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Abstract. Many thermal events have been reported during storage and transport of
large numbers of Lithium-ion batteries (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 of fire in large-scale
ensembles of LIBs. The classical theories and models of self-heating ignition assume a
homogeneous lumped system, whereas LIBs storage involves complex geometry and
heterogeneous material composition due to the packaging and insulation, which sig-
nificantly changes the heat transfer within the system. These effects on the self-heat-
ing behaviour of LIBs have not been studied yet. In this study, the self-heating
ignition behaviour of a box containing 100 LiCoO, (LCO) type of cylindrical cells
with different insulation is numerically modelled using COMSOL Multiphysics with a
multi-step reaction scheme. The model predicts that the critical ambient temperature
triggering self-ignition of the box is 125°C, which is 30°C 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 self-heating of large-scale LIBs.
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k Average heat conductivity (W m~>K ")
q" Volumetric heat source (W m™>)

q" Heat flux (W m™2)

t Time (s)

z Dimensionless SEI thickness

Greek Symbols

o Degree of conversion

0 Average density (kg m~?)

e Emissivity

1 The volume ratio of battery cells over the box
Subscript

0 Initial state

a Ambient

s Boundary at free surface

b Battery

air Air

box The box

conv  Convective heat transfer

rad Radiative heat transfer

sym Symmetry boundary

sei SEI decomposition reaction

p Positive electrode

n Negative electrode

e Electrolyte

tot Total reactions

a, cr  Critical state of ambient that can trigger TR
on Onset state of cell when TR starts to take place

1. Introduction

Lithium-ion batteries (LIBs) are a popular type of rechargeable battery which
have wide applications in portable devices such as cell phones, cameras, laptops,
and even for vehicles and smart grids [1, 2]. 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 hav-
ing been reported in the recent years. In the period spanning 1991 to 2018, 238
airport incidents related to Lithium-ion battery transportation as cargo or bag-
gage have been reported [3]. Figure 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 develop strategies for preventing further accidents. Unfortunately, the causes
of these fires are still not understood, with few published studies discussing LIB
storage fires [4]. The commonly known causes of LIB fires such as electrical
abuse, mechanical abuse and thermal abuse [5] are not applicable for these open-
circuit stored LIBs, and many of these fires did not show signs of battery abuse.
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Figure 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 [7],
and (right) a LIB factory warehouse in China caught fire, the area
burnt was approximately 1000 m? [8].

One possible explanation is the internal short circuits due to manufacturing
defects [5, 6]. The problem is internal short circuits are almost impossible to verify
because fire destroys any evidence.

While the electrochemical community seeks explanations mostly from the bat-
tery’s chemistry, one important factor that has been omitted is that heat transfer
also plays a significant role in ignition [9, 10]. Ignition event occurs because the
heat generation of the system exceeds the system’s ability to dissipate it. Fires
could be triggered by a small heat generation with poor heat dissipation. Self-
heating ignition [9, 10] is the spontaneous ignition of a material in an environment
due to the exothermic reactions within the material [11]. It is a known cause of
fires in many reactive materials such as coal [12], shale [13], and biomass [14]
when stacked in large piles. The weak heat transfer within the large system
enables the low heat generation from the spontaneous reactions to raise tempera-
ture. When the temperature reaches to a critical level, the system goes into a spe-
cial state, Thermal runaway (TR), which the reaction rate of an exothermic
reaction increases due to an increase of temperature leading to a further tempera-
ture increase and a further increase of reaction rate [6]. This positive feedback rai-
ses the temperature rapidly and triggers more violent reactions and finally flaming
combustion happens. Driven by the low heat transfer, large stacked fuels could
self-ignite at natural ambient temperatures.

Unfortunately, this kind of self-heating ignition has rarely been discussed for
LIBs because self-heating of LIBs is often confused with another concept, TR
propagation [15-18]. TR propagation studies when there is a failure on one single
cell, how the fire propagates to the nearby cells. While self-heating ignition dis-
cusses when a large number of LIB cells are stacked, the weak heat transfer
within the LIB ensemble might trigger a self-ignition. Most studies on thermal
hazards of LIBs focusing on modelling chemistry [19-28] or experimental testing
on TR fire behaviour [29, 30], failed to recognize that the low heat transfer for a
large ensemble of LIBs may also contribute to triggering a fire. Our recent experi-
mental study [31] showed that critical ambient temperature for self-ignition of
LIBs decreases with the increase in the number of cells. While the classical self-
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heating theories assume continuum and homogeneous distribution of reactants,
the real storage and transport of LIBs requires packaging materials to provide
electrical insulation and mechanical cushion [32, 33]. These packaging materials
might significantly change the self-heating behaviour of the system.

In this study, we build a numerical model 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. LiCoO2 (LCO) type of battery is cho-
sen as a case study, because abundant kinetic data is available for this kind of
batteries. We first compare the self-heating behaviour of a box of cells with one
single cell and analyse the effects of the kinetics. Afterwards, the impacts of differ-
ent insulations and packing configurations on self-heating behavior of the battery
box are discussed.

2. Method

Semenov’s theory and Frank-Kamenetskii’s theory [9, 10, 34] are two classical
theories which are mostly used for self-heating analyses of different materials.
These two steady-state theories provide approximate analytical solutions to the
relations between the geometrical size of the sample and the critical ambient tem-
perature triggering self-heating ignition, and can be applied for a large-scale esti-
mation. These theories are based on the assumptions of a one-step global reaction
and an infinite amount of reactants. However, each LIB is a closed system with
limited reactants, and multiple reactions have been reported to take place at ele-
vated temperature [26, 27, 35-38]. Studies in the literature [10, 39] have already
shown that for reactants with multiple reactions, extrapolation using Frank-
Kamenetskii’s theory of high-temperature reactions to estimate self-heating beha-
viour at low temperature could result in wrong predictions. Therefore, the classi-
cal theories cannot necessarily be used to investigate the complex geometry
introduced by insulation and its effects.

In this study, we adopt multi-step reaction kinetics [26, 27] and model heat
transfer across the complex 3D geometry. The packing configuration of the box is
based on a 18650 cell storage, as shown in Fig. 2. Variety types of LIB with dif-
ferent kinetics and thermal response are available in the market, it is impossible to
investigate all of them. In this study, we choose the battery from Hatchard et al.
[26]., E-One/Moli Energy ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah
cobalt cells in 100% state of charge (SOC) as the prototype and adopt their kinet-
ics and parameters. In the box scenario, the distance between two 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. 2a. The total dimensions of the box are 0.208 m x 0.208 m x
0.075 m. We assume all gaps are filled with air. In this packing configuration, the
volume ratio of battery cells with respect to the whole box y = Vy/Vipex 1s 0.51.
Due to the symmetry of the geometry, one-cighth of the box is chosen as a com-
putational domain to save computational costs, as shown in Fig. 1b. The numeri-
cal calculations are performed using the finite element method (FEM) software
COMSOL Multiphysics 5.4.
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Symmetry planes

Figure 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

symmeiry.

2.1. Heat Transfer

We simulate an oven test on a box containing 100 cylindrical LIB cells. The initial
temperature of the box is 7T, placed into a hot environment with temperature 7.
Inside the box, two materials are considered, the battery, where exothermic reac-
tions take place, and the inert air. Heat conduction is considered as the main heat
transfer. The 3D governing equation is the heat diffusion equation:

Picp,i% = kT + qlt’;)t,i (1)
where p; is the density, ¢, ; is the heat capacity, k; is the thermal conductivity of i
material, and q'{;t’i is the volumetric heat source in i. Here, heat transfer properties
p, ¢y, and k for i material are considered as constant effective values and do not
change with temperature. In this box scenario, the air gaps are thin. The flow of
air is constrained, so only heat conduction is considered and natural convection
within the constrained narrow gaps is negligible. The heat transfer at interfaces
between battery and air domain is calculated using the following equation

oT oT 2)
Cpb . = PairCp,air 5,
PrCp,b ot b PairCp, ot

int,air

At the free surface of the box, radiative and convective heat transfer are consid-
ered. Equation (3) is used for the convective heat flux component

"

conv = h(]; - Ta) (3)
where /4 is the convection heat transfer coefficient, 75 is the temperature of the free
surface boundary, and 7, is the ambient temperature. Equation (4) is the radiative
heat flux component at the boundary
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q/r/ad = 3‘7(7;4 - T;) 4)

where ¢ is the surface emissivity, and o is the Stefan-Boltzmann constant. No heat
passes through the symmetric boundaries.

orT
PiCp,i E 0 (5)
sym

2.2. Chemical Kinetics

We adopt kinetics proposed by Hatchard et al. [26] and Kim et al. [27]. The four
exothermic processes considered are: the solid electrolyte interphase (SEI) decom-
position, negative-electrolyte reaction, positive-electrolyte reaction, and electrolyte
decomposition. It is commonly believed that the thermal abuse reaction starts at
the SEI layer, which is a thin passivating layer formed around the negative eclec-
trode. At around 100°C, the meta-stable component inside the SEI layer starts to
decompose. While the SEI is decomposing, the intercalated Lithium inside the
negative electrode is exposed to electrolyte and can react to form a new SEI layer.
This reaction is called negative-electrolyte reaction. For the positive electrode,
MacNeil et al. [37] found an autocatalytic mode of reaction for LiCoO2 and elec-
trolyte. Meanwhile, the organic solvent of the electrolyte can also decompose at a
relatively high temperature. All of these four reactions are exothermic and take
place at different temperature ranges. The total volumetric heat source consists of
four terms in Eq. (6).

qtol,b = i + 9n + qp + qe (6)

The detailed kinetics of each reaction are listed in Table 1. For a single cell, the
internal structure of components is quite complex and has a heterogeneous struc-
ture requiring high computational resources to model local heating inside the cell.
In this study, we are interested in the self-heating behaviour of the whole box. In
this case, we assume that a battery cell is a continuous homogeneous material
which is chemically and geometrically uniform. This assumption considers the
whole heating effects of the cell as well as the heat transfer between cells. This
simplification slightly decreases accuracy, but it greatly reduces the computational
complexity. Kim et al. [27] compared their 3D model results with the lumped
model result for one single cylindrical cell, and the results show small differences,
which means this simplification is reasonable.

2.3. Experimental Validation for a Single Cell

To validate our model and assumptions, simulations are performed first to study
the thermal response of a cylindrical cell exposed to a preheated oven. The results
are then compared with experimental results in the literature [26], as shown in
Fig. 3. The values of the parameters used in the model are listed in Table 2 and
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Table 1
The kinetic model for LiCoO, Lithium=-ion battery from the literature
[26, 27]

Chemical mechanisms Eq.
SEI decomposition Ryi = — d(Lix = Asei exp[— 53] 7
Coei
qzlei = AHsei Wi Rsei 8
Negative-electrode reaction R, =— % = Apexp [7 Zlexp[ - %] Cn 9
% = Anexp P%}exp[ 71%] cn 10
q:: = A1-]11 MRy 11
Positive-electrode reaction Ry, = % = Apo(1 — a)exp [— Ig—;] 12
4y = AH,W,R, 13
Electrolyte decomposition R.=— % = Acexp [— RE—CT} che 14
q. = AH.W.R. 15
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Figure 3. Comparison of temperature history between our
predictions (solid lines) and experiments (dot points) by Hatchard
et al. [26].

Table 3. The numerical model gives a good prediction of the critical ambient tem-
perature at which TR started to take place, but underestimates the temperature
after ignition. It is because we only focus on the ignition stage. After the ignition,
more complex combustion reactions occur, which is out of the scope of this study.
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Physical and kinetic parameters used in the model

Symbol Description Value Unit
Agei SEI decomposition frequency factor 2.08E15 [35, 36] 5!

An Negative-solvent frequency factor 1.67E6 [36] 5!

A, Positive-solvent frequency factor 6.67E13 [26, 27] s

Ae Electrolyte decomposition frequency factor S.14E25 [27] 5!

E SEI-decomposition activation energy 1.35E5 [35, 36] J mol™!
E, Negative-solvent activation energy 7.72E4 [36] J mol™!
E, Positive-solvent activation energy 1.40E5 [26, 27] J mol™!
E. Electrolyte decomposition activation energy 2.74ES5 [27] J mol™!
AH; SEI-decomposition heat release 2.57ES [26, 27] Tkg™!
AH, Negative-solvent heat release 1.71E6 [26, 27] T kg™!
AH, Positive-solvent heat release 3.14E5 [26, 27] Tkg™!
AH, Electrolyte decomposition heat release 1.55E5 [27] T kg™!
W Specific negative active content 363 [26] kg m~3
Wy Specific positive active content 726 [26] kg m™>
We Specific electrolyte content 407 [27] kg m~3
Mge; Reaction order for SEI decomposition 1 [26, 27] -

M, Reaction order for electrolyte decomposition 11[27] -

Cseid Initial value of cg; 0.15 [26, 27] -

Cno Initial value of ¢, 0.75 26, 27] -

o Initial value of o 0.04 [26, 27] -

Zg Initial value of z 0.033 [26, 27] -

Ce Initial value of c, 127 -

Ty Initial temperature 301.15 [26] K

h Convection heat transfer coefficient 7.17 [27] Wm2K™!
& Surface emissivity 0.8 [27] -
Table 3

Thermophysical properties of battery cells and insulating materials

used in the model

Materials p (kg m~3) ¢, kg " K™ k(Wm™' K™
Battery cells [26] 2580 830 34
Bubble wrap* [40] 1.2 1007 0.025
Molded polystyrene [41] 19 1280 0.036
Polyurethane Board [41] 28 1537 0.024

*Since the thermophsical properties of bubble wrap change with the portion of polymer and air used, we assume

the thermophsical properties of bubble wrap are the same as air at 20°C

2.4. Mesh Independence Analysis

The mesh used for the single-cell contains 384 elements. It is relatively easy to grid
such a small homogeneous domain. However, for a complex heterogencous 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 with 3872, 5150, and 7480 elements respectively. The tem-
perature of the central cell and total heating power of the whole battery box are
two crucial parameters and are chosen as the criteria. The result of the mesh inde-
pendence analysis is listed in Table 4. It shows that all three meshes give almost
the same results. Using the results of 7480 elements as a baseline, the meshes with
3872 clements and 7480 elements provide good accuracy. To ensure the accuracy
for more complex simulation conditions, we chose the mesh with 5150 elements.

3. Results and Discussion

A series of numerical calculations under different ambient temperatures are con-
ducted to determine the critical ambient temperature T, ., that triggers self-heating
ignition. All battery cells in the box are fully charged and in open circuit condi-
tion. The effects of chemical defects, insulating material, and packing configura-
tions on the critical ambient temperature T, are analysed.

3.1. Critical Ambient Temperature

Figure 4 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 T, for the battery box is predicted to be 125°C, 30°C
lower than that of the single cell. This is because the heat dissipation condition
for the central cell in the box is less effective than the single cell, which requires
less heat generation and, therefore lower temperature to undergo TR.

3.2. Time to TR

The numerical results show that although the battery box can self-ignite at lower
ambient temperature, the time it needs to runaway is much longer. As Fig. 4
shows, under the critical ambient temperature (155°C for the single cell, and
125°C for the box), the time scale for the single cell is less than 100 min, while

Table 4

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

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

Number of elements  Teentrat (°C) Quot 087" Teentrat CC) Quot 057 Teentral CC)  Quor (571

3872 76.2 0.627 123.3 0.583 126.9 0.260
5150 759 0.589 122.8 0.582 126.8 0.259
7480 76.0 0.596 122.9 0.582 126.4 0.259
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Figure 4. 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 TR staris to take place (Color
figure online).

that for the battery box is over 10 h. In this study, the onset state of TR is

defined as the time where the second derivative of temperature over time "ZZT 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 % starts to
increase, which leads to uncontrollable temperature increase and runaway. This
time is to,, and the cell temperature at this time is defined as the onset cell tem-
perature T,,. To be noted, T,, is the temperature of the central point of the sys-
tem, while T, ., is the critical temperature of the ambient. In this case, the single-
cell starts to thermally runaway at t,, = 38 min, while the t,, of the battery box
is 7.6 h. The t,, for both the single-cell and the box is marked with a red vertical
line shown in Fig. 4. The t,, is the criterion to judge the onset of TR. After this
point, without any external measures being applied to cool down the system, the
system can heat itself up, which means it already goes into a hazardous state. The
ton 18 ahead of the time when there is a sharp temperature increase, which can be
called fully developed TR state.

3.3. The Temperature Distribution Inside the Battery Box

Figure 5 shows the calculated temperature distribution inside the box at 11 h
(Ta = 125°C). At this point, the box is already undergoing TR. 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 differ-
ent cells, while the temperature gradient inside one cell can be omitted. This is
caused by the difference of thermophysical properties between the batteries and
air. The batteries have much larger volumetric heat capacity pc, than that of the
air, which means that battery cells have a stronger ability to store energy and
maintain their temperature. The temperature distribution of the central line (the
black dashed line in Fig. 5) as a function of time is monitored to analyse the
development of TR, as shown in Fig. 6. Due to the geometry symmetry, the tem-



Experimental Study of Self-heating Ignition of Lithium-Ion Batteries 2613

T,=125 °C
m ¢
0.15
0.1 150

Central line

0 145
0.06
m 0.04 140
0.02
Y 135
0.15 5 130
z 125
Y. fx o 005
0 120

Figure 5. The calculated temperature distribution along middle
cross-section planes inside the whole box (t = 11 h, T, = 125°C). The
dark dashed line is the line we used to analyse the temperature
distribution history afterwards.
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Figure 6. Predicted temperature distribution at the centre line in the
x-direction at different times. The x-axis is normalised by the total
length of the box (T, = 125°C).

perature distribution in the y-direction is the same as that in the x-direction. The
x-axis of Fig. 5 is normalised to the length of the box. In the early stage, the tem-
perature of the outer layer of cells increases sharply. After 5 h, the battery cells in
the central part of the box reach the environmental temperature. The heat gener-
ated by side reactions heats up the battery cells, leading the temperature of cells
to be higher than the environment. After accumulating heat for another 2 h in the
box, the temperature of the central cell reaches TR conditions.
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3.4. Chemical Reactions

To analyse the mechanisms that initiate TR, the dimensionless concentration of
the reactants is studied, as shown in Fig. 7. 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 TR initiated, while the electrolyte remains unre-
acted because the temperature we focusing is lower than the temperature to initi-
ate electrolyte decomposition. The intercalated Lithium in the negative electrode
decreases slowly, while the positive electrode decomposes rapidly just after TR. To
analyse the most important reactions triggering TR, the heat generation of each
reaction is calculated. Heating power Q; is defined as the volume integration of
the heat generation rate ¢, of i reaction.

0 =/q (16)
V

The predictions are shown in Fig. 8. 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. Qo peaks at an early stage, around 0.2 h for the single-cell and 3 h for
the battery box due to the SEI decomposition. TR 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 TR for the single cell, while for the battery
box, the positive-electrolyte reaction and the negative-electrolyte reaction con-
tribute equally on triggering TR. It is because the battery box requires a lower
temperature to initiate TR, which the reactions at low temperature contribute
more heat to trigger TR. While the single-cell TR at a relatively high temperature
that only the reactions at high temperature could initiate TR.

O e B e e R e s e e e P Yy e e B e e
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g L T ioE b M| S—— i
S 06 [ ;8 06 Cy
" » w
o 4 o
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S 0.4 ” S 0.4 :
@ - ‘@ a
5 e 5
E 02 ,Cse E 02] ’ f
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Figure 7. 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 TR is
initiated.
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Figure 8. 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 TR starts to take place
(Color figure online).

3.5. Effects of Activation Energy

We conduct a sensitivity analysis on 24 input parameters of the single-cell case. The
results show that the activation energy of the positive reaction Ep is the most sensi-
tive parameter for the single cell. In this case, we also evaluate the influence of E
on T, ., for the whole box case. The E, varies from 90 to 110% of the baseline from
Table 2. The calculated results are shown in Fig. 9. It shows that E, also has a large
influence on the T, of the box of cells. With £ 10% variation of E,., the T, ¢
could either decrease to 65°C or increase to 165°C for the box.

pes

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

504 90%

200 :
I
’ |
I
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I/ 2
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~ 100 ;
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= 1 Hatchart et al. 2001
I
!
]
1
I
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|

125 130 135 140 145 150 155
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Figure 9. Predicted T, ., of the batiery box using different E,. (Basic
valve is taken from Hatchard et al. [26]).
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kinds of materials are available with different thermophysical properties, which
may change the self-heating behaviour of the box. In this study, we analyse three
commonly used packaging materials: bubble wrap, polystyrene, and polyurethane.
The thermophysical properties of these three materials are listed in Table 3. The
predictions are shown in Fig. 10. T, of the box case with different packaging
materials are estimated to be the same, 125°C, indicating that the type of insulat-
ing materials has a negligible influence on T,,. This is mainly because the ther-
mal conductivities 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.

3.7. Effects of Packing Configuration

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 influ-
ence the critical condition for self-ignition. We have studied the effects of packing
configuration with different spacing of cells. The same box with dimensions of
0.208 m x 0.208 m x 0.075 m is chosen for all packing configurations, with dif-
ferent numbers of cells inside (100, 49, 25 and 9 respectively), and the volume
ratio of batteries over the total box y = Vy,/Vo are 0.510, 0.250, 0.127, and 0.046
respectively, as shown in Fig. 11. While the former analysis has shown that the
box with all three types of packaging materials has almost the same self-heating
behaviour. We assume gaps between cells are filled with bubble wrap. The theo-
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Figure 10. Predicted temperature history of the central cell with
different insulating materials. The boxes with different packaging
materials all TR at 125°C.
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Figure 11. The Sketch of domains for different packing
configurations using the same box (0.208 m x 0.208 m x 0.075 m)
with 100, 49, 25, and 9 cells. The volume ratio of hattery cells

1= Vb/Vhox is 0.510, 0.250, 0.127, and 0.046 respectively.

retic case, y = 1, is considered as the extreme case for comparison. The predic-
tions are shown in Fig. 12.

Interestingly, Fig. 12 shows that the box with y = 0.510 has lowest T, ., which
means it has the worst thermal stability and can self-ignite at the lowest ambient
temperature. Compared with the theoretical condition, y = 1, the T, for the
scenario with y = 0.510 is around 10°C lower, which means the presence of pack-
aging material actually could significantly promote self-heating ignition. This is
because the presence of thermal insulation significantly changes the effective ther-
mophysical properties of the system.

For the theoretical case, y = 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, heat resistance of the whole box is
much lower than other scenarios, leading to a higher tolerance of the system
against ambient temperature. On the other hand, the box with y = 0.046 has the
minimum number of battery cells as well as the lowest heat generation. However,
it has the same order of magnitude of heat resistance as boxes with other y. The
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Figure 12. Predicted T, ., for different packing configurations. The
same box containing 9, 25, 49, 100, and 196 (theoretical) battery
cells, with y = 0.046, 0.127, 0.250, 0.510, and 1 respectively.

lower heat generation with the same heat dissipation leads the box with y = 0.046
a larger thermal tolerance and self-igniting at a higher temperature.

4. Conclusions

In this study, we build a model to analyse the self-heating ignition behaviour of a
box of LiCoO, (LCO) type of cylindrical cells under storage. We analyse the
impacts of packaging materials and packing configurations during LIB package
on the self-heating behaviour, and to provide insights for predicting the self-heat-
ing behaviour of large-scale LIB storage system. It is found that the critical ambi-
ent temperature triggering self-ignition of the battery box with 100 cells is 30°C
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-heat-
ing 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 of that of the air. It is predicted that the box with
the volume ratio of battery cells in the box of around 0.51 has the lowest ten-
dency to self-ignite. This study shows that the insulations during LIB package
have crucial impacts on the self-heating behaviour of the LIB storage system. To
make a more reasonable prediction on the self-heating behaviour of a large-scale
LIB ensemble, the effects of insulations should not be omitted.

The results presented in this paper focus on LiCoO2 batteries with no defects:
however, other types of LIB and batteries with defects would have different kinet-
ics and could increase the tendency to self-ignite.
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