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Abstract

Li-ion batteries (LIBs) are a widely adopted energy storage device that are increasingly used in transportation and stationary
applications. However, LIBs come with the risk of thermal runaway (TR) which is known to be unpredictable. Previous compu-
tational work has assessed the sensitivity of TR to model inputs, while some experimental work has quantified the distribution
of TR behaviour. However, no work is known to have used computational simulations of cell abuse to predict the probability
of cell failure under typical abuse test standards. This work applies an abuse model to achieve this, as well as using key TR
output variables to calculate the magnitude of cell failure according to the redefined EUCAR hazard level assessment. Abuse
simulations of Underwriter Laboratory’s oven test are simulated thousands of times considering parameter distributions with two
different coefficient of variance sets. This work shows that it is possible to predict the change in the probability of failure against
the change in oven temperature and the probability of different hazard levels. However, there is a need to better understand and
refine the variance in cell parameters, specifically those related the kinetic behaviour, to allow for analysis that is more suitable
for risk assessment purposes.

1 Introduction

Li-ion batteries (LIBs) are an essential technology for enabling
the UK, and other countries alike, to achieve Net Zero tar-
gets [1]. As an electrochemical energy storage device, LIBs
achieve emissions reduction by enabling electrified powertrains
which have improved efficiencies over internal combustion
counterparts and through utilising relatively low carbon grid
energy. Further, LIBs support the installation and utilisation of
renewable energy through grid support services.

However, LIBs suffer from the potential to undergo ther-
mal runaway (TR), which can lead to intense heat and fire that
can destroy the entire battery system as well as be a hazard to
people and assets within the vicinity [2]. Further, the accumu-
lation of flammable gases can lead to explosions, while carbon
monoxide and fluorinated gas species present a serious tox-
icity hazard. As such, ongoing research is required to better
understand the TR processes and develop safer LIBs.

The TR and TR propagation of single cells and small mod-
ules has been greatly studied, with temperature profiles and
gas emissions from failure quantified and mitigation measures
assessed. However, it is widely known within the LIB and bat-
tery safety community that the TR behaviour on a larger scale,
such as packs, is unpredictable. It is difficult to know when
failure will occur and how severely it will progress.

The variation of TR severity (i.e. maximum temperature)
and time to TR have been shown by several literature sources
[3–5] for cells of different chemistries under accelerated rate
calorimetry, oven exposure and constant power heating. A lim-
ited number of sources have calculated probability densities for
maximum temperature, temperature rate and mass loss [6], and

also for the energy released by the ejecta, electrode and body
components [7].

Computational modelling has been used for statistical stud-
ies on abuse and non-abusive scenarios. For abuse modelling,
the decomposition heat generation sub-model (based on kinetic
reactions) is important. Shah et al. [8] studied the effect of the
solid electrolyte interphase kinetic parameters on TR behaviour
but is limited by the lack of variation in other kinetics param-
eters. Kriston et al. [9] carried out an in-depth investigation
on the uncertainty of LIB TR model parameters, including
all kinetic parameters. They determined the most influential
parameters on TR severity are internal short resistance ratio,
cooling power, electrolyte combustion and the heat release
from anode decomposition. Kriston et al. [9] considered the
probability distribution of heat released from a cell determined
experimentally to study heat transfer in a pack. But they only
considered one reactive cell, and initiation is not based on
kinetic equations. Xia et al. [10] studied the change in thermal
safety boundary, considering the variation in cell properties.
They showed that with increased degradation and internal resis-
tance, the ability to maintain thermal safety is reduced. Huang
et al. [11] determined TR initiation and propagation are highly
dependent on heat capacity and thermal contact. Yeardly et al.
[12] use a Gaussian Process surrogate model to analyse the
sensitivity of cell thermal runaway given thermo-physical prop-
erties. It is found that emissivity, followed by convection and
conductivity properties, plays the most significant role in key
TR outputs (e.g. onset time and maximum temperature).

The existing literature has presented a useful discussion of
the sensitivity analysis of TR models, determining the most
influential parameters on TR severity. However, no known
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work has used actual or assumed variations in the properties
of manufactured cells to make statistical predictions of when a
cell will fail.

Therefore, this work aims to determine the probability of cell
failure given the variations in cell properties. The objectives
are:

1. Use an existing Li-ion cell TR abuse model to simulate a
recognised standard (overheat) safety test and categorise the
TR event against EUCAR hazard levels;

2. Predict the frequency at which different hazard levels
occur, assuming parameters have a normal distribution with
known and speculated coefficients of variance, for the
standard safety test; and

3. Determine the probability of cell failure at different oven
exposer temperatures.

2 Methodology

This work considers a fully charged lithium cobalt oxide 18650
cylindrical cell as a case study for the hazard level assessment
accounting for uncertainty. To simulate the abuse behaviour
we apply the classical 4 reaction thermal runaway model as
described by Kim et al. [13]. The governing equations of this
model are presented in Section 2.1. Section 2.2 presents the
values of parameters that are considered uncertain, along with
their coefficient of variance. Section 2.3 describe the thermal
abuse scenario simulated and the criteria for the hazard level
assessment.

2.1 Thermal Runaway Modelling

The temperature of the cell for a lumped heat capacity model
is governed by:

ρCpVcell

dT

dt
= Qconv +Qrad +Qdecomp (1)

where ρ (kg m−3) is the density of the cell, Cp (J kg−1 K−1) is
the heat capacity of the cell, Vcell (m3) is the volume of the
cell, T (K) is the temperature of the cell, t (s) is time, Qconv,
Qrad and Qdecomp (J s−1) are the heat generation/ dissipation
from convection, radiation and TR decomposition respectively.

The heat transfer to/from the environment by radiation and
convection are governed by:

Qconv = Acellhconv(Toven − T ) (2)

Qrad = Acellεradσrad(T
4
oven − T 4) (3)

where Acell (m2) is the surface area of the cylindrical cell,
hconv (J s−1 m−2 K−1) is the natural convection coefficient, Tamb

(K) is the ambient or oven temperature, εrad (unit-less) is the
radiation heat transfer coefficient, σrad (J s−1 m−2 K−4) is the
Stefan–Boltzmann constant.

The decomposition heat generation is the sum of the heat
from the solid electrolyte interphase (sei), negative-electrode/

electrolyte (ne), positive-electrode/ electrolyte (pe) and elec-
trolyte (ele) reactions:

Qdecomp = (Ssei + Sne + Spe + Sele)Vjelly (4)

where Vjelly (m3) is the volume of the jelly roll and Si

(J s−1 m−3) is the specific heat generation of each reaction i
given by:

Ssei = RseiWcHsei (5)

Sne = RneWcHne (6)

Spe = RpeWpHpe (7)

Sele = ReleWeHele (8)

where Ri (s−1) is the reaction rate, Wi (g m−3) is the specific
mass of reactant and Hi (J g−1) is the heat of reaction for each
reaction i.

The reaction rates, Ri, are governed by Arrhenius equations:

Rsei = Aseie(−Ea,sei/RgasT )Cmsei
sei (9)

Rne = Anee(−Ea,ne/RgasT )Cmne
ne e(−tsei/tsei0) (10)

Rpe = Apee(−Ea,pe/RgasT )Cmpe1
pe (1− Cpe)

mpe2 (11)

Rele = Aelee(−Ea,ele/RgasT )Cmele
ele (12)

where Ai (s−1) is the frequency factor, Ea,i (J mol−1) is the
activation energy, Rgas (J s−1 m−2 K−4) is the Stefan–Boltzmann
constant, Ci (unit-less) is the concentration of the decomposi-
tion species, tsei and tsei0 are the non-dimensional thickness
and initial thickness of the SEI, mi is a non-dimensional power
term.

The change in species concentrations, Ci and tsei, are
determined by:

dCsei/dt = −Rsei (13)

dCne/dt = −Rne (14)

dtsei/dt = Rne (15)

dCpe/dt = Rpe (16)

dCele/dt = −Rele (17)

Throughout all simulations, the initial values of the depen-
dent variables and the power terms mi are fixed. The initial
species concentrations are Csei = 0.15, Cne = 0.75, tsei =
0.033, Cpe = 0.04 and Cele = 1 [13]. All the terms mi are
equal to 1 [13]. The initial cell temperature is 35°C and the
oven set temperature is 150°C according to the testing criteria
in Section 2.3. The values and variation in the other parameters
are discussed in Section 2.2 below.

2.2 Parameter Distributions

The parameter values for the model (see Table 1) are taken from
Ref. [13], and are assumed to represent the mean values for a
batch of cells assuming a normal distribution. The variation in
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Table 1 Model parameter values and coefficient of variation
for Case 1 (measured) and Case 2 (assumed).

Parameter Mean
CoV

(meas.)

CoV

(assu.)

hconv [J s−1 m−2 K−1] 7.17 0.05

0.01

εrad [-] 0.8 0.01
rcell [mm] 9 0.01
hcell [mm] 65 0.01
Vjelly [m3] 1.052 × 10−5 0.01

ρCp (cell) [kg m−3] 2.5 × 106 0.05

Ea,sei [J mol−1] 1.3508 × 105

0.14Ea,ne [J mol−1] 1.3508 × 105

Ea,pe [J mol−1] 1.396 × 105

Ea,ele [J mol−1] 2.74 × 105

Asei [s−1] 1.667 × 1015

0.28Ane [s−1] 2.5 × 1013

Ape [s−1] 6.667 × 1013

Aele [s−1] 5.14 × 1025

Hsei [J g−1] 257

0.11Hne [J g−1] 1714
Hpe [J g−1] 314
Hele [J g−1] 155

Wc [g m−3] 6.104 × 105

0.05Wp [g m−3] 1.221 × 106

We [g m−3] 4.069 × 105

the distribution, stated as the coefficient of variation (CoV) is,
in case 1, based on measured variations where possible, and in
case 2 assumed to be 1%.

The value of ρCp is slightly altered here to adjust for the
difference in model formulation respective to Ref. [13]. Here
we assume a reaction volume of Vjelly within a cell volume
Vcell rather than one single volume as in Ref. [13].

Regarding case 1, Kriston et al. [14] present values for the
variation in kinetic parameters found from DSC/TGA exper-
iments. Here, values for the CoV of the activation energy,
frequency factor and heat of reaction are based on typical val-
ues found in Ref. [14]. The CoV of mass, density and heat
capacity is from the analysis of cell data in Ref. [15]. Other
parameters are assumed to have a CoV of 1%.

To determine the probability of TR, and assess the hazard
level (see Section 2.3), 10 000 parameters set are randomly
generated and simulated.

2.3 Safety Test and Hazard Level Assessment

There are several national and international testing standards
for Li-ion cells that assess safety through environmental
(including thermal), mechanical, electrical and chemical abuse
[16, 17]. For this work, the focus will be on thermal abuse
tests, specifically thermal stability and overheating. Underwrit-
ers Laboratory defines the overheating abuse test as exposing a
cell to a temperature of 150°C for 60 min [17]. It is under these
conditions that we assess the probability of cell failure.

Table 2 Hazard levels for LIB abuse simulations.

Hazard

Level

Description Classification Criteria & Effect

0 No Effect No exothermic reaction or thermal run-
away. i.e. no increase in cell temper-
ature above oven set temperature, no
change in overall decomposition species,
no heat generation. (This is determined
to be at the limit of ΔT < 5◦C and
(dT/dt)max < 1◦Cmin−1)

1 n/a n/a

2 n/a n/a

3 n/a n/a

4 Self-heating Exothermic reactions, ΔT < 25◦C and
(dT/dt)max < 10◦Cmin−1

5 Mild
Thermal
Runaway

Exothermic reactions, ΔT < 50◦C and
(dT/dt)max < 100◦Cmin−1

6 Moderate
Thermal
Runaway

Exothermic reactions, ΔT < 100◦C and
(dT/dt)max < 1000◦Cmin−1

7 Severe
Thermal
Runaway

Exothermic reactions, ΔT ≥ 100◦C or
(dT/dt)max ≥ 1000◦Cmin−1

The TR event has to first be categorised to allow the
probability of failure to be assessed. Evaluation of battery
safety under each test scenario is typically categorised against
the EUCAR hazard level assessment [18]. This lists 8 haz-
ard levels (0 – 7) as no effect, passive protection activated,
defect/damage, leakage (less than 50% mass loss), venting
(greater than 50% mass loss), fire, rupture and explosion.

As the EUCAR assessment is based on physical deforma-
tion characteristics and mass loss, which are physics currently
not captured in the model, we have to redefine the classifica-
tion criteria of the hazard level assessment. To be compatible
with physical experiments (i.e. measurement capabilities) the
classification criteria are based on the maximum tempera-
ture change of the cell given the oven set temperature (i.e.
ΔT = Tcell,max − Toven) and the maximum temperature rate
(during the exothermic event). The refined hazard levels are
presented in Table 2. The limits on classification criteria (gov-
erned by ΔT and dT/dt) are determined from experience,
relating physical damage to temperature and temperature rate
profiles.

3 Results

The base case scenario, using the parameters from Ref. [13],
is presented in Fig. 1 and compared to the results of Kim et al.
[13]. From this figure, it can be seen that the original results are
reproduced accurately. Further, one can see that under the abuse
condition (exposure in a 150°C oven for 60 min) self-heating/
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Fig. 1 Simulation of LCO 18650 cell TR under two oven
set temperatures, where model parameters are set to those in
Table 1 under the “Mean” column, and compared to original
literature simulation of Kim et al. [13].

TR does not occur, hence the hazard level is 0. But at the time
scale of 120 min it can be seen that self-heating does occur.
Under this time frame the hazard level is 4, as the maximum
temperature difference and temperature rate (of self-heating)
are 5.3°C and 0.021°C min−1 respectively. From this, it can be
seen that the length of time a cell is monitored for under oven
exposure is important. As such, in the following studies, the
cells are assessed over a 60 min and 24 h period.

The results of the abuse simulations for Case 1 with “mea-
sured” CoV are presented in Fig. 2. The chart in Fig. 2(a)
(for the 60 min exposure) shows a similar prediction of haz-
ard levels 0, 4 and 5, at an occurrence of around 17% each.
While hazard levels 6 and 7 account for approximately 10%
and 37% of occurrences. The larger value of hazard level 7 can
be reasoned from Fig. 2(b). Where it can be seen that there are
occurrences of large temperature differences (>100°C) at lower
maximum rates, and large maximum rates (>1000°C min−1) at
very low temperature differences. The latter is the result of inci-
dents where decomposition occurs at very low temperatures
(i.e. ambient), leading to the rapid heating of the cell up to the
oven-set temperature but with too little heat generation to raise
it above the set temperature. Using Spearman’s Rank Corre-
lation to analyse Fig. 2(b) it is found that no correlation can
be calculated. The behaviour described above results in many
occurrences that satisfy hazard level 7 by only one criterion.
Further, comparing the 60 min and 24 h simulation periods in
Fig. 2(a) we can see that there is a small shift (2%) of hazard
level 0 predictions onto hazard levels 4 and 5.

The results of the abuse simulations for Case 2 with
“assumed” CoV are presented in Fig. 3. The chart in Fig. 3(a)
(for the 60 min exposure) shows that hazard level predictions
are centred around level 4, with a significant number in hazard
level 0. Unlike in Case 1, there is a clear correlation between
the maximum rate and maximum temperature difference, see
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Fig. 2 Case 1 “measured” CoV: (a) calculated probability of
each hazard level for two exposure times, (b) maximum cell
temperature rate verse maximum cell temperature change over
60 min exposure.

Fig. 3(b). The Spearman’s Rank Correlation is calculated to be
0.87, with a p-value of 0. Further, it can be seen the absolute
magnitude of the temperature difference and maximum rate is
much lower in Case 2. With the maximum ΔT being 150°C
compared to 280°C and (dT/dt)max

being 750°C min−1 com-
pared to 9000°C min−1. Also, from Fig. 3(a) it can be seen that
there is a significant shift (21%) from hazard level 0 to 4.

From the previous findings, it is clear that the CoV’s in Case
1 lead to behaviour in many instances that is not seen in pub-
lished experimental literature. Resulting in the lack of expected
correlation between maximum temperature and maximum tem-
perature rate. As such, there is a need to refine the CoV’s of
the cell parameters, especially the kinetic parameters as they
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Fig. 3 Case 2 “assumed” CoV: (a) calculated probability of
each hazard level for two exposure times, (b) maximum cell
temperature rate verse maximum cell temperature change over
60 min exposure.

have the largest values. Conversely, Case 2 provides useful
findings on the probability of different hazard levels, but impor-
tantly identifies that there is a need to consider the time period
over which the assessment is done to ensure all failure events
are captured. However, the CoV’s still need to be determined
appropriately.

Further to the Underwriters Laboratory oven abuse test, the
assessment was extended to predict the TR behaviour across a
wide range of oven set temperatures, from ambient to 180°C.
Note, as this study considered oven temperature as low as 20°C,
the initial temperature of the cell was assumed to be 10°C so
that it was below the lowest oven set temperature.
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Fig. 4 Probability of cell failure (hazard level 4 or more) at
various oven temperatures for the two CoV case studies. Both
60 min and 1 day exposure times presented.

The results of this study are presented in Fig. 4. As in the
previous figures (Figs. 2(a) and 3(a)) both the 60 min and 24 h
exposure times are presented. As before, analysis at longer
exposure times is more important in Case 2, where there is a
large difference at 140°C between the two exposure times. The
figure also shows that, for Case 1, there is a 5% chance that
a cell will fail at 20°C which steadily increases with exposure
temperature. However, for Case 2 it can be seen that there is a
shift from safe (0% failure) to unsafe (~100% failure) between
120°C and 160°C.

The notable chance of failure in Case 1 at the operational
temperatures of LIBs (20°C to 60°C) identifies that the current
CoV’s determined for the kinetic parameters are not calculated
to enough certainty to provide meaningful predictions on safety
or the probability of failure. However, Case 2 shows how this
method can be utilised to predict the varying probability of cell
failure under different conditions.

4 Conclusion

In this work, a classical Li-ion cell TR model is applied to
simulate abuse and predict the resulting probability of cell
failure and hazard level. Abuse simulations of Underwriter
Laboratory’s oven test are simulated thousands of times con-
sidering parameter distributions with measured CoV’s from
literature and assumed tighter values. From this, key output
variables (maximum temperature change and maximum tem-
perature rate) are used to calculate the magnitude of cell failure
according to the redefined EUCAR hazard level assessment.

This work shows that it is possible to predict the change in
probability of failure with oven temperature, and (for CoV’s of
1%) failure at 150°C is at hazard levels 0, 4 and 5–7 in 10%,
75% and 15% of occurrences. Furthermore, it shows that it is
important to consider the oven exposure time so that all failure
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events are captured. However, there is a need to better under-
stand and refine the variance in cell parameters, specifically
those related the kinetic behaviour, to allow for analysis that
is more suitable for risk assessment purposes.
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