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Highlights:
e Study self-ignition of open-circuit pouch Li-ion battery via the classical hot-plate test
e Critical boundary temperature for thermal runaway increases with battery pile thickness

¢ Insulated boundary reduces the self-ignition temperature of the battery pile by 20 K

Abstract:

The fire safety issue of Lithium-ion (Li-ion) batteries is an important obstacle for its market
growth and applications. Although the open-circuit condition (e.g. storage, transport and
disposal) accounts for the major part of battery lifespan, little research has investigated its self-
ignition hazard during non-operating periods. In this work, we experimentally study the self-
heating behavior of piled pouch Li-ion battery cells through the classical hot-plate experiments.
Results show that the self-ignition of battery occurs under a hot plate temperature ranging from
199 °C to 262 °C, depending on the number of cells and environmental cooling. Thermal
runaway always first occurs to the cell next to the hot plate and then propagates to upper cells.
This critical temperature is increased by 20 °C under a good environmental cooling condition
whereas it is reduced by 40 °C as the state of charge increases from 30% to 80%. Moreover,
the critical plate temperature for self-ignition increases slightly with the height of battery pile,
which is opposite to both hot-plate experiments of hydrocarbon materials and the oven
experiments of battery. Therefore, the classical self-ignition theory may not be applicable for
Li-ion batteries next to a hot boundary. This research reveals new self-ignition phenomena and
helps understand the fire safety of Li-ion batteries in storage and transport.
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1. Introduction

Due to the high energy density and outstanding working performance, Lithium-ion (Li-ion) batteries
(LIB) are widely used in most of the portable electric devices and energy-storage systems [1,2].
However, their fire safety is still a major concern due to the lower thermal stability [3]. Over the last 30
years, numerous fire accidents of Li-ion batteries have been reported, indicating that the current battery
system is far from fire-safe [4,5]. For example, in 2016, many LIBs of Galaxy Note 7 smartphones
‘self-ignited’ during the use, which was eventually banned by many airlines and resulted in an economic
loss of more than $10 billion [6] (Fig. 1a). Also, there have been several serious fire accidents in electric
vehicle such as the Tesla Model S [7-9] (Fig. 1b), and some fires were ‘self-ignited’ during driving
(discharging) or charging. The active, volatile and flammable materials like Li element and electrolyte
compound [10] used in Li-ion batteries have posed a serious threat to numerous energy-storage devices
and billions of end-users worldwide [11].

In general, the Li-ion batteries are more vulnerable when they subject to the thermal, electrical, and
mechanical impacts [12,13]. These impacts could trigger strong thermochemical and electrochemical
reactions inside batteries, generating a large amount of toxic and combustible gases. Eventually, the
thermal runaway of the Li-ion battery can lead to the burning of flammable smoke [14] and gas jet
[15,16] or even explosion [17]. Abaza et al. [18] studied the thermal runaway behavior of commercial
pouch batteries under internal and external short circuit cases and revealed the conductivity of nail
materials influences the shorting resistance and the thermal runaway behavior. Zhu et al. [19]
investigated the overcharge-induced thermal runaway features of pouch Li-ion batteries under different
current rates and concluded the higher current rate is easier to cause the thermal runaway because of
the dramatic side reactions. Gao et al. [20] recently showed that the voltage waving can be utilized to
determine the thermal runaway propagation time and the pouch battery module in parallel has poor
safety than module in series.

Figure 1 (a) A smartphone caught fire as a result of battery self-ignition, (b) A Tesla Model S caught fire
due to traffic accident in 2013, (c) An aviation container carrying Li-ion batteries caught fire at Hong Kong
International Airport in 2019, and (d) fire of Li-ion battery warehouse in China in 2014.
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Most of the past studies focused on battery fires initiated or ‘self-ignited’ under extreme operating
conditions such as external heating, short circuit, fast-charging, and over-discharging (e.g. during the
fast acceleration of EV). Note that these so-called ‘self-ignition’ phenomena are still heated internally
by the Joule heat and operation current, which is fundamentally different from classical self-ignition
phenomena of solid fossil fuels like coals and biomass silos [21]. Nevertheless, little research has
studied the self-ignition risk of non-operating (or open-circuit without operation current) Li-ion battery
piles, although the open-circuit condition accounts for the major part of battery lifespan. In recent years,
many catastrophic fires happened to open-circuit Li-ion batteries worldwide. For example, in 2010, a
Boeing 744 operated by UPS Airlines crashed in Dubai because of an in-flight fire due to the self-
ignition of 81,000 Li-ion batteries in cargo. Similarly, in 2019, an aviation container in the Hong Kong
International Airport carrying Li-ion batteries burst into flames and released a large amount of smoke
[22] (Fig. 1c). Moreover, there have also been many fire accidents in open-circuit batteries in the
warehouse (Fig. 1d).

The self-heating ignition occurs when the heat release rate from exothermic chemical reactions exceeds
the environmental cooling rate [21]. Because of the exothermic reactions involving the electrodes and
electrolyte, the Li-ion battery can undergo self-heating in the absence of external impact. By increasing
the internal temperature, it creates a localized failure inside the battery and promotes other exothermic
reactions that eventually lead to thermal runaway. Even if the self-heating does not lead to a fire, it still
can increase the possibility of future battery fire accidents. The size is another important safety concern
for self-ignition. In practice, larger batteries and battery system are preferred for storage, transportation
and application, but a larger size can have a higher risk of self-ignition. Recently, He et a/. [23] found
that for the self-ignition of prismatic Li-ion battery cells (up to 4 cells), the critical ambient temperature
decreases as the number of cells increase, showing a similar trend to other organic solid fuels. Therefore,
it is urgent to understand more about the self-ignition risk of Li-ion batteries and develop safety
principles for the large scale of battery.

This paper investigates the self-heating ignition behavior of pouch Li-ion battery cells under a hot
boundary condition through a classical hot-plate self-ignition test apparatus. The minimum boundary
temperature to trigger the thermal runaway of battery is quantified under different cell-layer number
and the environmental cooling conditions. A simplified 1-D heat-transfer analysis is used to explain the
trend of thermal-runaway criteria of Li-ion battery and compare with conventional hydrocarbon fuels.

2. Experimental setup

2.1. Battery samples

There are three types of Li-ion battery cells: cylindrical, prismatic and pouch [24]. The pouch battery
is becoming more popular due to the advantages of large energy capacity, lightweight, and flexible
shape design, so it has been widely used in mobile phones, tablet computers, electronic cigarettes and
electric vehicles. Nevertheless, compared with cylindrical cells, once the thermal runaway occurred,
pouch cells may produce a higher temperature and pressure due to a higher energy density and the lack
of safety vent [13].

In this experiment, a small pouch cell, made in Shenzhen, China, was tested. This battery has been
widely used in small electric devices such as digital camera, drone, and sweeping robot. As shown in
Fig. 2(a), the pouch cell is essentially a flat layer with the dimension of 40 mm (length) x 30 mm (width)
x 10 mm (thickness) and an original mass of 21.40 £ 0.05 g, which is similar to the prismatic cell (50
mm % 34 mm x 10 mm) used in the past hot-oven test [23].
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(b) Battery cells

Hot plate

Figure 2 (a) Photo of pouch battery and battery stack, and (b) diagram of the hot-plate experimental setup.

The positive electrode material of this pouch cell uses the Lithium Nickel Manganese Cobalt Oxide
(LiNixMnyCo0,0, or NMC). The state of charge for each battery was calibrated before the test. Each
battery cell was fully charged with constant-voltage mode to 100% state of charge (SOC) and then
discharged with a constant current of 600 mA until the SOC of 80% or 30%. After the charging and
discharging process, the battery rested for at least 3 hours to avoid the influence of internal heating
during the preparation. The physical parameters and charge-discharge characteristics of the pouch cell
are shown in Table 1.

Table 1. Physical and charge-discharge parameters of the pouch Li-ion battery cell.

Dimension Mass Nominal Nominal ~ Charging cut-  Discharging
capacity voltage off voltage cut-off voltage
(mm) © v v
(Ah) V) V) V)
40x30x10 21.35 1.2 3.7 4.15+0.05 3.05+0.05

2.2. Test setup

To better characterize the self-heating ignition process of battery cells, the experimental setup adopted
the standard test method for hot surface self-ignition of dust layers, i.e., the ASTME 2021 test or the
standard hot-plate test [25]. A Thermofisher HP88850105 hot plate with the temperature accuracy of
+1 °C was used to provide a hot boundary of the constant temperature up to 550 °C. Above the hot plate,
there was a vertical stack of open-circuit pouch cells, i.e., open circuit, as shown in Fig. 2b. Four sides
of the battery pile were surrounded by 10-mm ceramic insulation boards with the thermal conductivity
of 0.12 W/m - K and the thermal resistance of 0.083m? K/W. The temperature distribution of the
battery cells was monitored by several thin K-type thermocouples with the bead diameter of 0.2 mm
and the accuracy of 0.1 °C. The thermocouples were placed in the round corner of the battery, so they
would not affect the contact between battery cells (Fig. 3).

The data logger was used to collect the temperature information and the voltage of each battery cell.
Before and after the experiment, the mass for each battery cell was measured by a scale (+0.01 g). A
video camera was used to record the front view of the entire experiment process.

2.3.  Controlling parameters and procedures

In this study, all tests are conducted under ambient temperature (T,) of 25 £ 2°C and the relative
humidity of 50-70%. Three key test parameters are controlled:
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(1) Number of layers or cells (N). The layer of the battery pile ranges from 1 to 5, and the height for
each layer is 10 mm, that is, the height of the battery pile ranges from 10 to 50 mm, as shown in
Figs. 2 and 3.
(2) State of Charge (SOC). Two SOCs of 30% and 80% are chosen, as most of the Li-ion batteries are
operated in between these values. In general, the higher SOC means the larger fire risk [12,13], so
that SOC of 80% is examined in more detail.
(3) Top boundary cooling condition. Three different cooling conditions on the battery top surface are
tested, as illustrated in Fig. 3:
= Good cooling. The top surface is exposed to air directly, that is, the height of the surrounding
insulation boards is equal to the height of the battery pile (Fig. 3a);

= Weak cooling. The surrounding insulation board is higher than the battery pile, which is fixed
to 50 mm to limit the free convective cooling (Fig. 3b);

= Insulated. The battery top boundary is covered by the insulation board to minimize

environmental cooling (Fig. 3c¢).

The hot plate is first preheated to the target boundary temperature (T} ), ranging from 150 °C to 300 °C.
Once the targeted temperature is reached, it is stabilized for at least 10 min. Then, the prepared battery
pile is carefully placed in the center of hot-plate, ensuring good contact between the bottom surface of
the battery pile and the top surface of the hot-plate. The actual temperature of the hot boundary is
monitored by thin thermocouples that are fixed on several different locations of the hot plate (see Fig.
3), which has an uncertainty of within £1 °C based on repeating tests.

(a) Good Cooling (b) Weak cooling (c) Insulated

Insulation

© Thermocouple board Insulation board

Insulation
board
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Battery 3
Battery 2

¥ ¥
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o o v oY o ¥
Hot boundary 1 { Hot boundary ] Hot boundary 1

Figure 3. The schematic of three top boundary condition (a) good cooling, (b) weak cooling, and (c)
insulated where three layers of pouch Li-ion batteries are used for illustration and locations of
thermocouples are marked.

The supercritical ignition temperature is defined as the minimum hot boundary temperature that allows
the thermal runaway to happen, and the subcritical temperature is defined as the maximum hot
boundary temperature that prevents the thermal runaway. Experiments were conducted under different
hot-boundary temperatures until the temperature difference between the supercritical and subcritical
ignition temperature was within 5 °C. Then, the critical boundary temperature for the self-heating
ignition is the average value of supercritical and subcritical temperatures. To ensure the experimental
repeatability, at least two repeating tests were conducted, and especially more tests were repeated near
the critical conditions.


https://doi.org/10.1016/j.firesaf.2020.103081

Y. Liu, P. Sun, H. Niu, X. Huang, G. Rein (2020) Propensity to self-heating ignition of non-operating
pouch Lithium-ion battery pack on a hot boundary, Fire Safety Journal — Special Issue of IAFSS
International Symposium. https://doi.org/10.1016/].firesaf.2020.103081

3. Experimental results

Referring to the standard test method for the hot surface self-ignition test ASTME 2021 [26], two
criteria could be used to determine whether the thermal runaway of tested pouch battery occurs or not:

I. The temperature of battery surface is higher than the temperature of hot boundary for at least
50 °C and rise sharply; or

ii. The battery releases a large amount of smoke, and the surface becomes black in accompany
with a clear electrolyte leakage.

If either criterion is satisfied, the battery is considered going through thermal runaway.

3.1. Thermal runaway phenomena

Figure 4 shows the typical experimental processes of a successful and a failed thermal runaway with
the five-layer battery pile under a good environmental cooling. For the successful thermal runaway in
Fig. 4a, the bottom boundary temperature was constant at 230 °C. During the heating, batteries first
started to swell at 370 s, which indicates the initiation of internal chemical reactions and gas generation.
During the swelling process, a small amount of gas was leaked from the bottom cell, because the pouch
cell cannot withstand high internal pressure. From the video, the cell continued to swell until about 12
mm, i.e., about a 20% increase in thickness. At 2260 s, it suddenly released a large amount of smoke,
i.e., the thermal runaway.

In all tested cases of thermal runaway, the bottom cell next to the hot plate reached the thermal runaway
first, so that it is the most dangerous cell. Then, the thermal runaway would start to propagate upward
cell by cell with a time interval of about 20 s until all cells went thermal runaway. Note that unlike the
common cylindrical battery with a safety vent [16], the thermal runaway of this pouch battery occurred
without a visible flame. It is mainly because there is neither a safety vent to produce a fast gas jet nor a
metal shell to allow the friction with the jet flow to generate sparks. Nevertheless, with a pilot flame
near the smoke, a flame was easily initiated and sustain the burning of battery.

(a) Thermal runaway at 7, = 230 °C
2260 s (smoke)

(b) Thermal equilibrium at 7, =220 °C
0s \; 1766 s (swelling starts) | 3031 s (no more swelling) 8700 s (heat balance)
\ " z S

Figure 4. Phenomena of a 5-layer battery pile of 80% SOC under a good top cooling condition: (a) thermal
runaway occurs at the hot plate of 230°C, and (b) thermal equilibrium is reached at the hot plate of 220°C.
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For the case of failed thermal runaway in Fig. 4b, the bottom boundary temperature was constant at
220 °C. During the heating process, there was no clear release of the smoke, so that it was not clear
whether the electrolyte leaked or not. At the same time, the swelling process continued until about 3031
s, and the final degree of swelling was about 20%, similar to the case of thermal runaway. Afterwards,
all battery cells reached the heat balance, and no thermal runaway was observed even after another ten
hours on the hot plate. Further reducing the temperature gap, the critical hot boundary temperature for
thermal runaway (Tj) was found to be 223 + 2 °C.

(a) Battery photos (b) Mass loss
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Figure 5. (a) photos of the 5-layer battery pile of 80% SOC before and after the experiment in Fig. 4, and
(b) mass loss and the mass-loss ratio of battery cells after thermal runaway and thermal equilibrium.

Figure 5(a) further compares the photographs of the 5-layer battery pile before and after the experiment
in Fig. 4. After the thermal runaway, all pouch cells are covered by black degraded electrolyte, and there
were many small holes on the cell surface, which could be marks of bubbling and gas release from
internal reactions. As shown in Fig. 5(b), about 20% of the original mass (i.e., about 4.5 g) is lost via
the form of smoke. Also, a higher SOC of 80% leads to a 5% (or 1 g) more mass loss, agreeing with
more smoke release observed in the experiment.

If reaching the thermal equilibrium (Fig. 5a), only the lower surface of the bottom cell become scorched
brown with a limited electrolyte adhering to surface. At the same time, all other cells only show a small
degree of swelling, compared to the untested cells. Compared to the case of thermal runaway, the mass
loss is much smaller (Fig. 5b). That is, only about 5% of the original mass (or 1 g) is lost, because the
smoke release is much smaller, as compared in Fig. 4. Moreover, the mass loss of these non-ignited
cells is not sensitive to SOC.

3.2.  Temperature and voltage evolution

Figure 6 shows the typical temperature and voltage evolution curves during the self-heating process for
80%-SOC battery cell: (a,b) single cell with well-insulated condition, and (c,d) 3 cells under the good
top cooling condition. For the case of thermal runaway (Fig. 6a,c), there are three clear stages, (I)
heating up, (II) self-heating to thermal runaway, and (III) cooling.

The swelling of battery occurs in the Stage (I), which indicates the start of some weak decomposition
reactions. In Stage (II), the effect of self-heating becomes clear. The temperature of the battery cell
exceeds the hot-boundary temperature, so that the hot-plate starts to cool the bottom battery cell.
However, the cooling from the hot plate is not sufficient, as the temperature increasing rate reaches
0.05 °C/s and continues to accelerate, where more exothermic reactions inside the battery are initiated.
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Then, the battery exceeds 500 °C in a short period time, where the heating rate of battery exceeds
15 °C/s, and a large amount of smoke are produced (i.e., the thermal runaway or successful self-ignition).
Afterwards, in Stage III, the battery cell slowly cools down to below the hot plate temperature.

(a) Thermal runaway (single cell) (b) Thermal equilibrium (single cell)
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Figure 6. The temperature and voltage evolution for 80% SOC battery: (a) thermal runaway for single cell
with well-insulated condition at the hot plate of 201 °C; (b) thermal equilibrium for a single cell with well-
insulated condition at the hot plate of 196 °C, (c¢) thermal runaway for a 3-cell battery pile under a good top
cooling condition at the hot plate of 225 °C; and (b) thermal equilibrium for a 3-cell battery pile under a
good top cooling condition at the hot plate of 220 °C.

The battery will misfunction at a high temperature, indicated by the loss of voltage. Generally speaking,
the voltage of Li-ion batteries is related to the materials inside the batteries [27]. When the internal short
circuit occurs, the electrochemical energy stored in the materials inside the batteries will release [28].
When the temperature of the battery excesses a certain temperature, some components inside the battery
start to decompose, which causes the voltage fluctuates. Figure 6(a) shows that the voltage of the battery
keeps stable at the initial heating stage. When the temperature of the battery exceeded about 165 °C, its
voltage shows a rapid drop, indicating the potential failure of battery. Then, the voltage starts fluctuating
and never turns back to the original value. At the moment of thermal runaway, the voltage suddenly
dropped to 0 V or some negative value, indicating that the battery is completely destroyed.

For the case of thermal equilibrium (Fig. 6b,d), there are also three stages. In Stage 11, despite that the
battery temperature clearly exceeds the hot plate up to about 20 °C, its maximum heating rate is lower
than 0.05 °C/s and continuously decreases. Therefore, the bottom boundary successfully cools down
the battery and prevent triggering additional exothermic reactions inside the battery. Afterwards, the
battery slowly cools down to below the hot plate temperature and reaching the thermal equilibrium.
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Therefore, the temperature evolution is found to be the same as conventional self-heating ignition
process of organic solid fuels [21,29]. On the other hand, the battery voltage also shows a sudden drop
near 165 °C, but it returns to the original voltage after a few minutes, and then slowly decreases to a
stable value of about 3.7 V. In other words, the battery is not fully failed, despite that it has some
irrecoverable internal damage and a higher probability of failure in future operation.
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Figure 7. The potential failure temperature when the battery voltage begins to drop in different tests.

The potential failure temperature when the battery voltage begins to drop in different tests are
summarized in Fig. 7. This failure temperature is almost constant, i.e., around 170 £ 5 °C, which is
insensitive to the SOC, number of cells and environmental cooling condition. The drop of voltage could
be a result of the melting of separator and the internal short circuit. Therefore, 170 °C could be close to
the melting point of the battery separator, which is close to that in [30] while higher than 130 °C for
prismatic battery with LiCoO- cathode [23].

3.3. Critical boundary temperature for thermal runaway

The major purpose of this experiment is to determine the critical hot boundary to trigger the thermal
runaway of the battery pile (or the self-ignition temperature, T}, ). Figure 8(a) summarizes how the
critical boundary temperature varies with the height of battery piles. For the battery pile (a) with a good
cooling condition, the critical thermal runaway temperature is almost stable and remains at 223 £ 2 °C.
For the battery pile (b) with a poor cooling condition, the critical temperature of thermal runaway is
much lower than that of (a). Moreover, this critical temperature increases slightly as the number of cells
(N) or the height of the battery pile (H) increases. Specifically, the critical temperature of a single pouch
cell is the lowest (208 °C), while for the 5-layer battery pile with a height of 50 mm, the critical
temperature is 15 °C higher.

For the well-insulated battery pile (c), the critical boundary temperature of thermal runaway (T}, ) further
decreases to below 200 °C (the single cell case). Also, this critical temperature shows an increasing
trend with the height, similar to case (b), while the maximum temperature increment is less than 10 °C.
As the top environmental cooling condition ranks as (a) > (b) > (c), the critical temperature (Tj) ranks
as (a) > (b) > (c). Therefore, we can conclude that a better cooling boundary condition leads to a higher
critical boundary temperature for thermal runaway.
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Figure 8. The critical self-ignition temperature (T};) of battery pile: (a) 80% SOC under different top
boundary cooling condition, (b) different SOCs under the weak cooling condition, and (c) compared to
hot-plate test of coal dust [31] and the hot-oven test of prismatic battery cells [23].

Figure 8(b) quantifies the influence of SOC on the propensity of thermal runaway under a weak top
boundary cooling condition of the battery pile. The critical temperature of both SOCs shows the same
trend of increasing with the height of the battery pile. As expected, the critical self-ignition temperature
at 30% SOC is about 40 °C higher than at 80% SOC. Therefore, the higher SOC means the higher self-
heating ignition risk for the battery pile.

The trend of critical temperature slightly increasing with the thickness of the battery pile is opposite to
other self-ignition tests of conventional hydrocarbon fuels [21,31,32]. Generally, the larger thickness of
fuel results in better thermal insulation and limits the environmental cooling, so a lower bottom
boundary temperature is needed to trigger the self-ignition [33]. For example, the critical self-ignition
boundary temperature for a 5S-mm thick coal dust layer is 260 °C, while reducing to 185 °C if the
thickness increases to 30 mm [31], as compared in Fig. 8(c). Nevertheless, it has been found that in the
hot-oven self-ignition test of prismatic Li-ion cells (up to 4 cells) [23], the critical ambient temperature
decreases as the number of cells increases, which shows the same trend as hydrocarbon fuels, as
compared in Fig. 8(c). Therefore, more experiments and analysis are required to conclude whether the
self-ignition of battery is similar to conventional hydrocarbon fuels or not.
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4. Discussions

4.1. Estimation of thermal conductivity

The effective thermal conductivity (k,) plays an important role in the temperature distribution in the
battery pile and the self-ignition risk. Once the battery pile reaches the thermal equilibrium (Fig. 9), the
heat transfer through the battery pile is essentially a 1-D heat conduction process in the vertical direction.

350 (a) 3 cells (30% SOC) (b) 5 cells (80%)
Hotplate —  _____
200 " nlulv\‘\‘-al/ e “ i ta]
300 Hot plate /Ba“ery 1(L) i |resoie » e
N il S |
o 2%0- = o150 e |
< ! © i i
o ! ~ i i
£ 2004 : o P
© i 2 i ! i
g‘) 1901 Battery 3 (L) Thermal g100 ™ L"]:

P a8 erma
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= 504
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Figure 9. temperature curves approaching the thermal equilibrium at the subcritical condition with a good
environmental cooling, (a) 3 cells (30% SOC) at the hot plate of 260 °C, and (b) 5 cells (80% SOC) at the
hot plate of 200 °C, where L and U mean lower surface and upper surface, respectively.

As four sides of battery pile are surrounded by insulation board to limit the heat transfer in the horizontal
direction, the 1-D heat transfer is a reasonable simplification (Fig. 10a). The bottom surface is under
the constant temperature boundary condition. The major heat loss is the radiation and convection from
the top surface to the environment, as

éIl,:)ss = hc(Ts - Ta) + SU(TS4 - Ta?) = h(Ts - Ta) (1)
h=h,+eo(TZ + T?)(T; + T,) 2

where T}, T and T, are the temperatures of the hot boundary, top surface of the battery pile, and
ambient, respectively; € is top surface emissivity which is 0.9 for the aluminum plastic film; and ¢ =
5.67x10® W/m?K* is the Stefan—Boltzmann constant; /4 is overall cooling coefficient. The convective
coefficient (h.) can be expressed as:

1
he =C(Ts —Ty)3 (3)
where C is an empirical coefficient for natural convection (1.52 for a horizontal plate) [34].

The thermal runaway had not happened yet, and the heat generation inside the battery is ignored. When
the battery pile reaches the steady-state, heat flux through the battery equals the heat loss flux as

=1 Tb B T =1

qp = ke N—55 = Qioss 4)
where k., is the effective thermal conductivity in the vertical direction of the battery, which also includes
the effect of contact thermal resistant; ¢ is the emissivity; &V is the layer number of battery pile; and 6 =
10 mm is the thickness of one battery cell, respectively.
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Based on Egs. (1-4), k. can be expressed as:

4
C(Ts - Ta)3 + 80(T54 - T;) NS

k., = 5
e Tb_TS ()

Table 2 lists some typical equilibrium temperature, calculated global environmental cooling coefficient,
and the overall thermal conductivity of the pouch battery pile of different thicknesses, as well as their
equivalent thermal resistant (R). Clearly, the value of k, tends to decrease slightly, as the thickness of
battery pile increases, mainly because more contact surface leads to a larger contact thermal resistant.
For the first approximation, the effective thermal conductivity of the battery pile in the vertical direction
is 0.30 + 0.05 W/m-K.

(a) Thermal equilibrium (b) Thermal runaway

Il I’
T ioss TQloss

Battery N

| Battery 2 |

Battery 1

Lay

Figure 10. the schematic diagram of heat transfer: (a) thermal equilibrium, and (b) thermal runaway.

Note that the thermal resistance of this 10-mm thick pouch battery cell is only 33x107° m*K/W. As
compared in Table 2, this value is not only much smaller than the thermal resistance of coal dust
(100x10° m?K/W) and insulation board (83x107 m?K/W), but it is also smaller than the thermal
resistance of environmental cooling (about 67x10° m*K/W). In other words, when the bottom battery
cell (i.e., the most dangerous cell) gets hotter than the hot plate, having one battery cell above could
cool the top surface (77 in Fig. 10) better than when it is directly cooled by the air.

Table 2. The equilibrium temperatures, effective thermal conductivity of battery (k.) and the convective
coefficient under a good top cooling condition (%), and corresponding thermal resistance (R).

N T, 1. T. aL q" h Ri= 1/ ke Bi=Noh/ke Ri= (N-1)0/k
O K ® ® W (Wm) (WmK) mKW) (WmK) ) (m’K/W)
1 218 157 23 0.01 2379 17.9 56 103 0.39+0.03 0.46 -
2 218 120 24 0.02 1470 15.5 65 x10°  0.30+0.02 1.03 33 x1073
3 220 104 24 0.03 1160 14.5 69 x10°  0.30£0.02 1.45 67 x1073
5 216 82 26 0.05 697 13.0 77 x10°  0.26+0.02 2.50 154 x1073
10 mm coal dust, R; = d/ke 0.10 100 x1073
10 mm insulation, Ry = &/k. 0.12 83 x1073
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4.2. Simplified heat analysis for environmental cooling effect

Considering the case of a thermal runaway at the supercritical condition, when the temperature of the
bottom battery cell exceeds the hot plate, the hot plate starts to cool the cell at the rate of g, as
illustrated in Fig. 10b. For simplicity, a heat release rate (¢;) of the bottom battery is assumed to balance
the upward (q;,s) and downward heat dissipation (g, ). The heat balance equation can be expressed as:

i =q;"V = A(qp + Gloss (6)

where V is the volume of the battery cell; A is the contact area of the upper and lower surfaces of the
battery. The heat release rate is controlled by the exothermic chemical reaction of the battery, which
may be represented by a 1-step Arrhenius equation as

q;" = Zexp (— E
l RTy.ip

)AH 7

where Z is the pre-exponential factor; E is activation energy; Tj;p is the temperature of the bottom Li-
ion battery cell; and AH is heat of reactions, respectively. Then, Eq. (5) can be expressed as

E 14 Tp —Tp Tp—Tq
Zexp(———)an (%) =
exp ( RTl) (A) ke v ok, O

If the characteristic temperature of the thermal runaway of the battery is assumed to be constant as T}z,
the critical boundary temperature (T}) can be expressed as

x leIB - T,
To _ke/h5+(n—1)+c ®)
cC=T; Z £ AH (V)(5) 10
= 1B exp RT} 5 ) \k, (10)

where C is a constant. Therefore, Eq. (8) first demonstrates that the critical hot boundary temperature
(Ty) increases with the heat transfer coefficient (h) at the top surface. This agrees with the experimental
data in Fig. 8(a) where a higher boundary temperature for a better environmental cooling condition. In
addition, the heat of reactions AH is roughly proportional to SOC for a variety of lithium ion chemistries
[35], indicating that the critical hot boundary temperature (T}, ) decreases with the SOC, which is
consistent with experimental data in Fig. 8(b) where the higher SOC means the higher self-heating
ignition risk for the battery pile.

4.3. Applicability of conventional self-ignition theory

As shown in Fig. &, the critical boundary temperature for battery self-ignition slightly increases with
the thickness of the battery pile, the trend of which is opposite to other hydrocarbon fuels like coal dust.
Moreover, in current experiments, the thermal runaway always occurs to the bottom battery cell that is
next to the hot plate. However, for conventional hydrocarbon dust fuels, the location of initial thermal
runaway (or the hottest spot) is not at the bottom fuel layer next to the hot plate, but at a distance above
the hot plate [29,31]. There are some possible reasons:

1) Discrete nature of battery cells. Compared to the dust fuels which have smaller particle size and
uniform properties, the uniformity of the battery pile is limited to the thickness of each battery cell.
The thermal conductivity inside the cell is much larger than the effective thermal conductivity
between cells. Therefore, the temperature profile within the battery pile is discontinuous, different
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from dust fuels.

2) Swelling effect. As the battery temperature rises, gas is continuously generated within the cell, so
that the battery cell will swell. Both the gas generation and volume expansion reduce heat
dissipation between cells. On the other hand, depending on the packing condition (e.g. loosely or
tightly packed), the swelling of cells can either improve or diminish the contact condition between
cells, which plays an important role in the heat dissipation between cells [36].

3) Chemical effect. For the exothermic reactions inside the battery, it does not need oxygen from the
atmosphere [12,13], which is different from the hydrocarbon fuels or combustion reactions. For the
hydrocarbon fuel closer to the free surface, the oxygen supply is better, which also drives the
oxidation front move towards the free surface [29,37]. This may also explain why the thermal
runaway always first occurs to the bottom cell, despite of having the worst oxygen supply.
Comparatively, the hottest location of hydrocarbon dust tends to be closer to the free surface.

It is worth further investigating the influence of battery cell size, swelling, and non-oxidative battery
chemistry on the self-heating behaviors of battery and the applicability of the conventional self-ignition
theory. Additional experiments and numerical simulations will also be needed for quantitative analysis.

5. Conclusions

It is a novel experiment to study the self-heating ignition behavior of open-circuit pouch Li-ion battery
piles under a hot boundary condition which follows the classical hot-plate test. We found that the
thermal runaway of battery due to self-heating occurs on the hot plate. The thermal runaway always
first occurs to the cell next to the hot plate and then propagates to upper cells at an interval of about 20
s. Before the thermal runaway, the thickness of battery cell will expand 20%, and the battery voltage is
found to have a sudden drop at 170 £ 5 °C, insensitive to SOC or packing and environmental conditions.
The effective thermal conductivity of the battery is measured to be 0.30 = 0.05 W/m-K.

The critical boundary temperature for thermal runaway (T},) ranges from 199 °C to 262 °C. This critical
temperature is increased by 20 °C under a good environmental cooling condition whereas it is reduced
by 40 °C as the SOC increases from 30% to 80%. Moreover, the critical boundary temperature for self-
heating ignition slightly increases with the height of the battery pile. This trend is opposite to both the
hot-plate self-ignition test of conventional hydrocarbon fuels and the hot-oven test of the battery. In
other words, the classic self-heating ignition theory may not be completely applicable to predict the
critical condition for the thermal runaway of some Li-ion batteries. This research explores new self-
ignition phenomena to help understand the safety of open-circuit Li-ion battery piles during storage and
transport. More experiments and numerical simulations are needed to reveal more insights into these
special behaviors in future work.
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