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Abstract: Self-heating ignition is a fire hazard in warehouses when stacking large quantities of reactive
materials for storage, including lithium-ion batteries (LIBs). Due to the heavy costs and dangerous fire risks,
the thermal behaviour of large-scale LIB ensembles is usually studied by numerical methods. The state-of-the-
art 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. Based on four-step kinetics from the literature (Solid electrolyte
interphase decomposition, negative-electrolyte reaction, positive-electrolyte reaction, and electrolyte
decomposition), we have developed a 3D anisotropic homogeneous (Ani-Hom) transient heat transfer model
that can incorporate complex packaging and is numerically affordable for large ensemble predictions based
on COMSOL Multiphysics. The effect of packaging insulation is considered by using weight-averaged
thermophysical properties and directional thermal conductivities. 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 from the literature. 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 this LCO LIBs is predicted to self-ignite at an ambient temperature of
45°C, 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
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into the effects of complex insulation and spacing on self-heating ignition of LIBs during storage and

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

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

Nomenclature

A Frequency factor st

E Activation energy Jmol?
AH Specific heat release J kg
R Reaction rate st

W Material content kg m3
Q Heating power W

T Temperature K

V Volume, m?3

S Surface area m?

| Length m

Cp Heat capacity Jkgtk?
C Dimensionless concentration

m Reaction order

h Convective heat transfer coefficient W m2K?
k Effective heat conductivity W mtK?!
g Volumetric heat source W m?3
q" Heat flux W m?
t Time S

z Dimensionless SEI thickness

Greek symbols

a Degree of conversion

p Average density kg m3
X The battery volume ratio

€ 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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1 Introduction

Lithium-ion batteries (LIBs) are the preferred energy storage method for portable devices due to their high
energy and power density. However, their propensity to ignite has recently raised safety concerns, with many
LIB fires being reported in the past few years . Safe storage of these highly reactive batteries is also a
concern to the industry. According to the report by the U.S. Federal Aviation Administration[3], 238 airport
incidents related to LIB transport occurred from 1991 to 2018. Specifically, when a large number of LIBs are

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

and propagate . Owing to the potential occurrence of fires, LIBs are classified as dangerous goods for
transportation purposes . Governments have developed many regulations for LIB storage and
transportation . Most of these regulations focus on the prevention of electrical or mechanical failure,

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

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

accidents.
Self-heating ignition is a known cause of fires in porous natural fuels such as coal , peat[12], and
biomass stacked in large size. When these reactive materials are stacked in a large ensemble, the heat

generated inside by low-temperature exothermic processes cannot dissipate to the outer environment (as it
needs to diffuse across half of the size of the ensemble to reach the outer surface to finally dissipate to the
environment), causing heat to accumulate inside and start self-heating, and finally ignition at the
environmental temperature given sufficient induction time. LIBs in storage, which have constant spontaneous
side reactions[15], can also theoretically reach self-heating ignition when stacked in large quantities as an
ensemble. LIB ensembles in different sizes have different ignition criteria due to the change of the heat
transfer environment. However, self-heating ignition of LIBs has seldom been discussed even giving the fact

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

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

Unfortunately, self-heating ignition of LIBs is difficult to study experimentally as it only occurs when there is a
large quantity of cells (millions of cells may be stored in a warehouse ). The high hazard and costs of
performing such experiments has been a significant block to understanding this particular ignition process.
Current feasible approaches investigate the critical kinetic parameters of batteries using lab-scale experiments
and then apply these to a self-heating theory or a fundamental heat transfer model to make large-scale
predictions[17]. However, simulating such a large-scale problem is still a challenge for the current state-of-
the-art models in the literature. demonstrates the challenges for modelling the thermal behaviour of
real large-scale LIB storage and the state of current models in the literature. Analysing 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 shown in , wWhich involves high complexity of
chemistry (complex reactions 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.
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Fig. 1. The 3-D diagram demonstrates three main challenges involved in modelling the thermal behaviour of
large-scale LIB system 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, while the light green cube represents

the model in this study.

The complex electrochemical models (located in the pink cube in Fig. 1) aim to understand the fundamental
kinetics and dynamics of reactions within battery cells|18-20]. These models pursue extreme complexity of
chemistry[21,22], 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 models, multi-step chemical models (green cubes in Fig. 1), 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[23—
25]. These models use several main chemical reactions[26,27] 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
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the global thermal characteristics. These models are widely used for simulating thermal runaway of single-cell
or thermal runaway propagation in arrays of cells. The third type of models is classed as one-step
global models (the orange cubes in ). 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-heating theories
such as Semenov’s theory or Frank-Kamenetskii’s theory , 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

Due to the challenges introduced from the three aspects, current models for self-heating ignition of large-
scale stacked LIBs are still far from the real conditions. Hatchard et al. used three main reactions (SEl
decomposition, negative-electrolyte reaction, and positive-electrolyte reaction) to simplify the kinetics for the
LiCoO; (LCO) type of LIB and developed a lumped model for predicting self-heating behaviour of a single cell,
which fitted well with their oven experiments. Kim et al.[24]further improved the model by adding kinetics for
electrolyte decomposition reactions and developed a 3D model to consider heterogeneous heat transfer
introduced by the internal layer structure of cylindrical cells. These four-step reaction kinetics have then been
widely used for modelling the thermal abuse behaviour of LIBs as well as thermal runaway
propagation . Based on lab-scale experiments, models based on classical self-heating theories ,
which use effective one-step global reaction for LIB kinetics, have also been developed for analysing self-
heating behaviour of LIBs and upscaling predictions. Targeted large-scale LIB ensembles, we previously

developed a transient 3D homogenous model based on the multi-step reaction kinetics and used it to predict
self-heating behaviour of LIB ensembles across four typical storage size: from a single cell to a rack with around
2 million cells. The problem is that the complex placement and structure during LIB storage (small gaps of

insulation to separate cells to provide cushion and avoid short-circuits) have been proved to significantly
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change the internal heat transfer on the LIB storage system , and therefore should not be neglected for
self-heating studies of LIBs. Directly simulating these narrow structures with a heterogeneous model would
introduce more refined meshes (millimetre scale) and is numerically affordable for large-scale (warehouse

scale) predictions.

In this study, we improved our previous homogeneous model and developed an advanced self-heating
ignition model (the light green cube in ) by considering the complex heat transfer introduced by
insulations during LIB storage for large-scale predictions. To model the complex heat transfer during LIB
storage, we put forward a methodology to decouple heat transfer from complex chemical reactions to
calculate the key effective heat transfer properties, and then recouple the multi-step chemical reactions to
achieve fast simulations for large-scale LIB ensembles. In Section 2, we briefly introduce the controlling
equations, kinetics, and input parameters of our previous homogeneous model[17], which are fundamental
to model self-heating ignition of large LIB ensembles. Section 3 presents the methodology to improve the
previous model by considering the complex heat transfer introduced by the insulation structure during LIB
storage and its validation against a box scenario with 100 cylindrical cells. Section 4 then applies the improved

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

2 Basic model for self-heating ignition of LIBs

The fundamental modelling of self-heating ignition of LIBs is based on our previous homogeneous model

The detailed explanations of what kinetics we used, the reasons why we select them and their validation are
addressed in our previous study[17]. In this section, we briefly summarize the main controlling equations,
kinetics as well as input parameters because these are also the cornerstone of our newly improved model.
The ultimate goal of our self-heating ignition study is to predict the real large-scale (warehouse level) LIB
storage, which is difficult to conduct experiments for validations. Therefore, we need fundamental kinetics
that is independent of geometry and could be upscaled for reasonable large predictions. However, the
chemical kinetics of LIBs are complex due to multiple materials making up the cells and varying across different

types of LIBs. In this case, we select the LCO type of LIBs, which is relatively simpler and have been widely
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studied with numerous data published. The kinetics we adopted is the four-step reaction scheme by Hatchard
et al. and Kim et al. , Which considers four major reactions developed based on adiabatic tests on
individual components of LIB. These kinetics were grouped together and successfully predicted the self-
heating ignition of a whole cell, which reveals fundamental understandings of self-heating ignition of LIB and
could be used for upscaling predictions. The detailed input parameters are base on tests on E-One/Moli Energy
ICR18650 (18 mm diameter, 65 mm length) 1.65 Ah cobalt cells in 100% state of charge (SOC). Although LIBs
are commonly stored in 30-50% of SOC, the fundamental kinetics of the four-step reaction scheme are based
on tests on cells in 100% SOC and we have not found any research numerically reporting the relationships
between the fundamental kinetics and SOC. In this case, we assume all cells are stored in 100% of SOC, which
represents the worse scenario. All of the numerical calculations are performed using a finite element method
(FEM) commercial software, COMSOL Multiphysics® V5.3a.

2.1 Heat transfer

We simulate a typical self-heating experiment, oven tests . A LIB ensemble with an initial temperature
of Tp is placed in an environment with an ambient temperature of T,. To find the critical condition to trigger
self-ignition, the ambient temperature is set to increase by steps until the system could self-ignite. Only
conduction is considered for the heat transfer between cells. The 3D governing equation is the heat diffusion

equation in battery cells:

pc,0T /0t = kV*T + qio, (1)

where p is the average density of the cell, ¢, is the average heat capacity, k is the average heat conductivity,
and q{y; is the total volumetric heat source term. Both convective and radiative heat transfer are considered

for the free surface boundaries:

qgonv = h(Ts — Tgy) (2)

Grag = €0(T3 —Ty) (3)
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where h is a convective heat transfer coefficient, T; is the temperature of the free surface boundary, T, is the
ambient temperature, € is the surface emissivity, and o is the Stefan-Boltzmann constant.

2.2 Chemical kinetics

The reactions considered for the LIB at elevated temperature include the solid electrolyte interphase (SEl)
decomposition,  negative-electrolyte  reaction, positive-electrolyte  reaction, and electrolyte

decomposition . The total volumetric heat source consists of four terms, as in

nr nr nr nr nr (4)

Qrot = Gsei T qn T qp + qe

Detailed kinetics of different reactions are listed in . The model is assessed by conducting a case study
for a cylindrical cell against the experimental data in the literature[23], as shown in . The input
parameters are from the literature and are shown in . The temperature profiles predicted by the

numerical model fit well with experiments for subcritical conditions (Ta= 145°C, 155°C), but were around 10
mins behind the experiments for the supercritical condition (Ta= 155°C). This is because the kinetics we used
are only focused on the early stage of thermal runaway at relatively low temperature (below 200°C). The
internal reactions are more complex and reach another stage at a higher temperature, the combustion stage,
which is out of the scope of our study and is not considered in the kinetics. Our target is to predict the transient
from a safe subcritical condition to a hazardous supercritical condition, the critical ambient temperature Tar,

which was accurately predicted by the numerical model.

The kinetic model for LiCoO; lithium-ion battery from the literature

Chemical mechanisms Eq.
SEl decomposition Rgei = —dCgei/dt = Ageiexp [—Egei/(RT)]clse! (5)
Gsei = AHseiWnRsei (6)
Negative-electrode R, = —dc,/dt = Ayexp (—z/zy)exp [—E,/(RT)]c, (7)
reaction dz/dt = Ayexp (—z/zy)exp [—E,/(RT)]cy (8)
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qI,l” = AH, W, R,

(9)

Positive-electrode R, = da/dt = Apa(1 — a)exp [—E,/(RT)] (10)
reaction qp' = AH,W,R, (12)
Electrolyte Re = —dce/dt = Aexp [—Eo/(RT)]ca® (12)
decomposition qe' = AHW.R, (13)
Physical and kinetic parameters for the model

Symbol Description Value Unit

Asei SEl decomposition frequency factor 2.08E15 st

A Negative-solvent frequency factor 1.67E6 st

Ap Positive-solvent frequency factor 6.67E13 st

Ae Electrolyte decomposition frequency factor 5.14E25 st

Eei SEl-decomposition activation energy 1.35E5 Jmol?

En Negative-solvent activation energy 7.72E4 Jmol?

E, Positive-solvent activation energy 1.40E5 Jmol?

Ee Electrolyte decomposition activation energy 2.74E5 Jmol?

AHei SEl-decomposition heat release 2.57E5 J kg

AH, Negative-solvent heat release 1.71E6 J kg

AH, Positive-solvent heat release 3.14E5 J kgt

AH. Electrolyte decomposition heat release 1.55E5 J kg

W Specific negative active content 363 kg m?3

Wp Specific positive active content 726 kg m?3

We Specific electrolyte content 407 kg m?3

Miei Reaction order for SEI decomposition 1 -
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Mme Reaction order for electrolyte decomposition 1 [24] -

Csei0 Initial value of Csei 0.15[23,24] -
Cno Initial value of ¢, 0.75[23,24] -
oo Initial value of ¢ 0.04 [23,24] -
20 Initial value of z 0.033 [23,24] -
Ce0 Initial value of ce 1(24] -
To Initial temperature 301.15 [23] K
ko Average thermal conductivity of the battery 3.4 [23] W mK?
Kair Thermal conductivity of air 0.025 [40] W mK?
Db Average density of the battery 2580 23] kg m3
Dair Density of air 1.204 [40] kg m?3
Cp, b Average heat capacity of the battery 830 23] JkgK?
Cp, air Heat capacity of air 1007 [40] JkgK?
h Convection heat transfer coefficient 7.17 [24] W m2K?
£ Surface emissivity 0.8 [24] -
182

250 T T T

200 - 4 ' _
3 Yy
T Te0*%00000 — _ _
5 150+ =i ol Sup Sk A IS BFURo. Y. NG W S
©
)
g 100+ o 155°C oven measurement by Hatchard et al. 2001 i
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¢ 150°C oven measurement by Hatchard et al. 2001
50 - = =150°C prediction i
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. Comparison of temperature history between our COMSOL simulation (solid lines) and oven experiments (symbols)
by Hatchard et al.2001 on single cylindrical cell tests, which validates that the multi-step kinetics developed at

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

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

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, we introduce 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, Fig. 3 uses thermal conductivity, k, as an example to illustrate the differences of these
characteristics. Heterogeneity is 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 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.
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Fig. 3. 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 = ke, and therefore is homogeneous), otherwise, it is heterogeneous (the entire battery consists of
different materials with different properties, ks # k¢, 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).

Although a LIB cell consists of multiple components and has a complex internal structure, the lumped
model[23] (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. [24]. Furthermore, a large-scale LIB storage system has a highly periodical
structure (as shown in Fig. 4 (a)) and consists of multiple cells. While each cellis a closed system where complex
reactions coupling with heat transfer, the interaction between cells is merely by heat transfer, which allows a

method to simplify calculations.

We put 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 heat transfer with the LIB storage
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system. The box with 100 cylindrical cells[37], as shown in , is used as a case study to explain the
methodology. The basic box has dimensions of 0.208m x0.208m x0.075m. The gaps between cells are filled
with insulation (air) as inert. We assume the same amount of reactants (100 cells) and inert (air) are equally
distributed to the same size of the box ( ), which is homogeneous. The lumped thermophysical

properties such as pj, ¢, of the homogenous box could be calculated as:

p1 = xpp + (L = X)Pair (14)
X= Vb/(Vb + Vair) (15)

_ Xpbcp,b + (1 - X)paircp,air

(16)
xpp + (1= X)Pair

Cpl

where y 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 ky, k, and k, 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 k; 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.

shows an example of a numerical setup used to calculate k«. We first decouple heat transfer from
chemical reactions, turning off all reactions to consider a pure heat transfer condition. The two boundaries in
the x-direction are set as fixed temperatures T, and Tz. Boundaries in the other directions are set as adiabatic.

In this condition, heat only transfers along the x-direction, following Fourier’s law:
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|| atdse = tyLkem - T/, (17)
S

X

where I, Iy and I, are the lengths of the box in different directions, and Sx is the surface area along the x-
direction. Given an arbitrary temperature difference, T;-Tz, 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 kyx can
be calculated. Due to the geometric symmetry, k, equals k«. k, was 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, Ts-Tr. The calculated effective directional thermal conductivities of
the box are listed in Table 3. In this packing condition, kx is equal to 0.052 W m*K?, approximately half of the
value for k,. Comparing 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 from the literature[37] 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.

Replacing the thermal properties in Eq. (1) 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. For 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 [37]. The results are presented in Fig. 6.
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261 Fig. 4 Geometric diagrams of the Iso-Het model by Hu et al.[37] (a), which consider the detailed heterogeneous structure
262 of a box containing 100 cylindrical cells, and the Ani-Hom model (b) developed in this study, which simplify the same LIB

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

Adiabatic

264

265 Fig. 5 Example of the steady-state model used to calculate effective directional thermal conductivity in the x-direction. A
266 pure heat transfer condition is considered. The 2 boundaries in the x-direction are set as fixed temperature T. and Tg,

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

200 20

100

— - Iso-Hetmodel (Hu et al. 2020) T,=120°C

Total heat generation (W)

Temperture at the center point (°C)

504 Iso-Het model (Hu et al. 2020) T,=125°C
e  Ani-Hom model T,=120°C
e Ani-Hom model T,=125°C
0 : T . : : ; .
0 5 10 15 20
268 Time (h)

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

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

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

272  its temperature can be used to quantify the propensity of self-heating ignition. As Fig. 6 (a) shows, the
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simplified Ani-Hom model successfully captured the same transition from a subcritical condition (Ta= 120°C)
to a supercritical condition (Ta= 125°C) as the Iso-Het model[37]. 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 ). 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 has a thin
layer 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 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 T, . While the simplified 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 separate decouple and couple processes between calculating heat transfer and

chemical reactions. While the traditional Iso-Het model with refined meshes (5150 elements) needs to solve
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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 this decoupling and coupling processes
add calculations, it enables 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.

4 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 and are regarded to be independent of the geometrical size. According to Eqg. (14) and (16), pi
and c,, are constant with a fixed y 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 provided in . The effective directional thermal
conductivities of all ensembles are also listed in . It is found that k«, k, and k; 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 k; are generally independent of the size of LIB ensembles and could be used for upscaling

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

323 conductivities. Range from 2 boxes to 16 boxes.

324 Table 3

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

No. Cells kx ky k.

arrangement W m?kK! WmiK! WmK?

1 10x10x1 0.052 0.052 0.131
2 20x20x1 0.052 0.052 0.130
3 10x10x2 0.052 0.052 0.130
4 10x10x4 0.052 0.052 0.130
5 20x20x4 0.051 0.051 0.129

326
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327 For the predictions of self-heating ignition of LIB ensembles, we consider four typical storage sizes used in[17]:
328 (1) a single cell, (2) a cardboard box of cells (0.431m x 0.343m x 0.165m), (3) a shelf of boxes (3m x 1.5m x
329 1.5m), and (4) a rack of shelves (30m x 6m x 3m). Boxes with different spacing between cells (different x) are
330 found to result in different self-heating behaviour[37]. In this study, the effects of y are also investigated. We
331 adopt the same y range from [37] as: 0.046, 0.127, 0.250, 0.510, and 1. The detailed diagrams of different
332 packaging configurations are presented in Fig. 8. The effective thermophysical properties of these LIB
333  ensembles with different y are calculated and listed in Table 4. With all these parameters, the self-heating
334  ignition behaviour of different LIB storage scenarios with different y was then simulated and presented in Fig.

335 9.

336

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

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

339 Table 4

340 The effective thermophysical properties of LIB ensembles with different battery volume ratio y.
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kem3 Jkg'k! WmK?! Wmik? wWmiK?!

1 2580 830 34 34 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
342 also compares the result from the isotropic homogeneous (Iso-Hom) model in the literature[17], the

343  square points. These square points represent the theoretical condition y=1, where all ensembles are assumed
344  to be fully filled with battery cells. As shows, all ensembles with insulations have lower T, compared
345 with the theoretical condition without insulations. This is because, for y=1, the effective thermal conductivity
346  of the storage system is the same as that of LIB, which is almost two orders of magnitude higher than that for
347 other y values. Although the amount of reactive materials in this theoretical scenario is much higher, the high
348  thermal conductivity supports a much stronger heat transfer to the environment and thus leads to a higher

349  critical self-ignition temperature.
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The calculated relationship between T, ¢rand 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 by Hu et al.[17] for a
case of pure LIB storage (y=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-ignite at Ty, ¢ =45 °C.

According to , in a limited storage space such as the storage box, shelf, and rack scenarios (highlighted in
purple in ), ensembles with higher y (except y=1) have lower thermal tolerance and are more prone to
self-ignite. This is because, in limited storage space, a system with higher y has more reactive materials, which
means more heat can be generated. In contrast, the heat transfer ability of systems with different y are quite

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

temperature.
The rack-scale LIB ensemble with x=0.510 (the red circle point in ) is predicted to self-ignite at an ambient
temperature of 45°C, which is 40°C lower than the result given by the homogeneous model . 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 (y=0.51) in an extremely large size (30x6x3 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, o for a single cell (Tar=155 °C ), the rapid drop of T, for the rack scenario indicates that the thermal
stability of large LIB ensemble is lower than we 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 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. We suggest for large-scale LIB storage, additional cooling or thermally conductive insulations could

be used to lower the hazard of fires.
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also shows that for each y, Tar Seems to have a linear relation with the logarithm of N, the number of

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

Toer =a+blogN (18)
We made a linear fit for each y, and list corresponding parameters in . The corresponding fitting curves
are also plotted in . For each y, R%is above 0.99, which proves the linear relation between T, and logN.

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

storage temperature, Ta=60°C, 40°C, 25°C, are plotted in

The parameters of linear fits of LIB storage system in different y

x a b R?

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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Fig. 10. Thresholds for safely storing different numbers of LIBs with different spacing under three typical storage
temperatures: ambient temperature Ta= 60°C (red), 40°C (blue), and 40°C (green). The black solid lines are LIB
ensembles with different spacing, y ranges from 0.046 to 0.510. The coloured curves are safety thresholds for different
storage temperature. 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, y, which satisfies the
requirement of safety and minimizes storage space to lower the costs. According to Fig. 10, the battery
ensembles which is most prone to self-ignite is predicted to lie in 0.250<y<0.510. For a given number of battery
cells, Fig. 10 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 y (0.046<y<0.510), storing less than 1 million of
18650 LCO type cells at an environmental temperature lower than 60°C is predicted to be safe from self-

heating ignition (20 million cells for T,<40°C, and 200 million cells for T,<25°C).

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

study self-heating ignition of Lithium-ion batteries (LIBs), which considers the effects of complex packaging
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and could achieve predictions for large ensembles that have not been considered by current models in the
literature. The proposed Ani-Hom model is validated by simulating a box scenario against an isotropic
heterogeneous (Iso-Het) model from the literature, while the computational efficiency of the Ani-Hom model
is 10 times higher. Afterwards, this Ani-Hom model is used to analyze 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 (y) of 0.510, is predicted to self-ignite at an ambient temperature of
45°C, while for a single cell the critical ambient temperature is 155°C. This critical ambient temperature
predicted by the proposed Ani-Hom model is 40°C lower than the prediction by an isotropic homogenous (lso-
Hom) model in the literature, which shows the insulation in battery packaging have significant impacts on self-
heating of 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 not representing 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 and heat resistance introduced by insulation and spacing 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. We propose 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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