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A B S T R A C T   

Thermal management of lithium-ion (Li-ion) batteries in Electrical Vehicles (EVs) is important due to extreme 
heat generation during fast charging/discharging. In the current study, a sandwiched configuration of the heat 
pipes cooling system (SHCS) is suggested for the high current discharging of lithium-titanate (LTO) battery cell. 
The temperature of the LTO cell is experimentally evaluated in the 8C discharging rate by different cooling 
strategies. Results indicate that the maximum cell temperature in natural convection reaches 56.8 ◦C. In addition, 
maximum cell temperature embedded with SCHS for the cooling strategy using natural convection, forced 
convection for SHCS, and forced convection for cell and SHCS reach 49 ◦C, 38.8 ◦C, and 37.8 ◦C which can reduce 
the cell temperature by up to 13.7%, 31.6%, and 33.4% respectively. A computational fluid dynamic (CFD) 
model using COMSOL Multiphysics® is developed and comprehensively validated with experimental results. 
This model is then employed to investigate the thermal performance of the SHCS under different transient 
boundary conditions.   

1. Introduction 

Nowadays, the transportation industry concentrates on clean energy 
vehicles due to climate change and environmental pollution. Electric 
vehicles (EVs) and hybrid electric vehicles which produce a smaller 
amount of carbon dioxide are introduced as a new generation and 
substitution of the combustion engine-powered vehicles [1]. The 
rechargeable battery is regarded as an optimum energy storage device 
and driving power. Among all kinds of batteries, lithium-ion (Li-ion) 
batteries have gained popularity because of their unique features 
comprising the wide application, high energy, high power density, and 
long life cycle [2-5]. However, Li-ion batteries are very sensitive to their 
operating temperature, especially at high C-rates. The C-rate represents 
the rate of charging/discharging of the cell respect to its maximum ca-
pacity. Many researchers have concluded that high temperature affects 
the charge/discharge efficiency, accelerates the capacity degradation, 
decreases output power, and reduces the battery life [6-9]. Besides, 
temperature inhomogeneity distribution in the battery module/pack 

increases the inconsistency between cells which leads to the decrease of 
cycle life. Hence, as it is recommended by researches the optimal 
working temperature range for Li-ion batteries is 25–40 ◦C, while the 
temperature difference in a module is preferred to be preserved below 
5 ◦C [10-12]. Therefore, designing a proper thermal management sys-
tem (TMS), to preserve the battery temperature within the optimum 
range and prevent from thermal runaway is vital for the operation of Li- 
ion batteries [13,14]. Many active, passive, and hybrid cooling systems 
have been developed for electric vehicles and electronic cooling. Up to 
the present time, different kinds of TMSs like air cooling, liquid cooling, 
and passive cooling based on phase change material (PCM) have been 
widely used [15–22,80,81]. The air cooling system is extensively used 
because of its advantages in terms of simple structure, low cost, and 
lightweight. Many studies have been done to improve the cooling per-
formance of the air cooling system by structure design, battery layout, 
and control strategy [23-26]. Nevertheless, due to the low specific heat 
of air, under stressful operating conditions, a considerable temperature 
difference can easily occur in a battery module/pack [27,28]. Liquid 
cooling is a more effective cooling system as the liquid coolant has a 
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much higher heat transfer of coefficient. Several studies have been 
focused on the flow channel design and thermal properties of coolant 
[29-32]. However, using liquid as a coolant can cause leakage and short 
circuit. Moreover, using components like pipes and pumps increase the 
cost of the system. Besides, the high-pressure drop across the liquid- 
cooled heat exchangers cause extra energy consumption [33]. On the 
other hand, passive methods such as PCM and Nano-PCMs have gained 
more attention in recent years [34-36]. PCM can successfully decrease 
the average temperature and provide a uniform temperature distribu-
tion for the Li-ion battery module/pack [37-39]. Nevertheless, high cost, 
lack of thermal stability for a long time, low thermal conductivity, and 
leaking problem after melting has not been completely solved [40-42]. 
Recently, heat pipe cooling technology has been used in many industrial 
applications [43-46]. Heat pipes are well-known as thermal supercon-
ductors that their thermal conductivity reaches up to 90 times more than 
a copper bar with the same dimension [47]. Heat pipes are classified as 
passive cooling systems that have many advantages including low cost, 
high heat transfer performance, and efficiency [44,48]. Heat pipes have 
flexible geometry and are classified into traditional circular pipes, long 
flat pipes, and the plate heat pipes, which have a compact structure and 

long service life. The tubular heat pipes received the attention of the 
researchers in many studies. However, one of the key issues is the lim-
itation of the contact area between the heat pipe and the heat source 
[49]. Therefore, the flat heat pipes and flat loop heat pipes are 
frequently used with the purpose of thermal contact increase. Behi et al. 
[50] presented an experimental and numerical study using the L shaped 
flat heat pipe as a novel TMS for cylindrical battery module. Dan et al. 
[51] numerically designed a thermal management system equipped with 
a micro heat pipe array. They proved that the micro heat pipe array TMS 
could provide a quick response for temperature stability during the 
rapidly changing operating condition. Ye et al. [52] experimentally 
designed a micro heat pipe arrays for the charging/discharging cycle. 
They found that the proposed cooling system could operate well and 
decrease the temperature and temperature difference effectively. Ye 
et al. [53] numerically improved heat pipe TMS for fast-charging Li-ion 
battery cell/pack. They proved experimentally and numerically, that 
heat pipe TMS is capable for thermal management of batteries. Tran 
et al. [54] experimentally considered the cooling effect of the flat heat 
pipe and conventional heat sink. They discovered that heat pipes can 
decrease thermal resistance and keep the batteries at a safe temperature. 

Nomenclature 

Δt Time Interval (t) 
T Battery Temperature (K) 
I Discharge Current (Ah) 
V Operating Voltage (V) 
v Velocity (m/s) 
m Mass of the Cell (kg) 
cp Specific Heat Capacity (J/kg.K) 
Tamb Temperature of Ambient (K) 
Rbt Total Resistance of the Battery (K/W) 
Rtab Total Resistance of the Battery Tab (K/W) 
k Thermal Conductivity (W/m.K) 
kT,x.y,z Thermal Conductivity in x,y and z Axis (W/m.K) 
p Pressure (Pa) 
S Cross-section of the Tab and Cell (m2) 
h Heat Transfer Coefficient (W/m2.K) 
qconv Free Cooling Heat Transfer (W) 
QCell Power Loss of Battery (W) 
gi Gravity (m/s2) 

keff Effective Thermal Conductivity of the Heat pipe (W/m.K) 
Qhp Heat Transferred by Heat pipe (W) 
Ah The cross-section of the Heat pipe (m2) 
qg Cell Heat Generation (W) 
V Volume (m3) 

Greek 
ρ’ Resistivity (k/W) 
ρ Density (kg/m3) 

Acronyms 
Li-ion Lithium-ion 
EVs Electrical Vehicles 
CFD Computational Fluid Dynamics 
TMS Thermal Management System 
SHCS Sandwiched Heat pipes Cooling System 
SOC State of Charge 
LTO lithium-titanate 
PCM Phase Change Material 
3D 3-Dimentional  

Fig. 1. The LTO prismatic cell and SHCS with their dimensions.  
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Thermal behavior and simulation of the battery cell can play an 
important role in cell temperature monitoring. Generally, an accurate 
validation process of the thermal model can be difficult and challenging. 
Comparing the experimental measurements from the cell surface tem-
perature with a simulation model is a less complex and faster method of 
model validation [55]. Nonetheless, owing to the intricacy of electro-
chemical reactions and divers current density distribution inside the 
cell, the 3-Dimentional (3D) distribution of cell surface temperature can 
be non-uniform especially, for large rectangular shaped cells in auto-
motive applications [56-60]. Also, according to the type of applied load 
profile, the location of maximum and average temperature can be 
different on the surface of the cell [61]. This temperature inhomogeneity 
makes more challenging TMS for the battery cell in order to maintain a 
uniform temperature inside the battery module/pack during charging/ 
discharging. Therefore, designing a sophisticated and capable cooling 
system is necessary. 

In the current study, cooling technology using heat pipes and air 
cooling is investigated. Surface temperature histories and temperature 
gradients of the LTO cell are collected experimentally and compared 
with four cooling methods. Moreover, the thermal infrared camera is 
used to detect and measure the 3D temperature distribution of the cell. 
For further consideration, the temperature of the cell is measured in the 
different boundary conditions. The testing results prove that the air 
cooling system combined heat pipes is an effective TMS to control the 

temperature variation of Li-ion battery cell with the lowest energy 
consumption and to improve the performance of the entire battery 
system. The paper is organized as follows. Section 2 represents the 
conceptual design of the cooling system. In Section 3, the experimental 
setup and results are represented. The simulation of the battery cell and 
its results are described in Section 4. Lastly, a relevant conclusion is 
drawn in Section 5. 

2. Conceptual design of the cooling system 

Fig. 1 shows a picture of the sandwiched heat pipes cooling system 
(SHCS) for a prismatic LTO battery cell with their dimensions. In this 
design, the cell is sandwiched by six flat heat pipes. The detailed pa-
rameters of the battery cell and heat pipes are presented in Table. 1. The 
SHCS quickly absorb and transfer the heat to the cooling medium (air). 
Heat pipes are in contact with both sides of the cell, a layer of gap filler 
with thermal conductivity of 8 W/m.K is applied at the interfaces be-
tween the cell and the heat pipes to decrease the thermal contact 
resistance. The cooling system is designed for the thermal management 
of the cell during the 8C discharging rate (184 A). 

During the discharging process, the heat generated inside the cell 
and tabs through conduction is transferred by the evaporator sections of 
the heat pipes to the condenser sections and from there by convection to 
the circulating air. To test the effect of the cooling system, four scenarios 
have been considered experimentally as follows: 

Considering the transient effect of natural convection on the cell 
temperature at the 8C discharging rate (NC-Cell). 
Investigate the transient effect of natural convection on the cell 
embedded with SHCS at the 8C discharging rate (NC-Cell-SHCS). 
Study the transient effect of natural convection on the cell surface 
and forced convection on the SHCS at the 8C discharging rate (NC- 
Cell-FC-SHCS). 
Investigate the transient effect of forced convection on the cell 
embedded with SHCS at the 8C discharging rate (FC-Cell-SHCS). 

3. Experimental setup 

To design an efficient cooling system with high-temperature uni-
formity, an LTO prismatic battery cell is embedded with SHCS. The 

Table 1 
The main properties of the heat pipe and battery cell.  

Parameter (Heat pipe) Value Parameter (Battery cell) Value 

Heat pipe length (mm) 250 Chemistry LTO 
Dimension L × W 

(mm) 
11.2 × 3.5 Shape Prismatic 

Working fluid Distilled 
water 

Nominal Voltage (V) 2.3 

Wick structure Sintered Maximum voltage (V) 2.7 
Thermal conductivity 

(W/m.K) 
8212 Dimensions L × W × H 

(mm) 
115 × 22 ×
103 

Cooling Power (W) 100 Capacity (Ah) 23 
Operation 

temperature (℃) 
30–120 Heat specific capacity (J/ 

kg.K) 
1150 

Cross-section area 
(mm2) 

38.32 Thermal conductivity x, 
y,z (W/m.K) 

31, 0.8, 31 

Leff(mm)  125 Weight (kg) 0.550  

Fig. 2. The picture of the experimental system (1) Cooling fan; (2) LTO cell and SHCS; (3) PEC® battery tester (4) Personal computer and, Datalogger.  
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primary study on a baseline SHCS is conducted as follows. The evapo-
rator sections of six sintered copper heat pipes (with distilled water as 
the working fluid) are flattened to 3.5 mm in thickness and 115 mm in 
length. The condenser section of the heat pipe extended with the same 
thickness and 135 mm length. The experimental setup is built to 
investigate the performance of SHCS with air cooling for the thermal 
management of the LTO cell at the 8C discharging rate. The picture of 
the setup is shown in Fig. 2. The setup comprised a cooling fan, 
anemometer, LTO cell embedded with SHCS, PEC® battery tester, TC-08 
Pico data logger, FLIR thermal camera, eight K-type thermocouples, and 
a personal computer. All thermocouples connected to the cell are cali-
brated with an accuracy of ± 0.2 ℃. To cycle the LTO cell, a battery 
tester is used to obtain the data using a computer linked to the tester. 
The current and voltage can be monitored using the test bench. Also, the 
temperature of the cell in 8 points is recorded. To consider the cell 
temperature evolution under different cooling strategies, the cell is 
located inside the room with a controlled constant temperature of 22 ◦C. 
The discharging of the cell is carried out in high current by the testers in 
which the cell is discharged by the current rate of 184 A with a 446 s 
current profile. 

To determine the uncertainty of the experimental tests, the Schultz 
and Cole [62,63] method have been used. 

UR =

[
∑n

i=1
(

∂R
∂VI

UVI)
2

]1/2

(1)  

where UVI and UR are the error of every single factor and total errors 
respectively. The maximum uncertainty is less than 2.01%. 

3.1. Experimental result 

3.1.1. Natural convection for the LTO cell (NC-Cell) 
The natural convection effect using buoyancy-driven convection is 

the first phase to consider the temperature of the cell. Natural convec-
tion is a method that does not consume any energy and regularly is used 
for electronic cooling applications in which high reliability is important. 
This characteristic of natural convection is its main advantage. Addi-
tionally, this method helps to save the cost, volume, and energy by 
eliminating the fan. However, natural convection efficiency is low, so 
improvements are required. Fig. 3a shows the picture of the LTO cell and 
the location of the eight thermocouples. The natural convection is done 
at a high discharging current of 184 A from 100% to 0% of the state of 
charge (SOC) in the ambient temperature of 22 ◦C. Besides, Fig. 3b 

illustrates the schematic location and dimension of the thermocouples of 
T1-T8. 

The cooling time of the natural convection system for the LTO cell is 
shown in Fig. 4. In the first scenario, the LTO cell is discharged at 8C to 
reach the highest temperature, and the cell temperature is recording 
when the discharge stops until the cell reaches to the initial temperature. 
As can be seen, the temperatures of thermocouples in the center and top 
of the cell (T1, T2, T5, T6) are higher and reach almost 55–57 ℃. The 
temperatures of thermocouples in edges of the cell (T3, T4, T7, T8) with 
the same trend reach almost 52–53 ℃ which shows the temperature in 
the center and top of the cell is higher. As shown, according to the low 
heat transfer coefficient of air and low heat dissipation, the maximum 
temperature of the cell through natural convection takes 9700 s to 
decrease to 22 ℃. 

3.1.1.1. Thermal image analysis of natural convection. Fig. 5 shows the 
thermal images of the 3D-thermal distribution of the cell surface tem-
perature during discharge at 184 A. To achieve precise results from the 
thermal camera, the cell is placed in a dark and constant temperature 
environment. Additionally, the cell surfaces are painted homogeneously 
with dull black paint to decrease the consequence of visible light 

Fig. 3. (a) The picture of the battery cell in presence of natural convection and, (b) the schematic of the cell with the location and dimension of thermocouples of the 
front (T1-T4), backside (T5-T8) of the cell. 

Fig. 4. The temperature variation of the LTO cell in natural convection at an 
initial temperature of 22 ◦C and 8C discharging rate (Exp: Experimental). 
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reflections. The FLIR thermal camera is calibrated within the tempera-
ture range of 0–120 ◦C, with a maximum error of 2% by the manufac-
turer. As can be seen from the temperature distribution pattern of the 
thermal images at 200 s firstly, the hottest area happens in the adjacent 
region of the tabs of the cell and a little higher near the positive tab. The 
higher temperature in the positive tab is related to the comparatively 
higher resistance of the aluminum positive tab and current collector 
compared with the copper in the negative tab [64,65]. However, as the 
discharging process continues (Fig. 5b) and at the end (Fig. 5c), the 
temperature distribution becomes more uniform over the whole surface 
of the cell, with the hottest area located in the center and top of the cell. 
According to Fig. 5 the maximum temperature for 200 s, 350 s, and 446 s 
reach 39 ℃, 48 ℃, and 56 ℃ respectively. 

3.1.2. Natural convection for the cell and SHCS (NC-Cell-SHCS) 
In the second experimental scenario, the SHCS is used to dissipate 

heat from the LTO cell under the natural convection. Fig. 6a shows the 
picture of LTO cell and SHCS with the location of the eight thermo-
couples. Like the first scenario, the natural convection was done at an 8C 
discharging rate with a current of 184 A from 100% to 0% of SOC in the 
ambient temperature of 22 ◦C. Fig. 6b shows the schematic front and 
backside of the cell with the location and dimension of the thermo-
couples of T1-T8. 

Fig. 7 shows the effect of the natural convection and total cooling 
time of the test when the cell is embedded with the SHCS. The surface 
temperatures of the cell are recorded by T1-T8 thermocouples as it is 
depicted in Fig. 7b. Explicitly, the SHCS has a relatively appropriate 
effect on the temperature of the cell. The thermocouples of T1, T2, T5, 
and T6 reach almost 48–49 ℃ and the temperatures of thermocouples of 
T3, T4, T7, and T8 with the same trend reach almost 43–44 ℃ which 
shows a 13.7% temperature reduction compare with the first scenario. 

The SHCS continuously absorbs and transfers the heat to the cooling 
medium (air). The maximum temperature of the cell embedded with 
SHCS through natural convection takes 7000 s to decrease to 22 ℃ 
which shows about a 30% reduction in total time compares with cell in 
natural convection cooling. However, the optimal temperature range for 
Li-ion is 25–40 ◦C [12]. Therefore, the cell temperature is greater than 
its optimal operating temperature range which proves the usage of 
forced convection. 

3.1.3. Natural convection for the cell and forced convection for SHCS (NC- 
Cell-FC-SHCS) 

Fig. 8a shows a picture of the battery cell embedded with SHCS in the 
presence of forced convection and natural convection. In the third sce-
nario, the condenser section of heat pipes is only affected by forced 
convection with an inlet velocity of 3 m/s. The temperature variation of 
the cell and the total cooling time of the test are depicted in Fig. 8b. As 
can be seen clearly, the forced convection has a direct effect on the 
maximum temperature of the cell. The thermocouples of T1, T2, T5, and 
T6 reach almost 37–38 ℃ and the temperatures of thermocouples of T3, 
T4, T7, and T8 with the same trend reach almost 34–35 ℃ which shows 
nearly a 31.6% temperature reduction compare with the first scenario. 
The airflow under forced convection increased the influence of the 
surface heat transfer coefficient of the cell and heat pipes. The working 
medium in the evaporator of SHCS can work continuously to transfer the 
heat generated by the cell to the condenser. The temperature results 
specify that SHCS combined with forced convection is an ideal solution 
to reduce the maximum temperature of the cell and improve the tem-
perature uniformity. Moreover, The maximum temperature of the cell 
embedded with SHCS through the third scenario takes almost 2200 s to 
decrease to 22 ℃ which shows a 78% reduction in total time compares 
with cell in natural convection cooling. 

Fig. 5. The infrared picture of LTO cell at (a) 200 s, (b) 350 s and (c) 446 s of the 8C discharging (184 A) rate in the presence of natural convection.  
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3.1.4. Forced convection for the cell embedded with SHCS (FC- Cell-SHCS) 
Fig. 9a indicates a picture of the battery cell embedded with SHCS in 

the presence of forced convection. In the fourth scenario, the cell, 
condenser, and evaporator sections of heat pipes are affected by forced 
convection. The temperature variations of the cell and SHCS with air 
forced convection under the 8C discharging rate is shown in Fig. 9b. The 
temperature difference with the third scenario is insignificant. From 

Fig. 9b, the cells’ temperature is controlled in a safe zone (25–40 ℃ 
[12]) however, the temperature of thermocouples in airflow direction 
(T1-T4) is lower. The thermocouples of T1, T2, T3, and T4 reach almost 
32–34 ℃. Moreover, the temperatures of thermocouples of T5, T6, and 
T7, T8 with the same trend reach almost 34 ℃ and 37 ℃ respectively 
which shows approximately a 33.4% temperature reduction compare 
with natural convection cooling. The results show that the best cooling 
performance is achieved by the fourth scenario when the forced con-
vection effectively reduces the temperature of the cell. However, the 
temperature uniformity is lower compared with the third scenario due to 
the effect of airflow on one side of the cell. As shown in Fig. 9b, the total 
cooling time is reduced to 1800 s which demonstrates an 82% reduction 
in total time compares with cell in natural convection cooling. 

3.1.5. Maximum temperature variation of the cell in different thermal 
management scenarios 

Fig. 10a shows the maximum temperature variations of the LTO cell 
under the four thermal management scenarios. At the start of the dis-
charging, there is little difference between the four modes. Over time, 
the temperature of the cell increased. The maximum temperature under 
the first scenario reaches 56.8 ◦C. For the second to fourth scenarios, the 
maximum temperatures reach 48.7 ℃, 36.8 ℃ and 34.9 ◦C, respectively. 
According to Fig. 10b using SHCS has an effective influence on the 
maximum temperature of the cell. SHCS and forced convection can 
remove most of the heat generated by the cell at 8C discharging rate and 
can keep the temperature of the cell in a safe zone temperature, unlike 
the natural convection. 

Fig. 6. (a) The picture of the battery cell embedded with SHCS in presence of natural convection and, (b) the schematic of the cell and SHCS with the location and 
dimension of thermocouples of the front (T1-T4) and backside (T5-T8) of the cell. 

Fig. 7. The temperature variation of the LTO cell embedded with SHCS in 
natural convection at an initial temperature of 22 ◦C and 8C discharging rate. 
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4. Simulation of the battery model 

4.1. Battery thermal modeling 

Thermal behavior modeling and simulation of the battery cell can 
play an important role in cell temperature monitoring. Besides, it can 
deliver possibilities for the development of battery cells for better 
thermal management and enhance the thermal safety of the battery 
module/pack consisting of several cells [66]. The thermal part of the 
model is connected to the thermodynamics equations for prismatic- 
shape cells. The simulation process is performed via the CFD commer-
cial software, COMSOL Multiphysics®. The 3D-thermal model has been 
done by the finite element method to reach the thermal behavior of the 
cell. Energy equation balance is used to express the transient thermal 
distribution inside the cell. The cell heat generation to its surrounding is 
expressed as below [67]: 

mCp
∂T
∂t

+ qloss = kx
∂2T
∂x2 + ky

∂2T
∂y2 + kz

∂2T
∂z2 + qg (2)  

where m, cp, T, k, and qg represent the mass, heat capacity, temperature, 

thermal conductivity, and heat generation, respectively. Concerning the 
boundary limits of the model, the heat transfer with the surroundings is 
determined by the convection equation. Heat transfer convection from 
the cell to the ambient is calculated as [68]: 

qloss = qConv = hA(Tamb − Tbt) (3)  

wherein, h and A represent the heat transfer of the coefficient and cross- 
section area of the cell. Moreover, Tbt and Tamb show the battery and 
ambient temperature. 

In prismatic shape cell, the thermal conductivities are anisotropic. In 
fact, along with the battery sheets has a greater value than in the di-
rection normal to the sheets. Equations (4) to (6) represent the thermal 
conductivity in ×, y, and z-axis. It is necessary to mention that the value 
of thermal conductivity in different axis is presented in Table 1. 

kT,x =

∑
Li,xKT,i
∑

Li,x
(4)  

kT,y =

∑
Li,y

∑ Li,y
KT,i,y

(5) 

Fig. 8. (a) The picture of the battery cell embedded with SHCS in presence of forced convection and natural convection, (b) the temperature variation of the LTO cell 
embedded with SHCS in forced convection at an initial temperature of 22 ◦C and 8C discharging rate. 

Fig. 9. (a) The picture of the battery cell embedded with SHCS in presence of forced air cooling and, (b) the temperature variation of the LTO cell embedded with 
SHCS in forced air cooling at an initial temperature of 22 ◦C and 8C discharging rate. 
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kT,z =

∑
Li,zKT,i
∑

Li,z
(6) 

In this study, the volumetric heat source is chosen for each domain of 
the cell. Owing to the non-uniform temperature distribution inside the 
cell, separated heat sources are used for the cell and tab domains. The 
value of the heat generation is calculated by considering the ohmic 
resistance and polarization process. Additionally, equation (8) uses the 
tab domain [69]. 

qg = Rbt.I2 +R1.I1
2 +R2.I2

2 (7)  

q̇ = Rtab.I2 (8)  

Rtab = ρ’ l
A

(9) 

The current and ohmic resistance of the cell shows by I and Rbt 

respectively. According to equation (8) and (9) the Rtab, ρ’ , l, and A are 
the electrical resistance, resistivity, length, and cross-section of the 
corresponding tab, respectively. 

4.2. Description of the thermal methodology 

Fig. 11 shows the thermal modeling methodology and coupling of 1D 
with 3D of an LTO cell which treats the battery as a core with two tabs. 
Using the Matlab/Simulink software the 1D electro-thermal model is 
used to find the reaction and polarization of the heat generation. 

One of the common methods to study cell’s temperature and voltage 
characteristics [70,71] is the coupling of a 1D electrochemical with a 3D 
thermal model. However, the electrochemical model [72] requires many 

parameters which some of them need invasive and expensive methods to 
be achieved, such as the length of the electrode or the diffusivity coef-
ficient. Hence, an electrical model is used instead of an electrochemical 
model to assess the heat generation estimation for 3D thermal modeling 
[68,73-75]. The heat generation value is placed in the COMSOL Multi-
physics software as a heat source to calculate the heat distribution 
pattern. The heat generation of the cell in the 8C discharging rate at 
different times has been reported in Fig. 12. The time of 0 s represents 
the SOC 100% and the 446 s represents the SOC of 0%. 

4.3. Validation of the thermal model 

To validate the accuracy of the battery thermal model, the temper-
ature variation measured from the experimental tests are compared with 
simulation results conducted with the COMSOL Multiphysics®. A 23Ah 
LTO battery cell is taken as a sample and discharge under 184A in four 
different scenarios. Totally eight thermocouples are set on the front and 
back sidewalls of the battery cell. With the purpose of the validation and 

Fig. 10. (a) The battery surface temperature of T1 and, (b) the temperature difference of the T1 in four cooling scenarios at an initial temperature of 22 ◦C and 8C 
discharging rate (NC: Natural Convection, FC: Forced Convection). 

Fig. 11. The thermal modeling methodology and coupling of 1D-3D.  

Fig. 12. The heat generation of the LTO cell in 8C discharging rate.  
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show the accuracy of the numerical method, the temperatures of ther-
mocouples of T1, T4, T7, and T8 for the first and third scenarios during 
discharging mode are compared with the simulation results. The loca-
tions of thermocouples on the cell surface for both scenarios are shown 
in Fig. 3 and Fig. 6 respectively. As shown in Fig. 13, there is an adequate 
agreement by the comparison of the transient wall temperatures of 
simulation and experimental data for natural and forced convection 
during the discharge process. The precision of the numerical simulations 
lays the basis for the prediction of the thermal behavior of the cell in 
different boundary conditions. 

4.4. Boundary condition and mesh grid independency 

The initial temperature of the battery cells, SHCS, and the coolant are 
set to 22 ◦C. Moreover, coolant inlet velocity is turbulent in which the 
inlet velocity of the coolant is set to 3 m/s, and the outlet is assumed as 
the ambient pressure. The heat transfer through radiation is assumed to 
be negligible. The 3D thermal model is developed and solved numeri-
cally by COMSOL Multiphysics® using the heat transfer module of a 
commercial finite element solver, which is computed using the GMRES 
solver for the governing equations. Besides, the grid-independent test is 
performed to refine the grid number while the results are not influenced 

by further refinement of the mesh, and the results error is kept within 
5% [76]. 

Fig. 14 displays the maximum simulated temperature of the cell to 
estimate the independence of the grid number. The result differs only 
1.5% when the grid number varies from 746,929 to 1,246,482. Conse-
quently, owing to computational time-saving, the grid number of 
746,929 is chosen for the cell simulation. 

4.5. Simulation results and discussion 

4.5.1. The natural and forced convection cooling effect in cell level 
For the thermal model, the validation tests are done with discharging 

at a high constant current of 184A from 100% to 0% of SOC. Consistent 
with the thermal image at an ambient temperature of 22 ℃ shown in 
Fig. 5, there is a hot zone in the middle and on top of the cell. Therefore, 
a computationally efficient localized heat source model has been 
implemented in the cell domain in order to simulate the non-uniform 
temperature distribution through the cell domain [77]. Fig. 15a shows 
the heat distribution and maximum temperature in simulation which is 
very close to the experimental test and thermal images. Moreover, based 
on Fig. 13 the transient simulation for natural convection is in good 
agreement with measured transient wall cell surface temperature. 

Fig. 13. Thermal model validation of natural (NC-Cell) and forced convection (NC-Cell-FC-SHCS) for (a) T1, (b) T4, (c) T7 and (d) T8 in the 8C discharging rate 
(Sim: Simulation). 
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Fig. 15b,c shows the temperature and velocity transient simulation of 
the cell equipped with the SHCS when the cell and heat pipes condenser 
are under natural and forced convection respectively. As it is obvious in 
Fig. 15c the temperatures of condensers reduce from the nearest plane to 
the evaporator until the end of the condenser. Forced convection with an 

Fig. 14. Grid number independency test.  

Fig. 15. (a) Temperature contour of the LTO cell in natural convection (NC-Cell), (b) cell embedded with SHCS (NC-Cell-FC-SHCS) in forced convection, and (c) 
velocity and temperature surface contour of cell embedded with SHCS (NC-Cell-FC-SHCS) in forced convection with an inlet velocity of 3 m/s in the 8C(184A) 
discharging rate(446 s). 

Fig. 16. The temperature of the cell in different ambient temperatures with an 
inlet velocity of 3 m/s in the 8C (184A) discharging rate (446 s). 
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inlet velocity of 3 m/s crosses the heat pipe condenser and efficiently 
takes away the heat from the single cell. Such excellent agreements in 
transient response in cell level (Fig. 13) propose that the model can 
predict the transient thermal performance reasonably well and can be 
further applied to the study of the thermal performance of SHCS for 
different boundary conditions. It is important to note that in current 
study the heat pipe is replaced by a solid region, and the effective 
thermal conductivity of components is used in the simulation [43,50,77- 
79]. 

4.5.2. Forced convection approach in different ambient temperatures for 
cell level 

Ambient temperature has a direct effect on battery power, decay 
rate, and capacity. Consequently, it is vital to consider the performance 
of Li-ion cell under different temperature conditions. In the following 
section, the temperature of LTO cell embedded with SHCS in the 8C 
discharging rate and three different ambient temperatures, including 
10 ◦C, 22 ◦C, and 35 ◦C are investigated. It is obvious that the ambient 
temperature of the air considerably impacts the temperature of the cell. 
Fig. 16 shows the ambient temperatures of 10 ◦C, 22 ◦C, and 35 ◦C result 
in 27.1 ◦C, 39.6 ◦C and 52.5 ◦C temperature of the cell respectively. 

4.5.3. Forced convection approach in different inlet velocity for cell level 
Fig. 17 displays the results of the temperature and inlet velocity from 

the CFD analysis using the baseline conditions. As the inlet velocity is 
increased, the convective heat transfer on the cell is estimated to be 
improved, consequently, the cell temperature is reduced nevertheless at 
the higher pressure drop or pumping power. By setting the inlet air 
velocity to 1 m/s, 2 m/s, 3 m/s, 4 m/s and 5 m/s the maximum tem-
perature evolution reach 44 ◦C, 41.1 ◦C, 39.6 ◦C, 37.9 ◦C and 36.9 ◦C, 
respectively. It can be seen that by increasing the air velocity, the cell 
temperature reduces. Therefore, there is an opposite relationship be-
tween the inlet velocity and the maximum temperature of the cell. 

5. Conclusion 

Heat generation is one of the main factors in battery cell aging, 
safety, and capacity. The temperature inhomogeneity results in imbal-
anced aging and leads to the degradation of the cell performance. In 

order to avoid such undesirable behaviors, a developed TMS is necessary 
at the cell/module level. In this paper, SHCS is suggested for the high 
current discharging of the LTO battery cell. Surface temperature his-
tories and temperature gradients of the LTO cell are collected experi-
mentally and compared in four cooling scenarios. In the first scenario, 
the temperature of the cell is considered in natural convection. In the 
second to fourth scenarios, the effect of SHCS is investigated in natural 
and forced convection to improve the cooling performance. It was found 
that the maximum cell temperature embedded with SCHS for natural 
convection, forced convection for SHCS, and forced convection for cell 
and SHCS reduce the cell temperature by 13.7%, 31.6%, and 33.4% 
respectively. Moreover, A CFD model is employed to investigate the 
thermal performance of the SHCS under different transient boundary 
conditions. 

Future work 
In the current study, the effect of the SHCS and air cooling system has 

been considered experimentally and numerically on Li-ion battery 
temperature. Future work will be focused on the optimization of the 
battery module/pack with SHCS in different boundary conditions. Be-
sides, using wet cooling/evaporative cooling is an option to increase the 
efficiency of the cooling system. 
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