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The lithium-ion battery (LIB) has the advantages of high energy density, low self-discharge rate, long cycle life, fast

charging rate and low maintenance costs. It is one of the most widely used chemical energy storage devices at

present. The safety of LIB is the main factor that restricts its commercial scalable application, specifically in

hazardous environments such as underground coal mines.

lithium-ion battery  thermal runaway  battery safety

1. Research of Large-Scale LIB in Mining Industry

Table 1 lists the recent progress for large-scale LIB applications in mining industry.

Table 1. Recent progress of large-scale LIB applications in mining industry .

Thomas H. dubaniewicz et al.  studied 18,650 and 26,650 cylindrical LIBs, analyzed the morphology and

composition of battery anode, cathode and separator with a scanning electron microscope and then sealed LFP

units in different free spaces in the ARC device for steady-state heating until battery thermal runaway occurred.

Because the safety performance of the LFP battery is better than 18,650 battery and 26,650 batteries, the

[1][2][3][4][5][6][7][8]

Time Research
Group Contribution

1986 Kuchta, J.M. Observed the lowest spontaneous combustion temperature of CH

2005 MSHA The ignition temperature of coal dust cloud is 440 °C to 640 °C

2017 MPSACC
Studied LIB safety performance requirements, chassis design, body structure,

automatic protection and monitoring system, etc.

2018 MPSACC Conducted short circuit and overcharge experiments on 60 Ah LFP battery

2020 CCTEG
Analysis on explosion—proof techniques and standards for lithium—ion battery power

supply used in underground coal mine

2020 NIOSH
Measured TR pressures of LFP cells as a function of free space within sealed

enclosures and observed an inverse power relationship.

2021 Binbin Mao
Conducted 300 Ah large-scale LFP batteries under external heating. TR can be

divided to 4 stages.

2022 CCTEG
Conducted nail penetration test for 202 Ah large-scale battery under encapsulation

protection.
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relationship between the free space and maximum pressure during LFP thermal runaway is studied and fitted by

measuring the maximum pressure that the LFP battery can reach. It takes about 34 times the volume of free space

of the LFP unit to meet the thresholds of 18,650 and 26,650.

Binbin Mao et al.  conducted a series of thermal runaway tests on a 300 Ah large-scale LFP battery under

external heating. The experimental rig of LIB combustion tests is shown in Figure 1. Figure 1a presents a

combustion chamber (1.8 m × 1.8 m × 2 m) as well as some monitoring apparatuses. Figure 1b shows the gas

analysis and exhaust system. After externally heating the battery to thermal runaway, the safety valve opens, and

an aggressive cylindrical flame is observed. Four stages were divided during battery external heating processes: (i)

Constant heating until the safety valve deformed and swelled; (ii) the safety valve cracked and heat is released; (iii)

combustion and aggressive thermal runaway; (iv) abatement and extinguishment. However, the flaming

combustion accelerates the occurrence of TR but has little influence on the peak surface temperature.

Figure 1. Active safety protection technology of LIB: (a) Thermal runaway experimental test setup for large-scale

LFP battery; (b) stage division of thermal runaway process .

Kuchta  indicated the lowest spontaneous combustion temperature of CH  is 600 °C in their experiment, and the

ignition temperature of methane in air is 1040 °C. Even if the external heating LFP battery is under thermal

runaway, the maximum temperature reached by the battery is 450 °C, which cannot reach the temperature of

CH  detonation. The ignition temperature of coal dust measured by Kuchta ranges from 160 °C to 220 °C. During

coal mining or processing, coal dust accumulates into the explosion-proof shell of the battery. MSHA  requires

that the outer surface temperature of the explosion-proof shell shall not exceed 150 °C. The ignition temperature of

the coal dust cloud is 440 °C to 640 °C. If the temperature of gas released by LFP is higher than 440 °C, it is

possible to detonate external CH , resulting in an explosion.

Lei Wo et al.  conducted short-circuit and overcharge experiments on a 60 Ah LFP battery and studied the

influence of the LFP battery after thermal runaway on a CH  explosion. The experimental results show that under

the condition of an external short circuit, the appearance of the battery is intact, there is no combustion, explosion,

leakage and pressure relief and the battery voltage is reduced to 0 V. The battery was seriously damaged after

overcharge, and the battery underwent a combustion explosion and pressure relief, but it did not cause a
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secondary CH  explosion; however, the internal pressure of the explosion-proof shell reached 4 MPa, exceeding its

design pressure. It is verified that the LFP battery will not cause a secondary explosion even under the condition of

a high concentration of CH  after thermal runaway; however, the release of gas could potentially lead to excessive

pressure in the explosion-proof shell and further cause catastrophic events. Hence, it is necessary to design a

pressure relief technique for the battery enclosure.

Yong Zhang  interpreted the LIB vehicle in terms of vehicle operating conditions, LIB safety performance

requirements, chassis design, body structure, automatic protection, monitoring system, etc. In terms of battery

safety performance, all on-board electrical appliances are required to meet the requirements of the GB 3836

explosive environment  series standards: (i) The temperature of the battery surface shall not exceed 150 °C; (ii)

the capacity of the LFP battery for mining shall not exceed 100 Ah; (iii) the connection mode of the single battery

shall adopt a low-resistance design to avoid heat accumulation; (iv) the LIB shall be placed separately in an

explosion-proof chamber with a pressure of 1.5 MPa, and a pressure relief valve shall be installed; (v) the

protection grade of the LIB shell shall not be lower than IP55; (vi) when the LIB is fully charged, the braking

regenerative energy shall be completely consumed and absorbed by the special device without overcharging the

battery pack .

The authors presented a thorough analysis and experimental results on the effect of encapsulation on the lithium

cell that undergoes nail penetration thermal runaway. Regarding the nail penetrating the cell, the rising temperature

and voltage profile of the cell’s thermal runaway behavior are shown in Figure 2 . Each battery was installed with

3 sensors, located in the cell’s left wide face, safety valve, and negative terminal respectively, total 30 sensors.

Sensor 31, 32 and 33, as shown in Figure 2c, were installed in the upper space enclosure to measure the ambient

environment above the encapsulated cells. Note that the instantaneous drop of the cell’s voltage at the onset of

thermal runaway shows that the cell short-circuited internally through the nail penetration. Temperature sensors

T25, T26 and T27 are recorded for the triggered battery. In Figure 2b, the voltage dropped to 0 within 3 min. The

temperature of the safety valve (T26) increased faster than T25 and T27 due to the reaction gasses and electrolyte

breaking through the safety valve. The highest temperature of the cell’s wide surface (T25) occurred after 5 min of

the triggering, and reaches up to around 490 K. The heat released from the thermal runaway battery dissipated

quickly through the heat conduction of the encapsulation and blocked transmission by resin separator. The

investigations illustrated that the encapsulated cells have exceptional advantages in providing the required

protection to a large number of series-connected battery cells, particularly for a high-capacity cell.
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Figure 2. Large-scale LIB pack thermal runaway experiment: (a) Model of encapsulated cell pack in enclosure; (b)

experimental measurement of temperature, voltage vs. time; (c) front view of battery pack sensor installation

position; (d) top view of battery pack sensor installation position.

The LFP battery has a large thermal stability range and is safer than other types of LIBs in faulty conditions such

as short circuits and fire . However, the thermal runaway heat generation of the LFP battery will also cause a

sharp increase in temperature and may be accompanied by the release of high-temperature gas. The explosion-

proof design must be adopted, and the internal pressure of the explosion-proof container must meet the static

pressure of 1 MPa. There are three explosion-proof protection technologies for LIB vehicles: Explosion-proof

(Ex’d’), intrinsically safe (‘ia’/’ib’) and encapsulation (Ex ‘ma’/’mb’). At the same time, the increased safety type (Ex

‘e’) or the combination of several protection technologies may also be considered to achieve the required

protection level. Table 2 shows the relationship between the protection type and equipment protection level (EPL).

Table 2. Relationship between protection type and equipment protection level.

[6]

EPL Protection Type Sign Group Standards

‘Ma’ Intrinsically safe ‘ia’ I GB 3836.4 & IEC 60079.11
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2. Application of Large-Scale LIB in Mining Industry

The South African mining health and safety bureau defines engineering mobile machinery for mining operations as

“any self-propelled machine used for mining, transportation or related operations underground or on the mine

surface, including any mobile device that is driven by wheels, slides, rails, machinery or installed on the machine”.

With the progress of battery technology, the trend of replacing diesel-driven trackless vehicles with EVs is

becoming more and more prominent. Although EVs are more expensive than gasoline or diesel vehicles and

require fixed charging equipment, the working efficiency of the motor is much higher than that of the traditional

internal combustion engine, and the braking energy can be recovered. When EVs are implemented in mining

projects, their operating costs are much lower than diesel vehicles. Figure 3 compares the operating costs of

diesel vehicles and EVs in detail .

Figure 3. Cost comparison between diesel vehicle and EV.

In 2019, the carbon emissions of commercial vehicles in Australia accounted for 38% of the total emissions.

Commercial vehicles mainly include light commercial trucks, light and medium trucks, waste-disposal vehicles,

mining and multipurpose vehicles and customized and special vehicles. Furthermore, 84% of freight vehicles in

EPL Protection Type Sign Group Standards

Encapsulation ‘ma’ I GB 3836.9 & IEC 60079.18

Special ‘s’ I GB 3836.24 & IEC 60079.33

2 independent EPL Mb  I GB 3836.23 & IEC 60079.14

‘Mb’

Intrinsically safe ‘ib’ I GB 3836.4 & IEC 60079.11

Explosion-proof ‘d’ I GB 3836.2 & IEC 60079.1

Increased safe ‘e’ I GB 3836.3 & IEC 60079.7

Positive-pressure ‘p’,‘px’ I GB 3836.5 & IEC 60079.2

Encapsulation ‘m’,‘mb’ I GB 3836.9 & IEC 60079.18

Sand filling ‘q’ I GB 3836.7 & IEC 60079.5

Special ‘s’ I GB 3836.24 & IEC 60079.33
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Australia are light commercial vehicles. The transformation of light and medium fuel vehicles can significantly

reduce carbon emissions.

Australia’s mining industry is also prone to using EVs. Replacing heavy mining vehicles and light multipurpose

vehicles with EVs brings great benefits to workers and operators in open-pit mines and underground mines. As with

all electric vehicles, electric mining vehicles provide quiet and stable driving, can output higher torque and generate

less heat. They have irreplaceable advantages under the mining conditions of sharp turns and limited space

operation. They are not affected by ventilation and have no quantity restrictions on underground operation. In

addition, electric vehicles can carry out regenerative braking in complex terrain, greatly reducing energy waste .

European Sustainable Intelligent Mining Systems for the global mining industry proposes the creation of a digital

mine in a three-year plan . With a total investment of nearly US $20 million, the project aims to establish a

connected, efficient, safe and attractive workplace, which has been successfully demonstrated in Germany,

Poland, Sweden and Finland. The project includes the use of an LIB drilling rig and an auxiliary transportation

system to improve the underground air pollution caused by diesel engines, as shown in Figure 4.

[13]
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Figure 4. European sustainable intelligent mining system.

The global mining guidelines Association (GMG) and the mining Innovation Council of Canada issued proposed

methods for EVs in underground mining environments in 2018 . The guide focuses on seven parts, explaining

the basic knowledge and application of EVs, mine design, EV design, energy storage system, charging system,

[14]
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operation precautions and performance standards, which provided application guidelines for global mining

companies and equipment manufacturers.

The rechargeable LIB in the energy storage system is at the core of the operation of electric vehicles. The battery

capacity and energy density determine the operation range of a single charge of EVs. Energy-storage materials

with small volume, light weight, high efficiency, low price and high energy density promote the development of the

battery industry. These excellent characteristics are more critical in mining, because mining vehicles have a larger

volume and weight and higher energy consumption. However, with the increase in the energy density of a single

battery, the safety of the battery decreases. GMG proposed three main approaches to battery safety: First, limit the

number of active materials to achieve a balance between energy density and safety. Second, add safety

mechanisms inside the battery, such as CID, a safety valve, etc. Third, add an electronic guaranteed circuit to the

battery pack. The test standards of the energy-storage system have multiple criteria. Table 3 summarizes

international standards related to the energy-storage system .

Table 3. Test standards for energy-storage systems.

[14]

Recommended Industry
Standard Topic Citation

E/ECE/324/Rev.2/Add.99/Rev.2 Safety requirements of vehicle electric power train
United Nations,

2013

ST/SG/AC.10/11/Rev.5
Criteria, test methods and procedures for

classifying dangerous goods
United Nations,

2019

J2288_200806
Standardized test method to determine the
expected life cycles of BEV battery modules

SAE International,
2008

UL 1642
Requirements to reduce the risk of and injury from
fire or explosion when lithium batteries are used or

removed from a product and discarded
UL, 2012b

UL 2580

Evaluates the ability of the electrical energy storage
assembly to safely withstand simulated abuse

conditions and prevents exposure of persons to
hazards as a result of the abuse

UL, 2013

CAN/CSA-E62660-1:15
Performance and life testing of rechargeable

lithium-ion cells for propulsion of BEVs and hybrid
electric vehicles

CSA Group, 2015a

CAN/CSA-E62660-2:15
Test procedures to observe the reliability and abuse

behavior of rechargeable lithium-ion cells for
propulsion of BEVs and hybrid electric vehicles

CSA Group, 2105b

IEC 62133–2:2017
Requirements and tests for safe operation of

portable sealed rechargeable lithium cells and LIBs
containing non-acid electrolyte

International
Electrotechnical

Commission, 2017
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China’s EV industry has developed rapidly in recent years, with nearly 6 million in use, accounting for more than

50% of the world. The intelligent electrification of vehicles has penetrated the whole auto industry, and the

development of EVs can be divided into three stages: (i) From 1995–2000, EVs were mainly used for passenger

cars; (ii) from 2001–2020, the number of EV passenger cars, buses and logistics vehicles increased sharply; (iii)

after 2020, special EVs will become a new growth engine of the market. Through structural innovation, BYD, an EV

company, invented blade batteries, which are designed by skipping the module when they are grouped. Compared

with the modular battery pack design, the weight-specific energy density of blade batteries can reach up to 180

Wh/kg. Depending on the particularity of the shape of the blade battery and the stability of the material, the densely

arranged blade battery can act as a simple structural part, and the space utilization rate is increased from 40% to

60%. Moreover, the blade battery also improves the disadvantage of the low-temperature resistance of lithium iron

phosphate. Even in a severe cold environment of minus 20 degrees, the discharge capacity of the blade battery is

at least 90% of that at room temperature. It can still maintain the stability of the battery performance in the low-

temperature environment, thus better improving the problem of low-temperature endurance attenuation of the

lithium iron phosphate battery . The new battery technology accelerates the development of the EV industry.

In the coming period of time, auxiliary transport vehicles for coal mines will change from diesel engines to electric

engines to a large extent. There are 2403 auxiliary transportation vehicles in use in the Shendong Coal Group,

including 456 LIB vehicles. Zhongtian Hechuang Energy Co., Ltd. has 218 explosion-proof auxiliary transportation

Recommended Industry
Standard Topic Citation

IEC 61508:2010
Aspects to be considered when

electrical/electronic/programmable electronic
systems are used to carry out safety functions

International
Electrotechnical

Commission, 2010

IEC 62061:2005 (plus
amendments)

Requirements and recommendations for the
design, integration, and validation of safety-related

electronical, electronic and programmable
electronic control systems for machines

International
Electrotechnical

Commission, 2015

US CFR Parts 100–177
United States Code of Federal Regulations on

Transportation

United States Office
of the Federal
Register, 2012

Canada TDG Transportation of dangerous goods regulations
Transport Canada,

2016

IMDG 2014,2016
International Maritime Dangerous Goods Code.
IMDG 2014 in force as of January 2016; IMDG

2016 in force as of January 2018

International
Maritime

Organization, 2017

IATA Dangerous Goods
Regulations

International Air Transport Association Dangerous
Goods Regulations

International Air
Transport

Association, 2018

ISO 14990–1:2016

General safety requirements for electrical
equipment and components incorporated into

earth-moving machines as defined in
1506165:2012

International
Organization for
Standardization,

2016a

ISO 6165:2012
Terms and definitions and an identification structure

for classifying earth-moving machinery

International
Organization for
Standardization,

2012a
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vehicles, including 36 LIB vehicles. It can be seen that LIB vehicles have been preliminarily applied in some

companies, and there is a great space for their development in the future.
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