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Abstract 

Thermal analysis of a battery pack with a prismatic lithium-ion battery under typical operating 

conditions was conducted to study the influence of the environment on its temperature. Two scenarios were 

considered: with an air gap between the battery and the inner surface of the battery pack case, and without 

air gaps. Numerical analysis of temperature fields was performed at ambient temperatures ranging from 

15°C to 30°C and nominal discharge/charge currents, with heat exchange coefficients from external 

surfaces of α = 5 and 10 W/(m²·K). 

Theoretical analysis of representative temperatures in the battery pack with a Li-ion battery of the 

LFP type was based on solving the heat conduction equation in a one-dimensional formulation. The finite 

difference method with an implicit four-point difference approximation scheme was used. Conditions of 

continuity of heat flows and temperatures were set on the internal boundaries of the model elements, while 

convective heat exchange with the environment was accounted for on the external boundaries of the case 

surface. 

Numerical studies showed that the maximum temperature of a typical lithium-ion battery in a pack 

with technological air gaps is 2-3°C higher than that of a battery in a pack without gaps, even for nominal 

operational loads. The air gap between the battery and the pack case reduces the intensity of heat removal. 

The main result of the theoretical studies is the justification for the need to account for air gaps in lithium-

ion battery packs, as well as the determination of the actual representative temperatures of Li-ion batteries 

in battery packs for thermal management systems of chemical current sources. 

Key words: chemical current source; prismatic lithium battery; air gap; representative temperature. 

Introduction 

There are three most common methods for analyzing the thermal state of chemical current sources. 

Applying the differential scanning calorimetry and thermogravimetry allows measuring the heat release of 

lithium batteries [1]. The impedance research method makes it possible to evaluate the internal resistance 

of batteries and the heat generation occurring even in the nominal operating conditions of chemical current 

sources [2].  In addition to the mentioned instrumental techniques, theoretical methods for analyzing the 

thermal conditions of batteries are widely used. For example, a method of numerical analysis of thermal 

processes that takes into account chemical exothermic reactions [3]. Numerical research methods give the 

opportunity to analyze the influence of ambient temperature on the representative temperatures of a battery 

pack [4] and to develop efficient cooling systems [5]. Moreover, modeling of complex physical processes 

such as thermal conduction and convection in the presence of high-intensity internal sources of thermal 

energy using numerical methods (finite elements, finite volumes, finite differences) in some cases is the 

only possible option for analyzing the thermal conditions of chemical current sources [6, 7, 8]. At the same 

time, a large number of publications (for example, [1-3]) on the thermal runaway problem of chemical 

current sources highlight the still unresolved problem of their fire and explosion safety.  

Ensuring the scheduled thermal conditions of lithium-ion batteries can be achieved by using various 

types of cooling systems [9]. In [10] the authors proposed an air cooling system with improved air 

distribution inside the battery pack. Such approach made it possible to achieve temperature uniformity and 

reduce the maximum temperature of the batteries. Study [11] presents the way of controlling the 

temperature of the chemical current source using a liquid cooling system with V-shaped fins, as well as a 

liquid-vapor phase transition [12]. Based on the results of the studies [11,12], it was concluded that the use 

of liquid cooling systems significantly reduces the maximum temperature and temperature gradients in a 

wide range of lithium battery discharge rates. 

However, the use of such systems as a primary structural element of lithium batteries is practically 

impossible. Liquid cooling systems include a pipeline circuit, a supercharger, and a working fluid cooling 

unit. All these elements will significantly affect the battery dimensions and weight, which will significantly 

reduce the efficiency. In addition, energy costs are required to ensure the cooling liquid movement. It will 

also lead to a decrease in their effectiveness. 

The use of phase change materials (PCM) and nano-enhanced PCM can reduce the peak temperature, 

while improving the thermal safety of the chemical current source [13]. Moreover, optimizing the cooling 
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plate structures and applying metal-organic frameworks also contribute to reducing the non-uniformity of 

representative temperatures and intensifying the cooling of lithium-ion battery packs [14, 15]. 

The main reason for the increased attention of researchers to the methods of cooling the battery packs 

of chemical current sources is the high hazard of fire and explosion. Relatively frequent ignitions of 

chemical energy storage systems [16] indicate an insufficient level of development of heat transfer 

processes in such systems. It is essentially a limiting factor in the real use of large battery energy storage 

systems [17]. One of the reasons for exceeding the scheduled temperature of the chemical current source 

and its subsequent highly probable thermal runaway is technological air gaps between the shell of the 

chemical current source and the internal surfaces of the battery pack case in which they are installed [18]. 

According to the results of theoretical studies, it has been established that air gaps, for example, in lead-

acid battery packs significantly impair heat transfer, which leads to an increase in the temperature of the 

chemical current source above the permissible ones even in a range of change in its operational loads [19]. 

Such an analysis has not been conducted for lithium batteries. 

The purpose of the study was the thermal analysis of a Li-ion battery pack with air gaps between the 

battery and the internal surfaces of the pack case in typical ranges of temperature changes in the 

environment and nominal charge/discharge currents during cooling the case by ambient air under the natural 

convection conditions.  

It is recommended to use mathematical modeling methods to obtain reliable estimates of the 

temperatures of the main elements, which are crucial for the reliability and safety of battery energy storage 

systems [20,21]. According to the standard [22], the temperature difference in battery packs should not 

exceed three degrees. 

Numerical studies of heat transfer processes in battery packs with lithium-ion elements have been 

conducted in recent years using commercial packages that provide the ability to model both conductive and 

convective heat transfer mechanisms [23–26]. 

The study [23] (Fig. 1a) describes a battery pack with 12 × 2 prismatic LiFePO₄ batteries with 

dimensions of 65 mm × 16 mm × 151 mm and a nominal capacity of 2.2 A·h. Numerical simulations were 

performed using the computational fluid dynamics (CFD) method based on the Reynolds equations. The 

computational domain was a three-dimensional model of parallel air cooling with an air mass flow rate at 

the inlet of Q = 0.012 m3·s-1. The condition of temperature continuity at the boundaries between the batteries 

and the air was assumed. The initial temperature of the air and batteries was set at 300 K. For the numerical 

solution, a three-dimensional cubic mesh with condensation near the walls (the first layer of 0.1 mm) and 

a finite volume method with a central difference scheme for diffusion terms and a second order for 

convective terms were used. FLUENT software was utilized to perform the calculations. The optimization 

of the distance between the batteries was carried out using an iterative method aimed at minimizing the 

temperature difference between the batteries by gradually changing the widths of the cooling channels. 

The study [24] (Fig. 1b) uses a battery pack with 8 prismatic lithium-ion batteries (27 mm × 90 mm 

× 70 mm) arranged in series in a Z-shaped air-cooled system. The numerical simulations are performed 

using the computational fluid dynamics (CFD) method with the ANSYS-Fluent software. The main 

conditions include a standard turbulence model with improved wall treatment, an inlet air velocity of 4 m/s, 

a temperature of 26°C, adiabatic no-slip walls, and liquid-solid coupling at the contact surfaces. The initial 

temperature of the air and the batteries was set at 299.15 K. A structured grid with clustering near walls 

(the first layer of 0.1 mm) was used for the simulation. The total number of cells was 1.49 × 106. Numerical 

schemes include central differences for diffusion terms, second order approximation for convective terms 

and the SIMPLE algorithm for solving the equations. The study also includes an analysis of the influence 

of spoilers on heat transfer and air flow distribution in the cooling system. 

The study [25] (Fig. 1c) presents a battery pack consisting of 65 cylindrical 18650 type lithium-ion 

batteries, housed in an aluminum case (AL6061) with additional layers including air gaps and mica paper 

for electrical and thermal insulation. Numerical modeling was performed using the finite element method 

(FEA) in COMSOL Multiphysics v5.2 software. The main conditions of the problem include a two-

dimensional (2D) geometry, a heat conduction equation for the thermal runaway model, and an 

electrochemical model taking into account the decomposition reactions of the anode, cathode, solid 

electrolyte interphase (SEI), and the internal short circuit device induced electrochemical reaction (ISCD). 

The boundary conditions include natural convection and radiation on the heat sink surface, an initial 

temperature of 12 °C for the heat sink and neighboring batteries, and 16 °C for the trigger battery. The mesh 

was compacted in layers around the batteries and at their boundaries. 

The paper [26] (Fig. 1d), describes a battery pack consisting of 28 cylindrical 18650 lithium-ion 

batteries connected in a 4P7S configuration (four in parallel and seven in series). The batteries were 
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arranged in an aligned configuration with an air cooling system. The numerical simulations are performed 

using the CFD method in ANSYS FLUENT R19.2. The key conditions include the Shear Stress Transport 

(SST) k-ω turbulence model, the Navier-Stokes (N-S) equations for flow modeling, the heat equation for 

the temperature field, and the equations for turbulent kinetic energy and dissipation. The boundary 

conditions include inlet air velocity (0.5–2.0 m/s) and temperature (282–315 K), no-slip condition and 

isothermal walls, and heat sources on the batteries dependent on discharge current and ambient temperature. 

The mesh was two-dimensional with refinement in the battery region using the proximity and curvature 

method to account for the cylindrical shape of the batteries. The model was validated against experimental 

data with the maximum error of 3.12%. The study also included an analysis of the influence of air velocity, 

ambient temperature, and discharge rate on the temperature distribution in the battery pack. 

The following disadvantages should be noted in the studies described above [23-26]. The study [24], 

devoted to the analysis of heat distribution during thermal runaway in a battery pack with an aluminum heat 

sink has the lack of analysis of the effect of various battery operating conditions (e.g., changes in discharge 

current or ambient temperature) on the temperature distribution. In the study [25], which used the internal 

short circuit device (ISCD) technology to initiate thermal runaway, a disadvantage lies in the lack of model 

verification under various operating conditions, such as changes in air velocity or ambient temperature. In 

the study [23], which is devoted to the optimization of the distances between cells in a battery pack with 

parallel air cooling, the main constraint is the lack of analysis of the effect of the cells’ geometric parameters 

and their arrangement on the cooling efficiency. In the study [26], which conducted a numerical and 

experimental investigation of air cooling of lithium-ion battery pack, a drawback is the lack of comparison 

with other cooling methods, which could help determine the optimal approach for managing the 

temperature of battery cells. 

The problem of thermal instability of the main working elements of batteries remains unresolved 

by the studies conducted earlier [23-26]. The results were obtained for air or liquid cooling of battery pack 

case, the use of which is effective in scheduled thermal conditions. But in many practically significant 

cases, such cooling is impossible or associated with unacceptable energy costs for the operation of thermal 

conditions support systems.  

 

Figure 1. The studied battery packs with prismatic (a – [23]; b – [24]) and cylindrical Li-ion batteries (c – 

[25]; d – [26]). 

Previously published results of numerical modeling of heat transfer processes in lead-acid battery 

packs showed that an increase in the number cells leads to an increase in the representative temperatures in 

all the main points of these cells [27]. Therefore, the analysis of a single basic element (one battery) 

provides the possibility of assessing the minimum temperatures that can be achieved under certain operating 

conditions of the battery pack. 

 

Mathematical formulation of the problem 

A fairly typical prismatic Li-ion battery in an aluminum alloy case was considered (Fig. 2) [28]. 

Battery had dimensions of 27x70x180 mm and capacity of 25 Ah. The cathode was made from LFP material 

[29]. The term battery describes for a single lithium-ion battery consisting of an anode, a cathode, an 

electrical insulating material and an electrolyte. The battery pack represented a lithium-ion battery placed 

in a special case with additional necessary functional elements [25]. The case was made of a fairly typical 
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and frequently used AW-3003 aluminum alloy [28]. The size of the pack case walls and the air gap was 1 

mm, and the battery size was 24 mm in the configuration with an air gap (Fig. 2a) and 25 mm in the 

configuration without an air gap (Fig. 2b). 

 

 
Figure 2. The solution area of the problem of determining temperature fields in a battery pack with an air 

gap (a) and without an air gap between the Li-ion battery and the case (b) and photo of the battery cell (c): 

1 - battery pack case; 2 - battery; 3 - air gap. 

 

The analysis of the thermal conditions of the battery pack operation was carried out in a one-

dimensional formulation taking into account the Joule heating [23]. The mathematical model of heat 

transfer in the battery pack with air gap (Fig. 2a) was a system of differential equations of heat conduction 

[18,19]: 
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where Ci – specific heat; ρi – density; Ti – temperature; t – time; λi – thermal conductivity coefficient; 

Qdiss – Joule heat generated in a Li-ion battery due to charge/discharge process; x – coordinate; l – 

characteristic dimension; i – area number. 

The system of differential equations of heat transfer, describing the temperature fields in the battery 

pack without air gaps (Fig. 2b) between the Li-ion battery and the battery pack case has the form [18,19]: 
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At the boundaries between the elements (Fig. 2) the boundary conditions of the fourth kind (the 

continuity of heat flows and temperatures) were adopted (Table 2) [18,19]. It plays a critical role in the 

numerical modeling of heat transfer in inhomogeneous media, such as in case of contact between materials 

with significantly different thermophysical properties like in the battery pack. Therefore, the use of the 

conditions of continuity of heat flow and temperature at the boundary between the battery materials and the 

air gap is an important condition for the adequacy of thermal analysis in areas of discontinuities in thermal 

conductivity coefficients. 

 

Table 2. Boundary conditions for the system of differential equations (1) – (2). 

Continuity conditions 

Boundaries 

of the 

solution area 

Continuity conditions 
Boundaries of the 

solution area 

𝑇1(𝑥1) = 𝑇2(𝑥1) 
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|
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|
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 x=x1 
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𝜕𝑥
|
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𝜕𝑥
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𝜕𝑇2

𝜕𝑥
|

𝑥=𝑥2

= −𝜆3

𝜕𝑇3

𝜕𝑥
|

𝑥=𝑥2

 
x=x2 

 

 

Similar conditions of continuity of temperatures and heat flows correspond to the mathematical 

formulation for a battery pack without air gaps between the battery and the internal surfaces of the pack 

case (Fig. 2b). The thermophysical properties of all materials of the main battery elements are presented in 

Table 3. 

 Technological air gaps in battery packs with lithium batteries can be classified as controlled and 

uncontrolled and arise due to the following reasons [31-36]. 

All batteries have manufacturing tolerances for their overall dimensions (height and width). For 

example, the deviation in size for INR 18650 MJ1 3500 mAh 3.6V [30] with a nominal width of a single 

battery of 18.4 mm can be 0.1 mm and 0.3 mm in the larger and smaller direction, respectively. Therefore, 

the width of batteries from the same manufacturer can vary in the range of 18.3 mm to 18.7 mm. For 

prismatic lithium batteries manufactured using the “roll” technology, the tolerance for the tape length is 2% 

for a tape length of, for example, a cathode of 22 m, and for the thickness of the tape of the cathode and 

anode about 2% [31]. In addition, probable thermal and/or mechanical effects during operation may cause 

deformation of the battery elements. Using such batteries in battery packs, will also lead to the formation 

of uncontrolled air gaps between the Li-ion battery and the internal surfaces of the battery pack case. 

Therefore, there will always be uncontrolled technological air gaps between the pack case and the battery 

[25]. 

Controlled air gaps (void volumes) in battery packs serve several important functions in their design 

and operation. The total volume of such gaps can reach 6% and more of the pack volume [31]. During 

battery operation, the active materials of the electrodes can expand or contract due to charge-discharge 

cycles or temperature changes. So buffering the expansion of the heating up materials reduces the 

mechanical stress on the battery components [28,32]. Controlled void volumes compensate for these 

changes, preventing battery deformation and component damage [33]. For example, a study [34] showed 

that optimizing the void volume can increase the energy density of a battery and improve its thermal 

management. In addition, void volumes are necessary to accommodate safety systems, such as safety valves 

or vents, which prevent the battery from exploding in case of overheating or excessive pressure [35]. 

Controlled void volumes can also be used for installing sensors recording the battery state, such as 

temperature or pressure [36]. 

Table 3. Thermophysical properties of materials of lithium-ion battery pack elements [23, 37] 

Element name  Material 
Specific heat (Ci), 

J/(kg·K) 

Density (ρi), 

kg/m3 

Thermal conductivity 

coefficient, 

(i), W/(m·K) 

Battery pack case 
Aluminum alloy 

AW3003 
900 2730 160 

Air gap Air 1000 1 0.02 

Battery LiFePO4 1337 1542 1.05 
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Joule heat was defined as [23]: 

𝑄𝑑𝑖𝑠𝑠 = 𝐼2 ∙ 𝑅/𝑉𝑐𝑒𝑙𝑙     (5) 

where I – charge/discharge current [A]; R – internal resistance of the battery [Ohm]; 𝑉𝑐𝑒𝑙𝑙  –volume 

of the single battery [m3]. 

The internal resistance of a battery depends on the state of charge (SOC). This dependence is 

generally non-linear [37]. The internal resistance of prismatic lithium iron phosphate (LFP) batteries is 

approximately 5 mΩ at an ambient temperature of 25 °C [38]. 

Heat exchange with the environment at Tambient was taken into account at the outer boundaries of the 

battery pack [18,19]: 

𝑥 = 0: − 𝜆𝑖 ∙
𝜕𝑇𝑖

𝜕𝑥
= 𝛼 · (𝑇𝑖 − 𝑇ambient),   (6) 

𝑥 = 𝐿𝑥: 𝜆𝑖 ∙
𝜕𝑇𝑖

𝜕𝑥
= 𝛼 · (𝑇𝑖 − 𝑇ambient),              (7) 

where α – heat exchange coefficient between the battery pack case and the external environment; 

𝑇ambient – ambient air temperature. 

There are several possible schemes for heat removal from the outer surface of the pack case. But the 

simplest and most economically one is the scheme implementing the natural convection mechanism. Such 

option does not require energy costs for organizing the coolant movement. Under the operating conditions 

of battery pack, the driving force of natural convection is the temperature difference between the outer 

surface of the pack case and the external environment (air). The main parameter characterizing the intensity 

of heat transfer under natural convection conditions is the heat exchange coefficient. Its value is determined, 

as a rule, using semi-empirical dependencies of the Nusselt number on the Grashof (or Rayleigh) number 

[39]. For the conditions of heat removal from the battery pack case, depending on the temperature 

difference, α varies from 2 W/(m² ·K) to 10 W/(m² ·K). For the conducting numerical modeling, the values 

α = 5 W/(m²·K) and 10 W/(m²·K) were chosen. 

When setting the initial conditions, the temperature was assumed to be uniformly distributed over 

the entire considered area (battery pack) at the initial moment of time. The system of differential equations 

(1)–(2) and (3)–(4) was solved using the finite difference method [27]. 

Verification of the method and algorithm for numerical solution of the problem 

The verification of the method and algorithm for solving the heat transfer problem was carried out 

using experimental data [38] for a prismatic lithium battery (Fig. 3). The numerical analysis was carried 

out at an ambient temperature of 25 °C with a convective heat transfer coefficient of 5 W/(m²·K). The 

properties of the battery used to test the method and algorithm for solving the heat transfer problem are as 

follows [23]: the battery is made of LiFePO₄ with a specific heat (C) of 950 J/(kg·K), a density (ρ) of 2335 

kg/m³, and a thermal conductivity coefficient (λ) of 0.9 W/(m·K). 

 
Figure 3. Temperatures of the battery pack case obtained experimentally [38] and numerically 
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It should be noted that the experimental study [38] was conducted at a constant room temperature 

of 25 °C using a LiFeO4 battery. In the experiment, a battery module (BTS-50V120A-NTF) from Shenzhen 

Neware Electronics Co. Ltd was used to charge and discharge the battery. The battery surface temperature 

was recorded by thermocouples (T-type, omega type model TT-T-30-SLE-1M) and analyzed using Agilent 

34970A. An infrared thermal imaging camera (model Ti9 from Fluke Corporation, USA) was used to obtain 

the temperature distribution on the battery surface. The experiment [38] involved fully charging the LiFeO4 

battery with the BTS-50V120A-NTF module to a full charge state of SOC = 100%, and then discharging it 

at a 5C rate until the minimum working voltage (about 2.5 V) was reached. During discharge, the battery 

surface temperature was measured at intervals of several seconds using thermocouples, and the data was 

transmitted to a data acquisition system for analysis and plotting the temperature versus time relationship. 

Analysis of the results (Fig. 3) of mathematical modeling and a natural experiment [38] showed 

their good agreement under identical heating conditions. Deviations of theoretical and experimental values 

of the maximum temperature of the battery surface did not exceed 1 °C. 

It is known that intensive dissipation of thermal energy inside a Li-ion battery has a significant 

impact on the dynamics of temperature changes in the battery pack [5]. The reliability of the obtained results 

depends on the selection of grid parameters in the numerical solution (step by time and by spatial 

coordinate). In addition to verification using experimental data, the reliability of the mathematical model 

was also assessed using an analysis of the thermal balance [40]. 

Thermal balance is achieved when all the thermal energy released by the chemical source (Qdiss) is 

spent on changing the temperature of the elements of the battery pack (QC) and on heat removal from the 

outer surface of the case to the external environment (Qα): 

𝑄𝑑𝑖𝑠𝑠 − (𝑄𝐶 + 𝑄𝛼) = 0 

In practice, it is clearly to use the relative error of the heat balance: 

𝛿𝑄 =
𝑄𝑑𝑖𝑠𝑠 − (𝑄𝐶 + 𝑄𝛼)

𝑄𝑑𝑖𝑠𝑠
∗ 100% 

It has been established that for the range of representative temperatures of 20-60 °C (Fig. 3), the 

relative error of the heat balance does not exceed δQ=0.1% at t=700 s, spatial steps of Δx=1 μm and time 

steps of up to 4 ms. It can be concluded that selected grid parameters for the numerical solution of the 

system of heat conduction equations were acceptable. 

The numerical analysis was carried out using the differential non-stationary one-dimensional heat 

conduction equation by solving it by the finite difference method using an implicit four-point difference 

approximation scheme. The advantage of such method in its absolute stability and convergence. The error 

does not exceed 0(τ + ℎ𝑥
2). When implementing the finite difference method, it is necessary to select the 

grid parameters in such a way as to ensure the reliability of the results of solving partial differential 

equations. 

All necessary methodological and algorithmic procedures for solving the heat transfer problem 

were performed. 

Methodological procedures 

1. Formulation of the problem of non-stationary heat transfer 

 System of heat conduction equations 

 Boundary conditions 

 Initial conditions 

 Thermophysical properties of the solution area 

2. Discretization of the solution area 

 Spatial discretization 

 Time discretization  

3. Approximation of  

 Heat conduction equations using an implicit four-point approximation scheme 

 Boundary conditions 

4. Construction of a system of linear algebraic equations 

Algorithmic procedures 

1. Initialization 

 Setting initial conditions 

 Setting boundary conditions 

2. Solving a system of linear algebraic equations using the sweep method 

 Direct run 
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 Reverse run  

3. Obtaining the temperature field distribution on the battery cell 

4. Stability and convergence testing 

 The convergence of the thermal analysis results convergence was achieved by conducting 

experiments with a reduction in the space Δh and time Δτ steps. 

The stability of the implicit approximation scheme was revealed during a comparative analysis of 

the results of numerous computational experiments with varying space Δh and time Δτ steps 

Results and discussion of numerical modeling  

The temperature characteristics of the battery pack were studied in typical ranges of change of the 

main influencing factors. The ambient temperature (Tambient) was varied in the range from 15°C to 30°C, the 

discharge rate was varied from 1C to 2C, the heat transfer coefficient corresponded to the conditions of 

natural convection of 5 and 10 W· m²·K-1. 

C-rate is the measurement of the charge and discharge current with respect to its nominal capacity. 

It is defined as the ratio of the discharge (or charge) current to the rated battery capacity. For example, if 

the rated battery capacity is 5 Ah, it will take 1 hour to discharge the battery with a current of 5 A. Therefore, 

the discharge rate in this case is 1C. If the discharge current is 10 A, the battery will discharge in 0.5 hours, 

which corresponds to a discharge rate of 2C (2C-rate). 

Thermal analysis was performed in the cross-section of the Li-ion battery pack with a technological 

air gap (Fig. 2a) and without air gaps (Fig. 2b). The temperature of the right outer surface of the battery 

pack case (Tcase) and the maximum temperature of the lithium battery (Tmax) were determined. The 

parameters of the numerical studies of the thermal conditions of the prismatic Li-ion battery in the pack 

with and without an air gap are presented in Table 5. 

Figure 4 shows the temperature distribution in the cross-section of a lithium battery pack with an 

air gap. It can be seen (Fig. 4) that the air gap between the battery and the battery pack case reduces the 

intensity of heat exchange. As a result, the temperature of the left outer boundary of the pack surface 

(T≈36°C) is higher than the temperature of the right boundary (T≈33.6°C). 

Figure 5 shows the results of thermal analysis of the battery pack with an air gap for typical 

operating conditions of the lithium battery under natural cooling of the battery pack at Tambient = 25°C. The 

results of the study show that during the battery discharge at a rate of 1C, the representative temperatures 

(maximum temperature and temperature of the outer surface of the battery pack case) increase significantly 

over time and reach 36 and 33°C, respectively, within one hour of operation. 

 

 
Figure 4. Temperature distribution in the battery pack with an air gap in the discharge mode at a rate of 

1C over 1 hour (Tambient=25 °C, α= 5 W/(m²·K)): 1 - battery pack case; 2 - battery; 3 - air gap. 
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Figure 5. Dependences of representative temperatures of the battery pack with an air gap on time in the 

discharge mode at a rate of 0.5C at Tambient=25 °C, α= 5 W/(m²·K)  

(1 – maximum temperature (Tmax); 2 – average temperature (Taver); 3 – temperature of the left outer 

surface of the battery pack case (Tcase); 4 – temperature of the right outer surface of the battery pack case 

(Tcase)). 

Theoretical analysis shows that the representative temperature of the lithium battery (Tmax) in the 

battery pack with a technological air gap is higher, which can be explained as follows. The thermal energy 

dissipated inside the battery is firstly transferred through the battery shell, electrical insulation material, air 

gap, and aluminum wall of the battery pack case as a result of heat transfer. Than it is discharged outside 

the battery pack into the environment. The temperature of the outer surface of the battery pack (Tcase) is 

always lower than the temperature of the main battery elements, since the air in the air gap has low thermal 

conductivity. Table 5 presents the generalized results of the theoretical thermal analysis of battery packs 

during the discharge of a lithium current source at α=5 W/(m²·K). 

A one-dimensional uniform grid with a spatial step of Δx = 1 μm and a time step of up to 4 ms was 

used to ensure the accuracy of the numerical solution. The criterion for mesh independence was achieving 

a relative heat balance error of δQ ≤ 0.1% at the maximum calculation time (700 s). This discretization 

allowed for an adequate simulation of the temperature distribution in the battery, case, and air gap without 

using two-dimensional or three-dimensional grids. 

 

Table 5. Representative temperatures of the battery pack with changes in discharge rate and 

ambient temperature at α=5 W/(m²·K) 

Ambient 

temperature, °C 
 C-rate 

Temperature of the outer surface 

of the pack case, °C 

Maximum temperature of lithium 

battery, °C 

pack with an air 

gap  

pack without 

air gaps 

pack with an air 

gap 

pack without 

air gaps 

15 
1C 23.677 25.684 26.312 26.032 

2C 24.684 27.316 28.011 27.765 

25 
1C 33.677 35.684 36.312 36.032 

2C 34.684 37.316 38.011 37.765 

30 1C 38.677 40.684 41.312 41,032 

The ambient temperature increase from 15°C to 30°C leads to an increase in the representative 

temperatures of the battery pack in the typical operating temperature range and nominal discharge current 

values (Table 5). 

Increasing the battery discharge rate in the range of possible changes from 1C to 2C leads to more 

intense heat generation by the lithium battery (Fig. 6). For example, in a battery pack with an air gap, the 

growth of the representative temperature with an increase in the discharge rate from 1C to 2C was almost 

2 °C. At the same time, the representative maximum temperature Tmax of the battery pack with an air gap 

is always higher. Air gaps are heat insulators worsening heat transfer. It is evident from the steeper rise of 

the curve (1) of the representative maximum temperature in Fig. 6. It can be reasonably assumed that the 

intensification of the battery operating conditions will lead to an increase in the tangent of the temperature 

curve slope and the corresponding representative temperatures of the battery pack. 
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0 1 2
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30
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Figure 6. Temperature dependences on the time of complete battery discharge at Tambient=25 °C and α= 5 

W/(m²·K) (1 – in a battery pack with an air gap; 2 – in a battery pack without air gaps) 

The results of numerical studies during the discharge of a lithium current source show that an 

increase in convective heat transfer coefficient leads to a significant decrease in the representative 

temperatures of both the outer surface of the pack case and the maximum temperatures of the lithium battery 

(Fig. 7). 

 

 
Figure 7. Dependences of representative temperatures on the convective heat transfer coefficient during 

discharge at a rate of 1C and Tambient = 25°C (curves 1 and 4 – in a battery pack without air gaps; curves 2 

and 3 – in a battery pack with an air gap) 

Table 6. Representative temperatures of the battery pack with changes in discharge rate and 

ambient temperature at α=10 W/(m²·K) 

Ambient 

temperature, °C 
C-rate 

Temperature of the outer surface 

of the pack case, °C 

Maximum temperature of lithium 

battery, °C 

pack with an air 

gap  

pack without 

air gaps 

pack with an air 

gap 

pack without 

air gaps 

15 
1C 20.924 23.131 24.285 23.631 

2C 22.343 25.539 26.785 26.223 

25 
1C 30.924 33.131 34.285 33.631 

2C 32.343 35.539 36.785 36.223 

30 1C 35.924 38.131 39.285 38.631 

When discharging the battery with nominal (recommended by the battery manufacturer) currents 

of 25 and 50 A, the effect of technological air gaps between the battery pack body and the lithium battery 

leads to an even more noticeable increase in the representative temperatures (Table 6). For example, the 

1

2
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representative maximum temperature of the lithium battery in the pack with air gaps almost reached a value 

of 40°C at a discharge rate of 1C in 1 hour. 

In conclusion, it should be noted that the numerical simulation of heat transfer processes was 

conducted for a relatively simple configuration of the battery pack with one cell and one air gap. But even 

in these not the most intense heat removal conditions, the temperature difference between the outer surface 

of the pack case and the center of the battery reaches 10 °C. Based on the analysis of these results, it can 

be reasonably assumed that with an increase in the number of elements and gaps between them in pack, the 

temperature in the center of the pack will increase quite significantly. Therefore, a reasonable direction for 

future research is mathematical simulation of heat transfer in battery packs with a large number of elements 

(Fig. 1). At the same time, there is reason to believe that a significant increase in temperature at all points 

of the pack is possible even with close to ideal thermal contact between individual elements (for example, 

as in Fig. 2b) 

 

Conclusion 

1. It was established, uncontrolled air gap between the battery and the inner surface of the battery 

pack case leads to a decrease in the intensity of heat dissipation from the battery. Air gap acts 

as a heat insulator, reducing the efficiency of heat dissipation from the battery to the battery 

pack case. 

2. Also established that increase in the discharge rate leads to an intensification of the thermal 

energy dissipation by the lithium current source and a corresponding increase in the battery 

temperature. Thus, at the initial temperature of the battery and the ambient temperature of 25°C 

and a discharge rate of 1C, the maximum temperature of the lithium battery with an air gap 

during 1 hour of operation increases by more than 10°C. At a discharge rate of 2C it increases 

by 13°C and reaches 38°C at α=5 W/(m²·K). 

3. Numerical analysis showed that with a decrease in the convective heat exchange coefficient 

from 10 to 5 W/(m²·K), the representative temperatures of both the outer surface of the pack 

case and the maximum battery temperatures increase.  
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Appendix A 

Table. Nomenclature, Greek Symbols, Subscripts, Acronyms 

Nomenclature 

T Temperature (°C or K) 

Tmax Maximum temperature of the lithium battery (°C) 

Tcase Temperature of the outer surface of the battery pack case (°C) 

Tambient Ambient temperature (°C) 

T Time (s) 

x Spatial coordinate (m) 

Lx Characteristic length of the solution domain (m) 

Ci Specific heat capacity of the i-th element (J/(kg·K)) 

Qdiss Joule heat generated in the Li-ion battery during charge/discharge (W/m³) 

I Charge/discharge current (A) 

R Internal resistance of the battery (Ω) 

V Volume of the battery (m³) 

SOC State of Charge (%) 

C-rate Charge/discharge rate relative to the nominal capacity 

Greek Symbols 

δQ Relative error of the heat balance (%) 

ρi Density of the i-th element (kg/m³) 

λi Thermal conductivity coefficient of the i-th element (W/(m·K)) 

α Heat transfer coefficient between the battery pack case and the ambient environment (W/(m²·K)) 

Subscripts 

i Index of the region (1 – battery pack case, 2 – battery, 3 – air gap) 
ambient Related to the ambient environment 
max Maximum value 
case Related to the battery pack case 
aver Average value 

Acronyms 

LFP Lithium Iron Phosphate 

CFD Computational Fluid Dynamics 

PCM Phase Change Material 

SEI Solid Electrolyte Interphase 

SOC State of Charge 
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Appendix B 

Table. Battery Parameters 

Characteristic Parameter Value Unit Notes 

Chemistry Type LiFePO₄    

Capacity Nominal 25 Ah 80 Wh 

 Nominal charging voltage 3.2 V  

 Maximum charging voltage 3.65 ± 0.05 V  

 Minimum voltage 2.5 V  

Charging Current Standard 25 A 1C 

 Maximum 100 A 4C 

Discharging Current Standard 25 A 1C 

 Long-term 125 A 5C 

 Maximum 200 A 8C (up to 15 sec) 

Internal Resistance AC 1 kHz ≤ 6.0 mΩ  

Cycle Life Calculated ≥ 2000 cycles SoH < 80%, 3.65V - 2.5V, 25A (1C) 

Energy Density Gravimetric 128 Wh/kg  

Operating Temperature Charging 0 to +45 °C  

Range Discharging -20 to +55 °C  

 Storage (up to 1 month) -10 to +45 °C  

 Storage (up to 6 months) -10 to +35 °C  

Lifespan  up to 10 years Under proper operating conditions 

 

Table. Physical Characteristics of the Battery 

Characteristic Value Unit 

Type Prismic  

Housing Aluminum alloy 3003  

Terminals Bolt, M6  

Width (W) 70 ± 0.5 mm 

Thickness (T) 27 ± 1 mm 

Height (H) 165 ± 0.5 mm 

Height with terminals (H1) 180 ± 0.5 mm 

Terminal height (H2) 15 ± 0.5 mm 

Weight < 625 g 
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