their production cost.

Battery thermal management systems can be divided into three types: air cooling [7,8], liquid
cooling [9,10], and PCM (phase change material) [11]. The selection of a PCM material plays a vital
role in developing an effective battery thermal management system (BTMS). Although such PCM
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cooling systems can effectively reduce the temperature and maintain a small temperature difference, it
is not easy to find materials with a suitable specific heat value. Bernardo et al. [12] delayed the time
to reach the critical and evenly distributed temperatures, but the maximum temperature remained
above 50 ◦C. Zhiguo et al. [13] proposed a paraffin-based (RT44HC)/expanded graphite (EG) composite
PCM coupled with fluid cooling to ensure a slow rise in temperature and an appropriate temperature
difference, although it was successful only under 3C discharge conditions. Pendergast et al. [14] studied
Panasonic’s available battery generation methods which ensured operation within the permissible
temperature range from −20 ◦C to 60 ◦C. Jiateng et al. [15] used mini-channel liquid cooling for a
cylindrical lithium-ion battery to restrict the maximum temperature to below 40 ◦C. Most recent studies
conducted separate electrochemical and heat fluid flow simulations instead of simultaneous simulation
of the two approaches, which may affect the accuracy of the simulation applications under real-world
conditions. Fan et al. [16] performed a three-dimensional transient analysis and applied an airflow
passage to small gaps. This is a good option in the early stages of optimum thermal management
design research since it allows for flexibility in terms of design changes.

To better design the cooling system for lithium-ion batteries, a detailed understanding of their
thermal behavior is essential. There are two main ways to study thermal behavior under discharge and
charge conditions. One is based on a theoretical model using a porous electrode and a concentrated
solution [17–19]. However, this is not the ideal approach in the heat treatment industry. The other is
to use empirical parameters to predict the temperature evolution. This second approach is presently
considered the best research direction. Two models that are widely used in commercial software are
the equivalent circuit model (ECM) [20] and the Newman, Tiedemann, Gu, and Kim (NTGK) model.
The NTGK semi-empirical model, proposed by Kwon et al. [21], has been used by others [22–26], who
have found it to be effective at predicting the rapid heat evolution of lithium-ion batteries. This model is
set up by curve fitting the experimental data. Yi et al. [27] also used the NTGK model to obtain the total
heat from an electrochemical reaction and predict the temperature distribution of battery cells. Shahid
and Agelin-Chaab [28] studied the technology to improve cooling and temperature uniformity in a
simple battery pack with cylindrical batteries. They considered various types of inlet configurations
and investigated the maximum temperature and temperature difference of each configuration using
both experiments and numerical simulations with the k−ω SST (shear stress transport) model.

The present work focused on a new design of a cooling system of a Li-ion battery module for a
NEV (neighborhood electric vehicle). The system consisted of six battery modules in series, in which
each battery module was made up of ten serial single prismatic cells. The 3D thermal–electrochemical
coupled model of the battery module with ten 52.3 Ah cells was applied under various discharge
conditions and the simulation results were validated with experimental data. The multi-scale
multi-domain (MSMD) modeling for a large Li-ion battery module was combined with the conjugate
heat transfer (CHT) method in computational fluid dynamics (CFD). The effect of the number of
fans and the installed position of the fans were considered to study the thermal behavior of the
designed cooling system. The maximum temperature and temperature difference between each cell
were investigated.

2. Methodology

A lithium-ion structure of 10 prismatic cells connected in series is under development by the
company Scanjet. A battery cell consists of electrodes, electrolytes, separators, and pouches. The battery
cells are 227 mm long, 249 mm wide, and 8 mm thick. The negative and positive electrodes are
separated by porous separators. The cells are linked via a busbar, and the distance between the cells
is 2.3 mm. The active material of the battery cell is covered by an aluminum pouch layer with a
thickness of 0.3 mm. Additionally, to decrease (and more evenly distribute) the temperature of the
battery module, a multi-level fresh air supply fan system is added on either side of the battery module.
The components of the single-battery cell and the sizes of the battery module model and fluid domain
are shown in Figure 1a,b, respectively.
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Figure 1. Schematic showing the battery components and fluid domain: (a) single-battery cell and
battery module, and (b) the supply fan system and domain dimensions.

The current distribution and potential distribution are similar [22–26]. The heat generated inside
the cell is conducted through the pouch and dispersed into the air. The 3D fan model, material
composition, and parameters related to the thermoelectricity are listed in Table 1. The calculation
process was performed using the analysis software ANSYS Fluent 2019 R2 [29] based on the finite
volume method.

Table 1. The specifications of the battery cell, supply fan, and fluid domain.

Component Property (Unit) Details

Battery 1

Nominal voltage (V)
Nominal capacity (Ah)

Negative electrodePositive electrode
Electrolyte

Electrical conductivity σ+(S/m)
Electrical conductivity σ−(S/m)

Thermal conductivity
(
W.m−1.C−1

)
Specific heat

(
J.Kg−1.C−1

)
Density

(
Kg.m−3

)
Operating temperature (◦C)

3.75
52.3

Copper-Graphite
Aluminum-NCM523

Polyethylene
3.77× 107

5.96× 107

(x, y, z) = (25.5, 25.5, 0.794)
566

2695
−40 to 60

Supply fan

Dimensions (mm)
Rotor diameter (mm)

Rated speed (rpm)
Air pressure (mmH2O)

120 × 120 × 38
120

2000, 3000, 3800
4.3, 7.5, 14.3

Domain (air) Density
(
Kg.m−3

)
Dynamic viscosity (Pa.s)

1.225
1.85× 10−5

1 Provided by SM Bexel battery manufacturer, Gangseo-gu, Seoul, South Korea.

Thermal performance plays a key role in the efficient operation of a battery; therefore, it is
essential to capture the changes in temperature inside a cell. In this study, single-battery cell analysis
and operation of a battery module without and with a fan system were implemented using a
thermal–electrochemical coupled model.
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2.1. Numerical Computation

Three types of models were considered in this study: a single-battery cell, a battery module
without fans, and a battery module with fans. The initial temperature for all zones was 25 ◦C, as in the
experimental setup conditions. The inlet boundary condition was set to be the pressure inlet, whereas
the outlet one is a pressure outlet. The temperature conditions for the fixed surfaces were coupled. The
selected turbulent model was the k−ω SST because the maximum Reynolds number Re = ρνD/µwas
65,819, where ρ is the density, µ is the dynamic viscosity, D is the rotor diameter, and ν is the velocity
of air (in the case of a maximum fan rpm of 3800). The outer surface of the fluid domain was defined
as free convection with a heat transfer coefficient h of 5 W.m−2.C−1. The governing equations were
solved using the semi-implicit method for pressure-linked equations consistent (SIMPLEC) method,
and the second-order upwind was selected for the spatial discretization of the convection terms in
the pressure, momentum, energy, and potential equations. The time step was set at 1, the maximum
iteration step was set at 30, and the simulation times for the discharge conditions of 1C, 2C, 3C, 4C,
and 5C (C-rates) were 3534 s, 1723 s, 1129 s, 841 s, and 664 s, respectively.

A hexahedral mixing grid was used for the inner battery cell, while that of the fluid domain was
polyhedral. The battery cell was divided into 16 layers, as shown in Figure 2. The grid number plays
an important role in ensuring the accuracy of transient simulations; therefore, an independent grid
test was thoroughly studied. As shown in Figure 3, the maximum temperature in a single-battery cell
simulation decreased significantly from 30.97 ◦C at 176,300 elements to 30.90 ◦C at 413,000 elements;
there was a slight change of about 0.01 ◦C when the number of elements was increased to 864,800. The
variation in the heat transfer rate was very small at only 0.0032%. Therefore, the number of grids was
set at 413,000 for the single-battery cell simulations. The other models were based on the present grid
system of a single-battery cell.

Two air-cooling methods were investigated: natural and forced. The natural method was used to
assess the air in a stagnant condition. The forced model was used when the fluid flow was introduced
into the domain by a fan.
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Figure 3. Independent grid test with various mesh numbers.

The simulations in this study were composed of four different stages. First, the single-battery cell
was tested under 1C, 2C, 3C, 4C, and 5C discharging conditions to verify the reliability of the model.
In the second stage, the battery module was tested under 1C, 3C, and 5C discharging conditions.
In the third stage, the selection of a suitable fan system was evaluated under a 5C fast discharging
condition. Finally, in the fourth stage, the influence of speed was considered under 3C and 5C
discharging conditions.

2.2. Mathematical Model and Verification of Simulation Reliability

The goal was to determine the temperature distribution of the battery cell at the battery length
scale to determine the exact location of easy heat accumulation. For predicting the temperature
using a thermal management method, the multi-domain and multi-physics nature was adopted. The
anode–separator–cathode sandwich layers and the Li-ion transport equation of the battery scale needed
to be determined. The multi-scale multi-domain (MSMD) [30] approach is effective at analyzing
different physical properties in different solution domains. Based on the charge conservation during
discharge, the Poisson equations are as follows:

∇.(σ+∇ϕ+)
∣∣∣Ω+ = −j, (1)

∇.(σ−∇ϕ−)
∣∣∣Ω− = +j, (2)

where σ+ and σ− are the effective electrical conductivities for the positive and negative electrodes,
respectively; ϕ+ andϕ− are the phase potentials for the positive and negative electrodes, respectively;
j
(
A/m3

)
is the volumetric current transfer rate calculated using an electrochemical submodel; and Ω+

and Ω− denote the domains of the positive and negative electrodes, respectively.
In Equations (1) and (2), the volume current transfer rate j is a function of the potential difference

(ϕ+ −ϕ−) between the positive and negative electrodes of the battery. The functional form depends
on the polarization curve of the electrodes. Tiedemann and Newman [31] and Gu [32] found that j
varies linearly with the cell voltage. The NTGK model was proposed by Kwon et al. [21]:

j = αY[U− (ϕ+ −ϕ−)], (3)

where α is the specific area
(
m2/m3

)
of the electrode sandwich sheet in the battery cell, while U and Y

are the empirical fitting parameters. Gu’s experiment [32] found that both U and Y depend on the
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depth of discharge (DOD) of the battery and temperature. The following U and Y functions were
proposed in Gu [32]:

U = a0 + a1(DOD) + a2(DOD)2 + a3(DOD)3 + a4(DOD)4 + a5(DOD)5, (4)

Y = b0 + b1(DOD) + b2(DOD)2 + b3(DOD)3 + b4(DOD)4 + b5(DOD)5, (5)

where the coefficients ai and bi (i = 0, . . . 5) are constants to be calculated experimentally. The fitting
parameters used to determine the potential and current density distribution on the electrodes during
discharge are shown in Table 2.

Table 2. The fitting parameters used in the Newman, Tiedemann, Gu, and Kim (NTGK) model.

Parameter Constant Value

U

a0 4.3104
a1 −1.9184
a2 2.8835
a3 −6.8305
a4 −9.7601
a5 −4.8786

Y

b0 879.2
b1 −4606.2
b2 −23,007.5
b3 −86,540.6
b4 101,993.2
b5 −44,914.4

To verify the accuracy of the adopted model and simulation procedure, the simulated data were
compared with experimental data provided by the Scanjet company. In Figure 4, the predicted curves
under different discharge conditions agreed well with the experimental results for both voltage and
temperature. The value of the discharging current was equal to C-rate multiplied by the nominal
capacity, and the operating time of a battery depended on the discharge rate, which meant the higher
is the discharge rate, the shorter the operating time of the battery, as shown in Figure 4a. Figure 4b
shows that the temperature increased rapidly when the discharge condition increased. For example,
the maximum temperature of the single-battery cell after discharging at 1C, 2C, 3C, 4C, and 5C rates
were 35 ◦C, 48 ◦C, 70 ◦C, 84 ◦C, and 92 ◦C, respectively. Under discharge conditions greater than 3C,
the maximum temperature was outside the operating range specified by the manufacturer, as shown
in Table 1. Additionally, under the condition of rapid discharge at 5C, the temperature history error
increased to 5% and exceeded 92 ◦C. This partly depends on the process used to set the ambient for
the experiment. Kim et al. [25] found that the ambient temperature during this type of experiment is
quite sensitive.

The volumetric heat source in the battery cell can be expressed as irreversible heat from the internal
resistance of the cell j[Voc − (ϕ+ −ϕ−)] and reversible heat from the electrochemical reaction inside the
cell −jT dVoc

dT . Additionally, the ohmic heating in the battery is added, while the heat generated by the
resistivity of the current collecting tab and the resistivity of the electrical contact between the current
collecting tab and the lead wire are excluded. The total heat generation is as follows:

q = j
[
Voc − (ϕ+ −ϕ−) − T

dVoc

dT

]
+ σ+∇

2ϕ+ + σ−∇
2ϕ−, (6)

where Voc is the open-circuit potential of the cell (V), and T is the working temperature of the battery.
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Because natural convection and forced convection are understood to disperse the temperature of
the cell, the conjugate heat transfer problem should be studied. The equation of energy conversion of
the battery is calculated as follows [33]:

ρbcb
∂T
∂t

= ∇.(kb∇T) + q, (7)

where ρb is the density, cb is the heat capacity, and kb is the thermal conductivity of the battery.
Additionally, the fluid flow and heat transfer can be expressed using the equations of mass

conservation, momentum, and energy:

∂ρa

∂t
+∇.
(
ρa
⇀
ν
)
= 0, (8)

ρa
∂
⇀
ν

∂t
+∇.
(
ρa
⇀
ν
)⇀
ν = −∇p, (9)

ρaca
∂T
∂t

+∇.
(
ρaca

⇀
νT
)
= ∇.(ka∇T), (10)

where ρa is the density, ca is the heat capacity, ka is the thermal conductivity, and ν is the velocity of air.

3. Results and Discussion

As discussed earlier, a battery module in which many cells were connected in series was studied.
In addition to the natural convection analysis for the battery module, the forced convection model
was applied to determine a favorable distribution location of the fan, a suitable fan quantity, and the
optimal speed of the fan.

3.1. Battery Module under Various Discharging Conditions

The temperature distributions of the battery module without fans, discharging at 1C, 3C, and
5C, are shown in Figure 5. The temperature near the current collecting tab of the electrode zones was
higher than in the other zones. Because the electrical conductivity of the active material was much
lower than that of the electrodes, as shown in Table 1, the current flows near the tabs of both the
positive and negative electrodes were high, as explained by Kim et al. [22].



Energies 2020, 13, 2387 8 of 15
Energies 2020, 13, x FOR PEER REVIEW 8 of 16 

Energies 2020, 12, x; doi: FOR PEER REVIEW www.mdpi.com/journal/energies 

   
(a) (b) (c) 

 

Figure 5. Temperature distribution of the battery module after discharging at (a) 1C, (b) 3C, and (c) 5C. 

The heat source and maximum temperature curves over time of the battery module are shown in 

Figure 6a,b, respectively. The highest volumetric heat source of the battery module after discharging at 

1C, 3C, and 5C was 42,786, 144,849, and 250,996 W/m3, respectively. The corresponding maximum final 

temperatures were 46 °C, 74 °C, and 114 °C, respectively. The temperature of the battery module 

increased immediately with an increase of current. Particularly, the value in the 5C case (after 

discharging) was almost twice the maximum permissible operating temperature of the battery. Under 

3C and 5C discharging conditions, the maximum temperatures were increased by 4 °C and 22 °C, 

respectively, compared to that of the single-battery cell. It is important to note that the initial and 

ambient temperatures were set at 25 °C, which is an ideal condition. This means that if the room 

temperature was higher than this standard, the battery module would be operating in a dangerous 

situation, with a risk of thermal runaway and explosion. In the following section, the scheme of fan 

systems and the appropriate number of fans are analyzed. 

  
(a) (b) 

Figure 6. Curve histories at various C-rates of the battery module in the conjugate simulation: (a) 

average volume heat generation and (b) maximum temperature. 

3.2. Battery module with Supply Fan Systems under a Fast Discharging Condition 
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The heat source and maximum temperature curves over time of the battery module are shown in
Figure 6a,b, respectively. The highest volumetric heat source of the battery module after discharging at
1C, 3C, and 5C was 42,786, 144,849, and 250,996 W/m3, respectively. The corresponding maximum
final temperatures were 46 ◦C, 74 ◦C, and 114 ◦C, respectively. The temperature of the battery
module increased immediately with an increase of current. Particularly, the value in the 5C case (after
discharging) was almost twice the maximum permissible operating temperature of the battery. Under
3C and 5C discharging conditions, the maximum temperatures were increased by 4 ◦C and 22 ◦C,
respectively, compared to that of the single-battery cell. It is important to note that the initial and
ambient temperatures were set at 25 ◦C, which is an ideal condition. This means that if the room
temperature was higher than this standard, the battery module would be operating in a dangerous
situation, with a risk of thermal runaway and explosion. In the following section, the scheme of fan
systems and the appropriate number of fans are analyzed.
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3.2. Battery module with Supply Fan Systems under a Fast Discharging Condition

In the present work, six models with fans were considered to investigate the effects of the fan
position and the number of fans. Five models contained two fans with varying positions, and the other
comprised four fans. For example, the D1 design had two fans, both placed on the left, and the D3
design had the same number of fans but on the right. Similarly, the D2, D4, and D5 designs had two
fans at different positions, as shown in Figure 7. Finally, four fans were adopted in the D6 design.
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The speed of the fans was set to 2000 rpm in all models. Although the location of the heat source
was near the two electrode zones, placing the fan near this zone did not improve heat dissipation.
Figure 8 shows the history of the maximum temperature and the temperature difference between
cells for the various designs. The design layouts and the temperature contours are shown in Figure 7.
In the 5C discharge condition, only the D2 and D6 designs produced operating temperatures within an
acceptable range (less than 60 ◦C). The D1, D3, D4, and D5 designs had maximum temperatures of
70.5 ◦C, 72.5 ◦C, 62.7 ◦C, and 61.0 ◦C, respectively. For the D1 and D3 designs, the two fans were placed
only on one side of the battery module, which caused uneven temperature distributions. Although
only two fans were used in the D2 design, it had the same maximum temperature of 58.9 ◦C as the
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D6 design, which contained four fans. As shown in Figure 8a,b, both the maximum temperature and
the temperature difference curves of the D2 design were better than those of the D6 design. Thus,
the closer the fan was to the center of the battery, the more uniform the dispersion effect was. Even
though the minimum temperature of design D6 was lower than that of design D2 by approximately
3.3 ◦C, as shown in Figure 7f,b, respectively, in general, the D2 design was advantageous in terms of
heat dissipation.
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Additionally, in comparison with the D6 design, the D2 design was easier to model and optimize
in terms of cost. For these reasons, the D2 design was selected as the final option for analyzing the
influence of speed in the subsequent experiments.

3.3. Effect of Fan Speed

According to the analysis in the previous section, high temperatures were concentrated in two
main areas, the positive zone and the central zone of the battery cell. Although the outer two batteries
were contacted with more space, the heat dissipation is poor, and therefore the temperature was higher.
This was partly due to the axial properties of the fans, which flowed more directly into the middle of
the battery module via gaps. In this section, the fan speeds of 3000 and 3800 rpm were considered
based on the D2 design. The temperature distribution of the battery module and velocity vectors of
the fan system after 3C and 5C discharging are shown in Figure 9. The comparison of the maximum
temperature and temperature difference with various fan speeds is plotted in Figure 10.

As shown in Figure 9, temperatures over the battery surface decreased with an increase in fan
speed. The fan system blew the airflow near the center part inside the gap between the battery
cell, which caused airflow to go out of the upper and lower gaps of the battery cell. The pattern of
streamlines did not show a significant change as a function of fan speed. However, the temperature
of the airflow escaping the battery cell decreased as the fan speed increased, which means that the
amount of heat transfer increased with an increase in fan speed.

As the fan speed increased, the maximum temperature decreased. For example, when the
fan speed was 3000 rpm, the maximum battery module temperatures after 3C and 5C discharging
conditions were 38.6 ◦C and 55.4 ◦C, respectively. When the fan speed increased to 3800 rpm, the
maximum temperature dropped to 36.4 ◦C and 49.7 ◦C for 3C and 5C, respectively. In other words,
compared with the results at a fan speed of 3000 rpm, the maximum temperature of the battery module
decreased by 2.2 ◦C and 5.7 ◦C for 3C and 5C, respectively.
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Figure 9. Temperature distribution with the flow direction vector of the battery module after 3C and
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at 5C.

Concerning the variation in the temperature difference of the battery module, as shown in
Figure 10b, when the fan speed was 3000 rpm, the temperature differences after discharging under 3C
and 5C conditions were 9.7 ◦C and 21.5 ◦C, respectively. When the fan speed increased to 3800 rpm,
the corresponding temperature difference was only 8.6 ◦C and 18.5 ◦C, respectively. Compared with
the 3000 rpm case, this produced decreases of 1.1 ◦C and 3.0 ◦C, respectively.

The detailed evolution of temperature is illustrated by the histogram in Figure 11. In a 3C
discharging condition, the maximum temperatures among the cells were similar, with 37–38 ◦C and
35–36 ◦C at 3000 and 3800 rpm, respectively. Figure 11b shows that, after discharging at 5C, the
temperature varied with the fan speed, with ranges of 52–55 ◦C and 46–49 ◦C at 3000 and 3800 rpm,
respectively. The temperature differences for each battery cell are shown for 3C and 5C discharging
conditions. In Figure 11b, the highest temperature differences, which were 19 ◦C and 17 ◦C for 3000
and 3800 rpm, respectively, are marked in bold text. For fast discharging conditions, the temperature
in the positive electrode tab rose abruptly, whereas the small distance between the cells of the battery
module (2.3 mm) interfered with the airflow to the middle of the battery module.
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The above results show that the maximum temperature and temperature difference of the battery
module can be reduced by increasing the fan speed. This ensures that the battery module can operate
within the permissible temperature range.
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4. Conclusions

In this study, an integrated thermal–electrochemical coupled transient analysis was conducted
on a single-battery cell and in a battery module with or without a fan system. The application of a
transient model to a heat management system was essential since it provided an accurate description
of the temperature change over time. The results indicate that the model may be suitable for cooling
system control.

The analysis results of a single-battery cell agreed well with experimental data, providing
suggestions for an effective heat management design. Unlike the convective heat transfer boundary
condition used in previous studies of the internal thermal behavior of Li-ion batteries, the conjugate
heat transfer condition was applied to provide a better prediction of the heat dissipation. The battery
module model showed a temperature rise of 10 ◦C above that of the single battery. This result required
a design process with a cooling system for the battery module or battery pack.

Installation of the fan-cooled system ensured that the working temperature stayed within the
allowed limits (−40 ◦C to 60 ◦C). As the distance between the fans and the center of the battery
decreased, the cooling efficiency and cost savings increased. Additionally, as the fan speed increased,
the temperature difference between the battery cells decreased.

Future work will further clarify the thermal behavior under conditions of rapid discharge with
the support of aluminum plates and coolant.
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