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Abstract: The combustion and explosion characteristics of lithium-
ion battery vent gas is a key factor in determining the fire hazard of
lithium-ion batteries. Therefore, investigating the combustion an
explosion hazards of lithium-ion batteries vent gas can pr
guidance for rescue and protection in explosion accidents in
storage stations and new energy vehicles, thereby pr

understanding and combined with previous re!
production from lithium-ion batteries, this arti

runaway of 18650 LFP batteries with diffe
limit of mixed gases affected by carb

software is used to numerical
and adiabatic flame temperat
concentration of free radicals

e combustion and
explosion hazard of battery veRillgas increases with the increase of
SOC, and the risk of explosion
SOC reaches 100%. However, tiV€
varying degrees with overcharging of the battery. This article
provides a feasible method for analyzing the combustion mechanism
of vent gas from lithium-ion batteries, revealing the impact of SOC
on the hazardousness of battery vent gas. It provides references for
the safety of storage and transportation of lithium-ion batteries,
safety protection of energy storage stations, and the selection of
related fire extinguishing agents.

eatest and most harmful when
related hazards decrease to
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Fuel shortage and air pollution are among the major concerns of
current and future energy issues. New energy vehicles,
especially electric vehicles, have been developed to meet the
challenges of fuel shortage and air pollution I": 2. Many countries
are using new energy vehicles as a substitute for traditional fuel
vehicles to reduce dependence on oil and pollution of the
environment B 4. Against this background, China's new energy
vehicle industry has developed rapidly. As of 2022, China has a
total of 14.1 million new energy vehicles, including 11 million
electric vehicles, with a battery demand of 25,000 GWh B,

The power batteries are the core component of electric vehicles,
and LIBs (lithium-ion batteries) are widely used in the field of
electric vehicles due to their superior performance ¢ 71. However,
LIBs themselves are relatively active and are prone to trigger TR
(thermal runaway) under conditions of thermal abuse, electrical
abuse, mechanical abuse, and electrochemical abuse, causing
serious thermal accidents %, According to data from the
National Emergency Management Department, a total of 640
new energy vehicle fires occurred in the first quarter of 2022, an
increase of 32% compared with the same period. New energy
vehicle fire accidents caused by TR of LIBs pose a great threat
to people's lives and property safety, and also limit the
commercial application of LIBs and the development of new
energy vehicle industry ['*. 12,
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TR of LIBs can release a large amount of flammable and toxic
gas. It can be ignited by high-temperature solid emissions or
friction, thus forming jet flames and stable combustion of
emissions '3, Koch ['4l et al. analyzed the TR eruption products
of 51 LIBs, which mainly consisted of gases such as CO,, CO,
Hz, CH4, CzHs, C2Hs and CsHe. Zhang ['3 et al. conducted a
study on the explosion limit (EL) of TR gases in NCM batteries
with different SOC, and found that as the SOC increases, the
lower explosion limit (LEL) of the vent gas first increases and
then decreases, while the upper explosion limit (UEL) continues
to increase. Baird ['8 et al. calculated the EL, laminar flame
speed (LFS), and maximum overpressure of the vent gases from
different cathode materials in LIBs using a model. They found
that NCA and LCO batteries generate higher flame speeds and
maximum overpressures compared to LFP batteries. LFP
batteries also have a higher LEL, which may reduce the
probability of a flammable ignition.

There are numerous studies on the combustion of low carbon
alkane fuels, for example, Hu 'l et al. simulated the premixed
laminar flow combustion and ignition process of C1-C4 alkane
fuels and analyzed the chemical reaction kinetics using Chemkin
software. A similar analytical approach allows the ignition and
explosion characteristics of LIBs vent gas to be analyzed. Ma 4é
et al. investigated the EL and influencing factors of TR veg

different SOCs. The Chemkin-Pro soft
the LFS and AFT (adiabatic flame te
gases, and sensitivity analysis o
conducted under the EL.

explosion risk and hazards o
SOCs, providing guidance
safety of LFP batteries.

Results and D

The detailed component
batteries with different SOG

ent gas from LFP
e shown in Table 1. This data
comes from Reference [N the literature, the author
constructed a custom-designed @&perimental platform. The main
component of the test rig is a heatable reactor with electric
feedthroughs for the temperature measurement and the inner
sample heating. The device was evacuated and purged with
argon twice, and then 1.1Ah18650 LFP batteries with different
SOC were ftriggered in the heating sleeve to cause thermal
runaway. Finally, collect the gas after cooling and analyze it
using a gas chromatograph.

Table 1. Composition and content of vent gas from LFP
batteries with different SOCs.

SOC H2 CO2 co CHa CoHa CoHe
(%) (%) (%) (%) (%) (%) (%)

0 27 93.4 1.8 0.7 0.7 0.7
25 71 85.3 3.1 1.2 3.1 0.2
50 20.8 66.2 4.8 1.6 6.6 -

75 21.8 62.6 6.4 1.9 6.3 1
100 29.4 48.4 9.1 54 7.2 0.5
115 34 52.2 6.4 2.6 4.7 0.1
130 30.1 55.8 7.7 6.4 - -

Righest content among the six

increased. H: is
blosion hazard of
as SOC increases
begins to decline.

into one-dimensional premixed models. It solves the
ing system of differential equations describing flame
using an implicit finite difference method combined
with tim&@egpendency and steady-state assumptions. In addition,
its solution” algorithm adopts an automatic coarse-to-fine grid
nt method to enhance the convergence of the steady-
ethod and provide an optimal grid layout.

e conditions for numerical simulation are normal temperature
and pressure (298K, 0.101MPa). In addition, the EQUIL module
is used to calculate the AFT in the equilibrium state under the
conditions of normal pressure and enthalpy. The composition of
the reactants is determined by the volume fraction, and the
proportions are determined by the equivalent ratio. In the
software, both GARD and CURV are set to 0.05, and the
number of grids is set between 400 and 500, which can meet the
requirements of grid independence and reduce the flame speed
error.

The USC Mech mechanism file used in this paper is the
combustion kinetic mechanism for the H2/CO/C1-C4 system
constructed by Wang 2"l et al. at USC, which has reactants that
match the main components of the experimentally measured
vent gases from LIBs.

Feasibility Verification

In order to verify the reliability of the PLFC model, the USC
Mech mechanism was used to calculate the LFS of CHud/air
within a certain equivalence ratio range, and compared with the
literature results under normal conditions [222% the results are
shown in Fig.1.

Through comparison, it is found that in different CHa/air LFS test
experiments, there are some differences in the range of values



of equivalence ratios, and the LFS under the same equivalence
ratios are also different, but in general have a similar trend of
change. The maximum LFS all appeared between ¢=1.0-1.1,
ranging from 35.8-36.7 cm/s. The simulation results are higher
on the lean flame side than those of Pagliaro, with a difference
of 3.3 cm/s at @ = 0.6. However, the rest of the literature results
are in good agreement with the USC Mech simulations, with an
error range within 8%, which indicates that the Chemkin-Pro
software can provide reasonable simulation results for LFS.
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13 Figure 1. Laminar flame speed of CHa/air.

14
15 Explosion Limits of Vent Gas

16 The EL is one of the important param
17 explosion characteristics of flammable g
18 vent gas from LIBs can deter
19 hazards of LIBs during tra
20 method is to "pair" a certain
21 certain combustible gas and
22 gas", and find its correspondi
23 Fig.2 1281, For exd

24 SOC LFP battery volume
25 percentage of the ne e ratio of
26 CO; to Hy is 1.65. A of Ha+CO; is

27 65.9% and the LEL is 9.9

Explosion limit (%)

14 16

Inert gas/combustible gas

28

29 Figure 2. Explosion limits of gas components.

Since the CO- content in the vent gas of 0% and 25% SOC LFP
batteries far exceeds that of other combustible gas components,
the volume fraction of any combustible gas after pairing is
outside the EL, so the mixed gas cannot burn or explode, and
there is no relevant explosion hazard analysis. Table 2 lists the
ELs of H2+COz: in batteries above 50% SOC, the values in the
table are substituted into the Lechteilier formula to calculate the
EL of the gas mixture.

Table 2. Explosion limits of gas components.

H2+CO2 H2+CO2 H2+CO> H2+CO2 H2+CO2

(50%) (75%) (100%) (115%) (130%)

UEL 64.2% 64.1% 65.9% 66.3% 65.2%
9.3% 10.9%

(1

L2, and L3 are the
2, and V3 are the

115% 130%
SO SOC SOC SOC
N
A UE‘ 45.5% 55.8% 61.4% 54.5%
v 12.4% 11.9% 8.2% 11.8% 10.2%

Fig. ws the EL range of vent gas from 18650 LFP batteries

f the battery vent gas first rises and then decreases, but is
still higher than the value of 100% SOC, which indicates that the
100% SOC 18650 LFP battery vent gas is more susceptible to
explosion hazards. As for the UEL, there is no obvious regularity.
The UEL of 100% SOC is lower than that of 75% and 115%
SOC. This is because the Lechteilier formula has a larger
deviation when calculating the UEL, especially for mixed gases
containing Hz, CH4 and CaHa4 271

80
- LEL

70{ —— UEL No hazardous area

_—~ 4
§ 60
o
=
= 404
=
2 Hazardous area
= 304
L]
=

20

10+

0 T T T
50 75 100 115 130

SOC (%)
Figure 3. Explosion limits of vent gas from LFP batteries with
different SOCs.
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Laminar Flame Speed of the Vent Gas
The LFS is an inherent characteristic of combustible gas and is
a parameter that represents the danger of explosion when the
gas is ejected. It can quantify the danger of explosion of LIBs
vent gas in a confined space [?8. The vent gas from the battery
during TR may undergo combustion in a premixed mode, posing
a risk of explosion.

Fig.4 shows the LFS of the vent gas from 18650 LFP batteries at
different SOC calculated using Chemkin-Pro. Due to the varying
composition of the vent gas at different SOC, the range of LFS
of the vent gas/air also differs. However, the peak LFS occurs
between @=1.0-1.1 for all SOC. The peak LFS of the vent gas
from the batteries at different SOC, from low to high, are 29.2
cm/s, 33.7 cm/s, 53.5 cm/s, 51.2 cm/s, and 45.1 cm/s.

It can be seen that as the SOC increases, the LFS of the battery
vent gas increases overall. Until 100% SOC, the LFS value is
the highest under the full equivalence ratio. As the battery
continues to charge and enters the overcharged state, the LFS
begins to decrease with the increase of SOC. This is because
the CO: content in the vent gas from the 100% SOC 18650 LFP
battery is the lowest, resulting in the weakest inhibition effect on
the LFS.

—50% SOC ——75% SOC ——100% SO
55 4 ——115% SOC ——130% SOC

LFS (em-s™)

Figure 4. Laminar fla FP batteries

with different SOCs.

Adiabatic Flame Tempera@@ike of the Vent Gas

The AFT is the temperature tR@Athe combustion products can
reach when the fuel achieves$Complete combustion under
adiabatic conditions. Although its value is higher than the actual
flame temperature, it can still be used as an important parameter

to evaluate the hazards of combustion heat of LIBs vent gas.

Fig. 5 shows the AFT of the vent gas from 18650 LFP batteries
with different SOCs calculated by Chemkin-Pro. The trend of
AFT with SOC is similar to that of LFS, with the maximum value
occurring at @ = 1.0. The AFT of the combustion of the battery
vent gas rises with the increase of SOC until the highest
temperature value at the full-equivalent ratio at 100% SOC. As
the battery continues to charge and enters overcharge state, the
temperature starts to decrease with increasing SOC. It is worth
noting that the AFT of the battery vent gas at 130% SOC is the
lowest. This is because the composition analysis of the battery
vent gases at 130% SOC does not include CoHs and CaHe,
which are the main contributors to heat generation.

——100% SOC

1.0 1.2 14 1.6
quivalence ratio

5. Adiabatic flame temperature of vent gas from LFP

ss fractions of H, O and OH radicals can reflect the
ion rate of the system, especially the H radicals play an
important role in increasing the chemical reaction rate. Fig. 6
shows the variation of H, O and OH radical concentrations with
axial distance at the maximum LFS equivalent ratio in the vent
gas/air combustion system of 18650 LFP batteries with different
SOCs. In the same system, the OH radical concentration is the
highest, the H radical concentration is the lowest, and the O and
OH radical concentrations are one order of magnitude higher
than the H radicals. The change pattern of H radical equilibrium
concentration in the reaction system of different SOC batteries
vent gas is consistent with the LFS, that is, 100% SOC > 115%
SOC > 130% SOC > 75% SOC > 50% SOC. The peak
concentration and equilibrium concentration of O and OH
radicals in the 100% SOC battery vent gas reaction system are
higher than those in other systems, which also shows that the
100% SOC battery vent gas combustion reaction rate is the
highest.
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eactions involved
but only a
them play a leadi
Therefore, in order
reactions that affect
elementary reaction sen
SOC batteries vent gas/air fl
Fig. 7 shows the five elems

process.
important

ary reactions with the largest
sensitivity coefficients under maximum LFS equivalence
ratio in different SOCs batteries vent gas/air combustion reaction
systems. A positive sensitivity coefficient indicates that the LFS
increases with the increase in reaction rate constant, while a
negative coefficient indicates a decrease. The sensitivity
coefficient of R1 is much higher than that of other elementary
reactions. This is because the chain branching reaction
H+0.<=>0+0H, which starts with H atoms, plays a significant
promoting role in the combustion process, and a series of large
molecular groups need to react through the collision of free
radicals.

LFP batteries vent gas with different SOCs.

[ 150% soc
HCO+H<=>CO+H2 (35) E [ 175%soc
[_]100% SOC
[ J11s%soc
.
CO+0OH<=>CO2+H (31) % l:] 130%SOC
—
H+O2(-M)<=>HO2(+M) (12)
H+OH+M<=>H20+M (%) E
—
OH+H2<=>H+H20 (3)
0+H2<=>H+OH (2) g
5
H+02<=>0+0H (1) —
T
02 -01 0.0 0.1 0.2 0.3 04 0.5

Figure 7. Sensitivity analysis of battery vent gas/air combustion
reactions.

Among the four elementary reactions with the largest sensitivity
coefficients except R1, there are two elementary reactions each
that promote and inhibit the LFS. Although the elementary
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