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A B S T R A C T   

This study used a multidomain modeling approach to perform a thermal analysis of commercial 65 Ah pouch- 
type batteries configured in a 1P4S configuration (1 parallel and 4 series battery). The study aimed to analyze 
the thermal behavior of four different cooling configurations, namely single cell with ambient cooling, 1P4S with 
ambient cooling, 1P4S with only bottom liquid cooling, and 1P4S with two-side liquid cooling. The Newman, 
Tiedemann, Gu, and Kim (NTGK) model was used for the subscale electrochemical modeling, while Computa
tional Fluid Dynamics (CFD) was used to analyze the thermal behavior during different fast charging rates that 
are commonly used for electric vehicles. The results of the study showed that using two cooling plates with 
opposing flow directions instead of one-side cooling reduced the maximum temperature difference by 50 % from 
10 ◦C to 5 ◦C and reduced the maximum temperature by 7 ◦C during charging at 1.98C. This suggests that the use 
of two-side liquid cooling can significantly improve the thermal performance of the battery, which is essential for 
fast charging and overall battery performance. The implications of this study for the industry are significant, as it 
provides insight into how to improve the design and thermal management of battery packs for electric vehicles. 
By using multidomain modeling and CFD analysis, battery manufacturers can optimize the design of their battery 
packs to improve thermal management, reduce the risk of thermal runaway, and improve battery performance 
and longevity. This can lead to the development of more reliable and efficient electric vehicles, which can help to 
accelerate the adoption of electric vehicles worldwide.   

1. Introduction 

Lithium-ion batteries have become ubiquitous in the automotive 
industry due to their superior advantages over other battery types, such 
as high energy density, low self-discharge rate, lightweight, zero mem
ory effect, and long life cycle [1,2]. However, lithium batteries work 
optimally within a narrow temperature range: of 15–40 ◦C [3–5]. At a 
temperature lower than this range ionic conductivity in the electrolyte is 
significantly reduced which leads to lower power output, lithium 
plating, and subsequent degradation of the battery, while at higher 
temperatures accelerated exothermic reaction leads to corrosion of 
battery materials, overall cell degradation, and results in a thermal 
runaway at temperatures above 80 ◦C [3]. In addition to keeping the 
temperature within a narrow operating range, it is also important to 
keep the maximum temperature difference within the battery cell or 
module low; a value of <5 ◦C is the recommended maximum tempera
ture difference within a cell [6]. 

The majority of current research works into battery cooling design 

and optimization have been focused on cylindrical and prismatic type 
cells. Recently pouch-type cells have become of interest due to their 
higher energy density than cylindrical cells [7]. Presently, various 
thermal management systems have been proposed for cooling lithium- 
ion batteries: air cooling [8,9], indirect liquid cooling [10,11], direct 
liquid or immersion cooling [4,12], passive cooling using phase change 
materials [13,14], heat pipes [15], and hybrid methods involving a 
combination of two or more these approaches [16]. However, in terms of 
commercial application in electric vehicles, only air [17] and liquid 
cooling have been implemented on a large scale, while the others are 
still in the research phase. Liquid cooling is still the most efficient and 
researched system so far due to its high thermal capacity; as a result, the 
current research trend is to find ways of improving the designs of the 
liquid-cooled cold plates to achieve better and more cost-effective 
thermal control. 

Typically, all commercial implementations of liquid cooling systems 
for batteries have focused on indirect cooling arrangement using a cold 
plate heat exchanger. Patil et al. [18] investigated a U-turn-shaped 
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narrow hexagonal channel cold plate for the thermal management of a 
20 Ah lithium-ion pouch cell and optimized the cooling performance by 
varying the geometry and flow parameters. They investigated the 
sensitivity of the battery to factors such as inlet coolant temperature, 
volume flow rate, number of channels, and maximum channel width. 
Meanwhile, Huo et al. [19] investigated thermal management using a 
mini-channel cold plate for prismatic type cells with varying numbers of 
channels, flow direction, inlet mass flow rate, and ambient temperature 
during a discharge process. It was shown that increasing the mass flow 
rate yields better cooling performance, but an upper limit exists beyond 
which the system efficiency decreases. Monika et al. [20] proposed the 
utilization of the Tesla valve to replace the conventional rectangular 
micro-channels in cold plate applications to reduce local temperature 
distribution in the battery cells. It was shown that the heat transfer was 
enhanced mainly due to flow bifurcation and mixing with a significant 
pressure reduction. Their analyses showed the cold plate with 4 chan
nels and 8.82 mm valve distance had the greatest effect at reducing the 
cells temperature difference. 

Hunt et al. [10] experimented to explore the effect of cell surface 
cooling and cell tab cooling on 5 Ah Lithium-ion pouch cells. They found 
that at a high discharge rate, surface cooling led to a loss of usable ca
pacity three times higher than tab cooling due to the high-temperature 
difference in the internal layers of the pouch cell, whereas tab cooling 
did not cause such a high temperature disparity. Sheng et al. [21] carried 
out a numerical analysis of a serpentine-channeled cold plate with two 
inlets and two outlets. Their results showed that increasing the channel 
width has a strong impact on the cooling power consumption but a weak 
impact on cell temperature rise. Kong et al. [22] proposed a new cold 
plate using divergent-shaped channels which showed higher heat 
dissipation capacity and lower frictional resistance compared to the 
conventional straight channeled cold plate. The increased cross- 
sectional area in their design reduced the coolant pressure drop by 
7.2 % and cell maximum temperature by 0.80 K compared to a straight- 
channel cold plate. Kalkan et al. [23] proposed cooling a lithium- 
phosphate battery subjected to 1C - 5C discharge rates using mini- 
channel cold plate designs which were investigated experimentally 
alongside a serpentine-channel cold plate. Their experimental results 
showed that the maximum surface temperature of the cell was reduced 
by 5.7 ◦C and the surface temperature distribution of the cell was 
improved by 40 % compared to the serpentine channel plate. Zhang et.al 
[24] carried out a numerical study of the performance of straight 
channels cold plate and inclined channels cold plate under different 
coolants, channel numbers and mass flow rates. Their results showed 
that heat transfer performance of the inclined channels was much better 
than straight channels and the performance improves as the inclined 
angle increases. 

To reduce the cost of experimental procedures and more quickly 
design a working battery heat exchanger, accurate thermal modeling of 
lithium-ion battery cells/packs is needed for efficient thermal control of 
the battery system. However, such modeling is difficult to implement 
due to the multidomain and multiscale nature of the Li-ion battery. The 
multi-scale multi-domain (MSMD) [25] approach simplifies the battery 
modeling complexity by efficiently coupling electrochemical and ther
mal physics across the different battery length scales [26]. Several 
empirical sub-models exist in the literature to implement the MSMD 
with the most popular being: Newman, Tiedemann, Gu, and Kim’s 
(NTGK) model [27], the equivalent circuit (ECM) model [28], and 
Newman’s Pseudo-two-dimensional (P2D) model [29]. These models 
enhance the easy prediction of thermal responses in battery packs and 
have been integrated into several battery modeling applications 
including ANSYS Fluent and COMSOL Multiphysics. Zhang et al. [29] 
used the NTGK model in ANSYS Fluent to analyze the thermal charac
teristics of a 20-Ah prismatic-type 6s4p lithium-ion battery cooled by 
cold plates placed between adjacent cells. They investigated the effects 
of inlet water velocity and inlet water temperature under a 5C cell 
discharge rate, with and without an external shorting condition. Their 

result shows that at a coolant inlet velocity of 2 m‧s−1, the maximum 
temperature was below 40 ◦C and the temperature difference was below 
5 ◦C. 

Most of the studies on pouch cells presented in this introduction have 
focused on using cooling plates sandwiched between layers of pouch 
cells; however, this would substantially increase the weight and volume 
of the entire battery pack for large format pouch cells. Additionally, the 
sizes of pouch cells examined in previous studies were not of practical 
size for use in an electric vehicle. Furthermore, none of these studies 
explored the combined effect of the interaction between ambient tem
perature, charging time, and coolant temperature on the peak temper
ature and thermal gradients in the module. In this study, we took the 
analysis of battery cooling a step further by carrying out a detailed 
thermal analysis of one-sided and two-sided liquid cooling of an electric 
vehicle battery module under different cell charging/discharging rates, 
coolant, and ambient temperatures using a multi-domain simulation 
approach. Analysis was performed using nine unique charging profiles 
which are characteristic of electric vehicle operations. 

Nomenclature 

a area of the electrode sandwich sheet [m2] 
Ac cross-sectional area [m2] 
Cp specific heat capacity [J Kg −1 K−1] 
J Joule 
Dh hydraulic diameter [m] 
h heat transfer coefficient [W• (m2K)−1] 
k thermal conductivity [W• (mK)−1] 
P pressure [Pa] 
Q battery capacity (Ah) 
Q̇ heat generation rate of the battery[W‧m−3] 
T temperature [K] 
V fluid’s inlet velocity [m‧s−1] 
Vol volume of the battery cell [m3] 
j current transfer rate [A‧m−3] 

Subscripts 

max maximum 
min minimum 
ECh electrochemical 
ohm ohmic 
ref reference 

Greek 

δ thickness [m] 
σ electric conductivity [Ω‧m] 
μ molecular viscosity [kg‧m−1‧s−1] 
ρ density [kg m−3] 
τ viscous stress tensor 
g→ gravitational acceleration [m‧s−2] 
φ phase potentials [V] 

Acronyms 

Ah ampere - hour 
BTMS battery thermal management systems 
CFD computational fluid dynamics 
DoD depth of discharge 
MSMD multi-scale multi-dimensional 
NTGK Newman, Tiedemann, Gu, and Kim 
SOC state of charge 
LIBs lithium-ion batteries 
WP wetted perimeter 
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1P4S 1 parallel 4 series battery arrangement 
C-rate the charge or discharge current with respect to the nominal 

capacity of a battery cell 

2. Methodology 

2.1. Battery modeling 

For an accurate thermal analysis of a battery system, a three- 
dimensional model of the cell chemistry and associated physics is 
required to capture the internal heat flow paths and thermal resistance. 
At the battery cell’s scale, the governing equation for the electric current 
flux is expressed as: 

− ∇ • (σ+∇φ+) = ∇ • (σ−∇φ−) = j (1)  

where σ+ and σ− are the effective electric conductivities for the positive 
and negative electrodes; φ+ and φ− are the phase potentials [V] for the 
positive and negative electrodes; jis the volumetric current transfer rate 
in [A‧m−3] which is calculated in the electrochemical sub-model. In this 
study, the NTGK submodel was used due to its easy parameterization 
and effectiveness in modeling lithium-ion batteries. In the NTGK sub
model formulation, the volumetric current transfer rate j is related to the 
phase potentials using the following algebraic equation: 

j =
Qnom

Qref • Vol
‧Y ‧[U − (φ+ − φ−) ] (2)  

where Qnom [Ah] is the battery’s total capacity, Qref [Ah] is the capacity 
of the battery used during the discharge experiment, Vol denotes the 
volume [m3] of the battery’s active zone i.e. anode, cathode, and sepa
rator; Y [Ω−1] and U [V] are the model parameters which are obtained 
by curve fitting the voltage-current response curve obtained from ex
periments, Qref [Ah] is the capacity of the battery used during the 
voltage-current response experiment. Y and U are functions of the bat
tery depth of discharge (DoD): 

DoD =
Vol

3600Qnom

( ∫ t

0
jdt

)

(3)  

Y =

{
∑5

n=0
(DoD)n

}

exp
{

− C1

(
1
T

−
1

Tref

) }

(4)  

U =

{
∑3

n=0
bn(DoD)n

}

− C2
(
T − Tref

)
(5)  

where Vol denotes the battery’s active zone volume [m3], Qnom[AH] is the 
battery total electric capacity, T [K] is the battery temperature, Tref [K] is 
the reference temperature, C1 and C2 are the battery specific NGTK 
constant, an is the coefficient of the Y polynomial, bn is the coefficient of 
the U polynomial. In this study, the model parameters were obtained by 
fitting Eqs. (4) and (5) to experimental data of the LG CHM E66A cell 
discharged at 0.1C and 1C, as obtained from reference [30]. The specific 
fitting formulas can be expressed as: 

U =4.179 − 1.694(DoD) + 4.135(DoD)2 − 13.0925(DoD)3

+ 19.7986(DoD)4 − 10.449(DoD)5 (6)  

Y =1722.0 − 11736.7(DoD) + 47331.91(DoD)2 − 79772.7(DoD)3

+ 61703.45(DoD)4 − 17204.9(DoD)5 (7)  

shows the predicted curves for the four discharge rates: 0.1C, 1C, 3C, 
and 5C compared with the experimental data [30]. The prediction shows 
a good agreement with the experimental data up to 3C; at 5C a slight 
deviation was observed at high SOC. Nonetheless, the NTGK model 
predicts the voltage response well and can provide the electrochemical 

Fig. 1. (a) NGTK model voltage prediction vs experimental data during discharge with different battery discharge rates, (b) 1P4S module with a bottom cooling 
channel, (c) 1P4S module with top and bottom cooling channels, (d) Mesh independence study for 1P4S module with a bottom cooling channel, and (e) Mesh 
independence study for 1P4S module with top and bottom cooling channels. 

Table 1 
Cell characteristics and geometry.  

Cell format Pouch 

Dimension 354 mm × 101 mm × 11.7 mm 
Weight 897.0 g 
Capacity 65.0 Ah nominal, c/10 63.5 Ah 
Current Continuous 121A, peak 297A 
Energy c/10232.2 Wh 
Power Continuous 0.41KW, peak 1.04KW 
Voltage range 2.5 V - 4.2 V  

A. Adeniran and S. Park                                                                                                                                                                                                                      



Journal of Energy Storage 68 (2023) 107580

4

characteristics for the battery model under study. The electrochemical 
volumetric heat generation, Q̇ECh [W‧m−3] by the battery during cell 
discharge can then be expressed as: 

Q̇ECh = j
[

U − (φ+ − φ−) − T
dU
dT

]

(8)  

where j[U − (φ+ − φ−) ] is the irreversible over-potential heat generated 
in [W‧m−3] and −jT dU

dT [W‧m−3] is the reversible entropic heating due to 
exothermic and endothermic reactions within the cell during charge/ 
discharge. The total heat generated Q̇total[W] is then given by: 

Q̇total = Q̇ECh +
Q̇ohm

Vol
(9) 

Ohmic heat, Q̇ohm[W], generated is defined as: 

Q̇ohm = σ+|∇φ+|
2

+ σ−|∇φ−|
2 (10) 

To determine the battery’s temperature distribution (T), the energy 
equation is solved with the source term: 

Fig. 2. Constant current charging of a single cell showing (a) maximum temperature, (b) temperature difference, and (c) heat generation rate. The temperature 
distribution during 1.98C charging of a single cell is shown at timesteps: (d) the 50s (e) 1000s (f) 1330s. 

Table 2 
Thermal properties of the battery cell and silica gel pad.  

Properties Specific Heat Capacity, Cp 

[J‧kg−1‧K−1] 
Thermal Conductivity, K [W‧m−1‧K−1] Density, ρ [kg‧m−3] 

Cell  954 Normal: 1.394 
Plane: 28.706  

2630.7 

Silica gel pad  0.832 3.000  1071.1 
Aluminum  871 202.4  2719 
Copper  381 387.6  8978  

Table 3 
1P4S module super charging profile.   

C-Rate Current (A) Charging time (s) Charging capacity (Ah) 

1  1.98  128.7  1330  47.54 
2  1.89  122.85  1440  49.14 
3  1.75  113.75  1620  51.18 
5  1.48  96.2  2060  55.04 
6  1.30  84.5  2440  57.27  
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∂ρCpT
∂t

− ∇ • (k∇T) = Q̇total (11)  

where ρ, Cp, k are the density [kg‧m−3], specific heat capacity [J‧Kg−1‧ 
K−1], and the thermal conductivity [W‧m−1‧K−1] of the battery, 
respectively. These parameters are calculated using a weighted average 
of the values for each element making up the active material i.e. positive 
current collector, positive electrode, separator, negative electrode, and 
negative current collector, such that: 

ρ =

∑n

i=1
ρiδi

δc
(12)  

Cp =

∑n

i=1
Cpiρiδi

ρδc
(13)  

k =

∑n

i=1
kiδi

δc
(14)  

where n is the number of elements, and δc is the thickness of the cell in 
meter(m). For model simplification, the following assumptions were 
made:  

1. Only conduction and convective heat transfer are considered, as 
radiation is insignificant due to the battery cell being an opaque 
system.  

2. Coolant is assumed to be incompressible.  
3. Thermophysical properties of the battery: specific heat capacity, 

thermal conductivity, and density, were assumed to be independent 
of time.  

4. Friction losses in the cooling channel are ignored.  
5. Coolant flow is assumed to be laminar and fully developed.  
6. Contact resistance between cells and cooling plate(s) is ignored. 

2.2. Conjugate heat transfer 

For cooling the battery with fluid, a conjugate heat transfer problem 
is formulated. Firstly, it must be determined if the coolant flow is 
laminar or turbulent. Reynold’s number for the coolant is calculated 
using: 

Re =
ρCVDh

μ (15) 

Fig. 3. Comparison of 1P4S (a) Maximum temperature, (b) Temperature difference, and (c) Heat generation rate at different C-rates during ambient cooling. 
Temperature distribution of 1P4S during 1.98C charging with ambient cooling at (a) 50s (b) 1000s (c) 1330s. 

Table 4 
1P4S cooling channel properties.  

Top plate thickness 3 mm 
Coolant channel 351 mm × 40 mm × 6 mm 
Bottom plate thickness 1.5 mm 
Material Aluminum 
Inlet temperature 25 ◦C 
Coolant Water  
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where ρC is the coolant density in V is the fluid’s inlet velocity [m‧s−1], μ 
is the fluid’s dynamic viscosity [kg‧m−1‧s−1] and Dh is the hydraulic 
diameter [m] calculated using the: 

Dh =
4Ac

WP
(16)  

where Ac is the cross-sectional area [m2] of the cooling channel and WP 
[m] is the wetted perimeter. In this work, a laminar flow is assumed and 
the following governing equations are solved numerically using ANSYS 
Fluent software: 

Continuity Equation :
∂ρC

∂t
+ ∇ •

(
ρC V→

)
= 0 (17)  

Momentum Equation :
∂
(

ρC V→
)

∂t
+ ∇ •

(
ρC V→V→

)
= − ∇p + ∇(τ) + ρC g→

(18)  

where t is time, V̅→is the velocity vector of coolant [m‧s−1], ρC is the 
density of coolant [Kg‧m−3], p is the pressure [Pa], g→ is the gravitational 
acceleration [m‧s−2], and τ is the viscous stress tensor [Pa]. The conti
nuity equation is solved to give the velocity of the fluid while the mo
mentum equation gives the pressure. 

2.3. Computation scheme 

The cooling plate and battery cells were discretized using ANSYS 
Fluent Meshing R21.2 with the unstructured meshing of the polyhedral 
type. The mass flow inlet boundary condition was employed at the inlet 
and a gage pressure of 0 kPa was set for the outlet boundary condition. 
The exposed boundaries of the battery and cold plate were set as 
convective boundary conditions with a constant heat transfer coefficient 
of 5 W‧m−2‧K−1. No slip boundary condition was also specified at the 
fluid-wall interface. To model the heat conduction at the interfaces, a 
coupled wall was used. Thermal resistance at the interfaces was ignored; 
also, radiation heat losses were not considered. 

2.4. Mesh independence study 

To have confidence in the results of the analysis, a mesh indepen
dence study was carried out. The goal of the mesh study was to verify 
that the mesh number (or discretization) chosen does not affect the 
simulation results. For this, different mesh numbers were used for a 
condition where the inlet temperature was 30 ◦C, the ambient temper
ature was 40 ◦C and the battery’s initial temperature was 35 ◦C. The 
results of the mesh study are shown in Fig. 1(d) and Fig. 1(e) for both 
bottom-only cooling assembly and bottom and top cooling assembly, 
respectively. The maximum temperature was at 1.4 × 106 number of 
elements for the bottom cooled assembly and 3.5 × 106 number of 

Fig. 4. Bottom cooling of 1P4S module showing: (a) maximum temperature, (b) temperature difference, and (c) heat generation rate for different C-rates. Top and 
bottom cooling of 1P4S module showing: (d) maximum temperature, (e) temperature difference, and (f) heat generated for different C-rates. 
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elements for the bottom and top cooled assembly; thus, these settings 
were used for the different simulations that follow. The model validation 
was carried out by comparing the experiment results by the manufac
turer to the simulation setup. The symbols listed in Fig. 1(a) show the 
experimental data and generated lines generated by our simulations. 

2.5. Battery specification 

The battery cell used in this study is a commercially available LG 
CHEM E66A with specifications given in Table 1. 

[30]. 
For the single-cell study, the cell was modeled in Solidworks with 

three distinct regions: an active region (cell) and two passive regions 
(positive tab and negative tab). The module is made by combining four 
cells with bus bars in series to create the 1P4S pack configuration as 
shown in Fig. 1(b). The cooling system is a single-pass, rectangular-duct 
channel comprised of a single inlet and outlet as shown in Fig. 1(b). To 
enhance heat transfer between the battery cells and the cooling channel, 
a silica gel pad is used as a thermal interface material [31] between the 
cooling channel and the 1P4S module as shown in Fig. 1(c). The thermal 
properties of the cell and the silica gel pad are given in Table 2. 

3. Results and discussion 

3.1. Single-cell charging with ambient convective cooling 

The thermal characteristic of a single cell under different charging 

conditions is considered first. Thermal properties listed in. 
are used for the active part of the cell while the positive and negative 

tabs are made from aluminum and copper, respectively. Using a natural 
convection heat transfer coefficient of 5 W‧m−2‧K−1 and convective 
boundary condition on the battery surface only, the model was simu
lated with polyhedral mesh and 128,909 mesh elements and results are 
shown in Fig. 2. As shown in Fig. 2(a–c), charging at 1.98C gave the 
highest cell temperature of 49 ◦C, highest heat generation rate of around 
27 W, and with a temperature difference of <2 ◦C. As the C-rates drop to 
1.30C, the maximum temperature, temperature difference, and heat 
generated reduce almost linearly. Since both maximum temperature and 
temperature difference have a significant effect on the battery perfor
mance and degradation, a cooling system is needed to keep them within 
an optimum range of <5 ◦C for temperature difference and between 
30 ◦C and 45 ◦C for maximum temperature, particularly during fast 
charging cycles. The temperature distribution during charging at 1.98C 
is shown in Fig. 2(d-f) at time intervals of the 50s, 1000s, and at end-of- 
charge. It shows that during single-cell charging, the hottest region starts 
close to the negative tab and grows into the center of the cell, eventually 
the side edges recorded the maximum cell temperature, similar to the 
results from references [7,32] for temperature distribution in a pouch 
cell with opposing tabs. The temperature evolution also showed that the 
region closest to the negative copper tabs had a higher temperature than 
the region near the positive aluminum tabs at the early stage of 
charging. This might be due to the negative tab material having a higher 
thermal conductivity than the positive tab material since a similar dis
tribution was observed when the cell was discharged at the same rate. 

Fig. 5. Temperature distribution of 1P4S during 1.30C charging at (a) 50 s, (b) 1000 s (c) 2440 s with top and bottom side cooling channels. Temperature dis
tribution of 1P4S during 1.30C charging at (d) 50 s (e) 1000 s and (f) 2440 s with only bottom side cooling. 
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For the single cell considered here, the maximum temperature increased 
as the charging rate increases, this is a significant limitation for fast 
charging applications. 

3.2. 1P4S fast charging study 

For the fast charging study, a module made up of four cells as shown 
in Fig. 1(b) is utilized. The resulting module possesses a combined 
voltage of 16.8 V and a total battery capacity of 260 Ah. During fast 
charging, a high current or voltage is impacted the battery within a short 
timeframe. In this study, constant current charging is used. Doing this 
drives up the temperature of the battery module; as the charging process 
progresses, the higher temperature experienced leads to faster electro
chemical reactions which in turn generate more heat and lead to a still 
higher temperature. The goal of this study is to explore the battery 
thermal characteristics during both natural convection ambient cooling 
and forced convection liquid cooling conditions. Here, the thermal 
system would need to satisfy the following constraints: 

1. Tmax ≤ 45 ◦C. 
2. Tmax – Tmin ≤ 5 ◦C. 
First, the ambient cooling (natural convection) condition is explored, 

followed by forced convection cooling on one side of the module, then 
forced convection cooling on both sides of the module. All studies use 
the charging profiles listed in Table 3. 

3.2.1. 1P4S fast charging study with ambient convective cooling 
The study of the thermal behavior of the battery module under a 

natural convective heat transfer coefficient of 5 W‧m−2‧K−1 and an 

ambient temperature of 25 ◦C was carried out. The battery was assumed 
to be at thermal equilibrium at the beginning of the experiment, thus the 
initial battery temperature was 25 ◦C; the simulation stops once the 
maximum cut-off voltage of 4.2 V is reached. The model domain was 
discretized into 600,000 mesh elements at which point the solution 
showed a negligible difference in average temperature. Thermal analysis 
results under ambient cooling conditions are shown in Fig. 3. 

As shown in Fig. 3(a-c), the maximum temperature and heat gener
ation rate increases with increasing C-rate, with a peak temperature of 
50 ◦C and heat generation rate of 108 W registered during 1.98C 
charging. Despite the high calculated peak temperatures, the tempera
ture differences were all found to be below 2 ◦C. This temperature 
uniformity is attributed to the fact that the walls of the battery experi
ence the same convective cooling as defined by the boundary wall 
condition used in the model, i.e. the heat loss from the battery is uniform 
across all the cells, therefore the thermal gradient is caused mainly by 
the ohmic heat due to flow of current in the cells, tabs, and busbars. The 
rapid heat generation rate coupled with the low convective heat removal 
in ambient cooling conditions can enhance uniform temperature dis
tribution but results in a large cell temperature increase which can 
trigger thermal runaway and enhanced cell degradation. The tempera
ture distribution at the 50s, 1000s, and end-of-charge (EOC) points for 
1.98C only are shown in Fig. 3(d-f). The results show that the maximum 
temperature occurs along the edges of the cell close to the negative tab; 
this may be due to the orthotropic thermal conductivity defined for the 
active cell while the lowest temperature regions are at the tabs and 
connectors. The result from this study serves as a reference point for 
which the proposed forced convection cooling system can be compared. 

Fig. 6. Temperature distribution of 1P4S during 1.98C charging with coolant cooling at (a) 50 s, (b) 1000 s, and (c) 1330 s with top and bottom cooling channels. 
Temperature distribution of 1P4S during 1.30C charging at (d) 50 s, (e) 1000 s, and (f) 1330 s with the only bottom cooling channel. 
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3.2.2. 1P4S fast charging with liquid cooling on one side 
A cold plate of height 10.5 mm was placed at the bottom of the 

battery module as shown in Fig. 1(b) and the inlet mass flow rate was set 
at 0.33 kg/s. For this study, only one inlet temperature of 25 ◦C was 
considered and the flow was assumed to be laminar. The properties of 
the cooling system are given in Table 4. The maximum element size used 
for the polyhedral unstructured meshes is 0.5 mm for the 3 mm thick 
silica gel pad and the other components were constrained to a maximum 
element size of 2.5 mm which gave a total of 1,471,058 elements used 
for this simulation. 

The temperature distribution of the 1P4S module with bottom 
cooling channel at different times during 1.30C and 1.98C is shown in 
Fig. 5(b-d) and Fig. 6(b-d), respectively. The simulation results showed 
that the maximum temperature was reduced significantly by up to 10 ◦C, 
compared to ambient cooling, for all cases considered by cooling from 
the side edges of the battery as shown in Fig. 4(a). However, the tem
perature difference has increased substantially with a difference of up to 
10 ◦C during 1.98C and 5 ◦C during 1.30C in the module as shown in 
Fig. 4(b). This thermal non-uniformity is a catalyst for inhomogeneous 
lithium plating in the LIB cells [33]. This is expected as the flowing 
water at the bottom was able to cool up the part of the battery next to the 
cooling channel while the other end of the cell is still under ambient 
cooling. Thus, such one-sided cooling set up a significant thermal 
gradient in the battery with the consequence that the temperature 

difference has gone up compared to ambient cooling. The implication of 
this for the EV industry seeking to achieve faster charging rate in the 
>2C regime is that such one-sided cooling will not guarantee a safer and 
longer lasting battery module. To achieve thermal balance, at least two 
opposed cooling channels or plates should be used. In the next section, 
this approach is studied. 

3.2.3. 1P4S fast charging with liquid cooling on both sides 
The model used for this study is shown in Fig. 1(c). The cooling 

channel is placed on the top and bottom of the 1P4S module with the 
silica gel pad at the interface between the battery and the cooling 
channel. To guarantee thermal balance an opposing flow arrangement is 
used where the inlet of the lower cooling channel lies on the same side as 
the outlet of the upper cooling channel. The result shown in Fig. 4 gives 
the comparison of the thermal behavior of cooling one side of the battery 
versus cooling both sides of the battery. By cooling both sides of the 
1P4S module, the maximum temperature difference reached was 4.5 ◦C 
at 1.98C as shown in Fig. 4(e). In contrast, a temperature difference of 
10 ◦C was recorded when only the bottom side was cooled at a charging 
rate of 1.98C as shown in Fig. 4(b). Also, the maximum temperature has 
reduced from about 40 ◦C to 33 ◦C for 1.98C; however, as the C-rates 
decrease the savings were not very noticeable with charging at 1.30C 
only seeing a reduction of 4 ◦C in maximum temperature. As shown in 
Fig. 5(a) and Fig. 5(c), the hot spot during two-sided cooling occurs at 

Fig. 7. Bottom-cooled assembly showing: (a) maximum temperature in the module, (b) temperature difference in the module, (c) maximum temperature on the 
surface of the cooling plate, and (d) temperature difference on the surface of the cooling plate. 
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the center of the cell along the coolant flow direction. Compared to one- 
side cooling the maximum temperature difference reduced significantly 
from about 10 ◦C during 1.98C with one-side cooling to 4.5 ◦C during 
1.98C with two-side cooling. This shows the benefit of cooling both 
edges of the battery module compared to just one edge. 

3.3. Multiple driving cases 

To assess the thermal performance of the two cooling plate designs 
under varied charging and environmental conditions, multiple case 
profiles as shown in Table 5 were used. In cases 1–4, the coolant’s inlet 
temperature was fixed at 30 ◦C while the battery was charged by an 
external charger for different periods. In case 5, two different coolant 
temperatures were evaluated at the same battery and ambient 

Fig. 8. Bottom and top cooled assembly showing: (a) module maximum temperature, (b) module temperature difference, (c) top plate maximum temperature, (d) top 
plate temperature difference, (e) bottom plate maximum temperature, and (f) bottom plate temperature difference. 
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conditions. Cases 6–8 have different coolant temp and ambient tem
peratures, but the battery was charged for the same period. The evalu
ation conditions limit the maximum temperature to only 45 ◦C and the 
temperature difference should be <5 ◦C. 

As shown in Fig. 7(a), when a single channel cooling was used, the 
maximum temperatures attained for all the cases were below the design 
maximum of 45 ◦C. Also, for cases 5a and 5b, where the coolant tem
perature was 25 ◦C and 30 ◦C, the maximum temperature increased 
accordingly with Case 5a reaching a maximum of 37.5 ◦C, while Case 5b 
reached a maximum of 37.9 ◦C. This is expected since the higher coolant 
temperature means Case 5b could not remove as much heat as Case 5a 
from the battery cells. However, for the temperature difference as shown 
in Fig. 7(b), Case 5b and Case 3 were above the 5 ◦C limit set for the 
maximum temperature difference. For these two cases, the higher initial 
battery temperature and coolant temperature implied that for the cur
rent design a single channel could not remove the heat fast enough to 
achieve a more uniform thermal distribution in the battery cells. How
ever, when two channels were used, as shown in Fig. 8(a), the maximum 
temperature reduced at a faster rate compared to Fig. 7(a) as the rate of 
heat removal from the module was higher. Also, the temperature dif
ference target of <5 ◦C was achieved for all the cases considered as 
shown in Fig. 8(b). For most of the cases, the temperature difference was 
below 3 ◦C, except for the extreme cases – Case 5a and Case 3 which 
were close to the design target of 5 ◦C. The maximum temperature 
observed in the top and bottom cooling planes were identical as shown 
in Fig. 8(c) and Fig. 8(e), this is because the heat generation in the 
battery cell and heat removal from the top and bottom are similar across 
the module. A similar observation was noted for the temperature dif
ference as shown in Fig. 8(d) and Fig. 8(f), where the maximum tem
perature difference in the top and bottom planes for all the cases showed 
similar evolution over the simulation duration. These results showed 
that the top and bottom plates can keep the battery modules within the 
design’s maximum temperature and temperature difference. This is an 
interesting result as one of the greatest constraints to achieving faster 
charging rate is maintaining thermal uniformity and reducing thermal 
hotspot. Our result showed by using two opposing plates the thermal 
gradients can be significantly reduced. 

The simulation results can provide insight into the design of the 
battery pack. The results can be used to optimize the design of the 
battery pack, taking into consideration the heat generation, heat trans
fer, and cooling requirements. This can result in better battery perfor
mance, longer battery life, and improved safety. The simulation results 
can be used to optimize the thermal management system for the battery 
pack. This can help to ensure that the battery is kept within its safe 
operating temperature range and prevent thermal runaway. Effective 
thermal management can also reduce charging time and improve the 
overall performance of the battery. The simulation results can help to 
optimize the manufacturing process for the battery pack. The results can 
be used to identify the optimal placement of the battery cells and cooling 
channels, which can improve the efficiency of the manufacturing 

process and reduce costs. The simulation results can be used to develop 
test protocols for the battery pack. By simulating the battery under 
various conditions, engineers can develop test procedures that more 
accurately reflect the real-world performance of the battery. In conclu
sion, the thermal simulation results for an electric vehicle battery can 
have significant implications for the industry. By providing insights into 
battery design, thermal management, manufacturing, and testing, these 
results can help to improve the performance, reliability, and safety of 
electric vehicles, which is crucial for the wider adoption of electric ve
hicles in the future. 

4. Conclusion 

The study developed a battery thermal model for electric vehicle fast 
charging cycles using the NGTK model in ANSYS Fluent, and the simu
lated model was compared with experimental data to validate the ac
curacy of the model. The study focused on the cooling performances of 
different cooling configurations, including single cell with ambient 
cooling, 1P4S module with a one-side liquid cooling system, and 1P4S 
module with a two-sided liquid cooling system, using an 
electrochemical-thermal simulation approach. The study found that 
ambient convective cooling produced a high maximum temperature in 
the cells, but with a more uniform temperature distribution compared to 
forced convection cooling cases. The study recommended that EV 
companies consider the double-sided cooling approach, especially when 
designing fast-charging batteries that have high potentials for gener
ating significant local thermal hotspot and thermal gradient. The 
simulation confirmed that the use of a one-sided cooling system with 
water as the coolant significantly reduced the battery temperature, but 
also caused a significant thermal gradient, which could lead to battery 
degradation and accelerated aging. By cooling the module on both sides, 
the temperature difference and maximum temperature were kept within 
the design operating range. The study confirmed this by performing a 
case study on the battery with different environmental and operating 
conditions subjected to multiple charging rates. The multi-case study 
confirmed that the top and bottom plate cooling configuration can keep 
the battery modules within the allowable maximum temperature and 
temperature difference design constraints. The implication of this study 
for the industry is significant, as it highlights the importance of effective 
thermal management in the design of electric vehicle batteries, partic
ularly for fast-charging batteries. The use of multidomain modeling and 
simulation approaches can help battery manufacturers optimize the 
design of their battery packs to improve thermal management, reduce 
the risk of thermal runaway, and improve battery performance and 
longevity. By adopting double-sided cooling approach, EV companies 
can design more reliable and efficient batteries, which can help to 
accelerate the adoption of electric vehicles worldwide. 
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Table 5 
Profiles of multiple driving conditions used to evaluate the thermal performance 
of single-channel and double-channel designs for 1P4S cooling.  

Vehicle 
charging 
conditions 

Ambient 
temp 
(◦C) 

Time 
(sec) 

Battery 
initial 
temp 
(◦C) 

Coolant 
mass 
flow rate 
(kg/ s) 

Coolant 
temp.  
(◦C) 

Battery 
power  
(kW) 

Case 1  40  2400  35 0.33 30  1.37 
Case 2  40  1200  35 30  2.31 
Case 3  45  1200  40 30  2.50 
Case 4  40  1000  35 30  1.98 
Case 5  40  1000  35 (a) 25 

(b) 30  
3.59 

Case 6  27  1800  27 25  1.53 
Case 7  30  1800  30 30  2.22 
Case 8  45  1800  35 35  1.78  
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