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Abstract:  Self-heating ignition is a fire hazard in warehouses when stacking large quantities of reactive 7 

materials for storage, including lithium-ion batteries (LIBs). Due to the heavy costs and dangerous fire risks, 8 

the thermal behaviour of large-scale LIB ensembles is usually studied by numerical methods. The state-of-the-9 

art self-heating models on LIBs are either too computationally expensive to be applied to the predictions of 10 

large LIB ensembles, or capable of large ensemble predictions but missing important heat transfer 11 

characteristics like insulation in packaging. Based on four-step kinetics from the literature (Solid electrolyte 12 

interphase decomposition, negative-electrolyte reaction, positive-electrolyte reaction, and electrolyte 13 

decomposition), we have developed a 3D anisotropic homogeneous (Ani-Hom) transient heat transfer model 14 

that can incorporate complex packaging and is numerically affordable for large ensemble predictions based 15 

on COMSOL Multiphysics. The effect of packaging insulation is considered by using weight-averaged 16 

thermophysical properties and directional thermal conductivities. Lithium Cobalt batteries (LCO) are used as 17 

a case study. This Ani-Hom model was verified by comparing a box-scale simulation against an isotropic 18 

heterogeneous (Iso-Het) model from the literature. Both the predictions of temperature evolution and the 19 

heat generation agreed to within 5%, while the computational time of the Ani-Hom model is one order of 20 

magnitude lower than the Iso-Het model. The Ani-Hom model is then applied to LIB ensembles in four possible 21 

storage sizes, ranging from a single cell to a rack with around 10 million cells, with different packing 22 

configurations and spacing between cells. The model predicts that the presence of packaging insulation 23 

promotes self-heating ignition. A rack of this LCO LIBs is predicted to self-ignite at an ambient temperature of 24 

45℃, which indicates that LIBs in a warehouse are vulnerable to fire hazards in warm environments. The 25 

presence of defects or abuse will even lower this critical ambient temperature. This work provides insights 26 
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into the effects of complex insulation and spacing on self-heating ignition of LIBs during storage and 27 

contributes to a better understanding which can help mitigate such fires.  28 

Keywords: Self-heating, lithium-ion battery, thermal runaway, safety, heat transfer 29 

 30 

Nomenclature 
A Frequency factor s-1 
E Activation energy J mol-1 
∆H Specific heat release J kg-1 
R Reaction rate s-1 
W Material content kg m-3 

Q Heating power W 

T Temperature K 

V Volume,  m3 

S Surface area m2 

l Length m 

cp Heat capacity J kg-1 K-1 

c Dimensionless concentration  

m Reaction order  

h Convective heat transfer coefficient W m-2 K-1 

k Effective heat conductivity W m-1 K-1 

q''' Volumetric heat source W m-3 

q'' Heat flux W m-2 

t Time s 

z Dimensionless SEI thickness  

Greek symbols 
α Degree of conversion  

ρ Average density kg m-3 

χ The battery volume ratio  

ε Emissivity  

Subscript 
L Left boundary   

R Right boundary  

T Top boundary  

B Bottom boundary  

0 Initial state  

a Ambient  

s Boundary at free surface  

b Battery  

air Air  

conv Convective heat transfer  

rad Radiative heat transfer  

sei Solid electrolyte interphase (SEI)  

n Negative electrode  

p Positive electrode  

e Electrolyte  

tot Total reactions  

a, cr Critical state of ambient that can trigger thermal runaway  
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 31 

1 Introduction 32 

Lithium-ion batteries (LIBs) are the preferred energy storage method for portable devices due to their high 33 

energy and power density. However, their propensity to ignite has recently raised safety concerns, with many 34 

LIB fires being reported in the past few years[1,2]. Safe storage of these highly reactive batteries is also a 35 

concern to the industry. According to the report by the U.S. Federal Aviation Administration[3], 238 airport 36 

incidents related to LIB transport occurred from 1991 to 2018. Specifically, when a large number of LIBs are 37 

stacked, the fires can be catastrophic because the failure of one single cell could easily ignite adjacent cells 38 

and propagate[4–6]. Owing to the potential occurrence of fires, LIBs are classified as dangerous goods for 39 

transportation purposes[7,8]. Governments have developed many regulations for LIB storage and 40 

transportation[7,9]. Most of these regulations focus on the prevention of electrical or mechanical failure, 41 

giving specified requirements on the packaging to avoid short circuits or mechanical abuse. However, less 42 

attention has been paid to the storage environment, which is also an important cause of unexpected fire 43 

accidents.  44 

Self-heating ignition is a known cause of fires in porous natural fuels such as coal[10,11], peat[12], and 45 

biomass[13,14] stacked in large size. When these reactive materials are stacked in a large ensemble, the heat 46 

generated inside by low-temperature exothermic processes cannot dissipate to the outer environment (as it 47 

needs to diffuse across half of the size of the ensemble to reach the outer surface to finally dissipate to the 48 

environment), causing heat to accumulate inside and start self-heating, and finally ignition at the 49 

environmental temperature given sufficient induction time. LIBs in storage, which have constant spontaneous 50 

side reactions[15], can also theoretically reach self-heating ignition when stacked in large quantities as an 51 

ensemble. LIB ensembles in different sizes have different ignition criteria due to the change of the heat 52 

transfer environment. However, self-heating ignition of LIBs has seldom been discussed even giving the fact 53 

that many fires related to large quantity storage of LIBs have been reported globally. The battery community 54 
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tends to blame the cause of these fires on short circuits internally or externally, failing to recognize that poor 55 

heat transfer conditions also have significant impacts and may initiate ignition.  56 

Unfortunately, self-heating ignition of LIBs is difficult to study experimentally as it only occurs when there is a 57 

large quantity of cells (millions of cells may be stored in a warehouse [16]). The high hazard and costs of 58 

performing such experiments has been a significant block to understanding this particular ignition process. 59 

Current feasible approaches investigate the critical kinetic parameters of batteries using lab-scale experiments 60 

and then apply these to a self-heating theory or a fundamental heat transfer model to make large-scale 61 

predictions[17]. However, simulating such a large-scale problem is still a challenge for the current state-of-62 

the-art models in the literature. Fig. 1 demonstrates the challenges for modelling the thermal behaviour of 63 

real large-scale LIB storage and the state of current models in the literature. Analysing self-heating ignition of 64 

warehouse-scale storage of LIBs involves three independent challenges: the complexity of chemistry, the 65 

complexity of geometry, and the geometric scale, with the first challenge related to heat generation and the 66 

latter two related to heat transfer. If all three challenges are divided into 5 levels according to complexity, the 67 

real warehouse storage of LIBs lies in the red region shown in Fig. 1, which involves high complexity of 68 

chemistry (complex reactions when the battery is heated up), high complexity of geometry (the different 69 

materials used within battery cells, insulating materials between cells, and different 3D placements of battery 70 

packs), and large geometry size (several meters for a typical length). Depending on the kinetics used, current 71 

numerical models in the literature for analysing the thermal behaviour of LIBs could be roughly divided into 72 

three types: complex electrochemical models, multi-step chemical models, and one-step global models.  73 
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 74 

Fig. 1. The 3-D diagram demonstrates three main challenges involved in modelling the thermal behaviour of 75 

large-scale LIB system with the state of current models in the literature. Each challenge is divided into five 76 

levels. Depending on the kinetics used, models in the literature are classified into three types: complex 77 

electrochemical model (pink cube), multi-step chemical models (green cube), and one-step global models 78 

(orange cube). The red cube represents the real large-scale LIB storage, while the light green cube represents 79 

the model in this study.  80 

The complex electrochemical models (located in the pink cube in Fig. 1) aim to understand the fundamental 81 

kinetics and dynamics of reactions within battery cells[18–20]. These models pursue extreme complexity of 82 

chemistry[21,22], to understand what exactly happens within battery cells and how reactions develop. These 83 

models usually have high requirements on accuracy and are often specified to be a very small size scale (usually 84 

component level, microscale) to eliminate the effects of heat transfer and purely focus on dynamics of 85 

reactions. The second type of models, multi-step chemical models (green cubes in Fig. 1), commonly focus on 86 

the cell level (a single cell or several cells) and care more about the behaviour of whole-cell or pack of cells[23–87 

25]. These models use several main chemical reactions[26,27] for the main components of LIBs to substitute 88 

all complex electrochemical reactions inside and simulate the thermal behaviour of the whole cell. This kind 89 

of simplification sacrifices a certain extent of accuracy, but greatly reduces computational costs and captures 90 
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the global thermal characteristics. These models are widely used for simulating thermal runaway of single-cell 91 

or thermal runaway propagation[28,29] in arrays of cells.  The third type of models is classed as one-step 92 

global models (the orange cubes in Fig. 1). When the size increases to that of real LIB storage (warehouse 93 

storage), numerical simulation on such a large-scale problem becomes challenging, as the computational costs 94 

of complex models for such a case are unaffordable. Current solutions used are classical self-heating theories 95 

such as Semenov’s theory or Frank-Kamenetskii’s theory[30–32], which greatly simplify the complexity of 96 

chemistry (assuming one-step global reaction) as well as the complexity of geometry (assuming same material 97 

for the whole bulk, homogeneous distribution) to achieve large-scale predictions. Direct experiments on such 98 

large-scale LIB ensemble usually monitor only a few key parameters (e. g. heat release rate), and then a global 99 

Arrhenius type of reaction is used to fit the data[33].  100 

Due to the challenges introduced from the three aspects, current models for self-heating ignition of large-101 

scale stacked LIBs are still far from the real conditions. Hatchard et al.[23]used three main reactions (SEI 102 

decomposition, negative-electrolyte reaction, and positive-electrolyte reaction) to simplify the kinetics for the 103 

LiCoO2 (LCO) type of LIB and developed a lumped model for predicting self-heating behaviour of a single cell, 104 

which fitted well with their oven experiments. Kim et al.[24]further improved the model by adding kinetics for 105 

electrolyte decomposition reactions and developed a 3D model to consider heterogeneous heat transfer 106 

introduced by the internal layer structure of cylindrical cells. These four-step reaction kinetics have then been 107 

widely used [4,25,26] for modelling the thermal abuse behaviour of LIBs as well as thermal runaway 108 

propagation[5,6,34]. Based on lab-scale experiments, models based on classical self-heating theories [4,35,36], 109 

which use effective one-step global reaction for LIB kinetics, have also been developed for analysing self-110 

heating behaviour of LIBs and upscaling predictions. Targeted large-scale LIB ensembles, we previously [17] 111 

developed a transient 3D homogenous model based on the multi-step reaction kinetics and used it to predict 112 

self-heating behaviour of LIB ensembles across four typical storage size: from a single cell to a rack with around 113 

2 million cells. The problem is that the complex placement and structure during LIB storage (small gaps of 114 

insulation to separate cells to provide cushion and avoid short-circuits) have been proved to significantly 115 
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change the internal heat transfer on the LIB storage system[37], and therefore should not be neglected for 116 

self-heating studies of LIBs. Directly simulating these narrow structures with a heterogeneous model would 117 

introduce more refined meshes (millimetre scale) and is numerically affordable for large-scale (warehouse 118 

scale) predictions.  119 

In this study, we improved our previous homogeneous model[17] and developed an advanced self-heating 120 

ignition model (the light green cube in Fig. 1) by considering the complex heat transfer introduced by 121 

insulations during LIB storage for large-scale predictions. To model the complex heat transfer during LIB 122 

storage, we put forward a methodology to decouple heat transfer from complex chemical reactions to 123 

calculate the key effective heat transfer properties, and then recouple the multi-step chemical reactions to 124 

achieve fast simulations for large-scale LIB ensembles. In Section 2, we briefly introduce the controlling 125 

equations, kinetics, and input parameters of our previous homogeneous model[17], which are fundamental 126 

to model self-heating ignition of large LIB ensembles. Section 3 presents the methodology to improve the 127 

previous model[17] by considering the complex heat transfer introduced by the insulation structure during LIB 128 

storage and its validation against a box scenario with 100 cylindrical cells. Section 4 then applies the improved 129 

model for large-scale predictions and compares it with our previous model to analyse the impacts.  130 

2 Basic model for self-heating ignition of LIBs 131 

The fundamental modelling of self-heating ignition of LIBs is based on our previous homogeneous model[17]. 132 

The detailed explanations of what kinetics we used, the reasons why we select them and their validation are 133 

addressed in our previous study[17]. In this section, we briefly summarize the main controlling equations, 134 

kinetics as well as input parameters because these are also the cornerstone of our newly improved model.  135 

The ultimate goal of our self-heating ignition study is to predict the real large-scale (warehouse level) LIB 136 

storage, which is difficult to conduct experiments for validations. Therefore, we need fundamental kinetics 137 

that is independent of geometry and could be upscaled for reasonable large predictions. However, the 138 

chemical kinetics of LIBs are complex due to multiple materials making up the cells and varying across different 139 

types of LIBs. In this case, we select the LCO type of LIBs, which is relatively simpler and have been widely 140 
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studied with numerous data published. The kinetics we adopted is the four-step reaction scheme by Hatchard 141 

et al.[23] and Kim et al.[24], which considers four major reactions developed based on adiabatic tests on 142 

individual components of LIB. These kinetics were grouped together and successfully predicted the self-143 

heating ignition of a whole cell, which reveals fundamental understandings of self-heating ignition of LIB and 144 

could be used for upscaling predictions. The detailed input parameters are base on tests on E-One/Moli Energy 145 

ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah cobalt cells in 100% state of charge (SOC). Although LIBs 146 

are commonly stored in 30-50% of SOC, the fundamental kinetics of the four-step reaction scheme are based 147 

on tests on cells in 100% SOC and we have not found any research numerically reporting the relationships 148 

between the fundamental kinetics and SOC. In this case, we assume all cells are stored in 100% of SOC, which 149 

represents the worse scenario. All of the numerical calculations are performed using a finite element method 150 

(FEM) commercial software, COMSOL Multiphysics V5.3a. 151 

2.1 Heat transfer 152 

We simulate a typical self-heating experiment, oven tests[30,31]. A LIB ensemble with an initial temperature 153 

of T0 is placed in an environment with an ambient temperature of Ta. To find the critical condition to trigger 154 

self-ignition, the ambient temperature is set to increase by steps until the system could self-ignite. Only 155 

conduction is considered for the heat transfer between cells. The 3D governing equation is the heat diffusion 156 

equation in battery cells: 157 

 𝜌𝑐𝑝𝜕𝑇/𝜕𝑡 = 𝑘∇2𝑇 + 𝑞tot
′′′  (1)  

where ρ is the average density of the cell, cp is the average heat capacity, k is the average heat conductivity, 158 

and 𝑞𝑡𝑜𝑡
′′′  is the total volumetric heat source term. Both convective and radiative heat transfer are considered 159 

for the free surface boundaries:  160 

 𝑞conv
′′ = ℎ(𝑇𝑠 − 𝑇𝑎) (2)  

 𝑞rad
′′ = 𝜀𝜎(𝑇𝑠

4 − 𝑇𝑎
4) (3)  
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where h is a convective heat transfer coefficient, Ts is the temperature of the free surface boundary, Ta is the 161 

ambient temperature, ε is the surface emissivity, and σ is the Stefan-Boltzmann constant. 162 

2.2 Chemical kinetics  163 

The reactions considered for the LIB at elevated temperature include the solid electrolyte interphase (SEI) 164 

decomposition, negative-electrolyte reaction, positive-electrolyte reaction, and electrolyte 165 

decomposition[24]. The total volumetric heat source consists of four terms, as in Eq. (4).  166 

 𝑞tot
′′′ = 𝑞sei

′′′ + 𝑞n
′′′ + 𝑞p

′′′ + 𝑞e
′′′ (4)  

Detailed kinetics of different reactions are listed in Table 1. The model is assessed by conducting a case study 167 

for a  cylindrical cell against the experimental data in the literature[23], as shown in Fig. 2. The input 168 

parameters are from the literature and are shown in Table 2.   The temperature profiles predicted by the 169 

numerical model fit well with experiments for subcritical conditions (Ta= 145℃, 155℃), but were around 10 170 

mins behind the experiments for the supercritical condition (Ta= 155℃). This is because the kinetics we used 171 

are only focused on the early stage of thermal runaway at relatively low temperature (below 200℃). The 172 

internal reactions are more complex and reach another stage at a higher temperature, the combustion stage, 173 

which is out of the scope of our study and is not considered in the kinetics. Our target is to predict the transient 174 

from a safe subcritical condition to a hazardous supercritical condition, the critical ambient temperature Ta,cr, 175 

which was accurately predicted by the numerical model.  176 

Table 1 177 

The kinetic model for LiCoO2 lithium-ion battery from the literature[23,24]. 178 

Chemical mechanisms   Eq.  

SEI decomposition  𝑅sei = −d𝑐sei/d𝑡 = 𝐴seiexp⁡[−𝐸sei/(𝑅𝑇)]𝑐sei
𝑛sei (5)  

𝑞sei
′′′ = ∆𝐻sei𝑊n𝑅sei (6)  

Negative-electrode 

reaction 

𝑅n = −d𝑐n/d𝑡 = 𝐴nexp⁡(−z/𝑧0)exp⁡[−𝐸n/(𝑅𝑇)]𝑐n (7)  

d𝑧/d𝑡 = 𝐴nexp⁡(−z/𝑧0)exp⁡[−𝐸n/(𝑅𝑇)]𝑐n (8)  
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𝑞n
′′′ = ∆𝐻n𝑊n𝑅n (9)  

Positive-electrode 

reaction  

𝑅p = d𝛼/d𝑡 = 𝐴p𝛼(1 − 𝛼)exp⁡[−𝐸p/(𝑅𝑇)] (10)  

𝑞p
′′′ = ∆𝐻p𝑊p𝑅p (11)  

Electrolyte 

decomposition  

𝑅e = −d𝑐e/d𝑡 = 𝐴eexp⁡[−𝐸e/(𝑅𝑇)]𝑐e
𝑛e (12)  

𝑞e
′′′ = ∆𝐻e𝑊e𝑅e (13)  

 179 

Table 2  180 

Physical and kinetic parameters for the model 181 

Symbol   Description  Value Unit 

Asei SEI decomposition frequency factor 2.08E15  [38,39] s-1 

An Negative-solvent frequency factor 1.67E6  [38] s-1 

Ap Positive-solvent frequency factor 6.67E13 [23,24] s-1 

Ae Electrolyte decomposition frequency factor 5.14E25 [24] s-1 

Esei SEI-decomposition activation energy 1.35E5 [38,39] J mol-1 

En Negative-solvent activation energy 7.72E4 [38] J mol-1 

Ep Positive-solvent activation energy 1.40E5 [23,24] J mol-1 

Ee Electrolyte decomposition activation energy 2.74E5 [24] J mol-1 

∆Hsei SEI-decomposition heat release 2.57E5 [23,24] J kg-1 

∆Hn Negative-solvent heat release 1.71E6 [23,24] J kg-1 

∆Hp Positive-solvent heat release 3.14E5 [23,24] J kg-1 

∆He Electrolyte decomposition heat release 1.55E5 [24] J kg-1 

Wn Specific negative active content 363 [23] kg m-3 

Wp Specific positive active content 726 [23] kg m-3 

We Specific electrolyte content 407 [24] kg m-3 

msei Reaction order for SEI decomposition 1  [23,24] - 

https://doi.org/10.1016/j.applthermaleng.2021.117301


This is the accepted version of this paper. Paper can be referenced as: 

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. https://doi.org/10.1016/j.applthermaleng.2021.117301  

me Reaction order for electrolyte decomposition 1  [24] - 

csei0 Initial value of csei 0.15 [23,24] - 

cn0 Initial value of cn 0.75 [23,24] - 

α0 Initial value of α 0.04 [23,24] - 

z0 Initial value of z 0.033 [23,24] - 

ce0 Initial value of ce 1 [24] - 

T0 Initial temperature  301.15 [23] K 

kb Average thermal conductivity of the battery 3.4  [23] W m-1K-1 

kair Thermal conductivity of air 0.025 [40] W m-1K-1 

ρb Average density of the battery 2580 [23] kg m-3 

ρair Density of air  1.204 [40] kg m-3 

cp, b Average heat capacity of the battery 830 [23] J kg-1K-1 

cp, air Heat capacity of air 1007 [40] J kg-1K-1 

h Convection heat transfer coefficient 7.17 [24] W m-2 K-1 

ε Surface emissivity  0.8 [24] - 

 182 

 183 
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Fig. 2. Comparison of temperature history between our COMSOL simulation (solid lines) and oven experiments (symbols) 184 

by Hatchard et al.2001[23] on single cylindrical cell tests, which validates that the multi-step kinetics developed at 185 

component scale can give good predictions on cell scale performance and reveal some fundamental insights across scales.  186 

3 Methodology—improved model for complex heat transfer in large scale  187 

A major obstacle for predicting self-heating of the real large-scale LIB storage system is that battery cells are 188 

usually separated by small gaps or insulations to avoid mechanical abuse or short-circuits. These composite 189 

structures created by the insulations significantly change the heat transfer performance of the whole LIB 190 

storage system, and therefore are not negligible for self-heating modelling. However, direct simulations by 191 

considering these narrow structures would introduce refined meshes, which is numerically unaffordable for 192 

large-scale predictions. Proper simplification needs to be taken for the current model. When discussing 193 

simplification of calculations, we introduce another concept, anisotropy (isotropic/anisotropic), which needs 194 

to be distinguished from heterogeneity (homogeneous/heterogeneous).  195 

Homogeneous defines all material properties to be identical in all locations (otherwise heterogeneous), while 196 

isotropic defines that material properties are the same in all directions (otherwise anisotropic). Based on a 197 

simple LIB structure, Fig. 3 uses thermal conductivity, k, as an example to illustrate the differences of these 198 

characteristics. Heterogeneity is introduced by analysing heat transfer between different materials, often 199 

adding difficulties on numerical discretization and meshing, quantitatively increasing computational costs but 200 

with the controlling equations remaining unchanged. Anisotropy is an intrinsic property of some materials, 201 

which have a strong directional heat transfer tendency. It does not geometrically change the discretization, 202 

but physically changes the controlling equations (for each property, it introduces three directional variables), 203 

increasing computational costs by adding complex calculations. While most models[41–43] considered the 204 

heterogeneity of the system, the concept of anisotropy has seldom been discussed, and therefore by default, 205 

isotropic distribution is assumed, especially for large-scale predictions requiring massive simplifications.  206 
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 207 

Fig. 3. Diagram to identify homogeneous (heterogeneous) vs. isotropic (anisotropic). Using thermal conductivity, k, as an 208 

example, homogeneous describe material properties to be identical in all locations (the positive electrode consists of the 209 

same material, kA = kB, and therefore is homogeneous), otherwise, it is heterogeneous (the entire battery consists of 210 

different materials with different properties, kB ≠ kC, and therefore the entire battery is heterogeneous). Isotropic 211 

describe material properties to be the same in all directions (Point D in the electrolyte, in which different molecules are 212 

randomly distributed, resulting in macroscopically the same thermal conductivity in all directions), otherwise it is 213 

anisotropic (Point E in the negative electrode, which graphite has a layer molecular structure, resulting in different 214 

thermal conductivity along the axial direction and radial direction).  215 

Although a LIB cell consists of multiple components and has a complex internal structure, the lumped 216 

model[23] (isotropic homogeneous, named Iso-Hom afterwards) using effective properties could provide 217 

adequate accuracy for self-heating prediction of the single-cell compared with the 3D isotropic heterogeneous 218 

(Iso-Het) model by Kim et al. [24].  Furthermore, a large-scale LIB storage system has a highly periodical 219 

structure (as shown in Fig. 4 (a)) and consists of multiple cells. While each cell is a closed system where complex 220 

reactions coupling with heat transfer, the interaction between cells is merely by heat transfer, which allows a 221 

method to simplify calculations.   222 

We put forward a method to decouple the complex chemical reactions and heat transfer, using anisotropic 223 

homogeneous (Ani-Hom) heat transfer properties to simplify the Iso-Het heat transfer with the LIB storage 224 
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system. The box with 100 cylindrical cells[37], as shown in Fig. 4 (a), is used as a case study to explain the 225 

methodology. The basic box has dimensions of 0.208m ×0.208m ×0.075m. The gaps between cells are filled 226 

with insulation (air) as inert. We assume the same amount of reactants (100 cells) and inert (air) are equally 227 

distributed to the same size of the box (Fig. 4 (b)), which is homogeneous. The lumped thermophysical 228 

properties such as ρl, cp,l of the homogenous box could be calculated as: 229 

 𝜌𝑙 = 𝜒𝜌𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟 (14)  

 𝜒 = 𝑉𝑏/(𝑉𝑏 + 𝑉𝑎𝑖𝑟) (15)  

 𝑐𝑝,𝑙 =
𝜒𝜌𝑏𝑐𝑝,𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

𝜒𝜌𝑏 + (1 − 𝜒)𝜌𝑎𝑖𝑟
 (16)  

where χ is the volumetric ratio of batteries in the storage system. The different placements and orientation of 230 

the battery cell within the box could lead to different heat transfer ability in different directions. Therefore, 231 

heat transfer differences in different directions are considered by anisotropic thermal conductivity in this 232 

study. Three effective directional thermal conductivities kx, ky and kz are used to consider the effects of 233 

insulations and orientations of cells on the heat transfer through the whole battery box. As discussed before, 234 

the interactions between battery cells are merely by heat transfer, and therefore could be decoupled from 235 

the complex chemical reactions. Also, the effective directional thermal conductivities kx, ky and kz are inherent 236 

properties of the box and could be calculated by conducting steady-state simulations, just like a steady-state 237 

experiment to measure thermal conductivity.   238 

Fig. 5 shows an example of a numerical setup used to calculate kx. We first decouple heat transfer from 239 

chemical reactions, turning off all reactions to consider a pure heat transfer condition. The two boundaries in 240 

the x-direction are set as fixed temperatures TL and TR. Boundaries in the other directions are set as adiabatic. 241 

In this condition, heat only transfers along the x-direction, following Fourier’s law: 242 
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 ∫ 𝑞𝑥
′′𝑑𝑠𝑥

𝑆𝑥

= 𝑙𝑦𝑙𝑧𝑘𝑥(𝑇𝐿 − 𝑇𝑅)/𝑙𝑥 (17)  

where lx, ly and lz are the lengths of the box in different directions, and Sx is the surface area along the x-243 

direction. Given an arbitrary temperature difference, TL-TR, the total heat flux in the x-direction can be 244 

calculated using a steady-state simulation. Then, the effective thermal conductivity in the x-direction kx can 245 

be calculated. Due to the geometric symmetry, ky equals kx. kz was calculated using the same method, by 246 

conducting steady-state simulation to calculate the heat flux with a given arbitrary temperature difference 247 

between the bottom and top boundaries, TB-TT. The calculated effective directional thermal conductivities of 248 

the box are listed in Table 3. In this packing condition, kx is equal to 0.052 W m-1K-1, approximately half of the 249 

value for kz. Comparing to the thermal conductivity of LIBs, these effective directional thermal conductivities 250 

of the whole box are 1 to 2 orders of magnitude lower, agreeing with the result from the literature[37] that 251 

the presence of insulating materials could significantly change the heat transfer properties of the LIB storage 252 

system. This is because the insulating materials between cells introduce a large heat resistance to the box, 253 

while the heat resistance from the battery cells is small and negligible.  254 

Replacing the thermal properties in Eq. (1) with these calculated effective thermal properties and coupled 255 

with chemical reactions (turning on all reactions), a 3D Ani-Hom model is developed, where the effects of 256 

insulations during storage are included. For identical input kinetic parameters, the self-heating ignition 257 

behaviour of the equivalent Ani-Hom battery box is simulated and compared with the results by the Iso-Het 258 

model for the box with 100 cylindrical cells [37]. The results are presented in Fig. 6.  259 

 260 
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Fig. 4 Geometric diagrams of the Iso-Het model by Hu et al.[37] (a), which consider the detailed heterogeneous structure 261 

of a box containing 100 cylindrical cells,  and the Ani-Hom model (b) developed in this study, which simplify the same LIB 262 

box as a homogeneous media with anisotropic heat transfer characteristics.  263 

 264 

Fig. 5 Example of the steady-state model used to calculate effective directional thermal conductivity in the x-direction. A 265 

pure heat transfer condition is considered. The 2 boundaries in the x-direction are set as fixed temperature TL and TR, 266 

while the other 4 free boundaries are set to be adiabatic.  267 

 268 

Fig. 6 (a) The calculated temperature history at the centre point of the box and (b) total heat generation of all reactions  269 

by the Iso-Het model (black) by Hu et al. [37] and the Ani-Hom model (blue) in this study. 270 

The centre point of the box is most vulnerable to self-heating ignition due to geometrical symmetry. As a result, 271 

its temperature can be used to quantify the propensity of self-heating ignition. As Fig. 6 (a) shows, the 272 
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simplified Ani-Hom model successfully captured the same transition from a subcritical condition (Ta= 120℃) 273 

to a supercritical condition (Ta= 125℃) as the Iso-Het model[37]. Also, the Ani-Hom model gives quite good 274 

predictions (within 5%) on the temperature history of the centre point against the Iso-Het model. Another 275 

important comparison criterion is the total heat generation by the four reactions for the whole box with 100 276 

cells (shown in Fig. 6 (b)). Both models predicted the early peaks resulting from SEI decomposition, and the 277 

decay for subcritical condition and the exponential growth for the supercritical condition resulting from the 278 

positive-electrolyte reaction. Compared to the Iso-Het model, the total heat generation in the Ani-Hom model 279 

has almost the same peak value (within 5%) in the early stage (at around 3h). However, the total heat 280 

generation given by the anisotropic homogenous model occurs slightly earlier (around 30min) in the early 281 

stage and slightly later (around 30min) after thermal runaway. This is because of the difference in geometry 282 

between the two models. Compared to the Ani-Hom model, the Iso-Het model shown in Fig. 4 (a) has a thin 283 

layer of insulation attached to the outer covers. Heat is much more difficult to transfer in this insulating layer. 284 

In the initial stage, this thin layer delays the heat flux from the environment to the cells, causing a delay of the 285 

temperature increase and therefore less heat generation due to chemical reactions. As the temperature of 286 

the box increases, the temperature of the cells rises above the external environment and starts to have a net 287 

heat release towards the ambient. The box insulation again delays the heat flux toward the external ambient 288 

with respect to the no insulation case, causing the total heat generation curve to be ahead of that given by 289 

the anisotropic homogeneous model. This could also explain the slight differences in the temperature given 290 

by these two models.  291 

However, the magnitude of total heat generation by these two models is almost the same, which confirms the 292 

same self-heating criterion, i.e. the same critical ambient temperature Ta, cr. While the simplified Ani-Hom 293 

model predicts almost the same self-heating behaviour, its computational time is less than 10% of that taken 294 

by the Iso-Het model. Time efficiency can be even higher for a larger LIB ensemble. This great advantage of 295 

Ani-Hom is achieved by these separate decouple and couple processes between calculating heat transfer and 296 

chemical reactions. While the traditional Iso-Het model with refined meshes (5150 elements) needs to solve 297 
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the energy conservation and the species conservation within every single element, the Ani-Hom separate 298 

these two processes and simplifies the heat transfer model and solves the energy conservation on a large scale 299 

by considering the special geometric structure of the LIB box. Although this decoupling and coupling processes 300 

add calculations, it enables the adoption of coarser meshes (845 elements), which greatly reduce the number 301 

of elements that need to be calculated, and therefore achieve higher computational efficiency. The 302 

comparison of the box case simulations with the two models is to demonstrate that with proposed 303 

simplifications, the modified model developed in this study could achieve almost the same numerical 304 

prediction of the isotropic heterogeneous model considering complex geometry, but crucially with much lower 305 

computational costs and therefore support large-scale predictions.  306 

4 Discussion  307 

After the box-scale validation, the Ani-Hom model is then applied for upscaling prediction. The key issue is 308 

whether these effective parameters from the box-scale simulation could be applied for a much larger LIB 309 

ensemble. The chemical kinetics are developed based on fundamental tests on individual components of 310 

LIB[39,44,45]  and are regarded to be independent of the geometrical size. According to Eq. (14) and (16), ρl 311 

and cp,l are constant with a fixed χ and are independent of the size of the LIB ensemble. The effective 312 

directional thermal conductivities are calculated by the numerical method and may change with the size of 313 

ensembles. To determine the relationship of effective directional thermal conductivities on the size of the 314 

system, LIB ensembles in 5 sizes, ranging from 1 box (100 cells) to 16 boxes (1600 cells) are calculated. The 315 

detailed diagram of these LIB ensembles packages is provided in Fig. 7. The effective directional thermal 316 

conductivities of all ensembles are also listed in Table 3. It is found that kx, ky and kz for all ensembles with 317 

different sizes are almost the same, indicating that this basic box is representative of large-scale LIB ensemble 318 

scenarios. kx, ky and kz are generally independent of the size of LIB ensembles and could be used for upscaling 319 

analysis.  320 
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 321 

Fig. 7. The diagram of LIB ensembles used to calculate the relationship between geometric size and directional thermal 322 

conductivities. Range from 2 boxes to 16 boxes.  323 

Table 3  324 

Packing configurations and the effective thermal conductivities of LIB ensembles with different sizes  325 

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 

 326 
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For the predictions of self-heating ignition of LIB ensembles, we consider four typical storage sizes used in[17]: 327 

(1) a single cell, (2) a cardboard box of cells (0.431m × 0.343m × 0.165m), (3) a shelf of boxes (3m × 1.5m × 328 

1.5m), and (4) a rack of shelves (30m × 6m × 3m). Boxes with different spacing between cells (different χ) are 329 

found to result in different self-heating behaviour[37]. In this study, the effects of χ are also investigated. We 330 

adopt the same χ range from [37] as: 0.046, 0.127, 0.250, 0.510, and 1. The detailed diagrams of different 331 

packaging configurations are presented in Fig. 8. The effective thermophysical properties of these LIB 332 

ensembles with different χ are calculated and listed in Table 4. With all these parameters, the self-heating 333 

ignition behaviour of different LIB storage scenarios with different χ was then simulated and presented in Fig. 334 

9.  335 

 336 

Fig. 8.  The diagram of different packing configurations using the same basic box from Hu et al. [37]. The 337 

volume ratio of battery cells χ=Vb/Vbox is 0.510, 0.250, 0.127, and 0.046 respectively.  338 

Table 4 339 

The effective thermophysical properties of LIB ensembles with different battery volume ratio χ.  340 

https://doi.org/10.1016/j.applthermaleng.2021.117301


This is the accepted version of this paper. Paper can be referenced as: 

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. https://doi.org/10.1016/j.applthermaleng.2021.117301  

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 

 341 

Fig. 9 also compares the result from the isotropic homogeneous (Iso-Hom) model in the literature[17], the 342 

square points. These square points represent the theoretical condition χ=1, where all ensembles are assumed 343 

to be fully filled with battery cells. As Fig. 9 shows, all ensembles with insulations have lower Ta,cr compared 344 

with the theoretical condition without insulations. This is because, for χ=1, the effective thermal conductivity 345 

of the storage system is the same as that of LIB, which is almost two orders of magnitude higher than that for 346 

other χ values. Although the amount of reactive materials in this theoretical scenario is much higher, the high 347 

thermal conductivity supports a much stronger heat transfer to the environment and thus leads to a higher 348 

critical self-ignition temperature.  349 
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Fig. 9.  The calculated relationship between Ta, cr and number of battery cells in LIB ensembles of four typical storage sizes 351 

in different packing configurations. The square points are results from the homogeneous model by Hu et al.[17] for a 352 

case of pure LIB storage (χ=1). The corresponding straight lines are linear fits of Ta, cr verse logarithmic of the number of 353 

cells. The purple shaded areas represent different scenarios ranging from a single cell to a rack of cells. The worst 354 

calculated condition could self-ignite at Ta, cr =45 ℃.  355 

According to Fig. 9, in a limited storage space such as the storage box, shelf, and rack scenarios (highlighted in 356 

purple in Fig. 9), ensembles with higher χ (except χ=1) have lower thermal tolerance and are more prone to 357 

self-ignite. This is because, in limited storage space, a system with higher χ has more reactive materials, which 358 

means more heat can be generated. In contrast, the heat transfer ability of systems with different χ are quite 359 

similar. These coupled factors make the system with higher χ more prone to self-ignite at a given ambient 360 

temperature.  361 

The rack-scale LIB ensemble with χ=0.510 (the red circle point in Fig. 9) is predicted to self-ignite at an ambient 362 

temperature of 45℃, which is 40℃ lower than the result given by the homogeneous model[17].  This again 363 

confirms that the presence of insulations significantly accelerates self-heating of large LIB ensembles. These 364 

results consider the worst condition, which assumes LCO types of LIB (which is relatively easy to ignite) 365 

intensively stacked (χ=0.51) in an extremely large size (30×6×3 m) at 100% SOC. Such a condition is not likely 366 

for real LIB storage that LIBs are usually stored at 30-50% SOC with large spacing. However, compared to the 367 

Ta, cr for a single cell (Ta,cr =155 ℃[23,24]), the rapid drop of Ta,cr for the rack scenario indicates that the thermal 368 

stability of large LIB ensemble is lower than we thought. The potential risks of self-heating ignition for large 369 

LIB ensembles are much higher. Furthermore, if there were some battery cells with defects in the ensemble, 370 

thermal stability could be lower, thus leading to a lower ambient temperature for self-ignition. Unfortunately, 371 

the current safety regulations on LIB storage[7,9] do not consider this phenomenon, the industry for LIB 372 

storage sometimes do not provide proper ventilation to save on costs. This might pose a hazard of self-heating 373 

ignition. We suggest for large-scale LIB storage, additional cooling or thermally conductive insulations could 374 

be used to lower the hazard of fires.  375 
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Fig. 9 also shows that for each χ, Ta,cr seems to have a linear relation with the logarithm of N, the number of 376 

cells. We, therefore, assume a relation as follows: 377 

 𝑇𝑎,𝑐𝑟 = 𝑎 + 𝑏 log𝑁 (18)  

We made a linear fit for each χ, and list corresponding parameters in Table 5.  The corresponding fitting curves 378 

are also plotted in Fig. 9.  For each χ, R2 is above 0.99, which proves the linear relation between Ta,cr and logN. 379 

According to these fits, the safety thresholds of LIB storage system with different spacing under three typical 380 

storage temperature, Ta=60℃, 40℃, 25℃, are plotted in Fig. 10.  381 

Table 5 382 

The parameters of linear fits of LIB storage system in different χ 383 

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 

 384 
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 385 

Fig. 10. Thresholds for safely storing different numbers of LIBs with different spacing under three typical storage 386 

temperatures: ambient temperature Ta= 60℃ (red), 40℃ (blue), and 40℃ (green). The black solid lines are LIB 387 

ensembles with different spacing, χ ranges from 0.046 to 0.510. The coloured curves are safety thresholds for different 388 

storage temperature. Beneath the curves are corresponding safety zones (shaded in colours), which mean that LIBs 389 

stored in that volume and number of cells would not self-ignite when stored at that ambient temperature.    390 

It is crucial for the industry to find a suitable spacing and battery volume ratio, χ, which satisfies the 391 

requirement of safety and minimizes storage space to lower the costs. According to Fig. 10, the battery 392 

ensembles which is most prone to self-ignite is predicted to lie in 0.250<χ<0.510. For a given number of battery 393 

cells, Fig. 10 helps evaluate whether the storage space is sufficient or not for the safety requirement, or it can 394 

be used to optimize safe spacing. For the analysed range of χ (0.046<χ<0.510), storing less than 1 million of 395 

18650 LCO type cells at an environmental temperature lower than 60℃ is predicted to be safe from self-396 

heating ignition (20 million cells for Ta<40℃, and 200 million cells for Ta<25℃).  397 

5 Conclusions  398 

We put forward a computational methodology based on an anisotropic homogeneous (Ani-Hom) model to 399 

study self-heating ignition of Lithium-ion batteries (LIBs), which considers the effects of complex packaging 400 
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and could achieve predictions for large ensembles that have not been considered by current models in the 401 

literature. The proposed Ani-Hom model is validated by simulating a box scenario against an isotropic 402 

heterogeneous (Iso-Het) model from the literature, while the computational efficiency of the Ani-Hom model 403 

is 10 times higher. Afterwards, this Ani-Hom model is used to analyze the self-heating ignition of LIBs stored 404 

in four typical sizes. The model predicts the presence of insulations during LIB packaging could significantly 405 

facilitate self-heating ignition because the presence of insulations dramatically reduces heat transfer within 406 

the whole storage system. However, the model shows that the smaller spacing between cells, the lower the 407 

critical temperature needed to reach self-ignition. For the worst scenario, the rack with the volume ratio of 408 

batteries over the whole storage system (χ) of 0.510, is predicted to self-ignite at an ambient temperature of 409 

45℃, while for a single cell the critical ambient temperature is 155℃. This critical ambient temperature 410 

predicted by the proposed Ani-Hom model is 40℃ lower than the prediction by an isotropic homogenous (Iso-411 

Hom) model in the literature, which shows the insulation in battery packaging have significant impacts on self-412 

heating of battery ensembles. The low critical ambient temperature also indicates that warehouse storage of 413 

LIBs could suffer from the potential hazards posed by self-heating ignition, and self-heating ignition could be 414 

a possible cause of large-scale LIB storage fires.  415 

Due to the complexity of battery kinetics, the quantitative results are based on a specific type of battery in a 416 

specific condition, which is closer but still not representing the real LIB storage condition. However, the large 417 

drop of critical ambient temperature by considering the insulations and spacing indicates that the complex 418 

heat transfer and heat resistance introduced by insulation and spacing could significantly facilitate self-heating 419 

ignition of LIBs. The potential hazard by self-heating ignition of LIBs should be considered during storage and 420 

transport and be included in the safety regulations. We propose that additional cooling means or thermally 421 

conductive packaging should be adopted for large ensembles of LIB during storage to control the hazards.  422 
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