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ABSTRACT

With the large-scale application of LiFePO4 (LFP) batteries in the field of electrochemical energy storage (EES),
more attention is being paid to the problem of thermal runaway (TR). This paper investigates the TR and gas
venting behaviors of 86 Ah LFP batteries caused by overcharging and overheating. Compared with previous
studies, the main contributions lie in the gas venting behavior analysis of the LFP batteries during the whole TR
process and the causes of the safety venting under overcharging and overheating. Two significant results are

gzziﬁtzzig;gg obtained from the experiments: (I) the overcharging of the LFP battery promotes gas release inside the battery,
resulting in advance of safety venting, but the safety venting under overheating is caused by electrolyte vola-
tilization; (II) the total gas volume (including Hy, CH4, CoHy, CO and CO3) during TR under overcharging and
overheating is 62.1 and 101.3 L. Moreover, the results calculated by the fractional compelling dose model show
that there is no toxicity before TR under overheating. However, the duration of toxicity under the overcharge is
1211 s before TR. This work provides a meaningful theoretical guide for EES systems' safety warning and fire
protection.

Nomenclature Tup temperature of the upper surface (°C)

Tmid temperature of the middle surface (°C)
Symbols Tdown temperature of lower surface (°C)
Tonset onset temperature of TR (°C)

LIB lithium-ion battery Tmax maximum temperature of TR (°C)

EES electrochemical energy storage (dT/dt)max maximum self-heat rate (°C/s)

TR thermal runaway ISC internal short circuit

SOC state of charge XrED the critical concentration of irritant gas

LFP LiFePO4 Pele the partial pressure of electrolyte volatilization (Pa)

NCM LiNi; /3C01,3Mn; /302 At the time interval between the safety venting and the end of TR

FTIR Fourier transform infrared (s)

P pressure (Pa) OCV open circuit voltage

Pin total pressure inside the battery (Pa) C current rates

Pgas the partial pressure of gas release (Pa) SEI solid electrolyte interphase

c specific heat capacity (J/mol/K) EC ethylene carbonate

T temperature (°C) DMC dimethyl carbonate

Tavg average temperature (°C) EMC ethyl methyl carbonate
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CMC carboxy methylcellulose

PVDF polyvinylidene fluoride

Viotal total gas volume (L)

U voltage (V)

m the average mass loss rate (g/s)
m mass (g)

Moss the mass loss during TR (g)

t time (s)

tsy time of the safety venting (s)
tisc time of internal short circuit (s)
tonset onset time of the TR (min)

tq thermal runaway duration (s)
ta@jet duration of jet behavior (s)
FED fractional effective dose

Greeks

¢ the concentration of gas (ppm)

1. Introduction

With the energy crisis and environmental pollution problems
becoming increasingly severe, developing and utilizing clean and
renewable energy are imperative [1-3]. The lithium-ion battery (LIB) is
considered an advanced energy storage medium for renewable energy
[4]. Owing to the perfect combination of its high energy density, low
self-discharge rate, and excellent cycle performance, LIBs have been
widely used in electrochemical energy storage (EES) systems [2,5].
According to incomplete statistics, as of 2021, China's EES scale of
operation had reached 1.87 GW, and the cumulative installed capacity
reached 5.51 GW, with an increase of 68.5 % year on year. Among them,
LIBs have occupied the largest incremental installation scale [6]. How-
ever, in the past 10 years, there have been 32 major fire and explosion
accidents in EES systems around the world, including three fire acci-
dents in EES systems in China [7], such as the Beijing energy storage
station fire accident in April 2021. LIB is one of the core components of
EES systems, whose safety issues are becoming technical hindrances for
the development of the EES industry.

Thermal runaway (TR) is the primary safety issue of LIBs [8]. It is a
chemical reaction accompanied by heat generation and gas release [9].
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Fig. 1 shows a diagram of the potential causes of LIB accidents. TR can be
induced by mechanical, electrical, or thermal abuse [10]. A series of
battery safety tests with TR have been extensively studied. These tests
include mechanical [11,12], electrical [13], and thermal tests [14].
Huang et al. [15] experimentally investigated the characteristics and
mechanisms of TR in LiNi;3C0;7,3Mn;,302 (NCM) batteries caused by
overcharging and overheating. They found that compared with TR
under overheating, TR induced by overcharging exhibited a more severe
result because of its higher heat generation. Lai et al. [10] compared the
TR propagation behaviors of LIB modules under overheating, nail
penetration, and overcharging. The energy flow distribution shows that
more than 60 % of TR energy is used for battery self-heating.

Furthermore, several researchers have studied the TR behaviors of
LiFePO4 (LFP) batteries caused by overcharging or overheating. Wang
et al. [16] studied the effects of the current rate and health state on TR
characteristics under overcharging and analyzed the TR behavior and
the overcharge voltage curve variation. A realistic energy storage pack
TR experiment was established by Sun et al. [17]. The TR process of the
LFP module was tested and explored under two overcharging conditions.
Liu et al. [18] studied the TR and fire behaviors of batteries under
overheating. They analyzed the composition and type of gas production
and fire behavior of the different state of charge (SOC) batteries.
Bugryniec et al. [19] investigated the TR mechanism of LFP batteries
with different SOCs and found that at SOC of 100 % and 110 %, the
anode and cathode reactions are the main contributors to TR; while at
lower SOC, anode reaction dominates.

In previous studies [20,21], researchers have conducted many TR
experiments on LIBs under overcharging and overheating, but most
studies have focused on battery fire behavior. Due to the cathode ma-
terial properties of NCM batteries, the NCM battery causes fire behavior
during TR. The fire behavior of NCM batteries is exceptionally well
studied. However, LFP batteries are dominant in energy storage plants in
China because the LFP battery cannot ignite in the open space during TR.
Therefore, the previous work did not guide battery accidents in EES
stations.

LFP batteries release large amounts of fumes during TR. So, it is
necessary to study the gas venting behavior of LFP batteries. Previous
studies on gas generation have focused on placing the test sample into a
closed canister and then measuring the internal pressure during TR
[22,23]. The gas generation rate was calculated from the gas state
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Fig. 1. Diagram of the causes of LIB accidents [4].
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equation based on the changes in pressure. Yih-Shing Duh et al. [24]
compared the TR behavior of commercial 14,500, 18,650 and 26,650
LiFePOy4 batteries in an accelerating rate calorimeter through a closed
canister and found that the maximum pressure of 26,650 was about 4.5
bar. Golubkov et al. [25] demonstrated the TR characteristics of three
types of commercial 18,650 LIBs and found the types of gas generation
were CO,, CO, Hy, CHy4, CoHy and CyHg during TR. Recent research is
only for a single trigger method for overheating or overcharging. The
overheating and overcharging triggers of LIBs have an enormous impact
on the TR behavior, especially for the more severe effect on the gas
venting behavior of the LFP battery. However, there is a gap in the gas
venting behavior under overcharging and overheating. Comparative
studies of the TR characteristics and mechanisms of LFP batteries under
overcharging and overheating are still lacking. Therefore, it is necessary
to investigate the TR and gas venting behaviors of LFP batteries under
overcharging and overheating.

This work investigates the TR and gas venting behaviors of 86 Ah
commercial prismatic LIBs under overcharging and overheating. The
present work and previous research are partially summarized in Table 1.
Some critical parameters of TR are revealed in detail. The causes for the
safety venting of the LFP batteries and the impact of the safety venting
are analyzed under overcharging and overheating. This work reveals the
TR behavior and mechanism of LFP batteries in EES under overcharging
and overheating, which provides reference data for the design of fire
prevention and emergency disposal of EES accidents.

2. Experimental
2.1. The LiFePOy4 battery sample

The sample is a commercial large-scale commercial LFP battery used
in the EES station. The physical dimensions of the LFP battery are shown
in Table 2. The cathode active material is LiFePQy4, while the anode is
graphite. The nominal capacity and voltage are 86 Ah and 3.2 V. Before
the experiment, all batteries were fully charged by using a battery cycler
(NEWARE CT-4004-30V50A-NFA). Each tested LIB is charged at a rate
of 20 A (0.23C) to 3.65 V using a constant current and voltage (CC-CV).
After charging is completed, the battery is maintained for 24 h to ensure
stability.

2.2. Experimental apparatus

This experiment was conducted in the combustion chamber, which
was fabricated following ISO 9705 and ISO 5660 [27,28]. The com-
bustion chamber size is 1.8 m x 1.8 m x 2 m. The diagram of the
combustion chamber is shown in Fig. 2(a). A smoke exhaust duct on the
upper side of the combustion chamber and an airflow of 279 L/s are
maintained to remove gas from the combustion chamber during the test.
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Table 2
The physical parameters of the LFP battery.
Name Unit Value
Cathode - Lithium phosphate (LiFePO4)
Anode - Graphite
Dimension(length x width x height) mm? 205 x 175 x 30
Safety vent size (length x width) mm? 10 x 20

Nominal capacity Ah 86
Maximum cut-off voltage v 3.65
Minimum cut-off voltage A% 2.5
Nominal voltage A% 3.2
maximum charge/discharge current A 86

Operating temperature range °C —20-55
Mass g 1979.8
State of charge % 100
Specific heat capacity J/kg/K 1029

Fourier transform infrared (FTIR) spectroscopy and an independent
hydrogen probe were arranged in the exhaust duct to monitor the
composition and content of the gases. The gas concentration and content
were obtained by a Thermo Scientific™ Antaris™ IGS Gas Analyser and
an independent hydrogen analysis instrument.

The tested battery was placed on a Mettler balance in the combustion
chamber. The balance data were used to record the mass loss of the LFP
battery during TR. K-type thermocouples were attached to the surface of
the battery to measure its surface temperature. High-temperature tapes
ensure good contact between the thermocouple and the battery surface
in the experiment. In addition, a thermocouple was placed 4 mm above
the safety vent to monitor the temperature of the ejected gas. The lo-
cations of the thermocouples are shown in Fig. 2. Temperature data were
recorded by the data acquisition equipment (ICPCON 1-7018). During
the test, a video camera (SONY XPS160) was used to monitor TR
behavior and the gas injection phenomenon.

2.3. TR tests under overheating and overcharging conditions
(I) Overcharging condition

In the experiment, a 0.5C (43 A) constant current charging method
was used to trigger the TR of the LFP battery. The upper and lower
voltage limits were not set during overcharging to ensure that the bat-
tery could fail. With the excessive energy input from the battery cycler,
the voltage kept changing until the battery ultimately failed. The voltage
dropped to near 0 V. The experiment was finished.

(II) Overheating condition

A heating plate with a constant power of 500 W was used to trigger
the TR of the tested battery. The size of the heating plate (205 x 175 x

Table 1
A summary of the research on the TR of LFP batteries and this work.
No.  Ref. length x width Capacity Trigger method Charging rate/ Results
x height (mm) (Ah) heating power

1 [16] 173 x 19 x 140 25 Overcharging 1C The voltage curve has five obvious inflection points during the overcharge process.

2 [17] LIB module 344 Overcharging 0.5C As the battery module fails, it generates an intense flame and a large amount of
high-temperature smoke, which contains H,, CO, CO,, HCl, HF, SO, and other
components.

3 [18] 100 x 20 x 140 22 Overheating 500 W This paper stated the SOC has a more significant effect on TR behavior, and the jet
fire is blown out for a fully charged battery. The production of CO and HF
increases with the increase of SOC.

4 [26] 148 x 27 x 90 27 Overheating 400 W The maximum injection velocity occurs at the moment of the safety venting with a
value of 42.05 m/s.

5 [27] 180 x 70 x 205 300 Overheating 500 W This paper evaluated the TR and fire hazard of large LFP batteries and compared
battery fires to pool and gas fires with standard fuels.

6 This 205 x 175 x 30 86 Overcharging/ 0.5C/500 W The TR and gas venting behaviors of large LFP batteries were studied and

work overheating evaluated under overcharging and overheating, and the gas venting and heat

generation of the batteries were analyzed.
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Fig. 2. Overview of the experiment: (a) experimental equipment; (b) experimental arrangement of overcharging and thermocouple layout diagram; (c) experimental

arrangement of overheating and thermocouple layout diagram.

3.5 mm) was the same as the contact surface of the battery. The battery
and the heating plate were wrapped in thermal insulation cotton with
low thermal conductivity. Then, the wrapped battery and the heating
plate are clamped with an iron fixture, which can maintain full contact
and reduce battery expansion during TR.

3. Results and discussion
3.1. TR behaviors under overcharging and overheating

Fig. 3 shows the typical jet behaviors of the LFP battery under
overcharging and overheating. According to the TR behavior, the TR
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Fig. 3. TR behavior of the LiFePO4 batteries under overcharging and overheating.

process of the two triggering methods can be divided into four stages:
safety venting, transition stage, violent jet, and attenuation stage. In the
first stage, for the overcharging condition, the safety vent opens at 1551
s, when the surface temperature of the battery is 48.5 °C. The safety vent
opens for only 1 s, and a large amount of liquid is emitted. For the
overheating condition, the safety vent opens at 842 s when the battery
surface temperature is 94 °C. The safety vent opens, releasing a large
amount of white smoke over some time. Through previous studies
[22,29], the reason for safety venting is the pressure increase inside the
LFP battery, which is caused by electrolyte volatilization and gas release
inside the battery, as shown in Eq. (1).

Py, = ele +Pgas (1)

where P;, represents the total pressure inside the LFP battery, P.|. rep-
resents the partial pressure generated by electrolyte volatilization, and
Py refers to the partial pressure of gas released inside the battery. The
predominant reason for the safety venting of the LFP battery is the
electrolyte volatilization under overheating, according to Ref. [30]. It
can also be seen from the experiment that the temperature of the safety
venting is much higher than the boiling point of the electrolyte when the
safety vent opens. However, for the overcharging condition, when the
safety vent opens, the surface temperature is 48.5 °C, and the electrolyte
ejects as a liquid. Overcharging promotes gas production inside the
battery, which also shows that the main reason for the safety venting is
caused by the gas release of the LFP battery.

In the second stage, the battery does not show gas jet behavior. After
the safety venting, the battery ejects some substances, and the temper-
ature of the battery is significantly reduced. This stage lasts for 999 s
under overcharging. There are two main reasons: one is that the safety
vent opens to eject a large amount of electrolyte, which removes part of
the heat; the other is that the internal temperature of the battery is lower

when the safety venting occurs, and it does not reach the temperature of
the TR. However, for the overheating condition, this stage lasts only 10 s
before the battery undergoes gas injection.

In the third stage, the injection becomes more intense as the chemical
reactions intensify inside the battery. Gas ejection is the primary source
of the amount of gas released. The durations of jet behavior for the
overcharging and overheating conditions are 107 and 164 s, respec-
tively. The critical time points and TR duration under overcharging and
overheating are shown in Table 3. The peak temperature of the released
gas under overcharging and overheating is almost equal. However, the
duration of the gas jet under overheating is longer, and the volume of gas
release is larger. In the fourth stage, the TR behavior gradually declines,
and the experiment is over.

3.2. Voltage and temperature variation

As shown in Fig. 4, the TR process under overcharging can be divided
into four stages, depending on the voltage change [16]. The changes in
surface temperature and voltage of the battery are described below in
detail. The surface temperature of the battery is considered to be the
average of three thermocouple measurements located diagonally across
the cell at different heights.

Table 3
Critical time point of TR stages and TR duration under overcharging and
overheating.

Time tsy tisc tonset tmax ta@jet tq
Overheating 842s 912s 916 s 1097 s 164 s 181 s
Overcharging 1551 s 2512s 3040 s 32265 107 s 186 s
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Stage I: at this stage, the voltage rises from 3.36 to 4.53 V (A’) in
0-498 s, and the T, of the battery ranges from 23.5 to 30.8 °C. It can be
known that the total resistance (Rpatery) increases greatly after over-
charge. The batteries generate much Joule heat (Q = P Rpattery t) during
overcharging, where Q represents the heat generated, i is current, Rpattery
is the total battery resistance, and t is time. A great part of electrical
energy from the constant current overcharge is converted into Joule heat
in the form [31]. Due to the redundant design of the anode, lithium ions
are continuously embedded in the anode [32], but the cathode is already
in a lithium deficit state, so it is difficult for the anode to obtain lithium
ions from the cathode. Therefore, the Rpagtery rises to bring an increase in
voltage [16]. The voltage rises from 4.53 (A’) to 4.78 V (B') in 499-936 s,
and the T, of the cell increases from 24.8 to 35.8 °C. The heat of this
process mainly comes from the Joule heat and reaction heat during the
overcharge process, where the reaction heat includes the heat generated
by lithium-ion deposition in the anode, the reaction heat of lithium
precipitation, and the reaction heat of lithium precipitation and elec-
trolyte [33].

Stage II: at this stage, when the voltage rises to 4.78 V, a significant
inflection point appears in the voltage curve [34]. Since the cathode is in
a lithium-deficient state, the anode can only obtain lithium ions from the
electrolyte. While the anode is saturated with lithium ions and cannot
accommodate more lithium ions, excess lithium ions can only produce
precipitation on the anode, producing lithium metal [35,36]. Lithium
metal can be consumed in reaction with the solid electrolyte interphase
(SEI) film, resulting in a voltage drop [37]. The voltage at this time re-
flects the dynamic balance between the anode's precipitation and con-
sumption of lithium ions. The voltage rises from 4.78 (B') to 5.24 V (C')
in 937-1392 s, and the precipitation of lithium ions dominates. How-
ever, the voltage in this stage drops from 5.24 (C) to 4.88 V (D), which
is caused by the dominance of the reaction between the precipitated
lithium and the active material inside the battery at this time [37]. It is
worth noting that when Tayg = 49.2 °C and U = 5.18 V, the temperature
increase causes the chemical reaction inside the battery to release gas,
which also causes the pressure to rise. After the safety venting, the
battery's internal temperature is higher than the fixture temperature,
and the generated electrolyte vapor condenses on the fixture surface, as
shown in Fig. 3(a).

Stage III: the voltage rises from 4.88 V (D) to 16.50 V (E), and Tayg
increases from 87.5 (D) to 99.6 °C (E). The most significant feature of
this stage is the rapid increase in voltage due to the partial shrinkage and
collapse of the separator. Due to the rapid rise in voltage, more Joule
heat is generated, causing an increase in temperature and accelerating

T = ©)
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the TR side reaction [31,38]. In this stage, Tgas is significantly greater
than T,yg. The gas release process is also more pronounced.

Stage IV: the voltage drops from 16.50 (E') to 0.31 V, and the voltage
fluctuates violently between 0 V and 8 V. The voltage drop indicates that
partial melting of the separator leads to the occurrence of the internal
short circuit (ISC) [39,40]. However, TR does not occur at a voltage drop
of 0.31 V, so voltage monitoring of the battery is just perfect for early
warning. The source of heat in this stage is mainly due to the side re-
actions of the battery, which include reactions of cathode and electro-
lyte, anode and electrolyte, electrolyte decomposition, and internal
short circuit exotherm. With the accumulation of heat inside the battery,
the battery gradually reaches the TR temperature (T, value, and the
battery starts to undergo TR. The separator melts completely, and a
massive ISC occurs inside the battery, accompanied by a violent redox
reaction. The gas release behavior reaches a climax with the phenom-
enon of smoke jets, which leads to a gradual reduction in visibility inside
the entire experimental platform cavity. The violent gas venting
behavior causes poor contact between the cathode and anode, which in
turn causes violent fluctuations in the voltage [41].

In the overheating condition, the voltage behavior is relatively
simple, as shown in Fig. 5. There is a slight voltage fluctuation at
864-897 s, which is mainly due to the separator of jelly roll 1 collapsing.
As shown in Fig. 6, the single LIB has two jelly rolls. The slight voltage
drop in Fig. 5 is caused by the collapse of the separator of jelly roll 1 and
the induced micro-ISC due to the parallel connection of the two jelly
rolls. At 909 s, all the layers and the separator of jelly roll 2 are
destroyed, or no electrolyte remains in the battery, eliminating the
electrochemical system and the voltage drops to 0 V.

Fig. 7 shows the temperature versus the rate of temperature rise
under overcharging and overheating. The temperature rise rate appears
to have two peak rates of temperature rise under overcharging and
overheating. The peak rate of temperature occurs earlier under over-
heating because the battery receives more heat by the heat transfer than
the Joule heat under overcharging. The separator is easier to melt under
overheating, and the internal material of the battery is more active;
chemical reactions are more likely to occur. However, the two peak rates
of temperature rise are higher under overcharging, and the temperature
range of the TR is also more extended because the electrical energy input
is 517.4 kJ before TR and the SOC of the battery is 132.5 %. The battery
produces more heat energy under overcharging.

The peak surface temperature of the battery during TR under over-
charging and overheating is 423 and 372.1 °C, respectively, and the
peak temperature of gas release is 342.4 and 343.4 °C, respectively.
These measured parameters, such as 7o,y and (dT/dt),,.x, are greatly
affected by the experimental conditions, as shown in Table 4. Similar
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Fig. 5. The variation in temperature and voltage with time under overheating.
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(b) Two jelly rolls from the disassembled LIB.

Fig. 6. Autopsy pictures of failed LiFePO4 battery.
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Fig. 7. The variation in the average temperature rate with the average surface
temperature under overcharging and overheating.

studies have been performed in some previous articles, and the con-
clusions are similar to this paper's conclusions. In particular, their (dT/
dt)max values are maintained at 4.1-9.1 °C/s, which ensures the accu-
racy and reliability of the experimental data.

3.3. Gas analysis and toxicity assessment

3.3.1. Gas composition analysis

The LFP battery does not generate flames during TR, so the gas
released from the battery is vital for gas composition analysis. The gas
composition and gas release volume during TR under overcharging and
overheating are analyzed by a hydrogen detector and FTIR

Table 4
Summary and comparison of the thermal characteristics of the LFP batteries.

spectroscopy. The leading gases released were detected as CO2, CoHa,
Hj, CO and CHy, as shown in Fig. 8. Huang et al. [43] analyzed the gas
generation composition of LFP batteries, and the gas composition was
highly consistent with this paper. The gas generation is mainly caused by
the reactions of the active materials of the cathode, the embedded active
lithium ions, the binder, the SEI film, the electrolyte and the separator,
and these reactants at high temperatures.

The earliest generated CO; is from the thermal decomposition of the
substable material of the SEI film [30,44]. The reaction of the SEI film
with Hy and HF also produces CO,. Furthermore, the reaction between
the electrolyte and O, releases large amounts of CO,. Taking ethylene
carbonate (EC) as an example [45-47]:

1
(CH,0COLi),~Li;CO; + CaH; +CO; 450, ©))
ROCO,Li + HF—ROH + CO, + LiF @
2ROCO,Li + H,—2ROH + Li,CO; 4 CO, )
5

502 +2C;H,04(EC)=3C0, + 2H;0 (6)

The EC is susceptible to reduction reactions on the lithium-rich
anode to produce CyHy, and the decomposition of the SEI film also
produces CoHy [48,49]:

2Li 4 C3H,05 (EC)—Li,CO; + C,H, %)

2Li+ (CH,0CO,Li),—2Li,CO; + C,H, (€)]

The primary source of CO is due to the reduction of COy by active
lithium ions from the anode to generate Li;COs and CO [50,51].
Moreover, the electrolyte is also susceptible to the reduction of active
lithium ions under high-temperature conditions to generate CO [52]:

2CO, +2Li" +2e"—Li,CO; + CO (C)]

No. Ref. Capacity Size OCV or SOC Trigger method Tonser (°C) Tinax CC) (dT/dt) max (°C/s) With flame or not
1 [23] 0.9 Ah 14,500 3.7V Overheating 205.5 253.8 1.2 Without

2 [24] 1.1 Ah 18,650 4.2V ARC 207.6 295.7 0.37 Without

3 [24] 2.5 Ah 26,650 4.2V ARC 204.8 386 9.7 Without

4 [16] 25 Ah Prismatic 3.3V Overcharging 101.1 335 N/A Without

5 [26] 27 Ah Prismatic 100 % Overheating 149.6 405 5.2 Without

6 [42] 228 Ah Prismatic 100 % Overcharging 159.4 649.8 9.1 With

7 [27] 300 Ah Prismatic 100 % Overheating 150.2 573.1 4.1 Without

8 This work 86 Ah Prismatic 3.4V Overcharging 138.4 423.6 7.1 Without

9 This work 86 Ah Prismatic 100 % Overheating 117.5 373.1 6.6 Without
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Fig. 8. The variation in the gas concentration of TR under overcharging and
overheating.

DMC + 2¢” +2Li"—-2CH;O0Li 4+ CO (10)

EC +2¢” +2Li"—(CH,OLi), + CO an

The reaction between the binder and the lithium ion is considered an
essential source of Hp. When the temperature exceeds 230 °C, the
graphite particles on the anode fall off, allowing direct contact between
the lithium metal and the binder [53]. While the commonly used ma-
terials for the binder are polyvinylidene fluoride (PVDF) and carboxy
methyl cellulose (CMC), under high-temperature conditions, PVDF and
CMC react with lithium metal in direct contact [30,54]:

1
PVDF + Li—»LiF+ —CH = CF — + EHZ (12)

1
CMC + Li-»CMC-OLi + EHZ (13)
CHy4 is generated due to the reduction of dimethyl carbonate (DMC)
by Ha to produce CHy4 [49,52,55]:

1
DMC +Li* +e + §H2—>CH30C02Li +2CH,4 14)

DMC + 2Li" + 2¢” + H,~Li,CO; + 2CH, (15)

The released gases of the whole TR process under overcharging and
overheating are summed, as shown in Table 5. CO, and Hy account for
the majority of the released gases, which is the same conclusion as in
Ref. [25]. The total gas volume under overheating is greater than the
amount of each gas under overcharging. The total gas production of the
battery is calculated, and the total gas generations are 62.1 and 101.3 L
under overcharging and overheating, Yuan et al. [29] carried out the
calculation of gas release volume for a 3.8 Ah LFP battery, which yielded
3.79, 8.98, and 11.72 L for 1 battery, 2 batteries, and 3 batteries,
respectively. This also indirectly reflects that the amount of gas release
in this paper is reasonable. Due to the battery receives more heat transfer
from outside under overheating, the internal reaction of the battery is
more violent and the time of gas release is longer. The electrolyte

Table 5
The comparison of gas compositions during TR under overcharging and
overheating.

Gases compositions (L) H, CO, CcO CoHy CHy4 Total

Overcharging 30.7 10.3L 79L 7.0L 6.2L 621L
condition

Overheating condition 47.4L 227L 11.5L 123L 74L 101.3L
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volatilization of the battery is larger under overcharging. So, the gas
venting volume is more under overheating.

3.3.2. Toxicity assessment

The toxic-gas model described in an international standard (ISO
13571) is employed to evaluate the toxicity of ejected gases under
overcharging and overheating [43]. It is an excellent method for the
quantitative assessment of overall toxicity and has been widely used to
assess the fire toxicity of building materials, upholstery materials and
even vehicles [56]. Asphyxiation is a key parameter in this approach and
its effect can be assessed by determining the effective dose (FED),
calculated by Egs. (16)-(17). Xpgp is the critical concentration of each
irritant gas that is expected to seriously impair the viability of the oc-
cupants, as provided by the standard ISO 13571.

2 Veo, P Ve ¢ 236
X — o2 co Oy HCN A 1
FED A 35000 Ar+ Z 106 t (16)
veo, = exp([CO,]/5) 17)

where ¢ is the concentration of each gas (ppm), and [CO3] is the average
volume percent of CO,. When the Xggp reaches 1, it is expected that 50 %
of individuals cannot perform cognitive and motor skill functions at an
acceptable level.

Fig. 9 shows the calculated Xpgp variation during TR under over-
charging and overheating. The cumulative effect of asphyxiating gases
can be seen in Fig. 9, and the rapid increase in the Xpgp curve corre-
sponds to the TR of the battery under overcharging and overheating. The
peak value of Xpgp for the overheating condition is 11.6, which is much
higher than the 7.7 for the overcharging condition. The toxicity under
overheating is much greater than that under overcharging. However,
interestingly, the Xpgp under overheating is less than 1 before TR, and
the gas asphyxiation in the environment is small, but the Xpgp of gas
release is more than 1 under overcharging when TR occurs before 1211
s. It is vital for the evaluation of gas release. The harmful gas released
from the battery remains severe after the safety venting under over-
charging, even if the battery does not suffer from TR.

3.4. Mass loss and mass loss rate

The mass loss and mass loss rate of batteries under overcharging and
overheating are shown in Fig. 10. Due to the reaction force exerted on
the electronic balance by the gas ejected when the safety vent opens,
there is a rebound in the mass loss value under overheating.

12
10 | —=— Overcharging condition
8 -
26 TR
4L Safety venting
2E . 000ee 7" TThreshold valug:1]
UN ettt af NN B BT B
1000 1500 2000 2500 3000 3500
Time / s
12
10 Overheating condition
3 -
26 [ .
= Safety venting TR
4 F \
b SN o veen |
UM it TP S
0 500 1000 1500
Time /s

Fig. 9. Assessment of the asphyxiant gases during TR under overcharging and
overheating.
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Interestingly, when the safety vent opens under overcharging, the bat-
tery ejects a large amount of yellow liquid electrolyte, and there is no
rebound in the mass loss value. There are two leading causes: (I) the
safety vent opens to release more solid and liquid substances under
overcharging, and the mass loss is more significant, but the battery
mainly releases smoke under overheating, so the mass loss is less. (II)
When the safety vent opens under overheating, the temperature of the
battery is high, the reaction inside the battery is more intense, and the
released gas and electrolyte volatilization cause the internal pressure to
rise faster. However, the battery internal pressure increases mainly
owing to the reaction of gas release under overcharging, so the pressure
rise rate of the battery is lower, so the impact of safety venting is rela-
tively small.

The total mass losses are 419.2 and 403.3 g under overcharging and
overheating, respectively, which indicates that the difference in total
mass loss is small under overcharging and overheating. Qin et al. [55]
evaluated the mass loss of 86 Ah LFP battery and showed the mass loss
was 437 + 45 g under overheating, which is in good agreement with the
results of this paper. The mass loss rate is greatly affected by the two
triggering methods. In particular, the mass loss rate has two peaks under
overcharging and overheating. The two peak mass loss rates are —0.53
and — 1.84 g/s under overcharging, but the peak mass loss rates are
—4.3 and — 5.7 g/s under overheating, which is related to the gas release
behavior of the batteries. The gas release rate under overheating is much
larger than the gas release rate under overcharging. Due to the different
times of safety venting under overcharging and overheating, the average
rate of mass loss is defined by Eq. (18).

Moss

At as)

m=

where m is the average mass loss rate (g/5), mj,s; is the mass loss during
TR (g), and At is the time interval between the safety venting and the end
of TR (s). The average mass loss rates are 0.24 and 2.25 g/s under
overcharging and overheating. This indicates that the two trigger
methods significantly affect the mass flow, and the TR of the LFP battery
under overheating has a higher average mass loss rate. The TR under
overheating is more dangerous.

3.5. Error analysis

Three identical experiments were conducted in two trigger modes to
ensure the accuracy and reliability of the experimental data. The
average values and the standard deviation of these key parameters are
presented in Fig. 11. The standard deviations of these measured

200
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parameters, such as Tax, Tonset, and Vioia1, were less than 10 %. More-
over, the Mjoss and tonset Were repeated well during TR with a standard
deviation less than 5 %.

4. Conclusions

This work comparatively investigates the TR and gas venting be-
haviors of LIBs under overcharging and overheating. Several important
parameters, such as temperature, jet behavior and gas composition were
obtained and analyzed. The following conclusions can be drawn from
this study.

(1) The cause of the safety venting is analyzed under overcharging
and overheating. Electrolyte volatilization inside the battery
leads to safety venting under overheating, but safety venting is
primarily caused by gas release under overcharging. The over-
charging of the LFP battery promotes gas release, resulting in the
advance of safety venting.

(2) The analysis of gas production is mainly carried out from the
internal reaction mechanism of the battery, and the leading gases
produced are detected as CO2, CoHy, Hy, CO and CHy; the total
gas volumes are 62.1 and 101.28 L under overcharging and
overheating. The peak value of Xpgp under overheating is 11.6,
which is much higher than the 7.7 under overcharging. There is
500
450 F
400 F 0 J} -I_ I 1 Overcharging

@ 3 T n

= E h Overheating
< 350 | - *

> 3

E 300 F

= o

9 3

£ 250

= g

2,200 F

é‘ b
150
100 £ - £

: n —a
Mloss (g) Tmax (OC) Tonset (0C) Vtotal (L) tonset (min)
Fig. 11. The error bars of the critical parameters.
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Fig. 10. Mass loss and mass loss rate of batteries under overcharging and overheating.
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no toxicity before TR under overheating. However, the duration
of toxicity under the overcharge is 1211 s before TR.

The difference in total mass loss is small under overcharging and
overheating, but the mass loss rate is greatly affected by the two
triggering methods. The two peak mass loss rates are —0.53 and
— 1.84 g/s under overcharging, but the peak mass loss rates are
—4.3 and — 5.7 g/s under overheating, which reveals that the
mass flow and gas release rates are greater under overheating
than under overcharging. The TR under overheating is more
dangerous.

3

-

This work provides essential data and effective theoretical guidance
for EES systems' safety warning and fire protection using LFP batteries.
Moreover, it can provide guidance for the safe design of large-format
LFP energy storage modules.
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