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Fire characteristics and quantitative risk assessment of

lithium-ion batteries

Sin Woo Kim

Department of Safety Engineering, Graduate School

Pukyong National University

Abstract

Recently, the use of secondary lithium-ion batteries (LIBs) has
significantly increased. These batteries serve to power mobile machines
and store energy produced on a small scale. However, given the rapid
improvements in energy density, energy per volume, lifespan, and
reliability of recharging, such batteries have been increasingly employed
in drones, electric vehicles, industrial wireless electric machines, and
electronic communication systems. An energy storage system (ESS) is
required, along with a smart grid that optimizes energy efficiency. As
distributed energy storage technology is essential, LIBs are increasingly
utilized due to their applicability and versatility. While LIBs offer many
advantages, they exhibit safety problems, with the most serious being
fire. Unlike general fires, secondary battery fires pose a high risk of

transition due to the rapid explosions associated with battery material
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and structure. Thermal runaway, caused by both thermal and physical
factors, 1s the most common type of fire. Therefore, evaluating and
eliminating instabilities such as fires are crucial when seeking to
expand eco—friendly power sources and renewable energy.

In this study, we investigated the fire characteristics of LIBs and
assessed the risk of fire based on the LIB capacity and state of charge
(SOC). The effects of capacity and SOC on fire characteristics were
clarified by measuring the concentrations of various gases, pressures,
temperatures, and HRRs during LIB fires in cone calorimeters. Smoke
vields were derived using a smoke density chamber. Additionally, this
study introduced and confirmed an index of overall battery fire risk,
including explosion. The characteristics of the spontaneous exothermic
reaction and thermal runaway phenomenon at each temperature of an
LIB battery were investigated using an accelerating rate calorimeter.
The batteries used in the experiments were standard 18650 cylindrical
batteries with a capacity of 2600, 3500 mAh, and they were tested at
three different state-of-charge (SOC) levels: 0%, 50%, and 100%. The
type of heat generated by each experimental condition was classified
into four stages, and the existence and temperature rise characteristics
of each stage were investigated according to the SOC. Furthermore,
this study encompasses information regarding ARC experiments and
employs the HWS experimental method to discern the heat generation
reactions occurring at each temperature. Moreover, it delves into

identifying the onset temperature and magnitude of thermal runaway
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phenomena. Such research data aids in understanding the thermal
runaway characteristics of batteries, thereby providing clarity on their
limits and contributing to safer usage. Lastly, this study suggests the
effect of charge states and the modeling method of surrogate fuels for
battery thermal runaway. Three surrogate fuels were selected based on
the components of the battery, and a method of increasing the oxygen
concentration was adapted to model the effect that occurs when the
charge states of battery fire increase. As a result, temperatures and
pressures increased in all cases. This method suggests that the
explosion caused by battery thermal runaway can be simulated. These
results can be used to understand the characteristics of battery fires
and are expected to be useful in calculating the size of fire prevention

facilities required for battery use and storage.
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Table 1 Energy storage system fire incident reporting history

No. Date ESS Utilization (100 Ir)n?ﬁliiie won) Manufacturer
1 2017-08-02 | Wind power generator connect 15 A
2 2018-05-02 Frequency adjust 23 B
3 2018-06-02 | Wind power generator connect 88 B
4 2018-06-15 | Solar power generator connect 9 C
5 2018-07-12 | Solar power generator connect 4.5 C
6 2018-07-21 | Wind power generator connect 30 B
7 2018-07-28 Peak control 30 B
8 2018-09-01 | Solar power generator connect 3 C
9 2018-09-07 | Solar power generator connect 0.6 B
10 2018-09-14 | Solar power generator connect 1.2 D
11 2018-10-18 Frequency adjust 10 B
12 2018-11-12 | Solar power generator connect 7 C
13 2018-11-12 | Solar power generator connect 1.5 C
14 2018-11-22 | Solar power generator connect 4 C
15 2018-11-22 | Solar power generator connect C
16 2018-12-17 Peak control 41 C
17 2018-12-22 | Solar power generator connect 18 C
18 2019-01-14 Peak control 6.5 C
19 2019-01-14 | Solar power generator connect 18 E
20 2019-01-15 | Solar power generator connect 10.9 C
21 2019-01-21 Peak control 48 B
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Figure 3 Example plot of lithium ion battery's voltage from charge to discharge.
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100 33 17.0 249 0.32 353
50 52 10.3 291 0.28 388

0 242 N/A 285 0.12 571
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Figure 10 ARHESs and the maximum values for during battery fire test.
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Table 4 Capacities and SOCs of the LIBs used in the experiments

1 2600 50
2 2600 30
3 2600

4 2900

5 3500 0
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Table 5 Capacities and SOCs of the LIBs used in the smoke chamber experiments

Case | S0 OF charee | Capaeity [ Radiaton [ e
1 50 2600

2 30 2600 25 1
3 0 2600
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Figure 11 Schematic diagram of experiment apparatus about smoke generate and
determination of optical density by a single-chamber.“®
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Table 6 Combustion properties obtained from battery fire tests

Case T4 AH Ipeak A tpeak A H2pcak
(s) (kW) (s) &W)
1 232 0.858 64 1.596
2 224 0.867 218 0.528
3 256 0.983 N/A N/A
4 138 0.568 462 1.365
5 236 0.33 204 1.072
Table 7 Combustion properties obtained from battery fire tests
Case Am AP peak AP peak THR
(€9) (Pa) (Pa) &J)
1 7.45 17.5 53.0 100.7
2 8.03 28.7 7.9 102.5
3 9.60 29.7 N/A 131.7
4 8.18 21.9 30.0 112.2
5 7.47 7.5 22.8 93.7
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Figure 12 Example of cone calorimetery experimental using lithium ion battery; Heat release
rates of the 0% SOC and 2900 mAh during a fire.
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Table 8 CO concentrations obtained from battery fire tests.

CO (ppm)
Case

T1 T2 T3 T4 T5
1 0.9 0.2 36.9 29.1 90.8
2 0 0 17.8 13.6 21.4
3 0 0 26.5 3 5.8
4 0.4 0 17.0 4.7 36.5
5 0.8 0.1 14.9 5.7 41.0
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Figure 13 Mole fractions of O,, CO and CO; as a function of time during a battery fire for

the 0% SOC and 2900 mAh battery.
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Figure 15 The average rate of heat emissions (ARHEs) and the maximum values at
different state of charge during a battery fire experimental.
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Figure 16 Smoke densities when LIBs of different SOCs are on fire.
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Figure 17 Schematics of accelerating rate calorimeter equipment.
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Case State of charge (%) Capacity (mAh)
1 0 2600
2 50 2600
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4 0 3500
5 50 3500
6 100 3500




Figure 18 Picture of Samples (a) samples of before the experimental, (b)
no-explosion case in the experimental results (c) explosion case in the experimental
results.
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Table 10 Representative results of value about ARC experiments

-

SOC ToNSET Ttr (dT/dt)max Mass Loss .
Case o o o ; Explosion

(%) °C) (°C) (°C/min) (8) P

1 0 160 - 0.75 X

2 50 157 210 0.91 X

3 100 133 202 1239.96 6 (@)

4 0 156 = 0.837 4.5 X

5 50 136 184 6273.31 8.5 (@)

6 100 127 162 4424.76 10.5 (©)
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Figure 21 Plots of temperature verses time and temperature versus temperature rate at SOC 100%.
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Figure 22 Plots of temperature rate verses temperature at various SOCs.
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Table 11 The kinetic values for the self-heating range in ARC experiments

Reaction 1 Reaction 2
e e | MR | AR Bvlod
2 1.53 33.33 1.80 39.78 X
3 2.33 50.96 1.42 32.20 O
5 1.91 49.20 - 0]
6 1.65 44.90 - O
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Figure 23 Plots of In(dT/dt) versus 1000/T at capacity 2600mAh (a) SOC 50%, (b) SOC 100% ; liner line were used to estimate the value of Ea and A
for each self-heating region.
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Figure 24 Plots of In(dT/dt) versus 1000/T at capacity 3500mAh (a) SOC 50%, (b) SOC 100% ; liner line were used to estimate the value of E, and A

for each self-heating region.
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Reactants Products
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2CO, + 2Li + 2e- LiCO; + CO




Table 13 Molar fractions of surrogate fuel components.
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Figure 25 Comparison of auto-ignition time of hydrogen mixture composite between
experimental and calculated values.
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Figure 27 Temperature and pressure of surrogate 1 according to various oxygen contents.
Solid and hallow symbols indicate temperature and pressure, respectively.
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