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Lithium-Ion battery temperature should maintain within a specific range during charging and 

discharging processes to ensure the higher performance of the battery, longer life of the battery, and 

safety of use. Accordingly, a battery cooling system is required. In general, generated heat through 

chemical reactions within the battery is the main source of battery temperature increment. The generated 

heat which spreads throughout the battery components and surface is affected by many factors such as 

the ambient temperature, the type of materials used, and the design dimensions. Hence, there is more 

than one methodology to control the temperature of the battery. These methods include the use of cooling 

systems, controlling the design dimensions, and using various types of materials for battery components. 

The main core of this article is to establish a simulation program  implemented by Finite Element Method 

(FEM) to examine the impact of variation of some operating and thermal factors on the battery thermal 

operation. These parameters are ambient temperature (255.4, 277.6, 299.9, 322.1, 344.3 K), 

discharge/charge rates (0.5C, 1C, 1.5C, 2C). Heat transfer coefficient, thermal conductivity, density, and 

heat capacity are some of the thermal attributes of the employed material. 

 

 

Keywords: Battery Thermal Management Systems, Thermal Parameters, Cooling, Batteries, Simulation 
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1. INTRODUCTION 

 In the last years, lithium-ion (Li-ion) batteries have attracted attention as a common power 

source in electric vehicles and portable electronic devices due to their many advantages. In lithium-ion 

batteries (LIBs), the thermal conductivities of separators, electrolytes, cathodes, and anodes are critical 

in determining thermal energy transfer. Although LIBs offer several benefits, including enhanced safety 

performance, high energy density, and long service life, there are growing concerns regarding their safety 

[1–5]. On the other hand, the heat produced inside the battery rises fast as the energy density rises and 

the volume shrinks. The Joule heat and the exothermic electrochemical reaction produced by the current 

during charging and discharging are the major sources of heat. If the battery's internal heat transfer 
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performance is poor, the efficiency of heat dissipation is inadequate, which might result in thermal stress 

and regional heating. This will have a major influence on the battery's performance and may even result 

in thermal runaway [6-7]. Weak lithium transfer kinetics and small electrolyte conductivity of the battery 

cause capacity loss at low temperatures. The high operating temperature may result in a loss of battery 

energy as well as safety concerns. The battery capacity declines over cycles as the operating temperature 

rises due to the loss of active material [8-9]. The overheating that occurs in a battery during the run-off 

period is split into double components: revisable heat and irreversible heat. This total heat is the main 

reason for the high temperature. There are many risks due to the high temperature of the battery, which 

gets damaged and may lead to an explosion, which brings many risks to human life and the environment. 

Therefore, there is much research on how to improve the efficiency of the battery by external or internal 

cooling [10-12]. In this paper, the LIBs are considered, which have been widely used, especially recently, 

as the main storage device in many vital applications because of their great energy storage capacity, 

economic competence, low self-discharge, and small size compared to other battery types. Cylindrical 

cells, such as the 18650s, are commonly used in home electrical devices, power tools, and electric cars 

[13]. Hence, in this study, the investigation of how to reduce the battery temperature by changing some 

thermal parameters during the charging and discharging process at different ambient temperatures is 

presented and discussed. The cylindrical battery cell:18650s is simulated in this study as a standard 

model to research the thermal performance of LIBs. Simulation model created by FEM in Two 

Dimensions 2D to examine the thermal behavior of LIBs in various air-cooling conditions and contains 

a lumped battery model to simulate the chemistry of battery cells. Using the multiphase coupling node 

Electrochemical Heating, the two models are linked by the produced heat source and average 

temperature. The effects of discharge rate and thermal parameters are studied individually to see how 

the change of each parameter affects the improvement of battery efficiency, especially the reduction of 

temperature.  

2. SIMULATION METHODS  

Numerical simulations are progressively have been utilized in numerous battery design 

evaluations as computer science advances. Numerical simulation confirms experiment results using 

fewer physical resources than normal experiments and also shows in-depth essential performance 

characteristics such as temperature, pressure, and electrochemical properties. Furthermore, the internal 

battery system can be viewed to properly detect issues that might be resulting in battery 

component failure. The creation of numerical battery models has benefited in a better understanding of 

the underlying principles of the battery circuit and their influence on the environment [14]. In the study 

of battery properties and the operation of batteries, mathematical models have been frequently employed. 

To build and optimize the batteries, a precise mathematical model must be developed. The simulation 

results give comprehensible data about the battery's functioning. An appropriate mathematical model 

can define and govern parameter modification for a few parameters that are unknown empirically. For 

tortuosity or liquid-phase transport resistance, direct experimental data is required, for example, is 

absent; nevertheless, mathematical models may be used to mimic these properties [15]. The effect of 

temperature and heat dispersion on battery packs has been studied by several researchers [16]. To 
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determine heat production, Sherfey et al [ 81 ], Gross et al [ 91 ], Dibrov et al [20], and Chen et al [ 12 ] 

employed experimental methods using calorimeters. In addition, Li [ 22 ] created 2D Computational Fluid 

Dynamics (CFD) models to undertake comprehensive simulations of thermal management difficulties 

inside an air-cooled battery pack. The previous study focused on the industrial battery modules analysis 

and aided in the thermal control of Li-ion batteries. However, it has been shown that fewer studies have 

been undertaken in terms of distinct cell layouts and inter-cell distance factors [16]. The requirement to 

tackle complicated structural and elasticity analysis issues in engineering led to the development of FEM 

methodologies and theories [23]. Many FEM software, including RADIOSS, ABAQUS, and LS-DYNA, 

where RADIOSS is a versatile finite element solver by Altair Engineering. It can solve both linear and 

non-linear problems. It is a finite element solver that handles engineering problems ranging from linear 

statics and linear dynamics to nonlinear transient dynamics and mechanical systems using implicit and 

explicit integration methodologies. ABAQUS; ABAQUS is a finite element analysis and computer-aided 

engineering software package that was first launched in 1978. The abacus calculation instrument inspired 

the name and logo of this program, and LS-DYNA; LS-DYNA is a multi-purpose finite element program 

capable of simulating complex real-world problems. The automobile, aerospace, construction, military, 

manufacturing, and bioengineering industries also employ it. All these programs were utilized to 

simulate the material composition, and this approach was developed and employed in analyzing 

mechanical characteristics. CFD is a useful tool for studying various thermal fluid energetic factors and 

simulating various physics fields [23–25]. CFD allows the user to utilize the equations that govern fluid 

flow for a wide variety of complicated conditions, offering equally quantitative and insight predictions. 

CFD modeling may offer extensive information on the thermal and electrical fields in the battery that is 

challenging to examine using experimental methods [14]. The results of a cylindrical lithium-ion 

battery's FEA are provided [24]. The model was simplified by using cylindrical coordinates and lumped 

modeling theories. The Li-ion One Dimension (1D) model was also utilized to establish the precise 

quantity of heat produced by a battery cell [25]. For the cell temperature distribution, the 1D model is 

combined with a three Dimension (3D) model. The energy conservation rule is used to generate the 

energy equilibrium Equation (1) for cylindrical LIBs, which may be represented as follows [16]: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
(𝐾𝑟𝑟
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𝜕𝑟
) +
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) + �̇�                             (1) 

Where 𝜌 is the density of active battery material (kg/m3) and 𝐶𝑝 stands for specific heat capacity 

(J/kg K). The absolute temperature is denoted by 𝑇 (K), while the radius of the battery cell is denoted by 

𝑟 (m). The 𝑧 directions (W/mK) are denoted as 𝑘𝑟, 𝑘𝑎 , and 𝑘𝑧 , and the thermal conductivity in the radial, 

axial. Furthermore, �̇� signifies the battery cell's volumetric heat production rate (W). The phrase on the 

left indicates the stored energy in the cell, while the phrases on the right show the volumetric heat 

production ratio expressions and 3D heat conduction, in that order. The article's structure is as follows: 

first, the simulation program based on the FEM technique and a lumped model of one battery is 

employed, in section 2. Section 3 discusses the influence of temperature on a single cell of LIBs. Section 

4 discusses the influence of the heat transport and thermal parameters of a Li-ion cell module. The 

description of the thermal model is demonstrated in section 5. In section 6, the simulation results were 

discussed. Finally, the conclusion was presented. 
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3. EFFECT OF TEMPERATURE 

Heat production, and hence thermal transfer, is vital in assuring LIBs safety, performance, and 

longevity. The most major aging accelerator is a rise in battery temperature [26]. The cathode, anode, 

separator, electrolyte, and collector are the key elements of LIBs. The risk of thermal runaway increases 

due to any problem within any element of the battery components, like poor bonding strength which 

permits the electrolyte to wear away the electrode or melting separator consequently producing short-

circuit inside the battery. High temperature promotes the increase of the interface layer of the solid 

electrolyte and raises internal resistance that minimizes energy delivery [27-29].  The three types of 

causes of thermal runaway are electrical abuse, thermal abuse, and mechanical abuse. The first one is 

that LIBs are susceptible to overcharging and short-circuiting, which can result in electrical abuse. In 

the second, exterior heat causes, or inside electrochemical side reactions can cause thermal runaway in 

LIBs, resulting in thermal runaway. Finally, LIBs are stressed externally, their shell deforms or even 

penetrates, resulting in mechanical damage as shown in Figure (1). 

 

 
 

Figure 1.  Li-ion battery thermal runaway sources 

 

All mentioned abuses will produce a sequence reaction in the lithium-ion cell in a short time 

period, causing the internal battery temperature to quickly increase. Consequently, this leads to thermal 

runaway and generally results in smoke, fire, and even explosion. As a result, it is critical to keep an eye 

on lithium-ion batteries' thermal runaway [30-32]. The major duties of Battery Thermal Management 

Systems (BTMS) might include maintaining a certain temperature range and a consistent temperature 

differential. So, the main factor directly influencing the efficiency and lifetime of the cell is the battery 

temperature as well as the normal temperature that batteries run between 25˚C and 40˚C for the most 

effective behavior. Less or more than the allowed range of the temperature may affect the efficiency and 

battery life; therefore, the temperature must be maintained at the safe limits [33-34]. It's important to 

standardize battery temperature because it has a powerful effect on the accessibility of discharge and 

energy charging, battery stabilizing, and charging admission through regenerative braking. A significant 

difference in the battery pack temperature be able to various cells charging and unloading at different 

rates and leads to electrically unstable cells and reduce battery pack behavior. Self-discharge also has a 

long-term effect, and it leads to a reduction in the state of effective operation, and thermal aging and 

cyclic determines battery life. 
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4. HEAT TRANSFER AND THERMAL PROPERTIES 

The term "heat transfer" refers to the transmission of thermal energy, which is the temperature 

difference between two points in space. There are three different modes for the transfer of heat, namely: 

conduction, convection, and radiation, as shown in Figure (2). To begin, conduction refers to the 

transport of heat via a solid medium (solid) or a fluid when the medium has a temperature differential. 

Second, convection refers to the transfer of heat from a flowing fluid to a solid. Lastly, when a material 

is surrounded by differing temperatures, the transport of heat by electromagnetic waves is known as 

radiation [35].  

 

   

Conduction 

 

Convection Radiation 

Energy is transferred 

by direct  

contact 

Energy is transferred by 

the mass movement of 

molecules 

Energy is transferred 

by electromagnetic 

radiation 

 

Figure 2. Different heat transfer mechanisms in Li-ion batteries 

 

The heat of reaction, ohmic heat, reverse and external heat contact resistance temperature are 

sources of heat in a battery that occur from a chemical reaction that leads to heat creation by the transport 

of electrons or from the electrode during charging and discharging. The heat of the reaction is divided 

into reversible and irreversible heat, the total resistive heat production is caused by the electrolyte and 

ohmic resistance in the solid active materials, as shown in Figure (3). The entropy changes of the cathode 

and anode are responsible for the total reversible heat generation, while the contact resistance between 

the cell terminals and the external connection is responsible for the final heat component [36]. Equation 

(2) refers to the total heat produced from the battery, which is divided into two parts. The first segment 

is mostly caused by joule heating resistance, whereas the second is caused by entropy change during 

charge or discharge. 

𝑄 = 𝑄𝑖𝑟𝑟 + 𝑄𝑟𝑒𝑣 = 𝐼. (𝑉 − 𝑈𝑜𝑢𝑐 ) + 𝐼. 𝑇.
𝜕𝑈𝑜𝑢𝑐

𝜕𝑇
                                                        (2) 

where 𝑸 is heat of the reaction, 𝑸𝒓𝒆𝒗 is reversible heat and 𝑸𝒊𝒓𝒓is irreversible heat. The discharge current 

is 𝑰, the cell potential is 𝑽, the battery temperature is 𝑻, the open circuit potential is 𝑼𝒐𝒖𝒄, and the 

Entropic Heat Coefficient (EHC) is 𝝏𝑼𝒐𝒖𝒄/𝝏𝑻 .This section of Equation (3) is dependent on the cell 

overpotential, 𝑼𝒐𝒖𝒄, and the difference between 𝑽 and 𝑰, such as joule heating within the battery, and it 

refers to the irreversible heat owing to internal resistance and the energy expended in electrode 
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overpotentials and means irreversible process. The value of this part of the equation is always considered 

to be positive. 

𝐸𝑑 = 𝑄. ∆𝑡                                                                                                               (3)  

Where 𝑬𝒅 is the expended energy in electrode overpotentials, 𝑸 is heat of the reaction, and ∆𝒕 is the time 

interval.  

 
 

Figure 3. Heat generation resources 

5. THERMAL MODEL DESCRIPTION 

The parameters of the battery are very important for defining the battery explicitly in terms of the 

dimensions, size, and shape of the battery as well as the heat transfer coefficient and many others as 

shown in the following paragraphs. All the fixed and variable parameters of the battery to make it easier 

for the program used to complete the simulation to read them and to make it clear to everyone who reads 

that research. The electrochemical roles of the electrodes reverse between anode and cathode, depending 

on the direction of current flow through the cell. The details of geometry and properties of battery or 

parameters used in this study are given in Table.1. This research studies the effect of changing some 

parameters on the thermal behavior of the battery and creating an advanced model through which the 

battery efficiency can be updated, and that is what we hope to reach in the upcoming studies. Hence, in 

this study, the investigation of how to reduce the battery temperature by changing some thermal 

parameters during the charging and discharging process at different ambient temperatures is presented 

and discussed. The cylindrical battery cell: 18650s is simulated in this study as a standard model to 

research the thermal performance of LIBs. Simulation model created by FEM in 2D to examine the 

thermal behavior of LIBs in various air-cooling conditions and contains a lumped battery model to 

simulate the chemistry of battery cells. Using the multiphase coupling node Electrochemical Heating, 

the two models are linked by the produced heat source and average temperature. 
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Table 1. Parameters of 18560 cylindrical li-ion battery 

 

Parameter Description Value  

Thickness of battery canister, 𝑑𝑐𝑎𝑛  0.25 mm 

Battery radius, 𝑟𝐵 9 mm 

Battery height, ℎ𝐵 65 mm 

Mandrel radius, 𝑟𝑚 2 mm 

Length of negative electrode, 𝑙𝑛𝐸 55 µm 

Length of separator, 𝑙𝑠 30 µm 

Length of positive electrode, 𝑙𝑝𝐸 55 µm 

Negative current collector thickness, 𝑙𝑛𝐶𝐶  7 um 

Positive current collector thickness, 𝑙𝑝𝐶𝐶  10 um 

Positive electrode thermal conductivity, 𝑘𝑇_𝑝 1.58 W/(m·K) 

Negative electrode thermal conductivity, 𝑘𝑇_𝑛 1.04 W/(m·K) 

Positive current collector thermal conductivity, 𝑘𝑇_𝑝𝐶𝐶 170 W/(m·K) 

Negative current collector thermal conductivity, 𝑘𝑇_𝑛𝐶𝐶 398 W/(m·K) 

Separator thermal conductivity, 𝑘𝑇_𝑠 0.344 W/(m·K) 

Positive electrode density, 𝑟ℎ𝑜_𝑝 2328.5 kg/m3 

Negative electrode density, 𝑟ℎ𝑜_𝑛 1347.33 kg/m3 

Positive current collector density, 𝑟ℎ𝑜_𝑝𝐶𝐶 2770 kg/ m3 

Negative current collector density, 𝑟ℎ𝑜_𝑛𝐶𝐶 8933 kg/ m3 

Separator density, 𝑟ℎ𝑜_𝑠 1008.98 kg/ m3 

Positive electrode heat capacity, 𝐶𝑝𝑝 1269.21 J/(kg·K) 

Negative electrode heat capacity, 𝐶𝑝𝑛 1437.4 J/(kg·K) 

Positive current collector heat capacity, 𝐶𝑝𝑝𝐶𝐶 875 J/(kg·K) 

Negative current collector heat capacity, 𝐶𝑝𝑛𝐶𝐶 385 J/(kg·K) 

Separator heat capacity, 𝐶𝑝𝑠 1978.16 J/(kg·K) 

Cycle time, 𝑡𝑐 600 s 

Inlet temperature, 𝑇𝑖𝑛 298.15 K 

Cell capacity, 𝑄𝐵 1.258 A·h 

Ohmic overpotential at 1C, 𝜁1𝐶  4.5 mV 

Dimensionless charge exchange current, 𝐽0 0.85  

Diffusion time constant, 𝜏 1000 s 

Initial state-of-charge, 𝑆𝑂𝐶𝑖 0.2  

Applied current, 𝐼app 2.5 A 

the rate of discharge/charge, 𝐶𝑟 1  

Time of discharge, 𝑡d 3600/𝐶𝑟 s 

Cell thickness, 𝑙𝐵 Given by Eq. (4) 

Battery thermal conductivity, angular, 𝑘𝑇_𝐵𝑎 Given by Eq. (5) 

Battery thermal conductivity, radial, 𝑘𝑇_𝐵𝑟 Given by Eq. (6) 

Battery density, 𝑟ℎ𝑜_𝐵 Given by Eq. (7) 

Battery heat capacity, 𝐶𝑝𝐵 Given by Eq. (8) 

Initial temperature, 𝑇𝑖  25 𝐶 

𝑙𝐵 = 𝑙𝑛 + 𝑙𝑛𝐶𝐶 + 𝑙𝑠 + 𝑙𝑝 + 𝑙𝑝𝐶𝐶       (4) 

𝑘𝑇_𝐵𝑎 = (𝑘𝑇_𝑝 ∙ 𝑙𝑝 + 𝑘𝑇_𝑛 ∙ 𝑙𝑛 + 𝑘𝑇_𝑝𝐶𝐶 ∙ 𝑙𝑝𝐶𝐶 + 𝑘𝑇_𝑛𝐶𝐶 ∙ 𝑙𝑛𝐶𝐶 + 𝑘𝑇_𝑠 ∙ 𝑙𝑠)/𝑙𝐵  (5) 
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𝑘𝑇_𝐵𝑟 = 𝑙𝐵/ (
𝑙𝑝

𝑘𝑇_𝑝
+ 𝑙𝑛

𝑘𝑇_𝑛
+

𝑙𝑝𝐶𝐶

𝑘𝑇_𝑝𝐶𝐶
+ 𝑙𝑛𝐶𝐶

𝑘𝑇_𝑛𝐶𝐶
+ 𝑙𝑠

𝑘𝑇_𝑠
)     (6) 

𝑟ℎ𝑜_𝐵 = (𝑟ℎ𝑜_𝑝 ∙ 𝑙𝑝 + 𝑟ℎ𝑜_𝑛 ∙ 𝑙𝑛 + 𝑟ℎ𝑜_𝑝𝐶𝐶 ∙ 𝑙𝑝𝐶𝐶 + 𝑟ℎ𝑜_𝑛𝐶𝐶 ∙ 𝑙𝑛𝐶𝐶 + 𝑟ℎ𝑜_𝑠 ∙ 𝑙𝑠)/𝑙𝐵  (7) 

𝐶𝑝𝐵 = (𝐶𝑝𝑝 ∙ 𝑙𝑝 + 𝐶𝑝𝑛 ∙ 𝑙𝑛 + 𝐶𝑝𝑝𝐶𝐶 ∙ 𝑙𝑝𝐶𝐶 + 𝐶𝑝𝑛𝐶𝐶 ∙ 𝑙𝑛𝐶𝐶 + 𝐶𝑝𝑠 ∙ 𝑙𝑠)/𝑙𝐵  (8) 

The effects of discharge rate and thermal parameters are studied individually to see how the 

change of each parameter affects the improvement of battery efficiency, especially the reduction of 

temperature. Simulation of 18560 LIB’s are made by changing some of the thermal parameters or 

thermal properties of the used material such as: Heat Transfer Coefficient ℎ [ 𝑊. 𝑚2. 𝑘], Thermal 

Conductivity 𝑘 (𝑊. 𝑚−1. 𝑘−1), Density 𝐷 [kg/m3], and Heat Capacity 𝐶𝑝 (J/Kg). Studying the LIB’s 

performance in the different cases which change the thermal parameters together to achieve the best case 

in improving the thermal behavior in battery, the thermal properties set the following data (charging & 

discharging battery 𝐶𝑟 (2.5C), heat capacity of battery 𝐶𝑝𝐵 (3560 J/Kg), resistivity of battery 𝑟ℎ𝑜_𝐵 

(1114.6), thermal conductivity of separator 𝑘𝑇_𝑠 (𝑊. 𝑚−1. 𝑘−1)). 

6. SIMULATION RESULTS AND DISCUSSION 

In this paper, a simulation program based on FEM was used to create the battery model in 2D 

with axial symmetry.  The LIBs consist of three parts as follows: the first is the anode, which is the 

negative conductor and made from carbon LiC6 that corresponds to a peak capacity of 372 mAh/g. The 

second is the cathode, which is the positive electrode and is typically a metallic oxide LiCoO2 and 

LiMn2O4. The third is the lithium salt electrolyte in an organic solvent (LiPF6) [37-41]. Furthermore, the 

model comprises three domains: (1) active battery material domain; (2) mandrel; (3) cylindrical battery 

connector. Set an alternating charge/discharge current of one cycle with a duration of 600 s and a 

relaxation phase of 3600 s using the square wave function at a temperature of 298.15 K, the heat transfer 

coefficient is ℎ = 20 W/(m2.K), as illustrated in Figure (4-a). The impacts of varied discharge–charge 

ratios on temperature are compared in this section. The appropriate conclusions may be drawn from the 

battery's partial charge and discharge simulation, this is more in keeping with the real-world situation, 

when the battery is not fully charged and drained while in use. Cell State of Charge SOC change with 

time was presented in Figure (4-b). The average and maximum temperature rises of the cell are presented 

based on the simulated data. As shown in Figure (5), the illustration of the highest, average, and 

minimum temperatures of the cell throughout the simulation indicates that the difference among the three 

readings is less than 0.75 K. As demonstrated in figures, the greatest temperature is found in the effective 

cell material in the center of the cell at 3600 s. In this article, the influence of the different parameters in 

the LIBs thermal performance is investigated separately and integrated to enhance the thermal properties 

of the cell. 
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 (a) Potential, open circuit voltage and current of the battery with time.  

 

 
 (a) Cell State of Charge SOC and current of the battery with time.  

 

Figure 4. Battery performance with relaxation time 3600 s using the square wave function. 

 

The parameters under study include the constant current discharge, state of charge, heat transfer 

coefficient, thermal conductivity, heat capacity, density. Different values of these parameters are 

investigated to find out which parameters have an effective effect for improving the thermal properties 

of the battery or what kind of noticeable change is at this point. The flow temperature varies between 

298 and 314 K. The maximum temperature is given at the mandrel and active battery material. The cell's 

outside boundary has the lowest temperature since it is in contact with the wind, as indicated by the 

shaded plot for the temperature in Figure (6).  In the following lines, the simulation results for different 

parameters that influence the thermal performance of lithium-ion cells such as constant current discharge, 

thermal conductivity, state of charge, heat transfer coefficient, heat capacity, and density are presented. 
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Figure 5. Mean, maximum, and minimum temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a) Temperature distribution (Surface) at 𝐶𝑟 = 0.5, 𝑡 = 0 , 𝑆𝑂𝐶𝑖 = 1, and 𝐼app = 1.25   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Temperature distribution (Slices) at 𝐶𝑟 = 10, 𝑡 = 300 , 𝑆𝑂𝐶𝑖 = 0.5, and 𝐼app = 25 

 

Figure 6. 3D Temperature distribution in the battery at 𝑡 = 3600. 
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6.1. Constant Current Discharge 

Discharge curves at fixed power, when both the cell current and voltage change, are necessary to 

execute the constant current discharge of lithium-ion batteries. The 𝐶𝑟 is a measurement used to determine 

the current rate of the charging or discharging process to estimate or specify the expected life and 

productivity of a lithium-ion cell. This differs from the traditional approach of determining battery 

performance, in which the current is stable, but the voltage and power are changeable. That is because the 

polarization voltage in the electrode processes rises with higher discharge currents, while the voltage 

during discharge is reduced [42]. The battery gets depleted in the following phases in this simulation: the 

first full discharge with a continuous current, the battery is completely depleted. While the second 

discharge was halted when the cell potential fell below 3.9 V. The test was carried out at a 25°C ambient 

temperature and a wide variety of 𝐶𝑟 to demonstrate the change in battery temperature, as shown in Table 

2. Figure 7 indicates that when the charge/discharge rate is raised, the temperature tracking becomes more 

accurate, indicating that draining at a typical pace is desirable since fast charge/discharge has a negative 

influence on cell lifetime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Temperature and time at  different values of 𝐶𝑟 

 

As shown in Figure 7, when the 𝐶𝑟 increases at a uniform ambient temperature in all cases, Battery 

temperature increases gradually. High discharge rates cause rapid changes in the volume of lithium ions, 

breaking the SEI layer and stimulating further electrolyte decomposition, thus further capacity loss where 

the SEI layer or solid-electrolyte separator layer is a component of lithium-ion batteries, which consists 

of the electrolyte-linked decomposition materials in the battery and that ions pass through it during 

charging and recharging at the molecular level, Also due to the increase in the internal resistance of the 

battery in the event of an increase in the rate of charging and discharging, which leads to an increase in 

the temperature of the battery. 

6.2. State of Charge 

The capacity that is currently accessible as a function of the rated capacity is denoted by the state 

of charge (SOC) of a cell. Because determining the SOC of battery is a difficult process that varies based 

on the battery type and application, considerable development and research have been done in recent 
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years to enhance SOC estimate accuracy. One of the key duties of battery management systems is accurate 

SOC estimate, which will assist increase system performance and dependability while also extending the 

battery's lifetime. 

Table 3. Different values of SOC 

𝑪𝒓 
Time 

(s) 

T ˚C ∆T ˚C T ˚C ∆T ˚C T ˚C ∆T ˚C 

SOC = 100% SOC = 50% SOC = 0% 

0.5 7200 25.58 0.58 25.24 24.66 28.21 3.55 

1 3600 26.51 1.51 25.79 25.21 33.6 8.94 

2 1800 30.5 5.5 27.47 26.89 45.85 21.19 

3 1200 35.85 10.85 29.8 29.22 59.85 35.19 

4 900 40.85 15.85 30.16 29.58 57.85 33.19 

5 720 46.85 21.85 32.93 32.35 85.85 61.19 

10 360 74.85 49.85 59.85 59.27 42.85 18.19 

 

 
Figure 8. The temperature of the battery at different values of SOC 

 
Figure 9. The shaded plot of temperature at different values of SOC 
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Figure 10. The temperature of the battery at different values of SOC and  𝐶𝑟 

 

In reality, accurate battery SOC prediction helps prevent unplanned system outages and prevents 

batteries from being overcharged or drained, which can cause lasting harm to the internal structure of the 

battery. However, because battery discharge and charge entail complicated chemical and physical 

processes, it is not possible to do so. The value of the SOC varies from 0% to 100%. If the SOC is 100 

percent, the cell is fully charged, whereas a SOC of 0 percent indicates that the cell is completely drained. 

SOC stands for the state of charge, and it is the most crucial metric in the battery management system 

since it provides the foundation for everything else.  As a result, its precision and resilience are critical, 

and it is mostly used to reflect the battery's remaining capacity, which is numerically distinct as the 

relation of remaining capacity to battery capacity, with a value range of 0 to 1. The thermal performance 

of the cell is examined in this study at various SOCs. It is noticed that when SOC decreases the battery 

temperature increases or the battery surface temperature rises during discharge, especially at low SOC 

with increasing of 𝐶𝑟 as illustrated in Table 3 and Figures (8-10). The temperature increase is caused by 

the battery's loss of original energy as heat. As shown in figure.9, 10, we notice that with the increase in 

the rate of charging and discharging and the decrease in the SOC of the battery, a noticeable rise in the 

temperature of the battery results, due to the amount of work done to charge the battery at a full rate, and 

this depends on the state of charging the battery if it is satisfied by 75%, 50%, 25% or 0%, as the lower 

the rate Charging increased the rate of temperature rise. 

6.3. Entropic Heat Coefficient 

Heat production in lithium titanate oxide cells is a complicated procedure that necessitates 

knowledge of how electrochemical reaction rates vary along with time and temperature. To create an 

accurate and useful thermal model, researchers need a thorough grasp of the entropic heat coefficient. 

To compute heat production, the coefficient of entropic heat must be established. Is among the most 

popular significant parameters impacting the quantity of reversible heat is the entropic heat coefficient 

[43-45]. The potentiometric and calorimetric techniques are two approaches for measuring the entropy 

shape of a cell. The potentiometric approach is used to measure the battery's open-circuit voltage at 

various temperatures, which is a time-consuming procedure. The open-circuit potential has a linear 

relationship with the battery temperature, and the slope of this linear relationship is the entropic 

coefficient 𝑑𝑈/𝑑𝑇. The calorimetric approach, in addition to the potentiometric method, is another way 
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to assess entropy change. The calorimeter used in the battery application was created to assess total heat 

generation, and it comes in two flavors: accelerating rate and isothermal heat conduction calorimeters. 

Because the calorimeter can barely detect overall heat production, further measurements are needed to 

distinguish between reversible and irreversible heat [46].  

Table 4. Effect of different values of ℎ 

ℎ [W.m2.k] 5 10 15 20 25 50 

𝑇 ˚C 27.2 26.3 25.9 25.54 25.57 25.31 

∆𝑇 ˚C 0.16 0.66 2.35 2.57 6.26 9.12 

 

The goal of this research is to look into the impacts of different factors on the entropic coefficient 

of lithium titanate oxide cells. The status of charge levels was examined in setting an alternating 

charge/discharge current at 1C, and the battery is charged to a 20% initial level of charge. Temperatures 

range from 20 to 70 degrees Celsius, with voltages ranging from 3.8 to 4.2 volts. In the different 

researches observing their relationship between the ambient temperature and the coefficient heat transfer 

of the battery, the heat transfer model which used in the previous result ℎ = 20 [ 𝑊. 𝑚2. 𝑘] but in this 

study, simulation results with different heat transfer coefficient values (5, 10, 15, 20, 25, 50) [ 𝑊. 𝑚2. 𝑘] 

are obtained, the heat transfer coefficient in the internal battery is very low and is related to the cooling 

fan in the battery module and requires a cooling fan with greater power or different cooling material types. 

Equation (9) gives the relation between the power of the battery 𝑞0, the heat transfer coefficient 

ℎ, and the change among  the external temperature 𝑇𝑒𝑥𝑡 and the inlet temperature 𝑇. From the obtained 

results, it is noticed that the temperature rises with the increase of heat transfer coefficient as shown in 

Table 4 and Figure 11, so it is interesting to continue to study the effect of value ℎ = 50 [ 𝑊. 𝑚2. 𝑘] to 

achieve the best result. As a result of the simulation of different values of the heat transfer coefficient at 

a constant ambient temperature, it was found that when the heat transfer rate increases, the battery 

temperature decreases. This was done to clarify the best value of the heat transfer coefficient in the case 

of the battery with the previous specifications and parameters. 

𝑞0 = ℎ. (𝑇𝑒𝑥𝑡 − 𝑇)                                                                                            (9) 

 

6.4. Thermal Conductivity 

Thermal conductivity is a metric that has a big impact on the spatial temperature rises of lithium-

ion cells while they're in operation or when they're abused. It has an impact on the cell's ability to 

dissipate the heat created in a regular process or when thermal escaped propagates transferring from one 

cell to the next following an outside short circuit. As a result, thermal conductivity is an important metric 

to be considered when evaluating the protection of a Li-ion cell [47]. This section emphasizes the need 

for precise thermal conductivity monitoring of Li-ion cells when investigating the thermal behavior of 

lithium-ion cells throughout their whole product life. Making gradual modifications to the cell cooling 
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structure based on the aging state can aid in the avoidance of a premature thermal runaway. Thermal 

conductivity influences the dissipation of heat produced by a battery through regular operation and is 

LIBs thermal characteristic if it varied improving in thermal properties, so in this study, variable values 

of the thermal conductivity are investigated. According to Equation (10), the effect of thermal 

conductivity can be investigated. 

𝛿

𝛿𝑥
(𝑘

𝛿𝑇

𝛿𝑥
) +

𝛿

𝛿𝑦
(𝑘

𝛿𝑇

𝛿𝑦
) +

𝛿

𝛿𝑧
(𝑘

𝛿𝑇

𝛿𝑧
) + 𝑞 = 𝜌𝐶𝑝

𝛿𝑇

𝛿𝑡
                                                                (10) 

where the thermal conductivity is k dependent on cartesian coordinates x, y, and z, the temperature 

is 𝑇 [K] in a certain coordinate (𝑥,𝑦,𝑧) within the medium, the specific heat capacity is 𝐶𝑝  (𝐽. 𝑘𝑔−1. 𝑘−1) 

the mass density is ρ and the heat transfer rate per unit of volume is 𝑞 and time t in second (s). The 

distribution of temperature, 𝑇(𝑥, 𝑦, 𝑧), as a function of time can be achieved from its solution. In this 

search study, the results at different values of thermal conductivity (0.339, 0.356, 0.373, 0.39, 1.407, 

1.339, 3.339, 4.407, 7.339, 12.407 𝑊. 𝑚−1. 𝑘−1) are obtained. It is noticed from the result in the Table.5, 

Figure.12 shows the temperature reduction with increasing the thermal conductivity but in lower limiting 

and with increasing value of thermal conductivity the temperature of the cell is stable at a certain amount. 

In the case of studying the thermal conductivity of the battery between small, medium, and large values, 

a decrease in the rate of temperature rise is observed when the thermal conductivity of the battery 

increases, but the increase comes in a relative and slight case 1 as a model. 

Table 5. Effect of different values of thermal conductivity 

𝑘 [w·m-1·k-1] 0.339 0.356 0.373 0.39 1.339 1.407 3.339 4.407 7.339 12.407 

𝑇 ˚C 25.23 25.23 25.23 25.23 25.18 25.18 25.17 25.17 25.17 25.17 

∆𝑇 ˚C 0.23 0.23 0.23 0.23 0.18 0.18 0.17 0.17 0.17 0.17 

 

6.5. Heat Capacity 

Due to differences in materials, internal structures, and manufacturing techniques, the specific 

heat capacity of various batteries can vary significantly. Furthermore, batteries have a complicated 

chemical composition, and during charging, discharging, and aging, complex chemical reactions occur in 

the battery, resulting in a change in chemical composition and phase structure on the electrodes. As a 

result, State of charge (SOC), State of Health (SOH), temperature, and other factors will alter the battery's 

particular heat capacity. The battery's particular heat capacity is a critical factor in the development of the 

thermal model, and it is influenced by a variety of factors such as SOC, temperature, etc. A battery's 

specific heat capacity can be measured in a variety of methods. The findings of several measurement 

methods are not the same.  Equation 11 shows the relationship between the diverted of temperature and 

heat capacity 𝐶𝑝 [𝐽/𝑘𝑔. 𝑘] and is affected by many factors such as temperature and SOC. In order to 

calculate the external coefficient of heat transfer (ℎ) of the assembly the following energy balance has 

been utilized as: 

�̇� + ℎ𝐴(𝑇 − 𝑇𝑖 
) = 𝑚𝐶𝑝 (

𝑑𝑇

𝑑𝑡
)                                                                         (11) 
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where �̇� is the heat supplied by the heater, m is the mass of active material, (𝑇𝑖) is the initial temperature 

(i.e. ambient temperature), 𝑇 is the battery temperature, 𝐴 is the area surface 𝐶𝑝 is the heat capacity. The 

result in Table.6 that no change value of the battery temperature in these values as shown. Note that after 

doing a lot of simulation operations of the model, each temperature has a specific heat capacity to get the 

best results for the thermal battery condition. 

Table 6. Effect of various values of heat capacity on the temperature 

Temperature 𝑇 ˚C 30 35 40 45 50 

Specific Heat Capacity 𝐶𝑝  0.85 0.0 0.84 0.81 0.84 

 

6.6. Thermal Energy Density 

Understanding heat production and movement inside the battery is critical for regulating the 

internal battery temperature. Inadequate thermal transfer within the battery, even with a powerful 

external BTMS, can result in a significant internal temperature rise and a large internal temperature 

gradient, especially as the battery's energy density and charge rate increase. As a result, for LIBs 

designed for high energy density and rapid charging, a detailed examination of the optimal thermal 

conditions, thermal phenomena (i.e., heat generation and movement) inside the battery, and BTMS  are 

necessary. Using thicker electrodes to improve the areal loading of active materials is an efficient 

approach to boosting the energy density of LIBs. The thermal energy density parameter is connected by 

the redial dimension models the effect of particle size on the li-ion distribution within the electrodes by 

calculating the time-dependent ion concentration distribution as in Equation (12). 

 
𝑑𝐶

𝑑𝑡
=

1

𝑟2 ∙
𝑑

𝑑𝑟
(𝐷𝑠 ∙ 𝑟2 ∙

𝑑𝐶

𝑑𝑟
)                                                                (12) 

where 𝑪 is the concentration of li-ion, 𝑫𝒔 is the thermal density and 𝒓 is the particle radius of li-ion, so 

density rise with increasing concentration of li-ion. But study thermal behavior for li-ion battery in 

different value of density parameter. From the obtained results shown in Table 7, Figure 13, it is noticed 

that there is a decrease in the battery temperature concerning the inlet temperature with decreasing the 

values of density. In this study, all the parameters in certain values in various discharge ratios are 

investigated to get the suitable temperature of the battery. Effect of different values of the thermal energy 

density is the stability in this values: 1114.6,1126.3,1138.3,1150.2 but the stability with negative, it’s   

the battery temperature is lower than the ambient temperature until it reaches a value 1160.6   the value 

of battery temperature rises with 0.17 degree for ambient temperature. 

Table 7. Effect of different values of the thermal energy density 

𝐷 [kg/m3]  1114.6 1126.3 1138.3 1150.2 1160.6 

𝑇 ˚C 16.19 16.19 16.19 16.19 25.17 

∆𝑇 ˚C -8.81 -8.81 -8.81 -8.81 0.17 
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Finally, a study of the batteries in more than one case was performed when the values of the thermal 

parameters were changed according to the previous study and when a series of changes to these variables 

like as (specific heat capacity, thermal conductivity, thermal energy density) and spikes in different 

charge/discharge rates (0.5, 1, 1.5, 2, 2.5 C). From the obtained results, it is found that through the rise of 

discharge/charge rate in the battery and the increase of thermal conductivity and heat capacity with 

decreasing thermal energy density, the best case is obtained, as shown with no. 5 concerning other cases 

mentioned in Table 8, in terms of the temperature differential between the battery temperature and the 

ambient temperature, this is true. From figure 14 and Table 8 it is noticed that the fifth case is the best 

one, because it records the lowest temperature. 

 

 
Figure 13. The temperature of the cell at the diverse thermal energy density 

Table 8. Suggested cases 

 Parameter Description Case.1 Case.2 Case.3 Case.4 Case.5 

Charging & discharging battery rate 𝐶𝑟 0.5 1.0 1.5 2.0 2.5 

 Heat capacity of battery 𝐶𝑝𝐵 3270.0 3330.0 3410.0 3480.0 3560.0 

Resistivity of battery 𝑟ℎ𝑜_𝐵 1160.6 1150.2 1138.3 1126.3 1114.6 

Thermal conductivity of separator 𝑘𝑇_𝑠 339 356 373 390 407 

Temperature of Battery 𝑇_batt 27.58 28.35 27.24 26.66 26.33 

 
Figure 14. Comparison between the results of the suggested cases 
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7. CONCLUSION 

In this paper, the cylindrical type of the lithium-ion cell was simulated using a simulation 

technique based on the finite element method with coupling both the thermal and chemical models of the 

cell. That to study the behavior of the cell in different cases of charging and discharge, at multiple SOC 

and as well as to study its thermal performance at different values of its thermal parameters such as heat 

transfer coefficient, thermal conductivity, heat capacity, and density. The thermal behavior of LIBs was 

found to be impacted by the state of charge of the battery SOC and 𝐶𝑟, based on the findings. It is noticed 

that when the discharging/charging rate increases the temperature also increases. Also, it is seen that the 

temperature rises with the rise of some parameters such as density and it decreases with the increase of 

some parameters such as heat capacity, thermal conductivity, and heat transfer coefficient. Finally, 

according to the results obtained from different cases under study, the best case was mentioned. 
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