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Abstract: To improve the safety of electric vehicles, this paper analyzes the way of cooling lithium-ion
batteries of electric vehicles and proposes an air-cooling scheme. First, a heat-generation model
for the lithium-ion battery is prepared for numerical simulation and a finned air-cooling model
is designed, which combines cold air with fins to lower the temperature of lithium-ion batteries.
Through feasibility analysis, it is proved that the heat-generation model can reflect the actual heat
generation of lithium-ion batteries. The cooling effect of the finned air-cooling model is also evaluated.
The temperature can be 23.6 ◦C lower than the maximum compared with lithium-ion batteries without
cooling. The cooling effect is desirable for diamond, triangle and rectangular lithium-ion battery
packs, among which the rectangular battery pack achieves the most desirable effect. To conclude,
to ensure the safe operation of lithium-ion batteries in electric vehicles, air cooling can be used to
control their temperature, with the cooling effect in the rectangular lithium-ion battery pack being
the most desirable.

Keywords: electric vehicle; lithium-ion battery; air cooling; thermal management

1. Introduction

Thanks to electric vehicles, environmental pollution has been greatly reduced and
clean energy is put to good use. The battery pack, which powers electric vehicles, has
attracted much attention with considerable research carried out to improve its performance.
Currently, most electric vehicles run on lithium-ion batteries, which have the advantages of
high voltage, large actual specific energy and long service life. However, high temperature
produced from battery charging remains a problem that somehow affects the service life of
the vehicle [1,2]. Therefore, it is necessary to apply thermal management to lithium-ion
batteries, so that electric vehicles can be more efficient. Air cooling, as a way of cooling with
low cost and good effect, is gaining more popularity among electric vehicle manufacturers.
Existing studies on lithium-ion batteries have concluded that the battery cooling effect
hinges on the shape of the battery pack [3–6]. Therefore, to improve the safety of lithium-ion
batteries, this paper proposes an air-cooling model, and conducts numerical simulation
on thermal management to explore the cooling effect of the finned air-cooling model on
diamond, triangle and rectangular lithium-ion batteries, so as to promote the development
of electric vehicles in China.

2. Literature Review

With more and more achievements made in the field of new energy, new energy
products have caused a sensation. As a product of new energy development, electric
vehicles are of great significance to social development. Therefore, there is no dearth of
studies on electric vehicles. Polat et al. [7] used a Monte Carlo simulation to model the
uncertain behavior of drivers and analyzed the impact of voltage drop, transformer load,
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power loss and voltage imbalance on the low-voltage side of the distribution network.
Results showed that when the popularity of electric vehicles reached 50%, there was a 25%
probability of voltage violation [7]. To address the increasingly severe charging problem of
electric vehicles, Kim and others put forward the charging demand prediction model of
electric vehicles based on the Monte Carlo simulation, and used it to determine the peak
load time of charging. The prediction model was proved effective [8]. To effectively stop
the noise arising from electromagnetic interference when electric vehicles were traveling,
scholars such as Chen proposed an estimation model for the electromagnetic interference
of a resolver. The model was proved correct through simulation and actual measurement
analysis, playing a significant role in analyzing the electromagnetic interference noise
coupling between the motor drive system and other low pressure-sensitive circuits [9].
To address the charging management of electric vehicles, Qian and others put forward
the necessity of effective management of the charging records of electric vehicles. They
further proposed a distributed algorithm based on auction to calculate the optimal storage
selection, and used the annealing algorithm to determine the server node allocation of
each BC [10]. The effectiveness of the algorithm was verified. Ashfaq et al. [11] conducted
research to evaluate the impact of electric vehicle development on social progress. They
looked at the status quo and the development trend of electric vehicles in recent years, and
analyzed the burden brought by electric vehicles on the power grid, providing theoretical
reference for other studies on the same topic. Burkhart et al. [12] designed a one-mile
electric vehicle to meet individual needs for transportation, and digitalized the process,
thus reducing the complexity of the product and the manufacturing cost.

The battery is a key part of the energy vehicle. At present, most electric vehicles use
lithium batteries. Falehi et al. [13] used the fractional hyper twist sliding mode control to
improve the robustness of the battery storage system. Results show that the overshoot, un-
dershoot and stability time of the system were 0.6, 0.4 and 0.03, respectively, indicating that
the system had strong stability. To solve the problem of interface resistance between elec-
trode and electrolyte of all solid-state lithium-ion batteries, Nishio and others [14] proposed
to use “single-phase all solid-state batteries”. Results showed that the electronic leakage
of the battery was significantly reduced. In addition, the battery had high lithium-ion
conductivity with improved working voltage and reversible capacity. To cope with global
warming and improve the performance of electric vehicles, Feng and others analyzed the
heat dissipation effect of lithium-ion batteries of electric vehicles at different air inlet speeds,
with different numbers of heat sinks and at different thicknesses of heat sinks between
lithium batteries. They proposed an optimal scheme that could effectively improve the heat
dissipation performance of lithium batteries, improve the performance of electric vehicles
and reduce CO2 emissions [15]. Wang and other scholars proposed a new mathematical
evaluation method of power status to ensure the safety of the lithium battery pack [16]. By
studying the non-convex optimization treatment of the lithium battery pack under complex
working conditions, a complex evaluation model for evaluating the power status with
coupling relationship decomposition was put in place. It was proved to effectively evaluate
the power status on an on-going basis and was suitable for complex battery packs under
complicated environments. Zhang et al. proposed an energy-management system based
on a bus frequency signal to absorb as much photovoltaic output power as possible when
the lithium battery was under fast-charging [17], whose effectiveness was verified through
simulation experiments. To adjust the temperature of the graphite matrix in a passive way,
Bang et al. [18] proposed a feasible solution to increase the temperature of the graphite
matrix through the analysis of this finite element.

To sum up, the emergence of new energy has driven the rapid development of electric
vehicles, resulting in increasing studies on this topic. To promote the sustainable develop-
ment of electric vehicles, studies on lithium batteries have gone further. However, there
are few studies on lithium batteries of electric vehicles, let alone studies on the cooling
system of such batteries. Therefore, the air-cooling thermal management system for differ-
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ent shapes of lithium batteries is analyzed in this paper through numerical simulation to
provide theoretical support for the development of electric vehicles.

3. The Simulated Air-Cooling System for Lithium-Ion Batteries of Electric Vehicles
3.1. Heat Generation Model for the Lithium-Ion Battery

To fully understand the working condition of the thermal management system when
the lithium-ion battery is being cooled, this study first tries to understand how the battery
generates heat and, based on the battery thermoelectric coupling model, it analyzes the
heat generation and heat transfer phenomenon during the battery charging process [18–23].
During such a process, most electric energy is converted into chemical energy while some is
converted into thermal energy, and the electric heating capacity of the battery will keep part
of the generated heat inside the battery [24–26]. Equation (1) refers to the heat generation
power of battery coil core.

.
Q =

.
Qj +

.
Qr = I(Uo −Ut) + IT0

∂Uo

∂T
(1)

In Equation (1),
.

Q represents the Joule thermal power of the battery and
.

Qr represents
the thermal power generated by the chemical reaction during energy conversion in the
battery, the unit of which is W; I represents the current generated during battery charging,
the unit of which is A; Uo represents the open circuit voltage of the battery; Ut represents
the voltage at both ends of the positive and negative poles of the battery, the unit of which
is; and T0 represents the ambient temperature, T representing the internal temperature of
the battery, the unit of which is ◦C. The lithium-ion battery of electric vehicles contains a
large number of modules where the contact resistance will be generated when the pole
lug is connected with the bus bar. When the current is transmitted in the pole lug, the
contact surface will shrink, which will produce resistance [27,28]. With the change of the
roughness of the contact surface and the increase of the resistance, electric energy will be
converted to thermal energy. The analysis of the contact resistance between the two is
shown in Equation (2).

Rc =
k

0.102F
(2)

In Equation (2), k represents the resistance coefficient, which is related to the surface
properties of the contact material, and k represents the foundation pressure generated at
the contact point. After the contact resistance is calculated, the energy variation caused by
the current passing through the basic resistance is calculated according to Joule’s law, as
shown in Equation (3).

.
Qt = I2Rc (3)

In Equation (3), I represents the passing current and Rc represents the contact resis-
tance value. In the process of the battery charging, the heat generated will be transferred. In
the study, only the heat conduction in the process of battery charging is taken into account,
as shown in Equation (4).

ρCp
∂T
∂t

=
∂

∂x
(λx

∂T
∂x

) +
∂

∂y
(λy

∂T
∂y

) +
∂

∂z
(λz

∂T
∂z

) +
.

Q (4)

In Equation (4), ρ represents the density of the battery coil, Cp represents the specific
heat capacity of the battery coil, ∂x represents the thermal conductivity of the battery
in direction X, ∂y represents the thermal conductivity of the battery in direction Y, ∂z
represents the thermal conductivity of the battery in direction Z,

.
Q represents the thermal

power of the battery, and T represents the internal temperature of the battery.
The heat-generation model for the lithium-ion battery is built to reflect the energy

variation of the battery in the charging process, but the contact area between the environ-
ment and the battery will affect the effect of heat generation. Therefore, this paper designs
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a method that can fully reflect the heat-generation effect of the lithium-ion battery in the
charging process, as shown in Figure 1.

Figure 1. Schematic diagram of the heat-generation model for the lithium-ion battery.

Figure 1 shows that in the heat-generation test, two new batteries are selected to ensure
that they can produce the same heat in the charging process. At the same time, they are
wrapped with insulating cotton to reduce heat loss. The location of the thermocouple is
determined, the wrapped batteries are connected to the charging and discharging motor
and the thermocouple data collector is used to collect data.

3.2. The Air-Cooling Model for Lithium-Ion Battery

To address the heat generated by the lithium-ion battery in the charging process, most
of existing studies proposed to build a battery pack thermal management system based
on water cooling, but the water-cooling device is complicated and expensive [29–33]. To
reduce the complexity and manufacturing cost, an air-cooling model is proposed. At the
same time, to reduce energy consumption caused by high ambient temperature, a finned
heat-exchange equipment is imbedded in the air-cooling thermal management system, as
shown in Figure 2.

Figure 2. Finned air-cooling thermal management system.

Figure 2 shows that since the lithium-ion battery pack is composed of multiple single
batteries in series and in parallel; when analyzing the system structure, the edge of the
battery module can be ignored and considered as multiple repeating units. Therefore, the
simulation unit is used in the numerical simulation to reduce calculation. In the finned
air-cooling model, the fin is placed in the battery gap, as high as the battery. The cold
air flows between the fin and the battery. The cold air is used for heat exchange and
takes away the heat generated during the charging process. To simplify the numerical
calculation, it is assumed that the physical properties of the battery do not change with the
environment. It is also assumed that the heat-generation rate is the same everywhere in
the battery. In addition, heat radiation generated on the battery surface is ignored. Finally,
the flow of cold air in the gap is regarded as incompressible. The governing equations and
boundary conditions in numerical simulation are determined. First, the energy equation of
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the battery area is defined as Equation (4). Second, the energy-control equation inside the
fin is determined. Since the heat accumulation inside the fin is caused by heat conduction,
the energy-control equation can be defined as Equation (5).

ρ f Cp, f
∂Tf

∂t
= λ f

∂Tf

∂x
+ λ f

∂Tf

∂y
+ λ f

∂Tf

∂z
(5)

In Equation (5), ρ f represents the density of the fin, Cp, f represents the specific heat
capacity of the fin, λ f represents the thermal conductivity of the fin and Tf represents the
temperature of the fin in numerical simulation. Finally, the internal energy of the cold air is
determined and its energy source is the heat conduction and heat convection between the
battery and the fin. Therefore, its energy control equation can be defined as Equation (6).

ρaCp,a
∂Ta

∂t
= ∇(λa∇Ta) + ρaCp,aua∇Ta (6)

In Equation (6), ua represents the air flow rate. The incompressible air flow equation is
shown in Equation (7).

ρa
∂ua

∂t
= ρaga −∇pa + ua∇2ua (7)

In Equation (7), ga represents gravitational acceleration and pa represents air pressure.
In the boundary condition control, the initial conditions are determined, as shown in

Equation (8). {
Ta = Tf = T0
ua = constant

(8)

In Equation (8), Tf represents the initial temperature of the fin, Ta represents the initial
temperature of the air, T0 represents the ambient temperature and the reduction is defined
as 25 ◦C; ua indicates the initial air velocity. The temperature boundary conditions are also
defined, as shown in Equation (9). {

λb∇Tb = λ f∇Tf
λb∇Tb = λa∇Ta

(9)

Equation (9) shows that the energy of the inflow interface and that of the outflow
interface on the contact surface between the battery and the fin. The battery and the
air are equal. λb represents the thermal conductivity of the battery and Tb represents
the temperature of the battery; λ f represents the thermal conductivity of the fin and Tf
represents the temperature of the fin; λa represents the thermal conductivity of air and
Ta represents the air temperature. In the lithium-ion battery pack, the upper and lower
surfaces will be equipped with circuit boards, which can be regarded as thermal insulation,
which means no energy in this area. Finally, the velocity boundary condition is defined,
and the inlet and outlet boundary condition of air is defined as Equation (10).{

ua,in = constant
pa = p0 = 101.325 KPa

(10)

In Equation (10), ua,in represents the constant velocity of the air at the inlet and pa
represents the pressure at the outlet, which is positioned at the standard atmospheric
pressure. It is believed that air is a Newtonian fluid, which means when air flows in the
gap between the battery and the fin, the velocity is 0. In numerical simulation, the finite
element solution is adopted, the process of which is shown in Figure 3.
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Figure 3. Flow chart of numerical simulation.

Figure 3 shows that with the support of finite element technology, the physical char-
acteristics and boundary conditions of the lithium-ion battery pack are first input as the
initial values, which are iteratively calculated through the air-flow equation. With the
output of the distribution of air velocity field, the energy equation of the battery and the
fin is calculated according to the set time and the initial temperature. The temperature
distribution in the simulation unit is obtained by continuous iterative solution.

4. Numerical Simulation on the Air-Cooling Model for the Lithium-Ion Battery Pack
4.1. Demonstration for the Simulated Heat Generation Effect of the Heat-Generation Model

Numerical simulation is an approach to simulate the system environment on the
computer, so as to determine the scientificity and feasibility of the algorithm or model.
In addition, numerical simulation can help researchers find the optimal parameters of
the model, so as to optimize the model and achieve the best performance in practical
application. The heat-generation model is the key part in the numerical analysis of the
air-cooling thermal management system for the lithium-ion batteries of electric vehicles.
Therefore, this paper creates a simulated environment to analyze the performance of the
heat-generation model.

It can be seen from Figure 4 that by analyzing the temperatures of the three monitoring
points, the heat-generation model is proved to be effective. At monitoring point 1, the
temperature generated in the simulated environment increases along with the charging
time, and it reaches the highest temperature, 35.7 ◦C, at 4000 s. The maximum deviation
from the actual temperature is only 1.3%. At monitoring point 0 and monitoring point
3, the deviation between the simulated temperature and the actual temperature is within
1.2%. The above results show that the simulated heat-generation model for the lithium-ion
battery is consistent with the actual heat. A monitoring point is studied as a case to analyze
the temperature variation of the heat-generation model under different magnification, as
shown in Figure 5.
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Figure 4. Analysis of the performance of the heat-generation model.

Figure 5. Temperature variation of heat-generation model under different magnification.

It can be seen from Figure 5 that at the current monitoring point, with the prolonging
of the charging time, the temperature rises at a different rate and the maximum temperature
varies under different magnification. At the charging rate of 1C, when charging for 2800 s,
the temperature of the current monitoring point is neither high nor low, and it reaches
the maximum of 32.7 ◦C at 3600 s. At the charging rate of 2C, the temperature of the
current monitoring point is stable when charged for 1700 s. When charged for 1800 s, the
temperature reaches the maximum, which is 42.5 ◦C. After that, the temperature begins to
decrease. At the charging rate of 3C, the charging time required for the current monitoring
point to reach the highest temperature is shortened to 1200 s, with the highest temperature
being 50.1 ◦C. In addition, this paper also analyzes the simulated temperature distribution
of the lithium-ion battery pack, as shown in Figure 6.
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Figure 6. Simulated temperature distribution of lithium-ion battery pack.

From the comprehensive analysis of 30 monitoring points in the battery pack as shown
in Figure 6, it is found that at the charging rate of 1C, the highest temperature of the battery
pack is 32.9 ◦C, whereas the lowest is 31.8 ◦C, with a gap of 1.1 ◦C. At the charging rate
2C, the temperature of the battery pack rises significantly to 42.6 ◦C to the maximum, and
the bottom line is 40.8 ◦C. At the charging rate of 3C, the temperature of the battery pack
rises to 50.4 ◦C to the maximum. From the temperature distribution of the battery pack in
the heat generation model, there is a huge temperature gap at different monitoring points,
which means that during the charging process, the contact resistance between the contact
points in the lithium-ion battery pack are constantly changing, resulting in insufficient
current carrying in some monitoring point areas with the increase of the magnification.

4.2. Numerical Simulation Analysis of the Finned Air-Cooling Effect

The main purpose of finned air-cooling is to reduce the heat generated by lithium-
ion batteries during the charging process. To understand the cooling effect of the finned
air-cooling model, this paper applies numerical simulation to the heat-generation model,
and analyzes how the temperature is lowered under finned air-cooling and water-cooling
conditions, respectively, as shown in Figure 7.

Figure 7. Comparison of the cooling effect under finned air-cooling and water-cooling conditions.

As can be seen from Figure 7, the simulation is conducted at the charging rate of 3C,
with obvious temperature rise. The temperature at 30 monitoring points in the battery pack
is detected. Under the water-cooling condition, the overall temperature of the battery pack
is neither too high nor too low, which is around 45 ◦C, shifting between 43.7 ◦C and 45.9 ◦C.
Under the finned air-cooling condition, the highest temperature of the lithium-ion battery
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pack is 46.1 ◦C while the lowest is 43.6 ◦C. From the comparison of the two conditions,
it can be found that water cooling achieves a better effect in lowering the temperature.
The reason is that water can take away the heat of the battery through its flow, so that
the battery can be wrapped in a relatively low-temperature environment for a long time.
However, at the same charging rate, both ways can effectively control the battery pack
temperature and, if the cost is considered, the finned air-cooling model is better than the
water-cooling one, which further proves the availability and performance of the cooling
model proposed in this study. In addition, this paper further probes into the cooling effect
of the finned air-cooling model on reducing the temperature of the battery pack at different
charging rates, as shown in Figure 8.

Figure 8. Finned air-cooling effect at different charging rates.

Figure 8 shows the final temperature of the lithium-ion battery pack with and without
finned air-cooling. It can be found that at all charging rates, the final temperature of the
lithium-ion battery pack without cooling is on the rise continuously. At the charging rate
of 3C, the temperature can reach 63.4 ◦C, and at 1C, it can still climb to as high as 49.9 ◦C.
When finned air-cooling is applied, the temperature of the lithium-ion battery pack at the
charging rate of 3C is 51.1 ◦C, which is 12.3 ◦C lower than that without cooling. At the
charging rate of 1C, the temperature is only 26.3 ◦C, 23.6 ◦C lower than that without cooling.
The above results show that the finned air-cooling model can significantly reduce the heat
generated in the charging process of the lithium-ion battery pack and ensure the service
life of the battery.

4.3. Numerical Analysis of Air-Cooling Thermal Management System with Different Battery
Group Shapes

Finally, this paper studies the lithium-ion battery pack when it presents different
shapes. There are three shapes: diamond, triangle and rectangle. The temperature varia-
tions of the battery pack with finned air-cooling in different shapes are analyzed. This paper
analyzes the temperature in the convective heat-exchange area of the diamond, triangle and
rectangle lithium-ion battery packs after the discharge is completed, as shown in Figure 9.
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Figure 9. Temperature in the convective heat-exchange area of the diamond, triangle and rectangle
lithium-ion battery packs when the discharging is completed.

As can be seen from Figure 9, the battery pack in different shapes has different
temperatures in the same heat-exchange area. The temperature of a triangle battery pack is
the highest, that of a rectangle pack is in the middle, while that of a diamond is the lowest.
In addition, it can be seen from the temperature variation that when the discharging is
finished, the temperature of the lithium-ion battery decreases with the increase of the heat-
exchange area. The results show that the finned air-cooling method has a significant yet
different cooling impact on the diamond, triangle and rectangle lithium-ion battery packs.
Finally, numerical simulation is applied to measure the temperature of each monitoring
point for three different shapes of battery packs with finned air-cooling, as shown in
Figure 10.

Figure 10. Numerical simulation on three different shapes of battery packs.

As can be seen from Figure 10, with finned air-cooling, the temperatures at each
monitoring point for diamond, triangular and rectangular lithium-ion battery packs remain
within a low range, in which the highest temperature is in the triangular battery pack,
reaching 42.3 ◦C, and the lowest is in the rectangular battery pack, which is only 40.2 ◦C.
At the same time, from the curve change, it can be found that the temperature at each
monitoring point of a rectangular battery pack is relatively concentrated, while that of a
triangular battery pack is relatively dispersed. To sum up, finned air-cooling can generate
a good cooling effect on diamond, triangle and rectangle lithium-ion battery packs, and
the rectangular battery pack has the most desirable cooling effect of the three. The reason
is that in the rectangular battery pack, the finned air-cooling model generates the same
influence on each battery, resulting in a more balanced cooling effect. The mutual influence
between each battery is not strong. As a result, the overall cooling effect of the battery pack
is optimal.
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5. Conclusions

With the development of new energy sources, electric vehicles have gained popularity
among people. As most electric vehicles run on lithium-ion batteries, to improve their
service life, this paper puts forward an air-cooling model to lower the temperature in
the lithium-ion battery pack. First, a heat-generation model of a lithium-ion battery is
created for subsequent numerical simulation and a finned air-cooling method is designed
to ensure the cooling effect of the lithium-ion battery. Results show that the heat-generation
model can effectively reflect the temperature variation of lithium-ion batteries during
the charging process. The finned air-cooling model has the same cooling effect as the
water-cooling one, and the minimum temperature can be reduced to 43.6 ◦C. In addition,
the maximum temperature difference between the pack with finned air-cooling and that
without can be 23.6 ◦C. Finally, through the numerical simulation on diamond, triangle and
rectangle lithium-ion battery packs with finned air-cooling, it is found that all three shapes
of packs can achieve good cooling effects, among which the rectangular battery pack is the
most desirable one. Therefore, it can be concluded that it is feasible to use air to cool the
lithium-ion battery, and the rectangular lithium-ion battery pack has the most advantages
in lowering the temperature.
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