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A B S T R A C T   

Thermal runaway in Li-ion cells and battery packs impacts the safety and performance of electrochemical energy 
storage systems. In particular, preventing the propagation of thermal runaway in large-scale battery storage and 
transportation of batteries is of much importance. While most of the past work in this direction addresses single 
cells or a small battery pack, only limited literature is available on systems of larger size. This work presents 
multiphysics simulations of propagation of thermal runaway during large-scale storage and transportation of Li- 
ion cells. Through simulations that account for multimode heat transfer, Arrhenius heat generation, turbulent 
fluid flow and combustion, the propagation of thermal runaway from one pallet of cells to an adjacent pallet is 
studied. The model quantitatively predicts the temperature field in/around the pallets, and, in particular, pre-
dicts whether the adjacent pallet will also catch fire or not. The impact of state of charge of the cells on thermal 
runaway propagation is examined. Results indicate that the gap between pallets plays a key role in determining 
propagation. A sharp threshold value of the gap is found, beyond which, propagation does not occur. Results 
from this work may be helpful in ensuring thermal safety during large-scale storage and transportation of Li-ion 
cells, ultimately contributing towards improved electrochemical energy storage and conversion.   

1. Introduction 

Li-ion cells are used commonly for electrochemical energy conver-
sion and storage in automobiles [1], spacecraft [2], renewable grid en-
ergy storage [3] and consumer electronics. Li-ion cells offer excellent 
energy storage characteristics, including high energy storage density, 
excellent cyclability, low self-discharge rate and minimal memory ef-
fect. However, Li-ion cells are known to be very temperature-sensitive, 
with rapid deterioration in performance at low or high temperatures 
[4]. In addition, overheating of a Li-ion cell also presents the risk of 
thermal runaway, which refers to a series of sustained decomposition 
reactions that are triggered at a high temperature and usually lead to fire 
and explosion [5]. These reactions, including decomposition of the 
electrode materials, binders, separator and the electrolyte have strongly 
temperature-dependent reaction rates, which sets up positive feedback 
between temperature rise and heat generation. The prediction [6] and 
prevention [7,8] of thermal runaway remains a key challenge in Li-ion 
battery safety. 

Due to its critical importance in battery safety, thermal runaway has 

been studied in detail through both measurements and modeling. The 
key decomposition reactions that occur during thermal runaway onset 
have been experimentally characterized [9], and well-known reaction 
models have been proposed. Due to the hazards and cost associated with 
experimental measurements, theoretical models have been heavily used 
to predict the nature of thermal runaway and to guide the design of 
thermal runaway experiments. Within a single cell, temperature- 
dependent heat generation models containing a single reaction 
[10,11] or multiple reactions [9,12] are often used along with aniso-
tropic thermal transport properties [13]. Lumped [14,15] as well as one- 
[16] or multi-dimensional [17,18] models have been used to charac-
terize thermal runaway in a single cell. It is well-known that the state-of- 
charge (SoC) of the cell plays a key role in determining its thermal 
runaway characteristics. For most cell chemistries, cells at higher SoC 
exhibit severe and more catastrophic response to abuse scenarios as 
compared to cells at lower SoC [19]. Increase in SoC increases the 
number and energy of gases vented during thermal runaway onset and 
propagation [20], resulting in greater amount of energy released and 
increased thermal runaway hazard [21]. Typically, cells are shipped at 
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relatively low SoCs of around 25–30%. 
In the context of a battery pack comprising multiple cells, the 

propagation of thermal runaway from one cell to its neighbors is an 
important problem because such propagation can completely destroy 
the entire pack. Propagation of thermal runaway may occur due to 
multiple non-linear and often highly coupled transport processes, 
including thermal conduction through the interstitial material [18], 
radiation heat transfer [22], thermal advection due to hot venting gases 
from a ruptured cell [23] and combustion of volatile gases ejecting from 
the cell [24]. Accordingly, some of the key aspects that determine 
whether propagation occurs or not include the rupture location, whether 
the vent gases catch fire [24], the nature of interstitial material, 
including the material of the partition sleeves commonly used for 
packing cells [22] and the cell-to-cell gap in the battery pack [25]. The 
impact of each of these aspects on thermal runaway propagation has 
been studied in the past. Several aspects of the underlying transport 
processes make the modeling of thermal runaway propagation in a 
battery pack a computationally challenging task. For example, around 
the onset of thermal runaway, the extremely large heat release rate and 
temperature rise requires very small time steps, which significantly 
slows down simulations. Further, high speed – often supersonic – tur-
bulent flow of vent gases [26], combustion of multiple vent gases [24] 
and radiation [22] – each of which are non-linear by themselves – when 
combined, result in a very expensive computational problem. Therefore, 
the number of cells considered in such simulations is often limited to 
only a few, whereas practical battery packs often contain thousands of 
cells, and the number of cells during storage and transportation may be 
even greater. Optimizing and reducing the computational burden re-
mains an important challenge [27] in order to develop simulations that 
can be conveniently used as design tools. 

While the literature cited above covers thermal runaway in a single 
cell and propagation within a small pack of cells, there is only limited 
literature available on very large Electric Vehicle (EV) modules or pal-
lets containing a large number of cells during storage and trans-
portation. Rigorous fire test methods [28] have identified a direct 
relationship between state of charge of the cell and catastrophic fire 
behavior in such scenarios. Studies have shown that the maximum value 
for heat of combustion can be as high as 18 MJ with heat release rate as 
high as 49.4 kW [29]. As a result, steps to retard fire propagation are 
largely implemented at both small scale by adding flame retardant ad-
ditives [30], separators [31] and at large scale by implementing fire 
suppression mechanisms in large storage/transportation facilities 
[32,33]. Simulation models involving fire onset and propagation are 
computationally expensive [34]. A recent work has presented simula-
tion of thermal runaway related fire in a battery storage facility [33]. 
However, the modeling of chemical kinetics related to thermal runaway 
was empirical rather than physics-based in this work, thereby limiting 
its applicability for studying other battery fire scenarios. While the 
submodeling technique has been used for studying thermal management 
of a pack containing thousands of cells [35], this technique is limited 
only to linear processes and will not work well in modeling non-linear 
thermal runaway. Despite these challenges, there is clearly a need for 
understanding the large-scale propagation of thermal runaway and fire 
in energy storage systems. In doing so, it may be necessary to sacrifice 
small-scale details, such as the length scale of electrodes within each 
cell, or even cells themselves in order to execute such simulations within 
a reasonable time. Such simulations may contribute towards ensuring 
the safety of storage and transportation processes. 

This work presents a numerical simulations based investigation of 
thermal runaway propagation during large-scale storage or trans-
portation of Li-ion batteries. The model captures thermal runaway onset 
and fire due to combustion of vent gases, and predicts the transient 
temperature field in close proximity of pallets containing a large number 
of cells. The model is used to understand the role of SoC and geometrical 
parameters that affect thermal runaway propagation. 

2. Simulation model 

2.1. Geometry and general modeling framework 

Fig. 1(a) shows a schematic of the simulation geometry that com-
prises two pallets of 18650 Li-ion cells kept next to each other in a large 
storage facility. Each pallet contains one hundred 18650 NCA Li-ion 
cells arranged in a 10 × 10 array. The goal of the simulations is to un-
derstand the outcome of thermal abuse of one of the pallets, referred to 
as the trigger pallet. Specifically, it is of interest to determine the 
resulting temperature field in the storage facility and predict whether 
propagation of thermal runaway and fire to the adjacent pallet occurs or 
not. 

There are several computational challenges associated with such a 
simulation. Firstly, the length scales in this problem range across mul-
tiple orders, from the thin electrode layers within each layer that 
generate heat to the length scale of the storage facility itself. This mul-
tiscale nature of the problem makes it computationally very expensive to 
model the fine geometrical details while also modeling larger length 
scales. To address this, the geometrical details of each cell with a pallet 
are ignored and each pallet is assumed to have homogeneous thermal 
properties, corresponding to those of individual cells. Crucially, 
temperature-dependent heat generation due to decomposition reactions 
in the cells that is ultimately responsible for thermal runaway is pre-
served in its original form within each pallet, and so is the anisotropic 
thermal conduction within the pallet. While this homogenization of the 
pallet may introduce some computational errors, if executed properly, it 
offers a reasonable compromise between accuracy and computational 
cost, as evidenced by its use in several past papers on computational 
modeling of large multiscale systems [35,36]. 

Further complications arise in this problem from the several non- 
linear phenomena relevant to this problem that are also highly 
coupled with each other. These include combustion, turbulent flow, and 
radiative heat transfer. Details of the physics models for these processes 
are discussed in subsequent sub-sections. Key computational and 
meshing details are also outlined. 

2.2. Governing equations 

2.2.1. Abuse model and vent gas generation 
The four-equation thermal abuse model for a Li-ion cell presented by 

Kim, et al. [9], which has been empirically represented by a one-step 
reaction model by Kim, et al. [11] is used in this work. The rate of re-
action is defined by 

dα
dt

= − A⋅αm⋅(1 − α)n⋅exp
(
− Ea

RT

)

⋅exp( − B⋅α) (1)  

where A is the frequency factor, Ea is the activation energy, R is the 
universal gas constant and m, n and B are predefined reaction constants. 
α is the degree of progress of the reaction [9]. The values of abuse re-
action parameters corresponding to NCA 18650 cells at 25% SOC [11] 
are used in this work and are tabulated in Table 1. Following Eq. (1), the 
source term for the energy equation is given by 

Q’’’ = H⋅
dα
dt

(2)  

where H is the specific heat release. 
The initial temperature of trigger pallet is taken to be 500 ◦C, which 

initiates the decomposition reactions. This is representative of a general 
abuse scenario, and is a reasonable simplification since the focus of the 
work is to study phenomena during thermal runaway rather than the 
abuse scenarios leading to thermal runaway. As time passes, the adja-
cent pallet experiences thermal abuse by virtue of heat released due to 
combustion of vent gases from the trigger pallet. 

It is assumed that gases are generated in proportion to the rate of 
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abuse reaction. Equations governing the generation of gases from the 
pallet are given by 

Mcell = x⋅Mgas + (1 − x)⋅Mresidue (3)  

dMgen,total

dt
= x⋅W⋅

dα
dt

(4)  

dMgen,species

dt
= Yspecies⋅Mgen,total (5)  

where x is the mass fraction of the cell changing to gas and W is the 
active material content. Mgas is the mass of gases generated during 
combustion which plays a crucial role in total heat release calculation 
using Eq. (3). Yspecies refers to the experimentally determined mass 
fraction. These volatile gases ignite once ignition temperature is 
reached. Once the gases are generated, isotropic diffusion model given 
by Fick’s law governs the diffusion of gases into the free stream. 
Depending on simulation conditions, the heat sinking effect of the 
adjacent pallet may be overwhelmed by the thermal runaway heat 
generation in the trigger pallet. Based on past work, gaseous species 
involved in the combustion are taken to be H2, CO2, CO, CH4, C2H4 and 
C2H6 respectively [5]. Mean mass fractions for these species for NCA 
type 18650 Li-ion cell are widely available [11]. Also, based on past 
experimental work, it is assumed that 1% of the total cell mass converts 
to soot [37]. Total mass of a single 18650 cell is taken to be 45 g. 

Boundary surfaces of the simulation geometry are open to atmo-
sphere, except the floor, in order to realistically capture combustion in a 
large storage facility. Open boundaries allow flow of gases and heat out 
of the simulation domain. Additionally, it is assumed that there is no 
forced ventilation. 

2.2.2. Impact of SoC 
Since the SoC of the cell determines its energy content, therefore, the 

SoC is likely to play a key role in determining its thermal runaway 
characteristics. Total heat release, total mass loss and the severity of 
ejection all increase with increasing SoC [20]. These adverse charac-
teristics make the cell more vulnerable to external abuse conditions and 
increase the probability of cascade and fire propagation [21]. Increase in 
SoC increases the availability of lithium in the anode, which reacts with 
electrolytes after SEI decomposition to generate flammable gases. This 
further leads to increase in combustion-generated heat, thus increasing 
the severity of combustion. Arrhenius kinetic parameters for different 
SoCs are determined from curve-fitting experimental data [38] and are 
described in detail in past work [11]. 

2.2.3. Governing equations in the free stream 
Large Eddy Simulation (LES) turbulence model [39] is used in these 

simulations to model buoyant fumes and low Mach number flow of 
species undergoing combustion. This model significantly reduces 
computational cost of the simulation due to direct computation of large- 
scale motion in the flow. Conservation of mass in the flow field, species 
conservation in the flow field, variation of momentum and conservation 
of energy in the free stream are modeled as follows 

∂ρ
∂t

+∇⋅(ρ⋅V) =
dm’’’

dt
(6)  

∂
(
ρ⋅Yspecies

)

dt
+∇⋅

(
ρ⋅Yspecies⋅V

)
= ∇

(
ρ⋅Dspecies⋅∇⋅Yspecies

)
+

dMchem

dt
+

dMevap

dt
(7)  

∂(ρ⋅V)

dt
+∇⋅(ρ⋅V⋅V) = − ∇Ppr − ∇τ + (ρ − ρo)g + Sp + Sevap (8)  

∂(ρ⋅hs)

∂t
+∇⋅(ρ⋅hs⋅V) =

DP
Dt

+
dQ’’’

release

dt
− ∇⋅Q’’’

flow (9) 

Description of key variables appearing in equations above is pro-
vided in Table 2. Eqs. (6) and (7) denote mass and species conservation 
within the flow field. In the given simulation set up, generation of a 
particular species may occur due to chemical reactions and combustion 
following thermal runaway, or due to evaporation of a liquid. Both of 
these processes are accounted for in Eq. (7). Eq. (8) represents conser-
vation of momentum within the flow field. The right hand side of this 

Fig. 1. Schematic of two 0.184 m × 0.184 m × 0.069 m pallets containing 18650 Li-ion battery packs kept in a storage facility showing overall simulation geometry 
showing the trigger and adjacent pallet. (b) Computational mesh in the XZ plane close to the top of the pallets. 

Table 1 
Values of abuse parameters used for single step abuse model [11].  

Abuse Parameters Values 

25% SoC 50% SoC 100% SoC 

H (kJ m− 3) 1.55 × 106 1.98 × 106 1.96 × 106 

A (s− 1) 3.5 × 1018 7.77 × 1018 5.76 × 1018 

Ea (kJ kmol-1) 1.90 × 105 1.92 × 105 1.83 × 105 

m 0 0 0 
n 0.25 0.25 0.25 
B 24 26 27.5  
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equation contains terms such as change in pressure perturbation, change 
in momentum due to buoyant flow, change in momentum due to soot 
particles and change in momentum due to evaporation. For low Mach 
number flows, internal energy and enthalpy of the flow can be related to 
thermodynamic pressure. Therefore, in terms of sensible enthalpy, 
conservative energy equation for the flow field is written in the form 
shown in Eq. (9). 

2.2.4. Thermal transport mechanisms 
Three key modes of thermal transport between pallets – conduction, 

natural convection and radiation – are accounted for in the energy 
equation given by Eq. (9). The treatment of these mechanisms is similar 
to past work on thermal runaway propagation in smaller battery packs 
[18]. Briefly, conduction is modeled through the standard Fourier 
equation, both within each pallet and in the air between pallets. 
Anisotropic thermal conductivity of the pallet is specified for this pur-
pose, so that the temperature field within each pallet is governed by the 
following equation: 

kx
∂2T
∂x2 + ky

∂2T
∂y2 + kz

∂2T
∂z2 +Q’’’ = ρcp

∂T
∂t

(10)  

Due to large size of simulation domain and computational constraints, 
specific details of each material inside a cell are not modeled. Each pallet 
is considered to have homogeneous thermal properties. These assump-
tions are necessary due to the large scale of the overall geometry. This is 
also reasonable because the interest here is in studying the temperature 
field and propagation outside the pallet. Natural convection in the sur-
rounding air is modeled using the Boussinesq approximation. Radiative 
heat transfer is modeled using a surface-to-surface radiative model, for 
which, view factors are calculated using the ray tracing method. Details 
of these models are available in recent past work [18]. 

2.2.5. Finite rate combustion 
A mixing-controlled combustion model with infinite reaction rate is 

used to model heat generation during combustion, including consump-
tion of reactants during thermal runaway onset and propagation. In 
order to accurately model change in concentration of volatile species, 
the rate of combustion is considered to be a function of both temperature 
and concentration. A finite-rate Arrhenius kinetics based single-step 
reaction model is used. Reaction parameters for finite rate combustion 
of various species are taken from past work [11] as summarized in 
Table 3. Equations defining single step combustion are as follows: 

dCs

dt
= − ks

∏
C

Ns′
s′ (11)  

ks = As⋅Tp⋅e− Ea,s/RT (12)  

where s refers to a species and the product in Eq. (10) is carried out over 
all reactions. Values of Ns and p are taken to be 1 and 0, respectively 
[40]. 

2.3. Meshing and other simulation details 

All simulations are carried out in Fire Dynamics Simulator (FDS) 
[41], which has been used in several past papers related to combustion 
and fire propagation [42–44]. Graphival visualization of simulation 
results is carried out in Smokeview (SMV) software. Simulations 
involving buoyant fumes and fires usually require extremely fine dis-
cretization to achieve reasonable accuracy. In the present work, a non- 
uniform mesh resolution is used with 0.0015 m as the largest element 
size to manage computational time. Non uniformity is modeled in z 
direction using piecewise linear mesh transformation technique. As a 
result, mesh resolution is maximum in the vicinity of the pallet and re-
duces with height. Higher resolution results in greater number of ele-
ments covering the characteristic fire length, which, in turn enhances 
numerical stability. A picture of the computational mesh in the XZ plane 
close to the top of the pallets is shown in Fig. 1(b). 

Adaptive time stepping is used throughout. The largest timestep is 
restricted to 10 ms in order to keep the Courant-Friedrichs-Lewy (CFL) 
[45] and von Neumann [46] stability constants below 0.7 to ensure 
stability. 

3. Results and discussion 

3.1. Grid- and timestep-independence of simulation results 

Due to the highly non-linear nature of various processes associated 
with thermal runaway propagation that are being accounted for in the 
simulation model, it is important to first establish the accuracy of the 
computational model. Specifically, it must be verified that the computed 
results are not influenced by the grid size and/or the timestep used in 
simulations. To do so, a representative thermal runaway and fire prop-
agation simulation is carried out. This simulation comprises two pallets 
with a 0.8 m distance between the two pallets. Dimensions of each pallet 
is assumed to be 0.184 m × 0.184 m × 0.069 m. Each pallet is assumed 
to contain one hundred 18650 NCA Li-ion cells at 25% SoC arranged in a 
10 × 10 array with no cell-to-cell gap. The array of cells is wrapped in a 
2 mm thick polyethylene sheet from all sides. The effect of all other 
pallet materials is ignored. Length, width and height of the storage room 
are assumed to be 3 m × 3 m × 5 m respectively. The trigger pallet is 
kept 0.6 m from the left boundary and 0.2 m from the front boundary, 
while the adjacent pallet is kept at the similar distance from front wall 
and 1.93 m from the right boundary of the simulation geometry. For 
computational simplicity and due to extremely small airgaps in the 
pallet, all cells in a pallet as well as the pallet material itself are ho-
mogenized and modeled as a single material in simulations. Based on 
past work, density and heat capacity of the material are taken to be 2280 
kgm− 3 and 715 Jkg− 1K− 1 respectively [13,47]. Thermal conductivity for 
the pallet material is 0.2 Wm− 1K− 1 in X and Y directions and 32 
Wm− 1K− 1 in Z direction [13]. Standard thermal properties for poly-
ethylene are assumed [48,49]. 

Table 2 
List of variables appearing in turbulence transport equations.  

Variable Description 

m’’’ Mass generation per unit volume 
Yspecies Mean mass fraction of the species 
ρ Density 
V Velocity vector 
Dspecies Diffusion coefficient of species 
Mchem Mass generation per unit volume of a species by chemical reaction 
ρo Initial density 
τ SGS stress tensor 
hs Sensible enthalpy 
Ppr Pressure perturbation 
Q’’’

release Heat release per unit volume 
Sp Momentum transfer due to particles 
Sevap Momentum transfer due to evaporation 
Q’’

flow Heat flux vector  

Table 3 
Values of Arrhenius parameters for gaseous components used in combustion 
model [11].  

Species Pre-exponential factor (mol cm− 3 s− 1) Activation energy (kJ mol− 1) 

H2 1.91 × 1014 71.4 
CH4 1.3 × 108 48.4 
CO 4.4 × 106 199.4 
C2H4 2 × 1012 30 
C2H6 4.2 × 1011 38.8  
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In order to examine the influence of the grid and timestep, simula-
tions are carried out with a number of values of the maximum element 
size and maximum timestep. Keeping one of these parameters constant, 
the other parameter is reduced until the computed temperature field 
does not change significantly any more. Results are plotted in Fig. 2(a) 
and (b), in which, temperature at 0.5 m height above the trigger pallet is 
plotted as a function of time for multiple values of the maximum element 
size and maximum timestep, respectively. In these plots, the maximum 
timestep size is fixed at 0.0015 m for Fig. 2(a) and maximum element 
size is fixed at 0.01 s for Fig. 2(b). These results show that the temper-
ature field changes somewhat when these parameters are changed, but 
becomes largely independent when the maximum element size is around 
1.5 mm or lower, and when the maximum timestep is 10 ms or lower. 
Given the large physical size of the room and the long time period of 
interest, both of these are relatively small numbers, implying the 
considerable computational cost associated with these simulations. The 
very tight computational constraints needed to ensure grid- and 
timestep-independence is, however, not surprising, given the highly 
non-linear nature of combustion, turbulent flow as well as Arrhenius 
heat generation in this problem. 

All further simulations discussed in this work are carried out with a 
maximum element size of 1.5 mm and a timestep of 10 ms. 

3.2. Validation 

In general, it is always desirable to validate a numerical computation 
framework, such as the one used in this work, by comparison with in-
dependent experimental measurements. Unfortunately, in the present 
case, there is a lack of sufficient experimental measurements on battery 
thermal runaway and fire propagation at the large length scales 
considered in this work. Therefore, a limited comparison of the present 
numerical framework with a previously reported experimental mea-
surement on a single Li-ion cell [12] is carried out. Despite the smaller 
length scale involved in this comparison, this exercise helps establish the 
fundamental capability of the numerical computation framework to 
capture the key features of a thermal runaway event. 

This comparison pertains to a thermal abuse measurement on a 
single 18650 cell in a fire calorimeter. Experimental measurements of 
surface temperature of a single 18650 NCA cathode type cell at 75% SoC 
were carried out during a fire test using cone calorimetry. External 
heating through 0.6 kW ceramic heater acts as the trigger to push cell 
into thermal runaway in a well-ventilated test chamber measuring 1.1 
m × 1.1 m by 1.4 m. The conditions of this experiment are numerically 
simulated in the FDS computational framework, using the same gov-
erning equations as the rest of this work. All parameters, such as 

geometry and kinetics parameters of the cell are selected to match the 
conditions reported in the past experimental measurement [12]. Since 
Arrhenius kinetic parameters for single reaction thermal runaway model 
at 75% SoC are not available directly, these are approximated based on 
50% and 100% SoC data. A comparison of measured surface tempera-
ture as a function of time with predictions from the numerical simula-
tions is presented in Fig. 3, which shows reasonable agreement with the 
measured experimental data [12], both in terms of the time at which 
thermal runaway onset occurs, as well as the steep temperature rise and 
peak temperature attained during thermal runaway. Note that both 
experimental measurements and numerical simulations present some 
noise, mainly due to measurement and data acquisition noise in the 
experiment and the non-linear nature of the equations being solved in 
the simulation model. Nevertheless, the general agreement obtained in 
this comparison is encouraging. 

The comparison presented in Fig. 3 establishes the capability of the 
numerical simulation framework to capture the thermal runaway phe-
nomenon, despite the limited nature of the validation carried out here, 
mainly due to lack of sufficient experimental data at the length scale of 
interest. Other papers in the past have also used FDS simulation 
framework to simulate fires originating from batteries and other sources 
[42–44], which further enhances the confidence in the present simula-
tion framework. 

Fig. 2. Simulation results to establish mesh and time sensitivity: Temperature vs time plot at 0.5 m height from the trigger pallet at 25% SoC for (a) different element 
sizes and (b) for different maximum timestep bound in adaptive time stepping. Maximum timestep for (a) is 0.01 s and element size for (b) is 0.0015 m. 

Fig. 3. Comparison of present work with past experimental data [12]: Tem-
perature as a function of time for a single NCA 18650 cell at 75% SoC under-
going thermal runaway due to thermal abuse. 
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3.3. Typical temperature distribution 

Post-processing of simulation outputs are displayed using Smoke-
view software. Fig. 4 presents colorplots of the temperature field in a 
cross-section plane of the geometry at multiple times for a representative 
thermal runaway propagation scenario. For this simulation, the distance 
between trigger pallet and adjacent pallet is 0.6 m and the SoC is 25%. 
Single step abuse reaction model coupled with LES combustion model is 
implemented. Walls and ceiling of the simulation geometry are open to 
atmosphere. This mimics realistic fire propagation in a large storage 
facility where the concentration of oxygen is large compared to con-
centration of reactants. The colorplots in Fig. 4 show the trigger pallet 
(on the left) catch fire almost immediately. As time passes, heat transfer 
to the neighboring pallet causes its temperature to rise as well, even-
tually resulting in thermal runaway in the neighboring pallet too. In 
Fig. 4(b), total heat release rate (HRR) is plotted along with a soot 
density color plot to show fire propagation, based on the combustion of 
volatile gases released during thermal runaway as well as the pallet 
material. These plots clearly show combustion in the neighboring pallet 
occurring after some time. 

The temperature data in colorplots in Fig. 4 can be plotted in order to 
provide a more comprehensive visualization of the temperature field 
over space and time. Fig. 5(a) plots temperature as a function of time at 
multiple locations above the trigger pallet for the set of conditions 
considered in Fig. 4. As expected, the highest temperature is encoun-
tered closest to the trigger pallet. Over time, temperature at each loca-
tion first increases sharply due to rapid heat release during the thermal 
runaway process. After reaching a peak, the temperature then gradually 
comes down over a long period as the reactants are slowly consumed. A 
minor bump in the temperature curves around t = 500 s is associated 
with heat received from combustion of the neighboring pallet, which has 
a lag compared to combustion of the trigger pallet. 

Fig. 5(b) plots temperature distributions above the trigger pallet at 
multiple times. The first curve shown, at t = 200 s, is close to the peak of 
fire in the trigger pallet, and, therefore, is the highest. Afterwards, the 
temperature field cools down as reactants get consumed. At each time, 
there is a gradual reduction in temperature with increasing vertical 
distance from the trigger pallet. 

A similar plot of temperature as a function of time and space above 
the adjacent pallet is presented in Fig. 6. Fig. 6(a) and (b) plot 

Fig. 4. (a) Temperature and (b) fire propagation color plots for the case of 0.6 m distance between trigger and adjacent pallets resulting in fire propagation. Cells in 
the trigger pallet are taken to be at 25% SoC. 

Fig. 5. Temperature plots above the trigger pallet: (a) Temperature as a function of time at different heights above the trigger pallet, and (b) temperature as a 
function of distance above the trigger pallet at multiple times. All conditions are the same as Fig. 4. 
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temperature as a function of time at multiple locations above the adja-
cent pallet, and as a function of distance away from the adjacent pallet at 
multiple times, respectively. Fig. 6(a) shows a short period of no tem-
perature rise above the adjacent pallet, followed by a large rise in 
temperature, and, finally, a gradual reduction. This short initial period 
corresponds to when the trigger pallet is on fire, but the fire has not yet 
spread to the adjacent pallet. Once the adjacent pallet catches fire, Fig. 6 
(a) shows a sharp temperature rise, which lasts until the peak of com-
bustion of the adjacent pallet. Afterwards, similar to the trigger pallet 
shown in Fig. 5(a), there is also a gradual reduction in the temperature 
field above the adjacent pallet. The spatial temperature distribution 
above the adjacent pallet at multiple times shown in Fig. 6(b) is some-
what more complicated than that above the trigger pallet because it is 
influenced by the time lag between fire in the trigger pallet and in the 
adjacent pallet. Each curve in Fig. 6(b) goes up, then down, which 
corresponds to the location of the flame. The temperature is the largest 
at the flame, and is lower both below and above the flame. As shown in 
these curves, the location of peak, i.e., the flame, reduces as time passes, 
which corresponds to the burnout of the flame once the reactants are 
consumed. It is interesting to note that the surface temperature of the 
adjacent pallet remains nearly constant. The small non-monotonicity of 
the surface temperature is explainable because the surface temperature 
first increases up to a certain time, and then reduces once the reactants 
begin to be consumed. 

3.4. Effect of SoC on onset 

The SoC of a Li-ion cell plays a key role in determining its thermal 
runaway characteristics, and, therefore, is of much practical interest. 
The ideal SoC of cells during long-term storage or transportation has 
been widely debated [20,21]. Due to the practical importance of SoC, a 
number of simulations are carried out to characterize the role of SoC on 
the onset and propagation of fire from one pallet to another. 

As described in Section 2.2.2, the effect of SoC is modeled in this 
work on the basis of previously reported values of activation energy and 
other kinetics parameters related to the thermal runaway reactions at 
different SoCs [11]. Data corresponding to Nickel Cobalt Aluminum 
Oxide (NCA) chemistry are used. Based on this, a number of simulations 
at three different SoCs (25%, 50% and 100%) are carried out. Fig. 7 
presents plots of heat release rate as a function of time for a single pallet 
of cells undergoing thermal runaway for these values of SoC. As ex-
pected, the greater the SoC, the larger is the heat release rate, which is 
mainly due to greater energy content at higher SoC. 

The greater heat release rate at higher SoC shown in Fig. 7 is ex-
pected to result in faster onset of thermal runaway and possibly greater 
temperature rise. This is confirmed by determining the temperature 
distribution in and around the trigger pallet for each SoC considered in 
Fig. 7. Fig. 8(a) presents temperature colorplots at t = 400 s for each SoC, 
whereas Fig. 8(b) plots temperature 1.0 m above the surface of the 
trigger pallet as a function for time for each SoC. As expected, thermal 
runaway is faster and more vigorous for the 100% SOC case, and there is 
propagation of thermal runaway to the adjacent pallet. The effect of SoC 
and pallet-to-pallet gap on thermal runaway propagation is analyzed in 
more detail in the next two sub-sections. 

3.5. Effect of pallet-to-pallet gap 

A key geometrical parameter of much practical relevance in this 
problem is the distance between adjacent pallets. Space is often limited 
in both storage and transportation of cells, and, therefore, in general, it 
is desirable to pack the battery pallets as close as possible to each other 
in order to increase the packing density. However, placing the pallets too 
close to each may increase heat transfer between adjacent cells, result-
ing in greater likelihood of propagation of thermal runaway from a 
trigger pallet to its neighbor. 

In order to evaluate this interesting and important trade-off, tem-
perature and fire color plots for a case with a large 0.8 m gap are plotted 
in Fig. 9 at 25% SoC. Compared to the baseline case of 0.6 m gap shown 
in Fig. 4, these colorplots clearly show that the larger gap results in the 
fire remaining isolated to only the trigger pallet. While the temperature 

Fig. 6. Temperature plots above the adjacent pallet: (a) Temperature as a function of time at different heights above the adjacent pallet, and (b) temperature as a 
function of distance above the adjacent pallet at multiple times. All conditions are the same as Fig. 4. 

Fig. 7. Total heat release rate plot as a function of time for trigger pallet un-
dergoing thermal runaway at different SoC. 
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field above the trigger pallet shown in Fig. 9(a) is similar to the 0.6 m 
gap case, there is clearly no propagation of fire to the adjacent pallet as 
the pallet-to-pallet gap is too large for the fire to jump. This results in the 
impact of fire remaining somewhat isolated. This shows that the pallet- 
to-pallet gap plays a key role in determining the nature of fire in the 
storage facility. While on one hand, it may be desirable to reduce the 
pallet-to-pallet gap for more efficient packing, on the other hand, sim-
ulations presented here clearly show that a small pallet-to-pallet gap 
may risk the propagation of thermal runaway and fire from one pallet to 
the other. 

In order to further illustrate the impact of pallet-to-pallet gap on 
thermal runaway and fire propagation, a number of simulations are 
carried out with different values of the gap between the trigger pallet 
and adjacent pallet, while keeping all other parameters fixed. Results are 
summarized in Fig. 10, where temperature at the surface of the adjacent 
pallet is plotted as a function of time for multiple values of the gap be-
tween the two pallets. It is found that for very small values of the gap, 
propagation of thermal runaway to the adjacent cell occurs very quickly, 

due to which, a rapid rise in temperature occurs, as shown in Fig. 10. As 
the value of the gap increases, propagation of thermal runaway still 
occurs, but with an increasing time delay. Eventually, at a cut-off value 
of the gap, there is a sudden change in the thermal runaway propagation 
characteristics of the system, so that for gaps beyond the cut-off value, 
there is no propagation of thermal runaway at all. There is still a minor 
increase in temperature in the adjacent pallet, but it is insufficient to 
sustain thermal runaway. For the parameter values considered here, 
Fig. 10 shows that the threshold value of the pallet-to-pallet gap is 
around 0.8 m. 

Another interesting way to visualize the impact of pallet-to-pallet 
gap on thermal runaway propagation is to plot tProp, the time taken for 
propagation as a function of the pallet-to-pallet gap. This is plotted in 
Fig. 11, where the y axis represents the reciprocal of the time taken for 
propagation. This curve dips downwards as the gap increases, indicating 
a gradual increase in the time taken for propagation, until the cut-off 
value of the gap is reached. Beyond this cut-off, the curve abruptly 
drops to zero, indicating that there is no propagation of thermal 
runaway at all when the gap is greater than the cut-off value. 

The existence of a sharp cut-off value of the gap has significant im-
plications in the design of large-scale storage and transportation systems 
for Li-ion cells. The gap between pallets must clearly be kept above the 
cut-off gap because placing the pallets even slightly closer than dictated 
by the cut-off value results in a significant risk for thermal runaway 
propagation. If the current design of a storage facility has a pallet-to- 
pallet gap that is just below the threshold predicted by the simula-
tions, it may be helpful to increase the gap slightly in order to go above 
the threshold and significantly improve safety with only an incremental 
impact on storage density. 

Note that the cut-off value of the gap identified by Figs. 9 and 10 
above is specific to the cell chemistry, pallet size, number of cells and 
other parameter values assumed in these simulations. For example, if the 
energy density of the pallet increases, the cut-off gap will likely grow as 
well due to greater heat released during thermal runaway. This will 
necessitate placing the pallets with greater gap. 

3.6. Effect of SoC on propagation 

While Section 3.4 investigated the impact of SoC mainly on the onset 

Fig. 8. (a) Temperature propagation color plots for the case of 0.8 m distance between trigger and adjacent pallet at different states of charge at 400 s and (b) 
Temperature as a function of SoC at 1.0 m height above trigger pallet. 

Fig. 9. Peak temperature at the top surface of the adjacent pallet as a function 
of time for different values of distance between trigger and adjacent pallets. 
Cells in the trigger pallet are taken to be at 25% SoC. 
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of thermal runaway, it is also of interest to determine how the SoC of 
cells in the pallet affects the propagation of thermal runaway and fire 
from the trigger pallet to its neighbors. This is of much practical interest, 
since thermal runaway and fire limited to a single pallet, while not 
desirable, is a lot more acceptable than the other storage facility 
catching fire. Numerical simulations similar to those described in Sec-
tion 3.5 are carried out at three different values of the SoC (25%, 50% 
and 100%). In each case, the pallet-to-pallet gap is kept fixed at 0.8 m. 
Fig. 12 presents plots of temperature on the surface of the adjacent pallet 
as a function of time for each SoC considered here. It is found that there 
is clearly propagation of thermal runaway and fire from the trigger 
pallet to adjacent pallet in the 100% SoC case. In contrast, the 50% and 
25% SoC cases do not result in propagation, and while the trigger pallet 
undergoes thermal runaway, there is no spread of fire to the adjacent 
pallet. This is an important practical insight that may influence the 
design of SoC of cells under large-scale storage and/or transportation. 

3.7. Heat transfer mechanisms 

It is of interest to determine the relative importance of radiative and 
convective heat transfer mechanisms in the overall heat release rate 
from the trigger pallet. It is well known, for example, that as the 

Fig. 10. (a) Temperature and (b) fire propagation color plots for the case of 0.8 m distance between trigger and adjacent pallets, resulting in no propagation of fire.  

Fig. 11. Reciprocal of time taken for fire propagation to adjacent pallet as a 
function of distance between trigger pallet and adjacent pallet. 

Fig. 12. Temperature at the surface of adjacent pallet as a function of time at 
three different SoCs for NCA cell chemistry. 

Fig. 13. Radiative and convective components of heat release rate from the 
trigger pallet as a function of time for 0.8 m pallet-to-pallet gap and 25% SoC. 
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temperature goes up, radiative heat transfer becomes more and more 
dominant. In order to investigate this for the present work, radiative and 
convective heat transfer components of the heat release rate from the 
pallet cells are computed for the baseline case of 0.8 mm pallet-to-pallet 
gap and 25% SoC. These data are plotted as function of time in Fig. 13. 
The plot indicates that radiative heat transfer is a dominant mechanism 
in heat release from the trigger pallet, particularly when the pallet 
temperature is high, around the time on onset of thermal runaway. As 
the temperature comes down during the cooling stage, both radiative 
and convective heat release rates drop. The decay in radiative heat 
release rate is steeper, as expected. These observations are all consistent 
with recent work on thermal runaway propagation in smaller battery 
packs [18]. 

4. Conclusions 

Thermal safety of large battery storage and transportation systems 
requires a careful investigation of the multiple highly coupled processes 
that occur during thermal runaway. Given the cost and hazard associ-
ated with measurements, simulation models such as the one presented 
here may play a key role in guiding preliminary design and optimiza-
tion. While much of past work in this direction has focused on thermal 
runaway at the scale of individual Li-ion cells, or a small pack of cells, 
the present work specifically addresses the important problem of battery 
safety during storage and transportation, when a very large number of 
cells may be packed densely in closely stored pallets. While simulation 
results are presented for a specific geometry and set of other parameters, 
the simulation framework can be easily scaled to model other scenarios, 
such as cells and pallets of other shapes and sizes. Other cell chemistries 
can also be modeled by appropriately changing the kinetics parameters 
of the decomposition reactions. Pallets also often contain other pack-
aging materials such as wood, cardboard and plastics, which can also be 
easily modeled within the framework of these simulations. 

Further, the vertical stacking of multiple pallets – not considered 
explicitly in the present work – may be of interest for future work. In 
such a scenario, the location of the trigger pallet within the vertical stack 
is likely to play a critical role in the propagation of thermal runaway. For 
example, hot combustion products rise up due to buoyancy, and, 
therefore, a trigger cell at the bottom of the stack may cause greater 
propagation than one at the top. Moreover, careful analysis and design 
of fire suppression systems such as sprinklers in the case of vertical 
stacking of pallets is needed. For example, the number of sprinklers and 
their locations relative to the trigger pallets likely plays a key role in 
determining the effectiveness of fire suppression, and, therefore, needs 
to be studied in detail. Finally, experimental validation of simulation 
results is also important and is identified as an important direction for 
future work. 

Two key results from this work relate to the impact of SoC on thermal 
runaway propagation and the identification of a sharp threshold in terms 
of the pallet-to-pallet gap which governs whether fire propagation from 
one pallet to the other occurs or not. It is important for the design of 
large-scale storage and transportation of batteries to consider this trade- 
off between safety and density of battery storage. Based on this work, a 
detailed investigation is recommended to systematically understand fire 
prevention and suppression in large-scale battery storage and trans-
portation scenarios. 
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