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ABSTRACT

The main objective of this study is to develop an accurate simulation methodology for the 
temperatures in cylindrical lithium-ion batteries (LiBs), while they are being continuously 
charged and discharged, that can be used to ensure they remain within safe operating limits. A 
comprehensive 3D simulation methodology for air-cooled cylindrical LiBs is developed and 
applied to the specific case of an 18650-type NMC LiB. The battery cell chemistry is modelled 
using a Pseudo 2D electrochemical model, while the temperature within the battery is repre-
sented using a 3D axisymmetric heat transfer model. The electrochemical and thermal be-
haviours are modelled by coupling the heat source produced from the electrochemical model 
with the average temperature from the thermal model. This study’s key novelty lies in its de-
tailed investigation into how multiple electrode design parameters affect the LiB’s thermal 
characteristics. To verify the model’s accuracy, the simulation outcomes are compared with 
experimental data on discharge voltage and surface temperature of LiBs at different discharge 
rates, and good agreement is obtained. The model is then used to explore the impacts of the 
electrode thickness, positive electrode particle size, charge-discharge rate (C-rate) and inlet 
airflow velocity on battery thermal behaviour. The numerical results revealed that increasing 
the C-rate, electrode thickness, and positive electrode particle size increases the LiBs’ tempera-
ture rise rate; however, increasing inlet airflow velocity reduces the temperature rise of the bat-
tery cell. At inlet airflow velocity of 0.1 m/s, the maximum temperature roughly increases by 
31.7 oC (at 6 C-rate) compared to the 1 C-rate case. At 4 C-rate and inlet airflow velocity of 0.2 
m/s, the numerical results predict that increasing the negative electrode thickness from 25 to 
70 µm increased the maximum temperature from 31.8 to 48.1 oC, while raising positive elec-
trode particle size from 1 to 7 µm increased the maximum temperature from 32.06 oC to 38.74 
oC (at time of 2000 s). The research method and conclusions can provide valuable references 
for further research on the thermal characteristics of the LiB.
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INTRODUCTION

It is recognized that the widespread use of internal 
combustion engines has resulted in severe environmental 
impacts and negative health effects on humans [1]. This 
has provided the impetus to replace traditional automobiles 
with electric vehicles (EVs), which can reduce the associ-
ated greenhouse gas (GHG) emissions and improve air 
quality [2]. By 2045, most vehicles in the U.S. are predicted 
to be hybrid electric vehicles (HEVs) or plug-in hybrid elec-
tric vehicles (PHEVs) [3]. Lithium-ion batteries (LiBs) cur-
rently dominate the market for EVs in passenger vehicles 
due to their low self-discharge rate, low cost, greater sta-
bility, larger capacity with reduced weight, nontoxicity, and 
higher power [4]. However, the accumulation of heat that 
is generated by the LiB during operation can cause over-
heating of the battery pack and uneven temperature distri-
bution within LiBs, resulting in a reduction in in battery 
capacity and a reduction in operating life [5]. For example, 
several studies have shown that high temperatures signifi-
cantly above 40 oC can reduce battery life significantly and 
can even result in irreversible temperature rises (thermal 
runaway) that presents severe safety concerns which can 
ultimately result in fires and explosions [6]. As a result, bat-
tery thermal management system (BTMS) is critical in the 
realm of modern energy vehicles and energy storage, par-
ticularly during fast charging or in hot weather conditions 
[7].

Thermal management solutions are essential for various 
practical applications involving batteries. Proper thermal 
management ensures optimal performance, safety, and lon-
gevity of battery systems in diverse fields. EVs, renewable 
energy storage, aerospace and aviation, grid energy storage, 
and military and defense are some practical applications 
and examples of thermal management solutions.

As batteries become more prevalent in a variety of 
applications, innovative BTM technologies are emerging 
to meet the challenges associated with heat generation 
and dissipation. Different cooling techniques have distinct 
limitations and benefits. Air cooling, liquid cooling, phase 
change material (PCM) cooling, and heat pipe cooling are 
four common cooling strategies in BTMS [8]. Air cooling 
system (with natural or forced convection) has a simple 
design, low cost, and high commercial maturity. However, 
air cooling has low specific heat, thermal conductivity, and 
heat dissipation capacity [9]. Although forced-air cooling is 
widely used in practical applications and can mitigate tem-
perature rise, it will inevitably result in a huge nonuniform 
temperature distribution within the LiB cell at high oper-
ational temperatures and throughout aggressive driving 
circles. Nevertheless, air cooling is adequate in some cases, 
such as parallel HEVs. A liquid cooling technique is more 
efficient, however due to its cost, complexity, and the pos-
sibility of leakage, manufacturers are hesitant to use it [10]. 
PCM-based cooling is also more efficient because of its 
higher latent heat [11]. However, adding PCM to a LiB pack 

could add undesired volume and mass, is flammable, and 
prone to leakage [12]. PCMs also need to release the heat 
that they accumulate while cycling continuously, but they 
are capable of handling extreme temperatures. As a result, 
PCM cooling is typically integrated with other cooling 
technologies [13]. Heat pipe cooling method for LiB pack 
is restricted by weight, gravity and passive control [14]. Air, 
liquid, and fin cooling systems are now the most preferred 
technologies for electric drive vehicles (EDVs). Some com-
panies, like Toyota Prius, Nissan, and Honda Insight, con-
tinue to use air-cooled HEV battery packs as a TMS [15].

Lithium-nickel-cobalt-aluminum-oxide (LiN1-x-yCoxAlyO2, 
NCA) and lithium-nickel-manganese-cobalt-oxide (LiNi1-x-y 
MnyCoxO2, NMC) electrodes have recently been devel-
oped as alternatives to conventional lithium-iron-phos-
phate (LiFePO4, LFP) ones because of their faster charge/
discharge rate and larger specific capacity [16]. However, 
NMC type batteries have a tendency to overheat, partic-
ularly when subjected to high current density discharge, 
leading the LiB’s internal temperature to rapidly increase. 
Despite several studies having explored the thermal behav-
ior of a single battery cell, it is still a challenge to directly 
monitor the temperature profile within the battery at var-
ious current densities. As a result, accurate battery pack 
thermal modelling is an important requirement for ensur-
ing battery thermal safety.

Many researches have been carried out in recent years 
to investigate and optimize the impact of electrode design 
parameters on LiB performance. At present, the quanti-
tative optimization of thickness variations in electric and 
thermal performance, particularly for cylindrical batter-
ies, has remained an unresolved challenge. Researchers are 
eager to determine the optimal thickness of electrodes for 
a given cooling method to prevent excessive temperature 
increases, which can significantly impact electrochemical 
performance [17].

Xiao et al. [18] explored monodispersed and uniform 
cubic LiMn2O4 with a side length of 5 μm and spherical 
LiMn2O4 with diameters ranging between 2 and 8μm. From 
the finding, it is revealed that the electrochemical perfor-
mance of LiMn2O4 samples with spherical morphology is 
superior to that of cubic samples. Furthermore, mid-sized 
spherical LiMn2O4 (3.5 μm in diameter) exhibits the best 
electrochemical performance. Wang et al. [19] investigated 
the cycling stability of Li1.06Mn2O4 with various particle 
sizes ranging from nano (100-200 nm) to micrometre (2-4 
μm) in an aqueous electrolyte at temperatures of 25 oC and 
60 oC. Regardless of particle size, the electrochemical tests 
demonstrate that Li1.06Mn2O4 has nearly identical cycling 
stability and rate capability at 25 oC, however there is a 
substantial variation at 60 oC: after 50 cycles, Li1.06Mn2O4 
with large particle sizes (2-4 μm) exhibits substantially 
superior cycling stability, with a capacity retention rate 
of 93%, whereas the sample with nano particle sizes has 
lower cycling stability, with a capacity retention rate of 78% 
between 0 and 0.92 V.
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Lu et al. [20] claimed that enlarging the thickness of 
the LiNi0.8Co0.15Al0.05O2(NCA) cathode material has the 
capability of increasing the LIB’s energy density. Miranda 
et al. [21] optimized the performance of seven distinct 
LiB geometries. These diverse geometries include con-
ventional,  interdigitated batteries, as well as unique 
geometries like horseshoe, spiral, ring, antenna, and gear 
batteries. It is demonstrated that geometrical features such 
as the maximum distance for ions to travel to the current 
collector, the distance between current collectors, and the 
thickness of the separator and electrodes all have an impact 
on battery capacity. Drake et al. [22] utilized temperature 
and heat flux sensors to monitor the heat generation rate 
in a 26650-sized cylindrical LiB at a larger discharge rate 
(up to 9.6 C). They also investigated the effect of cool-
ing conditions on heat generation. Dasari and Eisenbraun 
[23] investigated the impact of electrolyte volume fraction 
(εe) and anode particle size ( ) on the performance of 
silicon anode-based batteries in conjunction with two dis-
tinct cathodes, NCA and LiNi1⁄3Mn1⁄3Co1⁄3O2(NMC 111). 
The results showed that when the active particles were 
less than 150 nm in size, the performance of silicon anode 
solid active particles could be increased. Optimized εe 
values in the negative electrode, which were determined 
to be between 0.40 and 0.55, resulted in minimal Li-ion 
accumulation. Furthermore, NMC outperforms NCA in 
terms of relative capacity when utilized in conjunction 
with a silicon anode.

The 18650 form factor, characterized by its rela-
tively high energy density, is a promising configuration 
for battery design. The specific chemistry employed in 
conjunction with graphite anodes, consisting of NMC 
(Nickel Manganese Cobalt oxide), offers a favorable 
balance between capacity and overall energy density. 
The widespread availability of 18650 cells in the mar-
ket, owing to their standard size, provides a convenient 
option for manufacturers, as they can easily source the 
necessary components. Furthermore, NMC chemistry 
is known for its stability and safety compared to some 
other lithium-ion chemistries [24]. Therefore, a com-
mercial 18650 cylindrical NMC-graphite Li-ion battery 
cell with a nominal capacity of 1.78 Ah has been consid-
ered in this study.

There have been few previous studies into the influence 
of multiple electrode design parameters on the electro-
chemical and thermal performance of LiBs using an NMC 
111 cathode. The majority of these were aligned towards 
studying the effect of a single electrode design parameter 
(i.e., electrode thickness (L∓) and active material particle 
size ( )) on the performance, energy density, and power 
density of LiBs. The present study addresses this research 
gap by investigating the impact of anode and cathode elec-
trode thicknesses (L∓) and positive electrode particle size 
( ) on the LiB’s thermal characteristics. A comprehensive 
set of results demonstrates the influence of electrode design 
parameters (i.e., L∓ and ) on the thermal characteristics 

of a LiB throughout continuous cycles of charge and dis-
charge processes at different C-rates and exposed to vary-
ing external cooling conditions.

The key innovation in the modelling methodology is 
the coupling of both a pseudo-2D (P2D) electrochemical 
model and a three-dimensional (3D) thermal model uti-
lizing the COMSOL Multiphysics modelling platform at 
different C-rates and exposed to varying external cool-
ing conditions. Since weight, space, and cost constraints 
must be considered in EV applications, the methodol-
ogy is suitable for air-cooled battery packs in EVs, where 
decreasing peak temperature and enhancing thermal 
consistency are vital for the batteries’ safe and depend-
able functioning.

ELECTROCHEMICAL-THERMAL COUPLED 
BATTERY MODEL

Lithium-Ion Battery’s Structure
A LiB, including an electrolyte (EL), is utilized to trans-

form chemical energy into electrical energy, and vice versa. 
A battery cell’s fundamental configuration consists of a 
negative electrode (NE) and a positive electrode (PE) sub-
merged in a non-aqueous EL with a porous separator in 
between. The NE and PE, which are composed of porous 
materials, are known as the anode and cathode, respec-
tively. Current collector plates (CCPs) are used to connect 
the battery to an external load. A copper current collector 
(CCC) is utilized in the NE of Li-ion cells, while an alumi-
num current collector (ACC) is used in the PE [25].

The porous negative electrode with spherical graphite 
particles (i.e., LixC6) provides electrons to the load (external 
circuit). The porous positive electrode is typically constructed 
of metal oxides and contains spherical active material par-
ticles such as lithium-nickel-manganese-cobalt-oxide, 
LiNi1⁄3Mn1⁄3Co1⁄3O2 (NMC 111), lithium-cobalt-oxide, 
LiCoO2(LCO), lithium-manganese-oxide, LiMn2O4 (LMO), 
Lithium-iron-phosphate, LiFePO4 (LFP) and lithium-nick-
el-cobalt-aluminium-oxide, LiNi0.8Co0.15Al0.05O2 (NCA). 
The separator is a porous membrane, typically made of 
plastic or ceramic, allowing only Li-ions (Li+) to transfer 
and thus acting as a barrier between the electrodes. It needs 
to be ionically-conductive and electrically-insulating to 
keep thermal runaway and short-circuits from happening, 
while also providing minimal resistance. The EL is usually 
a non-aqueous liquid- or gel-based solution that the two 
electrodes are submerged in which acts as a conductor 
allowing the Li-ion cells to move between the anode and 
the cathode. Typical ELs may include a mixture of alkyl 
carbonates (such as ethylene carbonate (EC), dimethyl car-
bonate (DMC), diethyl carbonate (DEC), and ethyl methyl 
carbonates (EMC)) and lithium hexafluoro-phosphate 
(LiPF6) salt [26].

Redox (Reduction - Oxidation) reactions take place in 
the presence of a load current. At the anode, the confined 
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lithium particles begin to diffuse (or deintercalate) towards 
the EL-solid interface, dividing lithium into Li+ and elec-
trons. Because of the potential difference, Li-ions migrate 
through the solution, whereas electrons transfer via the 
current collector (CC) because the EL solution functions as 
an electronic insulator. The reduction reaction occurs at the 
cathode, when the travelling Li-ions from the anode begin 
to react (or intercalate) with the electrons coming from the 
positive CCP. The entire intercalation and deintercalation 
process is reversible since Li+ travels in both directions 
between the electrodes while charging and discharging 
[27]. This phenomenon might, in theory, continue indef-
initely. Unfortunately, the capacity and power capabilities 
of the LiB decay with the number of usages and charges 
at high rates due to cell substance deterioration and other 
irreversible chemical reactions [28]. The electrochemical 
reactions that occur at the electrode/electrolyte interface in 
both the negative and positive electrodes during discharge/
charge for LiB using LiyNi1⁄3Mn1⁄3Co1⁄3O2(NMC 111) in the 
positive electrode and LixC6 in the negative electrode as the 
active materials are given by: 

where x and y are the stoichiometric coefficients or moles 
of lithium contained in the graphite structure (C6) and the 
NMC 111, respectively, while z is the number of moles of 
Li-ions taking part in the electrochemical reaction.

A Pseudo-2D Electrochemical Model
The coupled mathematical model is comprised of a P2D 

electrochemical portion and a 3D thermal part, in which 
the heat generated from the electrochemical part and the 
temperatures obtained from the thermal part are inputs to 
each other [27]. Figure 1 gives a schematic representation of 
a LiB unit cell’s internal structure during the charge process, 
as well as the heat generated by LiB. The cell properties con-
sidered in the present work are taken in terms of a graph-
ite electrode (LixC6) mesocarbon microbeads (MCMB) for 
anode, lithium hexafluorophosphate (LiPF6) dissolved in 
a mixture of 3:7 EC:EMC is commonly used as the liquid 
electrolyte in LiBs, and LiNi1⁄3Mn1⁄3Co1⁄3O2(NMC 111) is 
used for the cathode, while aluminum and copper are the 
materials for the current collector.

Assumptions, Governing Equations and Boundary 
Conditions for A LIB Cell

 The electrochemical model relies on the following sim-
plifying assumptions [4,27,29]:
(1) The electrodes’ active material particles are spherical 

and homogenous in size.
(2) The electrodes’ volume change during the discharge 

process is negligible.
(3) During the charge/discharge process, no gas is 

generated.
(4) All side reactions are ignored.
(5) Li dendrites and the solid electrolyte interphase (SEI) 

layer formation are negligible.
The electrochemical kinetics, charge and mass con-

servation in both the solid and electrolyte phases are used 
within the P2D electrochemical model. The conservation 
equations for the solid and electrolytes phases are as follows 
[27,29]:

Charge Conservation Equations
The charge conservation is explained by the ionic 

movement of Li+ in the electrolyte phase and the electron 
transport in the solid phase, which follow concentrated 
solution theory and Ohm’s law, respectively. The concen-
trated solution theory is based on the concentration change 
caused by mass flux and reactions. The charge conservation 
in the positive and negative electrodes is governed by the 
following equations:

  
(1)

  (2)

  (3)

 Based on the radius of the active particles ( ) and the 
volume fraction of the solid phase ( ), the solid/electro-
lyte interfacial area per unit volume (as) can be computed, 

. The local charge transfer current density 
(jloc) is function of both x-direction and time (t). The elec-
trical current density in the solid phase (is) and the ionic 
current density in the electrolyte phase (ie) can be repre-
sented as:

  
(4)

  

(5)
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 and  are the electrical potential in the solid phase 
and the ionic potential in the electrolyte phase, respectively. 
The superscript ∓ specifies whether the equation is solved 
for the negative or positive electrode, while the superscript 

 denotes the negative electrode, separator, 
and positive electrode, respectively.  denotes the 
Li-ion concentration in the electrolyte. R0 is the universal 
gas constant (Ro = 8.314  J⁄(mol ∙ K)), T is the cell tempera-
ture in Kelvin, and F is the Faraday’s constant (F = 96,487 
A.s/mol).  is the transference number of the cations with 
respect to the solvent velocity, and f± is the mean molar 

activity coefficient of the electrolyte, assumed to be con-
stant in the present work. 

 and  indicate the solid phase material’s 
effective electronic conductivity and the electrolyte’s effec-
tive ionic conductivity, respectively, which can both be 
computed by:

  (6)

  (7)

Figure 1. Schematic of the P2D electrochemical model geometry scheme of a lithium-ion cell during charge and heat 
generating sources in a LiB.
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where  and  refer to the bulk electronic conductivity 
and the ionic conductivity for the binary electrolyte, respec-
tively. εs and εe represent the volume fraction of solid phase 
and electrolyte, respectively. To account for the electrode’s 
porosity and tortuosity,  and   are corrected 
with the Bruggeman tortuosity exponent (β), and in this 
study is assumed to be 1.5 for both the electrodes and sep-
arator [16].

 Electrons are not permitted to pass through the separa-
tor between the negative and positive electrodes. However, 
the Li+ can travel across the separator and migrate between 
the CCC/PE interface and the ACC/NE interface. According 
to Fig. 1, the boundary conditions (BCs) for electrodes and 
electrolyte are as follows:

  
(8a)

  
(8b)

where iapp is the current density applied to the battery 
electrode. Eq. (8a) indicates that there is no charge flux at 
the interfaces of the NE/separator and the separator/PE, 
whereas Eq. (8b) refers that the BCs at the CCC is propor-
tional to iapp.

The ϕs at the cell’s left and right ends are set to:

  (9a)

  (9b)

The cell potential (Voltage), Vcell, across the cell termi-
nals is calculated as:

  (10)

The quantity Rc is a contact resistance between the elec-
trode and the current collector for a unit area surface. For 
a good battery, this is small and is sometime ignored in the 
analysis. A is the electrode area and I is the applied current 
in amps.

Because there is no ionic current in the current collector 
(CC), the electric intensity of the electrolyte phase at the 
cell’s two ends is zero, is given by:

  
(11a)

The liquid phase current at the electrode/separator 
interface should be continuous, namely

  
(11b)

  (11c)

Mass Conservation Equations
The mass conservation of Li+ in the spherically-active 

material is represented by Fick’s second law of diffusion 
which states that the molar flux due to diffusion is propor-
tional to the concentration gradient.

  
(12)

where  stand for the lithium concentration in the active 
material particles,  represent the lithium diffusion coef-
ficient in the active material. t and r denote the time and the 
radial coordinate within a spherical particle, respectively, 
while x is the particle location in x direction, see Fig. 1.

The mass conservation of Li+ in the electrolyte can be 
described as:

  
(13)

 and  denote the Li-ion concentration in the 
electrolyte and the electrolyte volume fraction (porosity), 
respectively, while Jl(x,t) is the Li-ions’ molar flux and can 
be expressed as:

  (14)

The first term of Jl(x,t) follows Fick’s law, whereas the 
second term accounts for electro-migration.  is the trans-
ference number for the anion.  is the effective elec-
trolyte diffusion coefficient, and can be calculated using 
Bruggeman’s relation:

  (15)

where  represents the bulk diffusion coefficient in the 
liquid phase.  and  are different values in each domain 
(anode, separator, and cathode). Substituting Eq. (14) into 
Eq. (13) we get:

  
(16)

The BCs of Eq. (12) are as follows:
The Li+ concentration gradient equals zero at the 

sphere’s centre (r = 0),

  
(17a)

The Li+ diffusion rate equals the reaction rate at the 
sphere surface ( ),
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(17b)

 At the spherical particle surface , 
describing the lithium concentration at the solid/electrolyte 
interface ( ). The BCs for Eq. (16) are as follows:

The Li+ diffusion flux in the liquid phase equals zero at 
the electrode/current collector interface,

  
(18a)

 Since the LiB has three spatial domains, we require four 
extra BCs at the electrode/separator interface. These BCs 
are determined by the continuity of the flux and concentra-
tion of the electrolyte at the electrode/separator interface. 
The Li+ diffusion flux is continuous at the electrode/separa-
tor interface,

  
(18b)

  
(18c)

At the electrode/separator interface, the Li+ concentra-
tions are equal as well, 

  (18d)

  (18e)

The initial concentration of lithium in the electrodes 
and electrolyte are:

  (19a)

  (19b)

Electrochemical Reaction Kinetics
The electrochemical reaction rate on the surface of the 

electrode particles is usually governed by the Butler-Volmer 
equation which is used to couple a charge-species govern-
ing equation and is given by:

  (20)

where αa and αc represent the anodic and cathodic charge 
transfer coefficients of the electrode reaction, respectively. 
Note that the sum of αa and αc must equal 1, however in this 
study, both αa and αc are set to 0.5.

 The exchange current density, jo∓(x,t), provides a measure 
of the electrochemical reaction rate at the reversible poten-
tial when the over-potential (η) equals zero. This reflects the 
electron transfer rates, and can be determined as:

  (21)

where  and  are the reaction rate constant for both 
anode and cathode, respectively, while  and  
are respectively the maximum Li+ concentration and the Li+ 
concentration on the surface of electrode particles.

 The over-potential (η) is the difference between solid 
and electrolyte phase potentials minus the thermodynamic 
equilibrium potential of the solid phase and the reduction 
in the solid/electrolyte interphase (SEI) film potential. The 
local surface overpotential, η∓(x,t), is defined as [30]:

  (22)

Rf is the SEI film resistance produced at the electrode 
surface. The electrode open-circuit potential or the ther-
modynamic equilibrium potential, , is a function of the 
local state-of-charge at the surface of the active particle 
( ) and temperature (T) which can be estimated 
using a Taylor’s series expansion.

  

(23)

ΔS∓ is the change in entropy , and 

n denotes the number of electrons transferred. Where the 
surface SoC∓ for both negative and positive electrodes can 
be expressed by the ratio of the Li+ concentration in the 
active material as: 

  
(24)

Local state of charge (SoC) of LixC6 negative electrode is:

  
(25a)

Local state of charge (SoC) of NMC111 positive elec-
trode is:

  
(25b)

Thermal Energy Conservation Equation
 During the discharge and charge processes of a LiB, heat 

will be generated and the LiB surface temperature will rise. 
As the discharge current increases, the LiB’s temperature 
rises faster. High battery temperatures can impair battery 
performance and may even cause irreparable damage to the 
battery. The energy balance in the LiB is composed of three 
heat-generating source terms, two of which are irreversible 
(Qirrev) while the other is reversible (Qrev), where Qrev is pri-
marily produced only at the electrodes, Qirrev, on the other 
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hand, is generated throughout the battery, including in the 
electrolyte, separator, and electrodes, see Figure 1. The total 
heat generation (Qtot) is the sum of the reversible reaction 
heat generation (Qreac) caused by the electrochemical reac-
tion, which is mainly related to the entropy change of the 
active electrode material, the irreversible polarization heat 
generation (Qpol), which is attributed to the potential differ-
ence of polarization, and the ohmic heat generation (Qohm) 
that comes from the resistance in the transfer of electrons 
and Li+ inside a battery. Because current collectors have a 
high electrical conductivity, the heat generated by them is 
often neglected. Hence, the total heat generation rate of the 
battery is given by,

  (26)

  
(27)

  (28)

  (29)

The first term of Ohm’s law (Qohm) represents the elec-
trical heat generated within the solid phase of the material 
due to the flow of electric current, whereas the second term 
represents the ionic heat generated in the electrolyte phase 
due to the ionic motion. Eq. (29) can be rewritten as:

  

(30)

 To determine the temperature distribution in the bat-
tery cell, the energy conservation equation of heat conduc-
tion for the cell is described by Fourier’s law as follows:

  

(31)

where ρb and Cp,b are the density and the specific heat 
capacity of the battery cell, respectively. kr, kφ and kz repre-
sent the thermal conductivities in the radial, circumferen-
tial, and axial directions, respectively. The term found on 
the left side of Eq. (31) indicates the energy accumulated 
within the LiB cell, whereas the terms on the right side cor-
respond to the rates of 3D heat conduction and volumetric 
heat generation.

Inside a LiB, there are several layers wound in a spiral 
form to create a cylinder: including the anode, cathode, 

separator, and electrolyte. Every part is made from mate-
rials with different thermal conductivities, impacting the 
battery’s heat management. The specific arrangement and 
stacking of these components help enhance the batter’s total 
functionality and its anisotropic thermal characteristics, 
which means heat conduction changes depending on the 
direction.

Materials exhibit anisotropy when their properties 
change depending on the direction of measurement. 
Anisotropy in LiBs is important because of the diverse ther-
mal conductivities present in the battery’s structure. This 
trait impacts the way heat is controlled in various sections 
of the battery, impacting overall performance and safety. 
Studying the anisotropic thermal conductivity (k) in LiBs 
is crucial for improving energy storage technologies by pre-
venting high temperatures from causing degradation and 
potential safety hazards through proper heat dissipation.

The k value is greater along the battery sheet compared 
to the perpendicular direction. As a result, the k value is 
determined separately for radial and normal directions 
before being included in the numerical model.

The k in the axial and radial directions is defined as fol-
lows [31]:

  
(32)

  
(33)

  (34)

where ki denotes the thermal conductivity of each individ-
ual layer material (ith). Li represents the material thickness 
constituting the ith layer of the battery in the radial direc-
tion. In the axial direction of a cell, the ith layer material 
comprises a variety of components, including the ith layer 
cathode electrode active material (+), the positive current 
collector ( ), the anode electrode material (−), the negative 
current collector ( ), and the battery separator (sep). Lbatt

 

denotes the thickness of the entire battery.
Similarly, the density (ρi), heat capacity (Cp,i) and thick-

ness (Li) of each component are utilized to examine the 
average values of the density (ρb) and heat capacity (Cp,b) of 
the whole battery as:

  
(35)

  
(36)
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According to the Newton’s cooling and radiative heat 
transfer laws, the boundary condition for energy conserva-
tion is expressed as:

  (37)

where h is the convective heat transfer coefficient and its 
value is set as low as 5 W m-2 K-1 [32]. ε is the battery sur-
face’s emissivity, Ks is the Stephen-Boltzmann constant 
(Ks = 5.67 × 10-8 W⁄(m2 ∙ K4), T and Tamb represent the 
battery surface and ambient temperatures, respectively. 
However, because of the relatively limited operational tem-
perature range, the influence of radiation is minimal and 
can be ignored in this study.

A symmetry boundary condition (BC) is specified on 
the symmetry axis (z). On the outer BC (R = R0, z = 0, and 
z = H), heat dissipation is mainly due to convection, which 
is governed by Newton’s law of cooling. The BCs are shown 
as following:

  
(38)

  
(39)

  
(40)

Air Flow
Due to the relatively low air flow velocities and charac-

teristic lengths involved in the present study, the air flow is 
laminar in all cases examined. The governing equations for 
the airflow passing through the battery cell during simula-
tion are given by [33]:

The continuity equation: 

  (41)

The momentum conservation equation:

  (42)

where ρa is the air density and u is air velocity vector. The 
energy conservation equation of air is:

  (43)

where Ta is the air temperature and ka and Cpa are the ther-
mal conductivity and specific heat capacity of air, respec-
tively. The battery’s initial temperature is identical to the 
air inlet temperature (25 oC), implying that air at ambient 
temperature is utilized in the BTMS. For the coolant at the 
inlet and outlet boundaries, velocity and pressure BCs are 
applied.

Temperature and concentration-dependent (dynamic) 
parameters

 In the current study, a commercial 18650 cylindrical 
NMC-graphite Li-ion battery cell with a nominal capacity 
of 1.78 Ah has been investigated. The reason for selecting 
NMC Li-ion cell is that batteries with such chemistries are 
widely used in electric vehicles, mobile facilities, and other 
electronic equipment [24]. The negative electrode active 
material and electrolyte used in this study are LixC6 MCMB 
and LiPF6 dissolved in a mixture of 3:7 EC: EMC, respec-
tively, while NMC 111 is employed as the positive electrode. 
Because electrochemical parameters are strongly depen-
dent on temperature or concentration, the thermal-elec-
trochemical coupled model is inherently nonlinear. These 
parameters are the reaction rate constant ( ), the dif-
fusion coefficient of Li-ions in the solid ( ) and liquid 
( ) phases, the electrolyte ionic conductivity ( ), the open 

circuit potential ( ) at the reference temperature, and 

the entropy changes ( ).
The temperature dependence of the  was expressed 

using the Arrhenius equation [34-36]:

  
(44)

  
(45)

where  and  are the activation energy for the rate 
constant of the anode and cathode at the reference tem-
perature (Tref = 25 oC), respectively, while  and  are 
the reaction activation energies for the anode and cathode, 
respectively. Furthermore, the local state of charge of the 
positive electrode (SoC+) can be determined by Eq. (24).

The temperature-dependent diffusivity coefficient in 
both the negative and positive electrodes is given by [32]: 

  
(46)

  
(47)

The parameters  and  are the activation energy for dif-
fusion of lithium respectively in the negative and positive elec-
trodes. The concentration and temperature dependent diffusion 
coefficient in the electrolyte ( ) is represented as [4,36]: 

  (48)

The concentration and temperature dependent ionic 
conductivity in the electrolyte, , which is characterized 
by the parameters of LiPF6 in a EC: EMC (3:7) mixture at 
25°C, is given by [3]:
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(49)

The Li+ transference number (t0) can be expressed as:

  

(50)

The thermodynamic factor (𝒱e) associated with electro-
lyte activity that is temperature and Li-ion concentration 
dependent, can be stated as follows:

  

(51)

As indicated in Eq. (23), the open circuit potential 
( ) and entropy change ( ) are both dependent on 
the state of charge (SoC) and are determined by experimen-
tal methods. Eqs. (52) and (53) represent the curves of the 
open circuit potential for both the positive electrode ( ) 
and the negative electrode ( ) versus local SoC on the 
surface of the active particles at the reference temperature 
of 298 K for both LixC6 and LiyNi1⁄3Mn1⁄3Co1⁄3O2 electrodes 
[17, 32, 36].

  

(52)

  
(53)

The entropy changes of LixC6 negative electrode ( ) 

and LiyNi1⁄3Mn1⁄3Co1⁄3O2 positive electrode ( ) are [17, 

32, 36]:

  
(54a)

  
(54b)

  

(55)

where x and y in Eqs. (52-55) refer to the number of lith-
ium moles that exist in the negative electrode’s graphite 
structure (LixC6) and the structure of the lithium-nick-
el-manganese-cobalt-oxide of the positive electrode 

Figure 2. The entropy changes as a function of the SoC for both negative and positive electrodes.
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(LiyNi1⁄3Mn1⁄3Co1⁄3O2), respectively. Figure 2 illustrates the 

entropy coefficient ( ) as a function of SoC for negative 

and positive electrodes and displays a difference between 
the two. This difference results from the open circuit volt-
age’s hysteresis.

The cell nominal capacity (Qc) in both electrodes of the 
NMC-graphite Li-ion battery cell can be estimated as [37]:

  (56)

x0%, x100%, y0% and y100% are the stoichiometry parame-
ters of the anode and cathode at 0% and 100% cell SoC. The 
applied current density (iapp) for the electrochemical model 
at 1C-rate can be determined as [38, 39]:

  (57)

where A is the electrode plate’s area. Tables 1 and 2 list the 
battery’s spatial and geometrical parameters, electrochem-
ical kinetics, transport, and thermos-physical properties 
that were employed in the numerical simulation. 

Table 1. Critical battery parameters used in the numerical model for a 1.78 Ah NMC 111 cylindrical 18650 type battery 
[3,32] [written permissions from the Elsevier]

Parameter Units Negative electrode Separator Positive electrode Electrolyte Cu foil Al foil

Battery geometric parameters

Li µm 40 25 36.297 [calculated] 10 15

Rp µm 5 5

εs - 0.662 0.58

εe - 0.30 0.40 0.30

x0%, y0% - 0.001 0.955473

x100%, y100% - 0.790813 0.359749

Lithium-ion concentrations

Cs,max mol ⁄ m3 31,080 51,830

Cs,o mol ⁄ m3 0.215Cs,max 0.725Cs,max

Ce,o mol ⁄ m3 1,200

Kinetic and transport parameters

αa, αc - 0.5 0.5

β - 1.5 1.5 1.5

ψs J ⁄ mol 42,770 18,550

De m2 ⁄ s Eq. (48)

Ds m2 ⁄ s Eq. (46) Eq. (47)

Es J ⁄ mol 37,480 39,575

kref m2.5 ⁄ (mol0.5 ∙ s) 1.764 × 10-11 1.764 × 10-11

σe S ⁄ m Eq. (49)

σs S ⁄ m 10 0.1

𝒱e - Eq. (51)

t0 - 0.363

Constant quantities

Tref °C 25

A cm2 1020.41

Qc Ah  1.78 [calculated from Eq. (56)]

iapp,1C A ⁄ m2                        17.421 [calculated from Eq. (57)]
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NUMERICAL SIMULATION

Electrochemical and Thermal Coupling Strategy
In this study, a commercial software COMSOL 

Multiphysics 6.2, which is based on the finite element 
method (FEM), was employed to simulate the thermal 
behavior of a 3D axisymmetric of an air-cooled cylindrical 
18650 Li-ion battery; see Figure 3(a and c). The strategy for 
coupling the electrochemical and thermal models is shown 
in Figure 3(b and c), in which the heat generated from 
the electrochemical part and the temperatures obtained 
from the thermal part are mutually used as inputs for each 
other. The electrochemical model can accurately simulate 
a battery’s current-voltage response under pre-determined 

temperature conditions. By utilizing the simulated terminal 
voltage from the electrochemical model, the heat generation 
rate can be estimated and incorporated into the thermal 
model as a heat source term. The thermal model can then 
be solved numerically to obtain the temperature distribu-
tion within the LiB cell under the specified operating con-
ditions. The battery’s average temperature is subsequently 
determined and fed back into the electrochemical model 
to calculate the temperature-dependent electrochemical 
parameters. This iterative process enables a comprehensive 
understanding of the battery’s thermal and electrochemical 
behaviour during operation.

In the thermal model, the heat transfer through the flow 
of air surrounding the LiB in a flow compartment is also 

Figure 3. Integrating P2D electrochemical model with 3D thermal model by utilizing average temperature and heat gen-
eration values.

Table 2. Thermophysical properties of materials used in the numerical model [3, 32]. [written permissions from the El-
sevier]

Parameter k
W ⁄ (m ∙K)

ρ
kg ⁄ m3 

Cp
J ⁄ (kg ∙K)

LiNi1⁄3Mn1⁄3Co1⁄3O2 (NMC 111) 5.0 1500 700
Negative electrode (Graphite, LixC6) 1.04 3600 1437.4
Separator 0.3344 1130 1978.16
Electrolyte LiPF6 0.099 1210 1518
Cu foil 398 8933 385
Al foil 170 2770 875



J Ther Eng, Vol. 11, No. 4, pp. 1093−1118, July, 2025 1105

accounted for using the Heat Transfer in Solids and Fluids 
interface in COMSOL, as depicted in Figure 3(c). This 
figure illustrates the incorporation of the flow of air into 
the thermal model, which is essential for accurately pre-
dicting the temperature distribution within the battery. By 
including the flow of air in the thermal model, the interface 
enables the simulation of the heat transfer mechanisms that 
occur between the battery and the surrounding air.

 Once the solution has reached convergence at each 
time step, the data is post-processed to extract engineer-
ing-relevant quantities. Figure 4 depicts the algorithm flow 
chart for solving the governing equation. The segregated 
technique is used to couple the equations, which reduces 
memory usage and computing time. During each time step, 
two segregated steps are performed: initially, solving the 
temperature and flow with constant electrochemical vari-
ables; subsequently, using the temperature results to update 
local electrochemical parameters; and lastly, calculating 
the electrochemical variables for each mesh node. The 
procedure continues at every node until all variables have 
reached convergence. The direct solver PARDISO (Parallel 
Direct Sparse Solver Interface) was utilized as linear solver. 
Convergence happens at each time step when the relative 
tolerance for all variables is below 10-3. The time increment 
persists until reaching the cut-off potential.

The thermal model’s geometry is composed of several 
distinct domains, including the:
• Active battery material domain: this domain encom-

passes the wound sheets of battery cell material, which 
are 65 mm in height and have a radius of 9 mm.

• Mandrel domain: this domain represents the nylon iso-
lator that surrounds the battery cell sheets, with a radius 
of 2 mm.

• Cylindrical battery connector domain: this domain 
consists of the steel connector that is placed on top of 
the battery, with a thickness of 3 mm.

• Flow compartment domain: this domain represents the 
air flow compartment within the battery.
Table 3 displays the dimension of all the above-men-

tioned components. The battery’s initial temperature and 
the domain’s inlet temperature are both specified at 25 oC, 
while an outflow condition is imposed at the domain’s exit. 
However, all other external boundaries are thermally iso-
lated. The flow has a specified velocity at the entrance and 
a constant pressure of 1 atm at the exit. No slip and symme-
try BCs are applied to the battery walls and the symmetry 
planes, respectively.

In the electrochemical model, the negative electrode’s 
current collector is maintained at 0V for the electronic cur-
rent balance, while the positive electrode’s current collector 
is set to a specific current density (iapp), as shown in Figure 
3(b). The LiB numerical simulation is solved in three steps. 
The first step involves solving the steady-state flow at a tem-
perature of 25 oC. In the second step, the potentials within 
the battery model are determined at an initial time of 
t = 0. The last step involves a time-dependent analysis of 
the entire problem, with the steady-state solution from the 
first two steps serving as the initial values for the potentials.

In the simulations, the initial ambient temperature was 
set at a fixed value of 25 °C and the battery cell is set to an 
initial SoC of 10%. A square wave function was utilized to 
alternate the charging and discharging current four times at 
a 2C rate with a cycle time of 500 s, then followed by a 500 
s relaxation period after 2000 s, as shown in Figure 5. The 
relationship between cell voltage and C-rate is elucidated 
in Figure 5. It is observed that the cell voltage drops when 
the C-rate is negative, indicating that the battery is under-
going discharge. Conversely, as the C-rate approaches zero, 

 𝑆𝑡𝑎𝑟𝑡 

Define the parameter of the P2D electrochemical model 
(i.e., 𝐶𝑠,𝐶𝑒 ,𝜙𝑠 𝑎𝑛𝑑 𝜙𝑒) 

Initial temperature, 𝑇 = 𝑇𝑜 

P2D Electrochemical model 
Calculate the heat generation rate 𝑄𝑡𝑜𝑡   

under the given temperature 𝑇 

3D Thermal model 
Calculate the temperature distribution 𝑇′ 
under the given heat generation rate 𝑄𝑡𝑜𝑡 

𝐸𝑛𝑑 

�∑ (𝑇𝑖 − 𝑇𝑖′)2𝑛
𝑖=1

𝑛
𝑇𝑎𝑣𝑔′

< 10−3 

𝑇 = 𝑇′ 

𝑌𝑒𝑠 

𝑁𝑜 

Figure 4. Solution algorithm employed to solve the govern-
ing equation (algorithm flow chart).

Table 3. Cell component size used in the numerical model

Parameter Value
rcell [mm] 9 Cell radius
hcell [mm] 65 Cell height
rmandrel [mm] 2 Mandrel radius
rceonnector [mm] 3 Connector radius
hceonnector [mm] 3 Connector height
tcan [mm] 0.25 External can thickness
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the cell voltage stabilizes, suggesting that the battery is not 
in use. Furthermore, an increase in the C-rate results in a 
corresponding rise in the cell voltage, indicating that the 
battery is being charged.

Mesh Sensitivity Analysis
To conduct a comprehensive sensitivity analysis of 

the electrochemical model, a series of four different mesh 

configurations were constructed at varying levels of refine-
ment. These meshes, designated as coarse, fine, extra fine, 
and extremely fine, were created to assess the impact of 
mesh resolution on the model’s predictions, see Figure 6(a). 
To enhance computational accuracy, refinement is applied 
to both sides of the separator for each of the four mesh types. 
In the thermal model, both hexahedral and tetrahedral 

Figure 6. (a) P2D Electrochemical model at various meshes; (b) 3D thermal model at various meshes.

Figure 5. The simulated battery load and potential curve at 2C.
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elements were coupled for discretization, as illustrated in 
Figure 6(b). The mesh sensitivity analysis is carried out in 
the same manner with four types, each of which contains 
8265 (type 1), 25103 (type 2), 50771 (type 3), and 140183 
(type 4) elements and matches directly with the mesh types 
of the electrochemical model.

In this simulation, a PARDISO solver was selected with 
a relative tolerance of 10-3 for all variables, and solutions 
were evaluated for mesh independence. The computa-
tional time required to solve the problem on a computing 
platform with 8-core processors (operating at 2.60 GHz) 
and a total of 2 × 16 GB RAM was approximately two 
hours.

The maximum temperature (Tmax) of the battery at 
the end of the discharge process (t = 2000 s) is displayed 
in Figure 7 with a C-rate of 2C. The ambient temperature 
(Tamb) was specified to be 25°C and the inlet airflow velocity 
(Vin) was 0.1 m/s. Figure 7 provides a comprehensive anal-
ysis of the impact of varying mesh sizes on the accuracy 
of numerical simulations. It should be noted that the rela-
tive error between types 3 and 4 mesh is roughly 0.3%. This 
finding indicates that any further increment in the number 
of elements will have a minimal effect. As a result, based on 
the trade-off between calculation cost and precision, type 3 
mesh was adopted as the grid meshing strategy in the sub-
sequent numerical simulations.

Model Validation
The experimental data from Kang et al. [17] is used to 

verify the accuracy of the numerical model. Experimental 
measurements and corresponding numerical simulations 

of the variation of the constant-current discharge process 
of the NMC/graphite 18,650-sized cylindrical battery cell 
with the elapsed time of discharge at three different dis-
charge rates of 1, 2, and 3 C are shown in Figure 8. In this 
comparison, the ambient temperature was set at 25 °C, and 
the discharge cut-off voltage was maintained at 2.7 V. The 
boundary conditions applied for validation are: Eqs. 8 (a 
and b), Eqs. 9 (a and b), and Eqs. 11 (a, b and c) for charge 
conservation; Eqs. 17 (a and b), Eqs. 18 (a - e), and Eqs. 19 
(a and b) for mass conservation; and Eqs. 38 – 40 for ther-
mal energy.

Figure 8 shows how the discharge voltage and battery 
temperature changes during the discharge process. Figure 
8(a) compares predicted and measured voltages across the 
battery over time; the figure shows that the experiments 
and simulations agree well for all discharge rates. It is 
observed that as the discharge rate increases (i.e., 3C), the 
voltage and elapsed time of discharge decrease in compar-
ison to those at 1C. Figure 8(b) illustrates the variations of 
battery temperature with time during the discharge pro-
cesses. It is evident that as the discharge rate increases, 
a concomitant increase in temperature is observed. The 
slight discrepancy between the experiment and the sim-
ulation may be attributed to the use of default values of 
the battery material parameters. The latter were sourced 
from the literature, and may vary with the temperature 
and therefore deviate from their default values. However, 
in general, the overall agreement between the experiments 
and numerical simulations is good.

Figure 7. Maximum temperature of the LiB cell as a function of the number of elements.
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RESULTS AND DISCUSSION

Effects of Inlet Airflow Velocity on Battery Thermal 
Characteristics

 The influence of inlet airflow velocity (Vin) was inves-
tigated numerically using four different velocities ranging 
from 0.1 to 0.7 m/s with a 0.2 m/s increment. Figure 9 
illustrates the effect of the Vin on the maximum tempera-
ture (Tmax) of the battery at 2C. As expected, increasing 
Vin has a significant effect on battery temperature, and 

the results demonstrate that increasing Vin from 0.1 to 0.7 
m/s reduced Tmax from 29.04 oC to 26.29 oC, respectively. 
Note that the temperature gradually increases during each 
charge-discharge process until it reaches a maximum value 
at the end of the process (t = 2000 s), then falls sharply 
when the charge-discharge process stops. The disparity in 
heating rates between charge and discharge processes can 
be ascribed to a variation in entropy change ( ) for the 
charge and discharge reactions and this founding was also 
demonstrated in Jiang et al.’s study [40].

Figure 9. Effect of different inlet airflow velocities on the maximum temperature of the battery at 2C.

a) b)
Figure 8. (a) The discharge process of the experimental data and the battery model for discharge rates of 1C, 2C, and 3C. (b) 
The average temperature of the experimental data and the battery model while being discharged at rates of 1C, 2C, and 3C.
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Figure 10 presents the spatial distribution of the external 
flow field and internal temperature within a LiB cell during 
a charging-discharging process at a rate of 2C. Five mul-
tislices for both temperature and air streamlines are taken 
along the battery height at distances of 0, 10, 32.5, 55, and 
65 mm from the base. The temperature distribution and 
airflow streamlines are presented at the completion of the 
charge-discharge processes (at time of 2000 s). The uneven 
distribution of internal temperature was evident, and this 
behavior was consistently observed at various inlet airflow 
velocities. The battery’s lowest temperature was seen on 
the surface and near the air intake. The battery’s interior 
temperature was highest at the mandrel and active battery 
material. Multiple factors, including internal resistance and 
electrochemical reactions, can lead to elevated tempera-
tures at the mandrel and active battery material. Internal 
resistance can be influenced by both the mandrel and active 
materials. Increased resistance produces additional heat 
while operating. Particularly when experiencing high levels 

of current. During the process of charging and discharg-
ing, active battery materials experience electrochemical 
reactions. These reactions can generate heat, which might 
be more noticeable in specific areas, such as the mandrel, 
if it is positioned near high-energy zones. The battery’s 
minimum and maximum temperatures decrease as Vin 
increased. Note also that the recirculating downstream air 
flows indicates that there will be pressure losses that will 
need to overcome through a hydraulic pumping power. The 
need to minimize these losses is another design consider-
ation in electronic cooling systems.

Effects of Charge/Discharge Rate on LiB Thermal 
Characteristics

Increasing the C-rate for LiBs requires advancements 
across various aspects of battery design and materials. 
Improvements in electrode materials and design, electrolyte 
composition, battery architecture, thermal management, 
and battery management systems all contribute to enhanc-
ing the battery’s ability to charge and discharge at higher 

Figure 10. Internal temperature distribution of batteries within streamlines for the flow at 2000 s at different inlet airflow 
velocities.
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rates. These factors collectively support the development of 
high-performance LiBs for applications that require rapid 
energy delivery and high-power density.

The battery’s heat generation was simulated at four dif-
ferent charge/discharge rates of 1, 2, 4, and 6 C, and the 
variations in temperature within the LiB cell were numer-
ically explored. At Vin = 0.1 m/s and an initial ambient 
temperature maintained at 25 °C, a battery with an initial 
SoC of 10% was utilized, which underwent four consecu-
tive cycles of charging and discharging within a 500-second 
timeframe, totaling 2000 s. The maximum temperature of 
the battery at various charge/discharge rates is depicted 
in Figure 11. The simulation findings reveal that varied 
charge/discharge rates have a notable effect on LiB tem-
perature. It is evident that the battery exhibited a relatively 
low temperature increase during charging and discharging 
processes at low rates of 1 C and 2 C, and the maximum 
temperature (Tmax) was 26.2 oC and 29.0 oC, respectively. 
The battery’s maximum temperature during high-rate dis-
charge conditions (4C and 6C) resulted in temperatures 
reaching 40.0 oC and 57.9 oC, respectively, exceedingly 
twice that of the low-rate discharge. As a result, the effect 
of charge/discharge rate on LiB temperature exhibits a 
non-linear pattern, with increasing rates resulting in more 
significant temperature elevations, and this behavior was 
also shown in the Chiew et al.’s study [34]. This phenome-
non occurs because the rise in internal resistance does not 
always follow a linear pattern in relation to the charging 
or discharging rate. Resistance can increase more notably 
at higher rates because of phenomena such as polariza-
tion effects, resulting in a more conspicuous temperature 

increase [35]. Note that these high temperatures may lead 
to permanent damage to the batteries and increase the risks 
associated with thermal runaway [6].

Charging and discharging a battery can significantly 
affect its temperature due to various electrochemical and 
physical processes occurring within the battery. Batteries 
have internal resistance, which converts part of the electri-
cal energy into heat during charging. Higher currents can 
lead to more heat generation due to increased resistance. 
As the battery discharges, the current flowing through its 
internal resistance also generates heat. Higher discharge 
rates can lead to more heat due to increased resistive losses. 
As the charging rate increases, the faster the active mate-
rial reacts, the faster the battery voltage increases, and the 
energy loss generated increases.

Figure 12 provides a visual representation of the spatial 
distribution of the exterior flow field and interior tempera-
ture of the LiB at Vin = 0.1 m/s. The interior temperature 
distribution is uneven, and this phenomenon is observed at 
various rates. The battery’s lowest temperature is on the sur-
face and in close proximity to the air inlet, while the battery’s 
interior temperature was found to be significantly increased 
close to the battery center and the negative electrode. As the 
discharge rate increases, a corresponding rise in both the bat-
tery’s minimum and maximum temperatures is observed.

High rates of charging and discharging entail extracting a 
large amount of current (requiring more Li+) from the battery 
in a brief timeframe. This would result in a faster drop in voltage 
due to Ohmic polarization, caused by the increase in internal 
resistance. Layers of Li+ will cover the electrode particles, hin-
dering current flow and leading to a rise in internal resistance. 

Figure 11. Effect of different charge–discharge rates on the maximum temperature of the battery at Vin = 0.1 m/s.
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In the end, the battery reaches the cut-off voltage before being 
fully discharged, which impacts the discharge capacity.

Effects of Electrode Thickness on Battery Thermal 
Characteristics

The electrode thicknesses (L∓) effect on the thermal 
characteristics are now explored. In order to achieve a suit-
able balance between the capacity of the negative and pos-
itive electrodes in a LiB, the negative electrode thickness 
corresponds to the positive electrode thickness of (L–, L+) 
= (25 μm, 22.685 μm), (40 μm, 36.297 μm), (55 μm, 49.908 
μm), and (70 μm, 63.519 μm) are employed. Eq. (56) can be 
used to estimate electrode capacity. 

The battery capacity per unit area is estimated using the 
modelling parameters and Eq. (56), as indicated in Table 4. 
The ratio of negative electrode to positive electrode capac-
ities per unit area of the LiB is known as N/P. When the 
battery’s N/P ratio was maintained, L– increased from 25 
µm to 70 µm, and the capacity per unit area of the battery 
varied from 10.888 Ah/m2 to 30.487 Ah/m2. The positive 

electrode thickness decreased proportionally to the nega-
tive electrode thickness.

Figure 13 displays the temperature variation of the LiB 
over time for four continuous charge-discharge processes at 
four different electrode thicknesses and discharge rates (1C, 
2C, 4C, and 6C) when Vin = 0.2 m/s. As can be seen, increas-
ing L– from 25 to 70 µm increased the maximum tempera-
ture (Tmax) rise from 25.6 to 26.8 oC for a 1C discharge 

Figure 12. Battery interior temperature distribution at various C-rates. (a) 1C; (b) 2C; (c) 4C; and (d) 6C.

Table 4. The battery capacity at various anode and cathode 
thickness ratios

Anode thickness
(µm)

Cathode thickness
(µm)

Capacity
(Ah/m2)

25 22.685 10.888
40 36.297 17.421
55 49.908 23.954
70 63.519 30.487
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rate, 26.7 to 31.3 oC for a 2C discharge rate, 31.8 to 48.1 oC 
for a 4C discharge rate, and 40 to 74 oC for a 6C discharge 
rate. The observed relationship between the temperature 
increases of a LiB cell and the L– can be attributed to the 
battery’s nominal capacity, see Table 4. As the L– increases, 
the electrode’s surface area also increases, which enables 
more Li-ions to interact with the electrode and participate 
in the electrochemical reactions. This, in turn, enhances 
the battery’s ability to store and release electrical energy, 
thereby increasing its nominal capacity, this finding also 
observed in the Kang et al.’s study [17].

The maximum temperature in (L–, L+) = (55 μm, 49.908 
μm) and (70 μm, 63.519 μm) electrodes at 6C discharge rate 
exceeds the battery’s optimal operating temperature range of 
25 oC to 48 oC [41], potentially causing permanent damage 
to the battery and increase the risks associated with ther-
mal runaway. Thus, a significant expansion in the electrode 

thickness will cause a dramatic increase in temperature, as 
well as a more non-uniform temperature distribution within 
the electrode, due to the reduced heat generation rate.

Thicker electrodes generally exhibit increased internal 
resistance and decreased ion diffusion, resulting in slower 
rates of charge and discharge. This may present an issue 
for applications that need quick charging, such as power 
tools or specific consumer electronics. Hence, optimizing 
electrode thickness entails balancing energy density with 
appropriate charge/discharge rates.

For thermal management, thicker electrodes can limit 
effective heat dissipation, resulting in higher operating tem-
peratures and a higher scope of thermal runaway in ther-
mal management. It is necessary to utilize effective thermal 
management techniques, such as advanced cooling systems 
or thermal interface materials. Keeping a consistent tem-
perature throughout thicker electrodes is challenging, and 

a)

b)
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uneven temperatures can lead to localized deterioration 
and safety concerns. Changes in design may be necessary to 
ensure consistent temperature distribution.

In EVs, it is crucial to balance energy density and charge 
rate. Increased electrode thickness allows for greater driv-
ing distance; however, the charging infrastructure and bat-
tery management systems must be compatible with slower 
charging rates. For devices like laptops and smartphones, 
balancing battery life (energy density) and performance 
(charge/discharge rates) is essential. Increased electrode 
thickness could potentially extend battery longevity, how-
ever, it may also impact device performance and charging 
time.

Effect of Particle Size on Battery Thermal Characteristics
The particle size of electrode materials in LiBs is also 

very influential. To investigate this further, the positive 

active material particle size ( ) was varied for four differ-
ent values (1, 3, 5, and 7 µm) while maintaining the negative 
active material particle size ( ) constant at 5 µm. Figure 14 
shows the dependence of the maximum temperature (Tmax) 
of the LiB cell with the different  values at 4C charge–
discharge rates and Vin = 0.2 m/s. It is clear that increasing 

 enhances in the ability of Li+ to intercalate and de-in-
tercalate within the active particles, thereby leading to 
an increase in the heat generation rate and temperature. 
The results also show that increasing  from 1 to 7 µm 
increased Tmax significantly, from 32.06 oC to 38.74 oC (at 
time of 2000 s).

Figure 15 is a LiB cell temperature contour at 4C charge–
discharge rates and Vin = 0.2 m/s. To observe the effect of 

 on the temperature distribution, a cut plane was taken 
in the middle of the LiB cell (hcell = 32.5 mm). The tem-
perature distribution is presented at the completion of the 

c)

d)
Figure 13. Effect of electrode thickness on the battery temperature with various charge/discharge rates. (a) 1C; (b) 2C; (c) 
4C; and (d) 6C.
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Figure 15. Temperature contour for the LiB cell at 4 C charge–discharge rates and ; at different (a) 1 µm; (b) 3 µm; (c) 5 
µm; and (d) 7 µm.

Figure 14. Effect of the cathode’s particle size on the maximum temperature of the battery at 4 C charge–discharge rates and 
Vin = 0.2 m/s.
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charge-discharge processes (at time of 2000 s). As shown in 
Figure 15, the Tmax was 38.74 oC at  = 7 µm while the Tmax 
was 32 oC at  = 1 µm, a similar trend is noticeable in the 
study carried out by Liang et al. [42]. The reason for this is 
that larger particles have a smaller surface area-to-volume 
ratio than smaller particles. This decreased surface area 
may result in inefficient heat dissipation. In other words, 
there is a reduced surface area for heat generated in elec-
trochemical reactions to dissipate from the active material, 
resulting in isolated temperature rises [18,19].

CONCLUSION

Keeping the temperature of LiBs under control is crucial 
for ensuring consistent performance and preventing safety 
issues related to thermal runaway, and maintaining reliabil-
ity. In order to better predict and ultimately limit tempera-
tures in LiBs, a novel mathematical model for the coupled 
electrochemical/thermal behavior of air-cooled, cylindrical 
LiBs is developed, enabling the impact of key parameters to 
be explored. Its application to the specific case of an 18,650-
type NMC LiB module demonstrated that the inlet airflow 
velocity, charge-discharge rate (C-rate), electrode thickness 
and positive electrode particle size are all very influential 
and inappropriate choice of these parameters can result in 
high battery temperatures that could lead to battery dam-
age and safety problems associated with thermal runaway.

Detailed numerical calculations for the 18,650-type 
NMC Li-ion battery module predict that
1. At a discharge rate of 2C, the results revealed that 

increasing the inlet airflow velocity from 0.1 to 0.7 m/s 
reduced the maximum temperature of the battery from 
29.04 oC to 26.29 oC.

2. At an inlet airflow velocity of 0.1 m/s, under low charge/
discharge rates (1C and 2C), the maximum temperature 
roughly increases by 2.8 oC (at t = 2000 s). However, at 
high charge/discharge rates (4C and 6C), there was a 
notable rise in maximum temperature, with an increase 
of 13.8 oC (at 4C) and 31.7 oC (at 6C) compared to the 
1C case.

3.  At an inlet airflow velocity of 0.2 m/s, the numerical 
calculations predict that increasing negative electrode 
thickness from 25 to 70 µm, maximum temperature 
increased from 40 oC to 74 oC at 6C compared with 
those at 1C from 25.6 oC to 26.8 oC. As a result, it is rec-
ommended that the LiB cell be operated with negative 
electrode thickness less than 55 µm at 6C.

4. At 4C charge–discharge rates and inlet airflow veloc-
ity of 0.2 m/s, the numerical results predict that raising 
positive electrode particle size from 1 to 7 µm increased 
maximum temperature from 32.06 oC to 38.74 oC (at 
time of 2000 s).
In the light of the above, conditions where the tempera-

tures >40 oC will need to be managed carefully.
The performance of Li-ion BTMSs depend on a num-

ber of design parameters, including electrode thickness, 

electrode active material loading, electrode particle size and 
porosity, separator thickness, separator porosity, electrolyte 
concentration, and C-rate, and are subject to weight, space 
and costs constraints. In light of this future research should 
focus on the multi-objective optimization of the BTMS and 
carrying out detailed sensitivity analyses of the effect of its 
key design parameters. These studies will be both scientifi-
cally interesting and of great practical significance.

Finally, in light of the increasing popularity of liquid 
cooling in BTMSs the modelling approach developed here 
can be further applied to the design and optimization of the 
numerous liquid cooling technologies that have appeared 
recently.

NOMENCLATURE

A Electrode area [m2]
as Specific surface area of the electrode [m-1]
Ce Lithium concentration in the electrolyte [mol/m3]
Cp Specific heat capacity [J/(kg.K)]
Cs Lithium concentration in the active material 

particles [mol/m3]
Cse Lithium surface concentration in the  active 

material [mol/m3]
Cs,max Maximum lithium concentration in the  active 

material [mol/m3]
De Electrolyte diffusion coefficient [m2/s]
Ds Lithium diffusion coefficient in the active mate-

rial [m2/s]
Es Reaction activation energy [J/mole]
f± Average molar activity coefficient [−]
F Faraday’s constant [C/mol]
h Convective heat transfer coefficient [W/(m2.K)]
I Applied current [A]
iapp Battery applied current density [A/m2]
ie Ionic current density in the electrolyte [A/m2]
is Solid-phase electrical current density [A/m2]
Jl Molar flux of lithium-ions [mol/(m2.s)]
jloc Local charge transfers current density [A/m2]
jo Exchange current density [A/m2]
k Thermal conductivity [W/(m.K)]
ks Reaction rate constant [m2.5/(mol0.5.s)]
Ks Stephen-Boltzmann constant [W/(m2.K4)]
L Electrode thickness [m]
Lcc Current collector thickness [m]
n Number of electrons transferred [-]
Qc Cell nominal capacity [Ah]
Qirrev Irreversible heat generation [W/m3]
Qohm Ohmic volumetric heat generation [W/m3]
Qpol Polarization volumetric heat generation [W/m3]
Qreac Reaction volumetric heat generation [W/m3]
Qrev Reversible heat generation [W/m3]
Qtot Total volumetric heat generation [W/m3]
r Radius distance variable of electrode particles [m]
Ro Universal gas constant [J/(mol.K)]
Rp Electrode particle radius [m]
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S Entropy [J/K]
t Time [s]

 Transference number for the anion [−]
 Transference number for the cations [−]

T Temperature [oC]
Tamb Ambient temperature [oC]
Tref Reference temperature [oC]
Ueq Electrode open-circuit potential [V]
Ueq,ref Open-circuit potential at the reference tempera-

ture [V]
Vcell Cell voltage [V]
𝒱e Thermodynamic factor of the electrolyte

Greek symbols 
αa Anodic charge transfer coefficient [−]
αc Cathodic charge transfer coefficient [−]
ε Emissivity of the battery surface [−]
εs Active material volume fraction [−]
εe Electrolyte volume fraction [− ]
ρ Density [kg/m3]
σs Electronic conductivity of the solid phase mate-

rial [S/m]
σe Ionic conductivity of the electrolyte [S/m]
ϕs Solid phase potential [V]
ϕe Electrolyte phase potential [V]
β Bruggeman tortuosity exponent
η Overpotential [V]
ψs Diffusion activation energy [J/mol]
∇ Divergence

 
Subscripts and superscripts 
+ Positive electrode (Cathode)
- Negative electrode (Anode)
a Air
amb Ambient
b Battery
cc Current collector
e liquid/electrolyte phase
eff Effective value
max Maximum
o Initial value
ref Reference value
s Solid phase
sep Separator
surf Surface of active material particles

Acronyms 
BTMS Battery Thermal Management System
C Discharge rate
DMC Dimethyl Carbonate
EC Ethylene Carbonate
EMC Ethyl Methyl Carbonate
EVs Electric Vehicles
HEVs Hybrid Electric Vehicles
Li+ Lithium ions

LiBs Lithium-ion batteries
LiCoO2 Lithium cobalt oxide
LiFePO4 Lithium iron phosphate
LiMnO2 Lithium manganese oxide
NCA Nickel‐Cobalt‐Aluminum
NMC Nickel-Manganese-Cobalt
P2D Pseudo two-dimensional
SoC State of Charge
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