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ABSTRACT Lithium-ion batteries have been widely used as key carriers of electrochemical energy storage owing to their excellent
performance. However, manufacturing defects or non-compliance with safety norms can easily trigger thermal runaway in lithium
batteries, leading to safety accidents such as fires and explosions. This highlights the urgent need for advanced lithium battery fire
suppression technology. This paper provides a comprehensive analysis of the fire characteristics and thermal runaway mechanisms of
lithium batteries, based on a review of relevant literature. Additionally, it examines various fire extinguishing agents and strategies,
highlighting the two primary requirements for managing and preventing thermal disasters associated with lithium batteries: fire
suppression and cooling. For lithium battery fires, this study introduces and compares the fire extinguishing mechanisms, and the fire
extinguishing and cooling efficiency of different types of extinguishing agents: gas-based, water-based, and solid agents. The

comparison considers multiple perspectives, such as extinguishing and cooling capacity, insulation, toxicity, residue and cost. Notably,
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CgF 1,0 exhibits excellent fire extinguishing capabilities, while water mist demonstrates superior cooling performance. To enhance fire
extinguishing and cooling effects, new strategies and devices are analyzed, such as cooperative fire extinguishing, intermittent spray and
fire extinguishing microcapsules. The study also summarizes the limitations of current extinguishing agents for suppressing lithium
battery fires and the shortcomings of extinguishing strategies, offering several methods for improving the performance of extinguishing
agents. Collaboration between early fire detection technology and fire suppression technology can achieve early warning and precise fire
extinguishing effects. According to the specific characteristics of lithium battery fires, a comprehensive analysis from the perspectives of
fire behavior, thermal behavior and system toxicity is essential. The development of an ideal extinguishing agent with high thermal

conductivity, high insulation, clean, cost-effective and non-toxic byproducts can be achieved using additives or new formulations. By

developing more efficient new extinguishing strategies, it is possible to effectively govern and prevent battery thermal disasters.

KEY WORDS lithium-ion battery; thermal hazard; fire suppression; fire extinguishing agent; fire suppression strategy

REURURL Bk 5 PRI 95 e — B R 2 2 TF
JR 5 53 14 A A TR, 3 ] o < XU ™ e J
A I, BIF T 08T RE R L AR W A J iy ke S5 A ], )
Wplr 8l AR BEROR Y BE 2D PR A (LT AR
PR ) MR 24 E R R AL AR RE A 2 —, 1
e BE 0 B | BRI ACUAE L D R A5 R AR
B T RS PR L i RE L A A R ALAE
R UL SR, B R T R R K AT B R A
b N (RN DREc i W = 95 A =90 SR A =
MR F LR WG T AT R, R
FBCA 2004 Tt A1 L P Tt KRB i iR R ) K
(i) . PRIk, AR S x4 R b il A KK B
KRG HEAT M LRA, B R M R XK
R0 85 28 HR) KK SR, — R L A AR K 45 K
R AN R & S S DR R e (ORI B e
B P T AR A 45— € AR 2 (.

1 EETRMAREERRARKENIE
L1 EEFRBARESR

PR KRR T B —E R R 4. A 1(a)

7, PR kB BE A AR B A

Al collector

FEL AR R0 T TR LB, H v R A R R A T
A JEKK, Gy A LR RUR T B 28 KK, i ad
v AR B TR AU T C 28 R, TR H Y A
BIEi | T E RO h T A
SO NE AN A5 PR 9 2 R, 52 2% 0 B Pl il ok R
R G BAL G KGR AT REI AN ] TR s It K
W, B TCKBORA B WARe 7 D, i T8
LY B HLA 1 RRE AR, B LUK A i xfE
BOR. WP 1(b) fr7r, B F i A O T S0 5 B Bl 4gk
Wy, Bl AR RE A 3 i BB 23 7 A R R SRR
AR DR SR AR A, HL o A PR R
i, S8 Al RN K R 23 S R AR BRI R B
A B TG R T KD, EL R Tt PR R R A S AT
S, AR B AR AN B R v 30 i, 4l fg i
BUAIRILR . Ah, i 1(e) Bz, 2 13 2 A
R R A S PR AR R SR, A AR AL B
AL A SR AT i BE At Fi, S A ) 5% ) R 57
7 A P s v 1t LR AR S R B S5 114 07 50
P 3ot 20 R A0 HL Y, 0 2R BB B N SR AT S8
il , K 3 BSR4 22 KR B R AR, R B R
BE— DAL RRY R A, 2452 RS (8] N B Al R IR

—~
el
~

=

m

Battery cell Thermal runaway

Energy storage power station

£ Battery module
fire accident i

Bl B KR AT (2) BEH LA (b) SR TBIRDE =T, (o) BRI

Fig.1 Lithium battery fire characteristics: (a) lithium battery composition structure; (b) three elements of lithium battery combustion; (c) lithium battery

thermal disaster
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Table 1 Lithium battery fire accidents in recent years

Date Country Accident description
2023-10 America Idaho Power energy storage facility caught fire; multiple battery clusters burned
2023-09 France A photovoltaic energy storage device caught fire at a chicken farm in Saint-Esprit, causing economic losses of millions
of euros
2023-09 Australia Fire at the 50 MW/100 MWh energy storage project in Boldham, Queensland
2023-09 America A battery storage unit caught fire at Valley Center energy storage system in California
2022-10 China Hainan photovoltaic energy storage station caught fire, resulting in the battery compartment burned
2022-06 France Energy storage container caught fire in Poggio-di-Nazzza, spreading smoke across the eastern plain
2022-04 America Salt River Project energy storage system caught fire (10 MW)
2022-02 America An accident at Moss Landing, California, melted about 10 battery racks; the second incident in six months
2022-01 Korea SK Energy’s battery storage plant caught fire
2021-07 France A container of 13 tons of lithium batteries caught fire, and the fire took four days to put out
2021-07 Australia Tesla’s Megapack storage station caught fire, causing two storage tanks to burn down
2021-04 China Energy storage power station caught fire and explosion in Beijing; two firefighters were killed
2019-04 America Energy storage power station caught fire and explosion at Arizona; four people were injured
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Table 2 Research on fire suppression of lithium battery using an gas extinguishing agent

Agent Institutions Battery type Conclusions
Wang et al*) 50 A-h LTO battery The CO, was hard to put out lithium battery fires
o,
Liu et al® 38 A-h NCM battery After CO, release, the battery reignited and lasted for about 1 min

Sun et al®! 117 A-h NCM battery

HFC-227ea can suppress open fire, but cannot prevent TR propagation

?21:70 Wang et al®” 50 A-h LTO battery It can extinguish LTO module battery fire, but it may reignite after extinguishing
ea
Meng et al®” 243 A-h LFP battery It is difficult to extinguish large capacity LFP battery fires in open space
Zhang etal®™ 50 A-h LTO battery CgF},0 had the best fire extinguishing effect among the three gas extinguishing agents
The TR propagation was successfully suppressed, demonstrating the effectiveness of C¢F;,0
129] . >
Zhang et al 243 A-h LFP battery in the fire of energy storage power stations
Xie ot al®™ b b It can quickly extinguish fire, but as the concentration of the extinguishing agent decreases,
C¢F1,0 lecta 150 A-h NCM battery the phenomenon of re-ignition occurs
Li 121 With the increase in dose, the inhibitory effect changed from negative inhibition to
fueta 243 A'h LFP battery inhibitory effect, and there was a critical inhibitory dose
. 3 The optimal inhibitory dose of 2.9 g-W'-h™' was determined based on fire extinguishing
132) .
Livetal 300 A-h LFP battery effect, cooling effect and systemic toxicit
Huang et al™  18650-type LCO battery It can delay or even stop TR, and has no significant effect on battery performance
- ; 18650-type NCM
quuld Wang et al** P Short time to extinguish flame and reduce battery surface temperature to a safe value
nitrogen battery

Huang et al®  18650-type LCO battery A novel strategy with liquid nitrogen to prevent TR propagation was proposed
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Table 3 Research on fire suppression of lithium battery using a water-based fire extinguishing agent
Agent Institutions Battery type Conclusions
Zhane ct al.t¥ 21700-type NCM The cooling effect increases with the amount of water, and the 20.8 g-W'-h' of water can
geta battery prevent TR propagation
Ji et al. B 12 A-h NCM battery The effects of wgter mist ﬂovy rate., mma_l velocity and particle size on the fire extinguishing
effect were studied by numerical simulation
Zhang et al.*" 2170%_;§§:YNCM Water immersion will damage the electrochemical and thermal stability of the battery
Xu et al.*! 94 A-h NCM battery Water mist can effectively extinguish the battery fire, compared to CO, and HFC-227ea
Water Xu et al 1 18650-type NCM Water mist can reduce TR and fire risk, and can inhibit TR propagation with increasing
uetal battery application time
. Water mist with a mass flow rate of 1.0 g-s™ and 1.6 g-s™' prevented TR propagation by 40%
Said et al.*¥  18650-type LCO battery & gsp propag v
and 50%
Liuetal.™™ 18650 A-h NCM battery  The water consumption of 1.95x107* kg-W"-h™' can prevent TR propagation
Xuetal™”? 18650 A-h NCM battery ~ Water mist can reduce the damage caused by high temperature shock to the battery
Larsson et al.l* 7 Ah LFP battery The application of water mist will increase generation of HF
Luo et al 80 A-h LFP battery Adding 5% F-500 water mist greatly improves fire extinguishing efficiency and cooling
performance
Zhou et al Water mist with low conductivity compound additive can not only effectively inhibit TR,
Addit ouctal 94 A-h NCM battery but also reduce the damage of water immersion short circuit
t .. . . .-
Walt;:/e The synergistic effects of the physical and chemical additives (FC-4430 (0.17%), TEOA
Zhou etal.®"  18650-type LCO battery ~ (0.2%), urea (0.32%), and KCI (2.5%)) can significantly improve the ability of water mist to
suppress lithium battery fires
Wang et al ™ 18650-type LCO battery The fire extinguishing mechanism of water mist containing compound additives was
revealed
Russo et al.l™! 7 A-h LFP battery The foam extinguishes the flame within 20 s and effectively reduces the battery temperature
Foam s
Cui et al.b¥ 38 A‘h NCM battery ~ The foam dose of 0.743 m*kW '-h ' can effectively inhibit TR
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