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Abstract: The lithium-ion battery industry has been developing rapidly, with energy density and
capacity constantly improving. However, the ensuing safety accidents of lithium-ion power batteries
have seriously threatened the personal safety of passengers. Therefore, more and more attention
has been paid to the thermal safety research of lithium-ion batteries, such as thermal runaway
(TR) mechanism analysis and prevention methods, etc. In this paper, the nickel-rich 18650 lithium-
ion batteries with Li[Ni0.8Co0.1Mn0.1]O2 cathode in different states of charge (SOC) are taken to
investigate the TR characteristics using an extended volume plus acceleration calorimeter (EV+-ARC).
In order to evaluate the TR characteristics, some characteristic parameters such as battery voltage,
surface temperature, temperature rise rate, etc. are selected from the experiment to analyze the
influence of SOC on the critical state of TR. It can be seen from the experiment results that the
maximum temperature of the battery surface decreases with the decrease of SOC, while the self-
generated heat temperature and TR trigger temperature increases with the decrease of SOC.

Keywords: thermal runaway; lithium-ion batteries; state of charge; extended volume plus-accelerating
rate calorimetry

1. Introduction

In recent years, with the continuous increase in the use of fossil fuels, the energy
crisis and environmental pollution have become more and more serious. In addition, the
implementation of green new energy has been strongly advocated in the global scope.
The lithium-ion batteries are a new type of green energy storage device, which have
the characteristics of high energy density, low self-discharge, long cycle life, etc. [1–3].
Therefore, the application of lithium-ion batteries in various electronic products and electric
vehicles (EVs) has attracted extensive attention and developed rapidly [4]. In order to meet
the needs of electric vehicles and energy storage, people increase the energy density of
the batteries through optimizing their structure and research new materials. At present,
the battery structure has basically been optimized to the limit, thus only through the
development of new materials with high capacity and high safety [5].

It is well known that the capacity of lithium-ion batteries mainly depends on the cath-
ode material inside the battery. The development of cathode materials with high specific
capacity is one of the most effective ways to improve the energy density of lithium-ion
batteries. At present, the common cathode materials for lithium-ion batteries on the market
mainly include LiCoO2 (LCO), LiMnO2 (LMO), LiFePO4 (LFP), LiNixCoyMnzO2 (NCM),
etc. [6,7]. Compared with other materials, the NCM cathode can achieve higher specific
capacity. The larger the value of x, the greater the specific capacity. Therefore, for the pur-
pose of increasing the battery energy density, the nickel-rich NCM cathode materials such
as Li[Ni0.6Co0.2Mn0.2]O2 (NCM622), Li[Ni0.8Co0.1Mn0.1]O2 (NCM811), etc. are researched
after Li[Ni1/3Co1/3Mn1/3]O2 (NCM111) [8,9]. However, as the energy density continues to
increase, the thermal stability of the battery gets lower and lower. Similar to most cathode
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materials, it will decompose and release large quantities of oxygen at high temperatures.
Then, this oxygen will react with other materials such as an electrolyte, thereby generating
a lot of heat in the battery. When the generated gas and heat cannot be fully discharged
or once a battery with a higher energy density enters the thermal runaway (TR), it will
inevitably cause more serious damage such as fire and explosion [10–13]. Therefore, it is of
great significance for the progress of EVs to carry out research on the TR harms of high
energy density lithium-ion batteries.

Safety issues such as the TR of lithium-ion batteries are attracting more and more
attention. In order to comprehensively analyze the mechanism and inducement of lithium-
ion battery TR, a great deal of native and foreign researchers have made a suite of studies
on this issue. Can-Yong Jhu et al. used the adiabatic calorimeter vent sizing package
2 (VSP2) to study the adiabatic TR reaction of commercial LiCoO2 lithium-ion batteries
from different manufacturers, to determine their thermal instability and adiabatic TR
characteristics. Then, the thermal kinetic parameters of the lithium-ion battery reaction
were determined using the Arrhenius formula [14]. Feng et al. used the extended volume
acceleration rate calorimeter (EV-ARC) and differential scanning calorimeter (DSC) to study
the TR mechanism and characteristics of large format prismatic lithium-ion batteries [15,16].
The early studies of Wang et al. found the thermal stability of lithium-ion battery materials
through the C80 micro calorimeter and EV-ARC. Moreover, the internal short circuit
under different conditions was researched through nail penetration experiments, and a
micro-short circuit structure was proposed to explain the mechanism of the internal short
circuit [17–19]. Ren et al. proposed an electrochemical-thermal coupled overcharge-thermal
runaway model to predict the thermal behavior of lithium-ion batteries at overcharge
conditions. A series of overcharge experiments were carried out using EV-ARC to verify
the rationality of the model. In addition, the key parameters were further modeled and
analyzed, which provided the possibility to solve the overcharge problem of lithium-
ion batteries [20]. Liu et al. established a thermal abuse reaction model based on the
LiNi0.8Co0.1Mn0.1O2/SiOx-C system with the aid of a differential scanning calorimetry and
acceleration rate calorimeter. The model was extended to compare batteries with different
laminated numbers and electrode sizes on the internal short circuit issue [21]. Although
these representative studies provide a good reference for the study of lithium-ion battery
TR. However, there are few researches on the TR of nickel-rich lithium-ion batteries under
different state of charge (SOC) conditions. The harm of the TR of lithium-ion batteries
under different SOC conditions is not clear.

In this paper, the nickel-rich 18650 lithium-ion batteries with the Li[Ni0.8Co0.1Mn0.1]O2
cathode in different SOC conditions are taken to investigate the TR characteristics using
the extended volume plus acceleration calorimeter (EV+-ARC). In order to evaluate the TR
characteristics, some characteristic parameters such as battery voltage, surface temperature,
temperature rise rate, etc. are selected from the experiment to analyze the influence of SOC
on the critical state of TR. Based on the experimental data, combined with the battery mass,
specific heat capacity, and transient temperature distribution, the total energy and TNT
equivalent value in the process of adiabatic TR is calculated.

2. Experiment
2.1. Battery Samples and the SOC Method

The research samples in this paper are Li[Ni0.8Co0.1Mn0.1]O2 cathode 18650 lithium-
ion batteries (LG INR18650MJ1), a new type of nickel-rich high-capacity lithium-ion battery,
with a diameter of 18.0 mm and length of 65.0 mm. The anode materials are silicon-graphite,
and the electrolyte is the LiPF6 based solution. The nominal capacity of the battery sample
is 3350 mAh, the nominal voltage is 3.7 V, the weight is 47 g, and the working voltage range
is 2.5 to 4.2 V. The parameters of the battery samples are shown in Table 1.
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Table 1. The parameters of the battery samples.

Parameter Value

Length (mm) 65.1
Diameter (mm) 18.5

Surface area (m2) 0.0043
Volume (m3) 1.75 × 10−5

Mass (g) 47
Nominal capacity (mAh) 3350

Nominal voltage (V) 3.635
Charge and discharge cut-off voltage (V) 2.5–4.2

The experimental platform for lithium-ion batteries testing is shown in Figure 1,
which is mainly composed of three parts: The Arbin battery test system (BT-5HC 5V-60A)
for battery charging and discharging, the host computer for programming and saving
experimental data, and the thermostat used to control the temperature. Firstly, the new
battery was performed three times using the experimental platform, including the constant
current-constant voltage (CC-CV) charging and constant current discharging. The current
during constant current charging and discharging is 1/3C, where 1C denotes that the
current is equal to the nominal capacity in value. The C/3 (1.1A) charging and discharging
curves of the lithium-ion battery are shown in Figure 2. Then, the batteries are respectively
charged to the specific SOCs with a 1/3C constant current: 0%, 25%, 50%, 75%, and 100%
(fully charged). All the experiments are carried out in the thermostat at 25 ◦C.

Figure 1. The experimental platform for charging and discharging.

2.2. Thermal Runaway Experiment

In this study, the thermal runaway experiments are all carried out in the extended
volume plus accelerated rate calorimeter (EV+-ARC) produced by the THT Company
(London, Britain), as shown in Figure 3, which is the latest product. Its volume is much
larger than EV-ARC and the other calorimeters, which is more suitable for batteries’ safety
experiments such as TR. In the study of batteries’ thermal safety, the temperature rise (δT)
and energy (δQ) can be linked through the specific heat capacity of the battery, as shown in
(1). Therefore, before conducting the thermal runaway experiment of the batteries with
different states of charge, the specific heat capacity of the battery is measured using the
direct current (DC) constant current source and EV+-ARC. The polyamide heater is placed
in the middle of the three batteries to ensure the batteries are heated evenly, and then it is
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placed in the calorimeter, as shown in Figure 4. After the EV+-ARC enters the adiabatic
mode, the batteries are heated using the constant current source. The specific heat capacity
of the batteries is 1020 J/kg/K, which is calculated by (2).

δQ = MCpδT (1)

cp =
p
m
· 1
dT/dt

(2)

In order to find the possible heat release behavior of the battery, the EV+-ARC is
operated in the heat-wait-seek (H-W-S) mode during the TR experiment. First, the battery
is heated from the ambient temperature to 45 ◦C, and then the temperature is increased in
steps of 5 ◦C every 45 min until the algorithm detects that the sensitivity of the exothermic
reaction rate of the battery is greater than 0.02 ◦C/min. At this point, EV+-ARC turns into
an exothermic mode and the calorimeter tracks the temperature change of the battery. The
temperature of the battery rises due to the self-heating reaction until the TR occurs. The
battery is suspended in the calorimeter, and the thermocouple is pasted on the surface of
the battery. The voltage change of the battery is synchronously monitored by a voltage
acquisition device produced by Qingdao MKL Co., Ltd. (Qindao, China), The schematic
diagram of the TR experiment is shown in Figure 5.

Figure 2. The charging and discharging curves of the battery.

Figure 3. The experimental platform for charging and discharging.
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Figure 4. The specific heat capacity experiment.

Figure 5. The schematic diagram of the TR experiment.

3. Results and Discussion
3.1. Temperature and Voltage Change in TR Experiments

The temperature and voltage change curves of the batteries with different SOC con-
ditions during the TR process are shown in Figure 6. It can be seen from the curves with
100% SOC in Figure 6a, that the TR processes could be divided into four stages with three
critical temperatures.

Stage 1: The battery self-heating rate is less than the set value of 0.02 ◦C/min, and
the EV+-ARC works in the H-W-S mode. The capacity of the battery decays at high
temperatures and the voltage drops slightly [16].

Stage 2: T1 is the temperature where EV+-ARC detects the self-heating of the battery,
which is determined by the temperature rate sensitivity set value. Thereafter, EV+-ARC
enters the exothermic mode from the Heat-Wait-Seek mode and starts to track the tempera-
ture change of the battery. In stage 2, the voltage of the battery drops sharply to around
0 V, and the corresponding temperature is represented by Tvd in Figure 6a. The solid
electrolyte interface (SEI) decomposes as the temperature increases. In addition, the anode
that has lost the protection of the SEI film starts to react with the electrolyte [22,23]. The
heat released by the reaction leads the battery temperature to rise slowly.

Stage 3: T2 is the temperature where the battery safety vent opens. At higher temper-
ature, various chemical reactions inside the battery will produce a large amount of gas,
resulting in an increase in the internal pressure of the battery. When the internal pressure
reaches the critical threshold, the safety vent will open to relieve the pressure [24]. As the
gas is discharged, the temperature of the battery drops slightly. Then, the heat is released by
the chemical reactions of the internal materials of the battery, such as the SEI decomposition,
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cathode decomposition, and anode reactions with the electrolyte, etc. [13,21,24], which will
slowly increase the temperature of the battery again. Moreover, as the temperature rises,
the chemical reaction rate further accelerates, and the battery temperature rises faster.

Figure 6. Cont.
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Figure 6. Temperature and voltage variation curves of different SOC batteries.

Stage 4: T3 is the critical temperature where the battery TR is triggered, defined as the
T(t1) when the difference between T(t1) and T(t2) is greater than 1 ◦C/s [16]. In stage 4, the
internal chemical reaction of the battery intensifies, such as the decomposition reaction of
the cathode, the reaction of the anode and the electrolyte, the decomposition reaction of
the electrolyte, etc. [13,21,24,25], which will release a large amount of heat and cause the
battery temperature to rise sharply.

The anode material will undergo a variety of chemical reactions in the range of
100–300 ◦C, the graphite crystal structure will collapse and deform, and LiC6 and LixSi will
react with the electrolyte and release heat [21]. The silicon, whether it is crystalline or amor-
phous, will be transformed into an amorphous phase and then into a crystalline compound
in the lithium intercalation process [13,26]. In the temperature range of 110–300 ◦C, the
cathode has experienced a series of phase transitions from a layered structure to a M3O4
spinel to rock salt [21,27,28]. Both of these processes require the release of a large amount
of oxygen, which reacts with the electrolyte and releases a large amount of heat.

3.2. Influence of Different SOC Conditions on the Harm of Battery Thermal Runaway

Figure 7a shows the curves of battery surface temperature with time under different
SOC conditions. In general, with the decrease of SOC, the time increases from the beginning
of the battery heating to the time the thermal runaway occurs. The time of thermal runaway
in 75% SOC is about 191 min later than that in 100% SOC, and the time of thermal runaway
in 50% SOC is about 214 min later than that in 75% SOC. At the same time, the higher
the SOC, the higher the maximum surface temperature of the battery when the TR occurs.
Figure 7b shows the temperature rise rate curves of the battery under different SOC
conditions. It can be seen from Figure 6 that the maximum temperature rise rate of the
battery decreases with the decrease of SOC. When SOC is 100%, the maximum temperature
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rise rate of the battery can reach about 10,000 ◦C/min, while the maximum temperature
rise rate of the battery only is about 2000 ◦C/min in 25% SOC.

The various critical temperature data in the process of thermal runaway of the lithium-
ion battery under different SOC conditions are summarized in Table 2, which is also shown
in Figure 7c. When the battery enters the TR, the maximum temperature increases as the
SOC increases. The self-heating starting temperature and the TR trigger the temperature
decrease with the increase of SOC. The temperature when the safety vent is opened and
the temperature when the voltage drops to 0 do not change much in the range of 0%~100%
SOC, but a downward trend is still shown with the increase of SOC. This may be due to
the fact that with the increase of SOC, the active materials in the battery are more prone to
various chemical reactions, which generate a lot of heat and release more flammable gases.
In addition, at 0% SOC, the battery does not trigger the TR.

Figure 7. The comparison of TR of different SOC batteries.

Figure 8 shows the appearance of the fresh battery and the battery under different
SOC conditions after the TR. In containment systems, the high pressure generated by the
gas released from the battery can damage the vent, and this effect is exacerbated as the
SOC increases. At 100% and 75% SOC, the battery explodes, rupturing its container and
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burning its shell. The electrolyte and some of the electrode material inside the battery eject
from the positive electrode, thus the mass loss is higher than under the other conditions.

Figure 8. The photographs of the sample battery before and after the TR experiment.

Table 2. The main data after the adiabatic TR experiment for the battery under different SOC conditions.

SOC (%) Mass (g) Voltage
(V) T1 (◦C) Tvd (◦C) T2 (◦C) T3 (◦C) Tmax

(◦C)

0 47 3.13 141.8 126.7 146.6 - -
25 47 3.52 142 126.5 138.8 243.6 321.5
50 47 3.69 143 126.7 134.2 239.2 401.4
75 47 3.94 104.8 114.1 121.4 215.3 530.9
100 47 4.14 88.9 101.5 118.7 183.3 490.9

3.3. Energy Calculation and Conversion

The thermal explosion is the most dangerous condition in an adiabatic condition.
Therefore, in this case, the research is very important for the safety considerations of the
actual research. First, based on the EV+-ARC experimental data and battery mass, specific
heat capacity, and transient temperature distribution, the total energy released by the
battery in the process of adiabatic TR can be calculated in this study. The calculation
method is shown in (3).

∆H = mcp(Tmax − T3) (3)

where ∆H represents the total energy released from the battery, cp represents the specific
heat capacity of the battery, which is 1020 J/kg/K measured by the EV+-ARC, m represents
the mass of the battery, which is 47 g, Tmax represents the maximum temperature of the
battery surface, T3 represents the trigger temperature of battery TR.

The investigation of explosion and energy release is very significant for the conversion
between TNT and other explosives, and TNT is one of the components of commonly used
explosives. The thermal runaway reaction of lithium-ion batteries can also be seen as one
type of explosion. In order to intuitively explain the energy released by the lithium-ion
battery during thermal runaway, the TNT equivalent method is used to convert its thermal
energy into the TNT equivalent, which is shown in (4) [29,30]. The calculation results are
shown in Table 3.
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W = η∆H/HTNT (4)

where W represents the mass of TNT (TNT-equivalent), which is transferred from the
thermal energy to the mass of TNT. η represents the explosive efficiency of the material, in
which the thermal energy of the battery can be calculated from (3), thus η can be set to 1.
HTNT represents the explosive energy of TNT, which varies from 4437 to 4765 kJ/kg. In
this paper, the value of HTNT is 4500 kJ/kg.

Table 3. The values of the energy and TNT-equivalent for the battery at different SOC conditions.

SOC (%) T3 (◦C) Tmax (◦C) ∆H (kJ) TNT-Equivalent (g)

100 183.3 490.9 14.75 3.28
75 215.3 530.9 15.13 3.36
50 239.2 401.4 7.78 1.73
25 243.6 321.5 3.73 0.83

4. Conclusions

In this article, the TR hazard of nickel-rich 18650 lithium-ion batteries with different
SOC conditions is studied through the adiabatic calorimetry experiment using EV+-ARC.
All the batteries are charged to the specific SOC, and then they are put into the EV+-
ARC to be heated until self-heating is detected. Eventually, the battery triggers the TR
under adiabatic conditions. In order to evaluate the TR characteristics, some characteristic
parameters such as battery voltage, surface temperature, temperature rise rate, etc. are
selected from the experiment to analyze the influence of SOC on the critical state of TR.

The adiabatic TR experiment shows that the TR risk of 18650 lithium-ion batteries
increases with the increase of SOC. For the lithium-ion battery with 100% SOC, the self-
heating starting temperature is 88.9 ◦C, the trigger temperature of TR is 183 ◦C, and the
maximum temperature of the battery surface is about 490.9 ◦C. The explosion causes the
battery’s steel shell to rupture and release 14.75 kJ of thermal energy, which is equivalent
to 3.28 g TNT. For the lithium-ion battery with 25% SOC, the self-heating temperature
increases to 142 ◦C, the trigger temperature of the TR increases to 243.6 ◦C, and the
maximum surface temperature decreases to about 321 ◦C. The temperature when the safety
vent is opened and the temperature when the voltage drops to 0 do not change much
in the range of 0%~100% SOC, but it still shows a downward trend with the increase of
SOC. Moreover, as the SOC decreases, the delay time of the self-heating reaction and TR
increases. Furthermore, at 0% SOC, the battery does not trigger the TR.
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Abbreviations
The following abbreviations are used in this manuscript:
TR thermal runaway
SOC state of charge
EV+-ARC extended volume plus acceleration calorimeter
VSP2 vent sizing package 2
LCO LiCoO2
LMO LiMnO2
LFP LiFePO4
NCM111 Li[Ni1/3Co1/3Mn1/3]O2
NCM622 Li[Ni0.6Co0.2Mn0.2]O2
NCM811 Li[Ni0.8Co0.1Mn0.1]O2
EVs electric vehicles
BMS battery management system
EV-ARC extended volume acceleration rate calorimeter
DSC differential scanning calorimeter
DC direct current
CC-CV constant current-constant voltage
H-W-S heat-wait-seek
SEI solid electrolyte interface
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