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Abstract 

The increasing popularity of electric vehicles is driving research into lithium-ion batteries (LIBs). Thermal runaway (TR), a major 

exothermal process, is a serious obstacle to the safety of high-energy-density LIBs that has yet to be overcome. A reliable model 

is needed to predict thermal runaway (TR) conditions and prevent an uncontrolled cascade of chemical reactions. This study 

develops a multilayered electrochemical-thermal model for the commercially available 3 Ah LG HG2 NMC-811/SiC and 1.6 Ah 

pouch LiFePO4 batteries, considering the effects of chemical reactions during TR. The proposed model is analyzed in detail and 

then validated against experimental results at ambient temperatures of 298.15 K and 338.15 K. The multilayered model is 

designed to predict working voltage, heat generation, temperature gradients, and the possibility of TR under various operating 

conditions and environmental temperatures. Results showed that the model predictions of voltage and temperature agree well 

with experimental data at various operating conditions. The model is then used to investigate the effect of high discharge-charge 

current levels on battery temperature, demonstrating a good prediction of TR during LIB cycling. The analysis presented here is 

promising to help identify conditions that can lead to TR and guide the safe design of battery management systems. 

Keywords: Electrochemical–thermal model, NMC–811 Lithium-ion battery, LFP Lithium-ion battery, Heat generation, Thermal 

runaway. 

1. Introduction 

The International Energy Agency [1] projects that by 2030, 

electric vehicles (EVs) will account for 60% of car sales. This 

rising demand for EVs has spurred research into their 

components. The acceleration and top speed of an EV mostly 

depend on the motor. However, it is the battery pack that 

holds importance. The battery pack limits the performance of 

EVs and is prone to failure. The battery pack is prone to 

thermal runaway (TR), which can cause fire and explosions. 

Interest in predicting heat generation and temperature fields 

in a lithium-ion battery (LIB) has recently increased due to the 

potential of developing effective methods to prevent TR. 

TR is a chain of exothermic reactions that causes the LIB’s 

temperature to rise suddenly. Although LIBs are susceptible to 

TR, they are the main choice for battery packs as a 

rechargeable energy source. The increased active material 

content in highenergy-density LIBs, such as lithium nickel 

manganese cobalt oxide (NMC-811), makes them more 

susceptible to TR. The thermal instability of LIBs at high 

temperatures can lead to fire hazards. High temperatures can 

cause active materials in LIBs to decompose, leading to TR [2]. 

TR results from accumulated heat generation [3] and has an 

incubation period that is mainly determined by heating 

conditions [4]. Abusive conditions, including electrical, 

thermal, mechanical impact, and battery cell defects or aging, 

can lead to TR [5]. The temperature rise of 
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a LIB is dependent on the heat generation rate produced at a 

specific operating condition, while its temperature after the 

battery is disconnected is dependent on the thermal time 

constant of the LIB. TR is a major concern in battery thermal 

safety research [6]. The increasing popularity of EVs poses a 

serious safety hazard to passengers due to the risk of TR in 

LIBs. In recent years, the number of LIB-related accidents has 

increased, with the majority occurring during the summer 

months (June-August) [7]. It is therefore essential to predict TR 

and warn passengers of the potential for LIB failure due to TR 

to avoid serious injuries or death. 

Several empirical models have been used to predict the 

behavior of LIBs and their heat generation. The pseudo-two-

dimensional (P2D) model [8] is a widely accepted physics-

based model able to characterize the dynamics of LIBs. 

Significant research has been conducted to improve the 

prediction of temperature within LIBs using a multilayered 

domain approach. Alipour et al. [9] showed that temperature 

prediction accuracy increases with increasing layers in 

modeling as compared to traditional single-layer models. Li et 

al. [10] extended the P2D model to account for the arc length 

of the jelly roll and studied the temperature field of an 18650 

LIB. The results suggest that polarization heat is dominant at 

lower discharge rates, whereas ohmic heat is dominant at 

higher discharge rates. 

Recently, Rania et al. [11] showed that entropic heat cannot 

be ignored, as it represents approximately 50% of total heat 

generated for a 2/3C current rate and 39% for a 1C rate. Khalid 

et al. [12] argued that reversible heat generation strongly 

affects the temperature of the LIB during a charge and 

discharge cycle. 
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Oven tests at a preset temperature are typically used to assess 

the critical temperature that triggers TR [13] and to study the 

effect of the state-of-charge (SoC) on temperature [14–16]. A 

lower SoC leads to less reactive LIBs and longer TR incubation 

periods, whereas a higher ambient temperature increases the 

likelihood of TR. Changyong et al. [17] showed that TR is 

induced by the accumulation of heat energy and the rate of 

heat flux accumulation. 

More recently, there has been a growing interest in the 

conditions that can trigger TR. Li et al. [18] proposed a model 

that predicts the behavior of LIBs under mechanical crushing 

and nail penetration. Simulations showed mechanical crushing 

damaged the separator, leading to internal short circuits. Nail 

penetration results in faster short circuits, which cause a rapid 

voltage drop and temperature rise. Kim et al. [19] proposed a 

model that predicts the effect of internal short circuits on 

temperature based on the size and quantity of lithium 

dendrites. Simulation predictions show that the maximum 

temperature increase is primarily determined by the size of 

the lithium dendrites, followed by the number of lithium 

dendrites. Liu et al.[3] found that side reactions caused by 

lithium plating increase the temperature of the battery during 

overcharging, whereas a battery with 70% state-of-health 

cycled at 313.15 K will experience TR due to solid-electrolyte-

interface (SEI) decomposition. 

The studies discussed have provided new insights into the 

process of TR in LIBs. Previous studies have used Newman’s 

and Hatchard’s electrochemical models to predict working 

voltage and thermal response during discharge and abuse 

tests, respectively. However, to the best of the author’s 

knowledge, a well-established model that can predict TR 

during the operation of a battery is not available. To address 

the above-mentioned research gap, the study in this paper 

attempts to develop a model using a multidomain approach to 

predict heat generation, battery temperature, and the 

possibility of TR under various operating conditions. 

This model estimates the heat generated by electrochemical 

reactions that describe kinetics, charge conservation, and 

mass conservation reactions within the battery’s solid and 

electrolyte phases. When the temperature of the battery 

reaches a critical level, an additional heat-generating process 

starts. Decomposition of the SEI, anode, cathode, and 

electrolyte generates heat, further increasing the battery 

temperature. In this paper, these processes are modeled to 

predict whether a certain operating condition leads to TR. The 

model developed is verified with experiments on a 3 Ah LG 

HG2 NMC-811/SiC and 1.6 Ah pouch LiFePO4 battery, and it is 

shown that the TR is well predicted. The model is valuable for 

designing battery pack systems that are more resilient to TR 

and possibly have a higher energy density. Also, this model is 

useful for providing early warning to passengers. We believe 

this study contributes to existing knowledge and can improve 

battery management systems for high-energy-density LIBs to 

prevent TR. 

The rest of the paper is organized as follows: Section 2 

describes the experimental setup for monitoring working 

voltage and surface temperature behavior under different 

operating conditions. Section 3 shows the description of the 

test battery. Section 4 introduces the electrochemical and 

thermal models used to predict the behavior of the battery. 

Section 5 discusses the tuning scheme of the model’s 

parameters. Then, results and discussions are detailed and 

analyzed in Section 6. Finally, conclusions are reported in 

Section 7. 

2. Experimental setup 

An experimental setup is essential to verifying any model 

developed for predicting the thermal behavior of the batteries 

studied here. For this purpose, an experimental setup is 

designed to perform constant-current charging and 

discharging tests at various rates from 1C to 5C under 

controlled environmental conditions. The experimental setup 

used here to satisfy these requirements is presented in Fig. 1. 

It comprises an electronic load, a thermal chamber, a data 

logger system, a DC power supply, and two 3-wire RTP 

platinum thermistors. The electronic load and a DC power 

supply are used to discharge and charge the battery in 

galvanotactic mode. The data logger is used to monitor the 

working voltage and temperature variations over time. The 

thermal chamber is used to maintain a constant ambient 

temperature throughout the experiment. The 3-wire RTP 

platinum thermistors are tapped 0.016 m from the top and 

bottom of the battery under test for temperature 

measurement. 

3. Test battery description 

Two different lithium-ion batteries are tested and simulated 

in this study to verify the developed model. The first of the 

batteries is an 18650 single cell in the commercial-type 3 Ah 

3.6 V LG HG2 battery displayed in Fig.2a. Its model is 

developed based on CT images published in [15] and shown in 

Fig.2b. The 3D calculation domain is reduced to a 2D cross-

section perpendicular to the battery axis in this study to 

reduce the computational cost, as axial potential loss and 

active material transmission are negligible [10, 20]. The LG 

HG2 battery is wound with five main domains: the positive 

current collector (PC), the positive electrode (PE), the 

separator (SP), the negative electrode (NE), and the negative 

current collector (NC). In addition to the five main domains, 

the battery comprises the can (steel) and the 
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DC Power Supply 3-wire RTP platinum thermistors 

Figure 1: Experimental setup for measuring working voltage and temperature. 

heat-shrink wrapping film (polyethylene terephthalate). The 

active material in the PE is nickel manganese cobalt (NMC-

811), and in the NE it is silicon graphite (SiC). The SP, made of 

Celgard 2325, is a porous polymer membrane that is 

permeable to lithium-ions but restrains the electrons. Nguyen 

[21] showed that the main solvent of the LG HG2 is composed 

of DMC, EC, PC, and diethyl carbonate. This type of electrolyte 

was examined by Valøen et al. [22]. To ensure lithium-ion 

transfer between the electrodes, the PE, SP, and NE are 

immersed in a 1 M LiPF6 electrolyte in PC/EC/DMC [22]. The 

current collectors collect the current of the battery, which are 

metal foils made of aluminum (PC) and copper (NC) as seen in 

Fig.3. The LG HG2 has two negative tabs (one located in the 

innermost end and one in the outermost end of the spiral 

wound) in addition to one positive tab located near the middle 

of the spiral wound [15] as shown in Fig.2f. The PC is assumed 

to be welded to an aluminum tab (Fig.2c), whereas the NC is 

welded to a copper-nickel alloy tab (Fig.2d,e) [23]. 

The second test battery (pouch battery) is a commercially 

available 1.6 Ah 3.6 V pouch battery with outer dimensions of 

0.06 m × 0.07 m × 0.003 m as seen in Fig.2g. The internal 

arrangement of the battery is laminated and follows the 

approach published in [24]. The multilayered cell is 

constructed with 10 PE, 10 NE, 10 SP, 6 NC, and 5 PC, as shown 

in Fig.2i. The active material of the PE is LiFePO4, whereas it is 

graphite in the NE. The separator is assumed to be Celgard 

2325. The electrolyte commonly used for LiFePO4 batteries is 

R&D 281 [25] which contains 1 M dm−3 LiPF6 in EC/EMC (3/7 

V/V) with 1% VC. This type of electrolyte was investigated by 

A. Nyman et al. [26]. 

 

Figure 2: (a) LG HG2; (b) 2D model geometry implemented; (c) positive tab 

boundary; (d) inner negative tab boundary; (e) outer negative tab boundary; 

(f) metal foils unwounded view; (g) Second battery under test, (h) 3D 
equivalent geometry used, (i) Internal layout of the battery. 

4. Electrochemical and thermal models 

A reliable battery model is essential for predicting battery 

behavior under different operating conditions. This section 

describes the modeling procedure used in this study to predict 

the behavior of the test batteries. The implemented model 

accounts for electrochemical and thermal reactions occurring 

within the battery, sharing computational domains. 

Newman’s electrochemical model [8] describes 

electrochemical kinetics, charge conservation, and mass 

conservation reactions within the battery’s solid and 

electrolyte phases, modeling the electrodes as porous 

matrices filled with spherical active particles of uniform size. 

Besides Newman’s electrochemical reactions, an additional 

electrochemical process begins at a critical temperature. 

Hatchard’s electrochemical decomposition model [27] 

becomes active at this temperature, accounting for the 

decomposition of the solid-electrolyte-interface (SEI), anode-

electrolyte reaction, cathode-electrolyte reaction, and 

electrolyte decomposition. In this manner, it is used to predict 

heat generation due to decomposition reactions leading to TR. 

Heat generation predicted by Newman’s and Hatchard’s 

models forms the foundation for predicting the lithium-ion 

battery temperature response. Once the generated heat 

energy is estimated, heat transfer and thermal gradients 

within the battery can be calculated using the Bernardi’s 

thermal model [28]. 
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The working principle of a test battery is shown in Fig.3. 

Lithium ions are deintercalated from negative SiC(graphite) 

particles and flow to positive NMC-811(LiFePO4) particles 

through the electrolyte and separator during discharge. During 

discharge, the current includes electronic and ionic currents in 

NE and PE but only ionic current in the SP [24], as the 

electrolyte and separator do not conduct electrons [10, 20, 

29]. 

The ionic current flows through the separator, enabling 

current transfer [29]. Lithium ions react with electrons flowing 

through an external circuit to intercalate into positive NMC-

811(LiFePO4) particles. Electrochemical reactions at the 

electrolyte-electrode interface are expressed in table 1. 
Table 1: Electrochemical reaction for both batteries during cycling 

Battery Anode Cathode 
18650 discharge 

LixSi −−−−−−−∗−−−−−−−∗ Lix−zSi + zLi++ 

ze− 
charge 

discharge 
Liy−zNMC811 + zLi++ ze− −−−−−−−∗−−−−−−−∗ 

LiyNMC811 
charge 

Pouch discharge 
LixC6 −−−−−−−∗−−−−−−−∗ Lix−zC6 + zLi++ 

ze− 
charge 

discharge 
Liy−zFePO4 + zLi++ ze− −−−−−−−∗−−−−−−−∗ LiFePO4 

charge 

 

Figure 3: 2D cross-section of a test battery and its domains. 

Table 2 lists the governing equations applied in each domain 

of the battery (Fig.2b,i) in both Newman’s and Hatchard’s 

models. The processes given in table 2 and how they generate 

heat are discussed in the following subsections. 

Table 2: Governing equations used in each domain 
Governing equation Current collector PE/NE SP/Electrolyte Can/Wrapping 

film 
Electrochemical kinetics - ∗ - - 
Charge conservation ∗ ∗ ∗ - 
Mass conservation - ∗ ∗ - 
Negative-solvent reaction - ∗ - - 
Positive-solvent reaction - ∗ - - 
SEI reaction - ∗ - - 
Electrolyte reaction - ∗ ∗ - 
Energy equation ∗ ∗ ∗ ∗ 

4.1. Newman’s electrochemical model 

In this section, the process of heat generation over time due 

to activation reactions, ionic species transport, and charge 

transfer is predicted using Newman’s electrochemical model. 

This model employs concentrated solution theory to account 

for lithium-ion transport within the electrolyte, and porous 

electrode theory to characterize the electrode’s porous 

structure [8]. The process that involves heat generation 

requires computing the current density (jloc), reaction 

overpotentials (η), ionic (il), and electronic current (is) in the 

domains displayed in Fig.3. Lithium concentration adheres to 

mass conservation law discussed in section 4.1.3. The lithium 

concentration in both phases forms the foundation for 

computing the exchange current density (j0) from (2), which is 

then used to obtain jloc from (1) at the surface of the electrode 

particles. The lithium concentration (cs) in the particle grain 

shown in Fig.3 is calculated from (14) in the solid phase. In the 

electrolyte phase, the lithium concentration (cl) is computed 

from (15) along the battery’s thickness direction. 

Charge conservation law governs the current flux within the 

battery, as considered in section 4.1.2. The ionic current (il) 

from (9) adheres to concentration solution theory, and it is 

required to determine the electrolyte phase reaction potential 

(ϕs). The electronic current (is) from (8) follows Ohm’s law, and 

it is coupled to Faraday’s law to obtain the solid phase reaction 

potential (ϕl). Reaction potentials in both phases are crucial 

for the prediction of η from (3). The experimentally 

determined equilibrium potential (OCV) and entropic 

coefficients for the LG MJ1 battery from Sturm et al. [30] are 

adopted in this study. The literature does not currently publish 

these parameters for the LG HG2 battery. However, they are 

expected to be similar to those of the LG MJ1 battery, since 

both batteries are manufactured by LG and share a similar 

chemistry. The OCV and entropic coefficients taken from [31] 

are adopted for the second battery. 

Electrochemical kinetics, which couples the solid and 

electrolyte phases, comprises equilibrium and dynamic 

components. The equilibrium component (4) governs the 

temperature-dependent variation in the open circuit potential 

of the NE and PE domains. The dynamic component (1) 

accounts for the charge transfer chemical reaction due to a 

reduction and oxidation process happening during an 

operating condition. The Arrhenius law describes the 

temperature dependence of the diffusion coefficients and 

reaction rates of each phase. Heat generation in various 

battery operation stages is obtained with known (1), (3), (8), 

and (9). The process that contributes to heat generation is 

attributed to irreversible heat generation (Q̇ irr) from (20), 

reversible heat generation (Q̇ rev) from (21) following the 

Peltier effect, and ohmic heat generation (Q̇ ohm) from (22) in 

each domain shown in Fig.3. The governing equations for the 

electrochemical kinetics are given in section 4.1.1, while the 

charge and mass conservation are in sections 4.1.2 and 4.1.3, 

respectively. Finally, heat generation due to Newman’s model 

is addressed in section 4.1.4. The nomenclature section 

provides detailed definitions of all variables in the governing 

equations. 

4.1.1. Electrochemical kinetics 

Heat generation from entropy changes and activation 

reactions depends on both the local current density and the 

circuit potential of each electrode. The Butler-Volmer 

equation (1) predicts jloc at the surface of the electrode 

particles, representing the rate of electric charge flow through 

the PE and NE. The SoC is computed as the ratio of the lithium-
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ion surface concentration to the maximum solid-phase 

concentration. 

 
4.1.2. Charge conservation 

The ohmic loss depends on the electronic and ionic 

currents. In the solid (NE/PE) and electrolyte phases, the 

electronic (is) and ionic (il) current density follows the charge 

conservation law, 

∗ · is + ∗ · il = 0, (5) 

∗ · is = S a jloc, (6) 

∗ · il = −S a jloc. (7) 

The NE, PE, and current collector domains in Fig.3 follows 

Ohm’s law (8), 

is . (8) 

In the electrolyte phase, lithium ions move over the 

electrolyte through electromigration and diffusion [24]. Local 

ionic current density is obtained from (9) where the first and 

second terms are governed by Ohm’s law and the ionic 

concentration gradient, respectively. 

 
The boundary ȷȷ in Fig.3 is insulated from electronic current 

in the solid phase and has continuous ionic current and 

lithium-ion flux in the electrolyte phase, while the boundary ȷ 

is insulated from the ionic current. The positive tab (Fig.2c) 

current equals the operating current (Iapp), while the negative 

tabs (Fig.2d,e) are grounded. These boundary conditions are 

expressed as follows: 

 
4.1.3. Mass conservation 

Porous electrodes consist of individual spherical particles 

surrounded by electrolyte allowing interaction between 

particles as seen in Fig.3. Lithium-ion concentrations in the 

solid particles of the electrodes follow Fick’s second law in 

spherical coordinates, describing the diffusion of lithium-ions 

in the solid phase, 

 
In the liquid phase, the molar flux of lithium ions accounts 

for Fick’s law and electromigration, 

Lithium-ion diffusion flux in the center of the particle grains in 

Fig.3 is zero due to symmetry but follows Fick’s first law on 

the surface to relate the grain-wall lithium-ion flux to the 

lithium-ion diffusion rate into the NE/PE surface. Lithium-ion 

transport is confined to the batteries domains, leading to zero 

mass flux at the boundary ȷ in Fig.3. With this considerations, 

the boundary conditions for lithium-ion concentrations in 

solid particles and mass transport of lithium-ions are as 

follows: 

 
4.1.4. Heat generation due to Newman’s model 

In the solution of the problem, determining jloc, η, il, is, ϕl, ϕs 

in each simulation step is necessary before estimating heat 

generation from activation reactions, ionic species transport, 

and electronic charge transfer as follows: 

 
A new electrochemical process that generates further heat 

starts upon reaching a critical temperature. This process is 

explained in section 4.2. 

4.2. Hatchard’s electrochemical decomposition model 

Hatchard’s electrochemical decomposition model predicts 

heat and mass flow generation once a critical temperature is 

reached. The model describes the time-dependent evolution 

of the concentration reaction species in exothermic 

decomposition reactions [32]. It expresses the 

thermochemical kinetics and temperature-dependent 

material transport parameters of the domain’s material 

through the Arrhenius law. 
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Thermal runaway is a multistep process characterized by a 

series of exothermic reactions triggered by battery material 

decomposition at elevated temperatures, leading to a rapid 

rise in battery temperature [32]. Thermal runaway comprises 

four consecutive stages initiated by the onset of exothermic 

decomposition reactions. The initial stage of TR shows heat 

generation at a rate of 0.003 K/min. Stage 2 characterizes self-

heating at a rate greater than 0.02 K/min, leading to the 

beginning of SEI decomposition. Anode-electrolyte 

decomposition occurs as the decomposition progresses. Stage 

3 is characterized by separator decomposition and internal 

short circuits due to direct contact between electrodes, while 

stage 4 exhibits a sudden temperature rise [33]. The onset 

temperature of each decomposition is determined using the 

heat-wait-seek method by monitoring the self-heating surface 

temperature rate during the seek phase [13]. Each of the 

above-mentioned decomposition reactions starts once a 

critical surface temperature is reached. Usually, the critical 

temperature for the SEI starts between 333.15393.15 K, for 

the negative-solvent reaction between 393.15- 

523.15 K, for the positive-solvent reaction around 403.15 

K443.15 K, and finally, the electrolyte usually decomposes at 

temperatures near 473.15 K [21, 34]. In the following sections, 

the heat generation process at various stages of battery 

temperature is discussed. The nomenclature section provides 

detailed definitions of all variables in the governing equations, 

whereas an in-depth interpretation of each decomposition 

reaction is given in [27, 35]. 

4.2.1. SEI decomposition reaction 

The ionically conducting SEI layer protects the particle grains 

in the solid phase from direct reaction with the electrolyte. 

This layer becomes unstable and starts to exothermically 

decompose after 333.15-393.15 K [21, 35, 36].The solutions of 

(23)-(24) yield the reaction rate Rsei, which enables the 

prediction of heat generation Q̇ sei due to the decomposition 

of the SEI from (34). 

 

 

The next reaction in the sequence involves the reaction 

between intercalated lithium in NE and electrolyte, as 

described in section 4.2.2. 

4.2.2. Negative decomposition reaction 

The decomposition between the electrolyte and the particle 

grains of the NE leads to the growth of the SEI layer and a 

change in the amount of intercalated lithium in the NE due to 

aging. In this study, it is assumed that the behavior of the cell 

during TR is not impacted by those changes, as in [21]. With 

this assumption the decomposition reaction in negative 

electrode can be expresses as follows: 

 
Solving (25)-(27) yields the reaction rate Rne enabling the 

estimation of heat generation Q̇ ne due to anode 

decomposition from (35). Anode decomposition raises the 

battery temperature further, leading to the PE decomposition 

reaction described in section 4.2.3. 

4.2.3. Positive decomposition reaction 

The particle grains in the PE react exothermically with the 

electrolyte in their oxidized state, leading to the production of 

oxygen [21]. Equations (28)-(29) are used to predict the 

cathode decomposition reaction rate Rpe due to this process to 

determine the cathode decomposition heat generation Q̇ ne 

from 

(36). 

 
Electrolyte decomposition typically begins at approximately 

473.15 K [21, 34]. This is discussed in section 4.2.4. 

 

4.2.4. Electrolyte decomposition reaction 

The electrolyte salt LiPF6 is unstable at high temperatures 

and oxidizes upon contact with oxygen. The electrolyte 

decomposition reaction reduces the electrolyte amount, 

resulting in a drop in the dimensionless variable cele. The total 

heat generation due to this reaction depends on the total 

amount of electrolyte [35]. Upon computing (30)-(31), the 

reaction rate Rele is obtained, and hence the heat generation Q̇ 

ele is predicted from (37). 

 

Heat generation from material decomposition leads to high 

temperatures, causing the melting of the separator domain 

seen in Fig.3. Internal short circuits occur once the separator 

melts, as discussed in section 4.2.5. 

4.2.5. Internal short circuit reaction 

Melting of the separator at high temperatures yields direct 

contact between the NE and PE domains, producing internal 

short circuits (ISC) and a voltage drop. This process quickly 

releases energy internally with a non-Arrhenius rate, which 
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depends on the battery’s SoC [14–16, 37, 38], voltage, and 

battery’s capacity. Feng et al. [39] modeled voltage drop due 

to an internal short circuit (ISC) with an electric circuit that 

accounts for electrode voltage drop, ohmic potential loss, and 

entopic changes due to high temperatures. Nguyen [21] 

studied the voltage drop due to an ISC and showed that it can 

be modeled through a second-order resistor-capacitor 

equivalent circuit model. Coman et al. [38] stated that an 

Arrhenius formulation can be used to describe the 

electrochemical reaction in which the SoC changes as a 

function of time. The internal short circuit reaction in this 

study is computed as follows [21, 38, 40, 41]: 

 
The solution of (32)-(33) yields the reaction rate Hisc enabling 

the calculation of heat generation Q̇ isc due to this process from 

(38). 

4.2.6. Heat generation due to Hatchard’s model 

Once the critical temperature is reached, heat generation 

follows. The decomposition reactions above explained are 

solved in each simulation step once the critical temperature is 

reached. Heat generation from exothermic decomposition 

reactions of the various battery materials is calculated once 

the reaction rate is known as follows: 

 
The temperature field in the LIB is determined once heat 

generation is predicted. After computing heat generation, 

temperature is estimated using the model explained in the 

next subsection. 

4.3. Bernardi’s thermal model 

The process which generates heat are discussed in the 

previous sections. Once the heat energy and initial 

temperature of the battery are known, its temperature over a 

time interval can be calculated. Once the heat generated in 

each domain is known, the spatial and temporal temperature 

gradients in each domain of the battery are determined by 

Bernardi’s thermal model from 

(39). This approach takes into account Fourier’s law, Stefan-

Boltzmann’s law, and Newton’s law of cooling. The 

nomenclature section provides detailed definitions of all 

variables in the governing equations. 

The total heat generation due to Newman’s electrochemical 

model is defined as the summation of the heat generation 

from (20)-(22) and it is denoted by Q̇ tot,N. Likewise, the total 

heat generation due to Hatchard’s decomposition 

electrochemical model takes the form Q̇ tot,H where each 

decomposition reaction is calculated according to (34)-(38). 

The ohmic heat loss on each tab of Fig.2f follows Joule’s law 

and is added analytically to (39). The summation of total heat 

loss on tabs from (42) is defined as Q̇ tot,tab. 

Heat dissipation due to Stefan-Boltzmann law and Newton’s 

law of cooling is applied on the battery’s surface as a boundary 

condition, whereas continuity of heat flux is imposed between 

domains (ȷ/ȷȷ in Fig.3) 

− κ∇T = h(T − T∞) + ϵσB 
(
T4 − T∞

4 ) , (43) 

where T∞ is an infinite boundary condition representing the 

ambient temperature. 

4.4. Coupling between models 

The coupling between the electrochemical and thermal 

models is attained through local temperature, as shown in Fig. 

4. The sum of the total heat generated by (40) and (41) is fed 

to (39) to predict the LIB’s temperature field. 

 

4.5. Meshing of the model 

Accuracy of numerical calculations depend on meshing, 

model parameters, and the solver used to solve the governing 

equations of the model. A swept-method approach is used to 

build a quad mesh by finely meshing the PC/NC, NE/PE, SP, 

 

Figure 4: Coupling scheme. 

 

heat-shrink wrapping, and battery’s shell domain, as seen in 

Fig.2c,d,e. A free triangular mesh is used for the remaining 
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domains. A mesh independence test was performed to ensure 

that predictions of voltage and surface temperature are not 

sensitive to the mesh size. The mesh was refined until voltage 

and surface temperature predictions showed no significant 

changes. Three mesh grid sizes: coarse, normal, and fine, are 

used to perform the mesh independence test. To verify that 

the meshing is acceptable, a constant discharge current test is 

performed on the test batteries. The variation of battery 

surface temperature over time is recorded. In this test, the 

battery is discharged at 4C at an ambient temperature of 

298.15 K until the cut-off voltage of 2.5 V is reached. The same 

experiment is performed via simulation using the three 

meshes created for the battery model. The prediction of 

surface temperature for both batteries is compared to the 

measurement in Table 3 for the LG HG2. The mean absolute 

percentage error (MAPE) for each case is presented in the 

same table. 

 
From this table, a marginal improvement in the accuracy of 

the model is obtained when using a fine mesh size compared 

to a normal mesh size. A normal mesh grid size is sufficient to 

obtain accurate predictions in a short time. The selected mesh 

used in this study for the first battery is presented in Fig.5a. 

It is made up of 2830 triangular elements, 136488 

quadrilateral elements, 26 vertex elements, and 27704 edge 

elements, with maximum and minimum element sizes of 2.4 × 

10−7 m and 1.22 × 10−3 m, respectively. Skewness is used to 

assess the mesh quality, with 1 being considered optimal. In 

this study, the skewness is 0.9765. The same test analysis was 

performed on the second battery. The resulting mesh for the 

second battery in Fig.5b comprises a total of 702 vertex 

elements, 121000 hexahedral elements, and 8228 edge 

elements, with maximum and minimum element sizes of 3.2 × 

10−3 m and 0.8 × 10−3 m, respectively. 

4.6. Numerical solution of the problem 

The electrochemical-thermal coupled equations, with the 

corresponding boundary conditions, is solved using a finite 

element (FE) approach, employing commercial software. The 

 

Figure 5: Resulting model’s mesh. a) LG HG2 battery, b) Pouch battery; axial 
dimension is magnified to make meshing visible 

model’s outputs are the battery’s working voltage, heat 

generation, and temperature fields of each mesh. At each time 

step (5 s), the heat generation is first calculated based on the 

current operating condition and is then considered as a local 

heat source to obtain temperature distribution in the battery. 

Local temperature is then used to update the physiochemical 

variables that are temperature-dependent on each model. In 

the solution of the problem, the parallel direct sparse solver is 

adopted. Convergence is assumed when the change in the 

solution from one iteration to the next is lower than a relative 

tolerance error of 10−4. 

 

5. Tuning of model parameters 

To assure the accuracy of the model, tuning the 

electrochemical-thermal model parameters for the LG HG2 

and pouch battery is essential. Accurate models are essential 

for ensuring lithium-ion battery predictions under various 

operating conditions. Comparing tuned model predictions 

with experimental data ensures accuracy and reliability. Figure 

6 presents the tuning scheme used for the electrochemical 

and thermal models. Parameter tuning is conducted for 

Newman’s and Bernardi’s models. Hatchard’s electrochemical 

decomposition model parameters for the LG HG2 battery are 

given in [21], whereas they are taken from [42] for the second 

battery. 

The Newman’s electrochemical parameters to be adjusted 

are the active material volume fraction in the solid phase (εs), 

maximum lithium-ion concentrations (cmax
s ), diffusion 

coefficients (Dref
s ), reaction rates (kˆref), cathode’s Bruggeman 

correlation (β), and SoC stoichiometry coefficient (100% and 

0% SoC). These are the most sensitive parameters reported in 

the literature [16]. The heat transfer coefficient is the only 

parameter adjusted in Bernardi’s thermal model. 

To tune the parameters of the implemented model for 
predictions of voltage and temperature rise, a set of 
experiments were performed on the test batteries. The 
experimental test consisted 
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Figure 6: Parametrization scheme used in this study. 

of discharging the battery at different current levels and 

ambient and battery temperatures of 298.15 K using the setup 

described in Section 2. Each test ends when the voltage criteria 

limit of 2.5 V is reached. A 100% SoC battery is placed in the 

thermal chamber for one hour prior to the experiment and 

then allowed to relax for two hours after each experiment. The 

battery’s working voltage is measured at its terminals, and the 

surface temperature is the average of the thermistor 

measurements. Simulations of the same experiments are then 

performed, and the selected parameters are iteratively tuned 

in the simulation until the MAPE between measurement and 

prediction is less than 3%. Calibration requires a set of initial 

parameters, used only for the first iteration. Next iterations 

first adjust stoichiometry parameters at 100% SoC until the 

predicted initial voltage agrees with measurement. The 

maximum lithium ion concentrations, diffusion coefficients, 

and reaction rates are reported in the literature to affect 

discharging time [25]. These parameter sets are adjusted next. 

Adjusting the active material volume fractions and heat 

transfer coefficients is the final step. The parameters of the 

second test battery (pouch battery is tuned in the same 

manner. 

6. Verification of tuned parameters 

Figure 7 compares the model’s prediction (after parameters’ 

tuning) to experimental measurements under the conditions 

stated before for the first battery for current levels of 1C-5C. 

The results show that the predictions match the 

experiments well. The MAPE between the predicted voltage 

and measurement at different C-rates is 0.96, 0.79, 0.99, 0.92, 

and 1.22 percent for 1C-5C, respectively. The MAPE of the 

temperature for the same C-rates is 0.24, 0.29, 0.36, 0.37, and 

0.77, percent respectively. The error between predicted and 

measured temperatures increases with increasing C-rate, from 

1C to 5C. The highest measured surface temperature rise was 

observed at a discharge rate of 5C as shown in Fig. 7b, 

 

t (s) 

Figure 7: Measurement and prediction results of first battery for temperature 

and voltage variations over time. Discharge current: 1C-5C, Ambient 
temperature: 298.15 K. 

with a temperature increase from 298.15 K to 344.23 K. when 

compared with measurements  the absolute error is only 2.5%. 

 Similar experiments are performed on the second 

test battery. However, a full parameter set for the LG HG2 is 

not available in the literature. The author’s of this paper 

parameterize this battery and tuned the parameters using the 

approach presented in section 5. Table 4 presents the 

complete set of electrochemical and thermal model 

parameters of the pouch test battery used in the charging 

discharging test simulations.  

Figure 8 shows the predicted voltage and temperature of 

the second test battery (pouch battery) after parameter tuning 

for discharge rates from 1C to 4C in Fig.8. Predictions again  

agree well with the experiments, as shown by the results in 

this figure. The MAPE between the predicted voltage and 

measurement at different Crates is calculated as 0.74, 1.1, 1.1, 

and 1.2 percent for 1C-4C, respectively. The MAPE for the 

predicted and measured temperatures for the same C-rates is 

computed as 2.6, 1.4, 2.6, and 2.2 percent, respectively. The 

maximum surface measured temperature rise in Fig.8b was 

observed at a 4C discharge rate, with a 29.37 K increase (from 

298.15 K to 327.52 K). The highest absolute error between the 

measurements and predictions occur at 4C and is only 3.2%. 

Newman’s 

 
 

Hatchard’s 

  
Model 

 
Model 

 
 

 

 
Model 

      

Electrochemical-thermal 
Model 
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t (s) 

Figure 8: Comparison between experimental data and simulation results of 

second battery for surface temperature and working voltage variations against 
time. 
Discharge current: 1C to 5C, Ambient temperature of 298.15 K. 

 

7. Experiments to verify Newman’s electrochemical model 

 

To verify Newman’s model a cyclic charge-discharge cycle 

test is  performed on both batteries. Voltage and temperature 

predictions from these tests are presented and compared to 

measurements in this section. Hatchart’s model developed for 

the test batteries is studied in section 6.2 on LG HG2 battery.  
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Figure 9: Measurement and predictions comparison for the LG HG2 along with 

heat generation prediction over time for a cyclic charge-discharge cycle. 

Current rate: 4C, Ambient temperature: 338.155 K. a) Voltage, b) het 
generation, c) surface temperature. 

The experiments to verify Newman’s model involve cyclic 

charging and discharging of the test battery at 4C using the test 

setup in section 2. In these tests, discharge-charge cycles were 

conducted for an elapsed time of 3500 s. Each cycle consists of 

discharging to 2.5 V, followed by galvanostatic charging to a 

voltage level of 4.25 V for the LG HG2 and 3.8 V for the pouch  

(second) battery. To avoid TR and to prevent further 

degradation of the LIBs, the experimental termination 

temperature criteria for the first and second batteries were 

383.15 K and 379.15 K, respectively. 

Figure 9a,c compares working voltage and surface 

temperature predictions to measurements for the LG HG2 

battery under the stated conditions. 

The predicted voltage and temperature variations over time 

are in good agreement with the measurements, as shown in 

Fig.9a,c. The predicted voltage and temperature MAPE are 

computed as 2.08 and 1.13 percentage, respectively. In the 

experiment, the termination criterion of 383.15 K was reached 

at t=1510 s, while the predicted surface temperature at that 

time was 387.92 K. When the predicted cut-off upper limit at t 

= 1510 s is compared to the measurement of 4.1 V, an absolute 

error of 2.4% is obtained. The maximum predicted 

temperature was 409.14 K in Fig. 9c at the end of the 

simulation. The average temperature rate measured in Fig. 9c 

from 369.15 K to 379.15 K is 1.17 K/min, while the predicted 

temperature rate for the same range is 1.45 K/min. 

 

From Fig 9b,  the contribution to heat generated by the 

battery from Newman process and from Hatchard process can 

be traced. It can be observed from the figure that Newman 

process contribution to loss (Q̇ tot,N) is 7 times greater at these 

low temperatures than Hatchard process contribution. 

Hatchard process contribution oscillates around a mean value 

over the time period of test. Furthermore, near 0% SoC a sharp 

increase in the loss can be observed in Fig. 9b and loss 

increases with SOC as observed by Ziat et al. [12].  

From Fig. 9 the heat generation due to Hatchard’s model (Q̇ 

tot,H) is observed to start at 342.77 K. The loss Q̇ tot,H increases 

from 0.01 W at T = 342.77 K to 0.53 W at the end of the 

simulation, indicating a 5200% increase. 

The same test is done on the  pouch battery (second) and its 

results are plotted in Fig.10a,c  and compared with the result 

of model prediction for the same conditions.. The predicted 

voltage and temperature MAPE are computed as 1.88 and 4.45 

percent, respectively. This level of MAPE indicates that In the 

model of the battery is accurate in prediction of voltage and 

temperature of the battery. 

The experiment on the pouch battery is terminated at  

381.28 K (106 °C) at t = 1320 s. The rate at which the surface  

temperature of the battery rises from 369.15 K to 379.15 K is 

measured as 1.58 K/min, whereas the predicted rate is 1.98 

K/min, as seen in Fig.10c which is acceptably accurate.  

Heat generation from Newman's and Hatchard process is 

presented in Fig.10b for the pouch test battery. From Fig.10b, 

it is observed that Q̇ tot,N  (Newmans) is the primary heat source, 

where its contribution increases rapidly towards the end of 

charging. Heat contribution due to Q̇ tot,N agrees with the 

findings in [44] for a similar LiFePO4 battery showing a rapid 

increase towards the end of the discharge. Heat generation 

due to Q̇ tot,H (Hatchard) is observed to start after 363.15 K, 

which is in line with the range of temperatures (323.15-393.15 

K) at which the SEI starts to generate heat [33]. The loss 

predicted by Q̇ tot,H increased from 0.001 W at the beginning of 

the first charging cycle to 0.022 W at the end of the simulation, 

indicating a 2200% increase. 
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Figure 10: Measurement and predictions comparison for the pouch battery 

along with heat generation prediction over time for a cyclic charge-discharge 

cycle. Current rate: 4C, ambient temperature: 338.15 K. a) Voltage, b) het 

generation, c) surface temperature. 

 

8. Experiments to verify Hatchard’s electrochemical model 

Experiments are needed on the test battery exceeding the 

critical temperature to assess the accuracy of the developed 

model for predicting battery temperature after the critical 

temperature, where  Hatchard’s model heat contribution is 

significant. Our test facility is unsafe for such temperatures; 

therefore, experimental results presented  in [21] for a similar 

battery (LG HG2) are used. ]. In [21} the battery is placed in an 

owen and the battery temperature is increased until thermal 

runaway occurs.  determined the critical temperature of TR for 

the LG HG2 at a temperature rate of 48 K/min.  

Before simulating the experiment reported in (Nyguen) 

[21], the heat transfer coefficient of the battery model is 

calibrated as proposed in this paper.  

Next,  as in Nyguen’s experiment: The battery is assumed 

to be fully charged and disconnected from the charger. The LIB 

is heated by increasing the ambient temperature of the 

battery in the simulation is increased at a rate of 5° K/min until 

thermal runaway occurs.  

Figure 11 compares the  measured  surface temperature of 

the battery in Nguyen’s measurement the predicted results 

from the simulation using the model developed by the 

authors. Tit can be observed from the figure that the 

simulation predicts the measurement results with excellent 

accuracy. The measured critical temperature is  454.65 K; the 

model here predicts 452.69 K. The maximum temperature is 

measured as 996.15 K the model predicts 998.74K. 

 

 

t (s) 

Figure 11: Surface temperature predictions from an oven test over time 

compared to Nguyen’s results. Maximum oven temperature: 473.15 K. 

 

The ability of the developed coupled model to 

predict TR in a high C-rate discharge-charge cycle is 

demonstrated in the following section for both batteries. 

 

9. Thermal runaway prediction using the coupled model 

The experimental results presented in sections 7 and 8 

illustrate that the coupled model developed for predicting 

LiIon battery behavior (temperature, voltage ……etc) up to TR 

is accurate and can mimic the behavior well. Futher tests are 

performed on the two test batteries at high C-rate discharge-

charge cycles in this section. The tests are terminated before 

the batteries reach TR, for safety reasons. 

High operating currents increase heat generation leading to 

rapid temperature rise. To observe the prediction of TR in 

simulation, the LG HG2 is discharge-charged at 6C at an 

ambient temperature of 303.15 K, the average temperature in 

Ankara/Turkiye during summer [45]. The¨ model’s initial 

temperature is assumed to be 338.15 K, representing a 

condition in which the EV has operated for a long time. The 

battery is cycled in simulation between 2.5 V and 4.25 V until 

TR is observed. The variation of thermophysical and 

physiochemical properties after TR is neglected. 

Simulation predictions against the time of the LG HG2 for 

surface temperature, heat generation, and voltage are shown 

in Fig.12. The temperature prediction displayed in Fig.12c 

shows a temperature rise from 303.15 K to its maximum of 

816.77 K in 1485 s. Willstrand et al. [46] argued that SoC 

strongly influences TR behavior, including gas volume, 

production rate, composition, mass loss, onset, and maximum 

temperature. The authors found that the maximum battery 

surface temperature increased by approximately 90◦C per 25% 

increase in SoC. The SoC before the sudden temperature rise 

in Fig.12c was 18%. The lower SoC resulted in a lower 

maximum surface temperature in Fig.12c when compared to 

Fig.11 at 100% SoC, consistent with the literature [14–16, 21, 

46]. 

Inspired by [2], the characteristic temperatures of TR 

comprise three crucial thresholds (T1-T3). T1 occurs at a heat 
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rate greater than 0.02 K/min. T2 represents the sudden 

acceleration of the temperature rate and defines the onset 

temperature of TR (48 K/min for the LG HG2 [21]). Lastly, T3 

denotes the maximum surface temperature. In Fig. 12c, T1 

occurred at an onset temperature of 347.69 K after 145 s of 

simulation. In the same figure, T2 had an onset temperature 

of 445.43 K at t = 1463.3 s, whereas T3 occurred 20 s later. Heat 

generation due to Q̇ tot,H starts to become the predominant 

heat source, as seen in Fig. 12b towards the onset temperature 

of T2. It is observed that Q̇ tot,H generates a significant amount 

of heat, leading to a fast temperature rise. The battery is 

damaged after T3, resulting in different thermophysical 

properties due to fire and explosions. Due to limitations in the 

model, changes in the LIB’s thermophysical properties after T3 

are not captured. Hence, the predicted temperature after T3 

in Fig. 12c is due to the assumption of thermophysical and 

physicochemical properties. 

 

To observe the predicted thermal response of the second 

battery (pouch) in simulation, a 6C discharge and charge cycle 

are simu- 

 

Figure 12: Predictions of working voltage, heat generation rate, and surface 

temperature variation over time. Current rate: 6C, initial temperature: 338.15 

K, ambient temperature: 303.15 K. T1: heat rate of 0.02 K/min, T2: TR onset 

temperature, T3: maximum temperature. 

lated. The model is cycled between 2.5 V and 3.8 V until TR 

occurs. The ambient and battery temperatures are set to 

338.15 K in this test, and the thermophysical and 

physicochemical properties of the model are assumed to be 

unchanged. Figure 13 displays the model’s voltage, heat 

generation, and temperature prediction during simulation 

over time. The temperature predicted in Fig.13c rises from 

338.15 K to 665.75 K in 3010 s. 

Assuming that different stages of decomposition start 

when the temperature rate reaches 0.02 K/min [33] for 

different layers. The onset temperature of the SEI is predicted 

to be 383.57 K, from the simulation result. This condition 

occurs after 550 s of simulation. The negative-solvent reaction 

starts 135 s later at 392.85 K. The onset temperature for the 

positive-solvent occurs when the temperature reaches 419.65 

K, at t = 1355 s, whereas the electrolyte decomposition starts 

at 510.15 K at t = 2815 s as seen in Fig. 13c. Heat generation 

due to Q̇ tot,H starts to become the predominant heat source, 

as seen in Fig. 13b towards the onset temperature of the 

electrolyte. From the simulation, it can be observed that after 

the onset temperature of the electrolyte, Q̇ tot,H generates 3.4 

times more heat than Q̇ tot,N, leading to a fast temperature rise. 

The heat rate above 1 K/min, representing the TR’s onset 

temperature [33] is predicted at 540.25 K. The LIB gets 

damaged after TR, resulting in different thermophysical 

properties due to fire and explosions. 

 

Figure 13: Simulation prediction for voltage, heat generation, and temperature 

variation over time. Current rate: 6C, initial temperature: 338.15 K, ambient 

temperature: 338.15 K. Decomposition of SEI: Csei, negative-solvent reaction: 
Cne, positive-solvent reaction: α, electrolyte decomposition: Cele. 

10. Conclusions 
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