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Abstract. Lithium-ion batteries (LIBs) are widely used as energy storage devices.
However, a disadvantage of these batteries is their tendency to ignite and burn,
thereby creating a fire hazard. Ignition of LIBs can be triggered by abuse conditions
(mechanical, electrical or thermal abuse) or internal short circuit. In addition, ignition
could also be triggered by self-heating when LIBs are stacked during storage or
transport. However, the open circuit self-heating ignition has received little attention
and seems to be misunderstood in the literature. This paper quantifies the self-heating
behaviour of LIB by means of isothermal oven experiments. Stacks of 1, 2, 3 and 4
Sanyo prismatic LiCoO, cells at 30% state of charge were studied. The surface and
central temperatures, voltage, and time to ignition were measured. Results show that
self-heating ignition of open circuit LIBs is possible and its behaviour has three
stages: heating up, self-heating and thermal runaway. We find for the first time that,
for this battery type, as the number of cells increases from 1 to 4, the critical ambient
temperature decreases from 165.5°C to 153°C. A Frank-Kamenetskii analysis using
the measured data confirms that ignition is caused by self-heating. Parameters extrac-
ted from Frank-Kamenetskii theory are then used to upscale the laboratory results,
which shows large enough LIB ensembles could self-ignite at even ambient tempera-
tures. This is the first experimental study of the effect of the number of cells on self-
heating ignition of LIBs, contributing to the understanding of this new fire hazard.
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Lithium-ion batteries (LIBs) are an important type of energy storage device with
high specific energy, high power, and a long cycle life. Due to their advantages,
LIBs have been widely used for commercial applications, such as laptops, mobile
phones and electric vehicles. Because of the fast development of electric vehicle
technology and the increasing demand for electric vehicles, the global market of
LIBs is predicted to keep increasing to USD 93.1 billion by 2025 [1].

However, LIBs are a new safety hazard because of their tendency to ignite and
burn. Many fires resulting in economic losses and casualties have been reported
[2]. For example, two LIB fires happened in two Boeing 787 Dreamliners in Jan-
uary 2013 [3]. In 2016, a series of LIB fires of Samsung mobile phones led to a re-
call of the Galaxy Note 7 around the world leading to a large falloff in sale.

Ignition of LIBs can be triggered by abuse conditions, including mechanical
abuse (crushing, penetration), electrical abuse (external short circuit, overcharge),
thermal abuse (overheating) or internal short circuit [4]. All of these can initiate
thermal runaway leading to fires. Unlike the first three abuse conditions, which
require external factors, internal short circuit occurs inside LIB leading to sponta-
neous ignition. Since the Boeing 787 Dreamliner battery fires reported in 2013 [5],
spontaneous ignition of LIBs has been under closer scrutiny. The cause of sponta-
neous ignition has been thought to be internal short circuit only [4-6], until a
recent study found that spontaneous ignition can occur without an internal short
circuit but because of internal chemical reactions [7]. Another possibility for spon-
tancous ignition of LIBs is by self-heating in open circuit condition, particu-
larly when they are stacked forming a large pile in a warchouse or a cargo.

Self-heating is the tendency of certain materials to undergo spontaneous inter-
nal exothermic reactions causing an increase in their temperature [8—10]. Self-heat-
ing ignition has been studied in many organic materials, such as coal [11], and
shale [12]. For large sizes of these materials, self-heating ignition can occur at low
ambient temperatures [8, 9]. This is because heat generation due to chemical reac-
tions is proportional to sample volume, while heat losses are proportional to sam-
ple surface area. Therefore, when the sample size is relatively large, the heat
generation rate can be higher than the heat dissipation rate, resulting in sponta-
neous ignition caused by self-heating [9].

LIB ignition caused by various abuse conditions has been studied at both the
small component scale and single-cell scale. By studying the chemical reactions
using different combinations of components [13, 14], the reactions of LIB thermal
runaway have been identified [15]. In the order of onset temperatures from low to
high, these reactions include: SEI (solid electrolyte interphase) decomposition, the
reaction of intercalated Lithium with electrolyte, positive active material decompo-
sition and electrolyte decomposition. The kinetics of these reactions have been
studied [16] and employed in simulations of a single cell [17]. Tobishima and
Yamaki [18] first experimentally studied self-heating ignition of a cylindrical



Experimental Study of Self-heating Ignition of Lithium-Ion Batteries 2651

LiCoO, LIB using oven experiments. After this, the effects of the state of charge
(SOCQ) [19], cathode materials [20] and aging process [21] on this onset tempera-
ture were investigated. In terms of spontaneous ignition of LIBs, the internal
short circuit issue has been considered [4—6]. The formation and detection of the
internal short circuit, and how it causes spontaneous ignition are three key
research topics [22-24]. Once the internal short circuit happens, the temperature of
LIBs increases rapidly because of joule heating. The temperature increase triggers
the chemical reactions, leading to spontaneous ignition [4]. Some works [25-27]
have studied the critical self-ignition temperature of a single cell using non-dimen-
sional analysis based on self-heating ignition theories. However, as only one cell
was used in previous experiments [13-27], the number of cells and the consequent
effects of heat transfer were neglected. The ignition of a LIB box has been numer-
ically investigated by Hu et al. [28]. Results show that insulating materials could
decrease the critical temperature of self-heating ignition, because these materials
reduce the heat dissipation of cells.

When multiple are cells stacked together during storage or transport, the critical
self-heating ignition temperature could be lower than the temperature for one cell.
We attempt to show the key symptom of self-heating, which is the ignition tem-
perature decreases as the number of cells increases. This unique symptom proves
the possibility of self-heating ignition of LIBs.

In order to verify if LIB fires can start by self-heating, isothermal oven experi-
ments for bench-scale samples are recommended [8]. Other faster methods
employed in LIB ignition investigations include differential scanning calorimetry
(DSC) [29], C80 micro-calorimeter [14], vent sizing package 2 (VSP2) adiabatic
calorimeter [29] and Copper Slug Battery Calorimeter (CSBC) [30]. These methods
are used to study component scale or single-battery scale. Accelerating rate
calorimetry (ARC) [16] is another method to investigate self-heating for bench-
scale samples in an adiabatic environment, which does not consider heat transfer
among samples. Additionally, considering the low onset temperature of self-heat-
ing and low reaction rate of self-heating reactions [8, 31], the kinetics obtained by
these methods do not correspond to the kinetics of slow self-heating ignition. In
comparison, an oven is large enough to conduct bench-scale samples and can pro-
vide constant temperature heating to study the heat transfer effects.

In the current study, for the first time in literature, the effect of the number of
cells on the self-heating behaviour of LiCoO, LIBs at 30% SOC has been studied
using oven experiments. The effective kinetics and effective thermal properties of
LIBs are extracted based on self-heating ignition theory, and are used to predict
self-heating ignition of LIBs at real sizes in storage and their dependence on the
ambient temperature.

2. Self-heating Ignition Theory

The first theory to describe the self-heating phenomenon was put forward by
Semenov [8, 31]. This theory assumes a uniform temperature of the system,
ignores the consumption of materials and assumes that heat generation is due to
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one global chemical reaction. These assumptions limit the wider utilization of
Semenov theory because the temperature profile of most solid materials is not uni-
form. However, Semenov theory can effectively describe the self-heating problem
of liquids.

In order to describe a more realistic temperature distribution of solids, Frank-
Kamenetskii proposed a model that incorporated the heat conduction of Fourier’s
law [8, 31]. As the temperature variation of a substance itself can be calculated,
Frank-Kamenetskii theory has been widely employed to investigate the character-
istics of substance self-heating ignition [12]. This theory also neglects fuel con-
sumption and assumes that heat production is from a global chemical reaction
based on Arrhenius law. According to these assumptions, the energy conservation
of the Frank-Kamenetskii theory is shown in Eq. (1):

or

kV2T + f(t)AH. exp <;—g> = peg (1)

where £ is the thermal conductivity of the fuel, T is the temperature of the fuel at
a location, f(¢) is the mass action law that depends on the concentration of reac-
tants at any time, AH, is the effective heat of reaction of the fuel, E is the effective
activation energy to describe the global reaction, R is the universal gas constant, p
is the density of the fuel, ¢ is the heat capacity of the fuel and ¢ is time.

Frank-Kamenetskii theory solves this transient heat conduction equation in
steady state, as it assumes both the heat of reaction and effective activation energy
of the material are large enough so that a steady state can be reached [9, 12, 31].
In practical cases, this is a well-approximated assumption as the temperature of
the material is stable before ignition [12]. As a result, the right-hand side of the
Eq. (1) is equal to zero.

To solve Eq. (1) at steady state, Frank-Kamenetskii defined a dimensionless
heat generation number of J [8, 31], which is also known as the Damkohler num-
ber, shown in Eq. (2):

EL’foAH: )y,
5:W6 /(RT,) (2)

where the L is the characteristic length, 7, is the ambient temperature,f; is the
value of mass action law at initial time, which is a constant as the consumption of
materials is ignored. As can be seen, J increases as the characteristic length L
increases or as the ambient temperature 7, increases.

Frank-Kamenetskii theory find that when ¢ is higher than a critical value 9.,
thermal runaway occurs leading to ignition [8, 31]. J. is only related to the geome-
try of substance when the boundary condition 7 =7, can be satisfied. This
boundary condition is easy to reach when convection is large. The values of J,
can be found in literatures [8, 31], for example, its value for an infinite slab is
0.878, and for a cube is 2.52. In this study, prismatic batteries have been used to
study LIB self-heating ignition, the geometry of LIBs can be regarded as a cuboid.
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The 6. value of a cuboid is not a constant but depends on the length of the three
sides. d. can be calculated using the rectangular brick equation [8], which is shown
in Eq. (3):

Se(ab,c) = 0.84(1 +1/(b/a)*+1 /(c/a)z) (3)

where a, b, c is the half length of three sides with relation of a < b, c.

At critical ignition condition, the dependence of the critical ambient tempera-
ture can be obtained by rearranging Eq. (2) at critical ignition condition, and tak-
ing the logarithm, as shown in Eq. (4):

0.T? EfAH,)\ E 1
In{ e} o (2128e) 2 4
n( 2 ) n(R k ) RT,. “)

where T, . is the minimum ambient temperature in which the ignition of the given
sample size will occur.

By plotting the ln( ’L];‘ against (K)’ a straight-line correlation can be
obtained if the one-step global Arrhenius reaction assumption is appropriate to
apply to LIBs, which shows self-heating ignition can be modelled by Frank-
Kamenetskii theory. The slope of the straight line is — £, while the intercept corre-

sponds to %-f AkH“. Thus, the effective kinetics and thermo-physical parameters can

be acquired.

5.T? 1

3. Materials and Methods

3.1. LIB Samples

Sanyo UF103450P prismatic batteries with graphite anode and LiCoO, cathode
were selected for experiments, due to their widespread use in consumer electronics
and ease of purchase. The cell has a nominal voltage of 3.7 V and nominal capac-
ity of 1880 mAh, with the dimension of 34 mm x 10 mm x 50 mm. Each cell has
a burst disc as a safety vent on the positive side. When the internal pressure is
higher than a threshold, this safety venting will release gases.

The state of charge (SOC) of 30% was selected for the experiments, as this is
the maximum SOC allowed when batteries are shipped by air according to the
Packing Instruction 965 (UM 3480) by IATA. Before the experiments, in order to
measure the actual electrical capacity and ensure the same SOC, each cell was
cycled three times at 0.2 C rate for 5 h at each charge or discharge process, with
the final cycle to 30% SOC. After this, cells were rested for 5 h to avoid internal
heat effects due to cycles.

3.2. Experimental Methods

The experimental setup employed to determine the critical minimum ambient tem-
perature for self-heating ignition of LIB cells was based on the procedure in the
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Figure 1. Experimental setup for studying self-heating ignition of
30% SOC cells. Cells were placed at the centre of a metal mesh cage
in a mechanically ventilated 136L oven, attached thermocouples for
measvring the ambient (T,), centre (T.) and surface (T.) temperatures
and connected wires to measure voltage. The error of ambient
temperature is - 1°C due to the error of the thermocouple. The four
stacks used for experiments are shown at the right side.

§
§

British Standards EN 15188:2007. Figure 1 shows the overall experimental setup
for studying self-heating ignition of cells with a different number of cells. Stacks
of 1, 2, 3 and 4 cells were selected. Cells were stacked into a cuboid using wires
around them to fix the shape, as this shape is easy to stack, to calculate ., and to
ensure the internal conductive heat transfer. The physical dimensions of the differ-
ent number of cells are shown in Table 1 to illustrate how they were stacked.
According to Eq. (3), d. and J./L? are calculated and shown in Table 1, which
demonstrates that as the increase of the number of cells, J./L? decreases, and J,
increases. Bi numbers (Bi = ’%) are evaluated and shown in Table 1 to determine
whether the lumped capacitance method can be used [32], and justify which self-
heating ignition theory should be chosen [8]. The heat transfer coefficient /4. = 11
W/m? K is calculated from the experimental results (see Sect. 4.3). The effective
conductivity of LIB k£ = 1.08 W/m K was previously measured experimentally in
[33] for LiCoO,. The characteristic length L is half the length of the smallest side.

Table 1
Physical Dimensions of Cells at Different Sizes, and Their 5., 5./1°, Bi

Number Width (a) (mm) Length (b) (mm) Height (c) (mm) O¢ o /L% Bi

1 10 34 50 0.946 37,850.57 0.051
2 20 34 50 1.265 12,650.57 0.102
3 30 34 50 1.796 7983.91 0.154
4 40 34 50 1.835 6350.57 0.209
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If Bi < 0.1, the thermal resistance and the temperature gradient of cells are negli-
gible, and therefore the lumped capacitance assumption can be employed [8] and
the Semenov theory should be chosen [32]. Otherwise, when Bi > 0.1, the lumped
capacitance method is not satisfied [8], and the Frank-Kamenetskii theory should
be selected [32].

Cells were placed at the centre of a metal mesh cage in a thermostatically con-
trolled 136 L oven, which has mechanically forced air circulation to prevent ther-
mal stratification. Cells are strapped and fastened together using fine wires to fix
the geometry and keep cells in contact with each other. This helps avoid the effect
of thermal contact resistance due to swelling. Three thermocouples were employed
to measure temperatures: one at the surface of the central cell (7,), the second
attached on the surface of one of the outmost cells (7§), and the third used to
monitor the ambient temperature (7). In order to monitor the voltage history
during experiments, one of the central batteries was welded with nickel strip on
both terminals, which were connected to the cycler using high-temperature resis-
tant wires. The metal mesh cage was used to reduce the effects of airflow on
results, and to prevent the fires and projectiles destroying the oven.

The minimum critical temperature, 7, ., is defined as the minimum ambient tem-
perature that allows thermal runaway to happen causing ignition. When con-
ducted an experiment, if cells failed to ignite, the experiment was repeated with
fresh cells at a 10°C higher temperature. If cells reached ignition, the experiment
was repeated with fresh cells at a 10°C lower temperature. The experiments were
conducted until 7,. was identified with the maximum error of &+ 5°C for each
number of cells. Then, the critical temperature experiments were repeated twice to
decrease the error range. The total experiments carried out are summarised in
Table 2. In total, 35 experiments corresponding to 158 h of oven run time were
conducted.

4. Resvults and Discussion
4.1. Self-heating Ignition Phenomenon

In general, in terms of LiCoO, cells at 30% SOC in our experiments, their self-
heating ignition behaviours can be summarized into the following three stages:
heating up, self-heating and thermal runaway. Taking a I-cell experiment at
173°C as an example, Fig. 2 presents its three-stage self-heating ignition phe-

Table 2
Total Number of Experiments Carried Out for the Different Number of
Cells

Number of cells 1 2 3 4
Number of experiments 15 7 6 7
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Figure 2. Three stages of 30% SOC 1-cell self-heating ignition
phenomenon and corresponding temperature and voltage
characteristics at the ambient temperature of T,= 173°C. The typical

LIB appearances in different stages are also shown, including cell
swelling, electrolyte leakage, self-heating, and thermal runaway.

nomenon and corresponding temperature profile. Table 3 also shows the criteria
and observation of the three stages.

Stage I: Heating up

The first stage starts when a cell is heated significantly above its initial tempera-
ture once it has been placed into the oven. The cell temperature increased from
the ambient temperature to oven temperature. In all experiments, cells initially
began slightly swelling from their middle wall, due to thermal expansion. Once the
temperature was higher than the onset temperature of SEI decomposition, this
reaction started to generate gases, leading to the further swelling of cells For the
experiments when 7> T, ., electrolyte leakage was observed in this stage.

Stage II: Self-heating

The second stage is characterised by the sample temperature exceeding the
ambient temperature. As there is not a significant temperature increase in this
stage, no obvious swelling was observed. Additionally, electrolyte leakage was
often observed in this stage, in which the electrolyte began to leak out from the
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Table 3
Criteria and Ohbservations of the 3 Stages in Self-heating Ignition

Stage Criteria Observation
I. Heating T, increases significantly (1) Slight swelling
up above its initial temperature  (2) Fast T, increase
(3) Slow Voltage decrease and rapid fluctuations (Ist
drop)
(4) Electrolyte leakage, if 7,> T,
II. Self- Crossover: T.> T, (1) No obvious swelling
heating (2) Electrolyte leakage
(3) Colour of cathode gradually changes from white to
yellow

(4) Crossover: T, increases over 7, followed by a slight
drop, and a very slow increase
(5) 2nd voltage drops to zero and then recovers

II1. Ther- T, increases sharply (1) Rapid swelling in 2-3 s
mal run- (2) Plastic coating near cathode melting
away (3) No further colour change at cathode

(4) Venting (7,,> T,.,) and smoke. No flare, no fire and
no sparks observed in any of our experiments

(5) T, fast increase

(6) 3rd voltage drop to zero

positive side, where there is a safety vent. This leakage leads to the gradual colour
change of the cathode from white to yellow. The temperature increases over the
ambient temperature due to self-heating, followed by a slight decrease because of
the heat losses caused by the electrolyte leakage. After this, the cell temperature
started to increase very slowly. When the electrolyte leakage was over, the cell
appearance did not change further, but its temperature kept increasing. The heat
accumulation in this stage maybe due to the SEI decomposition, reaction of inter-
calated Lithium with electrolyte, cathode positive material decomposition [4, 15],
or the chemical cross over between anode and cathode [7].

Stage III: Thermal runaway

As the cell temperature increased, thermal runaway happened leading to igni-
tion. The cell rapidly swelled in 2-3 s, due to the fast internal gas generation.
When the internal pressure exceeded the threshold, venting happened, as the stage
IIT image shown in Fig. 2. Some smoke can be seen, but no flare, fire or sparks
were observed during all experiments.

Moreover, for the first time in the literature, we find that self-heating ignition
does not always cause venting. As shown in Fig. 3 of cell images after experi-
ments, when the ambient temperature decreased to 169°C for a 1-cell experiment,
the cell self-heating ignition was also captured based on the temperature profile,
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Venting No-venting

Figure 3. Cell images after experiments. Both thermal runaway and
venting happened at T,= 173°C (left), but thermal runaway happened
at T,= 169°C without venting (right). This is the first time the
occurrence of LIB thermal runaway due to self-heating without
venting was found in the literature.

but no venting happened. In all our experiments, the ignition without venting only
happened in 1-cell and 2-cell experiments at their critical ignition temperature.

In order to fix the shape of stacks and keep cells in contact with each other,
wires were used to fasten cells in all experiments. This method caused venting to
happen prior to thermal runaway for 3-cell and 4-cell experiments, as wires limit
the swelling of cells causing external pressure on the cell surface. Heat and mass
losses due to the venting add an additional source of uncertainty to the experi-
ments, but according to the critical temperatures we obtained, these losses do not
affect results significantly. Without the fastening of cells using wires, self-heating
ignition of 3-cell and 4-cell experiments did not happen even at 2-cell critical
ambient temperature. This is because the swelling of cell makes its surface curved,
decreasing the physical contact areas between the cells reducing heat transfer, and
therefore the cells do not behave as one body. Additionally, in terms of 1-cell and
2-cell experiments, because of small deformation and swelling in total, the wire
fastening did not affect experiments in any visible way.

4.2. Temperature

Figure 4a, b shows an example of ignition and no-ignition of a 1 cell configura-
tion to explain how to identify 7,. using temperature data. Cells failed to be
ignited at an ambient temperature of 162°C, but succeed to reach ignition at an
ambient temperature of 169°C. In terms of the no-ignition cases, the cell tempera-
ture slightly exceeds the oven temperature firstly, and then it is cooled down to
the oven temperature. This is because this oven temperature is the highest subcriti-
cal ambient temperature, however, heat generation due to chemical reaction in
proportion to sample size is still slightly lower than heat losses proportion to sam-
ple surface. Regarding the ignition case, thermal runaway occurs at 106 min indi-
cating the cell has ignited at the oven temperature of 169°C, which is the lowest
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<Figure 4. The temperature and voltage of 1-4 cells at 30% SOC
experiments for both critical ignition and no-ignition cases. The left
column is the cases of the maximum ambient temperatures for no-
ignition, while the right column is the cases of the minimum ambient
temperatures for ignition for 1-4 cells. The temperature for 1 cell is
surface temperature T;, and other temperatures are central
temperature (the temperature between two central cells) T..

supercritical ambient temperature. Therefore, the 7,, of the 1 cell is
165.5 + 3.5°C.

The experiments of the maximum ambient temperatures for no-ignition (left)
and the experiments of the minimum ambient temperatures for ignition (right)
among 14 cells are shown in Fig. 4. As the number of cells increases, the peak
cell temperature and the minimum ambient temperature for ignition decreases.
Additionally, according to the ignition cases in Fig. 4, the cell surface temperature
in self-heating stage is equal to the ambient temperature,7y = 7,, which satisfies
the boundary condition of Frank-Kamenetskii theory.

The time to thermal runway, and the times of stage I and II are shown in
Fig. 5. The time to thermal runaway equals to the sum of times of stage I and II.
As the number of cells increases, the time of stage I increases linearly, while the
time of stage II and the time to thermal runaway increase non-linearly.

4.3. The Heat Transfer Coefficient

The effective heat transfer coefficient can be estimated using battery temperature
data from the heating up stage in Fig. 4. According to Table 1, only 1 cell and 2

. Time of sltage 1 I I
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i
=300- —
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= /
100{ 4 )
I/./.
0 T T T T

1 2 3 4
Number of cells

Figure 5. The time to thermal runaway and the times of different
stages. The time to thermal runaway is the sum of the time of stages |
and II.
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cells have Bi < 0.1. In these conditions, based on the lumped capacitance method

[32], we have: Q= Sh(T, — T,) = mc(dT,/dt), the heat transfer coefficient is
h = me(dT, di)/S(T, — T).

Figure 6 presents the plots of dT,/dt vs T, — T, for the critical ignition cases of
1 and 2 cells. The slopes correspond to AS/mc, which can be used to extract the
heat transfer coefficient. The surface area S is calculated using three side lengths,
and the specific heat capacity ¢ is 990 J/kg-K from previous experimental mea-
surements of the same cell [27], and the cell mass m is 36.8 g. Therefore, the heat
transfer coefficients of different number of cells can be calculated and are pre-
sented in Table 4. The final heat transfer coefficient we selected to calculate Bi
number is 11 W/m2 K.

4.4. Voltage

Figure 4 shows the voltage characteristics across the three stages, and different
voltage histories for the no-ignition and ignition cases respectively. In terms of
ignition cases, the voltages exhibit similar trends across the experiments. In the
first stage, the voltage decreases as the cell temperature increases, because the high
temperature can speed up the degradation of cells [34]. There is always a fluctua-
tion followed by the first voltage drop in this stage, which could be a signal of the
start of an internal side reaction that is SEI decomposition as this has been regar-
ded as the first side reaction during thermal runaway [4]. Figure 7 gives the time
to voltage fluctuation of experiments, and their corresponding cell temperatures at
that time. As the ambient temperature increases, the time to voltage fluctuation
decreases. This is because it takes a longer time to heat more cells at lower ambi-
ent temperature. However, no matter how many cells were used and what the
ambient temperature was, the cell temperatures at the time of voltage fluctuation
are all around 130°C, which is close to the onset temperature of SEI decomposi-
tion in previous studies [4, 15].

In the second stage, the voltage suddenly decreases to zero right after the elec-
trolyte leakage. When the electrolyte leakage finishes, the cell voltage can be
detected again in the self-heating stage. Figure 8 gives the relationship between
time to electrolyte leakage and time to the 2nd voltage drop of three 1-cell experi-
ments. Time to electrolyte leakage is defined as when we first observed the elec-
trolyte leakage, and these values were always slightly smaller than time to the 2nd
voltage drop.

After the 2nd voltage drop, the voltage decreases slowly. This may be caused by
anode and cathode side reactions in high-temperatures, which could increase inter-
nal resistance by continuing to consume intercalated Lithium, generating fur-
ther gases and impurities [4].

In the third stage, when the temperature starts to increase rapidly, the voltage
sharply decreases to zero again, which can be regarded as a signal that the cell has
ignited.
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Figure 6. Extracting the heat transfer coefficient h from plots of dT./

di vs T, — T, taking the cases of 1 cell (left) and 2 cells (right). The
slopes are proportional to h.

Table 4
Heat Transfer Coefficient for the Different Number of Cells

Number of cells 1 2
Heat transfer coefficient (W/m2 K) 11.83 10.89

4.5. Critical Ignition Temperature

Based on the ambient temperature data in Fig. 4, the critical temperatures of cell
self-heating ignition are identified. The temperature values of 1, 2, 3 and 4 cells
are 165.5 + 3.5°C, 157 £ 2°C 155 £ 2°C and 153 £ 2°C, respectively.

In this work, a clear trend is shown, namely that the required ambient tempera-
ture for cell self-heating ignition decreases as the number of cells increases due to
the heat transfer effects presented in the theory section. This trend should be satis-
fied not only for the prismatic cells used here, but also for any other shape of
cells, such as cylindrical cells. This is because although the conductive contact
area between cylindrical cells is smaller, heat transfer takes place among cells by
conduction and radiation in the air gaps. The critical temperature for 4 cells is
153°C, which is still very high compared with ambient temperature. However,
when cells are stacked in warehouses or shipped in cargoes, the number of cells is
relatively large, and therefore, based on this critical ambient trend, cell self-heat-
ing ignition could happen and lead to fires.

4.6. Effective Kinetics and Thermal Properties

In order to quantify the effective kinetics and thermal properties, we assume that
the boundary condition is 7y = T,, which is a good assumption in this work as the
temperature of the cell is approximately steady before ignition, as shown in Fig. 4.
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Using the critical ignition temperatures for 1-4 cells from Fig. 9, a figure of
In(8:.T2/L*) vs 1000/T, is plotted. The best linear fit is calculated in the fig-
ure with an R-squared value of 0.981. Figure 10 shows a typical Frank-Kamenet-
skii plot, which validates that the assumptions of Frank-Kamenetskii theory and
one-step global Arrhenius reactions can be applied. The Frank-Kamenetskii plot
also confirms that the ignition is caused by self-heating.
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Figure 8. Relationship between time to electrolyte leakage and time
to the 2nd voltage drop of three 1-cell experiments. Time to
electrolyte leakage was always slightly smaller than time to the 2nd
voltage drop, which shows electrolyte leakage can lead to the
internal short circuit of cells.
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respectively.
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In (% A AkH) The effective conductivity k£ of cells is highly related to cathode mate-

The slope of the straight line corresponds to while the y-intercept is

rials [33]. In terms of LiCoO, cathode material, the effective conductivity £ is 1.08
W/mK [33]. Based on this, the effective kinetics and thermal properties of the cell
are extracted, as shown in Table 5. The errors are also shown in the table using
the fits that give the highest and the lowest possible effective kinetics and thermal
properties from the experimental data. These data we found in this work can con-
tribute to predicting the cell self-heating ignition behaviour.

The kinetics we quantified are for 30% SOC, and the effective kinetics and ther-
mophysical properties will differ if the same LIB has a higher SOC. Previous stud-
ies [19, 30] show a LIB has higher reactivity when its SOC is larger, and hence a
LIB with higher SOC is more likely to self-ignite.

5. Upscaling Study

In order to predict self-heating ignition of the cells used in this work at lower
ambient temperatures, the properties in Table 5 are employed in the Frank-
Kamenetskii theory to upscale the laboratory results. In these predictions, we use
1-step effective kinetics of the cell. This method is widely used to predict self-heat-
ing phenomenon [8, 12]. The 1-step effective kinetics quantified from Frank-
Kamenetskii theory includes the effect of multi-step kinetics, and the prediction
based on effective kinetics will need to be validated when large-scale experiments
become available. This upscaling result assumes cells are stacked into a cube so



Experimental Study of Self-heating Ignition of Lithium-Ion Batteries 2665

23.0 - - . :

22.51

20.5

228 230 232 234 236
1000/T, (1/K)

Figure 10. Frank-Kamenetskii plot for cells with LiCoO, cathode
material. A linear fit is plotted in order to extract the effective
kinetics and thermophysical parameters.

that the characteristic length equals to the ratio of volume to area and the
0. = 2.52.

Figure 11 shows the 1D upscaled results for the LiCoO, cell at 30% SOC. The
critical temperature decreases significantly as the ratio of volume to area increases.
For a 1000 Litre recycle bin (with a characteristic length of 0.5 m), a size com-
monly used for used LIBs collection, critical self-heating ignition temperature is
114°C (& 11°C), which is 50°C lower than that for a single cell. As LIBs in a
recycle bin could be damaged and not pristine, the critical self-heating ignition
temperature could be much smaller than this prediction.

According to results in Fig. 11, even this LIB type at 30% SOC can become
hazardous at the highest credible ambient temperature of 40°C when its volume to
area is higher than 52 m. But it is unlikely to happen when this LIB is free from
manufacturing flaws or defects, because a cube with a side length of 52 m is far
greater than realistic value even for large rack storage. However, other LIB types
or this type but with manufacturing defects can become a hazard if their self-heat-
ing reactivity is higher. Additionally, the SOC in this study is only 30%, and the

Table 5

Effective Activation Energy ~ and /» N;;-f) of the Cell at 30% SOC

Extracted from Frank-Kamenetskii Plot

k (W/m K) E (kJ/mol) (— error, + error) In (%) (K*/m?) (— error, + error) R?
1.08 [33] 230.78 86.03 0.981
(— 38.97, +83.40) (— 16.72, +23.34)

Effective conductivity k is from literature for LiCoO, cathode
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Figure 11. Upscaled results of LIB used in this work based on Frank-
Kamenetskii theory. Uncertainty (the maximum and minimum ignition
temperatures) is represented by the shaded regions for based on
experimental errors (Table 5).

critical temperature of self-heating ignition may decrease with increasing SOC, as
higher SOC potentially increases the reactivity of the LIB.

The upscaled results in Fig. 11 are only for the cells, not including the effects of
packaging and boxes for storage, in which LIBs will be further insulated using
separations and cushions, which could decrease the critical temperature of self-
heating ignition [28].

This study presents: (i) an experimental proof that LIB self-heating during stor-
age is possible and likelihood increases with the size of the ensemble, (ii) a method
to upscale laboratory experiments to study self-heating of any battery types, and
(iii) evidence that the cell used in this work at 30% SOC will not self-heat to igni-
tion even at large scales when it is free from manufacturing flaws.

6. Conclusions

In this study, the effect of the number of cells on the possibility of self-heating
ignition of LIBs has been investigated using oven experiments. The Sanyo pris-
matic LiCoO, cells at 30% SOC were used in the experiments. Results show that
self-heating ignition behaviour has three stages: heating up, self-heating, and ther-
mal runaway. A previous study showed the critical ignition temperature for one
18650 LiCoO, cell was 155°C [17]. However, this study has found that the critical
ignition temperature decreases as number of cells increases, which implies self-
heating ignition is possible for large LIB ensembles. As the number of cells increa-
ses from 1 to 4, the critical ambient temperature for self-heating ignition decreases
from 165.5°C to 153°C. A Frank-Kamenetskii analysis using these critical temper-
atures shows a very good linear fit between thermal properties and inverse critical
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ambient temperature with an R-squared value of 0.981, which confirms this is self-
heating ignition. The effective kinetics £ is 230.78 kJ/mol and effective thermal

properties In (AZ‘,-C’(E) is 86.03 K?/m?. These parameters are then used in the predic-

tion of self-heating ignition of the cells during storage. Upscaling results show
that this specific LIB type at 30% SOC is not particularly hazardous in terms of
self-heating because the critical ambient temperature is high and safe enough.
However, other LIB types with defects, higher SOC or being recycled could have
a much larger reactivity. These LIBs could self-heat to ignition when they are
stacked in a large enough ensemble during storage or transport. This work pro-
vides the first experimental study on self-heating ignition of LIBs in open circuit,
contributing to understanding and predicting the onset of self-heating ignition of
LIBs.
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