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ABSTRACT

Gassy underground mines commonly use explosion-proof
(XP) enclosures to enclose electrical ignition sources to
prevent propagation of an internal methane-air explosion
to a surrounding explosive atmosphere. Researchers at the
National Institute for Occupational Safety and Health
(NIOSH) conducted a lithium-ion battery thermal run-
away test within a modified MSHA-approved XP enclosure
to assess thermal runaway containment. Thermal runaway
produced jet flames emanating from the cover joint at sev-
eral locations and distorted the cover joint and bottom
plate of the enclosure beyond allowable limits. The test
demonstrates that XP enclosures may not provide adequate
explosion protection against lithium-ion battery thermal
runaway. This paper suggests some approaches to mitigate

the hazard.

INTRODUCTION

Lithium-ion (Li-ion) battery fires are becoming more com-
monplace in the United States. Fire departments across the
country held a week-long safety stand-down during June
2023 themed “Lithium-Ion Batteries: Are You Ready?”
[1]. Large-format Li-ion powered battery electric vehicles
(BEVs) are in the early stages of deployment in underground
mines in the United States. GlobalData [2] reported a total
of 10 active electric Load Haul Dump (LHD) vehicles and

trucks in U.S. underground mines as of March 2022. A
Li-ion BEV fire at an underground operation in Nevada
prompted a U.S. Mine Safety and Health Administration
(MSHA) order to suspend operations to protect the mine
workers at the operation [3]. The Nevada incident repre-
sents a failure rate of well into the percent range for fires
per deployed Li-ion battery LHDs and trucks in U.S.
underground mines. Several Li-ion battery truck fires have
occurred in Canadian underground mines as well [4, 5],
representing a failure rate in the percent range for a larger
sample size of 76 electric LHDs and trucks [2]. All of these
incidents involved heating from short circuits external to
the battery or external to multiple cells within a large bat-
tery rather than a single-cell internal short circuit.

Li-ion BEVs in gassy underground mines pose unique
explosion hazards. Dubaniewicz et al. [6, 7] reviewed the
gassy mine explosion hazard and the use of explosion-proof
(XP) or flame-proof enclosures for explosion protection of
electrical equipment. Mines commonly use XP or flame-
proof enclosures in potentially explosive atmospheres to
enclose electrical ignition sources to prevent propagation of
an internal methane-air explosion to a surrounding meth-
ane and coal-dust-contaminated atmosphere. Emergencies
involving ventilation disruption may produce explosive
atmospheres. Stranded battery energy is one potential
ignition hazard after mine power is shut off during such
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emergencies [8]. Mine rescue robots and drones offer the
potential to provide supply, surveillance, and sensing capa-
bilities that are critical for search and rescue operations.
Ali [9] identified several attempts to develop mine rescue
robots. Ali indicated that several rescue robots are currently
being developed, and a few have been tested in real-world
circumstances, albeit with unsatisfactory outcomes. Ali
asserted that the challenge for the industry is to make more
advanced, smarter rescue robots with strong and reliable
hardware to work in dangerous zones.

Dubaniewicz et al. [10] reported that Li-ion battery
thermal runaway may produce excessive pressures within
sealed enclosures that provide relatively little free space
around the battery. Results of that work support consid-
eration for revision of safety standards, such as the IEC
60079-1 edition 8 Equipment protection by flameproof
enclosures “d”, because the standard does not provide assess-
ment criteria for Li-ion battery thermal runaway failure
modes. The work also suggests that, where battery enclo-
sure internal volume restrictions may prevent adequate free
space, thermal runaway cascade prevention and venting
with properly designed and maintained flame arrestors are
potential mitigation strategies for excessive overpressures.

XP enclosures typically include a cover with a flame
quenching joint, cable entrance, and may include an auxil-
fary pressure-relief device. The maximum internal pressure
during the ignition of an explosive air mixture in an enclo-
sure is directly related to the amount of venting through
flame quenching gaps and auxiliary pressure-relief devices
[11]. This raises the question as to whether the flame
quenching gaps of conventional XP enclosures provide suf-
ficient pressure relief and quench a Li-ion battery thermal
runaway, without the need for an auxiliary pressure-relief
device. In this work, researchers at the National Institute
for Occupational Safety and Health (NIOSH), Pittsburgh
Mining Research Division (PMRD), initiated a Li-ion bat-
tery thermal runaway within a modified commercial XP
enclosure to see if venting through the cover joint and leak-
age through the cable entrance provided sufficient pressure
relief while preventing excessively hot gasses from escaping.

MATERIALS AND METHODS

Figures 1, 2, and 3 show the battery pack and XP enclo-
sure. The battery pack consisted of thirty-nine model MH1
Nickel Manganese Cobalt (NMC) 811 18650 cells arranged
in a 13 series by 3 parallel configuration. The MH1 cell
ratings were 3.2 Ah, 3.67 V, and 11.7 Wh. A multichan-
nel potentiostat/galvanostat (MSTAT, Arbin Instruments,
College Station, Texas) cycled the cells using cell-manufac-
turer-specified parameters. The cells were conditioned with

| @ Thermocouple locations [

@ Atmosphere

Figure 1. Battery pack with disk heater on top. Arrows point
towards thermocouple locations out of view

Figure 2. Battery pack placed within XP enclosure

three charge-discharge cycles followed by a charge to 100%
state of charge. The battery voltage at the start of the test
was 53.7 V. Table 1 lists the battery electrical parameters.
A 240 W disk heater was placed on top of the battery pack
to initiate thermal runaway. The disk heater contacted mul-
tiple cells to simulate heating such as from external short
circuits. Disk heater activation marked the start of the test.

The XP enclosure’s specified dimensions were approxi-
mately 10.375 inches (16.4 cm) in length by 7.375 inches
(18.7 cm) in width by 6.156 inches (15.6 cm) in depth
(less cover). The enclosure was made from welded steel with
a 0.507-inch (1.29-cm) thick flat aluminum cover bolted
to the enclosure. The enclosure walls were approximately
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Figure 3. XP enclosure with bolted cover. Locations of the
largest flame-arresting gaps and placement of thermocouples

and fittings shown. Arrows point towards thermocouple
locations out of view

Table 1. Battery electrical parameters

Voltage  Capacity (Ah) Energy (Wh)
Rated 47.7 9.6 458
Measured 53.7 9 429

0.25 inches ( 0.635 cm) thick. The cover flange flame path
was approximately 1.125 inches (2.86 cm) in length. A
5,550-ml (339 cubic inches) internal volume was measured
by filling it with water. With the battery and disk heater
placed inside, the free space within the enclosure was esti-
mated to be 4,870 ml. The free space-to-battery volume
ratio was estimated to be 7.54. Researchers bolted the cover
in place per manufacturer’s instructions and probed the
cover joint flame gaps with feeler gauges. A 0.0015-inch
(0.038-mm) feeler gauge penetrated the cover joint at two
locations shown in Figure 3. A 0.002-inch (0.051-mm)
feeler gauge was unable to penetrate the cover joint any-
where, indicating that the plane joint clearances were within
allowable limits (<0.004 inch (0.1 mm)) per U.S. Code of
Federal Regulations [12]. Researchers fed a 4-conductor
type P cable through a stuffing box cable entrance and used
it to monitor battery voltage and to power the disk heater.
The cable was secured in the cable entrance per manufac-
turer’s instructions. Researchers modified the enclosure by
drilling and tapping three 7/16-inch holes for national pipe
taper (NPT) fittings to route thermocouples into the enclo-
sure and to connect a 3,000-psi (207-bar) pressure sensor
to the enclosure’s side wall. These modifications invalidate

the MSHA approval. Researchers selected the pressure sen-
sor range based on pressures measured for a comparable free
space-to-battery volume ratio [10]. Pressures were sampled
at 100 samples per second.

Thermocouples (TCs) were placed at various locations
on the battery and external enclosure surfaces and joints
(Figures 1 and 3). The TCs placed within the enclosure
were sheathed type N (0.81-mm diameter). These sheathed
TCs were epoxied within a steel tube fitting through the
enclosure wall to maintain an air-tight seal. Unsheathed
type K TCs were used on external surfaces and joints.
Temperatures were sampled at 10 samples per second.

The thermal runaway test was conducted in a container
with dimensions of 12-m long, 2.4-m wide, and 2.85-m
high (40 ft x 8 ft x 9.5 ft) (Figure 4) [13]. A fan installed at
one end of the container provided 0.2 m/s of ventilation
velocity. Gas samples were drawn by sampling tubes to an
infrared gas analyzer to measure carbon monoxide and car-
bon dioxide concentrations. The sampling tubes were
located a few meters downwind from the XP enclosure. Gas
measurements were sampled at 10 samples per second.
Video and thermal imaging cameras recorded the thermal
runaway test.

Video camera Q‘

Gas sampling tube

533 Video camera
&% IR camera

XP battery enclosure
Fan

! i

Power cable TC and pressure sensor DAQ

Figure 4. Drawing of battery thermal runaway test setup
with fan, cameras, and instrumentation connections

RESULTS AND DISCUSSION

The disk heater initiated a cascading battery thermal run-
away approximately 49.5 minutes into the test. Jet flames
emanating from the cover joint at several locations could be
discerned through thick smoke (Figure 5). The jet flames
appeared to be blue near the joint. Discharge of flame is a
failure criterion per U.S. Code of Federal Regulations [12].
The thermal imaging camera revealed hot gasses extending
well beyond the cover joint through the smoke. Joint and
cable entrance peak temperatures were 1,097 and 138 °C,
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Figure 5. Video and infrared camera images of jet flames
emanating from cover joint
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Figure 7. Time traces of battery pack and atmospheric
temperatures inside of the XP enclosure

Table 2. Temperatures measured inside of the XP enclosure.

Peak
W)
1054
1009
901
1018
974
849

At Thermal Runaway
Onset (°C)
130
61
79
111
39
39
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Figure 6. Time traces of cover joint and cable entrance
temperatures external to the XP enclosure

respectively, and both were 25 °C at the thermal runaway
onset (Figure 6). No flame was observed from the cable
entrance.

The thermal runaway cascade proceeded rapidly
throughout the battery as indicated by temperature mea-
surements at several battery locations (Figure 7). A post-test

inspection confirmed that thermal runaway occurred in
all of the cells. Table 2 lists battery and enclosure inter-
nal atmosphere temperatures just before and at the peak
of thermal runaway. A higher temperature of 1097 °C was
measured outside of the enclosure (Figure 6). The 1097 °C
measurement is also higher than MHI1 cell thermal run-
away temperatures measured within sealed enclosures [10].
Yuan et al. [14] found that the MH1 cell (identified as
NMC 2) thermal runaway produced significant amounts
of inert carbon dioxide gas and flammable gasses including
hydrogen, carbon monoxide, methane, and lesser amounts
of a few heavier hydrocarbons. MH1 cell thermal runaway
produces about 0.66 liters of gas per watt hour of battery
energy [10], corresponding to 283 liters of gas generated by
the 429 Wh battery pack. Gas generation from the battery
should displace atmospheric oxygen from the XP enclo-
sure to an extent. Even with the generation of inert carbon
dioxide and apparent displacement of atmospheric oxygen
internally, the flammable gasses evidently mixed with suffi-
cient amounts of atmospheric oxygen outside of the enclo-
sure and were ignited by the hot gasses escaping the joint to
produce a higher temperature externally.
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Figure 8. Battery voltage dropped several minutes before
thermal runaway pressure spiked
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Figure 9. Time traces of pressure and time rate of pressure
during thermal runaway

An abrupt pressure rise occurred at thermal runaway
preceded by a drop in battery voltage (Figure 8). The volt-
age drop prior to thermal runaway indicates battery short-
ing. Figure 9 shows an expanded view of the pressure and
pressure time rate (dP/dt) during thermal runaway. An
apparent 60 Hz interfering signal (40 Hz perceived fre-
quency at 100 samples per second) became more promi-
nent as thermal runaway progressed. The interfering signal
is most prominent in the dP/dt time trace. It is thought that
the interfering signal originated at the disk heater power
leads and was conducted to the metallic enclosure wall in
electrical contact with the pressure sensor body. Taking the
interfering signal into consideration, the peak pressure and
pressure rising rate are estimated to be in excess of 700 psig
(48.3 barg) and 800 psi/s (55.2 bar/s), respectively.

Figure 10. A 0.004-inch feeler gauge penetrated the cover
joint in several places after the thermal runaway test

The thermal runaway pressure distorted the enclosure
beyond allowable limits. Researchers checked joint clear-
ances with a feeler gauge after the test, and several gaps were
found in excess of 0.004 inch (0.1 mm) (Figure 10), which
does not conform with U.S. Code of Federal Regulations
[12]. Escaping gasses etched a path through soot that accu-
mulated in the cover joint as shown in Figure 11. Thermal
runaway deformed the XP enclosure bottom plate about
4 mm (0.16 inch) over the 18.7-cm (7.36-inch) dimen-
sion (Figure 12), exceeding the 0.040 inch per lineal foot
of permanent distortion permitted by U.S. Code of Federal
Regulations [12].

Figure 13 shows the effect of MH1 battery gas leakage
from the XP enclosure by comparison to sealed enclosures
in terms of thermal runaway pressures and dP/dt. The MH1
cell data for the sealed enclosures is from Dubaniewicz et
al. [10]. The sealed enclosure data was obtained under
near-adiabatic conditions that impeded heat loss through
the enclosure walls. The gas leakage from the XP enclosure
and heat sinking to the enclosure walls reduced the pres-
sure and pressure rise rate to a great extent, but not nearly
enough to prevent excessive distortions to the cover joint
and bottom wall.

The battery thermal runaway generated high levels of
carbon monoxide (1,440 ppm) and carbon dioxide (989
ppm) as sampled several meters downwind from the bat-
tery (Figure 14). Besides being toxic, carbon monoxide-air
mixtures are flammable between 12% and 75% by volume
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Figure 13. XP enclosure pressure and pressure rise rate
compared to sealed enclosure pressures and pressure rise
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Figure 14. Time traces of carbon monoxide and carbon
dioxide sampled several meters downwind from the battery
thermal runaway

with air. Carbon dioxide is inert and displaces other gasses
to impede combustion.

Where battery enclosure internal volume restrictions
may prevent adequate free space, thermal runaway cascade
prevention and venting with properly designed and main-
tained flame arrestors are potential mitigation strategies for
excessive overpressures [10]. Limiting thermal runaway to
a small portion of a battery can reduce the amount of gas-
generated pressure. Properly designed and maintained flame
Figure 12. Thermal runaway pressure deformed the XP arrestors may provide pressure relief of ignitions within
enclosure bottom plate beyond allowable limits sealed enclosures while preventing ignition of a surrounding
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explosive atmosphere. For example, NIOSH has contracted
with various organizations to evaluate thermal runaway,
ascertain methods for preventing and controlling thermal
runaway, and develop specific controls such as flame arres-
tors and debris containment systems for thermal runaway
containment [15, 16, 17]. These contracts were developed
to complement the current research NIOSH conducts
internally on Li-Ion battery safety. In particular, NIOSH
contracted with ADA Technologies, Inc. to develop a flame
arrestor and debris containment system for quenching
Li-ion battery thermal runaway [15]. A small-scale proto-
type system was built and tested successfully. This system is
currently going through their commercialization process to
be available to the mining industry. However, the evalua-
tion of this or other flame arrestor and debris containment
systems is outside the scope of this experiment and follow-
on research on the efficacy of auxiliary flame arrestors for
Li-ion battery enclosures is warranted.

LIMITATIONS

The findings and conclusions from this study are based on
a limited sample set investigated under specific conditions.
Specifically, a commercially available XP enclosure was
selected based on the battery pack dimensions, free space
considerations, and facility capabilities for full scale test-
ing to enable the monitoring and evaluation of the thermal
runaway event. The enclosure was also modified to install
temperature and pressure sensors which may have impacted
the design specifications as deployed in underground min-
ing environments. Other XP enclosures may have differ-
ent constructions and may produce different results than
reported here. Other Li-ion battery chemistries, cell con-
figurations, and capacities may have different thermal run-
away characteristics and may produce different results than
reported here. Other thermal runaway initiation methods
may produce different results than reported here.

CONCLUSION

The potential for excessive pressures, temperatures, and
flammable gasses generated by Li-ion battery thermal run-
away should be taken into consideration if planning to use
conventional XP enclosures as battery enclosures in gassy
underground 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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