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Abstract: Lithium-ion batteries (LIBs) are widely used in electrochemical energy storage and in
other fields. However, LIBs are prone to thermal runaway (TR) under abusive conditions, which
may lead to fires and even explosion accidents. Given the severity of TR hazards for LIBs, early
warning and fire extinguishing technologies for battery TR are comprehensively reviewed in this
paper. First, the TR reaction mechanism and hazards of LIBs are discussed. Second, the TR early
warning and monitoring methods of LIBs are summarized in five aspects consisting of acoustic, heat,
force, electricity, and gas. In addition, to reduce the fire and explosion hazards caused by the TR of
LIBs, the highly efficient extinguishing agents for LIBs are summarized. Finally, the early warning
technology and fire extinguishing agent are proposed, which provides a reference for the hazard
prevention and control of energy storage systems.
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1. Introduction

In order to solve the problem of the traditional energy shortage and environmental
pollution, the goal of carbon neutralization and carbon peak was put forward, namely
“dual carbon target”. Electrochemical energy storage is an important part of achieving the
“dual carbon target”, and lithium-ion batteries (LIBs) account for more than 93% of the
electrochemical energy storage [1], which is growing with each passing year. However,
with the continuous improvement in the energy density of LIBs, they face great challenges,
as they are prone to fire and explosion under abusive conditions. The frequent occurrence
of accidents has made the industry lose confidence and hindered the further development
of LIBs.

In recent years, accidents caused by batteries have become increasingly apparent.
According to incomplete statistics, there have been more than 60 fire accidents in battery
power storage stations around the world in the past decade [2], and the accompanying
safety risks and impacts are far more serious than those of new energy electric vehicles.
From August 2017 to May 2019, more than 20 fire accidents occurred in South Korea [3],
and all energy storage projects were suspended. On 19 April 2019, an explosion accident
occurred in the battery storage facility of Arizona Public Service Company (APS), located
in the McMicken substation (the United States), causing multiple firefighters to be injured,
two of whom were seriously injured. The accident investigation found that white dendrites
were growing on the surface of the carbon anode. These dendrites pierced the separator,
thus causing battery thermal runaway (TR). The gas caused by the TR gathered in the
energy storage facility, which was disturbed when the firefighter opened the door and the
battery exploded. In this accident, although the fire extinguishing system (Novec 1230) was
triggered, heat spread was not prevented. On 16 April 2021, a fire broke out in the south
building of the Dahongmen Energy Storage Power Station in Fengtai District, Beijing. Dry
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powder extinguishers were used to put out the fire, but the extinguished battery modules
quickly reignited. In addition, two firefighters were killed, and one was seriously injured
when the North Building exploded without warning. The endless safety accidents of LIBs
also indicate a serious lack of early warning and efficient fire extinguishing technologies

for LIBs. Table 1 lists several typical LIB safety accidents around the world in recent years.

Table 1. Several typical LIB safety accidents [4].

Date

Accident Reply

Battery Type and Energy
Storage Capacity

Cause of Accident

Whether Early Warning
and Fire Fighting
Measures Are Taken

19 April 2019

An explosion occurred at the
Arizona Public Service (APS)
battery storage facility at the
McMicken transformer
Station, USA

Lithium nickel manganese
cobalt (NCM), 2MWh

Internal defects of the battery,
abnormal deposition and
growth of lithium dendrite,
and uncontrolled thermal
combustible gas reaching the
explosive limit

Novec 1230 a fully
submerged extinguishing
agent was used, which did

not inhibit the
TR transmission

6 April 2021

Fire and explosion of
Hongcheng PV + energy
storage system in South

Chungching, South Korea

NCM, 10MWh

Insufficient battery
over-current and over-voltage
protection, poor operating
environment (humidity and
dust) and installation process

16 April 2021

An explosion has occurred at
the Dahongmen DC optical
Storage and Charging
integrated power station
project in Fengtai District,
Beijing, China

lithium iron phosphate
(LEP), 25MWh

Inflammable and explosive
gas accumulation reaches the
explosion limit

During installation and
commissioning, the dry
powder was used to
extinguish the fire, but
reignition occurred

30 July 2021

Fire in Megapack energy
storage system in Tesla,
Victoria, Australia

LFP, 450 MWh

The leakage of the cooling
system leads to the short
circuit of the battery, which
leads to the occurrence and
propagation of TR

During installation and
commissioning, the
monitoring system did not
operate for 24 h, and the
fault was not detected in
time. Firefighting water
was used to extinguish
the fire

4 September 2021

Fire of Moss landing energy
storage battery in
California, USA

Unknown, 1200 MWh

Battery module overheating

During operation, a
targeted sprinkler system
was triggered to spray
water on the affected
modules, causing damage
to 7% of the battery
modules

18 April 2022

A fire broke out at an energy
storage facility at a Salt River
substation in Arizona, USA

Unknown, 40 MWh

The battery has internal
defects

The internal sprinkler
system has been running
for four days, but it has
not been completely
extinguished, and the
battery is still smoldering
and smoking

Certain progress has been made in terms of the intrinsic safety and prevention and
control technology of battery TR, for example, reducing battery heat generation (use safe
electrolytes [5-8], high temperature resistant flame retardant separator [9,10], anode with-
out lithium dendrites [11], thermally stable cathode [12], etc.) and controlling temperature
rise (use phase change materials [13,14], optimize battery structure [15], adopt air cooling
and liquid cooling technology [16,17], etc.). However, battery TR still often occurs due
to improper use and abuse and even leads to fire and explosion, causing casualties and
property losses [18-21]. Therefore, early warning of the occurrence of TR and preventing
serious harm have become the key issues that need to be solved urgently, which means that
early warning and efficient firefighting prevention measures must be implemented for TR.

TR of LIBs is usually caused by three abuse modes (mechanical abuse, electrical
abuse, and thermal abuse) [22]. Due to abuse, a short circuit occurs inside the battery,
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and the voltage and impedance change significantly; the internal materials of the battery
react exothermically, generating a lot of heat, and the battery temperature rises rapidly.
Representative gases (such as CO,, Hy, CO, CHy) are released and the battery expands.
When the internal pressure exceeds the pressure that the safety valve can withstand, the
safety valve cracks, and the gas and active substance particles are ejected and released [23].
Therefore, according to the characteristics of LIBs TR, multi-parameter safety early warnings
based on “acoustic, heat, force, electricity, gas” and other aspects can be developed, and
efficient and clean fire protection technology can be exploited. Active prevention, dynamic
monitoring before TR, efficient fire extinguishing after TR, and a combination of prevention
and elimination are effective means to reduce battery accidents and property losses. In this
paper, the process and characteristics of TR are discussed in detail, and a comprehensive
review of safety warning methods and efficient fire extinguishing is provided, which
supplies possible directions for early safety warnings and efficient fire extinguishing of TR.

2. Thermal Runaway of Lithium-Ion Batteries
2.1. Mechanism and Process of Thermal Runaway

TR of LIBs is a phenomenon in which the battery temperature rises uncontrollably
due to the exothermic chain reaction inside the battery cell [24]. The TR process can be
divided into three stages: the first stage is the early stage of TR, when a chemical reaction
occurs inside the battery to release heat and produce gas, and the internal pressure of the
battery increases. The second stage is the TR period, when the safety valve is opened, and
the flue gas is released. The third stage is the period of fire and explosion; combustibles
spray through the safety valve and release a large amount of a high-temperature flammable
and explosive mixture. The high-temperature mixture accumulates in a confined space and
causes an explosion when encountering ignition sources.

(1) Stage I: Early stage of TR

With the gradual increase in the battery temperature, TR occurs due to the decompo-
sition of battery anode solid electrolyte interphase (SEI) film at 70-120 °C. The SEI film
on the anode surface is not stable at high temperatures, which causes decomposition and
exothermic reactions, and the battery temperature continues to rise. As the temperature
rises to 120 °C, the anode material has a side reaction with the electrolyte. Due to the
decomposition of the SEI film on the anode surface, the anode active material loses its
protection, and the new graphite is exposed to organic solvents. Under the action of high
temperatures, lithium embedded in the graphite anode reacts with the electrolyte. The
chemical reaction equations are as follows [25]:

ZCHQOCOQLiz—>Li2CO3 + CoHy + COy + 1/202 (1)
2Li + CH,OCOOCH,;—Li,CO3 + CoHy )
2Li + CoH5sOCOOC,H5—Li,CO3 + CoHy + CoHg 3)

When the temperature rises to 120-140 °C, the separator begins to melt, and the
voltage drops for a short time. The battery releases a lot of heat immediately after the
internal short circuit. As the battery temperature rises to 200 °C, a large amount of organic
flammable gas begins to be generated inside the LIBs. The chemical reaction equations of
electrolyte decomposition at high temperatures are as follows [25]:

LiPFg + H,O — LiF + HF + POF; @)

C2H5OCOOC2H5 + PF5 — C2H5OCOOPF4 + HF + C2H4 (5)
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C,H50CO0C,Hs + PF5 — C,H50COOPF, + C,HsF (6)
C,H50COOPF, — HF + C,H, + CO, + POF; @)
C,H50COOPF, — C,HsF + CO, + POF; )
C,H50COOPF, + HF — PF,OH + CO, + CoHsF ©)

As the temperature continues to rise, the cathode material decomposes (different cathode ma-
terials have different decomposition temperatures as follows: LiCoO,, 150 °C; LiNixCoyMn,O,,
210 °C; LiMny Oy, 265 °C; and LiFePOy, 310 °C [26]. Then, the cathode material reacts with the
electrolyte, and the cathode reacts with the binder at high temperatures.

(2) Stage II: TR occurrence period

At this stage, the battery is full of gas, and the internal pressure of the battery increases
sharply. When the internal pressure of the battery reaches the set pressure of the safety
valve, it is torn to release the internal gas and prevent the battery from exploding [27]. When
the safety valve breaks, it is accompanied by a clear opening sound [28]. Subsequently, a
large volume of flammable, explosive, and toxic gases are ejected, accompanied by some
active substances and electrolyte vapors. These flammable substances are soon ignited at
high temperatures.

(38) Stage III: Fire and explosion occurrence

As the internal temperature of the battery continues to accumulate, the electrochemical
reaction and thermal decomposition reaction intensify, the temperature rises rapidly, and
the internal gas and pressure of the battery greatly increase. Although the overall relative
positions of the tightly wound jelly roll remain unchanged, the separation phenomenon
occurs in local areas, and the material structure of the inner layer of the core first deforms.
After the safety valve is opened and released, the internal pressure of the battery is uneven,
leading to the collapse of the electrode layers [29]. Then, the air gradually infiltrates into
the battery and the collapse area expands, eventually causing TR. The TR fire behavior
of LIBs is similar [30]. First, a large number of sparks are ejected, followed by a jet fire
accompanied by solid particles. Then, the flame gradually turns to steady combustion, and
continues to weaken. Finally, the combustibles burn out, and the flame goes out.

2.2. Hazard Characteristics of Battery Thermal Runaway

As shown in Figure 1, the hazard characteristics of single battery TR mainly include
acoustic, heat, force, electricity, gas, etc. The typical hazard characteristics of TR of a single
battery are discussed below. An extensive understanding of the characteristics of battery
TR can guide the better realization of TR warnings and firefighting.

2.2.1. Thermal Runaway Acoustic Signal Characteristics of Lithium-Ion Batteries

LIBs are equipped with safety valves at the top, which allow batteries to expand
internally when TR occurs. When the internal pressure exceeds the pressure that can
be borne, the safety valve is opened to reduce pressure and avoid the occurrence of an
explosion [31]. By monitoring the TR acoustic signal in the battery experimental cabin, it
was found that the safety valve emits a sound at a specific frequency when it is opened. In
the process of battery exhaust, there is a strong short shock wave in the acoustic signal, and
the amplitude increased rapidly and then decreased exponentially [32]. Cheng et al. [33]
found that the acoustic signal of the battery is similar at different times and temperatures.
The acoustic signal characteristics can help determine whether the battery has TR.
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Figure 1. Hazard characteristics of battery TR.

2.2.2. Thermal Runaway Heat Generation of Lithium-Ion Batteries

The temperature rise rate of LIBs is determined by self-generated heat and heat
dissipation [34], as shown in Equation (10). The increase in battery energy Q depends on
the self-generated heat Q.. and heat transfer intensity of the battery. Q. is the amount of
heat generated by chemical reactions inside a battery as its temperature rises. Its calorific
value is mainly composed of the electrochemical reaction heat Q,, Joule heat Qj generated
by internal resistance, polarization heat Q, generated by internal electrode caused by
battery capacity or environmental change, and side reaction heat Qgz. [35]. When the
battery works in a normal environment, its heat production is mainly composed of Qr, Q;
and Qp, and when the battery is abused, serious side reactions occur inside the battery,
producing a lot of Qgjge.

Q = chll - Qconv - Qrad (10)

Qeenn = Qr + Q] + QP + Qside (11)

The heat transfer intensity depends on the heat convection Qcony and heat radiation
Qyaq of the battery [36].
Qconv - hA(Ts - T) (12)

Qag = €0 A (Tf - T4) (13)

where & is the thermal conductivity, A is the contact area, T; is the surface temperature of
the heater, T is the temperature on the boundary of the battery, ¢ is the emissivity, and ¢ is
the Stefan-Boltzmann constant (5.67 x 1078 W/(m? K%)).

The battery also has thermal inertia. When the battery is in the process of charging
and discharging, the internal heat production of the battery increases, and the internal
temperature increases rapidly. Due to the existence of a heat conduction process, the
external temperature change is relatively delayed. With the integrated use of batteries,
thermal inertia between batteries increases exponentially, and the heat source inside the
batteries disappears after power failure, but its heat conduction continues and is still very
easy to cause TR. Thermal inertia is related to the battery discharge rate, discharge depth,
and battery radius and greatly affects the thermal behavior and thermal characteristics of
the battery during and after discharge. It is worth considering the early warning system
design of LIBs.
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2.2.3. Thermal Runaway Force Performance Changes of Lithium-Ion Batteries

In the initial stage of TR, the battery first increases the internal pressure due to gas
generation. Mier et al. [37] studied the pressure dynamics during the TR process of
18,650 LIBs and found that the increase in the battery’s internal pressure was consistent
with the beginning of TR. When the internal pressure accumulates to the maximum extent
that the safety valve can withstand, the battery internal pressure is reduced by jet release,
but the pressure of the surrounding environment rapidly increases. Jhu et al. [38] used
Vent Sizing Package 2 (VSP2) to measure the release pressure of 18,650 batteries” TR and
found that the pressure swiftly rises, and the maximum pressure can reach 1565.9 psig
(without the blowdown buffer tank). Zhao [39] found that external pressure was positively
correlated with the total heat production of batteries” TR. In addition, the peak pressure was
more similar to the total energy released by cells under different states of charge (SOC) [40].

2.2.4. Thermal Runaway Electricity Performance Changes of Lithium-lon Batteries

Before battery TR, the voltage and resistance are disordered. The micropores of the
internal Li* channel are closed, causing the Li* channel to be blocked, resulting in a sharp
rise in the ohmic internal resistance of the battery under high-temperature conditions [41].
Zhong et al. [42] used an improved cone calorimeter to heat batteries in different SOCs. It
was found that the voltage decreased before TR. The voltage of the battery drops sharply
when the safety valve is opened, and TR occurs with flame ejection, but it increases slightly
during the intervening period. According to research and analysis, the first sharp drop in
voltage may be caused by the separator thermal contraction, and the cathode and anode
have contacted at the edge of the original separator.

2.2.5. Thermal Runaway Gas Production of Lithium-Ion Batteries

LIBs are mostly used in enclosed or semi-enclosed spaces. Especially when large-
capacity batteries are overcharged, a large amount of energy in the batteries cannot be
effectively released, and flammable and explosive gases are easily accumulated [43]. LIBs
usually produce a large number of flammable and toxic gases in the process of TR, such as
CO, HE, SO,, NO, and HCI. Larsson et al. [44] studied the fire heat generation and toxic gas
release of commercial LFP batteries under different SOCs. The higher the SOC, the higher
the peak value of the heat release rate. Toxic gas HF was found in all experiments, but
POF; and PF5 were not detected. Diaz et al. [45] used online Fourier Transform Infrared
Spectroscopy (FTIR) and Ion Chromatography (IC) to quantitatively analyze the TR gas
and evaluate its toxicity. The results showed that the main toxic components were HF,
CF,0, C3H40, CO, CH,0O, HCJ, and electrolytic solvent. In addition to the emission of
fluorine-containing gas and electrolyte solvent evaporation, LIBs also produce other gases,
such as Hy, CO,, CHy, C;Hg, and CoHy [46]. When the gas mixture is ejected from the safety
valve, the speed of gas ejection may become turbulent and supersonic [47]. Furthermore,
when the TR of LIBs occurs in a confined space and the combustible gas mixture released
reaches the explosion limit, serious gas deflagration accidents occur, which is far more
dangerous than battery fire. Wang et al. [48] studied the gas release of LIBs with different
cathode materials during TR. The experimental results showed that the main components
of gas production of NCM and LFP batteries were similar, but the explosion pressure test
results showed that the explosion limit of gas released by LFP batteries was lower, the
explosion over-pressure was larger, and the explosion index was higher. Therefore, the
exhaust of the LFP battery was more harmful to fire and explosion than that of the NCM
battery. The components of TR gas produced by LIBs with different cathode materials are
shown in Table 2.
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Table 2. TR gas components of LIBs with different cathode materials [48].
Vent Gas Composition (%) H, co CO, CHy4 CyHy CyHg n-C4Hqg Others

NCM111 20.81 14.82 4291 5.88 8.11 1.57 3.16 2.73
NCM523 20.24 21.27 37.96 7.51 7.08 1.58 243 1.93
NCM622 15.48 20.07 41.09 10.56 6.47 2.45 1.87 2.02
NCMS811 16.07 25.65 34.37 17.39 117 3.98 / 1.37

LFP 36.24 7.39 25.24 6.41 15.2 2.36 1.28 2.21

3. Early Warning Methods for Typical Lithium-Ion Batteries

The process of TR is usually accompanied by changes in acoustic, thermal properties,
mechanical properties, electrical properties, gas generation, and so on. With the help of
these changes, the occurrence, development, and severity of TR can be judged. If the
battery TR is warned in advance by technical means, the firefighting challenge of LIBs
will be reduced. At present, research on TR early warning technology for LIBs is mainly
aimed at real-time monitoring of battery status, whether there is a failure, and the type of
failure before TR or serious consequences caused by TR propagation so as to achieve early
warning of TR and avoid further large-scale losses.

3.1. Safety Monitoring Method Based on Acoustic Signal
3.1.1. Ultrasonic Testing

Ultrasonic testing is a method for structural health monitoring and nondestructive
evaluation and has been widely used in material characterization [49,50]. The application
of ultrasonic monitoring in LIBs has also been widely studied. Davies et al. [51] detected
the change in battery SOC through the time of flight (TOF) difference of ultrasound. A
long-term cycle test shows that this technology can also be used to monitor the battery state
of health (SOH). The research of Hsieh et al. [52] showed that ultrasonic technology can be
used to monitor the geometric shape of a battery. Owen et al. [53] proposed that the battery
temperature has a strong impact on the TOF, and the battery temperature is inferred through
ultrasound to accurately predict the battery charging state at different magnifications.

There are two main methods for ultrasonic monitoring [54]: the first is the pulse-
echo mode, where the ultrasonic signal is sent and received by the same transducer,
as shown in Figure 2a. The essence of battery degradation is the variation of battery
material characteristics (density and modulus, i.e., changes in the amount of lithium in
the electrode [51]); this results in changes in ultrasonic impedance and velocity. The
ultrasonic impedance Z of a material depends on its density p and ultrasonic velocity V.
The relationship is shown in Equation (14):

Z=p"V (14)

Wu et al. [55] used the pulse echo method to continuously monitor the battery ul-
trasonic signal under the cycle process and overcharge test, and selected TOF reflects the
propagation time of the ultrasonic signal inside the battery, as shown in Figure 2b, which
indicates the change in ultrasonic velocity and/or thickness. The overcharge test shows that
ultrasonic TOF is very sensitive to LIB expansion, which provides a potential indicator for
LIB failure and TR. Similarly, the difference quotient of the TOF and swing amplitude (SA)
of two adjacent measurements is calculated, and the difference quotient with the largest
absolute value is selected as the threshold of TR warning for LIBs. Once the threshold is
exceeded, the TR warning signal will be sent out [56].
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ATOF,_, _ TOF,— TOF_4
At te =t

(15)

ASAr_;  SAx—SAx4
Atg—q bk — tk—1

(16)

where subscripts k and k—1 represent the kth and k—1th measurement, respectively, and ¢
represents time. Select the TOF and SA difference quotient results with the largest absolute

values above and record them as ‘ Ag?F , % .
max max

The second is the through-transmission mode, as shown in Figure 2c, where the
ultrasonic signal transmits through the object and is received by the second transducer.
Appleberry et al. [57] defined the early indication of an abnormal battery state under over-
charge conditions through ultrasonic signal change, which is the difference of 3.5 standard
deviations between ultrasonic amplitude change and baseline average (baseline refers to the
baseline average value of 30 cycles under normal parameters). The other is an emergency
indication that the battery is about to experience TR under overcharge, which is 10 standard
deviations from the mean of the ultrasonic baseline. The relevant deviations are shown
in Figure 2d. The interaction between the ultrasound and the gas generated in the battery
depends on the generation of bubbles in the battery. The generation of bubbles increases
the TOF of ultrasound through the battery [58]. Similarly, the expansion of battery caused
by gas production also causes an increase in the TOF. Most importantly, the formation
of bubbles makes the ultrasound significantly scattered, and the amplitude of the signal
significantly decreased.

3.1.2. Acoustical Signal

In the case of battery TR, the opening of the safety valve also makes a sound.
Jin et al. [32] built a recognizer to identify the opening acoustic signal of the battery safety
valve, collected and employed the acoustic signal to warn the TR of energy storage systems,
as shown in Figure 2e. Lyu et al. [59] proposed a battery fault warning and location method
based on a venting acoustic signal. An acoustic sensor was arranged in the energy storage
cabin to collect the acoustic signal of the battery TR valve opening. Through the time of
arrival (TOA), time difference of arrival (TDOA), and received signal strength (RSS) to
locate the battery TR position, the maximum positioning error is only 0.1 m. The speed of
sound propagation is 340 m/s, so it is easier to implement the early warning of battery
TR by acoustic signal, and the acoustic signal sensor is cheap and has a wide range of
applications. However, noise often exists in practical applications, which may interfere
with the acoustic signal, leading to low accuracy in early warning technology.

3.2. Safety Monitoring Method Based on Thermal Signal

Temperature is the most important signal in the process of battery TR, which is a
crucial parameter in determining TR. Monitoring and warning of the battery tempera-
ture is the most commonly used method. At present, the monitoring technologies that
have been widely studied mainly include infrared thermal imaging, thermocouple, and
optical fiber sensor. Battery temperatures can also be measured based on electrochemical
parameters, which are reviewed in the next section. Battery TR is often caused by local
overheating [60,61], and the temperature at different battery locations is not the same [62].
Therefore, accurate monitoring of battery temperature fluctuations and local overheating
is very important for early warning of TR. Real-time monitoring and measurement of the
temperature play a significant role in the TR early warning.
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Figure 2. Acoustic safety monitoring method: (a) pulse-echo mode [54]; (b) propagation time of
ultrasonic signal inside the battery [55]; (c) through-transmission mode [54]; (d) ultrasonic amplitude
change [57]; (e) acoustic signal to warn the TR [32].

3.2.1. Infrared Thermal Imaging and Thermocouple

In recent years, infrared thermal imagers have been widely used to measure the surface
temperature of LIBs. Wang et al. [63] studied the temperature distribution of large power
batteries at different discharge rates and discharge depths through infrared thermal imaging
technology. The experimental results showed that the direction of heat flow between the
collector and the cell was different. In the discharge process, the high-temperature area was
stable in the middle of the battery during low-rate discharge, and the high temperature
was close to the positive terminal during high-rate discharge. The temperature variance
(T?4ar) was proposed for the first time to express the temperature uniformity of the battery
cell. T2,, has a rapid change trend in the initial and final stages of high-power discharge,
which represents the risk of TR.

T2, = fﬁ(xi -x) (17)

where f; denotes the frequency of a 0.1 °C temperature range, and X denotes the average of
total temperature data.
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However, the research of Sun et al. [64] showed that there was a certain difference
between the surface temperature and the internal core temperature of the LIBs during
operation. Parhizi et al. [65] used surface temperature and chemical kinetics data to
determine the core temperature during the TR process. The research results showed that
the core temperature was about 100 °C higher than the surface temperature during TR.
The LIB is a completely closed space, and the surface temperature cannot fully reflect
the internal state of the battery, so there is a certain temperature difference between the
inside and outside of the battery and different positions. Therefore, only measuring the
temperature at a certain point on the battery surface cannot accurately predict TR. Given
this, the thermocouple based on the flexible ultra-thin structure (TFTC) was prepared
and wrapped with polymer to avoid the corrosion of the electrolyte inside the battery,
and then transferred to the copper foil collector of the battery for the in-situ internal
temperature measurement [66,67]. Zhu et al. [68] integrated a multi-point film sensor into
the battery electrode. The long-term cycle test and electrochemical impedance test showed
that the integrated film sensor in the electrode had little impact on the cycle performance
of the LIBs, and it could measure the multi-point temperature change in the battery at
different magnifications in real time. Li et al. [69] successfully measured the internal
temperature of LIBs with a resistive temperature detector (RTD). Furthermore, a direct
electrode temperature measurement technique based on additive manufacturing enabled
the application of additive manufacturing was proposed [70]. The initial temperature of
the SEI film decomposition monitored by the built-in RTD was 10 s earlier than that of the
battery surface sensor.

3.2.2. Optic Fiber Sensor

Optical fiber sensors are also widely used in the temperature measurement of LIBs.
Light sensors are small in size and have good elasticity, insulation, corrosion resistance,
and other properties; therefore, they can be used in the external and internal battery
environment. As the internal reaction of the battery generates heat and the temperature
rises, the optical signal transmitted by the optical fiber will change. Nascimento et al. [71,72]
compared the sensitivity of fiber Bragg grating (FBG) and thermocouple in the cycle process
at different magnifications, and monitored three positions at the top, middle, and bottom of
the battery. The layout location and schematic diagram are shown in Figure 3a. The results
show that the thermal response rate of FBG is 1.2 times faster than that of thermocouple,
ie., 4.88 and 4.10 °C/min respectively. Furthermore, through FBG, the thermal behavior of
LIBs in different environments was monitored in real time, in situ, and operando [73].

At present, most LIBs use winding structures, and the response speed of external
temperature and external rupture gas production is much lower than that of the battery
interior. When TR is about to occur, the temperature sensors, pressure sensors, gas sensors,
etc. on the battery shell cannot be obtained in a timely manner, and early warnings cannot
be made. Therefore, the real-time transmission of the internal signals of LIBs is crucial.
The internal temperature of the battery is the most direct method to reflect the internal
state of the LIBs, which can effectively reflect the internal real-time state and achieve early
warning of TR. Fleming et al. [74] fabricated a FBG sensor and built it into a commercial
18,650 battery. The results of Electrochemical Impedance Spectroscopy (EIS), Computed
Tomography (CT) scan, and cycle test indicated that the sensor had little influence on
the electrochemical performance of the battery. The results showed that the temperature
difference between inside and outside the discharge stage was up to 6 °C. Accurate internal
temperature monitoring of the battery is a very important technology for early warning
of LIB TR. However, the position of the optical fiber sensor is easy to shift along with the
usage of batteries, which will lead to inaccurate temperature measurement and battery
performance degradation [75].

Traditional wired sensors break the sealing structure of LIBs. Although they are
disassembled and installed in glove boxes or drying rooms with very low water and
oxygen content, immature packaging technology inevitably affects battery performance.
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The method of wireless data transmission is expected to solve the sealing problem of LIBs
caused by traditional methods and establish a real-time monitoring method for the internal
signals of batteries. Chen et al. [76] first applied implantable wireless signal transmission
technology to internal battery monitoring. As shown in Figure 3b, by means of temperature
sensing in part (a), data transmission in part (b), and data recovery in part (c), a real-time
monitoring data sensing system is realized, which can accurately measure the internal
temperature and send stable signals in real time under different power ratios, achieving a
sampling frequency of 4 Hz and sampling accuracy of 0.05 °C.

In conclusion, due to the temperature gradient between the external temperature and
the actual internal temperature of LIBs, the internal temperature monitoring of LIBs can per-
ceive the internal temperature change information of the battery quickly and early so as to
achieve the early detection of TR, leaving more time for the subsequent emergency disposal.
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Figure 3. Thermal signal safety monitoring method. (a) Optical fiber sensor and thermocouple
layout position (right) and schematic diagram (left) (use LabVIEW® customized application) [71];
(b) implantable wireless signal transmission technology [76].

3.3. Safety Warning Technology Based on Force Signal

The monitoring methods of battery TR based on force signals are mainly divided
into two types. One is the internal stress of the battery. During the overcharge and over-
discharge process of LIBs, Li* is constantly embedded/disembedded at the electrodes,
resulting in structural changes of the active material, so the cell thickness will change
slightly [77,78]. When the battery is abused, the internal heat of the battery continuously
accumulates, and the temperature rises, which generates a large volume of gas products.
The increase in the battery internal pressure also causes the stress change. At present, LIBs
are mainly aluminum plastic film packaged flexible batteries and aluminum alloy prismatic
batteries. Due to the good extensibility of aluminum plastic film packaging, it is greatly
deformed when misused. However, most of the batteries used steel shell structures with
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safety valves. Once the internal pressure of the battery accumulates more than the sum of
the external pressure and the pressure relief valve stress, the safety valve opens. Therefore,
the shock pressure caused by the gas ejected from the safety valve in the form of a shock
wave during the battery TR can also be used as a safety warning, as shown in Figure 4 [79].
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Figure 4. The shock pressure caused by the ejected gas [79].

3.3.1. Internal Stress of Battery

The expansion force of LIBs is affected by many factors, such as the type of cathode and
anode active substances inside the battery, the SOC and SOH of the battery, and the external
environment. When a battery is abused, the expansion of the battery due to gas production
can also cause significant deformation of the battery casing. Therefore, by specifying the
change range of normal and abnormal expansion force of LIBs and combining it with
relevant sensors to detect the expansion force of the battery, an effective warning can be
made about the occurrence of TR. Sommer et al. [80,81] measured battery strain during
charging and discharging by connecting an external Fiber Bragg Grating optical fiber sensor.
They found that the battery had volume deformation during charging and discharging.
Zhang and Hahn et al. [82,83] analyzed the contribution of various components to the
volume deformation in the charging and discharging of commercial LIBs, and concluded
that the insertion and removal of lithium in the battery anode was the main reason for
the volume deformation. The strain change is mainly affected by the deformation of the
anode. Zhu et al. [84,85] measured the circular internal strain of 18,650 LIBs using a thin
film strain sensor. The strain increases with the increase of the SOC during charging.
The strain change is related to the lithium content between electrodes. The deformation
and failure of anode materials play an important role in the internal short circuit and TR
behavior of LIBs. Wang et al. [86] studied the strain effect of the battery anode. The results
showed that when the LIBs were about to undergo TR, the expansion force of the cell
changed significantly compared with normal charging and discharging. The early failure
of anode materials under a high strain rate may be one of the main reasons for the early
short circuits of the battery under dynamic impact. Therefore, monitoring the change in
the expansion stress of LIBs is also a means of warning about TR. The batteries in a battery
pack are closely arranged. If one of the batteries is deformed or expanded, the surrounding
batteries will be squeezed and finally crack. Sun et al. [87] recorded the deformation in the
overcharge process of the pouch cells, and established the expansion model of the battery
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under overcharge abuse. After overcharge, the battery underwent obvious deformation,
which significantly increased the squeezing force on batteries within a battery pack.

3.3.2. Shock Pressure

The gas generated by the battery TR causes shock-pressure harm in the form of a shock
wave. In addition, LIBs are mostly arranged in enclosed or semi-enclosed spaces; their
injection rapidly increases the pressure inside the space. Gas impact pressure measurement
is a low-delay, low-cost, and reusable test method, and the sensor detecting pressure can be
placed anywhere in the battery pack or module.

Wang et al. [48] studied the fire and explosion characteristics of the NCMS811 battery
TR in a confined space. The results showed that the environmental pressure had risen before
the voltage drops and the temperature rises, which could be used as an early warning signal
of battery TR in a confined space. Koch et al. [88] used a variety of sensors to simultaneously
monitor the TR behavior of a battery, including pressure sensors. The test results showed
that the pressure sensor could detect the TR about 5 s before the temperature sensor, as
shown in Figure 5a. Chen et al. [89] studied the experimental device for the TR shock
pressure of 18,650 batteries in a semi-enclosed space, as shown in Figure 5b. The results
show that the over-pressure release was a strong shock process. Although the impact
pressure range of the safety valve opening was small and short, the conventional pressure
sensor could detect this signal, and further measures might be taken to prevent the battery
from TR. The interval between the opening of the safety valve and the violent injection was
approximately 384 s, which provided sufficient time for countermeasures. Moreover, the
TR over-pressure would be more obvious in the severe injection phase.
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Figure 5. Through the shock pressure to detect TR: (a) multiple sensors detect TR of battery [88];
(b) experimental device for the TR shock pressure [89].

3.4. Safety Warning Technology Based on Electric Signal
3.4.1. Electrochemical Impedance Spectroscopy

EIS is a method used to analyze the physical and chemical processes of a battery, and
the EIS test does not cause any damage to the battery. The electrode process within the
battery is equivalent to a simple circuit composed of resistance and capacitance in series
and parallel. The corresponding output signal can be obtained by inputting the disturbance
signal through the electrochemical workstation. The measured EIS spectrum with the deter-
mined equivalent circuit or mathematical model can infer the dynamic process/mechanism
contained in the battery and obtain more information on the electrode process/dynamics
and electrode interphase structure. EIS can be used as an effective tool to monitor battery
status, and these parameters can be used as indicators of early battery failure and early
warnings. Impedance phase shift and amplitude can be used to monitor and predict the
internal temperature of LIBs [90], as shown in Figure 6a. Liu et al. [91] characterized the
electrochemical parameters of LFP batteries during cyclic overcharge. Compared with
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voltage, capacity, and temperature, the impedance changed more significantly. The results
showed that the increase of SEI/cathode electrolyte interphase (CEI) film resistance, charge
transfer resistance, and Warburg coefficient were the main changes in the process of cyclic
overcharge. Srinivasan et al. [92] confirmed that the phase shift of battery impedance was
strongly related to temperature, which means that predicting battery temperature through
electrochemical impedance has become a feasible means. Furthermore, Srinivasan [93]
found that the phase shift of LIBs changed significantly before battery exhaust and TR.
As shown in Figure 6b, with an increase in battery temperature, ¢ changes from a larger
negative value to a smaller negative value. However, about one minute before the exhaust
of the LIB, the ¢ value shows a significant change from —0.88 to —2.82, while the battery
voltage and the battery surface temperature did not change significantly. By measuring
the phase shift, the internal temperature of the battery could be quickly predicted, and the
phase shift accuracy was convincing at a specific frequency; meanwhile, the requirements
for the capacity size of LIBs were low.
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Figure 6. Through electrochemical impedance spectroscopy to detect TR: (a) Nyquist representation
of the electrical impedance [90]; (b) Phase shift change before battery TR [93].

Compared with the above-mentioned technical methods for temperature monitoring,
it is a reliable method for predicting the internal temperature of LIBs through the phase
change and amplitude of electrochemical impedance. It does not need to invade the battery
or use large temperature-measuring equipment.

On the other hand, impedance measurement at a specific frequency only warns about
one stage of temperature, and its reliability is not high. Therefore, Dong et al. [94] devel-
oped a method of two stages and three indicators, aiming at the two stages of abnormal
temperature rise inside the battery and before a sudden temperature rise. As shown in
Figure 7, three indicators are proposed for the convergence of phase angle at an intermedi-
ate frequency, the confusion of impedance curve at high frequency, and the deviation of
impedance point at low frequency. According to the accelerating rate calorimetry (ARC)
experiment, the three indicators proposed can give an early warning before the battery
self-heating onset and TR trigger. The implementation of multi-stage and multi-index
hierarchical early warnings for batteries makes the early warning time advance and the
reliability greatly improve.
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Figure 7. The EIS-derived indicators in the intermediate-frequency, low-frequency, and high-
frequency are used to give reliable and early warnings of TR [94].

Predicting the internal temperature state of LIBs through the phase shift, amplitude,
real part, and imaginary part of electrochemical impedance often requires data modification,
and depends on complex mathematical models, which are not suitable for predicting the
battery TR. In addition, EIS measurement takes a long time, which seriously hinders the
prediction of TR. Lyu et al. [95] found that when a 48 Ah LFP battery was overcharged at
the beginning, the real-time dynamic impedance had a slope from negative to positive at
30-90 Hz, as shown in Figure 8a. A dynamic impedance measuring device was further
designed. By monitoring the 70 Hz dynamic impedance, an early warning could be given
580 s before the occurrence of TR. As shown in Figure 8b, the inflection point of impedance
was more obvious and closer to the beginning of overcharging than the voltage and battery
surface temperature.

3.4.2. Internal Short Circuit

The battery TR under different abusive modes has a common internal short circuit
(ISC) [96]. When the separator melts, the voltage drops slightly. For many steel-shell LIBs
with safety valves, when the internal pressure reaches a certain level, the safety valve opens,
and the voltage drops suddenly. Therefore, another early warning method for battery TR is
terminal voltage.

The root cause of many LIB accidents is that one of the batteries had an ISC, which
causes the TR to spread among the batteries even in the battery pack. Therefore, the ISC of
LIBs is an early sign of impending TR. The research of Zhong et al. [97] showed that the
time difference between voltage drop and TR of 18,650 ternary LIBs was 127-409 s. This
also verified the importance of ISC for TR warning of LIBs and implied that ISC could be
used as an early parameter for TR warning of LIBs. Feng et al. [98,99] proposed an online
detection algorithm for the ISC of large LIBs, which detected early ISC based on voltage and
temperature response through the 3D electrical thermal ISC coupled model, and did not
need to consider the location of ISC inside the battery. This algorithm could give an early
warning more than 30 min before the occurrence of TR. In addition, they [100] put forward
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a TR detection method based on battery consistency in the battery pack. This method uses
the recursive least square TR algorithm based on the mean difference model (MDM). In the
case of ISC, the characteristic parameters such as voltage difference and internal resistance
fluctuation function would change significantly. Sazhin et al. [101] proposed a method for
battery ISC detection and safety assessment, which was determined by the self-discharge
current under potentiostatic conditions at a slight discharge over-voltage. By balancing the
battery with the direct current (DC) voltage source, the DC applied a voltage slightly lower
than the battery open-circuit voltage (OCV) or initial voltage, generating current in the
circuit in response to potentiostatic polarization. Determine whether ISC occurs by judging
the change of current direction between the tested battery and the DC voltage source.
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Figure 8. Through the real-time dynamic impedance to detect TR: (a) real-time dynamic impedance
slope change during battery overcharge [95]; (b) the inflection points of impedance, voltage, and
temperature [95].

3.5. Safety Warning Technology Based on Gas Signal

The side reactions between electrolyte and electrode cause a large amount of gas to be
generated inside the battery, along with TR. When the gas volume accumulates to a certain
extent, it is released. At present, the monitoring methods for LIB gas production mainly
focus on the use of mass spectrometry-spectral sensors, traditional gas sensors, and optical
fiber sensors.

3.5.1. Mass Spectrometry and Spectral Sensors

It is a feasible monitoring method to identify the gas released from LIBs by mass
spectrometry and spectral sensors. GC-MS technology refers to the combination of a gas
chromatograph and mass spectrometer for material analysis. Fernandes et al. [102] used
GC-MS to identify and quantify the gas production of 2.5 Ah and 26,650 LFP LIBs in the
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process of overcharge abuse. The results showed that in the early stage of battery TR,
solvent vapor was first released. When the metal shell cracked, the gas production rate
and concentration rose sharply. Although GC-MS has high sensitivity, the gas within the
battery must be connected to the sampling port when using GC-MS to measure the gas
produced by LIBs, and the gas must be extracted from the battery. FTIR technology refers to
converting the original interferogram into the actual spectrum through Fourier transform.
In the range of 600-4000 cm !, the material composition is determined by the main specific
molecular groups in the sample. Essl et al. [103] used an FTIR spectrometer to quantify
the TR gas production of NMC LIBs online, and proposed a measurement method with
hydrogen fluoride (HF). Larsson et al. [104] used the single burning item (SBI) test method
and online FTIR to quantitatively study the fluoride gas release of seven types of LIBs when
they were on fire. A large amount of HF was detected in the experiment. For batteries with
nominal capacity (Wh), the amount of HF produced can reach 20-200 mg/Wh, which may
pose a serious toxic hazard to human beings. Toxic and flammable gases can be used as
key parameters for early failure monitoring of LIB TR. Raman spectroscopy is a kind of
scattering spectrum. It is an analytical method to analyze the scattering spectrum different
from the incident light frequency to obtain the information of molecular vibration and
rotation, and it can be applied to research on the molecular structure. Od-Gerelt et al. [105]
designed a device to collect gas from 18,650 batteries by Raman spectroscopy. Hy, methane,
CO, and CO were the main detected gases. At first, the changes in CO and CO, were
significant, but with the increase of cut-off potentials, the contents of H, (4.2—4.4 V) and
methane (>4.6 V) suddenly increased. Liao et al. [106] built an early warning device for
battery TR using a cantilever-enhanced photoacoustic spectrometer (CEPAS). The infrared
beam was processed by an optical filter and a mechanical filter to form a narrowband
infrared beam, which was emitted into the photoacoustic cell. At the same time, the
characteristic gas discharged from the LIBs entered the photoacoustic pool through the
particle filter and absorbed the energy of the narrow-band infrared beam to produce
periodic vibration and the photoacoustic effect, which made the cantilever deform and
obtained the corresponding voltage signal. The warning system is shown in Figure 9.
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Figure 9. Cantilever-enhanced photoacoustic spectrometer battery TR warning system [106].
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3.5.2. Gas Sensor

After the safety valve is opened, LIBs produce a large amount of gas, with a fast gas
flow rate and large gas production. The gas sensor can effectively monitor battery TR
gas production, and it is also a widely used TR warning method. Yuan et al. [107,108]
found that NCA and LFP LIBs released a large number of highly flammable hydrogen
and hydrocarbons due to TR. Among these gases, H, and CO accounted for the largest
proportion, which could be used as the characteristic gases of LIBs. When the LIBs were
overcharged, the metal Li reacted with polymer binders to produce a certain amount of
Hy. Given this, Jin et al. [109] developed a sensitive TR monitoring and warning method
based on capturing Hy, which could detect the formation of lithium dendrites in the
micron scale (~50 um) on the anode. As shown in Figure 10, through the verification of
LFP battery overcharge, the results showed that lithium dendrites grew continuously at
the anode during overcharge and reacted with PVDF binder to produce Hj, which was
released through the safety valve and captured 435 s before smoke and 580 s before ignition.
Early detection of battery TR provides more valuable time for accident countermeasures.
Therefore, it is an effective means to monitor the early warning of battery TR by configuring
gas sensors near the battery pack.
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Figure 10. Sensitive TR monitoring and warning system based on capturing Hj [109]: (a) Li dendrite
growth observation and H; capture system, (b) H, generation mechanism and (c) Reaction mechanism
of Li dendrites and PVDF binder.

3.5.3. Optical Fiber Sensor

In the early stage of TR, the electrode and electrolyte inside the LIBs continue to
decompose, and a certain amount of gas is generated inside the battery. Currently, the main
method of gas monitoring for LIBs mainly relies on GC-MS (offline), which cannot monitor
gas production while the battery is working. For FTIR that can be monitored online in
real time, it is usually necessary to make special modifications to the battery, which is only
applicable to specially designed testing batteries. Therefore, these two test methods cannot
be used in actual commercial batteries. Optic fiber sensors, due to their compact shape,
immunity to electromagnetic interference, and electrostatic discharge, offer the possibility
of implantation into commercial batteries and early warning of battery TR.

The optical characteristics of the optical fiber sensor change with the concentration of
the detected chemical substance. Lochbaum et al. [110] studied the evolution of CO, gas in
LIBs under micro overcharge by embedding an optical fiber sensor in the battery, providing
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a dynamic signal of gas evolution during overcharge. The experimental results showed
that the gas generated in the battery during the overcharge cycle could not be reversed and
that the internal sensing signal increased with each overcharge cycle.

3.6. Comparison of Typical Early Warning Methods

The advantages and disadvantages of typical monitoring and warning methods for
TR have been compared and analyzed, as shown in Table 3. At present, the monitoring and
warning methods based on acoustic signals are less studied and are vulnerable to the impact
of the external environment with low accuracy. The monitoring and warning method based
on thermal signal is intuitive and reliable and is widely used. The TR warning of the
battery through stress monitoring is still in the research stage, and the monitoring is mostly
aimed at a single battery, which cannot achieve large-scale warning, and the change of
battery expansion is greatly affected by the battery status. The monitoring method based
on electrical signal can monitor the battery status in real time, but the prediction accuracy
is low, and the instrument is precise. The monitoring method based on a gas sensor can
provide an accurate warning, but the gas concentration should be considered, and the
remaining disposal time is relatively short. The built-in optical fiber sensor method can be
used to measure information about the internal state of the battery in real time. Through
the built-in sensors, the internal temperature, pressure, and gas signals of the battery can be
obtained, and the battery management system can provide better intelligent management
and early warning of TR. However, the geometric structure and internal space limitation of
the battery must be considered for the internal sensor because once the sensor contacts the
jelly roll, the position impedance may be increased, and the electrochemical performance
of the battery will be greatly reduced. Therefore, the built-in sensor also needs to start with
the manufacturer’s production process. In addition, it is also necessary to optimize the
sensor for the strong corrosive environment inside the battery so that it can have long-term
operation inside the battery.

Table 3. Typical monitoring and warning methods for TR and their advantages and disadvantages.
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4. Fire Extinguishing Technology of Lithium-Ion Batteries

The ignition of LIBs requires some critical conditions (i.e., combustible, oxidant, and
ignition source). Combustibles refer to the flammable substances of the LIBs themselves
and the flammable substances produced by them. The oxidant comes from the oxygen
generated by the decomposition of the battery at a high temperature and the oxygen
contained in the air. The ignition source mainly refers to the heat generated by the internal
reaction of the battery and the external heat source [111]. Passive protection of LIBs is the
last barrier preventing the deterioration of battery TR. The effect of firefighting determines
the severity of LIB fire accidents. Therefore, the selection of fire extinguishing agents has
become another focus of battery TR prevention and control. At present, the commonly used
fire extinguishing agents for LIBs are mainly divided into solid fire extinguishing agents,
gas fire extinguishing agents, and liquid fire extinguishing agents according to the phase
classification. The advantages and disadvantages of these three types of fire extinguishing
agents for battery fire are summarized as well.

4.1. Gas Fire Extinguishing Agent

Gas fire extinguishing agents have the advantages of no residue, environmental
friendliness, and no damage to equipment. At present, the gas fire extinguishing agents for
battery fires mainly include halon, carbon dioxide, heptafluoropropane, dodeca-fluoro-2-
methylpentan-3-one, and 2-BTP new gas fire extinguishing agents.

The Federal Aviation Administration (FAA) [112] reported the inhibition effect of
halon series (Halon 1301, 1211, etc.) fire extinguishing agents on battery TR. Halon fire
extinguishing agents can effectively inhibit the combustion of LIBs, but the batteries are
prone to reigniting after firefighting, and halon’s ozone consumption capacity is extremely
high, which is a culprit of global warming. Therefore, halon fire extinguishing agents have
been banned worldwide since 2010.

With carbon dioxide, the extinguishing mechanism is asphyxiation and cooling. When
the carbon dioxide extinguishing agent is released, the oxygen concentration rapidly
decreases, and the flame is extinguished. At the same time, carbon dioxide, as an inert gas
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extinguishing agent, also plays a role in explosion suppression. However, the battery TR is
a process in which oxygen will be spontaneously generated inside the battery. Therefore, it
is difficult for carbon dioxide to completely inhibit the TR reaction of the battery. Once the
battery in TR contacts with fresh air, it is likely to be reignited. Si et al. [113] injected CO,
at 0.5 Mpa injection pressure when there was an open flame in the battery. Although the
flame did not burn continuously, the temperature of the battery still rose during the CO,
injection process, which indicated that the heat generation rate of LIB combustion was still
greater than the cooling rate of CO,.

The fire extinguishing mechanism of heptafluoropropane (HFC-227ea) is mainly phys-
ical cooling and chemical inhibition [114]. Physical cooling mainly refers to the heat
absorbed from the flame during the conversion of the liquid HFC-227ea extinguishing
agent into gas, and the energy absorbed through the fluorine bond that destroys good
stability when decomposing HFC-227ea vapor. Chemical inhibition forms fluorocarbon
compounds through the thermal decomposition of HFC-227ea, consumes O, H, and OH
free radicals in the combustion chain, and interrupts the chain reaction [115]. The detailed
mechanism is shown in Figure 11a. Liu et al. [116] showed that HFC-227ea could quickly
extinguish the open flame of the battery, and its inhibition effect on temperature rise was
obviously superior to ABC dry powder and CO,. Si et al. [113] sprayed HFC-227ea im-
mediately after the battery caught fire. It was found that reducing the spray flow and
prolonging the spray time could improve the fire extinguishing effect without generating a
continuous flame. Rao et al. [117] compared the fire extinguishing effects of HFC-227ea
and CO, fire extinguishing agents on LFP batteries used on ships. The results showed
that HFC-227ea was more effective on battery fires than CO,. Zhang et al. [118] found that
although HFC-227ea effectively reduced the fire power, it was still difficult to put out a
243 Ah large LFP battery fire.

As a new substitute for halon, dodecafluoro-2-methylpentan-3-one (Novec-1230) has
good insulation, chemical inhibition, and environmental protection performance, and has
the potential ability to extinguish LIB fire. Its fire extinguishing mechanism mainly involves
physical cooling and blocking chemical combustion reactions to convert H and OH free
radicals into stable HF and CF,O. Its inhibition mechanism is shown in Figure 11b [119].
Wang et al. [120] built a Novec-1230 fire extinguishing experimental system and simulated
a real fire situation in the actual application of batteries. Based on the NFPA2001 standard
for clean agent fire extinguishing systems and Equations (18) and (19), the required concen-
tration of Novec-1230 extinguishant was calculated. Their results showed that Novec-1230
could effectively extinguish battery fires in both open and confined spaces, and the fire
extinguishing efficiency of Novec-1230 was much higher than that of the CO, extinguishant.

- e)

S = 0.000275T + 0.066054 (19)

where w is the weight of the clean agent, V is the net volume of hazard, S is the specific
volume of the superheated agent vapor in the standard atmosphere, C is the agent design
concentration, and T is the minimum anticipated temperature of the protected volume.
Further, Liu et al. [121] found that the relationship between the inhibitory effect
and dose of Novec-1230 has a critical value (Xj,.), which gradually transformed into an
inhibitory effect when the dose is increased beyond the X;,,.. The cooling rate of the Novec-
1230 fire extinguishing agent is not obviously compared with the heating rate of the battery,
and other auxiliary means such as coordinated cooling of liquid extinguishing agent are
needed. The battery TR will bring great fire and continuous thermal hazards. Considering
that Novec-1230 can effectively inhibit LIB fire, but its cooling effect on LIBs is not obvious,
it may be an efficient method to cooperate with Novec-1230 to extinguish fire by cooling
with a water-based fire extinguishing agent. A new safety strategy for LIBs integrating fire
extinguishing and rapid cooling was proposed [122]. By combining Novec-1230 with water
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mist, Novec-1230 was sprayed to extinguish the fire when TR occurs, and then the battery
was cooled by water mist. The peak temperature and high temperature duration of the
LIBs were significantly reduced. Further, Liu et al. [123] studied the inhibition and toxicity
of various inhibitor doses of Novec-1230 on a 300 Ah LFP battery fire. The results showed
that high inhibitor doses of Novec-1230 increased the toxicity of the system, with the main
toxic gas of CO and irritating gases of HCl, NOx and HF.
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Figure 11. Fire extinguishing mechanism of (a) HFC-227ea [115] and (b) Novec-1230 [122].

2-BTP (2-bromo-3,3,3-trifluoropropene), as a new clean gas fire extinguishing agent
instead of halon, has gradually been applied to extinguish battery fires. The mechanism
is mainly that 2-BTP decomposes free radicals Br and CF3 at high temperatures, which
combine with H, OH, and O in the battery flame, greatly reducing the concentration of
free radicals [124]. Xu et al. [125] studied the fire extinguishing effect of 2-BTP on 75Ah
battery fire, and compared it with water, HFC-227ea, and pentafluoroethane (HFC-125).
The fire extinguishing time of 2-BTP was only 13 s, and no reignition occurred. Furthermore,
Shen et al. [126] found that, compared with Novec-1230 and water mist, 2-BTP effectively
reduced the CO concentration when the battery is TR. The research of He et al. [127] showed
that 2-BTP was significantly better than Novec-1230 in cooling and inhibiting temperature
rise under low-voltage situations and can better inhibited runaway heat transmission
between batteries.

Aerosol particles can be as small as micrometers, with strong diffusivity, which can
avoid obstacles and flow, and can drill into tiny voids. Its properties are similar to those of
gas, and it is a solid particle with a large surface area. The heterogeneous recombination of
the free radicals in the flame chain propagation on the surface of the aerosol extinguishant
is increased, the fire extinguishing efficiency is higher, and the initial cost and service
life cost are relatively low. Robert et al. [128] tested the applicability of the aerosol fire
extinguishing agent to a battery fire and used aerosol to extinguish a 1.9 kWh battery stored
in a 40 foot container. The experimental results showed that aerosol at a density of 61 g/m?3
inhibited the battery fire, and the battery did not reignite within 30 min. Det Norske Veritas
(DNV) [129] extinguished the battery fire through aerosol. The results showed that the
aerosol could extinguish the fire in a relatively closed space, greatly reducing the oxygen
content in the confined space. However, if oxygen reenters the battery system, it may lead
to fire recurrence. Considering that the aerosol is difficult to volatilize automatically, and
the metal oxides in the particles are easy to cause short circuit of electrical equipment,
which will affect the visibility, reduce the oxygen concentration, and is not conducive to the
observation of fire by firefighters. Therefore, aerosol fire extinguishing agents might not be
suitable for suppressing the combustion and explosion of batteries.
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However, some gas fire extinguishing agents are asphyxiating and toxic, which have
serious harm to human life, and the cooling efficiency of gas fire extinguishing agents is
not competitive compared with other types of fire extinguishing agent. It can be properly
selected and applied in combination with the liquid extinguishing agent with a high cooling
rate. The new clean gas extinguishing agent should be studied deeply, and the battery gas
extinguishing agent should be comprehensively evaluated.

4.2. Solid Extinguishing Agent

Solid fire extinguishing agents are widely used, mainly including dry powder fire
extinguishing agents, as well as dry water fire extinguishing agent of new solid powder.
The fire extinguishing mechanism and application of a solid fire extinguishing agent in
battery fire will be discussed below.

4.2.1. Dry Powder Extinguishing Agent

Dry powder extinguishing agents have the advantages of low toxicity, wide sources,
and low cost. They contain BC dry powder, ABC dry powder, and D dry powder according
to the fire type. BC dry powder is mainly sodium bicarbonate, which is used to extinguish
Class B flammable liquid fire and Class C gas fire. ABC dry powder is made of ammonium
dihydrogen phosphate, which can extinguish Class A solid material fire, Class B liquid
fire, and Class C gas fire. D dry powder fire extinguishing agent is mainly composed of
sodium chloride, which is used to extinguish combustible metal fires. At present, BC dry
powder and ABC dry powder are mainly used in battery fire, and their fire extinguishing
mechanisms mainly consist of physical and chemical aspects. Physical mechanism mainly
refers to isolation, cooling, and asphyxiation. It forms an isolation layer by covering the
solid powder on the surface of the combustibles, thus weakening flame combustion. In
addition, the release of water vapor when the powder encounters high temperatures after
being ejected and the decomposition reaction absorbing heat can achieve the cooling target.
The inert gas generated by the decomposition of dry powder can dilute the oxygen con-
centration around the flame, thus playing the role of asphyxiation. Its chemical inhibition
mechanism is to consume OH and H free radicals during combustion.

Reif et al. [130] suggested that water should not be used to extinguish the battery
fire since the reaction between water and lithium metal would generate flammable and
explosive Hj, instead they recommended using a dry powder extinguishing agent to
extinguish the fire. In addition, the cooling methods for water and dry powder are different.
Since the boiling temperature of water is 100 °C, the high temperature water evaporates
rapidly, while the dry powder settles and covers the battery surface after spraying, which
can cool the battery for a long time, but its cooling efficiency is not as good as water.
Zhao et al. [131] compared the extinguishing effect of BC dry powder and ABC dry powder
on 18,650 LIB fire, and the results showed that the cooling effect of ABC dry powder was
better than that of BC dry powder. Meng et al. [132] discussed the extinguishing and
cooling effect of ABC dry powder on LFP battery fire under different spraying distances,
spraying angles, and spraying times. The experimental results showed that when the
ammonium phosphate in the dry powder contacts the flame, the decomposition products
volatilized at high temperatures to inhibit combustion and absorb a certain amount of heat.
The endothermic decomposition reaction of ammonium dihydrogen phosphate under high
temperatures is shown in Equations (20)—-(23) [133].

NH4H,PO, — H3PO4 + NHj; (20)

H3PO4 — HyP,O7 + H,O (21)

H,P,0; — HPOj; + H,0O (22)



Energies 2023, 16, 2960

24 of 35

HPO; — P,O5 + H,O (23)

4.2.2. Dry Water Extinguishing Agent

Dry water fire extinguishing agent is a new white powder fire extinguishing agent with
distilled water as the main component inside and hydrophobic silica as the uniform coating
on the outer surface [134]. The apparent property of the dry water extinguishing agent
is similar to that of the dry powder extinguishing agent, which combines the advantages
of traditional dry powder extinguishing agent and water mist extinguishing agent [135].
Compared with the dry powder extinguishing agent, the fire extinguishing time of the dry
water fire extinguishing agent is shorter, and the cooling effect is better, but the residence
time in the air is not long enough. Kong [136] prepared a dry water extinguishing agent
containing additives. Their experimental results showed that the ammonium dihydrogen
phosphate gel dry water extinguishing agent had the best cooling effect on the ternary LIB
fire. Compared with the ABC dry powder extinguishing agent, the cooling effect of the
ammonium dihydrogen phosphate gel dry water extinguishing agent was obviously better.
Wang [137] carried out an experiment on the suppression of battery TR by dry water, which
effectively suppressed and weakened the flame of battery TR and successfully interrupted
TR propagation. After being driven by the explosion of the dry water extinguishing agent,
the cladding structure is damaged such that the water phase and powder together quickly
impact the fire source. To conclude, the dry water extinguishing agent is a promising,
high-efficiency extinguishing agent for LIBs.

4.3. Liquid Extinguishing Agent

Liquid extinguishing agents mainly include water, water mist, water-based extinguish-
ing agent with additives, hydrogel extinguishing agent, foam extinguishing agent, liquid
nitrogen, vermiculite water dispersion extinguishing agent, etc. The application of liquid
fire extinguishing agents in LIB fires and their extinguishing mechanisms are discussed in
detail below.

4.3.1. Water-Based Extinguishing Agent

The cooling capacity of water is the strongest among many fire extinguishing agents
with a maximum specific heat capacity of 4200 J/(kg-°C), and it is also the most widely
used battery fire extinguishing agent at present. It has great advantages in extinguishing
open flames and reducing the temperature of batteries.

Traditional water mist fire extinguishing technology has been proven to have a good
fire extinguishing effect on battery fires and has been widely studied, but the water mist
fire extinguishing technology is still not widely applied [138]. Liu [139] studied the TR
suppression of 18,650 batteries with different SOCs by water mist through experiments.
Their results showed that applying water mist before the critical temperature could prevent
TR. The research of Larsson et al. [44] showed that in the process of water mist inhibiting the
battery TR, the generation of HF could be affected. The release of water mist temporarily
increases HF emissions, which might cause serious harm to firefighters. Wang et al. [140]
summarized four fire extinguishing mechanisms of water mist. The primary fire extin-
guishing mechanism included heat absorption and cooling, mainly aimed at cooling the
flame, wetting the surface of burning objects and forming a barrier to isolate external
oxygen. The secondary extinguishing mechanism was the thermal radiation barrier and
dynamic disturbance of the flame. However, the water mist of pure water without additives
only plays a role in physical fire extinguishing; thus, the fire extinguishing efficiency is
somewhat low [141]. Additionally, water is a conductive medium, which may cause partial
or overall short circuit of the battery, further leading to battery failure when a large amount
of water or water mist is sprayed. Adding a certain amount of additives in pure water can
effectively extinguish the fire without short-circuiting the battery. Moreover, the additives
can also reduce the water consumption required to extinguish LIB fire [142].
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Cao et al. [143] found that adding 5% alkali metal salts (such as NaCl, KCl, and K,CO3)
to ultrapure water mist could effectively enhance the explosion suppression effect. The type
and concentration of additives had significant effects on flame propagation characteristics
and explosion intensity. Zhou et al. [141] studied the inhibiting effect of low conductivity
water mist containing additives on the battery TR, and determined the best components
of fire extinguishing agent additives: 0.17% FC-4430 + 0.2% TEOA + 0.32% urea + 2.5%
KCL. The experimental results showed that the synergistic action of physical and chemical
additives significantly improved the fire extinguishing ability of fine water mist. Based on
the above research results, Zhou et al. [144] further studied the water mist fire extinguishing
agent for LIBs, and obtained the best components of 0.36% urea + 2.5% AEO-9 + 0.25%
FC-4430 + 3.5% DMMP. Its cooling rate was 2.3 times that of water. AEO-9 had a remarkable
synergistic effect, neutralized the electric repulsive force of other molecular (ionic) head
groups in the surfactant, and formed a denser monolayer on the gas-liquid surface. Through
the synergistic action between surfactants, the surface tension of water and the average
particle size of water mist were effectively reduced. Through the synergistic mechanism of
physical cooling of water mist and chemical inhibition of chemical additives, water mist
with composite additives could well inhibit the intensity of battery fire and TR propagation.

In addition, the American Hazard Control Technologies, Inc. developed a new efficient,
explosion-proof, and environment-friendly F-500 microcapsule fire extinguishing technol-
ogy, which was widely used in fields such as building, fuel, coal, and metal fires. German
motor vehicle inspection association (DEKRA) [142] compared the fire extinguishing effects
of F-500, water, and dry powder extinguishant on LIB fires. The experimental results
showed that the addition of F-500 could significantly improve the fire extinguishing effi-
ciency of LIB fires, and the water consumption required for fire extinguishing was greatly
reduced with a 1% F-500 extinguishant. Luo et al. [145] studied the fire extinguishing
effect of 5% F-500 on LIBs. The F-500 solution quickly adsorbed and wrapped hydrocarbon
molecules to isolate them from oxygen. Yuan et al. [107] selected a 3% F-500 solution to
extinguish the battery fire. The gas adsorption experiment showed that the micelle size
increased after 3% F-500 solution absorbed gas, indicating that it could adsorb explosive
gases, such as H, and CO, generated by battery TR. By reducing the surface tension of
water, F-500 improved the wettability of water and enhanced the possibility of water in-
filtration into the LIB gap. An enclosure was formed and maintained to make flammable
hydrocarbons lose their combustibility and reduce the probability of reburning. Finally, the
fire was extinguished quickly by blocking the free radicals of the chain reaction, and its
extinguishing mechanism is shown in Figure 12.

The water mist has a certain effect on LIB fires, but the uniformity of the water mist
and whether it can reach the combustion surface through the smoke generated by the
battery should be considered. Water mist-containing additives have been widely studied,
and the fire extinguishing efficiency has been significantly improved after adding additives.
However, whether the conductivity of the extinguishing agent with additives will cause
short circuit and other effects on the battery should be noted.

4.3.2. Hydrogel Extinguishing Agent

As a traditional fire extinguishing agent, water cannot effectively adhere to the surface
of combustible materials, so the flame is prone to re-ignition. Thermosensitive hydrogels are
widely used in fire protection. Under the influence of the external temperature, the phase
change from sol to gel will be realized. When the temperature is lower than the lower critical
solution temperature (LCST), it exists in the form of liquid, and when the temperature
exceeds the LCST, it solidifies into the gel [146]. Hydrogels have high water retention
and adhesion ability. Lu et al. [147] prepared a hydrogel complex fire extinguishing agent
by mixing carboxymethyl cellulose and aluminum chloride and carried out combustion
inhibition experiments on LFP battery packs. The fire extinguishing time for a single battery
is only 9 s, and the consumption is only 0.18 L. Hydrogel effectively reduced the height
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of the flame, dispersed the flame shape, and blocked the heat transfer between batteries
through kinetic energy interference, water mist diffusion, and covering cooling.
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Figure 12. Mechanism of extinguishing battery fire with F500 extinguishing agent [107].

4.3.3. Foam Extinguishing Agent

Foam has high viscosity and low density, which can cover the surface of combustibles,
and its main component is still water. Therefore, its extinguishing mechanism is mainly
water evaporative cooling, forming a barrier on the surface of burning objects to isolate
oxygen and heat [148]. Russoa et al. [149] compared the inhibition of CO;, foam extinguish-
ing agent, water mist, water, and dry powder extinguishing agent on LIB fire, and found
that water and foam extinguishing agent might be effective in suppressing LIB fire. The
comparison results are shown in Figure 13. Cui et al. [150] selected water and compressed
air foam as the fire extinguishing agent to extinguish the battery pack fire, and proposed
the electric vehicle fire enclosure fire extinguishing method. Their experimental results
showed that 0.743 m3 /kWh of foam could inhibit the full-size LIB TR. Li et al. [151] used a
3% aqueous film-forming foam extinguishing agent to suppress 18,650 battery pack fires.
The experimental results showed that although the open fire could be extinguished, it
reignited 45 s later. DNV GL [129] did not recommend the use of foam extinguishing agent
in the fire of energy storage stations because the battery module fire required rapid cooling
to dissipate heat. Compared with water, foam had more difficulty penetrating the gap of
battery packs and cooling the insides of batteries.
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Figure 13. Extinguishing battery fire with different extinguishing agents [149].
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4.3.4. Liquid Nitrogen

Liquid nitrogen has been universally applied because of its excellent cooling perfor-
mance, but its application in battery firefighting is still rare. Huang et al. [152,153] first used
liquid nitrogen for LIB fires, and declared that the cooling mechanism of liquid nitrogen for
battery TR was mainly through membrane boiling heat transfer and radiation heat transfer.
When the liquid nitrogen contacts the high-temperature surface of the battery, it will evapo-
rate immediately, forming a layer of vapor film on the battery surface, making the liquid
nitrogen droplets suspend on the battery surface. Wang et al. [154] suppressed battery
TR and its propagation in confined space by injecting liquid nitrogen. The gasification
of liquid nitrogen was conducive to blocking thermal convection and thermal radiation
among batteries. At the same time, the gasification of liquid nitrogen into nitrogen would
also absorb a lot of heat, diluted the air around the battery, and isolated oxygen. How-
ever, in engineering applications, the risk of freezing injury and asphyxiation caused by
liquid nitrogen (—196 °C, atmospheric pressure) should also be fully considered; namely;,
necessary safety protection measures must be taken.

4.3.5. Aqueous Vermiculite Dispersion

Vermiculite is a layered aluminum iron magnesium silicate mineral. The volume
of vermiculite expands dozens of times at high temperature. Vermiculite is dispersed in
water after grinding, forming a stable vermiculite dispersion in water. Its fire extinguishing
mechanism is mainly to cool down and isolate. After release, a film is formed on the
surface of LIBs and absorbs heat at a high temperature [155]. Guo et al. [156] carried out
TR suppression of 21,700 LIBs by vermiculite. The results showed that aqueous vermiculite
dispersion (AVD) effectively reduced the battery surface peak temperature by 71.9% and
43.8%, respectively, during the initial explosion and detonation stages of the LIBs and
prevented the battery from reignition and spread. Nevertheless, AVD takes longer to
extinguish the battery pack fire than other fire extinguishing agents because it is difficult for
the high viscosity AVD fire extinguishing agent to penetrate the gap between batteries [157].

4.4. Comparison of Fire Extinguishing Agent

Through the analysis and comparison in Table 4, it is found that although the gas
extinguishing agent can put out the open fire, the cooling effect is poor, and the possibility
of TR propagation or reignition of the battery is still large. Gas extinguishing agents in
confined spaces may increase system toxicity and reduce space oxygen concentration,
which is more harmful to fire rescue personnel. The solid fire extinguishing agent also
has an insufficient cooling effect, and it is difficult to enter the gap between the battery
packs. Therefore, the suppression effect of the fire extinguishing agent is limited, and
the battery will still spread or re-ignite. Dry water fire extinguishing agent combines the
advantages of fine water mist and dry powder fire extinguishing agent and is the research
direction of a new type of battery-efficient fire extinguishing agent. However, the liquid
fire extinguishing agent may have a certain impact on the battery circuit, which may cause
a short circuit of the battery. However, it has a strong cooling effect, and it is still an
efficient extinguishing agent for battery fire. Proper additives can significantly improve the
cooling capacity of pure water and reduce pure water consumption. Therefore, research
on water-based fire extinguishing agents should focus more on low conductivity and high
cooling effects. The cooling effect of liquid nitrogen is excellent; the effect of restraining TR
and its propagation is good, but there is a risk of frostbite and suffocation, which should
also be further studied.
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Table 4. Effect of fire extinguishing agent and its advantages and disadvantages.

Category Fire Extinguishing Agent B;:et;;gé;zhélflf% ot Advantages Disadvantages
No residue and corrosion,  Environmental pollution, damage
Halon Good good insulation to the ozone layer
co Poor No residue and corrosion, Easy reignition, concentration
2 good insulation leads to poisoning and asphyxia
Gas HFC-227ea Medium Low residue and corrosion High toxicity
Novec-1230 Good Good cooling effect High toxicity
2-BTP Good Good cooling effect High cost
Acrosol Poor Low toxicity Poor cooling capacity, residual and
corrosive
No residue and corrosion, . . .
BC dry powder Poor good insulation Poor cooling capacity, residual
No residue and corrosion, . . .
Solid ABC dry powder Poor good insulation Poor cooling capacity, residual
No residue and corrosion, .
. . . . Poor pressure resistance and easy
Dry water Medium good insulation, medium to erack
cooling capacity
Water mist Good GOOd. cooling capacity, High water consumption
low price and easy access
Improved cooling capacity
Water mist with additives Good and low water High conductivity
consumption
Good cooling capacity and High viscosity, poor
Liquid Hydrogel Good low consumption heat dissipation
- . Low cooling capacity, difficult to
Foam Poor Low toxicity and low price penetrate into the battery pack gap
Liquid nitrogen Excellent E);fsltlngggloir;% ecsai}zﬁfelty’ Cryogenic frostbite and asphyxia
Aqueous vermiculite dispersion Medium no toxicity, medium, Low cooling capacity, difficult to

cooling capacity

penetrate into the battery pack gap

In conclusion, most of the previous studies focusing on the effect of fire extinguishing

agent on the fire extinguishing time of batteries did not consider the optimal amount of fire
extinguishing agent, the degree of battery damage, and the impact of fire extinguishing
agent on the battery that is still available. Whether the battery after fire extinguishing can
continue to be used, the cost of fire extinguishing, and the application in different situations
should be further analyzed. Thus far, the existing fire extinguishing agent has a long
duration, large consumption, short-circuit risk, easy reignition, and potential explosion
risk in the fire extinguishing process, which has become a world problem that plagues the
LIB’s fire safety. It is urgent to develop a new type of fire extinguishing agent that is highly
efficient and suitable for batteries.

5. Summary and Outlook

With the wide application of LIBs, more and more attention has been paid to their
safety. In order to avoid battery TR, monitoring and early warning should be carried out,
and cooling and fire extinguishing measures should be taken in time to prevent further
expansion of the accident. This work analyzed the process and characteristics of battery TR,
summarized the monitoring and early warning methods of battery TR from five aspects of
“acoustic, heat, force, electricity and gas”, reviewed the efficient extinguishing agents for
LIB fires, and made the following conclusions and prospects:

(1) The characteristics of battery TR are mainly embodied in five aspects: “sound, heat,
force, electricity and gas”. Only by deeply understanding the characteristics and
mechanism of battery TR can a reliable early warning method and efficient fire extin-
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guishing technology be developed. TR tests are difficult to reproduce, especially if they
are done on commercial cells/batteries, which is the most frequent case. Therefore, all
experimental results have to be treated with caution, and a better standardization of
TR testing is highly needed.

(2) Special early warning schemes should be provided for different types of batteries,
such as soft packages and steel shells. After improving the early warning accuracy,
the realization of multi-level and multi-type early warning methods complementation
and interworking should be focused on. The internal early warning system of the
battery should be implanted from the time of manufacture, paying attention to sensor
corrosion and its impact on electrochemical performance. The external early warning
system should select the best sensor layout location to improve the accuracy of the
warning and reduce the system’s misjudgment rate.

(3) The environmental toxicity and asphyxiation of battery fire extinguishants should
be considered. The fire extinguishing agent should develop toward anti-reignition,
rapid cooling, low conductivity, and improve the absorption capacity of toxic gases,
flammable, and explosive gases. For LIBs fire in confined space or semi-confined
space, a variety of fire extinguishing forms can be considered, such as injecting an
extinguishing agent into the confined space. For different fire intensities, cooperative
suppression of the extinguishing agent can be considered. At present, research on the
extinguishant of LIB fire is mostly small-scale, and large-scale experimental research
should be carried out.

(4) In combination with early warning and firefighting, the risk of battery TR should be
graded and rapidly linked. LIBs should be graded in practical applications, and the
battery monomer, battery module, battery cluster, battery pack, etc. should be graded
for early warning and fire protection.
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