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Mining vehicle manufacturers are developing lithium-ion (Li-ion) battery electric vehicles as an alternative to
diesel-powered vehicles. In gassy underground mines, explosion-proof (XP) enclosures are commonly used to
enclose electrical ignition sources to prevent propagation of an internal methane-air explosion to a surrounding
explosive atmosphere. Li-ion batteries can create pressurized explosions within sealed enclosures due to thermal
runaway (TR). NIOSH researchers measured TR pressures of nickel manganese cobalt (NMC) cathode type 18650
Li-ion cells, model MH1, as a function of free space within sealed enclosures and observed an inverse power
relationship. TR pressure-rise rates, gas quantities, and temperatures were also measured. A confined NMC cell
with 92.5 mL of free space produced 232 bar of pressure, far exceeding minimum pressure containment speci-
fications for conventional XP enclosures. Approximately 287 times the cell volume of free space would be needed
to reduce the TR pressure of these cells to 8.62 barg (125 psig) per U.S. Code of Federal Regulations, Title 30,
Part 18. The NMC cell TR pressures were significantly higher than those measured previously for iron phosphate
cathode Li-ion cells under comparable confinement conditions.

1. Introduction

Battery electric vehicle (BEV) development for underground mining
continues at a rapid pace (Leonida, 2021). From a diesel emissions
reduction perspective, the benefits of employing BEVs are arguably
greater for underground mining than any other industry (GMG, 2018).
Approximately 15,000 underground coal miners and 13,000 under-
ground metal/nonmetal miners in the USA are exposed to aerosols and
gases emitted by diesel engines, and exposure of underground miners to
diesel aerosols is the highest among workers in all occupations (NIOSH,
2020). Given the relatively high energy density of Li-ion batteries, they
are currently the most common battery of choice for new BEV applica-
tions (GMG, 2018). Large-format batteries of hundreds of volts sourcing
hundreds of amperes are constructed from series and parallel connec-
tions of smaller cells or modules. The difficult operating conditions
within the mine environment poses challenges for large-battery man-
agement systems (Kurpiel et al., 2021). With proper design and main-
tenance, mishaps involving Li-ion battery thermal runaway (TR) leading
to fire or explosion should be rare. However, several mishaps have
occurred in underground mines in the early stages of BEV deployment
(Gillett, 2021; Jacques, 2019), emphasizing the ongoing need to
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mitigate fire and explosion hazards.

Researchers at the National Institute for Occupational Safety and
Health (NIOSH), Pittsburgh Mining Research Division (PMRD), are
studying approaches to mitigate the fire and explosion hazards of Li-ion
batteries used for mining equipment. The potential use of Li-ion BEVs in
gassy underground mines poses unique explosion hazards. Dubaniewicz
et al. (Dubaniewicz and DuCarme, 2016; Dubaniewicz et al., 2021)
reviewed the gassy mine explosion hazard and the use of
explosion-proof (XP) or flame-proof enclosures for explosion protection
of electrical equipment. XP or flame-proof enclosures are commonly
used in potentially explosive atmospheres in mines to enclose electrical
ignition sources to prevent propagation of an internal methane
(CHg)/air explosion to a surrounding CH,4 and coal dust contaminated
atmosphere. The U.S. Mine Safety and Health Administration (MSHA)
develops and enforces safety and health rules for all U.S. mines. Ac-
cording to MSHA design requirements (U.S. Code of Federal regulation,
2021), XP enclosures must withstand a minimum pressure of at least 150
psig (10.3 barg) and the external surfaces of enclosures shall not exceed
150 °C (302 °F). For required explosion testing (MSHA, 2005), if any
pressure peak exceeds 125 psig (8.62 barg), the manufacturer must
either make constructional changes that will result in a reduction of
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pressure to 125 psig or less or conduct static pressure tests of the
enclosure, with the enclosure withstanding a static pressure of twice the
highest value recorded in any previous tests. These MSHA requirements
pertain to ignition of CHs-air. There are no established test procedures
for assessing pressures from Li-ion battery TR.

Dubaniewicz et al. (2021) characterized TR pressures of lithium iron
phosphate (LFP) cathode cells as a function of enclosure free space. A
well-confined LFP cell with 3 mL of free space produced 294 bar (4260
psia) of pressure during a TR, far exceeding pressure containment
specifications for conventional XP enclosures. Using a curve fit equation,
they estimated that approximately 34 times the LFP cell volume of free
space would be needed to meet the 125-psig pressure generation
threshold under the specified test conditions. Results of the work sup-
port a safety alert for flame-proof enclosures that the explosion energy
generated when cells fail can far exceed the mechanical strength of the
enclosure and would therefore not prevent the ignition propagating to
the open atmosphere (Pyroban, 2021). In the current work, NIOSH re-
searchers characterized TR pressures of nickel manganese cobalt (NMC)
cathode Li-ion cells in a similar fashion. NMC is one of several Li-ion
cathode chemistries used for mining BEVs (GMG, 2018; Jacques,
2019). Enclosure-confined cells were heated in an accelerating rate
calorimeter (ARC) to attain TR, simulating excessive temperatures
within XP enclosures due to potential internal CHy-air ignition, elec-
trical fault within a large-format battery, or fault within Li-ion cells
susceptible to TR from internal short circuit.

A wide range of maximum TR pressures have been reported for NMC
cathode Li-ion batteries. Duh et al. (2021) reviewed TR characteristics of
commercial Li-ion batteries used in electric vehicles and found TR
pressures for NMC cells ranging from 5.9 to 38.3 bar (Jhu et al., 2012;
Yayathi et al., 2016; Duh et al., 2017; Zhao et al., 2020). The 38.3-bar
result was obtained within a 400-mL vessel (Duh et al., 2017). Duh
et al. (2021) noted that “Maximum pressure and pressure-rising rate are
not taken account of consideration because of the significant depen-
dence on volume of the test system.” Yuan et al. (2020) reported a TR
pressure above 100 bar for a test using an NMC cell within a sealed
canister with an internal volume of 220 cm®. The current work
employed a range of sealed enclosure volumes to better characterize
maximum TR pressure and pressure time rate (dP/dt) as a function of
enclosure free space.

The gas liberated by the ruptured Li-ion cell during TR as well as its
characteristic temperature rise is responsible for the pressure developed
in the containment vessel for well-confined cells (Dubaniewicz et al.,
2021). Gully et al. (2019) observed that off-gassing of the LFP and NMC
cells studied produced 2-9.2 L/Ah of vent gas. They also observed that
an NMC cell TR that did not induce visible combustion external to the
cell released significantly more gas than others that did induce visible
combustion. The difference was attributed to consumption of vent gas by
combustion external to the cell. Gully et al. (2019) indicated that the
total gas production volume tends to be proportional to the Ah size of the
battery that is involved in the off-gas scenario. Several other researchers
have reported on TR gas generation in terms of gas volume per Ah as
well (Koch et al., 2018; Hoelle et al., 2021). It should be noted that
similar cells connected in series provide the same Ah capacity as that of a
single cell. Therefore, the total estimated amount of gas potentially
released by a large-format battery with series-connected cells may be
underestimated if the Ah rating of the large-format battery is used. The
energy (e.g. Wh) factors in both voltage and current capacity of a
large-format battery with series connected cells. The use of energy
rather than current capacity may avoid confusion when scaling up gas
production from a failing cell to ratings for a large-format battery.

Deflagration vents are used to vent the combustion gases and pres-
sures resulting from a deflagration within an enclosure to minimize
structural and mechanical damage (NFPA, 2018). McKinnon et al.
(2020) identified the lack of deflagration venting per NFPA 68 (2018) as
a contributing factor to a battery energy storage system thermal
runaway and explosion event that seriously injured several responders.
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Hill (2020) indicates that some energy storage system integrators and
designers have opted for the use of deflagration panels.

Much of the literature on Li-ion battery explosion venting pertains to
the ignition of flammable gas-air mixtures that may form from battery
off-gassing (Gully et al., 2019; Zalosh et al., 2021; Baird et al., 2020;
Henriksen et al., 2019; Stephens et al., 2017). Flammability character-
istics of vented gas-air mixtures are used for deflagration vent design per
standards such as NFPA 68. However, application of NFPA 68 to a Li-ion
battery enclosure may be problematic if TR is taken into consideration.
The standard does not apply to emergency vents for pressure generated
during runaway exothermic reactions, self-decomposition reactions,
internal vapor generation resulting from electrical faults, or pressure
generation mechanisms other than deflagration (NFPA, 2018). Most if
not all of these exclusions appear to apply to Li-ion battery TR.
Regarding maximum pressure, well-confined Li-ion batteries can pro-
duce TR pressures exceeding vent gas-air ignition pressures by well over
an order of magnitude (Dubaniewicz et al., 2021). Also, TR vent gas flow
may be supersonic and turbulent (Mishra et al., 2021). TR characteristics
of Li-ion batteries should be taken into consideration for the design of
such enclosure vents.

Pressure-relieving vents are often integrated into the casing of cy-
lindrical Li-ion cells. Cell vents are intended to relieve pressure build-up
within the cell and to dissipate heat in an attempt to prevent TR; how-
ever, the vents are not always effective (Yao et al., 2020). Finegan et al.
(2018) explain that a rapid rise in pressure can circumvent the safety
mechanisms of even the most advanced cell designs. Improperly
designed or obstructed cell vents can lead to the release of projectiles or
side-wall ruptures that may damage or enhance the heating of adjacent
cells, potentially leading to a cascading TR throughout a large battery.

NIOSH researchers and a battery electric vehicle (BEV) manufacturer
established a testing agreement to conduct a TR pressure test of a 100-Ah
NMC cathode Li-ion pouch cell housed within a sealed enclosure. The
objective of the test was to see if a confined cell produced a TR pressure
that exceeded the 8.62-barg (125-psig) pressure generation threshold
specification for conventional MSHA-approved XP enclosures. The
cooperating BEV manufacturer provided the NMC pouch cell and a
rugged form-fitting enclosure. NIOSH researchers conducted the TR test
and recorded the data. The test extends the format and capacity of NMC
Li-ion cells under study.

2. Material and methods
2.1. Li-ion cells

Three different types of cells were used for the ARC tests. Type 18650
NMC 811 cathode cells, model MH1, were used for measurements of TR
pressures as a function of free space. The cell provided by the BEV
manufacturer was a 100-Ah NMC pouch cell. The NMC ratio of the
pouch cell was not disclosed. An LFP type 26650 cell was used for one
ARC test with pressures measured at the same sampling rate as the MH1
cells. The LFP cell was the same make and model studied previously
(Dubaniewicz et al., 2021). The cells were conditioned with three
charge-discharge cycles followed by a charge to 100% state of charge. A
multichannel potentiostat/galvanostat (MSTAT, Arbin Instruments,
College Station, Texas) cycled the cells using
cell-manufacturer-specified parameters. Discharge capacities for the
MH1 and LFP cells were at least 95% of rated capacity using C/2 charge
and discharge rates. The discharge capacity of the pouch cell was 105 Ah

Table 1
Electrical ratings for Li-ion cells.

Cell Type Capacity (Ah) Voltage (V) Energy (Wh)
NMC 811 (MH1) 18650 3.2 3.67 11.7
LFP 26650 3.8 3.2 12.2
NMC pouch 100 3.68 368
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using C/20 charge and discharge rates. Electrical ratings for the cells are
listed in Table 1. Cell energy was calculated from the rated voltage and
current capacity.

The MH1 cell was characterized to confirm the cathode composition
specified by the manufacturer and to evaluate other components,
including the anode and separator. The components were characterized
by scanning electron microscopy (SEM; Model S-4800, Hitachi, Tokyo,
Japan) and energy dispersive x-ray spectroscopy (EDS; Bruker Quantax,
Madison, Wisconsin). The samples for SEM/EDS analysis were extracted
from the MH1 cell after fully discharging it for personnel safety and were
mounted on 25-mm aluminum posts with conductive carbon tape. The
separator was coated with gold and palladium to avoid image distortion
from a lack of sample conductivity, while the anode and cathode
remained uncoated due to their high conductivity. The analysis of the
cathode showed that the ratio of nickel to manganese and cobalt
approached 8:1:1, which is a composition known for its high specific
capacity. However, this composition has a shorter life cycle and lower
thermal abuse tolerance than another common ratio of 5:2:3 (Nitta et al.,
2015). The analysis of the anode indicated that it contained the common
active material, graphite. The graphite particles of the anode had rela-
tively large sizes and uniform morphology, which can enhance battery
tolerance of thermal abuse (Park and Lee, 2009; Adams et al., 2019). The
anode spectra also showed weak peaks for fluorine and phosphorous,
which suggests that it contained a small amount of lithium salt from the
electrolyte solution (e.g., lithium hexafluorophosphate) (Harris et al.,
2009; Campion et al., 2004). The separator was composed of a porous
ceramic membrane of alumina or lithium aluminate along with an
organic coating or membrane. This composite separator has a more
resistant structure than one with an organic membrane only (Nestler
et al., 2014; Raja et al., 2015). Overall, the characterization suggested
that the cathode had a composition with a relatively low thermal abuse
tolerance but was balanced by a robust anode and separator.

2.2. Experimental setup

Researchers used an ARC system (model EV+, Thermal Hazard
Technology, Milton Keynes, United Kingdom) and an independent data
acquisition system (model DI-720, DATAQ Instruments, Akron, Ohio)
for TR pressure measurements. The Li-ion cell was sealed within a cy-
lindrical canister (for the MH1 and LFP cells) or steel plate enclosure (for
the pouch cell) and placed within the ARC (Figs. 1-2). Three MH1 cells
were placed within a canister for one test. The ARC temperature was
raised to a constant value to provide steady-state heating until the cell
reached TR. The heaters shut off after TR detection. ARC instrumenta-
tion included voltage inputs and type N thermocouples (0.81-mm
diameter) which were used for most tests. Voltage and temperature were
not measured for tests using the smallest canisters due to space limita-
tions and high pressures that caused the thermocouple fittings to fail. An
ARC enhanced system (ARCes) control and data acquisition software
recorded voltage and temperature data. The data was imported into
Microsoft Excel for analysis. The ARC video camera was used for the
100-Ah pouch cell ARC test to monitor for venting from a pressure relief
valve attached to the cell enclosure.

Several pressure sensors were available ranging from 21 bar (300
psia) to 689 bar (sealed) (10,000 psis) maximum pressure. The pressure
sensor used for a particular ARC test was selected based on the antici-
pated peak TR pressure. The pressure sensor was connected to the
canister or enclosure using short lengths of tubing. The internal tubing
volume was factored into sealed enclosure internal volume estimates.
The tubing outside diameter was at least 1/8 inch (3.175 mm). A DATAQ
Instruments model DI-720 data acquisition system recorded pressures at
100 samples per second, consistent with MSHA test procedures for ex-
plosion testing (MSHA, 2005). The pressure sensor data was imported
into Microsoft Excel for analysis.

Various sizes of canisters provided different amounts of free space
around the MH1 cells (Fig. 1). The canisters were constructed in-house
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Fig. 1. Canisters provided varying amounts of free space around enclosed Li-
ion cells.

Fig. 2. The steel plate enclosure housing the NMC pouch cell placed within
the ARC.

from steel pipe nipples with caps screwed onto both ends. Their internal
volumes were measured by filling them with water. The larger canisters
are schedule 40, and the smaller canisters are schedule 80. The caps
were drilled and tapped to accept compression fittings for
instrumentation.

The enclosure for the 100-Ah NMC pouch cell test was fabricated by
the BEV manufacturer from 1-inch-thick (2.54 c¢m) steel plate. Rubber
gaskets sealed the bolted enclosure joints. Holes were drilled and tapped
in the enclosure to accept compression fittings and a pressure relief
valve. The pressure relief valve was used for safety purposes. It had a set
pressure of 20.7 barg (300 psig) and a rated flow of 8495 L/min. Fig. 2
shows the enclosure placed within the EV + ARC. Pliable tubing con-
nected this heavy enclosure to a pressure sensor located outside of the
EV + ARC. The internal volume of the tubing was approximately 8 mL.
The enclosure provided a tight fit around the pouch cell with very little
free space.
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3. Results
3.1. Pressures

Fig. 3 shows DATAQ recorded pressures for an 18650 MH1 and a
26650 LFP cell within similar canisters. Free space was 685 mL and 667
mL for the MH1 and LFP cell, respectively. The larger size of the LFP cell
reduced the free space slightly. A small increase in pressure occurred
during cell venting followed by a larger increase during TR. The MH1
cell produced a sharp pressure peak during TR, whereas the pressure
response of the LFP cell was more gradual. The LFP cell took signifi-
cantly longer to reach TR due to its higher exothermic onset temperature
(Dubaniewicz et al., 2021) and larger mass (88 versus 45 mg). The MH1
cell produced a much higher peak pressure than the LFP cell even though
their electrical energies are similar (Table 1). Fig. 4 shows a time plot of
dP/dt for this MH1 cell at TR. The negative pressure rate after TR may
indicate condensation of less volatile gas species (Dubaniewicz et al.,
2021).

Fig. 5 shows the pressure time plot for the three-cell test with 1215
mL of free space. Three distinct pressure rises and a pressure additive
effect are apparent as the cells went into TR in quick succession.

Table 2 lists maximum TR pressures, maximum pressure rise time
rates (dP/dt)max, and deflagration index values (Kyyyp) for the MH1 cells
sealed within various canisters. NFPA 68 (2018) defines the deflagration
index K as
K = (dp/di),, V"
where (dP/dt)max is the maximum rate of pressure rise attained by
combustion in a closed vessel with volume V. The free spaces listed in
Table 2 are the estimated volume within the canister plus connected
tubing minus the nominal volume (16.54 mL) of the type 18650 MH1
cell. Pressure values are absolute. The last entry in Table 2 is for a test
with three cells inside of a canister. Figs. 6-8 show an inverse power
relationship with free space/cell volume for maximum TR pressure,
maximum pressure rise rate, and deflagration index. The three-cell-test
result is near the trend curves of the single-cell tests for the normalized
confinement conditions (Free space/cell vol.). Figs. 6-8 illustrate how
small void space volumes may be problematic in terms of safety hazards
associated with TR overpressures and rates of pressure rise.

3.2. Temperatures

Fig. 9 shows time plots of temperature and cell voltage for a repre-
sentative single-cell ARC test, in this case, an MH1 cell with 685 mL free
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Fig. 3. TR pressure time plots of MH1 and LFP cells with similar energies tested
within similar canisters.
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Fig. 5. Additive pressure effect of three MH1 cell thermal runaways in quick
succession (1215 mL of free space).

space inside of the canister. The cell thermocouple was taped to the
metallic surface of the cell about mid-length with fiber tape. The gas
thermocouple was inserted into free space within the canister, and the
canister thermocouple was taped to the canister exterior. Cell heating
from internal exothermic processes, including chemical reactions and
internal short circuit, increased after venting as the cell temperature
crossed over to exceed the canister exterior surface temperature. Inter-
nal short circuit is indicated by voltage dropout. Peak cell and gas
temperatures resulted from external heating and heating from cell in-
ternal exothermic processes. Temperature summary data are shown as
box and whisker plots in Figs. 10 and 11. The temperature at venting
onset is the temperature at which initial venting became apparent from
dP/dt data. The difference between peak and venting onset tempera-
tures provides an approximation of temperature rise due to cell
exothermic processes including TR.

3.3. Quantity of gas

The pressure and temperature for a given canister were used to
calculate the moles of gas produced by the MH1 cells per the ideal gas
law. The moles of gas were then used to convert the gas volume to
ambient temperature and pressure conditions (22 °C and 1.0 bar).
Fig. 12 shows representative time traces of pressure, gas temperature,
and the converted ambient volume of vent and TR gases for an MH1 ARC
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Table 2
Thermal runaway (TR) maximum pressures, maximum pressure rise rates, and
deflagration indices for MH1 cells within sealed canisters.
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Free space Free space/cell Pressure dp/dt Ky
(mL) volume (bar) (bar/s) (m-bar/s)
92.5 5.6 192 1450 65.4
92.5 5.6 231 2000 90.6
92.5 5.6 231 2530 115
168 10.2 161 1730 95.7
168 10.2 140 1170 64.3
168 10.2 165 1610 88.9
267 16.2 76.5 366 23.6
267 16.2 70.9 459 29.6
267 16.2 110 704 45.4
685 41.4 43.4 337 30.2
685 41.4 46.1 172 15.4
685 41.4 46.2 188 16.8
1278 77.3 24.7 138 15
1278 77.3 24.1 185 20.1
1278 77.3 25.9 182 19.8
2393 145 15.4 110 14.7
2393 145 14.9 103 13.8
2393 145 14.3 83.5 11.2
3913 237 10.1 116 18.3
3913 237 10.3 105 16.5
3913 237 11.7 137 21.6
4843 293 10.0 118 20
4843 293 9.67 81.2 13.7
4843 293 10.3 123 20.8
1215" 24.5 76.3" 305" 32.5%
@ Three cells within canister.
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Fig. 6. A plot of an inverse power relationship between MH1 cell TR pressure
and the ratio of free space-to-cell volume.

test with 685 mL of free space. A small amount of gas was generated
during cell venting prior to TR. A much larger amount was generated
during TR. The plot of ambient gas volume varies significantly at TR,
attributed in part to differences in temperature and pressure sampling
rates between the two data acquisition systems. Also, it takes some time
after TR for the gas temperature to approach uniformity for ideal gas law
calculation purposes (Koch et al., 2018; Hoelle et al., 2021). Ambient gas
volume calculations became stable about 1 min after TR. The average
and range of ambient volumes for sixteen MH1 ARC tests calculated 1
min after TR are summarized in Table 3. Gas volumes generated per cell
capacity and per cell energy are also included. The gas volumes per cell
capacity are within the range of those reported by Koch et al. (2018) and
Hoelle et al. (2021).

Researchers observed that the quantity of gas produced by the MH1
cells tended to increase with canister volume as shown in Fig. 13. This
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Fig. 7. A plot of an inverse power relationship between MH1 cell maximum TR
pressure rise rate and the ratio of free space-to-cell volume.
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Table 3

Quantities of gas produced by the MH1 cells 1 min after thermal runaway (16
tests).

Moles Gas vol. Gas vol./capacity (L/ Gas vol./energy (L/
@ Ah) Wh)
Average  0.42 7.6 2.4 0.66
Range 0.3 to 6.8 t0 8.3 2.1t02.6 0.58 to 0.71
0.54
8.5
$
8 r R -
i .
3 R o s
75 | e .
»
= 7T y =0.1538x + 7.2672
= *
965 |
&
2 6
c
s
55
+ Vent gas vol. 1 min after peak pressure
5 r Linear (Vent gas vol. 1 min after peak pressure)
45
4 1 1 1 1 1
0 1 2 3 4 5 6

Canister vol. (L)

Fig. 13. Vent gas production tended to increase with canister volume.

trend is consistent with Le Chatelier’s principle regarding the effect of
change in volume. With a pressure decrease due to an increase in vol-
ume, the side of the chemical reaction equilibrium with more moles is
favored.

3.4. NMC pouch cell ARC test

Fig. 14 shows time plots and Table 4 provides summary data for the
100-Ah NMC pouch cell ARC test. The cell thermocouple was inserted
between the pouch foil and enclosure wall after the cell was inserted in
the enclosure. The thermocouple tip was likely in contact with the
pouch-cell foil and the internal wall of this form-fitting enclosure. The
vent-gas thermocouple was placed by the enclosure pressure relief valve
vent (Fig. 2). The enclosure thermocouple was taped to the enclosure
exterior. A video camera was positioned to view the pressure relief valve
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Fig. 14. Time plots for the 100-Ah NMC pouch ARC test.
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Table 4
Summary data for the 100-Ah NMC pouch ARC test.

Pressure relief valve activation (bar) 29.4 (426 psia)

Cell peak temperature (°C) 332
TR onset temperature (°C) 218
Vent gas peak temperature (°C) 302
Enclosure peak temperature (°C) 273

mounted in the enclosure wall. The enclosure seals were checked prior
to the ARC test by pressurizing the enclosure to 11.5 bar using a hand
pump. TR onset began when the cell temperature reached approxi-
mately 218 °C. The cell temperature reached 332 °C during TR and the
enclosure temperature reached 273 °C a few minutes after TR. The cell
and enclosure temperatures tracked closely together prior to TR
(Fig. 14). Heat sinking to the enclosure wall in contact with the pouch
cell and thermocouple likely reduced the cell temperature measurement
during TR. The video showed that smoke was released through the
enclosure pressure relief valve during TR. The pressure reached 29.4-bar
before the pressure was relieved abruptly. Pressure dips occurring
before the abrupt pressure drop indicate gas escaping the enclosure. The
enclosure was pressurized to 2 bars after the test, and significant leaks
were found around the rubber gaskets. The pressure dips and overall
gradual reduction in pressure rise rate prior to TR were evidently due to
gas escaping through the rubber gaskets and pressure relief valve. Even
with these apparent leaks, the test confirmed that the TR pressure of this
cell exceeded the 8.62-barg (125-psig) pressure generation threshold for
conventional MSHA-approved XP enclosures (MSHA, 2005) by a sig-
nificant margin.

4. Discussion

The MH1 cell TR pressures are significantly higher than the LFP cell
TR pressures studied previously (Dubaniewicz et al., 2021), under
comparable confinement conditions. Fig. 15 shows the highest pressure
per cell-canister combination for the MH1 and LFP cells. The 9.62-bar
(absolute) threshold corresponds to the 125-psig specification for con-
ventional MSHA-approved XP enclosures. Using the maximum MH1 cell
TR pressure curve fit equation shown in Fig. 15, approximately 287
times the MH1 cell volume of free space would be needed to meet the
125-psig specification. This compares to approximately 34 times the LFP
cell volume to meet the same threshold (Dubaniewicz et al., 2021).
Where battery enclosure internal volume restrictions may prevent
adequate free space, TR cascade prevention and venting with properly
designed and maintained flame arrestors are potential mitigation

300
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Fig. 15. Comparison of maximum TR pressures of MH1 and LFP cells in rela-
tion to the 9.62 bar threshold for conventional MSHA-approved XP enclosures.
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strategies for excessive overpressures (Dubaniewicz et al., 2021).
Criteria for evaluation and testing of MSHA-approved XP enclosures
may need to consider the cumulative internal pressure resulting from a
simultaneous CHy-air ignition and the pressure for a TR event from a
Li-ion cell.

K values for gas-air deflagrations may tend to increase with vessel
volume (Cashdollar et al., 2000). Fig. 8 shows a different trend for the
MH1 cell TR where Kyy; values increase with decreasing volume. This
volume dependency should be taken into consideration for deflagration
vents designed for battery enclosures, particularly for those that provide
relatively little free space around Li-ion batteries.

The trends for the MH1 cell TR (Figs. 6-7) indicate that smaller free
spaces than studied here may produce significantly larger pressures and
pressure rise rates. Further testing with form-fitting enclosures with
little free space would better characterize maximum potential pressures
and pressure rise rates within cell casings of cells subjected to TR.

Dubaniewicz et al. (2021) reviewed CHy-air and coal dust ignition
temperatures for the explosion hazard in gassy underground mines and
underground coal mines. Referring to Figs. 10-11, after subtracting
temperature rise due to ARC heating, the MH1 cell TR can reach tem-
peratures exceeding the CHg-air autoignition temperature (600 °C
observed) and coal dust layer and coal dust cloud ignition temperatures
by several hundred °C. In contrast, the TR temperatures of LFP cells were
below the autoignition temperature of CHy-air (Dubaniewicz et al.,
2021). TR of an MH1 cell should be considered as a potential ignition
source for CHy-air mixtures, coal dust layers, and coal dust clouds in
gassy underground mines and underground coal mines. Because atmo-
spheric oxygen is not required to sustain TR, TR may continue for an
extended period of time within an XP Li-ion battery enclosure, creating a
potential for excessive enclosure surface temperature. Along with
ambient CHy4, vented Li-ion cell gases mixed with air may form flam-
mable gas-air mixtures, which may be ignited by a sufficiently strong
ignition source such as an electrical fault of a large-format battery. These
secondary explosion or fire hazards are distinct from TR in that they
involve atmospheric oxygen.

Dubaniewicz et al. (2021) reported that a 26650 LFP cell TR pro-
duced about 4.35 L of gas (ambient), corresponding to 1.14 L/Ah or
0.36 L/Wh. The MH1 cells with a similar energy produced significantly
larger amounts of gas (Table 3). The larger gas amounts and higher
temperatures associated with the MH1 cell TR account for the higher
pressures observed in this study.

The MH1 cells were tested at a full state of charge. The severity of the
TR increases with an increasing state of charge (Golubkov et al., 2015).
Liu et al. (2021) found evidence of thermite reactions involving
aluminum cell components under overcharge conditions. Results of this
study should not be considered conservative for cells at an excessive
state of charge due to overcharge.

Differences in cell additives can influence failure response (Baird
et al., 2020). NMC cathode cells with different formulations or additives
may produce different results than reported here.

5. Conclusions

NIOSH PMRD researchers are developing workplace solutions to
reduce explosion risks of Li-ion batteries in mining equipment.

Inverse power relationships were observed with the amount of free
space for NMC cathode model MH1 18650 Li-ion cell thermal runaway
pressures and pressure rise rates. A confined MH1 cell with 92.5 mL of
free space produced 232 bar of pressure, far exceeding minimum pres-
sure containment specifications for conventional MSHA-approved ex-
plosion-proof enclosures. Significantly higher pressures and pressure
rise rates should be expected with lower amounts of free space. A curve
fit to the data indicates that approximately 287 times the MH1 cell
volume of free space would be needed to meet the 8.62-barg (125-psig)
MSHA pressure generation threshold specification. The MH1 cell ther-
mal runaway pressures were significantly higher than those for LFP cells
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with similar energies studied previously, under comparable confinement
conditions.

Deflagration index values for MH1 cell thermal runaway increased
with decreasing canister volume, in contrast to values for gas-air def-
lagrations that may decrease with decreasing volumes. This should be
taken into consideration for deflagration vents designed for Li-ion bat-
tery enclosures, particularly for those that provide relatively little free
space around Li-ion batteries.

The MHI1 cell thermal runaway can reach temperatures exceeding
the CHy-air autoignition temperature (600 °C observed) and coal dust
layer and coal dust cloud ignition temperatures. Thermal runaway of
MH]1 cells should be considered as a potential ignition source for CHy-air
mixtures, coal dust layers, and coal dust clouds in gassy underground
mines and underground coal mines.

The quantity of gas produced by the MH1 cells tended to increase
with canister volume, consistent with Le Chatelier’s principle regarding
the effect of change in volume. The highest gas production was 0.71 L/
Wh for one cell. Gas evolved per cell energy (L/Wh) should be used
rather than per current capacity (L/Ah) when scaling up gas production
from a failing cell to electrical ratings for a large-format battery with
series connected cells.
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