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ABSTRACT 

Computational study of self-heating ignition of Lithium-ion 

batteries during storage: effects of heat transfer and multi-

step kinetics 

by 

Zhenwen Hu 

Doctor of Philosophy in Mechanical Engineering 

Imperial College London, 2021 

Supervised by Prof. Guillermo Rein 

Fire safety is a serious concern when storing a large number of Lithium-ion batteries (LIBs) 

stacked as an ensemble. Many such fires reported in recent years have caused severe damage 

to industrial facilities, public property, and even loss of life. It is crucial to understand the 

mechanisms and causes of these storage fires to provide insights for prevention. While previous 

studies mostly focused on the chemistry of LIBs and ignition while charging or discharging, 

this thesis explores the possibility of another fundamental cause of such fires driven by heat 

transfer, self-heating ignition. Three major challenges are identified for the modelling of self-

heating ignition of LIB ensembles: large sizes, multi-dimensional heat transfer, and multiple 

chemical reactions. In this thesis, a typical LiCoO2 (LCO) battery with four-step reaction 

kinetics is chosen for analysis and modelling the fundamentals of self-heating ignition. Four 

numerical models based on COMSOL Multiphysics are developed to deal with these 

challenges. The numerical results show that the critical ambient temperature triggering self-

heating ignition decreases significantly with the size of the battery ensemble, from 155℃ for 

a single cell to 45℃ for a rack of cells. The spacing and packaging materials used to separate 

LIBs in storage can promote self-heating ignition further decreasing the critical temperature. 
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The increase in size and the presence of packaging materials result in slower internal heat 

transfer, which allows the cells to self-ignite at lower ambient temperatures. The heat from 

self-discharge, which is often neglected in the literature, is predicted to have minor effects on 

small LIB ensembles but to be dominating for a shelf of LIBs, indicating a substantial change 

in important chemical mechanism for different sizes. The differences resulting from different 

numerical models are investigated by a benchmarking analysis using two simulation tools: 

COMSOL and Gpyro. This thesis provides insights on the fundamental mechanism of self-

heating ignition of LIBs during open-circuit storage and scientifically proves that self-heating 

ignition can be a cause of fires when LIBs are stacked to large sizes. 
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PREFACE 

This thesis contains 8 chapters with Chapter 1 introducing the research background and 

motivation of the thesis. Chapter 2 presents theoretical foundations for self-heating ignition 

of lithium-ion batteries, which is also the cornerstone for numerical models developed in 

Chapters 3-7. These 5 chapters are the key research content of the thesis, and they have been 

integrated either in published manuscript or submitted for publication, as shown below:  

Chapter 3 is based on: 

Hu, Z., He, X., Restuccia, F., Yuan, H., & Rein, G. (2021). Numerical study of scale 

effects on self-heating ignition of lithium-ion batteries stored in boxes, shelves and 

racks. Applied Thermal Engineering, 190, 116780. 

Chapter 4 is based on: 

Hu, Z., He, X., Restuccia, F., & Rein, G. (2020). Numerical study of self-heating ignition 

of a box of lithium-ion batteries during storage. Fire Technology, 56(6), 2603-2621. 

Chapter 5 is based on: 

Hu, Z., He, X., Restuccia, F., & Rein, G. (2021). Anisotropic and homogeneous model of 

heat transfer for self-heating ignition of large ensembles of Lithium-ion batteries during 

storage. Applied Thermal Engineering, 117301. 

Chapter 6 is based on: 

Hu, Z., He, X., Restuccia, F., & Rein, G.. Effects of self-discharge on self-heating ignition 

of Lithium-ion batteries during storage (to be submitted). 

Chapter 7 is based on: 

Hu, Z., He, X., Restuccia, F., & Rein, G.. Benchmarking between COMSOL and Gpyro 

models in predicting self-heating ignition of Lithium-ion batteries (to be submitted). 

Other Publications  

The following scholarly output has also been produced as an outcome of this research: 
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Chapter 1. Introduction to Self-heating ignition and 

lithium-ion battery fire safety   

1.1 Background and motivation 

Lithium-ion batteries (LIBs) are rechargeable batteries, which use lithium-ions as the 

media for electrical cycles[1]. Due to their high specific energy and power density, long cycle 

life, LIBs have received rapid development since their first commercialization in the 1990s and 

quickly dominated the market of commercial electronics. With such great success and fast 

growth of related technologies, LIBs were then applied on much larger scales, for example, 

electric vehicles (EVs)[2–4], which are expected to dominate automobiles in the near future to 

replace the traditional fossil fuel powered vehicles and help relieve carbon emissions[5]. LIBs 

have also been used as a grid-scale energy storage unit for smart grids, namely the battery 

energy storage system (BESS)[6]. The global LIB market is expected to rise to $87.5 billion 

by 2027[7]. 

With increasing demands from various industries, LIBs need to improve their energy and 

power density, which unfortunately brings some unwanted side effects, such as, safety 

concerns[8–10]. As an energy storage unit, the major components of LIBs: the active materials 

of the negative electrode (NE), the positive electrode (PE), the separator, and electrolyte are 

highly flammable and release a large amount of heat and toxic gases when ignited. Under the 

adiabatic condition, the energy stored in a 18650 type of LIB could heat itself up to 700℃[11]. 

Unlike most traditional flammable materials, which only ignite via a chemical path that 

requires them to be heated up to a certain high temperature and in a suitable window of oxygen 

concentration[12], LIBs could also follow an electrochemical path, namely short-circuits[13–

15], which can easily initiate a fire at ambient temperature. When the PE and NE are externally 
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or internally connected by a conductor, the chemical energy stored in the battery can be rapidly 

released in the form of heat, namely Joule heat, and may initiate a fire[16–18]. Such short-

circuits are much easier to trigger by incorrect operations of the battery, unexpected abuse, or 

manufacturing defects. Therefore, many studies[19–21] have been conducted to investigate 

LIB safety with safer materials and developed relative prevention techniques to control or cut 

down the short-circuit current. Such techniques [1,5,22] include: the positive temperature 

coefficient device (PTC), shutdown separators, flame retardant additives, etc. The safety of 

LIBs has massively improved compared to the old generation when LIBs were just entering 

the market.  

LIB safety has improved from the material scale, with reports of fire incidents for single 

cells and applications for consumer electronics declining. However, the safety tensions of 

large-scale applications of LIB are still not relieved.  Many fires[23,24] related to EVs and 

BESS, which contains thousands or millions of cells and can therefore be catastrophic, have 

been reported in the past decade. A few notable fires are summarized in Table 1-1. Surprisingly, 

a certain number of fires took place when LIBs were merely in open-circuit storage conditions. 

According to a report by the U.S. Federal Aviation Administration[25], 238 airport incidents 

related to LIB transport occurred from 1991 to 2018. In July 2018, an e-bike warehouse in the 

Netherlands storing 6000 LIBs caught fire, leading to 300 people being evacuated. One year 

prior to this fire, a LIB recycling plant in the UK storing 4 tonnes of waste LIBs caught fire 

due to, as reported, spontaneous ignition of the LIBs[26]. Owing to the potential occurrence of 

fires, LIBs are classified as dangerous goods for transportation purposes[27,28]. LIB 

manufacturers, recycling companies as well as storage and transportation industries have 

suffered great losses due to these fires, and are increasingly concerned about how to safely 

store and transport these highly reactive batteries. 
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Table 1-1 

A few notable fires of Lithium-ion batteries in large scale applications in the past decade. [29] 

Application Company Year Incident description 

Electric Vehicle 

Chevrolet 2011 Chevy Volt on fire weeks after crash test. 

Tesla 

2013 Model S on fire after hitting debris. 

2013 Model S on fire after crash. 

2016-19 Model S suddenly on fire while parked. 

Jaguar 2018 i-Pace suddenly on fire while parked. 

Aerospace Boeing 2013 
Sudden failure in auxiliary units of 

Dreamliner 787. 

Marine Corvus Energy 2019 
Hybrid-battery ferry on fire due to coolant 

leaking. 

Stationary energy 

storage systems 
Various 2017-19 Battery fires in large grid-connected systems 

 

Unfortunately, the causes of these fires are poorly understood. During storage and 

shipping, these batteries are in open circuit condition, and usually do not have signs of electrical 

or mechanical abuse[5]. One possible cause proposed in [30] is unexpected internal short 

circuits due to manufacturing defects[31–33]. However, this kind of internal short circuit 

involve high uncertainty and are almost impossible to verify in real fires. Blaming the causes 

of all these unexpected fires on an event that cannot be confirmed may omit more general 

mechanisms, for which preventative solutions may exist. Current studies on LIB safety mainly 

focused on testing a single cell or small module[34–39] to study the contribution of the 

chemical reactions[40–46] However, another important factor often omitted is that within a 

large-size stack of reactants, the poor heat transfer condition could also play a crucial role or 

trigger ignition[29]. This phenomenon has seldom been discussed for battery fires. 
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In this thesis, I explore and discuss another fundamental cause of fires which is induced 

by heat transfer, self-heating ignition. Self-heating ignition[47] is a spontaneous ignition of a 

material resulting from its internal exothermic reactions. This phenomenon has been reported 

in many natural reactive materials such as coal, shale, and biomass[48,49] when stacked in 

large piles. Under this large-scale stacking condition, the internal heat is much difficult to 

dissipate to the environment, in which case the heat generated by low-temperature oxidation 

processes or side reactions may no longer be able to be balanced by environmental cooling and 

may accumulate inside causing self-heating. When the temperature reaches a critical level, the 

system goes into a special state, thermal runaway, where the reaction rate of an exothermic 

reaction increases due to an increase of temperature leading to a further temperature increase 

and a further increase of reaction rate[1]. This positive feedback raises the temperature rapidly 

and then triggers more violent reactions such as pyrolysis, smouldering, and finally flaming 

combustion. Driven by the poor heat transfer, large-stacked natural fuels could self-ignite at a 

normal ambient temperature. 

Such self-heating ignition is also theoretically possible for LIBs when ensembled on a 

large scale with multiple exothermic side reactions that have been reported, as shown in Figure 

1-1. For a single cell directly exposed to the environment, the heat generated inside by low-

temperature oxidation processes or side reactions is easy to dissipate to the environment, in 

which case, the temperature keeps unchanged. However, when numbers of cells are stacked 

together as an ensemble, the heat generated in the centre of the bulk is much more difficult to 

dissipate, as it needs to diffuse through half of the ensemble to reach the free surface and finally 

dissipate to the environment. In this case, this weak heat generation may accumulate inside 

resulting in a non-negligible temperature increase and self-heating. 
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Figure 1-1. Diagram of self-heating of LIB. (a) For a single cell directly exposed to the environment, 

the heat generated by side reactions easily dissipates to the environment, so the heat balances result in 

no further temperature increase. However, for an ensemble of cells, the heat generated by the central 

cell is difficult to dissipate to the environment, resulting in self-heating and possibly (b) thermal 

runaway and ignition.  

Unfortunately, this concept is barely discussed in the LIB community. The LIB 

community tended to take the temperature of self-ignition of LIB as a natural property, and use 

the critical self-ignition temperature obtained from single-cell testing as a criterion and apply 

to other scenarios for granted, failing to realize that the assembly of LIBs and the environment 

could significantly affect the self-heating behaviour of batteries. What was worse, self-heating 

ignition was often misunderstood and confused with another important research topic, thermal 

runaway propagation[36,50–53], which studies once a cell fails how the fire then propagates 

to the nearby cells. While self-heating ignition discusses when a large number of LIB cells are 

stacked, the weak heat transfer within the LIB ensemble might trigger a self-heating ignition. 

This confusion further blocked the understanding and scientific studies of self-heating 

behaviour of LIBs. 
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Figure 1-2. The 3-D diagram demonstrates three main challenges involved in modelling the thermal 

behaviour of large-scale LIB systems with the state of current models in the literature. Each challenge 

is divided into five levels. Depending on the kinetics used, models in the literature are classified into 

three types: complex electrochemical model (pink cube), multi-step chemical models (green cube), and 

one-step global models (orange cube). The red cube represents the real large-scale LIB storage.  

Focusing on the safety of LIB ensembles at the warehouse-scale, which may contain 

thousands or millions of cells[54–57], self-heating ignition of LIBs contains a high level of 

complexity and is difficult to study by direct experiments due to the high costs and severe 

hazards. Current feasible approaches are through investigating the critical kinetics by lab-scale 

experiments[58–61] and then applying it to a self-heating theory or fundamental heat transfer 

model to make large-scale predictions[62]. However, simulating such a large-scale problem is 

still a challenge for the current state-of-the-art models in the literature. As Figure 1-2 shows, 

self-heating ignition of warehouse-scale storage of LIBs involves three independent challenges: 

the complexity of chemistry, the complexity of geometry, and the geometric scale, with the 

first challenge related to heat generation and the latter two related to heat transfer. If all three 

challenges are divided into 5 levels according to complexity, the real warehouse storage of 

LIBs lies in the red region, which involves high complexity of chemistry (complex reactions 
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when the battery is heated up), high complexity of geometry (the different materials used within 

battery cells, insulating materials between cells, and different 3D placements of battery packs), 

and large geometry size (several meters for a typical length). Depending on the kinetics used, 

current numerical models in the literature for analysing the thermal behaviour of LIBs could 

be roughly divided into three types: complex electrochemical models, multi-step chemical 

models, and one-step global models. 

The complex electrochemical models (located in the pink cube in Figure 1-2) aim to 

understand the fundamental kinetics and dynamics of reactions within battery cells[42,45,63]. 

These models pursue extreme complexity of chemistry[64,65], to understand what exactly 

happens within battery cells and how reactions develop. These models usually have high 

requirements on accuracy and are often specified to be a very small size scale (usually 

component level, microscale) to eliminate the effects of heat transfer and purely focus on 

dynamics of reactions. The second type of model, multi-step chemical models (green cubes in 

Figure 1-2), commonly focus on the cell level (a single cell or several cells) and care more 

about the behaviour of whole-cell or pack of cells[11,66,67]. These models use several main 

chemical reactions[68,69] for the main components of LIBs to substitute all complex 

electrochemical reactions inside and simulate the thermal behaviour of the whole cell. This 

kind of simplification sacrifices a certain extent of accuracy, but greatly reduces computational 

costs and captures the global thermal characteristics. These models are widely used for 

simulating thermal runaway of single-cell or thermal runaway propagation[70,71] in arrays of 

cells.  The third type of model is classed as the one-step global model (the orange cubes in 

Figure 1-2). When the size increases to that of real LIB storage (warehouse storage), numerical 

simulation on such a large-scale problem becomes challenging, as the computational costs of 

complex models for such a case are unaffordable. Current solutions used are classical self-
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heating theories such as Semenov’s theory or Frank-Kamenetskii’s theory[49,72,73], which 

greatly simplify the complexity of chemistry (assuming one-step global reaction) as well as the 

complexity of geometry (assuming same material for the whole bulk, homogeneous 

distribution) to achieve large-scale predictions. Direct experiments on such large-scale LIB 

ensemble usually monitor only a few key parameters (e. g. heat release rate), and then a global 

Arrhenius type of reaction is used to fit the data[74].  

Due to all these difficulties, the current understanding of self-heating ignition of LIBs is 

very limited. In this thesis, I use numerical methods to explore this unknown field. Based on 

fundamental physics and known kinetics, I develop several computational models to step by 

step investigate theoretical fundamentals in the self-heating ignition of LIBs and explore and 

discuss several possible key influential factors. LiCoO2 (LCO) type of battery is selected as an 

example to simplify kinetics and help to better understand the heat transfer related factors. 

Although the quantitative results are mainly based on an LCO type of battery, the numerical 

methodology and simplification methods developed in this thesis should be able to be applied 

to other types of LIBs. I hope my work can help the battery and fire safety community to better 

understand the self-heating ignition behaviour of LIBs and prompt an open thread for related 

research.  

1.2 Outline of the thesis 

Chapter 1 introduces the research background and motivations of the thesis. 

Chapter 2 presents the fundamental physics and theoretical model for self-heating and 

introduces the chemical kinetics adopted for LCO type of LIBs in this thesis. The numerical 

simulations all over the thesis are based on commercial software COMSOL Multiphysics.  
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Chapter 3 introduces a computational model that incorporates multi-step kinetics to 

simulate the self-heating ignition of large ensembles of LIBs. In this chapter, I numerically 

investigate the differences in self-heating ignition behaviour of LIB ensembles across scales 

and put forward three parameters for effective evaluation.  

Chapter 4 presents a box scale investigation to study the effects of complex isolation and 

spacing during LIB storage, which significantly affect the heat transfer ability of the LIB 

ensemble. In this chapter, I simulate the self-heating behaviour of a box with 100 cylindrical 

cells with different materials for isolation and different spacing to study the possible effects of 

heat transfer.  

Chapter 5 introduces the development of an anisotropic model, which incorporates the 

effects of complex isolation and spacing, and could be used for large scale predictions. I put 

forward a method of simplification which transfer the complexity of geometry in real LIB 

storage into improved physics modelling. Such simplification incorporates the effects of 

complex heat transfer in LIB storage and greatly reduces the computations costs which enable 

large scale predictions.  

Chapter 6 further investigates the possible effects of self-discharge during LIB storage 

on self-heating ignition of LIB ensembles. The possible heating by self-discharge during LIB 

storage is incorporated into my previous model to investigate whether the tiny heat generated 

by self-discharge could affect the self-heating behaviour of large ensembles of LIBs.  

Chapter 7 compares numerical modelling performances of the commercial software 

COMSOL Multiphysics against the open-source tool Gpyro which has widely been used to 

model self-heating ignition of carbon-rich materials.  I conduct several cases of comparison 
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which across scales and kinetics to benchmark the numerical performance of both tools on self-

heating ignition of LIBs.  

 Chapter 8 summarizes the main conclusion of this thesis. 
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Chapter 2. Theoretical foundations of self-heating 

ignition and numerical modelling  

2.1 Introduction to self-heating ignition theories 

Self-heating, defined by ISO[75], is  “a rise in temperature in a material resulting from an 

exothermic reaction within the material”. In the chemistry community, this concept is often 

interpreted as chemistry focused, which defines the onset of exothermic reactions. However, it 

is also a concept significantly related to heat transfer. What is implicated in the definition is 

that the exothermic reaction should be adequate to cause a notable temperature rise, which lifts 

the temperature of the substance above the environment without an external energy supply[76]. 

In other words, self-heating is not only dependent on the internal chemistry of the substance, 

but also related to the environment the substance is surrounded by. Depending on the heat 

balance between the heat generation inside the reactive substance and heat dissipation to the 

surrounding, self-heating usually could result in two possible outcomes[72]. The first situation 

is self-heating in a mild manner, which could raise the temperature of the substance slightly 

above the environment, but the heat generation is not sufficient to cause thermal runaway and 

reaches a dynamic balance with the heat dissipation to the surroundings. Eventually, the 

temperature will drop down as the reactants deplete. The other situation is strong self-heating 

resulting in thermal runaway, which rapidly raises the temperature and triggers more violent 

reactions and causes an ignition, named self-heating ignition (also referred to as autoignition 

and spontaneous combustion [72]).  

Self-heating ignition has been reported to be responsible for many large fires in nature 

when porous combustible materials were massively stacked[48,49].  Apart from the 

environment and chemistry involved, the geometric size and the shape of the body of the 
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reactive substance are also critical factors for self-heating ignition. For an ensemble of reactive 

substances with a typical length of L, the total heat generation is roughly proportional to the 

volume of the ensemble, which is proportional to L3. While the heat dissipation is roughly 

proportional to the surface area of the ensemble, which is proportional to L2. With a larger size, 

the heat generation grows much faster than the heat dissipation, which means the reactive 

ensemble on the large scale is easier to ignite and self-heating ignition could occur at a lower 

ambient temperature. Theoretically, there will be a critical size for a reactive ensemble to self-

ignite at normal ambient temperature. To make effective strategies for prevention, it is crucial 

to understand the fundamental mechanisms and the critical influential factors of self-heating 

ignition.  

The first mathematical solution of a self-heating ignition problem was developed by 

Semonov[49] in 1928. Based on a set of simplifications and assumptions, Semonov put forward 

a theoretical solution of the criticality of self-heating ignition of a lumped system. His student 

Frank-Kamenetskii[49] then further expanded Semonov’s theory and developed a theoretical 

model to consider the effects of heat transfer and temperature gradient among a 1D system. 

Thomas[77] further modified the theory and proposed a more general model considering a 

wider range of boundary conditions. Bowes[49] wrote a monograph, Self-heating: evaluating 

and controlling the hazards,  in 1984 to specifically discuss and explain this phenomenon and 

summarize related research. Babrauskas[76] also discussed this phenomenon and related 

theories in his book Ignition handbook, published in 2003.  Gray[72] further updated the recent 

research in a chapter of the book, SFPE Handbook of Fire Protection Engineering, published 

in 2016.  

This chapter briefly introduced Frank-Kamenetskii’s theory (F-K theory), which is the 

theoretical foundation of self-heating ignition problems. Afterwards, the problems and 
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challenges introduced by LIBs in self-heating ignition were discussed and explained. A 

commercial numerical modelling tool, COMSOL Multiphysics, which is used for subsequent 

numerical modelling, was then introduced. The numerical models developed in this thesis 

(Chapters 3-6) were mainly based on COMSOL Multiphysics considering multi-step reaction 

kinetics. Chapter 7 introduced another self-heating ignition model for LIBs based on one-step 

global reaction kinetics using Gypro [78,79], which is an open-source simulation tool designed 

for pyrolysis modelling for combustible solids. The self-heating ignition models by Gypro were 

mainly developed by my colleague, Xuanze He [29,79,80]. A benchmarking analysis was 

conducted in Chapter 7 for the numerical models by COMSOL and Gpyro to analyse the 

potential effects of different simulation tools.  

2.2 Classical self-heating theory--Frank-Kamenetskii’s theory  

Frank-Kamenetskii’s theory is one of the most popularly used theoretical theories for 

analysing the criticality of self-heating ignition of reactive solids and has been used as guidance 

for many lab-scale experiments and evaluations of relevant parameters. The detailed theoretical 

deductions of Frank-Kamenetskii’s theory has been carefully explained in many studies and 

monograph introduced before[49,72,76]. Here, this section summarizes the basic idea, adopted 

assumptions, and the major conclusion of this theory, which could help better understand the 

numerical model developed and related parameters discussed in this thesis.  

The basic problem Frank-Kamenetskii’s theory try to solve is the criticality of self-heating 

ignition of a reactive solid as an infinite plane slab. The governing equation for this problem is 

the energy conservation equation: 
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 𝑘∇2𝑇 + 𝑞′′′ = 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
 (2-1)  

Where k is the thermal conductivity, q’’’ is the heat generation rate per unit volume, ρ is 

the density and cp is the heat capacity. The classical F-K theory considers a Dirichlet boundary 

condition, which assumes the temperature of the walls equals the ambient temperature, 

Twalls=Ta.  

To simplify calculations, the F-K theory adopted several basic assumptions[76]: (1) The 

reaction follows zero-order Arrhenius kinetics, (2) there is an infinite supply of reactants and 

oxygen, and (3) the only temperature gradients are in the thickness direction. To solve the 

Equation 2-1in a steady-state, F-K theory defined a dimensionless parameter δ[79]:  

 𝛿 =
𝐸𝐿2𝑓0∆𝐻𝑐
𝑘𝑅𝑇𝑎2

𝑒−𝐸/(𝑅𝑇𝑎) (2-2)  

Where the L is the characteristic length of the reactive ensemble, f0 is the mass fraction 

function at the initial state, ∆Hc is the effective heat of reaction, E is the effective activation 

energy, R is the universal gas constant. For a determined reaction, δ is related to the 

characteristic length, L and the ambient temperature, Ta.  

Through mathematical analysis, if δ is below a critical value, δc, which is determined by 

the geometry of the reactive ensemble, a steady-state could exist, which means self-heating 

ignition would not occur. Therefore, self-heating ignition takes place when δ>δc, which could 

help to guide the choice of a suitable L of the reactive ensemble to ensure it would not self-

ignite at a given ambient temperature Ta.  
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2.3 Numerical modelling by COMSOL Multiphysics   

Equation 2-2 given by the F-K theory has been widely used to provide guidance and 

assessment of safe storage of reactive materials, especially for porous reactive solids[81,82] 

Many experimental studies[83,84] have proved that F-K theory could provide satisfying results 

for the engineering predictions. However, there are still certain scenarios with complex heat 

transfer, chemistries, or transient performance that could not fill the basic assumptions by the 

F-K theory. For those complex conditions, the governing equations could no longer be solved 

analytically. Numerical models were then proved to be effective methods for those complex 

scenarios.  

LIB, as explained in Chapter 1, is a complex electrochemical system consisting of multiple 

components and various reactive materials. The fundamental chemical kinetics of possible 

reactions at elevated temperatures is very complicated and has been studied intensively for the 

last two decades but still not fully understood[11,85]. The complex real storage condition 

further hinders the understanding of the self-heating behaviour of large LIB ensembles. 

Therefore, numerical models are developed in this thesis to discuss and analyse the self-heating 

ignition behaviour of LIBs, especially large LIB ensembles.  

The numerical models developed in this thesis are mainly based on commercial software, 

COMSOL Multiphysics[86]. COMSOL is a powerful numerical tool aiming to provide 

numerical solutions for all kinds of scientific and engineering problems, especially for 

problems involving multi-disciplines. It contains various basic modules and interfaces to solve 

governing Partial different Equations (PDE) based on the Finite Element Method (FEM) for a 

wide range of scientific and engineering phenomena. COMSOL has been widely used to 

analyse the electrochemical and thermal behaviour of LIBs[50,87,88], and it contains basic 
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modules for LIBs and heat transfer. Therefore, this tool is used in this thesis to model the self-

heating ignition phenomenon for LIBs.  

The basic idea for the numerical model is to simulate a typical self-heating test, oven test, 

as shown in Figure 2-1. A LIB ensemble with an initial temperature of T0 is set in a warm 

environment with ambient temperature Ta. The ambient temperature is set to increase by steps 

until the system could self-ignite to determine the critical ambient temperature to initiate self-

heating ignition, Ta,cr. 

 
Figure 2-1. Diagram of self-heating of a LIB ensemble. A LIB ensemble with initial temperature T0 is 

placed at environmental temperature Ta. Convective and radiative heat transfer qconv and qrad are 

considered for free surface boundaries. The possible reactions considered include: SEI decomposition 

(csei), negative-electrolyte reaction (cn), positive-electrolyte reaction (α), and electrolyte decomposition 

(ce). 

The real physical and chemical changes inside a LIB at elevated temperature are very 

complicated, where chemical reactions generate gases changing the physical properties and 

dynamics. The internal structure of a LIB is also complex (usually jellyroll structure or layer 

structure). Many numerical models[39,89,90] have been developed to investigate the detailed 

kinetics and dynamics inside a single cell. However, self-heating ignition discussed in this 

thesis cares more about the general thermal behaviour of the whole battery ensembles with 

numerous cells, instead of tiny changes at locals inside a cell. Therefore, some simplifications 

are adopted in the numerical model.  
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First, instead of modelling the whole combustion behaviour of LIBs (usually cell 

temperature below 800℃), self-heating ignition focuses on the transition from a stable state 

(subcritical condition) to the onset of thermal runaway (supercritical condition) with cell 

temperature usually below 200℃. In this temperature range, the reactions are relatively mild, 

and the gases generated are still sealed inside the battery cell. The expansion of the cell usually 

would not be large, therefore, the thermophysical properties: ρ, cp, k, could be taken as constant. 

The minimum unit analysed in this thesis is a 18650 cylindrical cell. Battery cells have a 

complex internal structure such as jellyroll structure or layer structure and are in principle 

heterogeneous. However, for the specific self-heating ignition behaviour, studies have proved 

that for a fully charged battery cell at a temperature below 200℃, a lump thermal model[11] 

already provides adequate accuracy for the temperature prediction for the single-cell when 

compared to a 3D heterogeneous model[66]. Therefore, a battery cell could be simplified as all 

reactants are homogeneously distributed inside the cell. The governing equation then could be 

simplified as [35]: 

 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
= 𝑘∇2𝑇 + 𝑞tot

′′′  (2-3)  

Where 𝑞𝑡𝑜𝑡
′′′  is the heat generation rate per unit volume of all reactions. For the boundary 

conditions, both radiative and convective heat transfer are considered for free surface 

boundaries[35].  

 𝑞conv
′′ = ℎ(𝑇𝑠 − 𝑇𝑎) (2-4)  

 𝑞rad
′′ = 휀𝜎(𝑇𝑠

4 − 𝑇𝑎
4) (2-5)  

One of the major challenges for analysing the self-heating ignition behaviour of LIBs is 

the kinetics of the complex reaction at elevated temperatures. Even after the numerous studies 

[91–93] conducted in the past two decades, the complete kinetics for LIBs at elevated 
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temperature is still not fully understood. Furthermore, with the development of LIB technology, 

the materials used in LIBs have been updated massively, especially for the active materials of 

the PE, which have been used in different types of LIBs such as lithium cobalt oxide (LCO), 

lithium manganese oxide (LMO), lithium iron phosphate (LFP) etc. Even the same type of 

LIBs with different proportions of the metal oxide or different additives to electrolyte could 

significantly change the reaction mechanisms resulting in different thermal behaviour. There 

is no general mechanism for all LIBs, and it is impossible to investigate all of them. 

Therefore, in this thesis, an LCO type of LIB which has been systematically studied in the 

literature[11,91,94,95] is taken as an example, and the multi-step reaction kinetics reported is 

used to represent chemistry for modelling and discussions of its self-heating ignition behaviour. 

Although the thermal tolerance of the LCO type of battery is lower than the commonly used 

batteries in the electric vehicle (EV) industry, the chemical composition of LCO is relatively 

simple, and ample data has been reported in the literature [5,32,33].   

However, even for this simple LCO battery, its fire kinetics are still not fully understood. 

One widely accepted kinetics model is by Hatchard et al. [34] and Kim et al.[35]. By analysing 

and modelling the thermal behaviour of each component of the LIB and grouping them together, 

Hatchard et al.[34] and Kim et al.[35] made good estimations on thermal behaviours of a 

whole-cell in a totally different heat transfer condition, oven tests. Therefore, these kinetics 

should reveal some fundamental understanding of the thermal behaviour of LIBs and are 

reasonable to be used for upscaling analysis. The kinetics and parameters adopted in models I 

developed by COMSOL Multiphysics are by Hatchard et al.[34] for E-One/Moli Energy 

ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah LCO/graphite cells at 100% state of 

charge (SOC). Batteries in storage and shipment are usually required to be stored at 30%-50% 

SOC. Unfortunately, there is no study reporting the relationship between these fundamental 
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kinetics and SOC. Therefore, kinetics based on 100% SOC is used in the multi-step models to 

represent the worst scenario in terms of reactivity. 

The kinetics of the LCO battery adopted in the numerical models include four major 

reactions: the solid electrolyte interphase (SEI) decomposition, negative-electrolyte reaction, 

positive-electrolyte reaction, and electrolyte decomposition are the dominant heat generation 

terms at the early stage of thermal runaway of LIB in open circuit condition[34,35].  

 𝑞tot
′′′ = 𝑞sei

′′′ + 𝑞n
′′′ + 𝑞p

′′′ + 𝑞e
′′′ (2-6)  

Where 𝑞sei
′′′  is the volumetric heat generation by SEI decomposition, 𝑞n

′′′ is the volumetric 

heat generation by negative-electrolyte reaction, 𝑞p
′′′  is the volumetric heat generation by 

positive-electrolyte reaction, 𝑞e
′′′  is the volumetric heat generation by electrolyte 

decomposition, and 𝑞tot
′′′  is the volumetric heat generation by all four reactions.  

It is commonly believed that reactions stemming from thermal abuse start at the SEI 

layer[1,5,22], which is a thin passivating layer formed around the negative electrode. At around 

100 ℃, the meta-stable component inside the SEI layer starts to decompose[1]. While the SEI 

is decomposing, the intercalated lithium inside the negative electrode is exposed to the 

electrolyte and can react to form a new SEI layer. This reaction is called the negative-electrolyte 

reaction. For the positive electrode, MacNeil et al.[96,97] found an autocatalytic mode of 

reaction for LCO and electrolyte, named positive-electrolyte reaction in this study. Meanwhile, 

the organic solvent of the electrolyte can also decompose at relatively high temperatures and 

is named electrolyte decomposition. The detailed developments of these kinetics are explained 

in the work by Hatchard et al.[34] and  Kim et al.[35]. The equations are summarized in Table 

2-1. The descriptions of the related variables are listed in Table 2-2. The adopted values are 

based on the studies by Hatchard et al.[34] for E-One/Moli Energy ICR18650 (18 mm diameter, 
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65 mm length) 1.65 Ah LCO/graphite cells at 100% SOC. These equations are the theoretical 

basis for the numerical modelling in the following chapters (From Chapter 3 to Chapter 6), 

which adopt different adjustments and modifications to deal with the challenges introduced by 

the large geometric size, complex geometry, and complex chemistry. 

 

Table 2-1 

The kinetic model for LiCoO2 Lithium-ion battery from the literature[34,35]. 

Chemical mechanisms  Eq. 

SEI decomposition 
𝑅sei = −

d𝑐sei
d𝑡

= 𝐴seiexp(−
𝐸sei
𝑅𝑇
)𝑐sei
𝑛sei (2-7)  

𝑞sei
′′′ = ∆𝐻sei𝑊n𝑅sei (2-8)  

Negative-electrolyte 

reaction 

𝑅n = −
d𝑐n
d𝑡
= 𝐴nexp(−

𝑧

𝑧0
)exp(−

𝐸n
𝑅𝑇
)𝑐n (2-9)  

d𝑧

d𝑡
= 𝐴nexp(−

𝑧

𝑧0
)exp(−

𝐸n
𝑅𝑇
)𝑐n (2-10)  

𝑞n
′′′ = ∆𝐻n𝑊n𝑅n (2-11)  

Positive-electrolyte 

reaction 

𝑅p =
d𝛼

d𝑡
= 𝐴p𝛼(1 − 𝛼)exp(−

𝐸p

𝑅𝑇
) (2-12)  

𝑞p
′′′ = ∆𝐻p𝑊p𝑅p (2-13)  

Electrolyte 

decomposition 

𝑅e = −
d𝑐e
d𝑡
= 𝐴eexp(−

𝐸e
𝑅𝑇
)𝑐e
𝑛e (2-14)  

𝑞e
′′′ = ∆𝐻e𝑊e𝑅e (2-15)  

 

Table 2-2  

Physical and kinetic parameters used in the computational model. 

Symbol   Description  Value Unit 

Asei SEI decomposition frequency factor 2.08E15 [98,99] s-1 

An Negative-electrolyte frequency factor 1.67E6 [98] s-1 

Ap Positive-electrolyte frequency factor 6.67E13 [34,35] s-1 

Ae Electrolyte decomposition frequency factor 5.14E25 [35] s-1 

Esei SEI decomposition activation energy 1.35E5 [98,99] J mol-1 

En Negative- electrolyte activation energy 7.72E4 [98] J mol-1 
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Ep Positive- electrolyte activation energy 1.40E5 [34,35] J mol-1 

Ee Electrolyte decomposition activation energy 2.74E5 [98] J mol-1 

∆Hsei SEI decomposition heat release 2.57E5 [34,35] J kg-1 

∆Hn Negative- electrolyte heat release 1.71E6 [34,35] J kg-1 

∆Hp Positive- electrolyte heat release 3.14E5 [34,35] J kg-1 

∆He Electrolyte decomposition heat release 1.55E5 [35] J kg-1 

Wn Specific negative active content 363 [34] kg m-3 

Wp Specific positive active content 726 [34] kg m-3 

We Specific electrolyte content 407 [35] kg m-3 

nsei Reaction order for SEI decomposition 1 [34,35] - 

ne Reaction order for electrolyte decomposition 1 [35] - 

csei0 Initial value of csei 0.15 [34,35] - 

cn0 Initial value of cn 0.75 [34,35] - 

α0 Initial value of α 0.04 [34,35] - 

z0 Initial value of z 0.033 [34,35] - 

ce0 Initial value of ce 1 [35] - 

T0 Initial temperature  301.15 [34] K 

k Average thermal conductivity  3.4 [34] W m-1 K-1 

ρ Average density 2580 [34] kg m-3 

cp Average heat capacity  830 [34] J kg-1 K-1 

h Convective heat transfer coefficient 7.17 [35] W m-2 K-1 

ε Surface emissivity  0.8 [35] - 
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Chapter 3. Scale effects on self-heating ignition of 

Lithium-ion batteries stored in boxes, shelves and 

racks 

Summary1  

The fire safety of LIBs during their storage and transport is becoming of prime importance 

for the industry, with a number of such fires reported in recent years. It is crucial to understand 

the mechanisms and causes of these fires to provide insights for prevention. Previous studies 

mostly focused on small-scale LIBs testing and the chemistry involved. The possibility of 

ignition resulting from heat transfer within a large-size ensemble of LIBs has been poorly 

investigated. Focusing on the fire safety of large-scale stored LIBs, this chapter discusses the 

risk and likelihood of self-heating ignition, which is a known cause of fires in other industries 

(e.g. chemical storage). Taking LCO type of battery as a base case and using its chemical 

kinetics reported in the literature, this chapter develops a transient heat transfer model based 

on multi-step chemical kinetics to analyse the self-heating behaviour of ensembles of LIBs in 

four typical storage sizes, from a single cell to racks containing around 2 million cells, using 

COMSOL Multiphysics. The results show that the critical ambient temperature for self-heating 

ignition is significantly lower for a large-scale LIB ensemble (e.g. 60 ℃ for the rack), 

indicating spontaneous side reactions are not negligible heat sources in large LIB ensembles 

and self-heating could pose potential fire hazards in large-scale LIB storage. This work 

 

1 This chapter is based on “Hu, Z., He, X., Restuccia, F., Yuan, H., & Rein, G. 

(2021). Numerical study of scale effects on self-heating ignition of lithium-ion 

batteries stored in boxes, shelves and racks. Applied Thermal Engineering, 190, 

116780.” 
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provides insights into the effects of heat transfer of LIB ensembles across scales and helps 

better understand of self-heating ignition of LIBs.  

3.1 Introduction  

LIBs are an important type of power storage unit and are widely used in portable electronic 

devices[100]. The high energy density of LIBs boosts their commercial applications. On the 

other hand, this feature also imposes a safety risk, namely their susceptibility to 

ignition[61,101,102]. Many catastrophic fires related to large-scale LIB storage and transport 

have been reported in the past decade, while the possible causes of those large LIB fires are 

still not understood[56,103,104]. LIB manufacturers, recycling companies as well as storage 

and transportation industries have suffered great losses due to these fires, and are increasingly 

concerned about how to safely store and transport these highly reactive batteries. 

The concept of self-heating ignition and the specific challenges introduced for LIBs are 

introduced in Chapters 1-2. The worst cases for self-heating ignition are whether it could occur 

at, or near to, normal ambient temperature, which usually requires a large stack of reactants. 

However, current studies on self-heating behaviour of LIBs were mainly focused on a single 

cell or small module[105]. The possibility of self-heating ignition of large-scale stacked LIBs 

has not been scientifically studied yet. It is crucial to develop a model to predict and analyse 

the possible self-heating ignition behaviour of large ensembles of LIBs.  

This chapter develops a 3D numerical model to investigate the self-heating behaviour of 

LIBs across scales and discuss if self-heating ignition could be a possible cause of fires of 

large-scale stacked LIBs. Taking LCO type of LIBs as a base case, which has been 

systematically studied in the literature, this chapter models the self-heating behaviour of LIB 
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ensembles in four typical storage sizes. Four-step reaction kinetics reported in the literature are 

adopted the consider the complex reactions for LIBs. Sensitivity analyses are conducted to 

determine the most important input parameter for the model. Three parameters are put forward 

to assess the self-heating behaviour of LIB ensembles. Furthermore, the heat generations of 

each reaction for different LIB ensembles are compared to evaluate the dominant reactions that 

can trigger self-heating ignition. 

3.2 Physical and mathematical model  

3.2.1 Summary of the physical model and chemical kinetics  

 The fundamental physics and chemical kinetics of the numerical model developed for 

self-heating ignition of LIBs can be found in Section 2.3. The numerical model simulates a 

typical self-heating experiment, the oven experiment. LCO type of battery is selected as an 

example for quantitative analyse.  The kinetics and parameters are from the studies by Hatchard 

et al.[34] for E-One/Moli Energy ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah 

LCO/graphite cells at 100% SOC. Batteries in storage and shipment are usually required to be 

stored at 30% SOC. Unfortunately, the fundamental relationship between these kinetics and 

SOC has not been reported yet. Therefore, this thesis still uses kinetics based on 100% SOC, 

which represents the worst scenario in terms of reactivity. All of the numerical calculations are 

performed using commercial software COMSOL Multiphysics 5.3a.  

3.2.2 Model validation  

The accuracy of the simplified model is assessed by conducting a case analysis of a single 

cylindrical cell and comparing against the experimental data from the literature, as shown in 

Figure 3-1. The values of the required parameters are listed in Table 2-2. A mesh independence 
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analysis is conducted to simulate the single-cell case with three sets of meshes containing 384, 

608, and 1128 elements, respectively. The calculated temperature with these three sets meshes 

all agrees well (within 1% relative errors). In this case, the mesh with 384 elements already 

provides adequate accuracy and is therefore used for the simulations.  
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Figure 3-1. Comparison of temperature history between our COMSOL simulation (solid lines) and oven 

experiments (dot points) by Hatchard et al.2001[34]. 

As Figure 3-1 shows, at a subcritical condition (Ta= 145 ℃ and Ta=150 ℃), the 

temperature of the cell remained stable at ambient temperature. While at a supercritical 

condition, Ta=155 ℃, the temperature of the cell quickly rose above the ambient temperature 

and initiated thermal runaway. The temperature profiles given by the numerical model fit well 

with experiments for the subcritical conditions but are underestimated for the supercritical 

condition after thermal runaway. This underestimation is because this model focuses on 

predicting the onset of thermal runaway, not the whole fire behaviour of the LIB. Reactions 

considered are only for the early stage of thermal runaway at relatively low temperatures. Once 

the temperature of the battery cell reaches around 200 ℃, complex combustion reactions could 

occur. These combustion reactions are out of the scope of our model. However, the numerical 



 

26 

 

model gives a good prediction of the critical ambient temperature where thermal runaway starts 

to occur. This is the key parameter for self-heating ignition; therefore, it is reasonable to use 

this model to make predictions of the self-heating behaviour of LIBs.  

3.2.3 Sensitivity analysis 

As Table 2-2 shows, this model requires dozens of input parameters. Since most of these 

parameters require careful measurements to ensure accuracy, it is useful to perform a sensitivity 

analysis to determine parameters with significant effects and give priority to these parameters 

for further attention. One-at-a-time (OAT) method is therefore adopted for the scenario of one 

single cylindrical cell. The impact on the output Y is numerically assessed by applying a small 

variation ∆Xi on the nominal input parameter of interest Xi,0. si is the effective sensitivity 

coefficient defined by the following equation[82,106]: 

 𝑠𝑖 =
𝑌(𝑋𝑖,0 + ∆𝑋𝑖) − 𝑌(𝑋𝑖,0)

∆𝑋𝑖
∙
𝑋𝑖,0

𝑌(𝑋𝑖,0)
 (5-1)  

The output of interest is the critical ambient temperature to trigger thermal runaway Ta, cr. 

The small variation of the input parameter is chosen as 5% of the nominal value. 24 input 

parameters are analysed including chemical parameters, initial mass and concentration of 

reactants, and heat transfer parameters. The OAT analysis results are shown in Figure 3-2, 

which shows that the activation energy of positive-electrolyte reaction Ep is the dominant 

parameter predicting critical ambient temperature. The absolute effective sensitivity coefficient 

of Ep is about 20 times larger than any other parameters. This indicates that the positive-

electrolyte reaction drives the thermal runaway of a single cell. These results agree with the 

simulation results by Kim et al.[66] that thermal runaway took place while the positive 

electrode was decomposing.  
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Figure 3-2. Sensitivity analysis of 24 input parameters on predicting the critical ambient temperature 

Ta, cr based on the case of one single cylindrical cell. 

3.3 Simulations of large battery ensembles  

Arguably the most important case for self-heating of LIBs in terms of safety is whether 

LIBs in different storage sizes could self-ignite at normal ambient temperature or not. 

Therefore, this model considers four typical storage sizes: single cell, a box of cells, a shelf of 

boxes, and a rack of shelves, as shown in Figure 3-3. The detailed dimensions for the four sizes 

are listed in Table 3-1. For real LIBs storage, this involves a highly complex geometry due to 

the packaging material and the presence of various insulation materials. Modelling a large 

ensemble of LIBs with complex chemistries with the addition of a complicated packaging setup 

would become computationally prohibitive in terms of resources required. For these 

simulations, the model therefore initially considers a theoretical condition where all battery 

cells are tightly packed together, with no insulating materials between cells. The shape of the 

battery cells is simplified to a pouch shape with the same composition as the cylindrical cells 
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discussed in Section 2.3, where the kinetics and parameters are also the same. In this simplified 

case, the 3D homogenous model could be applied to the entire ensemble to finally achieve 

large-scale simulations. All four scenarios are simulated under different ambient temperatures 

until the systems could self-ignite to find the critical ambient temperature for self-ignition. The 

results are shown in Figure 3-4. In this chapter, three parameters are put forward to evaluate 

the self-heating behaviour of LIB ensembles: the critical ambient temperature Ta, cr, the onset 

time of thermal runaway ton, and the onset cell temperature Ton.  

Table 3-1 

The dimensions of the four simulation scenarios modelled in this work 

Scenarios  Dimensions  Number of cells inside Number of mesh elements  

Single cell 0.229×0.152×0.008 m 1 247 

Box 0.431×0.343×0.165 m 80 1995 

Shelf  3×1.5×1.5 m 24,000 1539 

Rack  30×6×3 m 1.94 × 106 2432 

 

 

Figure 3-3. The schematics of simulation scenarios. The battery cells are assumed to have the same 

compositions as the cylindrical cells, and the shape is changed from cylindrical to pouch shape out of 

simplicity. The real packing configurations (top) and the computational domains (bottom) are presented 

in pairs for each size studied. 
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 Figure 3-4. The calculated temperature history of the central point of four scenarios (from (a) single 

cell, (b) a box of cells, (c) a shelf of boxes, to (d) a rack of shelves) exposed to different ambient 

temperatures. The purple lines represent the time when thermal runaway starts to take place. Ta,cr drops 

from 155 ℃ for the single cell to 85 ℃ for the rack of cells.  

3.3.1 The critical ambient temperature Ta, cr  

Ta, cr is the minimum ambient temperature that LIB ensembles required to initiate self-

heating ignition. The central points of the LIB ensembles are expected to be the local hot spot 

because of the adiabatic condition due to symmetry. Their temperature is therefore used to 

assess thermal runaway and self-heating ignition. Since LIBs have a large energy density, the 

model assumes that self-heating ignition would occur once the central cell goes into thermal 

runaway. According to the simulations, Ta, cr decreases significantly with a larger LIB ensemble. 

A single cell could undergo thermal runaway at an ambient temperature of 155 ºC, while a rack 

of cells requires 85 ºC, which is even lower than the onset temperature of SEI decomposition 
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reported in the literature[1,5]. This is because the current adiabatic calorimetry techniques[38], 

such as the ARC technique, cannot provide a rigorously adiabatic environment. In these tests, 

reactions with a self-heating rate lower than 0.02 ℃ min-1 are omitted. These reactions with 

slow heat generation are difficult to observe for a small sample, which has a relatively strong 

ability to dissipate heat. However, when samples are stacked in large sizes, heat is harder to 

dissipate, and the heat generated by slow-rate spontaneous reactions could accumulate and lead 

to a temperature increase. After a long period of heat accumulation, the rack of cells is finally 

able to self-ignite at an ambient temperature of 85 ºC.  

3.3.2 Onset time ton and the onset cell temperature Ton 

From Figure 3-4, it can be seen that in all thermal runaway cases, the temperature of the 

central point is quite different when the LIB ensembles start to undergo thermal runaway. To 

evaluate this phenomenon, this work puts forward two parameters, onset time ton and the onset 

cell temperature Ton. ton is defined as the time when thermal runaway starts to take place, while 

Ton is the onset temperature of the central point (hot spot) when thermal runaway starts. 

Although many comprehensive definitions of thermal runaway of LIBs has been proposed, the 

criteria of the onset of thermal runaway, which assess the transition of normal controllable 

temperature increase to an uncontrollable thermal runaway, is still controversial [29]. Most of 

the criteria proposed mainly focus on heat generation. For instance, some testing standards take 

the battery temperature exceeded the environment temperature to a certain degree (e. g. 50 ℃) 

as the criterion for thermal runaway, while some suggested using a certain heat generation rate 

as the criterion[29]. Without considering the effects of heat dissipation from the environment, 

these criteria, which are often developed based on single-cell tests, cannot be guaranteed to 

apply when used for large scale evaluation. Moreover, these criteria actually define what is 
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known as fully developed thermal runaway, in which the heat generation rate already greatly 

exceeds heat dissipation resulting in large temperature increase rates, rather than a precise 

criterion describing the transition of a normal controllable temperature increase to 

uncontrollable thermal runaway.  

In this study, the onset state of thermal runaway is defined as the time where the second 

derivative of temperature over time, 
𝑑2𝑇

𝑑𝑡2
, turns from negative to positive. For a subcritical 

condition, temperature increases in a controllable way, 
𝑑𝑇

𝑑𝑡
> 0 and 

𝑑2𝑇

𝑑𝑡2
< 0. In the end, the 

temperature would stabilize at a typical value. However, when the system transitions to a 

supercritical condition, 
𝑑2𝑇

𝑑𝑡2
> 0, not only does the temperature increases with time, but the 

temperature increase rate, 
𝑑𝑇

𝑑𝑡
, starts to increase, leading to uncontrollable temperature increase 

and runaway. The time it takes to reach this critical state is ton and the temperature of the central 

point at this time is Ton. The values of ton and Ton for all four scenarios undergoing thermal 

runaway are listed in Table 3-2.  

Table 3-2  

The calculated critical parameters for the four scenarios under thermal runaway  

Scenarios  ton Ta, cr Ton 

Cell  37 min 155 ºC 165 ºC 

Box  528 min 125 ºC 136 ºC 

Shelf  66 h 100 ºC 117 ºC 

Rack  266 h 85 ºC 103 ºC 

 

As presented in Table 3-2, for a larger size of LIB ensemble, self-heating ignition could 

occur at a lower ambient temperature, however, it also requires much more induction time to 

accumulate heat inside to trigger ignition. ton increases significantly with the increase of LIB 

ensemble size. The single-cell took about 40 min to reach thermal runaway at an ambient 
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temperature of 155 ºC, while the rack ensemble needs around 10 days to thermal runaway at an 

ambient temperature of 85 ºC. This means that although a large battery ensemble could self-

ignite at relatively low ambient temperature, the time it needs can be significantly longer, which 

agrees with the classical self-heating theories[49,107]. This long induction period could explain 

why large-scale LIB storage fires are hard to predict. While the surface temperature of the LIB 

ensemble remains the same as the surrounding environment, the internal cells might keep 

accumulating heat for a long period, and may then undergo thermal runaway at a critical time.  

Table 3-2 also shows that Ton declines with the increase of geometric size, from 165 ºC 

for the single-cell dropping to 104 ºC for the rack. Due to the decreasing of heat dissipation 

ability for the rack, the internal cells have lower thermal tolerance that heat generation at a 

lower temperature is adequate to overcome the heat dissipate and initiate thermal runaway. 

Therefore, the internal cells only need to be heated up to 104℃ to self-ignite. This again proves 

that a large LIB ensemble could self-ignite at a much lower temperature. The temperature of 

the central point only needs to reach 104 ℃, which is the temperature when SEI decomposition 

starts to be obvious[1,5], the low heat generation already overcomes heat dissipation and causes 

thermal runaway.  

Figure 3-6 shows the relationships between Ta, cr, Ton with the number of cells. Both Ta, cr 

and Ton drop significantly for a large LIB ensemble. According to the decreasing trend, it seems 

that self-heating ignition for a battery ensemble at environmental temperature is impossible to 

take place for it requires countless cells. However, these decrease trends clearly show that a 

large ensemble of LIBs is much more thermally vulnerable than a single cell, that they could 

self-ignite at much low ambient temperature. These predictions are based on the assumptions 

that all cells are tightly packed and there are no insulating materials nor contact resistance 

between cells. According to these assumptions, the effective thermal conductivity of the whole 
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battery ensemble is the same as that of LIB, 3.4 W m-1K-1. However, for real LIB storage, 

insulations are often required to separate battery cells to prevent short circuits and provide 

cushioning to avoid mechanical damage[27]. These insulations are usually thermally insulating 

and would introduce a large heat resistance and greatly deteriorate heat transfer within the 

ensemble. The effective thermal conductivity for the whole LIB ensemble with insulations 

could be quite low. To consider this effect, this study simply decreases the effective thermal 

conductivity of the system to 0.3 W m-1K-1, the results are shown in Figure 3-5 in the blue line.  
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Figure 3-5. The calculated relationships between Ta, cr, Ton and number of cells in battery ensembles. 

Lines in black represent the results of initial calculations with average heat conductivity of 3.4 W m-1K-

1, the dashed line represents the onset cell temperature Ton, the solid line represents the critical ambient 

temperature Ta,cr, the line in blue represents the results of Ta,cr considering heat resistance between 

battery cells by assuming the effective heat conductivity of the system to be 0.3 W m-1K-1. L is the 

typical length, which is the longest dimension of LIB ensembles. 

The calculations demonstrate that a large battery ensemble with good thermal insulation 

is much easier to self-ignite, the rack is predicted to self-ignite at Ta=60 ℃. Additionally, all 

these predictions are focusing on one type of LIB, and assume that all battery cells are in good 

condition. However, a large LIB ensemble with tens of thousands of cells might contain some 



 

34 

 

cells with tiny manufacturing defects. These defects might not be severe enough to cause a 

short circuit, but could lower the thermal stability of the cell, leading it to fail at a much lower 

temperature. These defective cells could be the local hot spots to start a fire, the critical ambient 

temperature could be much lower in this case. Self-heating ignition could pose potential fire 

hazards to LIBs.  

Unfortunately, current safety guidelines and regulations [108,109] on LIB storage and 

transport do not consider this issue yet. Most of them focus on the prevention of short 

circuits[108,109] and fail to recognize that a warm storage environment might also pose a 

potential fire risk to LIBs.  

3.3.3 The dominant reactions for thermal runaway  

According to the computational results of Hatchard et al.[34]  and Kim et al.[35], the 

dominant reaction triggering thermal runaway for a single cell is believed to be the 

decomposition of the positive electrode. However, as Table 3-2 shows, the Ta, cr and the Ton for 

the rack-scale are predicted to be lower than the onset temperature of the positive-electrolyte 

reaction, which means the driving reactions for thermal runaway could change. In order to 

analyse this phenomenon, the residual concentration of reactants is recorded for these four 

scenarios undergoing thermal runaway. The results are shown in Figure 3-6.  

The model predicts that the SEI layer is already consumed before thermal runaway takes 

place, while the electrolyte remains unreacted at the beginning of thermal runaway. The main 

changes in reactants are the intercalated lithium and the positive electrode. However, a large 

concentration change of a reactant does not guarantee this reaction producing the largest heat 

generation. In this case, the heat generation rate of each reaction 𝑞𝑖
′′′ is integrated over the 
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whole volume of the system forming the heating power Qi of each reaction. ηi is the heat 

generation fraction of i reaction, Qi and ηi are defined as follows: 

 𝑄𝑖 = ∫ 𝑞𝑖
′′′

𝑉

 (5-2)  

 𝜂𝑖 =
𝑄𝑖
𝑄𝑡𝑜𝑡

 (5-3)  

The heating power Qi and heat generation fraction ηi of each reaction are shown in Figure 

3-7 and Figure 3-8 respectively. The simulations predict that both heating power and heat 

generation fraction have a similar trend for different sizes of LIB ensembles. At the start of the 

simulation, the battery cells are all at a low temperature, where the negative electrolyte reaction 

generates most of the heat. As temperature increases, the SEI layer starts to decompose. ηsei 

forms a peak in the early stage with the consumption of meta-stable SEI. As the temperature 

increases further, positive electrolyte reaction begins to increase in speed. ηp rises sharply and 

quickly becomes the dominant reaction.  
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Figure 3-6. The calculated residual dimensionless concentration of four reactants in four scenarios (from 

(a) cell to (d) rack) undergoing thermal runaway. The vertical purple lines represent the time when 

thermal runaway starts to take place. 
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Figure 3-7. The calculated heating power of different reactions in four scenarios (from (a) cell to (d) 

rack) undergoing thermal runaway. Qi is the heating power of i reaction, defined as the heat generation 

rate of i reaction integrated over the whole volume of the system. The vertical purple lines represent the 

time when thermal runaway starts to take place. The heating power of electrolyte decomposition, Qe 

maintains around 0 for all scenarios. 

However, when the size of the battery ensemble changes, there are some performance 

changes that need to be accounted for. As the size of the ensemble increases, the lasting time 

of the SEI reaction increases, making the peak flatten. Only for the single-cell scenario, the ηsei 

have a chance to rise above ηn. While for a large size, ηn is always higher than ηsei, which shows 

that the negative-electrolyte reaction has a stronger influence on self-heating behaviour for 

large LIB ensembles. Looking at the time when thermal runaway starts to take place, the 

positive-electrolyte reaction is dominating for small size (cell and box scenarios), while the 

negative-electrolyte reaction plays a more crucial role for large size (shelf and rack scenarios). 

This can be interpreted that as the size of the battery ensemble increase, the onset time of 
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thermal runway, the purple lines in Figure 3-8, move toward the left, which can be regarded as 

an earlier stage. This means for a large battery ensemble, it does not need that much heat 

generation to reach thermal runaway. The heat provided by the reactions taking place at lower 

temperatures might already be enough to trigger thermal runaway and self-ignition. 

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0
0 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0
0 50 100 150 200 250 300 350

0.0

0.2

0.4

0.6

0.8

1.0

ton=37 min

Ta=85 ºCTa=100 ºC

Ta=125 ºC

H
ea

t 
g

en
er

at
io

n
 f

ra
ct

io
n

, 
d

 hsei

 hn

 hp

 he

Ta=155 ºC

(around 0) (around 0)

(around 0)

(a) Cell

Time (min)Time (min)

ton=266 hton=66 h

ton=528 min

(b) Box

 hsei

 hn

 hp

 he

Time (h)

d
H

ea
t 

g
en

er
at

io
n

 f
ra

ct
io

n
, 

d

(c) Shelf

 hsei

 hn

 hp

 he

Time (h)

(around 0)

(d) Rack

 hsei

 hn

 hp

 he

 

Figure 3-8. The calculated heat generation fractions of different reactions in four scenarios (from (a) 

cell to (d) rack) undergoing thermal runaway. ηi is the heat generation fraction of i reaction, defined as 

heat generation of i reaction divided by the total heat generation of all reactions. The vertical purple 

lines represent the time when thermal runaway starts to take place. The heat generation fraction of 

electrolyte decomposition, ηe maintains around 0 for all scenarios.  

For a large ensemble of LIB, ηsei and ηn play a more important role in the early stage of 

self-heating. The changes of ηn vs. ηsei in the scenarios of single-cell and rack are plotted in 

Figure 3-9 to demonstrate the changing of dominating reactions for different scales. Both 

curves show the same trend. At the beginning (t=0), the temperature of LIBs remains low and 
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all other reactions have not started yet except negative electrolyte reaction, ηn=1. When cells 

are heated up, SEI starts to react and ηsei increases until reaching the maximum reaction rate 

(t= 0.18 h for the single-cell and t=59 h for the rack), where ηsei peaks. Afterwards, ηsei drops 

as the active component of SEI consumed.  In this period, ηn goes back and starts to increase. 

However, ηn could not reach 1 again, where the positive electrolyte reaction starts to react and 

gradually becomes the dominating one, and thermal runaway starts (ton=0.61 h for the single-

cell and ton=266 h for the rack). The peak value of ηsei of the rack is significantly lower than 

that of the single cell, which indicates that negative electrolyte reaction has a larger influence 

on self-heating for large LIB ensembles.  
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Figure 3-9. The relative value of the two most important heat generation terms ηn vs. ηsei in the scenarios 

of single-cell and rack to demonstrate the changing of dominating reactions when scale-up. The 

variation in time of ηn and ηsei is shown by directional purple arrows. At t=0, ηn=1 for both single-cell 

and rack scenarios. ηsei peaks at t=0.18 h and 59 h respectively for single-cell and rack. Thermal runaway 

starts at t=0.61 h and 266 h respectively for single-cell and rack. The peak of SEI heat generation 

decreases with the increase of size, indicating the negative reactions having growing importance on 

self-heating ignition of LIB ensembles. 
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3.4 Conclusions  

In this study, a 3D transient heat transfer model is developed to investigate if a large 

ensemble of LIBs during storage could be ignited by self-heating ignition. LCO type of battery 

is chosen as an example for this case study and analysed based on multi-step chemical kinetics 

for four typical storage scales. The results show that heat transfer in different sizes of LIB 

storage systems could significantly change its self-heating behaviour. The upscaling modelling 

predicts that both the critical ambient temperature, Ta,cr , and onset cell temperature, Ton, 

decrease significantly with the increase of the size of battery ensembles. Simply considering a 

theoretical condition, Ta,cr drops from 155 ℃ for a single cell to 85 ℃ for a rack of cells. The 

presence of insulations during LIB storage could further decrease the temperature threshold for 

self-heating ignition (Ta,cr=60 ℃). These indicate self-heating ignition can be a possible cause 

for fires of large-scale stocking of LIBs. Besides, the model predicts that the dominating 

mechanism of the self-heating ignition of LIBs changes with the size of LIB ensembles. While 

the positive reactions dominate self-heating ignition of small LIB ensembles, the negative 

electrolyte reactions are predicted to be more crucial for large LIB ensembles. Driven by heat 

transfer, the thermal behaviour of a large-scale application could in fact differ significantly 

from the lab-scale one.  This work tries to provide insights into the effects of heat transfer in 

large scale LIB storage fires. For the sake of simplicity, the results presented in this paper focus 

on LCO batteries with no defects. However, other types of LIB as well as batteries with defects 

would have different kinetics and could increase the tendency to self-ignite. 
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Chapter 4. Heterogeneous model of self-heating 

ignition of a box of Lithium-ion batteries  

Summary2  

Many thermal events have been reported regarding the storage and transport of large 

numbers of LIBs, raising industry concerns and research interests in its mechanisms. Apart 

from electrochemical failure, self-heating ignition, driven by poor heat transfer could also be a 

possible cause for the fires of large-scale ensembled LIBs. The classical theories and models 

on self-heating ignition assume a simple lumped system, whereas LIBs storage involves 

complex geometry due to the packaging and insulation, which significantly changes the heat 

transfer within the system. These effects on the self-heating behaviour of LIBs have not been 

studied yet. In this chapter, the self-heating ignition behaviour of a box containing 100 LCO 

type of cylindrical cells with different insulation is numerically modelled using COMSOL 

Multiphysics. The model predicts that the critical ambient temperature triggering self-ignition 

of the box is 125ᵒC, which is 30 ᵒC lower than that for a single cell, and the time to thermal 

runaway is predicted to be 15 times longer. The effects of different insulating materials and 

packing configurations are also analysed. This work provides novel insights into the effects of 

heat transfer on self-heating of large-scale LIBs. 

 

2 This chapter is based on “Hu, Z., He, X., Restuccia, F., & Rein, G. (2020). 

Numerical study of self-heating ignition of a box of lithium-ion batteries during 

storage. Fire technology, 56(6), 2603-2621.” 
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4.1 Introduction  

LIBs are a popular type of rechargeable battery that have wide applications in portable 

devices such as cell phones, cameras, laptops, and even for vehicles and smart grids[110,111]. 

However, fire safety issues remain a severe challenge for their further development. Safe 

storage and transport of these batteries with high energy density is becoming a concern to LIB 

manufacturers, transport industries as well as recycling plants, because of many fire incidents 

having been reported in recent years. Figure 4-1 shows two large fires that took place at LIB 

manufacturer and warehouses, causing serious damage. It is crucial to understand the 

fundamental mechanisms of the cause of these large-scale LIB storage fires to help make 

strategies and better prevention. 

 

Figure 4-1. Two large LIB storage fires. (Left) a battery recycle plant in the UK caught fire causing the 

burning of 4 tonnes of waste LIBs[112], and (right) a LIB factory warehouse in China caught fire, the 

area burnt was approximately 1000 m2[113].  

While the electrochemical community seek explanations mostly from the battery’s 

chemistry, one important factor that has been omitted is that heat transfer also plays a 

significant role in ignition[49,107]. Self-heating ignition[49,107], which is a fundamental 

cause of fires for reactive materials[83,84,114], has barely been discussed in the battery 

community. The numerical model developed in Chapter 3 has shown the critical ambient 

temperature, Ta,cr, decreases significantly with the increase of the size of battery ensembles. A 
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rack of LIBs is predicted to self-ignite at an ambient temperature of 85℃, which is 70℃ lower 

than that of a single cell. However, these results are based on a theoretical condition, which 

assumes all battery cells are tightly packed and there is no insulation or contact resistance 

between battery cells. Therefore, reactants are assumed to be continuously and homogeneously 

distributed inside the entire LIB ensemble. This is also the basic assumption for classical self-

heating theories such as Semenov’s theory and Frank-Kamenetskii’s theory[76,107]. However, 

in real LIB storage, LIBs are required to be separated by insulations to prevent short circuits 

and provide cushioning to avoid mechanical damage[27,115,116]. These packaging materials 

are usually also thermally isolating, which might significantly change the self-heating 

behaviour of the system. It is crucial to build a model to quantitively analyse the effects of 

these complex insulations on the self-heating ignition behaviour of LIBs.  

In this chapter, a heterogeneous numerical model is developed to analyse the self-heating 

behaviour of a box of cells (100 cylindrical cells) in storage and try to investigate the effects 

of insulations on its self-heating behaviour. LCO type of battery is chosen as a case study. 

Firstly, the self-heating behaviour of the LIB box is compared against one single 18650 cell as 

presented in Section 3.2.2. Afterwards, the impacts of different insulations and packing 

configurations are discussed. 

4.2 Methods 

In order to analyse the potential effects of complex insulations for real LIB storage, a 

typical storage box with 100 cylindrical cells is analysed. The schematic is shown in Figure 4-

2. In the LIB box, the distance between adjacent cells is 20 mm, and there is a 5 mm gap 

between the front layer of cells and the cover of the box, as shown in Fig. 2 (a). The total 
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dimensions of the box are 0.208 m × 0.208 m × 0.075 m. To be noted, the size of the box 

analysed in this chapter is only one-eighth of that presented in Chapter 3. The batteries 

considered are the same batteries as explained in Section 2.3, which are batteries analysed in 

work by Hatchard et al[11]., E-One/Moli Energy ICR18650 (18 mm diameter, 65 mm length) 

1.65 Ah cobalt cells in 100% SOC. Firstly, all gaps are assumed to be filled with air, which is 

the most common scenario for real LIB storage. In this packing configuration, the volume ratio 

of battery cells with respect to the whole box χ=Vb/Vbox is 0.51. Due to the symmetry of the 

geometry, one-eighth of the box is chosen as a computational domain to save computational 

costs, just as shown in Figure 4-2 (b). The numerical calculations are performed using the finite 

element method (FEM) software COMSOL Multiphysics 5.4.  

 

Figure 4-2. Domains of the battery boxes studied in this work. (a) The whole battery box containing 

100 cylindrical cells, and (b) one-eighth of the box is chosen as a computational domain using 

geometrical symmetry. 

4.2.1 Governing equations and kinetics for the heterogeneous model  

The governing equations and battery chemical kinetics are mostly based on the model 

explained in Section 2.3. However, the presence of insulation changes the overall heat transfer 

within the box. Two computational regions are considered: the battery, where exothermic 
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reactions take place, and the air, which is inert. Therefore, the 3D governing equation is 

amended as:  

 𝜌𝑖𝑐𝑝,𝑖
𝜕𝑇

𝜕𝑡
= 𝑘𝑖∇

2𝑇 + 𝑞tot,𝑖
′′′  (4-1)  

where ρi is the density, cp, i is the heat capacity, ki is the thermal conductivity of i material, 

and 𝑞tot,𝑖
′′′  is the volumetric heat source in i. The thermophysical properties ρ, cp, and k for i 

material are considered as constant effective values and do not change at the temperature range 

analysed. In this box scenario, the air gaps are very thin. The flow of air is constrained, 

therefore, only heat conduction is considered and natural convection within the constrained 

narrow gaps can be ignored. The heat transfer at interfaces between battery and air domain is 

calculated using the following equation: 

 𝜌𝑏𝑐𝑝,𝑏
𝜕𝑇

𝜕𝑡
|
int,b

= 𝜌𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟
𝜕𝑇

𝜕𝑡
|
int,air

 (4-2)  

At the free surface of the box, radiative and convective heat transfer are considered. Eq. 

4-3 is used for the convective heat flux component. 

 𝑞conv
′′ = ℎ(𝑇𝑠 − 𝑇𝑎) (4-3)  

where h is the convection heat transfer coefficient, Ts is the temperature of the free surface 

boundary, and Ta is the ambient temperature. Eq. 4-4 is the radiative heat flux component at 

the boundary: 

 𝑞rad
′′ = 휀𝜎(𝑇𝑠

4 − 𝑇𝑎
4) (4-4)  

where ε is the surface emissivity, and σ is the Stefan-Boltzmann constant. At symmetric 

boundaries, no heat passes through: 

 𝜌𝑖𝑐𝑝,𝑖
𝜕𝑇

𝜕𝑡
|
sym

= 0 (4-5)  



 

46 

 

The chemical kinetics are the same as explained in Section 2.3, except, the reactions only 

occur in the battery region. In the air region, the heat source term is zero. The thermal physical 

properties for the LIB and air are listed in Table 4-1, while the chemical kinetic properties are 

the same as Table 2-2.  

Table 4-1 

Thermophysical properties of battery cells and insulating materials used in the model. 

Materials ρ (kg m-3) cp (J kg-1 K-1) k (W m-1 K-1) 

Battery cells [11] 2580 830 3.4 

Air (Bubble wrap*) [117] 1.204 1007 0.025 

Polystyrene [118] 19 1280 0.036 

Polyurethane [118] 28 1537 0.024 

* Since the thermophysical properties of bubble wrap change with the portion of polymer and air used, 

this study assumes the thermophysical properties of bubble wrap are the same as air at 20℃.  

 

Table 4-2 

Mesh independence analysis. The calculated results of the temperature of the central cell and total 

heating power of the whole battery box at the time of 2 h, 5 h, and 10 h based on three sets of meshes.  

Number of 

elements  

t=2 h t=5 h t=10 h 

Tcentral (℃) Qtot (J s-1) Tcentral (℃) Qtot (J s-1) Tcentral (℃) Qtot (J s-1) 

3872 76.2 0.627 123.3 0.583 126.9 0.260 

5150 75.9 0.589 122.8 0.582 126.8 0.259 

7480 76.0 0.596 122.9 0.582 126.4 0.259 

 

4.2.2 Mesh independence analysis 

The mesh used for the single-cell presented in Section 3.2.2 contains 384 elements. It is 

relatively easy to grid such a small homogeneous domain. However, for a complex 

heterogeneous multi-cells system, mesh quality might play a crucial role in the accuracy of 

calculations. It is necessary to conduct a mesh independence analysis on such a system. Three 
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sets of meshes are used in this chapter with 3872, 5150, and 7480 elements respectively. The 

temperature of the central cell and the total heating power of the whole battery box are two 

crucial parameters for self-heating and are chosen as the criteria. The result of the mesh 

independence analysis is listed in Table 4-2. It shows that all three meshes give almost the same 

results. Using the results of 7480 elements as a baseline, the meshes with 3872 elements and 

7480 elements provide enough accuracy. To ensure the accuracy for more complex simulation 

conditions, the mesh with 5150 elements is chosen.  

4.3 Results and discussion 

A series of numerical calculations under different ambient temperatures are conducted to 

determine the critical ambient temperature Ta,cr that triggers self-heating ignition. All battery 

cells in the box are in open circuit condition with 100% SOC. The effects of chemical defects, 

insulating material, and packing configurations on the critical ambient temperature Ta,cr are 

analysed in the following sections.  

4.3.1 Critical ambient temperature 

Figure 4-3 shows the temperature history of both the single-cell and the battery box 

exposed to different ambient temperatures. The central cell in the box is the local hot spot due 

to geometric symmetry, and its temperature is used to assess the onset of ignition. The Ta,cr for 

the battery box is predicted to be 125℃, which is 30 ℃ lower than that of the single cell. This 

is because the heat dissipation condition for the central cell in the box is much worse than the 

single cell, which needs less heat generation and, therefore lower temperature to undergo 

thermal runaway.  
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Figure 4-3. The calculated temperature history of the single-cell (left) and the box (right) under different 

oven temperatures. The vertical red line represents the time when thermal runaway starts to take place. 

4.3.2 Time to thermal runaway  

The numerical results show that the battery box can self-ignite at lower ambient 

temperature, the time it needs to run away is longer. As Figure 4-3 shows, under the critical 

ambient temperature (155 ᵒC for the single cell, and 125 ᵒC for the box), the time scale for the 

single cell is less than 100 min, while that for the battery box is over 10 h. In this study, the 

onset state of thermal runaway is defined as the time where the second derivative of 

temperature over time 
𝑑2𝑇

𝑑𝑡2
 the first time turns from negative to positive. After this critical time, 

not only does the temperature increase with time, but also the temperature increase rate 
𝑑𝑇

𝑑𝑡
 

starts to increase, which leads to an uncontrollable temperature increase and runaway. This 

time is ton, and the cell temperature at this time is defined as the onset cell temperature Ton. To 

be noted, Ton is the temperature of the central point of the system, while Ta, cr is the critical 

temperature of the ambient. In this case, the single-cell starts to thermally run away at 

ton=38min, while the ton of the battery box is 7.6h. The ton for both the single-cell and the box 

is marked using a red vertical line shown in Figure 4-3. The ton is the criterion to assess the 

onset of thermal runaway. After this point, without any external measures being applied to cool 
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down the system, the system can heat itself up, which means it already goes into a hazardous 

state. The ton is ahead of the time when there is a sharp temperature increase, which can be 

called a fully developed thermal runaway state. 

4.3.3 The temperature distribution inside the battery box 

Figure 4-4 shows the calculated temperature distribution inside the box at 11h (Ta=125 

ᵒC). At this point, the box already is undergoing thermal runaway. The hot spot is located at 

the central point of the box because of its lowest heat dissipation due to geometric symmetry. 

There is an obvious temperature difference between different cells, while the temperature 

gradient inside one cell can be omitted. This is because of the difference in thermophysical 

properties between the batteries and air. The batteries have a much larger volumetric heat 

capacity ρcp than that of the air, which means that battery cells have a stronger ability to store 

energy and maintain their temperature.  

 

Figure 4-4. The calculated temperature distribution along middle cross-section planes inside the whole 

box (t=11 h, Ta=125 ᵒC). The dark dashed line is the line used to analyse the temperature distribution 

history afterwards.  

The temperature distribution of the central line (the black dashed line in Figure 4-4) as a 

function of time is monitored to analyse the development of thermal runaway, as shown in 
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Figure 4-5. Due to the geometry symmetry, the temperature distribution in the y-direction is 

the same as that in the x-direction. The x-axis of Figure 4-4 is normalised to the length of the 

box. In the early stage, the temperature of the outer layer of cells increases sharply. After 5h, 

the battery cells in the central part of the box reach the environmental temperature. The heat 

generated by side reactions heats the battery cells, leading the temperature of cells to be higher 

than the environment. After a further 2 h where heat is accumulating in the box, the temperature 

of the central cell reaches thermal runaway conditions.  

 

Figure 4-5. Predicted temperature distribution at the centre line in the x-direction at different times. The 

x-axis is normalised by the total length (L) of the box (at Ta=125 ᵒC). 

4.3.4 Dominating chemical reactions  

To analyse the mechanisms that initiate thermal runaway, the dimensionless concentration 

of the reactants is studied, as shown in Figure 4-6. All reactants show very similar trends for 

both cell and box. The meta-stable SEI component for both scenarios is already consumed by 

the time thermal runaway is initiated, while the electrolyte remains unreacted because the 

temperature range interested is lower than the temperature to initiate electrolyte decomposition. 

The intercalated Lithium in the negative electrode decreases slowly, while the positive 

electrode decomposes rapidly just after thermal runaway. To analyse the most important 
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reactions triggering thermal runaway, the heat generation of each reaction is calculated. 

Heating power Qi is defined as the volume integration of the heat generation rate  𝑞𝑖
′′′ of i 

reaction.  

 𝑄𝑖 = ∫ 𝑞𝑖
′′′

𝑉

 (4-6)  

 

Figure 4-6. Predicted dimensionless concentration of reactants for the single-cell (left) and the box 

(right) at their critical ambient temperature. The vertical red line represents the time when thermal 

runaway is initiated.  

The predictions are shown in Figure 4-7. The left plot shows the heating power of one 

single cell, while the right graph shows the heating power of the whole box with 100 cells. Qtot 

has a peak at an early stage, around 0.2 h for the single-cell and 3 h for the battery box due to 

the SEI decomposition. Thermal runaway is initiated at 38 min for the cell and 7.6 h for the 

box. After this critical time, the positive-electrolyte reaction is the dominant reaction to trigger 

thermal runaway for the single cell, while for the battery box, the positive-electrolyte reaction 

and the negative-electrolyte reaction share the same contribution on triggering thermal runaway. 

It is because the battery box requires a lower temperature to initiate thermal runaway, which 

the reactions at low temperature contribute more heat to trigger thermal runaway. While the 
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single-cell thermal runaway at a relatively high temperature that only the reactions at high 

temperature could initiate thermal runaway. 

 

Figure 4-7. Predicted heating power of reactions for the single-cell (left) and the box (right) at their 

critical ambient temperature. The vertical red line represents the time when thermal runaway starts to 

take place. 

4.3.5 Effects of activation energy  

The sensitivity analysis presented in Section 3.2.3 has shown that the activation energy of 

the positive reaction Ep is the most sensitive parameter for the single cell. In this chapter, the 

influence of Ep on Ta,cr for the whole LIB box is also evaluated. The Ep varies from 90%-110% 

of the baseline from Table 2-2. The calculated results are shown in Figure 4-8. It shows that Ep 

also has a large influence on the Ta,cr of the box of cells. With ±10% variation of Ep, the Ta,cr 

could decrease to 65 ᵒC or increase to 165 ᵒC for the box.  
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Figure 4-8. Predicted Ta,cr of the battery box using different Ep (Basic value is taken from Hatchard et 

al.[11]).  

4.3.6 Effects of packaging materials  

For the storage and transport of LIBs, electrical and mechanical insulation between cells 

is required to avoid short-circuits and mechanical collisions. Several kinds of materials are 

available with different thermophysical properties, which may change the self-heating 

behaviour of the box. In this chapter, three commonly used packaging materials: bubble wrap, 

polystyrene, and polyurethane are analysed. The thermophysical properties of these three 

materials are listed in Table 4-1. The predictions are shown in Figure 4-9. Ta,cr of the box case 

with different packaging materials are estimated to be the same, 125 ᵒC, the type of insulating 

materials has a negligible influence on Ta,cr. This is mainly because the thermal conductivity k 

for all three packaging materials are similar compared to the thermal conductivity of the 

batteries, which is 2 orders of magnitude higher. This means the packaging materials 

introduced the same order of magnitude of heat resistance inside the box system, while the heat 

resistance by battery cells is much smaller and can be neglected. This makes the self-heating 

ignition of the box with these packaging materials almost identical. Although boxes with these 

three different insulation materials are predicted to self-ignite at the same critical ambient 
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temperature, the temperature profiles still have slight differences. The box with polyurethane 

is predicted to have the lowest temperature increase rate in the early stage (first 7 h), but the 

fastest temperature rise when thermal runaway is initiated. While the box with polystyrene is 

just the opposite that which has the fastest temperature increase rate in the early stage, but is 

lowest after the onset of thermal runaway. The box with bubble wrap is predicted in the middle.  

 

Figure 4-9. Predicted temperature history of the central cell with different insulating materials. The 

boxes with different packaging materials are all thermal runaway at 125 ℃. 

4.3.7 Effects of packing configurations  

There is no standard or guideline for the distance of gaps between adjacent cells for the 

package of LIBs. However, the industry tends to use smaller gaps to allow more cells to be 

stacked as long as the gaps provide reasonable protections for electrical insulation and 

mechanical cushion. The gap between cells could influence the critical condition for self-

ignition. The effects of packing configuration with different spacing of cells are analysed in 

this chapter. The same box with dimensions of 0.208 m × 0.208 m × 0.075 m is chosen for all 

packing configurations, with different numbers of cells inside (100, 49, 25 and 9 respectively), 

and the volume ratio of batteries over the total box χ=Vb/Vtot are 0.510, 0.250, 0.127, and 0.046 

respectively, as shown in Figure 4-10. While the former analysis has shown that the box with 
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all three types of packaging materials has almost the same self-heating behaviour. This work 

assumes gaps between cells are filled with bubble wrap. The theoretic case, χ=1, is considered 

as the extreme case for comparison. The predictions are shown in Figure 4-11.  

 

Figure 4-10. The Sketch of domains for different packing configurations using the same box (0.208 m 

× 0.208 m × 0.075 m) with 100, 49, 25, and 9 cells. The volume ratio of battery cells χ=Vb/Vbox is 0.510, 

0.250, 0.127, and 0.046 respectively.  
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Figure 4-11. Predicted Ta,cr for different packing configurations. The same box containing 9, 25, 49, 100, 

and 196 (theoretical) battery cells, with χ=0.046, 0.127, 0.250, 0.510, and 1 respectively. 

Interestingly, Figure 4-11 shows that the box with χ=0.510 has the lowest Ta,cr, which 

means it has the worst thermal stability and can self-ignite at the lowest ambient temperature. 

Compared with the theoretical condition, χ=1, the Ta,cr for the scenario with χ=0.510 is around 

10 ℃ lower, which means the presence of packaging material actually could significantly 

promote self-heating ignition. This is because the presence of thermal insulation significantly 

changes the effective thermophysical properties of the system.  

For the theoretical case, χ=1, it has the maximum number of battery cells as well as the 

highest heat generation. However, its ability to dissipate heat is also strongest because the heat 

conductivity of batteries is over 100 times higher than the packaging material. In this ideal 

scenario, the heat resistance of the whole box is much lower than other scenarios, leading to 

the system to tolerate a higher ambient temperature. Once the insulating materials are 

incorporated, the heat resistance by the insulating materials are dominating compared to the 

heat resistance by the battery cells. Therefore, the total heat resistance of the system does not 

change much for different spacing with different χ. However, the system with lower χ has 

significantly lower heat generation density, which allows the system to tolerate a higher 

temperature environment and self-ignite at a higher temperature. Therefore, the box with 

χ=0.046 has the minimum number of battery cells, which means lower heat generation, and has 

a higher Ta,cr . This phenomenon should be similar to other LIB storage systems.  

4.4 Conclusions  

In this chapter, a heterogeneous model is developed to analyse the self-heating ignition 

behaviour of a box with 100 LCO type of cylindrical cells under storage. The impacts of 
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packaging materials and packing configurations during LIB package on self-heating behaviour 

are analysed to provide insights for predicting the self-heating behaviour of large-scale LIB 

storage systems. It is found that the critical ambient temperature triggering self-ignition of the 

battery box is 30 ᵒC lower than that of a single cell, indicating that the safety guidance based 

on tests on single cells does not guarantee the safety of a large pack of battery cells. The model 

predicts that the presence of packaging materials could accelerate self-heating ignition, while 

the type of materials used has a negligible influence on the self-heating ignition of the box as 

long as thermal conductivities of the insulation are the same order of magnitude as that of air. 

It is predicted that the box with the volume ratio of battery cells in the box of around 0.51 has 

the highest tendency to self-ignite. This study shows that the insulations during the LIB 

package have crucial impacts on the self-heating behaviour of the LIB storage system. This 

study shows that the insulations used during LIB packaging have a crucial impact on the self-

heating behaviour of the LIB storage system 
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Chapter 5. Anisotropic and homogeneous model of 

large ensembles of Lithium-ion batteries  

Summary3   

Self-heating ignition is a fire hazard in warehouses when stacking large quantities of 

reactive materials and is also a cause of fires for large ensembles of the lithium-ion battery 

(LIB) during storage. Current self-heating models on LIBs are either too computationally 

expensive to be applied to the predictions of large LIB ensembles, or capable of large ensemble 

predictions but missing important heat transfer characteristics like insulation in packaging. This 

chapter develops a 3D anisotropic homogeneous (Ani-Hom) transient model that can 

incorporate both complex packaging and be useable for large ensemble predictions using 

COMSOL Multiphysics. Lithium Cobalt batteries (LCO) are used as a case study. This Ani-

Hom model was verified by comparing a box-scale simulation against an isotropic 

heterogeneous (Iso-Het) model developed in Chapter 4. Both the predictions of temperature 

evolution and the heat generation agreed to within 5%, while the computational time of the 

Ani-Hom model is one order of magnitude lower than the Iso-Het model. The Ani-Hom model 

is then applied to LIB ensembles in four possible storage sizes, ranging from a single cell to a 

rack with around 10 million cells, with different packing configurations and spacing between 

cells. The model predicts that the presence of packaging insulation promotes self-heating 

ignition. A rack of these LCO LIBs is predicted to self-ignite at an ambient temperature of 

 

3 This chapter is based on “Hu, Z., He, X., Restuccia, F., & Rein, G. (2021). 

Anisotropic and homogeneous model of heat transfer for self-heating ignition of 

large ensembles of Lithium-ion batteries during storage (accepted). Applied 

Thermal Engineering.” 
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45℃, which indicates that LIBs in a warehouse are vulnerable to fire hazards in warm 

environments. The presence of defects or abuse will even lower this critical ambient 

temperature. This work provides insights into the effects of complex insulation and spacing on 

self-heating ignition of LIBs during storage and contributes a better understanding which can 

help mitigate such fires. 

5.1 Introduction  

Self-heating ignition, as introduced in Chapter 1 and Chapter 2, is a fundamental cause of 

fires when reactive materials are heavily stacked. Unfortunately, this phenomenon has seldom 

been discussed in the battery community. The worst cases for self-heating ignition are whether 

it could occur at, or near to, normal ambient temperature, which usually requires large stacking 

of reactants. For LIBs, it is difficult to conduct such large-scale experiments due to the high 

costs and severe hazards involved, which significantly block the understanding in this field. 

Current feasible approaches are through investigating the critical kinetics by lab-scale 

experiments[52,119,120] and then applying it to a self-heating theory or fundamental heat 

transfer model to make large-scale predictions[62]. However, simulating such a large-scale 

LIB ensemble is still a challenge for the current state-of-the-art models in the literature. As 

introduced in Chapter 1 and demonstrated in Figure 1-2, self-heating ignition of LIBs at the 

warehouse-scale (may contain thousands of or millions of cells[54]) involves three major 

challenges: the complexity of chemistry, the complexity of geometry, and the geometric scale. 

While the thermal models in the literature usually focus on one aspect with little attention to 

the other two.  
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 In Chapter 3, a homogeneous model is developed to achieve large scale predictions of 

self-heating ignition of LIBs with consideration of four-step reaction kinetics. The results show 

that the geometrical size of the LIB ensemble has a vital influence on the critical ambient 

temperature for self-heating ignition. However, the model does not consider the complex heat 

transfer introduced by the packaging and insulation. Chapter 4 develops a heterogeneous model 

to consider the complex geometry and heat transfer for a box with 100 cylindrical cells. The 

results predict that the insulation significantly deteriorates the internal heat transfer within the 

battery box and facilitates self-heating ignition. Therefore, the effects of these insulations 

should not be ignored for large scale predictions. The problem is that directly simulating these 

narrow structures with the heterogeneous model would introduce more refined meshes 

(millimetre scale) and is numerically affordable for large-scale (warehouse-scale) predictions. 

It is important to develop a model, which could incorporate the complex heat transfer 

introduced by insulations during LIB storage and also is capable of large-scale prediction to 

better understand the self-heating ignition behaviour for large-scale LIB storage.  

The objective of this chapter is to build such a model. Based on the models developed in 

Chapter 3 and Chapter 4, a simplification methodology is put forward. The model developed 

in this chapter firstly decouples heat transfer from complex chemical reactions to calculate the 

key effective heat transfer properties, and then recouples the multi-step chemical reactions to 

achieve fast simulations for large-scale LIB ensembles. The improved model simulates the box 

case presented in Chapter 4 and validates against the heterogeneous model. Afterwards, the 

improved model is applied for large-scale predictions and compared against the large-scale 

predictions by the homogeneous model developed in Chapter 3 to understand the effects of 

insulation on self-heating ignition of large LIB ensembles.  
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5.2 Modified anisotropic and homogeneous model 

The fundamental modelling of self-heating ignition of LIBs is based on the homogeneous 

model presented in Chapter 3. The chemical kinetics are the same as explained in Section 2.3. 

Still, the LCO type of LIBs from the work by Hatchard et al.[11] and Kim et al.[66] is selected 

as a case study. The detailed input parameters are mostly from Table 2-2 based on E-One/Moli 

Energy ICR18650[11] (18 mm diameter, 65 mm length) 1.65 Ah cobalt cells in 100% SOC. 

All of the numerical calculations are performed using a finite element method (FEM) 

commercial software, COMSOL Multiphysics V5.4. 

5.2.1 Simplification methods 

A major obstacle for predicting self-heating of the real large-scale LIB storage system is 

that battery cells are usually separated by small gaps or insulations to avoid mechanical abuse 

or short-circuits. These composite structures created by the insulations significantly change the 

heat transfer performance of the whole LIB storage system, and therefore are not negligible for 

self-heating modelling. However, direct simulations by considering these narrow structures 

would introduce refined meshes, which is numerically unaffordable for large-scale predictions. 

Proper simplification needs to be taken for the current model. When discussing simplification 

of calculations, this work introduces another concept, anisotropy (isotropic/anisotropic), which 

needs to be distinguished from heterogeneity (homogeneous/heterogeneous).  

Homogeneous defines all material properties to be identical in all locations (otherwise 

heterogeneous), while isotropic defines that material properties are the same in all directions 

(otherwise anisotropic). Based on a simple LIB structure, Figure 5-1 uses thermal conductivity, 

k, as an example to illustrate the differences of these characteristics. Heterogeneity is 
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introduced by analysing heat transfer between different materials, often adding difficulties on 

numerical discretization and meshing, quantitatively increasing computational costs but with 

the controlling equations remaining unchanged. Anisotropy is an intrinsic property of some 

materials, which have a strong directional heat transfer tendency. It does not geometrically 

change the discretization, but physically changes the controlling equations (for each property, 

it introduces three directional variables), increasing computational costs by adding complex 

calculations. While most models[121–123] considered the heterogeneity of the system, the 

concept of anisotropy has seldom been discussed, and therefore by default, isotropic 

distribution is assumed, especially for large-scale predictions requiring massive simplifications.  

 

Figure 5-1. Diagram to identify homogeneous (heterogeneous) vs. isotropic (anisotropic). Using 

thermal conductivity, k, as an example, homogeneous describe material properties to be identical in all 

locations (the positive electrode consists of the same material, kA = kB, and therefore is homogeneous), 

otherwise, it is heterogeneous (the entire battery consists of different materials with different properties, 

kB ≠ kC, and therefore the entire battery is heterogeneous). Isotropic describe material properties to be 

the same in all directions (Point D in the electrolyte, in which different molecules are randomly 

distributed, resulting in macroscopically the same thermal conductivity in all directions), otherwise it 

is anisotropic (Point E in the negative electrode, which graphite has a layer molecular structure, resulting 

in different thermal conductivity along the axial direction and radial direction).  
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Although a LIB cell consists of multiple components and has a complex internal structure, 

the lumped model[11] (isotropic homogeneous, named Iso-Hom afterwards) using effective 

properties could provide adequate accuracy for self-heating prediction of the single-cell 

compared with the 3D isotropic heterogeneous (Iso-Het) model by Kim et al. [66].  

Furthermore, a large-scale LIB storage system has a highly periodical structure (as shown in 

Figure 5-2 (a)) and consists of multiple cells. While each cell is a closed system where complex 

reactions couple with heat transfer, the interaction between cells is merely by heat transfer, 

which allows a method to simplify calculations.   

 

Figure 5-2. Geometric diagrams of the Iso-Het model by Hu et al.[124] (a), which consider the detailed 

heterogeneous structure of a box containing 100 cylindrical cells,  and the Ani-Hom model (b) developed in this 

study, which simplify the same LIB box as a homogeneous media with anisotropic heat transfer characteristics.  

This chapter puts forward a method to decouple the complex chemical reactions and heat 

transfer, using anisotropic homogeneous (Ani-Hom) heat transfer properties to simplify the 

Iso-Het transfer with the LIB storage system. The box with 100 cylindrical cells presented in 

Chapter 4 (as shown in Figure 5-2 (a)) is used as a case study to explain the methodology. The 

basic box has dimensions of 0.208m ×0.208m ×0.075m. The gaps between cells are filled with 

insulation (air) as inert. This study assumes the same amount of reactants (100 cells) and inert 

(air) are equally distributed to the same size of the box (Figure 5-2 (b)), which is homogeneous. 
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The lumped thermophysical properties such as ρl, cp,l of the homogenous box could be 

calculated as: 

 𝜌𝑙 = 𝜒𝜌𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟 (6-1)  

 𝜒 = 𝑉𝑏/(𝑉𝑏 + 𝑉𝑎𝑖𝑟) (6-2)  

 𝑐𝑝,𝑙 =
𝜒𝜌𝑏𝑐𝑝,𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

𝜒𝜌𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟
 (6-3)  

where χ is the volumetric ratio of batteries in the storage system. The different placements 

and orientation of the battery cell within the box could lead to different heat transfer ability in 

different directions. Therefore, heat transfer differences in different directions are considered 

by anisotropic thermal conductivity in this study. Three effective directional thermal 

conductivities kx, ky and kz are used to consider the effects of insulations and orientations of 

cells on the heat transfer through the whole battery box. As discussed before, the interactions 

between battery cells are merely by heat transfer, and therefore could be decoupled from the 

complex chemical reactions. Also, the effective directional thermal conductivities kx, ky and kz 

are inherent properties of the box and could be calculated by conducting steady-state 

simulations, just like a steady-state experiment to measure thermal conductivity.   

Figure 5-3 shows an example of a numerical setup used to calculate kx. Firstly, heat 

transfer is decoupled from chemical reactions by turning off all reactions to consider a pure 

heat transfer condition. The two boundaries in the x-direction are set as fixed temperatures TL 

and TR. Boundaries in the other directions are set as adiabatic. In this condition, heat only 

transfers along the x-direction, following Fourier’s law: 

 ∫ 𝑞𝑥
′′𝑑𝑠𝑥

𝑆𝑥

= 𝑙𝑦𝑙𝑧𝑘𝑥(𝑇𝐿 − 𝑇𝑅)/𝑙𝑥 (6-4)  
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where lx, ly and lz are the lengths of the box in different directions, and Sx is the surface area 

along the x-direction. Given an arbitrary temperature difference, TL-TR, the total heat flux in 

the x-direction can be calculated using a steady-state simulation. Then, the effective thermal 

conductivity in the x-direction kx can be deducted by Eq. 5-4. Due to the geometric symmetry, 

ky equals kx. kz can be calculated using the same method, by conducting steady-state simulation 

to calculate the heat flux with a given arbitrary temperature difference between the bottom and 

top boundaries, TB-TT.  

 

Figure 5-3. Example of the steady-state model used to calculate effective directional thermal conductivity in the 

x-direction. A pure heat transfer condition is considered. The 2 boundaries in the x-direction are set as fixed 

temperature TL and TR, while the other 4 free boundaries are set to be adiabatic.  

The calculated effective directional thermal conductivities of the box are listed in Table 

5-1. In this packing condition, kx is equal to 0.052 W m-1K-1, approximately half of the value 

for kz. Compared to the thermal conductivity of LIBs, these effective directional thermal 

conductivities of the whole box are 1 to 2 orders of magnitude lower, agreeing with the result 

presented in Chapter 4 that the presence of insulating materials could significantly change the 

heat transfer properties of the LIB storage system. This is because the insulating materials 

between cells introduce a large heat resistance to the box, while the heat resistance from the 

battery cells is small and negligible. 
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Table 5-1  

Packing configurations and the effective thermal conductivities of LIB ensembles with different sizes.  

No. Cells 

arrangement  

kx  

W m-1K-1 

ky  

W m-1K-1 

kz  

W m-1K-1 

1 10×10×1 0.052 0.052 0.131 

2 20×20×1 0.052 0.052 0.130 

3 10×10×2 0.052 0.052 0.130 

4 10×10×4 0.052 0.052 0.130 

5 20×20×4 0.051 0.051 0.129 

 

5.2.2 Box case validation 

Replacing the thermal properties in Eq. 2-3 with these calculated effective thermal 

properties and coupled with chemical reactions (turning on all reactions), a 3D Ani-Hom model 

is developed, where the effects of insulations during storage are included. With identical input 

kinetic parameters, the self-heating ignition behaviour of the equivalent Ani-Hom battery box 

is simulated and compared with the results by the Iso-Het model for the box with 100 

cylindrical cells presented in Chapter 4. The results are shown in Figure 5-4.  

 

Figure 5-4. The calculated temperature history at the centre point of the box (a) and total heat generation 

of all reactions (b) though Iso-Het model (black) presented in Chapter 4 and Ani-Hom model (blue) in 

this study. 
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The centre point of the box is most vulnerable to self-heating ignition due to geometrical 

symmetry. As a result, its temperature can be used to quantify the propensity of self-heating 

ignition. As Figure 5-4 (a) shows, the simplified Ani-Hom model successfully captured the 

same transition from a subcritical condition (Ta= 120℃) to a supercritical condition (Ta= 125℃) 

as the Iso-Het model. Also, the Ani-Hom model gives quite good predictions (within 5%) on 

the temperature history of the centre point against the Iso-Het model. Another important 

comparison criterion is the total heat generation by the four reactions for the whole box with 

100 cells (shown in Figure 5-4 (b)).  

Both models predicted the early peaks resulting from SEI decomposition, and the decay 

for subcritical condition and the exponential growth for the supercritical condition resulting 

from the positive-electrolyte reaction. Compared to the Iso-Het model, the total heat generation 

in the Ani-Hom model has almost the same peak value (within 5%) in the early stage (at around 

3h). However, the total heat generation given by the anisotropic homogenous model occurs 

slightly earlier (around 30min) in the early stage and slightly later (around 30min) after thermal 

runaway. This is because of the difference in geometry between the two models. Compared to 

the Ani-Hom model, the Iso-Het model shown in Figure 5-2 (a) has a thin layer (5 mm) of 

insulation attached to the outer covers. Heat is much more difficult to transfer in this insulating 

layer. In the initial stage, this thin layer delays the heat flux from the environment to the cells, 

causing a delay of the temperature increase and therefore less heat generation due to chemical 

reactions. As the temperature of the box increases, the temperature of the cells rises above the 

external environment and starts to have a net heat release towards the ambient. The box 

insulation again delays the heat flux toward the external ambient with respect to the no 

insulation case, causing the total heat generation curve to be ahead of that given by the 
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anisotropic homogeneous model. This could also explain the slight differences in the 

temperature given by these two models.  

However, the magnitude of total heat generation by these two models is almost the same, 

which confirms the same self-heating criterion, i.e., the same critical ambient temperature Ta, 

cr. While the modified Ani-Hom model predicts almost the same self-heating behaviour, its 

computational time is less than 10% of that taken by the Iso-Het model. Time efficiency can 

be even higher for a larger LIB ensemble. This great advantage of Ani-Hom is achieved by 

these decoupling and recoupling processes when calculating heat transfer and chemical 

reactions. While the traditional Iso-Het model with refined meshes (5150 elements) needs to 

solve the energy conservation and the species conservation within every single element, the 

Ani-Hom separate these two processes and simplifies the heat transfer model and solves the 

energy conservation on a large scale by considering the special geometric structure of the LIB 

box. Although these decoupling and coupling processes complicate calculations, they enable 

the adoption of coarser meshes (845 elements), which greatly reduce the number of elements 

that need to be calculated, and therefore achieve higher computational efficiency. The 

comparison of the box case simulations with the two models is to demonstrate that with 

proposed simplifications, the modified model developed in this study could achieve almost the 

same numerical prediction of the isotropic heterogeneous model considering complex 

geometry, but crucially with much lower computational costs and therefore support large-scale 

predictions. 
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5.3 Results and discussion 

After the box-scale validation, the Ani-Hom model is then applied for upscaling prediction. 

The key issue is whether these effective parameters from the box-scale simulation could be 

applied for a much larger LIB ensemble. The chemical kinetics are developed based on 

fundamental tests on individual components of LIB[91,95,125] and are regarded to be 

independent of the geometrical size. According to Eq. 5-1 and 5-3 ρl and cp,l are constant with 

a fixed χ and are independent of the size of the LIB ensemble. The effective directional thermal 

conductivities are calculated by the numerical method and may change with the size of 

ensembles. To determine the relationship of effective directional thermal conductivities on the 

size of the system, LIB ensembles in 5 sizes, ranging from 1 box (100 cells) to 16 boxes (1600 

cells) are calculated. The detailed diagram of these LIB ensembles packages is shown in Figure 

5-5. The effective directional thermal conductivities of all ensembles are also listed in Table 5-

1. It is found that kx, ky and kz for all ensembles with different sizes are almost the same, 

indicating that this basic box is representative of large-scale LIB ensemble scenarios. kx, ky and 

kz are generally independent of the size of LIB ensembles and could be used for upscaling 

analysis. 
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Figure 5-5. The diagram of LIB ensembles used to calculate the relationship between geometric size and 

directional thermal conductivities. Range from 2 boxes to 16 boxes.  

For the predictions of self-heating ignition of LIB ensembles, this study considers four 

typical storage sizes used in Chapter 3: (1) a single cell, (2) a cardboard box of cells (0.431m 

× 0.343m × 0.165m), (3) a shelf of boxes (3m × 1.5m × 1.5m), and (4) a rack of shelves (30m 

× 6m × 3m). Chapter 4 shows that the boxes with different spacing between cells (different χ) 

have quite different self-heating behaviour. In this chapter, the effects of χ are also investigated. 

The same χ range are adopted as: 0.046, 0.127, 0.250, 0.510, and 1. The detailed diagrams of 

different packaging configurations are presented in Figure 4-10. The effective thermophysical 

properties of these LIB ensembles with different χ are calculated and listed in Table 5-2. With 

all these parameters, the self-heating ignition behaviour of different LIB storage scenarios with 

different χ was then simulated and presented in Figure 5-6.  

Table 5-2 
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The effective thermophysical properties of LIB ensembles with different battery volume ratio χ.  

χ ρl  

kg m-

3
 

cp,l  

J kg-

1K-1 

kx  

W m-1K-

1 

ky  

W m-1K-

1 

kz  

W m-1K-

1 

1 2580 830 3.4 3.4 3.4 

0.510 1316 830 0.052 0.052 0.130 

0.250 646 830 0.033 0.033 0.083 

0.127 329 831 0.033 0.033 0.080 

0.046 120 832 0.026 0.026 0.038 

 

Figure 5-6 also compares the result from the isotropic homogeneous (Iso-Hom) model 

developed in Chapter 3, the square points. These square points represent the theoretical 

condition χ=1, where all ensembles are assumed to be fully filled with battery cells. As Figure 

5-6 shows, all ensembles with insulations have lower Ta,cr compared with the theoretical 

condition without insulations. This is because, for χ=1, the effective thermal conductivity of 

the storage system is the same as that of LIB, which is almost two orders of magnitude higher 

than that for other χ values. Although the mass of reactive materials in this theoretical scenario 

is much higher, the high thermal conductivity supports a much stronger heat transfer to the 

environment and thus leads to a higher critical self-ignition temperature.  
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Figure 5-6.  The calculated relationship between Ta, cr and number of battery cells in LIB ensembles of four typical 

storage sizes in different packing configurations. The square points are results from the homogeneous model 

developed in Chapter 3 for the case of pure LIB storage (χ=1). The corresponding straight lines are linear fits of 

Ta, cr verse logarithmic of the number of cells. The purple shaded areas represent different scenarios ranging from 

a single cell to a rack of cells. The worst calculated condition could self-ignition at Ta, cr =45 ℃.  

According to Figure 5-6, in a limited storage space such as the storage box, shelf, and rack 

scenarios (highlighted in purple), ensembles with higher χ (except χ=1) have lower thermal 

tolerance and are more prone to self-ignite. This is because, in limited storage space, a system 

with higher χ has more reactive materials, which means more heat can be generated. In contrast, 

the heat transfer ability of systems with different χ are quite similar. These coupled factors 

make the system with higher χ more prone to self-ignite at a given ambient temperature.  

The rack-scale LIB ensemble with χ=0.510 (the red circle point in Figure 5-6) is predicted 

to self-ignite at an ambient temperature of 45℃, which is 40℃ lower than the result given by 

the homogeneous model developed in Chapter 3. This lower critical ambient temperature is 

even lower than the LIB’s normal working temperature range (below 60℃), and seems to be 
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defying observed phenomena for single cells. However, the normal working temperature for 

lithium-ion is usually specified for a single cell or a small module. For those small-scale cases, 

the surface-volume ratio is significantly larger than the large-scale cases, which means much 

more effective heat transfer and much easier to balance with the environment. These LIBs in 

small scales have much higher thermal tolerance that needs to be heated up to a much higher 

temperature to generate adequate heat to overcome the heat dissipation to initiate thermal 

runaway.  However, for a large LIB ensemble, the internal cells are surrounded by other cells, 

which also generate heat. The heat generated is much more difficult to dissipate that the low-

temperature reactions may already be enough to overcome its heat dissipation and initiate 

thermal runaway. Although the environmental temperature is merely 45℃, the unbalanced heat 

generation may heat the internal cells up to a much higher temperature after a long time of 

storage and initiate a fire.  

This again confirms that the presence of insulations significantly accelerates self-heating 

of large LIB ensembles. These results consider the worst condition, which assumes LCO types 

of LIB (which is relatively easy to ignite) intensively stacked (χ=0.51) in an extremely large 

size (30×6×3 m) at 100% SOC. Such a condition is not likely for real LIB storage that LIBs 

are usually stored at 30-50% SOC with large spacing. However, compared to the Ta, cr for a 

single cell (Ta,cr =155 ℃[11,66]), the rapid drop of Ta,cr for the rack scenario indicates that the 

thermal stability of large LIB ensemble is lower than thought. The potential risks of self-heating 

ignition for large LIB ensembles are much higher. Furthermore, if there were some battery cells 

with defects in the ensemble, thermal stability could be lower, thus leading to a lower ambient 

temperature for self-ignition. Unfortunately, the current safety regulations on LIB 

storage[27,109] do not consider this phenomenon, the industry for LIB storage sometimes do 

not provide proper ventilation to save on costs. This might pose a hazard of self-heating ignition. 
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This study suggests that for large-scale LIB storage, additional cooling or thermally conductive 

insulations could be used to lower the hazard of fires.  

Figure 5-6 also shows that for each χ, Ta,cr seems to have a linear relation with the 

logarithm of N, the number of cells. Therefore, a linear relation is assumed as follows: 

 𝑇𝑎,𝑐𝑟 = 𝑎 + 𝑏 log𝑁 (6-5)  

A linear fit is made for each χ, with corresponding parameters listed in Table 5-3. The 

corresponding fitting curves are also plotted in Figure 5-6.  For each χ, R2 is above 0.99, which 

proves the linear relation between Ta,cr and logN. According to these fits, the safety thresholds 

of LIB storage system with different spacing under three typical storage temperatures, Ta=60℃, 

40℃, 25℃, are plotted in Figure 5-7.  

Table 5-3 

The parameters of linear fits of LIB storage system in different χ 

χ a b R2 

1 154.68 -9.435 0.9983 

0.510 154.61 -15.142 0.9997 

0.250 154.35 -15.353 0.9985 

0.127 153.87 -14.370 0.9989 

0.046 152.4 -13.827 0.9926 
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Figure 5-7. Thresholds for safely storing different numbers of LIBs with different spacing under three 

typical storage temperatures: ambient temperature Ta= 60℃ (red), 40℃ (blue), and 40℃ (green). The 

black solid lines are LIB ensembles with different spacing, χ ranges from 0.046 to 0.510. The coloured 

curves are safety thresholds for different storage temperatures. Beneath the curves are corresponding 

safety zones (shaded in colours), which mean that LIBs stored in that volume and number of cells would 

not self-ignite when stored at that ambient temperature.    

It is crucial for the industry to find a suitable spacing and battery volume ratio, χ, which 

satisfies the requirement of safety and minimizes storage space to lower the costs. According 

to Figure 5-7, the battery ensembles which is most prone to self-ignite is predicted to lie in 

0.250<χ<0.510. For a given number of battery cells, Figure 5-7 helps evaluate whether the 

storage space is sufficient or not for the safety requirement, or it can be used to optimize safe 

spacing. For the analysed range of χ (0.046<χ<0.510), storing less than 1 million of 18650 LCO 

type cells at an environmental temperature lower than 60℃ is predicted to be safe from self-

heating ignition (20 million cells for Ta<40℃, and 200 million cells for Ta<25℃).  
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5.4 Conclusions  

This chapter put forward an anisotropic homogeneous (Ani-Hom) model to study self-

heating ignition of LIBs. The modified Ani-Hom model considers the effects of complex 

packaging and could achieve predictions for large ensembles. This model is validated by 

simulating the box scenario against the isotropic heterogeneous (Iso-Het) model developed in 

Chapter 4, while the computational efficiency of the Ani-Hom model is 10 times higher. 

Afterwards, this Ani-Hom model is used to analyse the self-heating ignition of LIBs stored in 

four typical sizes. The model predicts the presence of insulations during LIB packaging could 

significantly facilitate self-heating ignition because the presence of insulations dramatically 

reduces heat transfer within the whole storage system. However, the model shows that the 

smaller spacing between cells, the lower the critical temperature needed to reach self-ignition. 

For the worst scenario, the rack with the volume ratio of batteries over the whole storage system, 

χ=0.510, is predicted to self-ignite at an ambient temperature of 45℃, while for a single cell 

the critical ambient temperature is 155℃. This critical ambient temperature predicted by the 

proposed Ani-Hom model is 40℃ lower than the prediction by an isotropic homogenous (Iso-

Hom), which shows the insulation in battery packaging have significant impacts on self-heating 

of the battery ensembles. The low critical ambient temperature also indicates that warehouse 

storage of LIBs could suffer from the potential hazards posed by self-heating ignition, and self-

heating ignition could be a possible cause of large-scale LIB storage fires.  

Due to the complexity of battery kinetics, the quantitative results are based on a specific 

type of battery in a specific condition, which is closer but still does not represent the real LIB 

storage condition. However, the large drop of critical ambient temperature by considering the 

insulations and spacing indicates that the complex heat transfer due to insulation and spacing 
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could significantly facilitate self-heating ignition of LIBs. The potential hazard by self-heating 

ignition of LIBs should be considered during storage and transport and be included in the safety 

regulations. This work proposes that additional cooling means or thermally conductive 

packaging should be adopted for large ensembles of LIB during storage to control the hazards. 
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Chapter 6. Effects of self-discharge on self-heating 

ignition of Lithium-ion batteries  

Summary4  

Previous self-heating ignition models for LIBs are developed based on four-step reaction 

kinetics at a temperature above 100℃, while the potential heating from parasitic reactions at 

lower temperatures has not been discussed. This chapter tries to investigate the potential effects 

of low-temperature self-discharge processes. Based on experimental data from a calendaring 

study from the literature, an empirical correlation is developed for the generally self-discharge 

behaviour of LCO type of LIB. The heat generation by self-discharge is then incorporated with 

the model developed in Chapter 5 to discuss its potential influence on self-heating ignition of 

LIB ensembles across scales. The results show that for the single-cell and box scenarios, the 

predicted critical ambient temperature Ta,cr is the same as the previous model, indicating the 

effects of self-discharge could be neglected for these scenarios. However, a significant drop of 

Ta,cr is predicted for the shelf scenario, where the predicted Ta,cr is 20℃, which is 55℃ lower 

than the results by the previous model, showing that self-discharge processes may significantly 

facilitate self-heating ignition for large LIB ensembles. Afterwards, the effects of different 

battery volume ratios χ are also analysed, which shows that Ta,cr drops with the increase of χ, 

indicating increasing the gaps between cells could be an effective method to lower the risk of 

self-heating ignition. This work helps better understand self-heating hazards for LIBs storage 

and contribute to making related safety strategies for prevention.    

 

4 This chapter is based on “Hu, Z., He, X., Restuccia, F., & Rein, G.. Effects of 

self-discharge on self-heating ignition of Lithium-ion batteries during storage (to 

be submitted).” 
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6.1 Introduction  

Fire safety is a major concern for the industries of storage, transport, and recycling of 

large quantities of LIBs, which have undergone exponential growth in global markets since 

their first commercialization in the 1990s[126]. Many fire incidents [29,124] have been 

reported related to large-scale storage of LIBs, however, the understanding of the fundamental 

mechanisms of the causes of these fires and preventive solutions are limited. As a fundamental 

cause of fire driven by heat transfer, self-heating ignition is theoretically possible for LIBs, but 

has barely been studied in the battery community.  

As explained in Figure 1-2, simulating the self-heating ignition behaviour of large 

ensembles of LIBs involves three major challenges: the complexity of chemistry, the 

complexity of geometry, and the geometric scale. In the previous chapters, three numerical 

models are developed to investigate and better understand the challenges introduced by large-

scale geometry and complex heat transfer. Chapter 3 focuses on large-scale predictions with 

consideration of four-step reaction kinetics for LIBs, while Chapter 4 aims at analysing the 

potential effects of complex heat transfer during LIB storage. Chapter 5 then further 

incorporates both large-scale geometry and complex heat transfer and develops a modified 

model to better understand self-heating ignition of large LIB ensembles.  

However, all three models developed are based on the four-step kinetics developed by 

experiments through adiabatic calorimetry techniques[38], such as the ARC technique. 

Unfortunately, none of these techniques could provide a rigorously adiabatic environment and 

usually have a sensitivity around 0.01-0.1 ℃ min-1[91,94], which means the exothermic 

parasitic reactions with a self-heating rate lower than this value could not be observed and 

therefore are omitted. The heat generated by these parasitic reactions with an extreme low self-
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heating rate is very tiny and easy to balance with environmental cool for single-cell or small 

modules. However, the heat may accumulate when thousands of millions of cells are stacked 

with a poor heat transfer condition, which is the core concept for self-heating ignition. 

Therefore, it is crucial to investigate and understand if these parasitic reactions with extreme 

low self-heating rates could affect self-heating ignition of LIB ensembles.  

With the given sensitivity by current adiabatic calorimetry techniques[38], the first 

observed parasitic reaction reported in the literature was the decomposition of solid electrolyte 

interphase (SEI) at around 80-100℃[91]. However, there are many other exothermic parasitic 

reactions under 80℃, which although could not be observed by current thermal techniques, 

still exist. One such parasitic reaction is the self-discharge processes[127–129] during LIB 

storage. When a LIB is charged to a certain SOC, which represents a relatively high energy 

state, it has the potential to naturally discharge at a slow rate under storage conditions, lowering 

its energy state[130]. Many related studies[131–133] have been conducted to analyse this 

phenomenon with a general interest to understand and predict the lifespan of LIBs. The 

spontaneous losses of charge capacity could be divided into a reversible part, which could be 

restored after recharge, and an irreversible part, which permanently loses the capacity and 

cannot be restored by recharging[134]. The reversible part has often been attributed to the 

formation of sub-stable or intermediary substances, which would dissociate during recharge 

processes[130,134]. The irreversible part has been reported to mainly be caused by SEI 

formation/growth, which consumes recyclable lithium and causes impedance growth[130,135]. 

The electrochemical community has more interest in the irreversible part, which is related to 

the decay of LIB lifespan and is often named the ageing or degradation of the battery. The 

reversible part receives little attention. The definition of the term self-discharge has not reached 

a consensus in the literature and has been used to define the overall capacity losses[130], 
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reversible capacity losses[134], or even the irreversible losses[136]. In this thesis, self-

discharge is referred to the overall capacity losses.  

While the current thermal technologies are incapable of measuring the energy released by 

the parasitic reactions with super-low rate, the corresponding electrochemical changes could 

be measured and provide additional information to deduct the energy release for modelling. In 

this chapter, an empirical correlation about the energy release of self-discharge processes is 

developed based on an experiment study from the literature. This relation is then applied to the 

model developed in Chapter 5 to analyse its potential effects on self-heating ignition of LIB 

ensembles.  

6.2 Modelling of self-discharge  

Current studies on self-discharge mainly focus on its effects on LIB electrochemical 

behaviours, especially the degradation processes, which are vital to understand and predict the 

lifespan of LIBs. Research on the fundamental mechanisms of reversible capacity losses 

received less attention. The related energy changes and thermal behaviour with self-discharge 

have barely been discussed. It is because the current studies on self-discharge usually focus on 

a single cell, in which case, the low energy released can easily be balanced with the 

environment and is not even measurable for the current thermal techniques. While the 

information about the energy released by self-discharge cannot be detected by direct thermal 

techniques, it can be deduced by observing the related electrochemical changes with much 

higher sensitivity. For example, the open-circuit voltage (OCV) and capacity generally 

represent the energy state of a LIB, the energy losses by self-discharge could be deducted by 

long term observation of its related changes. 
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According to this methodology, the energy release could be modelled if the mechanisms 

of the capacity changes during self-discharge are understood. Unfortunately, self-discharge 

itself is an important and challenging research topic with tremendous studies published to 

investigate this phenomenon[137–139]. Different types of batteries or even the same type of 

battery in different sizes with different amounts of content could have different self-discharge 

behaviour. Even for a given LIB, both reversible and irreversible capacity losses involve 

multiple reactions and complex mechanisms such as internal electron leakage due to the 

electrolyte partial electronic conductivity, poor battery sealing, impurities, partial dissolution 

of electrodes etc[130].  A lot of experimental studies[138,140,141] have found that for a given 

LIB, its self-discharge performance is highly related to the initial stare of charge (SOC), storage 

temperature, and storage time. Therefore, most experimental studies on calendar ageing 

conducted experiments with sets of different SOC and storage temperature under months or 

years storage to observe the capacity losses, which involved heavy work and were also time-

consuming. Furthermore, both reversible capacity loss and irreversible capacity loss are 

indirect parameters, which need to interrupt the experiments to discharge and recharge to 

measure these losses for a typical time[134]. Although many empirical, semi-empirical, and 

theoretical models have been developed, the fundamental mechanisms of self-discharge are 

still not fully understood. 

Focusing on self-heating behaviour, this chapter does not attempt to pursue modelling 

self-discharge with high accuracy as most related complex electrochemical models developed 

in the literature. A general model which could predict self-discharge rate with around the same 

order of magnitude is already acceptable for the self-heating analyses, considering the 

uncertainty of the heat by the four-step reactions introduced in Section 2.3 might be orders of 

magnitude higher. Studies[130,142] have shown that the parasitic reactions at the negative 
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electrode (graphite) are the most important mechanism for self-discharge. Therefore, an 

empiric correlation between the energy released by self-discharge, storage time, and storage 

temperature is developed based on the experimental study by Utsunomiya et al. [143], which 

measured the OCV changes of three types of graphite half-cell at sets of different storage 

temperature during 52 days of storage. The correlation is applied and validated against 30-day 

self-discharge experiments from the literature. The energy released by self-discharge is then 

incorporated into the previous model developed in Chapter 5 to investigate the potential 

influence on self-heating ignition.  

6.2.1 Development of an empiric correlation for self-discharge 

In principle, the heat release of self-discharge processes is path-dependent, which is 

related to processes how charges lose and need to integrate through the whole period. However, 

considering the special condition for LIB storage that most of the chemical energy finally 

releases in the form of heat (no external or internal work for storage condition), the heat 

released by self-discharges could be simplified as a state function, which related to the initial 

and final states of the LIB. Empirical estimation of the chemical energy stored in a LIB could 

be given by: 

 Φ(𝑡) = 𝐶(𝑡) ∙ �̅� (6-1)  

 ∆𝑄 ≈ ΔΦ(𝑡) = ∆𝐶(𝑡) ∙ �̅� (6-2)  

 ∆𝑄 = 𝐶0 ∙ �̅� ∙ 𝜑(𝑡) (6-3)  

Where Φ is the stored chemical energy that could transfer to output work, C(t) is the 

capacity of the battery with a unit of Ah, and �̅� is the nominal voltage of the battery, which is 

a constant for a given battery, ∆Q is the heat release and φ(t) is the self-discharge ratio, which 

is the ratio of overall capacity losses to the initial capacity. For the storage condition, the energy 
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release ∆Φ mostly transfers into heat release. In this study, we consider the worst scenario that 

assumes all the energy release transfers into heat release (∆Φ=∆Q). Therefore, the key issue 

for calculating the heat release turns into determining the self-discharge ratio, φ(t).  

Utsunomiya et al. [143] measured the open-circuit voltage (OCV) changes with time at 

sets of different storage temperatures during 52 days of storage and deducted the overall 

capacity losses. Figure 6-1 shows their experimental results of hard carbon graphite. They 

found that the overall capacity losses during the storage increased linearly with the square root 

of time and had an Arrhenius type of relation with temperature (Figure 6-2). The experiments 

by Utsunomiya et al. [143] focused on fully charged cells representing 100% SOC. Other 

studies[140] have found that the initial SOC have higher nonlinear relations with self-discharge. 

This chapter considers 100% SOC condition coordinating with four-step reaction kinetics 

developed for 100% SOC in Chapter 2, which represents the worst scenario. Therefore, the 

empirical correlation of capacity could be given as follows: 

 
𝜑(𝑡, 𝑇) = (𝐴𝑡0.5 + 𝐵) ∙ exp(−

𝐸𝑆𝐷
𝑅𝑇
) 

(6-4)  

Where ESD is the activation energy of self-discharge processes. After numerical fitting and 

optimization, the final form of φ is determined as:  

 
𝜑(𝑡, 𝑇) = (0.0714𝑡0.5 + 16.23) ∙ exp (−

𝐸𝑆𝐷
𝑅𝑇
) 

(6-5)  

ESD is determined by the slope of the plot of 1/T vs lnφ, as Figure 6-2 shows. The value is 

determined as 16800 J mol-1. 
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Fig. 1 The self-discharge of fully charged graphite half-cell at different storage temperatures by 

Utsunomiya et al. [143] plotted with the square root of time and corresponding linear fits.  
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Fig. 2 Arrhenius plots of self-discharge of fully charged graphite half-cell at the different testing time 

by Utsunomiya et al. [143] 
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6.2.2 Validation 

With all parameters determined, the predictions given by the developed empirical 

correlation are plotted to compare against the experimental data by Utsunomiya et al. [143], as 

shown in Figure 6-3.  It shows that the function developed has quite good predictions (the 

absolute errors for all data points are less than 0.06, and the relative errors are less than 10%) 

for all experimental data points across 52 days and a temperature range from -20℃ to 60℃. 

Although this correlation is developed merely based on graphite half-cell experiments, it also 

has a quite good prediction for the self-discharge of a whole cell. Byun et al.[144] tested the 

self-discharge of  LCO pouch cell in 100% SOC at 25℃ after 30 days of storage, and reported 

reversible (8.84%), irreversible (5.59%) and overall loss (14.43%, the star point in Figure 6-3). 

The correlation is then used to predict the self-discharge at 25℃ (the purple curve in Figure 6-

3) and give the prediction of self-discharge of 14.94% for 30 days storage, with a relative error 

of 3.5%. This shows that the function developed could be used to predict self-discharge of LCO 

type of cells, at least in the same order of magnitude. The heat generation by self-discharge 

could be given by: 

 
𝑄𝑆𝐷(𝑡)/𝑉𝑐𝑒𝑙𝑙 = ∫𝑞𝑆𝐷

′′′ (𝑡) 𝑑𝑡 
(6-6)  

 
𝑞𝑆𝐷
′′′ (𝑡) =

𝐶0 ∙ �̅�

𝑉𝑐𝑒𝑙𝑙
∙
𝑑𝜑(𝑡)

𝑑𝑡
 

(6-7)  

Where Vcell is the volume of the single cell, and 𝑞𝑆𝐷
′′′  is the corresponding heat source term 

by self-discharge. The heat generation by self-discharge transfers into a heat source, which 

depends on the derivative of self-discharge ratio dφ/dt. This chapter assumes the self-discharge 

ratio of the LCO type of battery introduced in Section 2.3 follows the correlation given by Eq. 

6-5. The self-discharge ratio φ is a function for both time and temperature. Considering self-
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discharge is a slow process with slow heat generation. For a small period, δt, the temperature 

could be treated as unchanged. Therefore, 𝑞𝑆𝐷
′′′  could be simplified as:  

 
𝑞𝑆𝐷
′′′ (𝑡) =

𝐶0 ∙ �̅�

𝑉𝑐𝑒𝑙𝑙
∙ (0.0714 × 0.5) ∙ 𝑡−0.5 ∙ exp (−

𝐸𝑆𝐷
𝑅𝑇
) 

(6-8)  

In this function form, t should not start at 0s, which could lead to infinite 𝑞𝑆𝐷
′′′ (𝑡). Therefore, 

a small initial t=100s is selected as the initial state, and the final form of 𝑞𝑆𝐷
′′′ (𝑡) is: 

 
𝑞𝑆𝐷
′′′ (𝑡) =

𝐶0 ∙ �̅�

𝑉𝑐𝑒𝑙𝑙
∙ (0.0714 × 0.5) ∙ (𝑡 + 100)−0.5 ∙ exp (−

𝐸𝑆𝐷
𝑅𝑇
) 

(6-9)  

The corresponding parameters for the LCO analysed are listed in Table 2-2. The heat 

source by self-discharge is for all kinds of side reactions at low temperature (below 80℃), 

which already contains the heat generation by the four-step reactions explained in Section 2.3 

at low temperature. However, when the temperature goes higher (around 100℃), the heat 

generation transfers into a four-step reactions scheme. To distinguish the heat by four-step 

reactions with the heat by self-discharge, we use subscript D to identify the overall 

decomposition heat by the four-step reactions: 

 𝑞𝐷
′′′ = 𝑞sei

′′′ + 𝑞n
′′′ + 𝑞p

′′′ + 𝑞e
′′′ (6-10)  

The final overall heat source is the larger one of 𝑞𝐷
′′′ and 𝑞𝑆𝐷

′′′ : 

 𝑞𝑡𝑜𝑡
′′′ (𝑡) = max(𝑞𝐷

′′′(𝑡), 𝑞𝑆𝐷
′′′ (𝑡)) (6-11)  

To be noted, the four-step kinetics, as well as empirical correction for self-discharge, are 

all based on experiments on 100%SOC, which represents the worst scenarios. In principle, the 

chemical kinetics of LIBs are very complicated, depending on the state of batteries, such as 

SOC, state of health (SOH), the internal materials etc. The detailed kinetics are still not fully 

understood even with thousands of studies published every year. It is impossible to incorporate 

all possible complex chemical kinetics for a large LIB storage system, where the computational 
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costs are unaffordable. This thesis focuses more on the effects of heat transfer. Here, the 

batteries with 100%SOC are considered as a worst-case scenario to demonstrate a threshold. 

Researchers could adapt updated kinetics into the models this thesis provides to analyse the 

specific different battery types of interest and obtain more accurate predictions.  
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Figure 6-3 The comparison of predictions by the developed self-discharge function against experiments 

by Utsunomiya et al. [143] for 52 days of storage at the temperature range from -20℃ to 60℃. The 

purple start point is the self-discharge of the LCO pouch cell at 25℃ for 30 days storage, and the purple 

line is the corresponding prediction by the developed self-discharge function. 

6.3 Results and discussion 

The modified total heat source term in Eq. 6-11 is then applied to the previous self-heating 

model developed in Chapter 5 to investigate if self-discharge processes could affect self-

heating ignition of LIB ensembles. The packaging style and spacing pattern are considered the 

same as introduced in Chapter 4 and Chapter 5, with battery volume ratio χ=0.51 representing 

the worst scenarios. Results are shown in Figure 6-4 to Figure 6-6.  
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Figure 6-4. The predicted profiles of heat source terms and temperature of the single-cell scenario 

introduced in Chapter 5 at (a) subcritical condition (Ta=150℃) and (b) supercritical condition 

(Ta=155℃). Heat sources resulting from four-step decomposition reactions qD, self-discharge processes 

qSD, and overall total heat generation qtot are presented by curves in black. The red curve is the 

temperature of the central point of the cell.  

Figure 6-4 is the results for the single-cell case. The modified model considering self-

discharge processes predict thermal runaway occurs at Ta,cr=155℃, which is the same as the 

results presented in Chapter 5. According to the profiles of the different heat source terms, the 

total heat generation is dominated by four-step decomposition reactions (𝑞𝑡𝑜𝑡
′′′ = 𝑞𝐷

′′′) for the 

most of period for both subcritical and supercritical conditions, except the initial stage (t<10 

min), where heating from self-discharge processes is higher (𝑞𝑡𝑜𝑡
′′′ = 𝑞𝑆𝐷

′′′ ). The heating from 

self-discharge processes has negligible effects on the self-heating ignition behaviour of the 

single-cell scenario. This is because the heat dissipation condition for the single-cell scenario 

is much higher, which requires higher ambient temperature (Ta,cr=155℃) with higher heat 

generation to trigger thermal runaway. At this critical ambient temperature, the dominating 

reactions are the reactions at high temperature, where the heat generation by self-discharge 𝑞𝑆𝐷
′′′  

is orders of magnitude lower than the decomposition heat by four-step reactions. Therefore, 

the effects of self-discharge for the single-cell scenario are negligible. 
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Figure 6-5. The predicted profiles of heat source terms and temperature of the box scenario introduced 

in Chapter 5 at (a) subcritical condition (Ta=105℃) and (b) supercritical condition (Ta=110℃). Heat 

sources resulting from four-step decomposition reactions qD, self-discharge processes qSD, and overall 

total heat generation qtot are presented by curves in black. The red curve is the temperature of the central 

point of the box.  

The results for the box scenario (Figure 6-5) are similar, that the modified model 

considering self-discharge processes still predicts the same critical ambient temperature 

(Ta,cr=110℃) as the results by the model developed in Chapter 5. However, notable changes 

take place for the heat source terms. 𝑞𝑆𝐷
′′′  dominates 𝑞𝑡𝑜𝑡

′′′  in the initial stage (t<10 h) where the 

initial cell temperature is low (T0=28℃), but is quickly exceeded by 𝑞𝐷
′′′ when the temperature 

rises. An early peak is formed at 10<t<20 h resulting from the SEI decomposition. With the 

depletion of meta-stable SEI components, 𝑞𝑆𝐷
′′′  once again takes over 𝑞𝑡𝑜𝑡

′′′  for the subcritical 

condition with plateaued temperature, while 𝑞𝐷
′′′ is still in charge of 𝑞𝑡𝑜𝑡

′′′  for the supercritical 

condition, where the temperature keeps increasing and triggers positive electrolyte reaction 

resulting in thermal runaway. From the heat source curves at subcritical conditions, 𝑞𝑆𝐷
′′′  is 

around the same order of magnitude of 𝑞𝐷
′′′ , which means the heating by self-discharge 

processes start to affect the self-heating ignition behaviour of the box scenario.  
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Figure 6-6. The predicted profiles of heat source terms and temperature of the shelf scenario introduced 

in Chapter 5 at (a) subcritical condition (Ta=15℃) and (b) supercritical condition (Ta=20℃). Heat 

sources resulting from four-step decomposition reactions qD, self-discharge processes qSD, and overall 

total heat generation qtot are presented by curves in black. The red curve is the temperature of the central 

point of the shelf.  

Significant changes are predicted for the shelf scenario, as shown in Figure 6-6. Ta,cr of 

the shelf scenario is predicted to be 20℃, which is 55℃ lower than the results by the model in 

Chapter 5. According to the profiles of heat source terms, 𝑞𝑆𝐷
′′′  dominates 𝑞𝑡𝑜𝑡

′′′  for the entire 

period for the subcritical condition, while 𝑞𝐷
′′′ takes over only at the supercritical condition 

when thermal runaway is initiated. These results indicate that self-discharge processes could 

have crucial impacts on self-heating ignition of large LIB ensembles and self-discharge 

processes are the dominating reactions for self-heating ignition of LIBs at a low-temperature 

range. Again, these quantitative results consider the worst scenario, where the battery is LCO 

type, which is relatively easy to ignite, and assume all battery cells are stored in 100% SOC 

with high battery volume ratio (χ=0.51) and small spacing gaps and assume no extra ventilation 

methods during storage that heat dissipates only through natural convection and radiation. The 

initial SOC representing the energy state of LIBs and has been reported[145–147] significantly 

affect the self-discharge processes that the self-discharge ratio of LIBs with lower SOC could 
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be orders of magnitude lower than the fully charged cells[134]. In the industry, LIBs are usually 

required to discharge to 30-50% SOC for storage or transport with a much lower fuel load and 

could be separated with a much larger spacing[108]. Additionally, the correlation developed 

for the heat generation by self-discharge is a general empirical correlation, which may cause 

large uncertainty at low temperatures. Therefore, the Ta,cr for the real LIB storage, should be 

much higher than the predications. However, the quantitative comparisons conducted in this 

chapter by considering heat from discharge reveal a possibility that there might be other 

dominating reactions for self-heating ignition of LIBs at the low-temperature range, and 

potential hazards from self-heating ignition might be worse than thought.  

 

Figure 6-7. The predicted Ta,cr for the shelf scenarios with different battery volume ratios χ. The blank 

bars are results based on the anisotropic model developed in Chapter 5, while the shaded bars are results 

based on the anisotropic model with further consideration of heating from self-discharge processes.  

While significant changes are predicted for the shelf scenario, another important factor, 

the battery volume ratio, χ, which indicate the distance of gaps between adjacent cells is also 

analysed in this scenario. Results are shown in Figure 6-7.  The previous model developed in 



 

93 

 

Chapter 5 is used as a baseline, which considers the effects of complex insulations during LIB 

storage and is capable of large-scale predictions. However, the chemical kinetics considered 

are four-step kinetics, which focuses on temperature ranges between 80-200℃. The modified 

model developed in this chapter further considers the possible reactions at lower temperature 

range, the self-discharge processes at a temperature below 80℃.  

The modified model predicts that Ta,cr drops with the increase of χ due to the increased 

energy density and fuel loads. For the worst case, χ=0.510, the difference of the predicted Ta,cr 

due to self-discharge reaches 55℃, while for the case with large spacing (χ=0.046), the 

predicted Ta,cr is the same, which means negligible effects by self-discharge. These results show 

that the modified model with consideration of self-discharge is more sensitive to the insulations. 

for a large LIB ensemble (above the shelf scale), increasing the gaps between cells could be an 

effective method to lower the risk of self-heating ignition.  

6.4 Conclusions  

Based on the self-heating model developed in Chapter 5, this chapter considers the heating 

by self-discharge processes at low temperatures to investigate if it could affect the self-heating 

ignition behaviour of LIB ensembles. An empirical correlation is developed to describe 

generally self-discharge development with different storage times and storage temperature 

based on experiments in the literature. The corresponding heat generation by self-discharge is 

then deducted and applied to the model developed in Chapter 5 to incorporate its effects. The 

results show that self-discharge processes have negligible effects on self-heating ignition of 

LIB ensembles in small sizes (single cell and box scenarios), while they are predicted to be 

dominating reactions for the shelf scenario with a larger size. The self-discharge processes are 
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predicted to significantly facilitate self-heating ignition for the shelf scenario, where the critical 

ambient temperature, Ta,cr, triggering self-heating ignition is predicted to be 20℃, which is 55℃ 

lower than the results by the model in Chapter 5. Afterwards, the effects of different battery 

volume ratios χ are also analysed, which shows that Ta,cr drops with the increase of χ, indicating 

increasing the gaps between cells could be an effective method to lower the risk of self-heating 

ignition.  

The quantitative results conducted in this chapter consider the worst condition, with a 

specific type of LIB in a specific condition, which overestimates the real LIB storage condition. 

However, the comparisons reveal a possibility that there might be other dominating reactions 

for self-heating ignition of LIBs at the low-temperature range, and potential hazards from self-

heating ignition might be worse than thought. 
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Chapter 7. Benchmarking between COMSOL and 

Gpyro models in predicting self-heating ignition of 

Lithium-ion batteries 

Summary5  

Self-heating ignition of LIBs usually involves a large number of battery cells and is mainly 

studied using numerical methods. Different numerical simulation tools with different 

capabilities may have significant differences in predicting the self-heating ignition behaviour 

of LIBs. This chapter presents a benchmarking analysis between COMSOL Multiphysics, 

which is one of the prevailing tools used in modelling LIBs, and Gpyro, which is widely used 

for modelling self-heating ignition of carbon-rich solids. Four cases studies are conducted to 

analyse their respective numerical performance in predicting: (1) kinetics at the microscale 

(pure chemical reactions), (2) heat transfer at the mesoscale (pure heat transfer), (3) overall 

self-heating behaviour at the mesoscale (coupled chemical reactions and heat transfer) for a 

single cell and (4) a four-cell ensemble. The results of case studies 3 and 4 are compared with 

the oven experiments for a single prismatic LCO cell and a four-cell ensemble. The results 

show that although COMSOL and Gpyro have large differences in their numerical 

discretization methods, modelling of chemical dynamic and heat transfer, both tools can 

accurately predict the transition from the subcritical to supercritical conditions, which validates 

their capability in predicting the self-heating ignition of LIBs.  

 

5  This chapter is based on “Hu, Z., He, X., Restuccia, F., & Rein, G.. 

Benchmarking between COMSOL and Gpyro models in predicting self-heating 

ignition of Lithium-ion batteries (to be submitted).” 
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7.1 Introduction  

In the previous chapters, several numerical models have been developed to analyse 

challenges for self-heating ignition of LIBs introduced by geometry size, the complex heat 

transfer, and the complex chemistry, respectively. These numerical models are all developed 

based on the commercial simulation software COMSOL Multiphysics, which is a popular 

simulation tool used in modelling LIBs. The introduction of COMSOL and related self-heating 

models is presented in Chapter 2. While COMSOL has been prevailing in simulating multi-

disciplinary problems, there are also other numerical tools with a special focus on ignition and 

heat transfer and could be used for self-heating modelling. An example of such a tool is Gpyro, 

a powerful open-source tool designed for pyrolysis modelling of combustible solids based on 

the Finite Difference Method (FDM). The embedded coding covers mechanisms of mass 

transfer, heat transfer, and chemistry in both gas and condensed phases, and has been validated 

against many self-heating ignition studies[79,82,148]. Focusing on self-heating ignition of 

LIBs, the two numerical tools may have different computational performances since they are 

prevailing in a different area and may have different capabilities in simulating chemical 

dynamics, heat and mass transfer, and multi-discipline coupling. It could be interesting to 

benchmark COMSOL and Gpyro for the predictions of self-heating ignition of LIBs, and 

analyse their pros and cons.  

This Chapter conducts a benchmark study to analyse the numerical modelling by both 

COMSOL and Gpyro in self-heating ignition of LIBs. The self-heating ignition model for LIBs 

by Gpyro was developed by my colleague Xuanze He [29,79,80], and I adapted his existing 

model for the simulations in this chapter. Several case studies are conducted with different 

levels of complexity, including (1) kinetics at the microscale (pure chemical reactions), (2) heat 
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transfer at the mesoscale (pure heat transfer), (3) overall self-heating behaviour at the 

mesoscale (coupled chemical reactions and heat transfer) against our oven experiments for a 

single cell and (4) a four-cell ensemble.  

7.2 Theoretical framework  

While COMSOL has been prevailing in modelling LIBs, Gpyro has widely been used to 

model the self-heating ignition problems of carbon-rich materials. Some adaptions and 

adjustments need to be made for both tools to successfully simulate self-heating ignition of 

LIBs. This section introduces the basic setup for both COMSOL and Gpyro with specific 

consideration of self-heating ignition of LIBs.  

7.2.1 Numerical set up for COMOSL  

The detailed development of self-heating ignition model using COMSOL is presented in 

Section 2.3 of this thesis and will not be discussed in detail here. This section summarizes the 

governing equations, boundary conditions, chemical kinetics, and basic simplification adopted 

by considering the special characteristics during self-heating ignition of LIBs for comparison 

with Gpyro.  

Self-heating ignition focuses on the transition from a stable state to the onset of thermal 

runaway, with a special focus on early-stage reactions at a temperature below 200℃. The 

thermophysical properties: ρ, cp, k, are assumed to be constant in this temperature range. While 

studies have shown that a lump thermal model[11] already provides adequate accuracy for the 

temperature prediction for the single-cell compared to a 3D model[66], a battery cell could be 

simplified as all reactants are homogeneously distributed inside the cell. The governing 

equation could be simplified as:  
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 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
= 𝑘∇2𝑇 + 𝑞tot

′′′  (2-3)  

COMSOL supports simulations on complex geometries with 0D, 1D, 1D axisymmetric, 2D, 

2D axisymmetric, and 3D modelling. It also contains various types of interfaces for boundary 

conditions. For self-heating ignition analysis, the most used thermal boundaries include: 

temperature, heat flux, and thermal insulation. In regards to the chemical models used, 

COMSOL has a powerful module with sets of well-developed interfaces to simulate multi-step 

reactions, the interaction between reactions, and species transport. The chemical reactions 

considered in this chapter include four major reactions: Solid electrolyte interphase 

decomposition (SEI decomposition), negative-electrolyte reaction, positive-electrolyte 

reaction, and electrolyte decomposition. These four reactions are the sources considered for 

internal heat generation. There might be other dominating reactions at low temperatures as 

shown earlier in this thesis, in Chapter 6. However, the benchmark in this chapter compares 

against experiments for a single cell and a four-cell ensemble at a temperature around 150 ℃, 

for which the low-temperature reactions have negligible effects and could therefore be 

neglected. The heat generated by the four reactions is given by: 

 𝑞tot
′′′ = 𝑞sei

′′′ + 𝑞n
′′′ + 𝑞p

′′′ + 𝑞e
′′′ (2-6)  

One of the most appealing features of COMSOL Multiphysics is its flexibility. While the 

software provides basic interfaces for most of the physical problems, it also has easy ways for 

users to make their own definitions and self-coding, even changing the governing equations. 

This allows users to adjust and develop specific models for the specific problems being studied. 

However, this requires the user to have a good understanding of the problem interested. Lots 

of definitions and self-coding might be involved during the set-up stage of simulations.  
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7.2.2 Numerical set up for Gpyro  

Gpyro is a powerful open-source tool designed for pyrolysis modelling for combustible 

solids. The governing equations of the original model of Gpyro include the conservation 

equations[78,79] for: Eq. (2-3) mass, Eq. (2-4) species, Eq. (2-5) energy in condensed phase 

and, Eq. (2-6) mass, Eq. (2-7) species, and Eq. (2-8) momentum (Darcy’s law) in the gas phase 

as follows: 

 
𝜕�̅�

𝜕𝑡
= −�̇�𝑓𝑔

′′′  (7-1)  

 
𝜕(�̅�𝑌𝑖)

𝜕𝑡
= �̇�𝑓𝑖

′′′ − �̇�𝑑𝑖
′′′ (7-2)  

 
𝜕(�̅�ℎ̅)

𝜕𝑡
= 𝑘

𝜕

𝜕𝑧
(
𝜕𝑇

𝜕𝑧
) + �̇�𝑑𝑖

′′′(−∆𝐻𝑖) − ℎ𝑣𝑙(𝑇 − 𝑇∞) (7-3)  

 
𝜕

𝜕𝑡
(𝜌𝑔�̅�) +

𝜕�̇�′′

𝜕𝑧
= �̇�𝑓𝑔

′′′  (7-4)  

 
𝜕

𝜕𝑡
(𝜌𝑔�̅�𝑌𝑗) +

𝜕

𝜕𝑧
(�̇�′′𝑌𝑗) = −
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(𝜌𝑔�̅�𝐷

𝜕𝑌𝑗

𝜕𝑧
) + �̇�𝑓𝑗

′′′ − �̇�𝑑𝑗
′′′  (7-5)  

 �̇�′′ = −
𝜅

𝜐

𝜕𝑝

𝜕𝑧
 (7-6)  

Where �̇�′′′ is the volumetric reaction rate, Y is the mass fraction, ℎ̅ is the specific 

enthalpy, ℎ𝑣𝑙 is the lumped volumetric heat transfer coefficient, D is the mass diffusivity, 𝜙 is 

the porosity, κ is the permeability, ν is the viscosity. The subscript f represents formation 

reactions, d represents destruction reactions, g represents gases.  

The original equations in Gpyro consider a 1-D problem, and therefore are not capable of 

simulating heat transfer with a complex 3D geometry. However, for some simple shapes, the 

3D heat transfer could be considered by incorporating the heat transfer from the other 
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dimensions into a source term in the governing equation. For example, Eq. (7-3). hvl [80,149] 

is the volumetric heat transfer coefficient considering the heat transfer from x and y directions.  

With special consideration of self-heating ignition of LIBs and the assumptions explained 

in Section 7.2.1, the governing equations could also be simplified to Eq. (7-3), the energy 

conservation for the condensed phase. Gpyro also has various interfaces to set typical thermal 

boundaries such as temperature, heat flux, and thermal insulation.  

The reactions scheme considered in Gpyro is similar to the classical self-heating theories 

which assume an effective overall Arrhenius type of reaction. Despite chemical reactions being 

naturally complex and usually containing multi reactions, the problem usually can be simplified 

with a focus on the dominating one for a specific temperature window. Such simplification can 

greatly facilitate fast assessments and is robust and easy to validate and analyse for engineering 

applications. For LIBs, the one-step effective reaction considered is: 

 1𝐿𝐼𝐵

→   𝑣𝑅𝑒𝑠𝑖𝑑𝑢𝑒 + (1 − 𝑣)𝑂𝑓𝑓-𝐺𝑎𝑠𝑒𝑠 (7-7)  

 �̇�𝑑
′′′ = �̅�𝐴𝑒−𝐸 𝑅𝑇⁄ 𝑌𝑖

𝑛𝑐  (7-8)  

The most attractive feature of Gypro is that it is developed specifically for pyrolysis 

modelling for combustible solids, therefore already embedding many interfaces with 

consideration of most of the possible complex situations that are encountered in pyrolysis 

modelling. Users can easily set up the parameters and simplify the problem based on the 

module provided. The limitation is that if the problem analysed exceeds the range of the module 

provided, it is not easy for users to make their own definitions, as it requires extensive coding 

to change these parameters in the source code.   
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7.2.3 Set up for benchmarking  

Considering the differences between COMSOL and Gpyro, this chapter conducts four 

case studies to compare and analyse the numerical performances for (1) kinetics at the 

microscale (pure chemical reactions), (2) heat transfer at the mesoscale (pure heat transfer), (3) 

self-heating ignition of a single cell, and (4) a four-cell ensemble. Case (1) and case (2) consider 

a theoretical condition while case (3) and case (4) are compared against the oven experiments 

for Sanyo LCO prismatic cells [36,79,80]. The dimensions of these cells are 34 mm×10 mm× 

50 mm, with a nominal capacity and voltage of 1.88 Ah and 3.7 V, respectively. The 

thermophysical properties of this type of battery are listed in Table 7-1.  

 

Figure 7-1. Diagram of 4 cases of benchmarking between COMSOL and Gpyro. Case 1 benchmarks 

the chemical kinetics by considering self-heating of 1 g of the LIB with an initial temperature of T0 

placed in an adiabatic condition, Case 2 considers the heat transfer between the bulk of solid sample 

with a constant internal heat source 𝑞
𝑐
′′′ and ambient at Ta. Case 3 and case 4 benchmark the oven 

experiments of one single cell and a four-cell ensemble, respectively.  

Table 7-1 

Heat transfer and kinetic parameters used in Gpyro simulations and simulations by COMSOL with the 

one-step reaction model for Sanyo LCO prismatic cells at 100% SOC. [80] 

Parameters Description  value unit 

A Frequency factor 1.42E23 s-1 

E Activation energy  3.25E5 J mol-1 

∆H Heat of reaction  8.87E5 J kg-1 
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k Thermal conductivity  1.08 W m-1K-1 

ρ Density  2164.7 Kg m-3 

cp Heat capacity  990.0 J kg-1K-1 

ε Emissivity  0.8 - 

hc Surface convective heat transfer coefficient  11 W m-2K-1 

hv Volumetric heat transfer coefficient  902.3 W m-3K-1 

 

In case 1, an adiabatic condition is considered for a small battery (such as a coin cell) with 

a mass of 1 g at an initial temperature of T0. In this condition, the heat generated by internal 

chemical reactions can be fully used to heat the battery sample up. Therefore, the temperature 

information is directly related to the chemical kinetics, and can be used to benchmark chemical 

kinetics, as shown in Eq. (7-9): 

 𝜌𝑐𝑝
𝑑𝑇

𝑑𝑡
= �̇�𝑑

′′′(−∆𝐻) (7-9)  

With such a small size of the battery sample, the internal temperature gradient can be 

ignored, and the battery sample can be assumed to be a lumped system, which eliminates the 

effects of heat transfer and purely focuses on chemistry. While Gpyro considers a one-step 

global reaction, COMSOL also supports multi-step reactions as presented in Section 2.3. 

Therefore, both the one-step global reaction scheme (same as Gpyro) and four-step reaction 

scheme (presented in Section 2.3) are simulated to benchmark with Gpyro. One issue for the 

four-step reaction scheme is that the kinetic parameters are based on an old generation of E-

One/Moli Energy ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah LCO/graphite cells at 

100% SOC by the work conducted by Hatchard et al. [34] in 2001. The battery techniques in 

terms of energy density and material safety have improved dramatically since then, and the 

parameters may no longer suit the current LCO batteries. Also, it is difficult for the industry to 
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obtain all the detailed kinetic parameters for a specific battery of interest, as it will require 

fundamental experimental analysis of every separate component making up the battery.  

In this chapter, an energy proportional ratio, β, is used to consider the effects resulting 

from the different energy densities between batteries. The heat generated by the four-step 

reactions is assumed to proportionally change with the stored chemical energy (which is 

roughly proportional to the capacity). Eq. (2-6) is then modified as:  

 𝑞tot
′′′ = (𝑞sei

′′′ + 𝑞n
′′′ + 𝑞p

′′′ + 𝑞e
′′′) ∙ 𝛽 (7-10)  

 𝛽 =
𝐶

𝐶ref
 (7-11)  

Where, C is the capacity of the targeted battery and, Cref is the capacity of the reference 

battery, which is 1.65 Ah. This work tries to investigate if the assumed function could give a 

reasonable prediction of the self-heating ignition behaviour of the battery.  

Case 2 considers a heat transfer scenario. A constant heat source is used in this case to 

eliminate the complex chemical reactions. The geometry considered in this case is the 

dimensions of the four-cell ensemble in the oven experiment, which is 34 mm×40 mm× 50 mm. 

Gpyro solves equations in one dimension, and adopts a volumetric heat transfer coefficient, hvl 

[80,149] to consider the heat transfer from the other two dimensions. COMSOL supports 

simulations on a complex 3D geometry. Therefore, both 1D and 3D simulations are conducted 

for COMSOL to benchmark with Gpyro. The boundary conditions consider both convective 

and radiative heat transfer with the ambient.  

Case 3 and case 4 simulate the oven experiments on a single cell and a four-cell ensemble, 

respectively. The two cases consider the coupling effects of both chemistry and heat transfer 

when predicting self-heating ignition of the batteries. Both a one-step reaction scheme and a 

four-step reaction scheme are simulated by COMSOL and compared with the results of Gpyro 



 

104 

 

and the oven experiments. Convective and radiative heat transfer with the surroundings are 

considered for the boundaries.  

7.3 Results and discussion 

7.3.1 Microscale chemistry  

Figure 7-2 shows the benchmarking results for case 1 considering microscale chemistry. 

The heat transfer and chemical kinetic parameters for Gpyro are listed in Table 7-1. The one-

step reaction model considered in COMSOL uses the same parameters as Gpyro for 

comparison. The parameters for the four-step reaction model considered in COMSOL is the 

same as the parameters listed in Table 2-2, except for the thermophysical properties, ρ, cp, k, 

which uses the values listed in Table 7-1. The energy proportional ratio, β, considers two values: 

β =1, which represents the same chemical kinetics for the battery with 1.65 Ah [11] presented 

in Chapter 3, and β =1.14, which is adapted to the battery with 1.88 Ah [79,80]. Two initial 

temperatures are considered: T0=130℃, and T0= 140℃.  

As Figure 7-2 shows, the predictions by the one-step model of COMSOL and Gpyro agree 

well for both initial temperatures. At T0=130℃, a small increase of temperature (within 2.5℃) 

after 200 min in the adiabatic condition is predicted for both the one-step model of COMSOL 

and Gpyro. The internal reactions are limited, with low heat generation at this initial 

temperature. However, for a rigorous adiabatic condition, the heat will accumulate inside, and 

the temperature will always run away giving enough storage time. For T0=140℃, both models 

predict the exponential increase of temperature after 75 min, while the temperature predicted 

by COMSOL one-step model is a little bit (within 3 min) ahead of that by Gpyro. Those small 

differences may result from the different numerical methods (FEM for COMSOL and FDM 
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for Gpyro) and different criteria for numerical convergence by the two tools. Overall, 

COMSOL and Gpyro agree well with the one-step modelling of chemical dynamics.  

 

Figure 7-2. The predictions of temperature development for case 1 by Gpyro, COMSOL one-step model, 

and COMSOL four-step model, considering two initial temperatures T0=130℃ and 140℃. The results 

for Gpyro and COMSOL one-step model are presented with curves in black and blue, respectively. The 

COMSOL four-step model considers two energy densities, with β=1(the curve in red) and β=1. 14 (the 

curve in yellow).  

However, the four-step model by COMSOL considering two β values predicts a fast 

temperature increase at T0=130℃. For β=1, which represents the same kinetic parameters as 

Table 2-2, the temperature is predicted to grow exponentially at t= 37 min, which is even earlier 

than the result from the one-step models at T0=140℃. The temperature for β=1.14, which is 

modified by considering the variation of energy density, are predicted to grow faster, around 

10 min ahead of that for β=1. These fast temperature increases by the four-step model are 

because of the SEI decomposition reaction, which is predicted to take place at around 100℃ 

and generate a certain amount of heat. The heat generated by the SEI decomposition reaction 
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will raise the temperature fast in the adiabatic condition and initiate other reactions, resulting 

in a rapid temperature increase in a short period.  

7.3.2 Mesoscale heat transfer  

Figure 7-3 is the benchmarking results for case 2, which considers the heat transfer in a 

mesoscale. The COMSOL 1-D model uses the same governing equations and boundary 

conditions as Gpyro. A 3-D heat transfer is also considered for COMSOL. A constant heat 

source (𝑞𝑐
′′′ = 10000 W m-3) is assumed for the solid bulk to eliminate chemical dynamics. 

Convective and radiative heat transfer is considered for the solid bulk and the ambient at 

Ta=140℃. The thermophysical properties and heat transfer coefficients are the same as Table 

7-1.  

 

Figure 7-3. The predictions of temperature development for case 2 by Gpyro, COMSOL 1-D model, 

and COMSOL 3-D model. The results of the three models are presented by curves in red, blue, and 

black, respectively.  

As Figure 7-3 shows, all three curves stabilize at around 150℃. The temperature 

prediction by the COMSOL 1-D model has the same trend as the results by Gpyro, but is a 
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little bit (around 3℃) higher. The 3-D model by COMSOL gives a higher prediction of 

temperature in the first 50 min. This difference may result from the consideration of 3D heat 

transfer. Gpyro and the COMSOL 1-D model use a volumetric heat transfer coefficient hvl as 

a source term to consider the heat transfer from other dimensions. This treatment assumes the 

same temperature distribution for each cross-section perpendicular to the dimension analysed. 

While the COMSOL 3-D model directly solves equations in 3 dimensions, which can consider 

the temperature gradience in the cross-sections. Overall, the final equilibrium temperatures by 

all three models are in agreement, which shows the same capability of modelling mesoscale 

heat transfer for COMSOL and Gpyro.  

7.3.3 Single-cell comparison  

Figure 7-4 and Figure 7-5 are the benchmarking results for case 3, which are compared 

against the oven experiments on a single prismatic LCO cell. The COMSOL one-step model 

uses the same governing equations, boundary condition, kinetic and heat transfer parameters 

as the model developed by Gpyro. The COMSOL four-step model uses the parameters based 

on the model developed in Chapter 3 and considers two energy proportional ratios β =1 and 

1.14 for 3D heat transfer. The corresponding kinetic parameters for the four reactions are the 

same as Table 2-2, while the heat transfer parameters are the same as Table 7-1.  

Figure 7-4 presents the numerical results by the COMSOL one-step model and Gpyro 

against the oven experiment for one single cell. Different ambient temperatures are simulated 

until the transition to thermal runaway is predicted. The oven experiment showed that the 

temperature of the single-cell stabilized at Tsub =147 ℃ (subcritical condition) and undertook 

thermal runaway at Tsup=149 ℃ (supercritical condition). Gpyro predicts the same subcritical 

and supercritical conditions as the experiment, while the COMSOL one-step predicts Tsub=146 ℃ 
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for the subcritical condition and Tsup=147℃ for the supercritical condition. The temperature 

profiles for the subcritical condition by the two models agree well with the experiment, with 

an error below 3℃. While for the supercritical condition, both models underestimate the time 

needed for the cell to develop into thermal runaway. Using temperature equals 200℃ as a 

criterion, it took around 150 min for the experiment to reach that temperature, while Gpyro 

predicts around 50 min and the COMSOL one-step model predicts around 40 mins at Ta= 149℃ 

and 100 min at Ta= 147℃. These results show that the reactivity of the one-step global reaction 

might be a little higher than the reactivity a battery experiences under these conditions. 

However, both models have a good prediction of the transition from the subcritical condition 

to the supercritical condition, which is the key parameter to assess self-heating ignition. 

Therefore, both COMSOL and Gpyro are capable of predicting self-heating ignition of LIBs 

with the one-step global reaction assumption.  

 

Figure 7-4. The benchmarking results for the COMSOL one-step model and Gpyro against the oven 

experiments for a single prismatic LCO cell for both subcritical condition (dashed curves) and 

supercritical condition (solid curves). The results for the experiments, Gpyro, and the COMSOL one-

step reaction are presented by curves in red, blue, and black, respectively.  
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Figure 7-5. The benchmarking results for the COMSOL four-step model against results by the oven 

experiments and Gpyro for a single prismatic LCO cell for both subcritical condition (dashed curves) 

and supercritical condition (solid curves). The results for the experiments, Gpyro, and the COMSOL 

four-step reaction with β= 1 and 1.14 are presented by curves in red, blue, black, and yellow, 

respectively. 

Figure 7-5 shows the numerical results by the COMSOL four-step model to compare with 

the results by the experiments and Gpyro. Since the kinetic parameters used in the COMSOL 

four-step model are mainly from the work by Hatchard et al [11] for a different battery cell, the 

predictions are different. For β= 1, which represents exactly the same kinetic parameters as 

Table 2-2, the battery cell is predicted to stabilize at Tsub= 153 ℃ and thermal runaway at Tsup= 

158 ℃. While for β= 1.14, which adjusts the heat generation by considering the energy 

difference between the cylindrical cell in Chapter 3 and prismatic cell in this work, the 

predicted subcritical and supercritical conditions are Tsub= 150 ℃ and Tsup=155℃, respectively. 

As explained in Section 7.3.2, the 3D heat transfer predicts a faster temperature increase for 

the first 30 min, and the early-stage reactions such as SEI decomposition explained in Section 

7.3.1 further accelerate this temperature increase rate. These results indicate that the prismatic 
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cell analysed in this chapter may have a large difference in early-stage reactions compared with 

the cylindrical cell analysed in Chapter 3. This may also result from the improvement of the 

safety of LIB techniques.  

7.3.4 Four-cell comparison  

Figure 7-6 and Figure 7-7 are the benchmarking results for case 4, which compare against 

the oven experiments on a four-cell ensemble. The numerical set-up and parameters for the 

COMSOL one-step model, four-step model, and Gpyro are the same as introduced in Section 

7.3.3, except the geometry considered is a four-cell ensemble. This case with a larger size is 

supposed to demonstrate the effects of heat transfer.  

 

Figure 7-4. The benchmarking results for the COMSOL one-step model and Gpyro against the oven 

experiments for a four-cell LCO ensemble for both subcritical condition (dashed curves) and 

supercritical condition (solid curves). The results for the experiments, Gpyro, and the COMSOL one-

step reaction are presented by curves in red, blue, and black, respectively.  

As Figure 7-6 shows, both COMSOL one-step model and Gpyro predict the same 

subcritical (Tsub=143℃) and supercritical (Tsup=138℃) conditions as the results obtained by 
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the oven experiment. Again, the temperature profiles predicted by both COMSOL one-step 

model and Gpyro agree well for both subcritical and supercritical conditions, except the 

temperature predicted by COMSOL grows a little bit faster than Gpyro for the supercritical 

condition. The temperature measured in the experiment grows faster than the prediction by the 

two models in the initial 100 min for both subcritical and supercritical conditions, which may 

result from the variation of geometry and heat transfer. Nevertheless, the accurate predictions 

on the transition from the subcritical to the supercritical condition demonstrate that both 

COMSOL and Gpyro are capable to predict self-heating ignition of LIBs with a one-step global 

reaction.  

The COMSOL four-step model still predicts a higher temperature for both subcritical 

(Tsub=145℃ for β=1, and Tsub=142℃ for β=1.14) and supercritical (Tsup=150℃ for β=1, and 

Tsup=147℃ for β=1.14) conditions, as shown in Figure 7-7. The temperature at the initial stage 

is still overestimated (maximum 25℃) compared to the experiments.  

 

Figure 7-7. The benchmarking results for the COMSOL four-step model against results by the oven 

experiments and Gpyro for a single prismatic LCO cell for both subcritical condition (dashed curves) 

and supercritical condition (solid curves). The results for the experiments, Gpyro, and the COMSOL 
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four-step reaction with β= 1 and 1.14 are presented by curves in red, blue, black, and yellow, 

respectively. 

Table 7-2 

The subcritical and supercritical conditions found by the oven experiments and numerical modelling by 

Gpyro, COMSOL one-step model, COMSOL four-step model with β=1 and 1.14 for the single-cell and 

the four-cell ensemble.  

Type of model  
Case 3- single cell comparison Case 4- four-cell comparison 

Tsub (℃) Tsup (℃) Ta,cr (℃) Tsub (℃) Tsup (℃) Ta,cr (℃) 

Oven experiments  147 149 148 138 143 140.5 

Gpyro  147 148 148 138 143 140.5 

COMSOL one-step 146 147 146.5 138 143 140.5 

COMSOL four-step β=1 153 158 155.5 145 150 147.5 

COMSOL four-step β=1.14 150 155 152.5 142 147 144.5 

 

Table 7-2 lists experimental results and predictions of the subcritical, supercritical, and 

calculated critical conditions for case 3 and case 4 by the different models discussed. Overall, 

Gpyro and the COMSOL one-step model have almost the same prediction as to the 

experimental results for both single cell and the four-cell ensemble. The critical ambient 

temperature to trigger self-heating ignition, Ta,cr, predicted by the COMSOL four-step model 

is around 7℃ (β=1) to 4℃ (β=1.14) higher than the experimental results for both single cell 

and the four-cell ensemble. This difference is acceptable considering the large differences in 

geometry, size, and improved techniques between the old generation of cylindrical cells 

presented in Chapter 3 and the prismatic cell in this chapter. Moreover, the decline of Ta,cr for 

the single cell to the four-cell ensemble is accurately predicted for all models, that the 

experiments showed a 7.5℃ of drop and numerical models predict a 6-8℃ decline. These 

results demonstrate that both COMSOL and Gpyro with effective one-step reaction schemes 

and four-step reaction schemes are capable of predicting the self-heating ignition of LIBs.  
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7.4 Conclusions  

This chapter presents a benchmarking analysis for COMSOL Multiphysics and Gpyro in 

predicting self-heating ignition of lithium-ion batteries. Four cases with different levels of 

complexity are analysed considering (1) kinetics at the microscale (pure chemical reactions), 

(2) heat transfer at mesoscale (pure heat transfer), (3) overall self-heating behaviour at 

mesoscale (coupled chemical reactions and heat transfer) for a single cell and (4) a four-cell 

ensemble. For the kinetics at the microscale, the COMSOL one-step model predicts almost the 

same results as Gpyro, while the COMSOL four-step model predicts a faster temperature 

increase at the initial stage due to the early-stage reactions. For the heat transfer at mesoscale, 

the 3-D heat transfer model by COMSOL predicts a faster temperature increase at the initial 

stage, compared to the results by the 1-D model by Gpyro and COMSOL, which agrees well. 

For the overall prediction of the self-heating behaviour of LIB at mesoscale, both COMSOL 

and Gpyro give good predictions of the transition from a subcritical to a supercritical condition, 

which are also validated against the oven experiments for a single cell and a four-cell ensemble.  

Although COMSOL and Gpyro have large differences in their numerical discretization 

methods, modelling of chemical dynamic and heat transfer, both tools could accurately predict 

the critical ambient temperature trigger thermal runaway, which is essential for predicting self-

heating ignition of LIBs. 
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Chapter 8. Conclusions 

Fire safety for the storage and transport of large-scale LIBs is a major concern to the 

storage and transport industries with many such fire incidents having been reported in the past 

two decades, which often resulted in severe damage to property and the environment. However, 

the understanding of the causes of these types of fires is limited. The research community 

focusing on battery research has, in the literature, assumed the cause of these fires to short-

circuit and has therefore put an emphasis on studying the chemistry of the LIB, in the pursuit 

of a safer material that would reduce risk. The potential fire hazards resulting from heat transfer 

have seldomly been discussed for large-scale LIB storage. In this thesis, I explore and 

investigate the possibility of a cause of fires for LIBs driven by heat transfer, self-heating 

ignition, which is a fundamental cause of fire when reactants are massively stacked (e.g. around 

10 m thick of carbon-rich soil for example[48]).  

Three major challenges for the studies of self-heating ignition of LIBs are identified 

through the review of the literature in Chapter 1, as shown in the diagram in Figure 8-1. The 

worst cases for self-heating ignition takes place at large scales (storing LIBs at a warehouse-

scale), which are difficult to investigate through direct experiments, therefore, is mainly studied 

by numerical modelling. Modelling real warehouse storage of LIBs involves high complexity 

of chemistry, geometry, and large sizes, while the state-of-the-art models for LIBs usually 

focus on one aspect, the chemistry, with little attention to the remaining two. Chapter 2 

introduces the theoretical foundations of self-heating ignition and a classical self-heating theory. 

A general numerical self-heating model is developed using the commercial simulation software 

COMSOL Multiphysics. A typical LCO type of battery with four-step reaction kinetics from 

the literature is chosen as an example to analyse the fundamental mechanisms of self-heating 
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ignition of LIBs. The model developed in Chapter 2 is then modified step by step in Chapter 3 

to Chapter 6 to deal with the three major challenges: large geometry size (Chapter 3), complex 

geometry (Chapter 4), complex geometry in large size (Chapter 5), and potential reactions at 

low temperature (Chapter 6), as shown in Figure 8-1. The development of these 4 models 

follows the order of my understanding of this research area, with the increasing complexity of 

the models from Chapter 3 to Chapter 6. A benchmarking study is conducted in Chapter 7 to 

compare the different simulation performances by COMSOL and Gpyro for self-heating 

ignition of LIBs. Chapters 3-7 are the key research contents of the thesis, and their main 

outcomes are summarized in this section.  

 

Figure 8-1. The 3-D diagram demonstrates three main challenges involved in modelling the thermal 

behaviour of large-scale LIB systems (complexity of chemistry, complexity of geometry, and geometry 

scale) and the state of current models in the literature and models developed in this thesis. Each 

challenge is divided into five levels according to complexity. The red cube represents the state of real 

condition for warehouse storage of LIBs. The cubes in orange are the models in the literature, while the 

black, green, yellow, and blue cubes are models developed in this thesis.  
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A 3D isotropic and homogeneous (Iso-Hom) model is developed in Chapter 3 to analyse 

the self-heating behaviour of LIB ensembles in different sizes, from a single cell to a rack with 

around 2 million cells. Three critical parameters: the critical ambient temperature, Ta,cr, and 

onset cell temperature, Ton, and onset time, ton,  are put forward to analyse the self-heating 

ignition behaviour of LIBs. The results show that both the critical ambient temperature, Ta,cr, 

and onset cell temperature, Ton, decrease significantly with the increase of the size of battery 

ensembles, Ta,cr drops from 155 ℃ for a single cell to 85 ℃ for a rack of cells. The model also 

predicts that the presence of insulations during LIB storage could further decrease the 

temperature threshold for self-heating ignition (Ta,cr=60 ℃), and the dominating mechanism of 

the self-heating ignition of LIBs changes with the size of LIB ensembles. These results are the 

inspiration of the following studies conducted in Chapters 4-6 to investigate the effects of 

complex heat transfer during LIB storage and low-temperature reactions.  

A 3D isotropic and heterogeneous (Iso-Het) model is developed in Chapter 4 to investigate 

the effects of complex heat transfer introduced by the packaging and insulation during LIB 

storage. A case study is conducted for a box with 100 LCO type cylindrical cells in storage. 

The model predicts that the presence of packaging materials could accelerate self-heating 

ignition, while the type of materials used for insulation has a negligible influence on the self-

heating ignition of the box as long as thermal conductivities of the insulation are the same order 

of magnitude as that of air. It is predicted that the box with the battery volume ratio χ around 

0.51 has the highest tendency to self-ignite. The insulations in the LIB package was found to 

have crucial impacts on the self-heating behaviour of the LIB storage system should not be 

omitted for large-scale prediction.  

To incorporate the effects of packaging and insulation for large-scale predictions, an 

anisotropic and homogeneous (Ani-Hom) model is developed in Chapter 5. By transferring the 
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complex geometry into a modified physics, the Ani-Hom significantly cut down the numerical 

costs, and its computational efficiency is 10 times higher compared to the Iso-Het model for 

the box simulation in Chapter 4. The upscaling results by the Ani-Hom model show that the 

presence of insulations significantly facilitates self-heating ignition for large LIB ensembles. 

The worst scenario (the rack with χ=0.510) is predicted to self-ignite at an ambient temperature 

of 45℃, which is 40℃ lower than the prediction by the Iso-Hom model in Chapter 3.  

The models developed in Chapters 3-5 are all based on four-step reaction kinetics at 

around 100℃-200℃. The exothermic reactions at a lower temperature, such as self-discharge 

might also affect the self-heating ignition behaviour of large LIB ensembles. In Chapter 6, an 

empirical correlation for self-discharge is developed based on experimental data of a 

calendaring ageing study from the literature. The potential heat generation by self-discharge is 

deducted and incorporated in the Ani-Hom model developed in Chapter 5. The results show 

that self-discharge processes have negligible effects on self-heating ignition of LIB ensembles 

in small sizes (single cell and box scenarios). However, the heat from self-discharge is 

predicted to be dominating for the shelf scenario, which significantly facilitates self-heating 

ignition. The critical ambient temperature of the shelf is predicted to be 20℃, which is 55℃ 

lower than the results by the model in Chapter 5. The model also predicts that increasing the 

gaps between cells could be an effective method to lower the risk of self-heating ignition. To 

simplify the problem, Chapter 6 used an empirical correlation, which might have large 

uncertainty. It could be beneficial to develop a more fundamental model with higher accuracy 

in the future to analyse its impacts, which may offer a more general solution for self-heating 

ignition of LIBs in different types. 

A benchmark study is conducted in Chapter 7 to compare the differences of numerical 

performance by COMSOL Multiphysics and Gpyro for simulating the self-heating ignition of 
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LIBs. Four cases with different levels of complexity are analysed considering (1) kinetics at 

the microscale, (2) heat transfer at mesoscale, (3) overall self-heating behaviour at mesoscale 

for a single cell and (4) a four-cell ensemble. Although COMSOL and Gpyro have large 

differences in their numerical discretization methods, modelling of chemical dynamic and heat 

transfer, the results show that both tools could accurately predict the transition from a 

subcritical to a supercritical condition for the single-cell and the four-cell ensemble against the 

oven experiment. Therefore, both tools are capable of modelling self-heating ignition of LIBs.  

Overall, the numerical models developed in this thesis demonstrate that self-heating 

ignition can be a potential cause of fires when LIBs are stacked on large scales. The critical 

ambient temperature for an intensively stacked LIB ensemble could drop to a value close to 

normal ambient temperature. The potential hazard by self-heating ignition of LIBs should be 

considered during storage and transport and be included in the safety regulations. Due to the 

complexity of chemistry and limited experimental data in the literature, the quantitative results 

predicted in the thesis are based on a specific type of LIB in a specific condition, which may 

overestimate the real LIB storage condition. However, the methodologies, parameter 

assessment, and simplification methods developed in this thesis should be able to be applied to 

other types of LIBs in other conditions. I hope my work can help the battery and fire safety 

community to better understand the self-heating ignition behaviour of LIBs and prompt an open 

thread for related research. 
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