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Abstract: The thermal runaway (TR) behavior and combustion hazards of lithium-ion battery (LIB)
packs directly determine the implementation of firefighting and flame-retardants in energy storage
systems. This work studied the TR propagation process and dangers of large-scale LIB packs by
experimental methods. The LIB pack consisted of twenty-four 60 Ah (192 Wh) LIBs with LiFePO4

(LFP) as the cathode material. Flame performance, temperature, smoke production, heat release
rate (HRR), and mass loss were analyzed during the experiment. The results indicated that TR
propagation of the LIB pack developed from the outside to the inside and from the middle to both
sides. The development process could be divided into five stages corresponding to the combustion
HRR peaks. In the initial stages, the main factor causing LFP battery TR under heating conditions
was the external heat source. With the propagation of TR, heat conduction between batteries became
the main factor. Hazard analysis found that the HRRmax of the LIB pack was 314 KW, more than eight
times that of a single 60 Ah battery under heating conditions. The LIB pack had higher normalized
mass loss and normalized THR (6.94 g/Ah and 187 KJ/Ah, respectively) than a single LFP battery.
This study provides a reference for developing strategies to address TR propagation or firefighting in
energy storage systems.
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1. Introduction

Lithium-ion batteries, as a kind of electric energy storage carrier, have the advantages
of high working voltage, high energy density, good life cycle, low self-discharge, etc. Nev-
ertheless, LIBs cause thermal runaway (TR) under abusive conditions such as overheating
and overcharging. The process of battery TR is accompanied by fire or explosion, threat-
ening the safety of customers’ lives and property. Although some thermal management
methods and intrinsically safe designs have been adopted to reduce the safety risks, the
safety of LIBs remains a fundamental problem that restricts their large-scale application in
energy storage systems.

Most of the safety accidents of LIBs in energy storage systems are caused by TR
of the battery. During battery TR, severe electrochemical reactions are generated inside,
accompanied by flame, flammable and toxic gases, and heat release. Feng et al. [1] studied
the thermal runaway process of LIBs. They found that eight reactions occurred with
increasing temperature, such as capacity decay under high-temperature, SEI decomposition,
a negative electrode and electrolyte reaction, separator melting, a positive electrode and
electrolyte reaction, electrolyte decomposition, a negative electrode and binder reaction,
electrolyte combustion, and others. Wang [2–4] found that the decomposition temperature
of the SEI was between 90 and 120 ◦C. SEI decomposition led to reactions between the
negative electrode and electrolytes. When the temperature reached 130 to 150 ◦C, the
separator began to melt and a micro short circuit occurred in the battery. With rising
temperature, the cathode materials and electrolytes decomposed, producing flammable
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gases such as H2, CH4, CO, etc. Mao et al. [5] studied the gas and flame injection process of
18650-type LIBs with Li(Ni0.5Co0.2Mn0.3)O2 as the cathode material and found that when
TR occurred, the gas generation rate was 2.724 g·s−1 and the peak speed of gas flow at the
safety valve was 162.0 m·s−1. However, due to the shortage of internal space in the battery,
the pressure in the battery at the time of TR only increased by 5600 Pa. Qin et al. [6] studied
the gas production of 86 Ah prismatic LIBs with LFP cathodes. They found that the volume
fraction of thermal runaway gases in the LIBs from high to low were H2, CO2, CO, ethylene,
methane, and ammonia, in which the concentrations of H2 and CO2 were approximately
30.33% and 38.86%, respectively. Qi et al. [7] studied the TR hazards of 60 Ah prismatic
LFP LIBs under different combustion conditions. The heat hazard of the TR process under
combustion conditions was higher than that of the smoldering process. The comprehensive
toxicity evaluation model was used to calculate the gas hazards, and the smoldering process
showed a high gas hazard that reached 5.38 times the lethal concentration. Comparing
the combustion heat of battery material measured by an oxygen bomb calorimeter with
the HRR value measured by a cone calorimeter revealed that the combustion conditions
significantly impact the battery’s HRR value and residual energy, and the proportion of
residual energy under smoldering conditions was as high as 75.8%.

Much research has focused on the TR mechanism, heat generation, and gas generation
characteristics of LIBs. In the application of LIBs, they are integrated into LIB packs to
meet the power and capacity requirements of energy storage systems or electric vehicles.
In the LIB pack, the energy released by battery TR accumulates, further leading to the
chain process of TR propagation and resulting in TR of the entire LIB pack. Zhou et al. [8]
studied the TR propagation of an LIB pack composed of four 50 Ah prismatic LFP batteries.
They found that the heat released by battery TR was the primary heat source (52–67%)
that triggered the TR of adjacent batteries. Wang et al. [9] studied the TR propagation of
an LIB pack consisting of six cylindrical LIBs with Li(NiMnCo)1/3O2 cathodes and found
that the TR of the LIB pack has a preheating stage; that is, TR of the first battery will
preheat a battery that has not under the TR condition, which leads to the acceleration
of TR propagation. They also found that the larger the battery size, the slower the TR
propagation rate. Zhai et al. [10] studied the TR propagation of 18650-type batteries
(Li(Ni0.5Co0.2Mn0.3)O2/Graphite) and found that the location of the first battery TR directly
affected the TR propagation of the LIB pack. The process of TR propagation can be divided
into four stages: trigger stage, heat accumulation stage, domino effect stage, and stop stage.
In conclusion, previous works have researched the TR characteristics of LIBs and the TR
propagation of small LIB packs, analyzed the heat and mass transfer characteristics of TR
and TR propagation, discussed the hazards of the TR process, and expounded the general
laws of TR of LIBs and small LIB packs. In LIB energy storage systems or energy storage
facilities, LIBs form an LIB pack using the methods of two parallel 12 series or two parallel
16 series. When a battery causes TR, the whole pack will be burned down.

In this paper, for two parallel 12 series LIB packs in an LIB energy storage system, a
cone calorimeter was used to study the heat release and smoke density of the TR process
in order to clarify the generation and development process of TR of large-scale LIB packs.
The fire behavior, temperature, heat release rate (HRR), smoke production rate (SPR), and
mass loss were analyzed to help more deeply reveal the burning features and hazards of
LIB packs. The results will help guide safety protection, firefighting, and smoke evacuation
technologies in the large-scale integrated application of LIB systems.

2. Materials and Methods
2.1. Experimental Battery Sample and Pack

One kind of 60 Ah/192 Wh large-scale prismatic LIBs with LiFePO4 as the positive
electrode material was selected as the sample in this study. Its charge/discharge cutoff
voltages were 3.65 and 2.5 V, respectively. Each model was charged to 100% state of charge
(SOC) at 0.5 ◦C to exhibit its maximum potential hazard. The size of the cell was 138 mm
(L) × 209 mm (H) × 28 mm (W) and the total mass of the cell was 1850 ± 20 g.
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Figure 1a illustrates that the equipped LIB pack had a sandwich structure consisting of
steel plates, fixtures, and 24 LFP batteries. The size of the pack was 552 mm (L) × 209 mm
(H) × 168 mm (W), the total mass of the pack was 55.45 kg, and the full capacity and energy
of the pack were 1440 Ah and 4608 Wh, respectively. The outermost layers were composed
of two steel plates, which were used to keep the LIB pack’s close arrangement.
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Figure 1. Schematic diagram of the LFP batteries and thermocouple arrangements: (a) vertical view;
(b) side view.

2.2. Experimental Battery Sample and Pack

An experimental system was built to investigate an LIB pack’s combustion and fume
characteristics. The temperature, HRR, and gases were measured during the test using the
apparatus shown schematically in Figure 2. The experimental system consisted of four
parts, including a combustion chamber, exhaust gas analyzer, propane burner, and video
cameras. During the test, the section was kept under well-ventilated conditions using a
fan and gas duct with a mass flow rate of 0.512 m3/s. K-type thermocouples (measuring
range: 0–1000 ◦C; error limit: ±0.75%; diameter: 3 mm) were fixed on the surface of the LIB
pack with high-temperature resistant tape to measure the temperature variations, as shown
in Figure 1a,b. The front surface temperature of the pack was measured by T1. T2 and T3
monitored the temperatures of the pack center. The temperatures of the side and bottom of
the pack were measured by T4 and T5, respectively. Meanwhile, T6 and T7 were located 30
and 60 cm above the pack to measure the flame temperature. An 80 kW propane burner
triggered the battery TR. A HIKVISION video camera was used to record the combustion
processes of the LIB pack. An electronic balance was used to record the mass loss.
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Figure 2. Schematic illustration of experimental apparatus.

A paramagnetic analyzer was used to measure the concentration of O2 and the survey
had a margin of error of less than 0.02%. The HRR was calculated based on the O2
consumption principle. The concentration of CO2 was determined via a non-dispersive
infrared (NDIR) sensor with an accuracy of 0.1 ppm. A Thorlabs optical receiver and light
bulb were used to reveal the distribution of obscuration after exhaust gas generation. The
distribution of obscuration was calculated by the SPR.

3. Results and Discussion
3.1. Combustion Characteristic

The TR of a single LFP battery underwent the following processes: (1) heating,
(2) safety valve rupture and ignition, (3) intense combustion, and (4) extinguishing [7,11,12].
The LFP battery temperature increased and several reactions occurred during the thermal
runaway (TR) process [13]. Thus, various fumes were generated inside the battery, resulting
in rupture of the safety valve. The fumes would ignite when they encountered open flame,
and the ignited fume intensified the battery’s internal reactions, resulting in many parti-
cles being ejected. The flame was extinguished when the LFP battery’s internal reactions
ended [8]. The TR process of the LIB pack was a collection of TRs of many single batteries.
In the LIB pack, the batteries heated unevenly and the combustion position and intensity
continuously changed. As shown in Figure 3, the heating was mainly concentrated in the
pack’s center. Thus, various gases were generated inside the batteries in the pack center,
resulting in increased internal pressure. At 513 s, the pressure reached a critical value
and the safety valve ruptured, accompanied by ejected materials such as electrolytes and
combustible gases. The ejected materials were ignited by the propane flame, forming ag-
gressive fireballs immediately followed by a short extinguishment. Subsequently, reactions
inside batteries in the pack center were intensified at the elevated heating level. The stable
combustion turned into an intense jet fire with increasingly bright and lighter color at 845 s.
At 1930 s, the combustible gases generated inside the batteries in the pack center gradually
decreased, and the jet fire tapered off. Meanwhile, the batteries residing on both sides of
the pack started to TR with high-speed jet fires. At 3330 s, the jet fire gradually weakened
and extinguished naturally. The total combustion time of the LIB pack was 2787 s. Overall,
the combustion characteristics of the LIB pack were similar to those of a single battery,
with four elements: safety valve rupture, stable combustion, jet fire, and gradual extinction.
TR propagation of the LIB pack had a trend from the middle to both sides of the pack.
Compared with batteries in the pack center, the batteries on the outer sides of the pack
were more prone to TR because of the more extensive heating range.
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The exciting details of safety valve rupture were observed by video camera, as shown
in Figure 4. The process of jet flame presented two stages. Stage one is demonstrated in
Figure 4a–c; the electrolytes and combustible gases were ignited when ejected from the
battery, the flame climbed rapidly with ejection, and the maximum height reached more
than 1.2 m. The ejection speed at the safety valve was breakneck, and the top speed can
reach 29.91 m·s−1 [14]. The hot gas ejected horizontally through the safety valve with high
temperature/heat flux. It reacted with the ambient fresh air and moved upward due to
the buoyancy provided by the flame itself. The turbulent air entrainment at the interface
(envelope of the plume) between the outside hot plume and surrounding cold air resulted
in mass exchange and mixing, which controlled the flame’s diffusive combustion and
characteristic scale (shape and size) as well as the profile of the characteristic parameters
(temperature, heat flux/radiation) [15]. Under the influence of high-speed airflow, the
flame close to the safety valve was blown out. Stage two is shown in Figure 4d–g; the
upper flame gradually weakened while the bottom ejection was ignited again, forming
aggressive fireballs. The flame was demonstrated to have a two-section shape and the jet
flame followed immediately. The shape of the jet flame was ellipsoid, accompanied by a
large quantity of black smoke. After the jet flame, the ejections gradually burned out and
combustion became stable.
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Figure 4. Combustion details of the safety valve rupturing process. (a) gas ejection; (b,c) gas ignited;
(d–f) the first flame decreases and the second flame rises; (g) end of flame impact.

The safety valve rupturing times of different batteries are essential in understanding
the TR process of the LIB pack. As shown in Figure 5, by linearly fitting the valve rupturing
time and quantity, it was found that safety valve rupturing in the LIB pack had two stages.
In the first stage, the change in time with the quantity of batteries undergoing safety valve
rupture was given by Equation (1):

y = 46.10x + 495.42 (1)
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In the second stage, the change in time with the quantity of batteries undergoing safety
valve rupture was given by Equation (2):

y = 113.56x − 495.42 (2)

where y is the rupture time of the battery safety valve, and x is the number of batteries with
ruptured battery safety. Under heating conditions, the rupture time of battery safety valves
with the same SOC and SOH is related to the heating power and heating area [16,17]. In
this study, an 80 kW propane burner was used to heat the LIB pack. The heating power of
every battery was similar. The difference in safety valve rupture times was mainly affected
by the heating area of the battery. As shown in Figure 3, the flame formed by the burner
covered the external surface of the LIB pack. The burner flame heated the bottom and
side of the outer batteries, and the burner flame heated only the bottom of the internal
batteries. The heating area of the external batteries was more significant than that of the
internal batteries, so the battery safety valves ruptured before those of the internal batteries.
The battery safety valves ruptured from the outside to the inside of the pack, showing a
relationship between the safety valve rupturing time and number of batteries in stage 1.
With the propagation of TR, affected by the coverage area of the burner flame, the flame
was concentrated in the middle of the LIB pack. The safety valves of batteries in the pack’s
center ruptured first, and the batteries on the two sides were less heated by the flame. The
heat causing battery TR mainly came from heat transfer of the batteries. Due to the low
thermal conductivity of the battery, the heat transfer speed was slow and the battery safety
valve ruptured later. Thus, the safety valve rupturing speed became slower, indicated by
the increased slope of the fitting curve in the graph. In a word, through the analysis of the
combustion flame changes and the correlation between safety valve rupture sequence and
time, it was found that the rupture sequence of the safety valves of the LIB pack occurred
from the middle to the sides and from the outside to the inside.

3.2. The Temperature Responses of the Pack

The LIB pack’s temperature is the most intuitive and persuasive parameter indicating
the TR characteristics. The temperature responses of the pack are shown in Figure 6.
The pack’s temperature gradually increased during the heating stage, which promoted
exothermic reactions in the batteries. In previous studies, the cell temperature dropped by
approximately 20 ◦C when the safety valve ruptured, mainly because the high-temperature
gas that accumulated inside the cell was released along with some heat [18,19]. During
the heating process, there was no apparent temperature drop caused by the rupture of the
safety valve, which was because of excessive heat accumulation inside the LIB pack. The
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surface temperature of the pack gradually increased with the effect of thermal conduction
from the propane burner and thermal radiation from the flame above the safety valve. Qi
et al. [7] pointed out that a temperature rise rate (dT/dt) of 1 ◦C/s was the trigger for TR
of the LFP battery and an internal short circuit occurred simultaneously. T1 measured the
side temperature of the pack, which was close to the propane flame, where the temperature
rose earliest. When the temperature of T2 reached 102 ◦C, the temperature rise rate (dT/dt)
was 1 ◦C/s at 892 s. The combustion turned into fierce combustion due to a great deal of
heat generated, which was promoted by the severe internal reactions of the batteries. Thus,
it was considered that TR occurred in the battery closest to T2. The surface temperature of
the pack measured by T1 exhibited the same trend at 1299 s. T2 was close to the middle and
outside pack batteries, and TR occurred earliest in the batteries next to T2 due to continuous
heating by the propane flame. The temperature of T2 was an earlier signal reflecting the
characteristics of TR than the temperature of T1. The pack’s inside and side temperatures
were measured by T3 and T4, respectively, which lagged behind the temperatures of T1
and T2 due to the later TR times (1914 s and 1952 s, respectively). TR propagated from the
batteries closest to the heat source to the layers inside and on both sides of the pack. At
2344 s, the dT/dt of T3 exceeded 1◦C/s once again, and the temperature reached 376 ◦C due
to continuous TR inside the LIB pack. As shown in Figure 6, the maximum temperatures
inside the LIB pack (T2 and T3) were much higher than those outside the pack (T1 and
T4). Zhang et al. [20] reported that the maximum surface temperature of the LFP battery
under the TR process was lower than 400 ◦C. Because of the LIB pack’s close arrangement
and poor heat dissipation capability, continuous heat accumulation occurred inside the LIB
pack, leading to a higher TR temperature than that of a single LFP battery.
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As shown in Figure 7, the propane flame temperature at the bottom of the LIB pack
was approximately 790 ◦C, which triggered the TR of the LIB pack. The maximum flame
temperature of the LIB pack under the TR process was 939.7 ◦C, which was close to that
reported during the TR of an LFP battery [20]. The temperatures of T6 and T7 were earlier
signals reflecting the characteristics of TR or flame of the LIB pack than the temperatures
of T1–T4. T6 and T7 were located above the middle of the LIB pack, and the safety valve
rupture time and TR time of the batteries in the middle of the LIB pack were earlier than
those of other batteries. Due to the LIB pack’s poor heat dissipation capability and uneven
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thermocouple distribution, it was not easy to transfer heat to the T1–T4 thermocouples.
Therefore, T6 and T7 would be the first to receive temperature signals. After 1578 s, the
flame temperature gradually decreased while TR of the LIB pack was still in progress. This
was because the TR of the LIB pack propagated from the middle to both sides.
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3.3. HRR and Total Heat Release (THR) of the Pack

HRR, a vital parameter indicating the degree of combustion and for defining the fire
hazard, was determined by the oxygen consumption principle. The heat release per mass
oxygen was 13.1 MJ kg−1. By integrating the HRR curve, THR was calculated. As shown in
Figure 8, five successive HRR peaks were observed, and the values of the HRR peaks were
166, 314, 288, 170, and 190 kW, respectively. The THR of LIB pack combustion was 269.5 MJ.
In addition, there were three small pulses before the first peak, whose values were 36, 56,
and 71 kW, respectively. The three small pulses were formed by flammable gas ignition after
the safety valves opened. Previous studies indicated that these combustible gases mainly
include compounds from SEI film decomposition and reaction of intercalated lithium with
the organic solvent [21,22]. The HRR peak appeared when the TR of batteries was triggered
and violent jet fires were emitted [23]. Compared with previous studies [7,24,25], the
combustion of the LIB pack had a higher HRR peak; its values were 4–8 times that of a
single battery and 6–10 times that of gasoline, thus indicating an extreme thermal hazard.
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The five peaks indicated five stages of LIB pack combustion and combustion processes
between five different battery layers. The curve between peaks indicated stable combustion
processes between separate battery layers. Figure 9 shows the LIB pack combustion
evolution process.
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Figure 9. Five stages of LIB pack combustion.

Stage 1 occurred after the first safety valve rupture. As the propane flame continuously
heated the bottom and front surfaces of batteries in layer 1, the first battery TR generated
the first HRR peak. In stage 1, the energy that caused battery TR mainly came from
propane flame and self-heating. As the intense jet fire of batteries in layer 1 turned to stable
combustion, the value of HRR gradually decreased and stage 1 ended.

Stage 2 was the result of intense combustion of the batteries in layer 2. The batteries
in layer 2 were composed of two parts. The first part was on both sides of the LIB pack,
in which the heating area was much smaller than that of layer 1. Therefore, the TR times
were slightly later than those in layer 1. The second part was protected by layer 1 and
the propane flame heated only the bottom of the batteries. At this point, the second part
was also subjected to continuous heat transfer from batteries in layer 1. Zhou et al. [12]
investigated the impact of heating position on battery TR and found that compared with
front surface heating, bottom surface heating caused more intense exothermic reactions
and a later TR time. The bottom surface heating mode led to a higher and later HRR peak
than in stage 1.

Stage 3 was mainly due to the intense combustion of batteries in layer 3 and controlled
by the bottom surface heating mode and heat transfer of batteries in layer 2. The batteries
in layer 2 turned to stable combustion at this stage. Since the time difference between the
second and third peaks was less than 200 s, the heat generated by layer 2 still contributed
significantly to stage 3 of combustion. In 1658 s, the propane burner was turned off.

Stages 4 and 5 featured the intense combustion of the batteries in layers 4 and 5,
respectively, which was mainly caused by TR propagation. The bottom surface heating
mode did not cause battery TR. In the process of TR propagation, heat transfer between
batteries was mainly conducted through the front surface [26,27]. This heat transfer mode
determined that the TR of batteries in layer 4 was earlier than that of batteries in layer 5.
The combustion process of the LIB pack ended when the flame of layer 5 went out.

3.4. Smoke and Mass Loss Analyses of LIB Pack Combustion

Other essential features of LIB pack combustion were gas and smoke release from
chemical reaction, ejection, and combustion of battery materials [28,29]. The presence of
CO2 increases the absorption rate of asphyxiant, thus increasing toxicity [30]. The O2 and
CO2 concentration curves during LIB pack combustion are shown in Figure 10. The concen-
tration of O2 was closely related to HRR and negatively associated with CO2 concentration.
The intense combustion of the batteries caused a decrease in O2 concentration (decrease of
1.26%) and an increase in CO2 concentration (increase of 0.94%).
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which the values were 0.6, 1.9, 1.9, 1.9, and 2.3 m2/s, respectively. The peaks of SPR corre-
sponded to the peaks of HRR. At the initial combustion stage, smoke diffused in the space 
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ever, the flame strength was not the only reason for the rise in SPR. The highest value of 
SPR appeared at the fifth peak position, mainly caused by TR propagation. Due to heat 
dissipation in the process of TR propagation, the LFP battery combusted incompletely, 
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was still filled with a large amount of smoke and the SPR value was 1.5 m2/s. At 4000 s, 
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Considerable research has been carried out to investigate the harmful gas generation
of the TR process [21,31]. As shown in Figure 3, the batteries also generated a large amount
of smoke during the combustion or TR process, which was overlooked in previous studies.
The electrolytes and active materials inside the battery were burned, carbonized, and
erupted, which was the main reason for smoke release. SPR is one of the critical parameters
for characterizing the smoke-releasing process. By integrating the SPR curve, TSP was
calculated. Their curves are shown in Figure 11. The SPR curve contained five peaks,
of which the values were 0.6, 1.9, 1.9, 1.9, and 2.3 m2/s, respectively. The peaks of SPR
corresponded to the peaks of HRR. At the initial combustion stage, smoke diffused in the
space to form a small SPR peak. With the increase in HRR, SPR continuously increased.
However, the flame strength was not the only reason for the rise in SPR. The highest value
of SPR appeared at the fifth peak position, mainly caused by TR propagation. Due to heat
dissipation in the process of TR propagation, the LFP battery combusted incompletely,
which caused an increase in SPR [8,32,33]. After the combustion of the LIB pack, the space
was still filled with a large amount of smoke and the SPR value was 1.5 m2/s. At 4000 s,
the value of TSP reached 4074 m2.
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The initial mass was measured and then subtracted from subsequent measurements
to determine the mass loss [34]. As shown in Table 1, the amount of mass loss per Ah
during LIB pack TR (6.94 g) was much larger than that of a single LFP battery (6.12 or
4.86 g) and much less than that of an NCM battery (8.87 g). Mass loss was related to the
degree of burning of the battery [32]. NCM batteries combust more violently than LFP
batteries [5,11], leading to higher mass loss. In the LIB pack, the accumulation of TR and
combustion energy caused more violent burning than that of a single battery, so the mass
loss per Ah of the LFP battery pack was higher than that of a single LFP battery. Figure 12
shows a photograph of the LIB pack after the combustion test. After the pack was burned,
the safety valves were broken and the deformation of the batteries was small due to the
restriction of the steel plates. The electrolytes and active materials were burned and ejected
from the batteries, which was the main reason for the mass loss.

Table 1. Mass loss after the TR process.

Battery Type Capacity (Ah) Mass Loss (g) Mass Loss per Ah
(g/Ah)

LFP LIB pack 1440 10,000 6.94
LFP battery [7] 60 367 6.12

LFP battery [18] 234 1136.5 4.86
NCM battery [32] 100 886.9 8.87
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3.5. Hazards Analysis of LIB Pack Combustion

Table 2 compares this study’s combustion features of fully charged LIBs with previous
research. With the increased battery capacity for the TR process of a single LFP battery, the
combustion time, normalized THR, and normalized mass loss were reduced, indicating that
the degree of combustion for LFP batteries would decrease. However, the heat release was
more concentrated and the internal heat was more challenging to release, thus increasing
the maximum temperature (Tmax) and HRR (HRRmax). The TR temperature and normalized
mass loss of LFP batteries are much lower than those of NCM batteries. For the TR process
of the LFP LIB pack, there will be more than one battery TR at the same time, which leads
to a higher HHRmax value (more than eight times that of a single 60 Ah battery) under
heating conditions. The heat dissipation of the battery pack is worse and more energy
will accumulate inside the battery pack, which leads to higher Tmax, normalized THR, and
normalized mass loss. Therefore, the thermal and flame hazards of each battery in the
LFP LIB pack during TR are higher than those of a single battery. This suggests that it is
necessary to strengthen heat dissipation to reduce the TR hazard of each battery in a pack.
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Table 2. Combustion hazards of LIBs.

Battery Type Capacity (Ah) Combustion Time
(s)

Tmax
(◦C)

Tflame
(◦C)

HRRmax
(KW)

Normalized THR
(KJ/Ah)

Normalized
Mass Loss

(g/Ah)

LFP LIB pack 1440 2787 609 939 314 187 6.94
LFP battery [7] 60 1120 480 836 38 126 6.12
LFP battery [18] 234 981 526 896 89 89 4.86
LFP battery [11] 300 812 603 834 89 54 4.09

NCM battery [32] 100 - 745 - - - 8.87

4. Conclusions

This work conducted a combustion test on an LIB pack consisting of 24 large-format
prismatic LiFePO4 LIBs. The fire behavior, temperature, HRR, SPR, and mass loss were
analyzed to help more deeply reveal the burning features and hazards of LIB packs. The TR
propagation process of the LIB pack was shown from these two perspectives: propagation
route and influencing factors. The main conclusions are as follows:

The combustion of the LIB pack was similar to that of a single battery, with four
elements: safety valve rupture, stable combustion, jet fire, and gradual extinction. The
difference is that the LIB pack had multiple jet fires during combustion, the final combustion
time reached 2787 s, and the height of the jet flame was more than 1.2 m. The safety valve
rupture process of the LIB pack was divided into two stages according to the linear fitting
results: the rapid propagation stage affected by propane flame and the slow propagation
stage affected by heat transfer between batteries.

The combustion of the LIB pack had five HRR peaks with values of 166, 314, 288, 170,
and 190 kW, respectively. These five HRR peaks corresponded to the five stages of the LIB
pack combustion. In stage 1, the combustion of the batteries was caused by the heat from
the external heat source; the heat from the external heat source and heat transfer between
batteries caused TR and combustion in stages 2 and 3. It was mainly the heat transfer
between batteries that led to battery TR in stages 4 and 5. The TR propagation of the LIB
pack included two modes, the first was from the outside to the inside, and the second was
from the middle to both sides. These two modes were affected by the heating area of the
external heat source and heat transfer between the batteries.

The combustion of the LIB pack caused an increase in CO2 concentration, a decrease
in O2 concentration, and produced much smoke. The highest SPR (2.3 m2/s) was reached
during stage 5 of combustion and the TSP was 4074 m2. The mass loss analysis found that
the LIB pack had a higher normalized mass loss (6.94 g/Ah) than a single LFP battery.
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