SME Annual Conference
Feb. 26 - Mar. 01, 2023, Denver, CO

Preprint 23-043
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ABSTRACT

Lithium-lon batteries (LIBs) have the potential to go into thermal
runaway which introduces a new ignition source in hazardous
environments such as gassy underground mines that may contain
methane in the surrounding air. Researchers from the National Institute
for Occupational Safety and Health (NIOSH) used an accelerating rate
calorimeter (ARC) to induce thermal runaway in individual lithium-
titanium-oxide (LTO) and lithium-nickel-cobalt-aluminum-oxide (NCA)
LIB cells within a sealed enclosure with either no methane, a lean, a
stoichiometric, or a rich methane-air mixture in the surrounding
canister to determine if these LIB types would ignite the methane,
causing an additive effect on overpressures. Canister pressures and
maximum temperatures reached by the cells, surrounding air, and
exhausted gases were measured in this study and remained consistent
with varying methane concentrations.

INTRODUCTION

Because of their high energy density, lithium-lon batteries (LIBS)
have quickly become the industry standard in everything from power
tools to battery electric vehicles [1]. A variety of different types and
chemistries of LIBs are being used to power equipment in both surface
and underground mines depending on the specific task needs [2].
While reducing the health hazards from exposing miners to diesel
fumes [3], the adoption of LIBs introduces new hazard sources that
miners and mining companies need to consider in order to ensure the
safety of all personnel involved. LIBs have the potential to go into
thermal runaway, producing a potential new ignition source in gassy
underground mines that may contain methane in the surrounding air.

LIBs are already being used in a wide range of applications in the
mining sector, and these include single-cell-powered equipment as
well as larger, multi-cell equipment such as battery electric vehicles
that replace diesel-powered equipment. Although effective at reducing
miners’ exposure to hazardous diesel emissions, LIBs are not without
their own risks. Numerous LIB fires and/or explosion incidents have
already been documented in consumer-level electronics as well as
industrial applications including underground coal mines [4, 5, 6]. This,
of course, is problematic in gassy underground mines because of the
possibility for LIBs in thermal runaway to ignite methane. Previous
research at the National Institute for Occupational Safety and Health
(NIOSH) Pittsburgh Mining Research Division (PMRD) has shown that
LIBs undergoing short-circuit-induced thermal runaway can ignite
methane in a 20-liter chamber [7, 8]. Additionally, PMRD researchers
have previously shown that LIBs were unable to ignite methane when
in a sealed enclosure using iron phosphate (LFP) and nickel
manganese cobalt (NMC) batteries [9] when thermal runaway was
induced through heating.

Thermal runaway happens in a LIB when the internal exothermic
reaction outpaces the battery’s ability to externally dissipate heat,
causing a rapid increase in cell temperature. The battery self-heats
past the mechanical limits of its components, and internally generated
gas increases the pressure within the cell causing it to rupture and vent
the toxic and flammable gas [10]. Thermal runaway may produce
pressures of several hundred bar [11]. Flammable gases produced by
thermal runaway may mix with atmospheric oxygen, as well as ambient
methane-air mixtures, and ignite. The explosive range of methane in

air is 4.6% to 15.8% [12] and can be ignited through auto-ignition or
hot surface ignition. Methane-air can also be ignited through electrical
arcs and sparks; during testing, care was taken to ensure these were
not a source of ignition in this experiment. The auto-ignition
temperature range of a methane-air mixture is 601°C to 675°C [13],
and the minimum hot surface ignition temperature is 931°C [14].
Different LIB chemistries tend to have different thermal runaway
properties regarding the amount of gas released, the maximum
temperature reached, and the maximum pressures reached. The major
components of the released gases contain carbon monoxide, carbon
dioxide, methane, and hydrogen in different percentages depending on
the battery chemistry. Table 1 summarizes the thermal runaway
characteristics of various cell types found in the literature. LCO refers
to a lithium cobalt oxide cathode chemistry.

Table 1. Thermal runaway gas compositions and peak cell
temperatures for various cell chemistries.

Cell Type |CO (%) ((:02)2 ((:02')“ H, (%) P?,%()T Reference
NMC 13.0 | 41.2 6.8 30.8 678 [15]
NMC 28.1 | 19.9 | 129 | 125 998 [16]
LFP 4.8 53.0 4.1 30.9 404 [15]
LFP 4.5 25.4 5.9 24.3 399 [16]

LCO/NMC 27.6 | 24.9 8.6 30.0 853 [15]
LCO 22.9 | 30.0 6.4 27.7 700 [17]
LTO 5.3 37.6 1.2 8.4 305 [16]
NCA 44.8 | 20.0 7.1 25.7 1075 [18]

The high volumes of vented gases lead to safety concerns for
making battery enclosures that can withstand these thermal runaway
conditions. The Mine Safety and Health Administration (MSHA)
requires explosion-proof (XP) enclosures to be able to withstand an
internal methane-air explosion and prevent ignition of a surrounding
methane-air or coal dust environment (30 CFR 18 [19]). The minimum
pressure that an XP enclosure must be able to withstand is 150 psig
(10.3 barg), and the surface temperature must not exceed 150 °C (302
°F) under normal operation. During testing, if the internal enclosure
exceeds a peak pressure of 125 psig (8.62 barg), the manufacturer
must make structural changes to reduce pressure peaks to below 125
psig or conduct static pressure tests at a value of twice the highest
explosion test peak pressure recorded. Previous research by
Dubaniewicz et al. found the pressures generated by LIBs undergoing
thermal runaway are greatly dependent on the free space within the
enclosure and can far exceed pressure ratings of XP enclosures for
well-confined batteries [11, 20].

For this study, researchers at NIOSH’s PMRD investigated the
overpressures generated within a sealed battery enclosure filled with
an explosive methane-air mixture and a single LIB cell driven into
thermal runaway using an accelerating rate calorimeter (ARC).
Researchers induced thermal runaway in lithium-titanium-oxide (LTO)
and lithium nickel cobalt aluminum oxide (NCA) LIBs within a sealed
enclosure containing a methane-air mixture to see if this would lead to
an increase in explosion overpressure generated by thermal runaway
alone, similar to the previous testing with LFP and NMC chemistries
[9]. Individual cells were forced into thermal runaway inside a tightly
sealed enclosure with either no methane, a lean methane-air mixture,
a stoichiometric methane-air mixture, or a rich methane-air mixture in
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the surrounding canister within NIOSH’s ARC. Pressures generated by
the battery going into thermal runaway as well as maximum
temperatures reached by the cells, surrounding air, and exhausted
gases were measured to see if the batteries were igniting the methane
and causing an additive effect to overpressures. For all cell
chemistries, the explosion overpressures remained consistent with
varying percentages of methane concentration in the atmosphere
surrounding the cell. It's likely that the gases released from the battery
undergoing thermal runaway caused an inert atmosphere within the
sealed canister.

METHODS

NIOSH researchers used an Accelerating Rate Calorimeter (ARC)
System (model EV+, Thermal Hazard Technology, Milton Keynes,
United Kingdom) to induce thermal runaway through overheating LIBs.
Individual LIB cells were sealed inside a custom-fabricated explosion
containment canister and heated inside the model EV+ calorimeter.
The canisters were made from a 6-in-long piece of 6-in-diameter
schedule-80 pipe nipple sealed on both ends with caps. The interior
volume of the canister was measured by filling it with water and was
found to be 3,880 mL. Holes for pipe fittings were drilled through the
top cap and fitted with battery leads, temperature probes, pressure
transducers, the vacuum pump, a furnace ignitor, and a gas inlet valve
for methane and air [Figure 1]. The cells were connected to the leads
and a thermocouple, then sealed inside the canister [Figure 2].
Researchers used fully charged 18650 LTO (2.4V, 1300mAh) and
18650 NCA (3.7V, 3450mAh) cells. Each cell was cycled three times
using an Arbin Multi-channel Potentiostat/Galvanostat (MSTAT, Arbin
Instruments, College Station, Texas) system to ensure each had a
measured discharge capacity of at least 95% of their rated capacity.

Researchers used compressed air to pressurize the canisters to
40 psig in order to verify the integrity of the seals and ensure pressure
fittings would not leak. The canister was then evacuated using the
ARC's vacuum pump and filled with methane and lab-grade
compressed air to the selected methane-air concentrations through
partial pressures measured by a 30-psia max pressure transducer.
Initial testing was performed with various concentrations of methane
without a battery to determine methane explosion pressures for this
layout.

LIB-containing canisters were heated inside the ARC until the
pressure transducer and thermocouples detected thermal runaway.
The furnace ignitor was triggered post-thermal runaway to verify if the
released gas and atmosphere was flammable inside the container after
the test. A higher-speed (100 samples per second) pressure
transducer, connected to an independent data acquisition system, was
used to measure maximum pressures consistent with MSHA test
procedures [21]. Temperatures were measured using thermocouples
connected to the ARC.
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Figure 1. Canister cap layout with stars indicating where valves are
located.
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Figure 2. a) An LTO cell attached inside the lid of the canister and b)
the sealed canister inside the ARC.

RESULTS AND DISCUSSION

Using the canister without a battery, researchers measured
methane ignition pressures at various concentrations. The canister
was first evacuated to the limit of the ARC’s vacuum pump. Methane
was injected to a specified voltage on the pressure transducer
corresponding to the calculated percentage as determined by partial
pressures. The canister was then filled back to one-bar pressure with
lab-grade purified compressed air. The furnace ignitor was triggered
for approximately five seconds, and researchers recorded the
maximum pressure peak for each test. Figure 3 shows the methane
curve with tests at 6% through 14% methane in air with each
concentration being repeated three times.
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Figure 3. Methane explosibility curve generated in the 3,880-mL
canister.

Researchers used the results from Figure 3 to select 6%, 10%,
and 14% as the lean, near stoichiometric, and rich methane-air mixture
concentrations for battery testing. A single LTO cell, charged to its full
state of charge, was placed within the canister which was
subsequently sealed and placed within the ARC. Using the same
process as the methane-air ignition tests, the canister was filled with a
mixture of air and methane. The canister was then heated by the ARC
until the battery underwent thermal runaway, and the maximum
pressures and temperatures were then measured. Batteries were also
tested in a methane-absent atmosphere for comparison. Figure 4
shows the maximum overpressures reached when LTO cells
underwent thermal runaway inside the canister at 0%, 6%, 10%, and
14% methane in air. The initial cannister pressure, as well as pressure
generated from heating were subtracted in order to get the pressure
generated only during thermal runaway. Tests were repeated three
times at each concentration. A sample plot of the ARC measured
pressure, cell temperature, gas temperature, and canister temperature
is shown in Figure 5.

The LTO cells reached about one-bar overpressure during
thermal runaway. The canister started at one-bar pressure and rose
about one-bar during heating, so the maximum pressure inside the
canister reached around three-bar for each test. The pressure
generated by the LTO cells during thermal runaway were not
significantly different between the different methane atmospheres and
the methane-absent atmosphere (Table 2). No evidence for methane
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ignition by the LTO cells was observed since the pressures stayed well
below those measured during the methane-air-only canister ignition
tests. Upon conclusion of each test, researchers triggered the furnace
ignitor for five seconds to check if the post-thermal runaway
atmosphere was ignitable. Researchers did not observe any evidence
of ignition, indicating that the gases released from the battery inerted
the atmosphere mixture within the canister.
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Figure 4. Maximum overpressures of LTO cells driven to thermal
runaway within various methane concentrations.
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Figure 5. Time plots of gas, cell, and canister temperatures and
canister pressure for an LTO cell within a 10% methane-air
atmosphere.

Table 2. Average peak pressures of NMC and LFP cell thermal
runaways within selected methane-air mixtures.
% Methane-Air 0 6 10 | 14
NMC average peak pressure (bar) 8.95 |8.59 |8.92 |9.22
LFP average peak pressure (bar) 2.30/1.421.13|2.55
LTO average peak pressure (bar) 1.01 /1.05{1.03|0.99
NCA average peak pressure (bar) 9.02 |9.42 19.85 |9.22

Tests were then repeated using NCA cells instead of LTO cells.
Once again, the canister was heated until cells underwent thermal
runaway, and peak pressures and temperatures were recorded. The
tests were repeated three times at each 0%, 6%, 10%, and 14%
methane. Pressures generated by these tests are shown in Figure 6. A
sample plot of the pressures and temperatures is shown in Figure 7.

The NCA cells followed the same general trend as the LTO cells,
albeit at much higher pressures. Overpressures ranged from about 8 to
10.5 bar but do not show a clear indication that the atmosphere within
the canister was being ignited based on added methane concentration,
or lack thereof. Higher overpressures were measured with the
separate high-speed pressure transducer than were measured with the
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ARC built-in transducer because of how fast the peak occurred and
subsided with the NCA cells.
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Figure 6. Thermal runaway overpressures of NCA cells at various
methane concentrations.
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Figure 7. Time plots of gas, cell, and canister temperatures and
canister pressure for an NCA cell within a 10% methane-air
atmosphere.

When comparing the LTO and NCA cells to the previously tested
18650 NMC and 26650 LFP cells (Figure 8), the pressures generated
by the LTO cells closely compare to the pressures generated by the
LFP cells. Similar trends appear between the NMC and NCA cells. As
discussed in a previously published work [9], the LFP cells had
anomalous high peaks at 0% and 14% methane that researchers
believe were caused by the vent failing, causing the cell contents to be
ejected from its casing (Figure 9a). A similar incident occurred with the
LTO cells (Figure 9b), but a corresponding high-pressure peak was not
observed like it was in the LFP cells. Researchers believe this
difference may be because of the manufacturer’s inclusion of a burst
disc on the bottom of the LTO cells that allowed pressure to alleviate
before the battery failed completely. Table 2 shows the comparison in
average maximum pressures at each methane concentration between
the two battery chemistries tested and the two battery chemistries
previously tested [9]. In all four chemistries tested, the concentration of
methane in the canister did not make a significant difference in
explosion overpressures when the batteries underwent heat-induced
thermal runaway.

The maximum temperature of the cells and canister atmosphere
(Figure 10) follow a similar trend as maximum pressures with respect
to the battery chemistries. The LTO cells closely aligned with the LFP
cells, and the NCA cells resembled the previously tested NMC cells.
The LTO cell surface and gas temperatures were below the 931 °C hot
surface ignition and 601 °C auto-ignition temperature of methane-air.
The NCA cell surface temperatures approached the 931 °C minimum
surface temperature for hot surface methane-air ignition. NCA cell
surface temperatures measured by Golubkov et al. (2015) [18] were
above the minimum hot surface ignition temperature of methane. NCA
thermal runaway should be considered as a potential ignition source
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for methane-air mixtures, but researchers did not see any indication
that methane was ignited using this specific experimental setup. The
low-temperature measurement for one of the LTO cells at 14%
methane, in Figure 10a, is a result of the thermocouple slipping off the
battery casing and measuring the gas temperature rather than the cell
temperature.
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Figure 8. Comparison of maximum pressures of LFP, LTO, NMC, and
NCA cells.

a. b.
Figure 9. a) an LFP cell and b) an LTO cell after ejecting their
contents during thermal runaway.
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Figure 10. Maximum cell and atmosphere temperatures of cells
undergoing thermal runaway in methane-air of a) LTO and LFP cells
and b) NCA and NMC cells.
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Researchers calculated that the volume of gas released from the
LTO and NCA cells reached to as high as 3.9 L and 10.3 L,
respectively, based on the canister size and pressures generated.
When researchers activated the furnace ignitor within the canister after
the cells had undergone thermal runaway, no additional pressure
peaks were observed. This indicates that the atmosphere inside the
canister was no longer explosible after the batteries had released their
gas. The methane, carbon monoxide, and carbon dioxide released
from the cell by thermal runaway likely diluted the atmospheric oxygen
within the canister, causing the atmosphere to become inert.

CONCLUSIONS

A series of accelerating rate calorimeter (ARC) tests were
conducted to determine if thermal runaway by LTO and NCA cells can
ignite an explosive methane-air atmosphere within a sealed battery
enclosure. Neither of these LIB chemistries were able to ignite the
methane as researchers did not see any indication of higher peak
explosion pressures based on methane concentration in the
atmosphere surrounding the cell under specified test conditions (i.e.,
sealed within a limited volume enclosure). Using an independent
ignition source post-thermal runaway, NIOSH researchers were also
unable to ignite the methane, indicating that the gases released during
thermal runaway likely created an inert atmosphere inside this specific
enclosure. The results from this research will help mining equipment
manufacturers properly address new safety hazards and develop
measures to keep miners safe while working with lithium-ion-battery-
powered equipment in underground gassy mines.

DISCLAIMER

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position of the
National Institute for Occupational Safety and Health, Centers for
Disease Control and Prevention. Mention of any company or product
does not constitute endorsement by NIOSH.
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