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With the increased demand of lithium-ion batteries in aviation and high-altitude applications, understanding
battery safety at low-pressure conditions becomes paramount. This study aims to comprehensively investigate
the effects of ambient pressure and charging rate on the thermal runaway behaviors and corresponding gas
generation dynamics of commercial 18650-type LiNi, ;;Co,,;;Mn, 30, (NCM) cells triggered by electrical abuse,
employing an accelerating rate calorimeter. The results indicate that low ambient pressure leads to an earlier
opening of the safety valve and a shortened delay time of violent thermal runaway, which limits electrolyte
ejection outside the cell. Due to the greater participation of electrolytes during thermal runaway, the maximum
temperature and gas generation amount both increases at low ambient pressure conditions. Besides, it is found
that an elevated charging rate intensifies the thermal runaway process, increasing the potential for thermal
runaway hazards, as indicated by the increased generation of flammable gases. Furthermore, the Arrhenius
law is employed to evaluate the gas generation dynamics of LIBs during thermal runaway by comparing the
activation energy and pre-exponential factors. Therefore, the rate constants for various operation pressures
and charging rates are proposed. Significantly, the rate constants show a notable increase at low-pressure
conditions, highlighting the higher TR risk in such conditions.

1. Introduction

Characterized by high energy density and long cycle life, lithium-
ion batteries (LIBs) have been widely adopted in electric vehicles
(EVs), energy storage systems (ESSs), drones, and aircraft, spanning
various operating environments including plains, plateaus and aviation
sectors [1-3]. However, for LIBs, thermal runaway (TR) continues to
be a significant concern in both standard and low ambient pressure en-
vironments, induced by thermal, electrical, and mechanical abuse [4].
During TR, a series of irreversible exothermic reactions gradually occur
within the cell, resulting in an uncontrolled rise in temperature and
potential explosion risks [5,6]. Except for the TR incidents reported at
standard pressure conditions, the global number of incidents occurring
at low-pressure conditions shows a continuing upward trend. According
to the Federal Aviation Administration (FAA), from 2006 to 2025, over
587 aviation-related TR incidents have been reported [7]. For example,
in September 2010, a United Parcel Service B747 freighter crashed in
Dubai, resulting in the deaths of two pilots due to the uncontrollable
LIB fires in the main cabin failed [8]. Additionally, in 2013, the failures

of LIBs in the auxiliary power unit of two Boeing 787 Dreamliners
caused smoke incidents, leading to the indefinite grounding of the
entire fleet [9]. Apart from aviation, high-altitude regions face similar
challenges in the deployment of ESSs. These regions, with abundant
renewable energy resources, are seeing widespread deployment of ESSs
relying on LIBs [10]. Notable examples include a 100 MW/400 MWh
ESS in Tibet, China, at 4600 m [11], a 270 MW/1080 MWh ESS in Qing-
hai, China, at 3000 m [12], and the world’s highest ESS in Tibet, China,
with 20 MW/80 MWh, at 5228 m [13]. In addition to the TR risks in
ESSs, the growing adoption of EVs, drones, and aircraft in high-altitude
regions increases thermal management challenges. Nearly 30% of TR
incidents in such applications are attributed to heat accumulation from
improper fast-charging practices [14]. This risk is further exacerbated
by the low-pressure conditions of high-altitude operations.

To mitigate the risk of TR at low-pressure conditions, extensive
studies have been conducted to examine TR characteristics at thermal
abuse conditions. For example, Fu et al. [15] and Liu et al. [16]
studied the TR behaviors of LIBs under low pressures at thermal abuse
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Table 1
Summary and comparison of the thermal characteristics of LIBs at low-pressure conditions.
No. Capacity ~ Cathode Trigger soc P T, T pax Main conclusion Ref.
& size material method (kpa)  (°CQ) (O]
! 2.2 Ah NCM 523 Overheating  30% 20 306 420 Low pressure influences TR by decreasing environmental coolin,
18,650 60 291 450 P i & & [161]

100 278 455

2 2.6 Ah LCO Overheating  100% 30 238 475
18,650 60 228 635

90 240 713

3 2.6 Ah LCO Overheating  100% 64 125 824
18,650 101 133 790

4 2.6 Ah NCM 523 Overheating ~ 100% 20 133 618
18,650 60 144 643

95 159 668

5 2.6 Ah NCM 523 Overheating ~ 100% 30 111 502
18,650 50 127 525

70 136 592

90 137 616

6 5 Ah NCM Overheating 100% 30 232 703
21,700 50 239 745

70 237 666

920 234 768

101 230 635

7 10 Ah NCM 523 Overheating 100% 10 114 735
Pouch 30 160 747

50 136 817

70 143 829

95 168 843

8 2.5 Ah NCM 111 Charging 100% 20 175 767
18,650 & ARC 60 178 692

101 180 509

triggering early venting, and lowering flame intensity.

Both ignition time and TR duration increased at low-pressure conditions,
with 30 kPa identified as the critical threshold for battery ignition, below [15]
which no flame occurred.

The shorter ignition time of the battery during the TR process at low-pressure

- . . . . 17
conditions is mainly attributed to the early opening of the safety valve. 171

Both the TR onset time and temperature decrease with lower pressure.
The easier occurrence of TR at low pressures is due to the larger [19]
differential pressure, which facilitates the opening of safety valve.

The reduction of pressure delays the voltage drop, lowers TR intensity and
temperature, and causes a U-shaped change in TR time due to variations [31]
in oxygen content and heat transfer efficiency, which affect ignition time

and combustion behaviors.

LIBs are more likely to burst, and the time between safety venting and TR
becomes shorter at low-pressure conditions. The rate of temperature rise
during TR of LIBs depends not only on internal exothermic reactions but
also on external pressure.

[32]

The combustion energy released during TR decreases due to reduced
combustion efficiency, which results from the lower O, mass concentration
per volume at low-pressure conditions. Toxic gases like CO are more likely
to be generated at low-pressure conditions.

[33]

Low ambient pressure accelerates safety valve opening and TR onset, and This
leads to increased flammable gas and heat generation. work

conditions in a static confined space triggered by radiation-heating
and hot-plate-heating methods, respectively. It was discovered that
lowering atmospheric pressure significantly extended the delay time of
the violent TR and weakened its intensity, which was attributed to the
lower thermal decomposition reaction rates of the LIBs at low atmo-
spheric pressure conditions. However, other studies observed a faster
TR of LIBs at low-pressure conditions. Specifically, Chen et al. [17,18]
and Xie et al. [19] investigated the TR and fire behaviors of LIBs
with external heating and heat transfer at various ambient pressures.
The results indicated that the delay time for TR decreased with the
decrease of external pressure. This acceleration was attributed to the
premature rupture of the safety valve at low-pressure conditions, which
consequently advanced the onset of TR. From the research above, it is
evident that pressure has complicated effects on TR due to the timing of
the safety valve opening and the reactivity of thermal decomposition re-
actions, resulting in distinct TR behaviors. In addition to thermal abuse,
electrical abuse is another major factor leading to TR, primarily in-
volving external short circuits, overcharging, and over-discharging [14,
20]. Extensive research has been conducted to investigate the TR
characteristics of LIBs at electrical abuse conditions under standard at-
mospheric pressure, including TR mechanisms [21,22], TR propagation
characteristics [23,24], and TR suppression strategies [25,26]. Unlike
thermal abuse, electrical abuse additionally involves electrochemical
impacts, such as lithium plating, solid electrolyte interphase (SEI) film
consumption, and regeneration, which affect the failure mechanisms of
LIBs [27-30]. However, as summarized in Table 1, existing studies on
TR at low pressures predominantly focus on thermal abuse conditions.
These investigations have consistently demonstrated the influence of
reduced ambient pressure on key thermal parameters such as onset tem-
perature (T, ) and maximum temperature (7,,,,). Notably, none of these
works explore the interplay between low pressures and electrical abuse
conditions, leaving the complex effects on TR behaviors unaddressed.
As another important characteristic of TR, understanding the gas
generation mechanism is crucial for developing safer LIB designs and

mitigating TR risks [34]. To this aim, Jia et al. [35] investigated the
impact of cathode materials, including LiFePO, (LFP), LiMn,0, (LMO),
and LiNi, ;3Co;/3Mn,; 30, (NCM), on the gas release behaviors of fully
charged LIBs. It was observed that prior to the cell approaching the
separator collapse temperature, the order of gas release amounts was
LFP > NCM > LMO. In addition, Zhang et al. [36] investigated the
gas components of LIBs with varying states of charge (SOCs) and the
corresponding explosion limits. More reactive gases were found to
be generated with increasing SOCs, resulting in a higher risk of TR
and explosion. On the other hand, numerical models are essential for
understanding and predicting TR behaviors. In the literature, thermal
kinetic parameters for side reactions occurring during TR have been de-
veloped at both standard and low ambient pressure conditions [37,38].
However, these models focus only on temperature and do not consider
pressure within the cell. With this objective, Mao et al. [39] examined
the gas generation dynamics of 18650-type LIBs with different SOCs
using an accelerating rate calorimeter (ARC). The study developed the
multi-stage kinetics parameters for the gas generation process to predict
the pressure within the cells, as well as the time and temperature
of the rupture incident. However, kinetic parameter analyses for gas
generation at low-pressure conditions still lack, which are essential for
understanding the mechanism of gas generation and facilitate the early
detection of TR in LIBs in the aviation and high-altitude environments.

Previous TR studies at low-pressure conditions have primarily fo-
cused on thermal abuse and heat generation behaviors. However, the
combined effects of electrical abuse and low ambient pressure, along
with the corresponding gas generation characteristics of LIBs, remain
largely unexplored. Motivated by the research gaps mentioned above,
this study aims to achieve two primary objectives: (1) to clarify the
effects of ambient pressure and charging rate at low-pressure condi-
tions on the TR behaviors triggered by electrical abuse of 18650-type
NCM cells, and (2) to develop a gas generation dynamics model that
incorporates kinetic parameters under various charge rates and pres-
sures. Specifically, an ARC was employed in this study to create an
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Table 2
Summary of the tested LIB characteristics.

Description (units) Parameters

Dimensions (mm)

Weight (g)

Composition of electrolyte
Cathode material

18 (diameter) x 65 (height)
45.0 + 0.5

LiPF¢ - DEC:EMC:EC

LiNi, ;5Co, ;;Mn, ;0,

Anode material Graphite
Rated capacity (Ah) 2.56 + 0.04
Nominal voltage (V) 3.70 + 0.05

DEC: diethyl carbonate; EMC: ethyl methyl carbonate; EC: ethylene carbonate.

adiabatic environment, which retains the heat generated within the
LIBs while eliminating external influences to explore the self-heating
chain reactions of chemicals. Commercial 18650-type cells were sealed
in an airtight jar within the ARC and subjected to TR tests. This
allows for a more precise analysis of how pressure directly affects the
thermal and chemical processes within the LIBs during TR, facilitating
a better understanding of the intrinsic TR characteristics. Furthermore,
the impacts of ambient pressure {1.0 atm, 0.6 atm, 0.2 atm} and
charging rate {2 C, 3 C, 4 C} on the TR behaviors were systematically
studied. In addition, TR gas generation dynamics models suitable for
various operation pressures and charging rates have been developed.

2. Experiments
2.1. Cell samples

The sample cells used in this study were 18650-type NCM batteries
(Shenzhen Doublepow Technology Co., Ltd., China), each with a diam-
eter of 18 mm and a length of 65 mm. Note that, fresh cells are selected
in this study instead of aging cells, to focus specifically on the effects
of ambient pressure on TR, avoiding the potential influence caused by
side reactions due to aging behaviors [40-43]. The effects of aging
on TR behaviors at low-pressure conditions will be explored in future
studies. To determine the exact capacity of the cells, five charge and
discharge cycles using the CC-CV charging method were conducted us-
ing a battery testing system (BTS, CT-4008-5V20A-A, Shenzhen Neware
Technology Co., Ltd., China). Specifically, the cells were charged at a
constant rate of 0.5 C until the voltage reached the cut-off value of
4.2V, followed by a constant voltage charging phase until the current
decreased to the cut-off current of 0.04 A. After a 30 min stabilization
period, the cells were discharged at a rate of 0.5 C until they reached
the cut-off voltage of 2.5 V. The average capacity measured after five
cycles was considered the actual capacity. The basic parameters of the
cells are detailed in Table 2.

2.2. Experimental setup

The experimental setup used in this study is similar to that em-
ployed in our previous studies [36,44], with an additional vacuum
pump integrated to create low-pressure conditions, as depicted in Fig.
1. Specifically, an ARC (Hangzhou YOUNG Instruction Science & Tech-
nology Co., Ltd., China) was employed to evaluate the TR behaviors
of cells at various pressure conditions and charging rates. A stainless
steel airtight jar with an inner radius of 39 mm and a height of 68 mm
was positioned inside the ARC to establish the low-pressure condition
and measure gas generation. To ensure accurate measurements during
the rapid TR process [39], two N-type thermocouples were positioned
on the cell. A pressure sensor with a frequency of 100 Hz was also
installed. Additionally, wires soldered onto the positive and negative
terminals of the cells were employed to facilitate cell charging and
real-time voltage monitoring throughout the TR process. Moreover,
it was validated that the margin of error in temperature and pres-
sure measurements is approximately +10% by multiple repetitions of
experiments.
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Three different ambient pressures, namely 0.2 atm, 0.6 atm, and
1.0 atm, were adopted to evaluate the characteristics of TR with a
constant charging rate of 3 C. Specifically, the pressure of 0.2 atm
corresponds to the typical external pressure at a cruising altitude of
10,000 m for civil aircraft [4,45], while 0.6 atm represents the ambient
pressure commonly found in plateau regions [46], where ESSs are
widely deployed. The standard atmospheric pressure of 1.0 atm serves
as a baseline reference. Note that, for each pressure condition, the
integrity of the sealing was confirmed under every pressure, and it was
held stable for at least 30 min to ensure system stability. Moreover,
three sets of experiments were conducted at a pressure of 0.6 atm with
varying charging rates of 2 C, 3 C, and 4 C, to assess the impact of
charging rate on TR at low-pressure conditions. Note that, to ensure the
reliability and accuracy of the experimental data, each cell TR test was
conducted at least three times at each ambient pressure and charging
rate condition for cross-validation.

For each test, the initial temperature of ARC was set to 328 K (55
°C), the upper limit of the operational temperature for LIBs [47]. Once
the target temperature was reached, the charging process proceeded.
In this study, fresh cells at 0% SOC were used and charged using
the constant current (CC) charging method to reach 100% SOC. After
the self-heating process of LIBs triggered by electrical abuse, a violent
TR event occurred, during which its temperature and pressure were
recorded. Note that, the charging process was fully completed before
TR for all cases in this study, meaning all the cells reached 100% SOC
before the TR occurred. Furthermore, the composition of the produced
gases was analyzed using a Gas Chromatograph (GC, Agilent 7890B).
Note that, to enhance the robustness and precision of the experimental
data, the cell TR tests for each condition were systematically repeated,
with a minimum of three repetitions for cross-validation.

3. Results and discussion
3.1. Effects of ambient pressure

In this section, the effects of ambient pressure are investigated with
a fixed charging rate of 3 C, and the ambient pressures selected for
evaluation are 1.0 atm, 0.6 atm, and 0.2 atm. The evolution of cell
temperature, inside-jar pressure, and voltage for these conditions is
plotted in Fig. 2. Starting from 328 K (55 °C), the cell temperature
continues to increase as charging begins. Even after the SOC reaches
100% and charging stops, the temperature keeps rising due to self-
heating, eventually leading to a violent TR event. Two key thermal
characteristic temperatures, {7, T,,,.}, are observed to describe the
TR processes. T, represents the separator collapsing temperature with
temperature rise rate (d7/dt) exceeding 1 K/s [35,48,49], and T,,,,,
represents the maximum temperature. As observed in Fig. 2, decreasing
ambient pressure from 1.0 atm to 0.2 atm significantly accelerates the
occurrence of TR events, reducing 7, from ~3300 min to ~1500 min.
Furthermore, T, exhibits a monotonic decrease from 453.0 K to 448.2
K as ambient pressure decreases from 1.0 atm to 0.2 atm. Following
the attainment of T,., a large amount of heat is generated within a
few seconds, causing the cell to reach 7,,,,, which is found to increase
as ambient pressure decreases. Additionally, it is observed that the
voltage change aligns closely with the temperature of the TR process.
Specifically, the voltage initially drops to about 2.0 V due to the phase
transition of cathode materials, followed by a period of violent fluctu-
ation. As the internal temperature of the cell rises to Ty, the separator
eventually collapses, leading to a large-area internal short circuit in the
cell, causing the voltage to drop to zero and indicating complete cell
failure [50]. On the other hand, gas gradually accumulates within the
cell as the temperature rises, causing internal pressure to increase. Note
that the venting behavior highlighted in Fig. 2 results from the opening
of the safety valve, which is primarily determined by the competition
between the internal and ambient pressures of the cell [18]. When the
internal pressure of the cell reaches a critical value, called the opening
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Fig. 1. Schematic of the experimental setup for temperature, current, voltage, pressure, and generated gas measurement during the TR of LIBs.
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Fig. 2. Evolution of cell temperature, pressure and voltage for NCM cells at charging rate of 3 C under different pressures: (a) 1.0 atm, (b) 0.6 atm and (c) 0.2 atm.

pressure, the safety valve promptly opens. The opening pressure is
defined as:

Popen = Lyalve + Pambient’ (1)

where the P,,, is the critical internal pressure of the cell when the

safety valve opens; P,,,, is the maximum pressure difference between
the interior and exterior of the cell that the safety valve can withstand,
a fixed value preset during battery manufacturing; and P, is the
ambient pressure.

As shown in Fig. 2, the safety valve opens earlier at low-pressure
conditions. This can be explained by Eq. (1), which demonstrates that
a decrease in ambient pressure (P,,,;;.,,) results in a lower opening pres-
sure (P,,,), causing the internal pressure of cell to reach the opening
threshold more rapidly. This behavior is consistent with the findings
of Refs. [16,18,19] listed in Table 1. Once the safety valve opens, the
release of venting gas leads to a substantial increase in pressure outside
the cell. Following Ty, the pressure experiences a rapid surge, reaching
its peak value, P, ., which increases as the ambient pressure decreases.
Specifically, as the ambient pressure decreases from 1.0 atm to 0.2 atm,
P,.. consistently increases from 4.05 MPa to 5.37 MPa. Note that, the
differences in P,,, between cells with different ambient pressures are
much more pronounced than those in 7,,,,, indicating that the total

amount of released gas varies significantly with ambient pressure.

To further analyze the impact of ambient pressure on the TR pro-
cess, the temperature rise rate, dT /dt, as a function of cell temperature,
is displayed for cells with different ambient pressures in Fig. 3. Three
stages {Stage I, Stage II, Stage III} are defined based on different
temperature rise rate characteristics. Stage I refers to the charging
process during which the cell undergoes CC charging to 100% SOC.
Following the completion of the charging process, in Stage II, the
cell initiates self-heating caused by exothermic side reactions until the
cell temperature reaches T,.. After the separator collapses, the direct
contact between the cathode and anode materials causes a dramatic
rise in dT/dt, triggering the violent TR (Stage III). As shown in Fig.
3, a significant overlap in d7/dt under different ambient pressures is
observed during Stages I and II. This is reasonable as the interior and
exterior of the cell are isolated before the safety valve opens, and the
self-heating process by exothermic side reactions in Stage II remains
unaffected by low pressure. Note that, the enhancement of TR induced
by low pressure only becomes observable in Stage III. As evidenced in
Fig. 3, following T,., the maximum magnitude of dT/dt in Stage III
increases as ambient pressure decreases, resulting in a higher T,,,,..

Given that battery venting gas is a critical factor leading to fire
hazards and explosions, it is crucial to consider the gas generation
characteristics [51-53]. The ideal gas state equation [35,39,49] can be
used to calculate the amount of gas generation, denoted as n,, as shown
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in Eq. (2):
e = ZV;%PT - ZV;QP(;“ ’ 2
ghg 0570

where T, and P, are the initial temperature and pressure in the jar,
respectively; Z, and Z, are the compressible factors of the generated
gases and initial gases, both of which are close to 1 [35,49,54,55]. R,
is the gas constant (8.314 J mol~! K~1), and V, is the actual volume of
the gas, which can be estimated using Egs. (3) and (4) [49]:

Vo= Vjar —Veent + Vioias 3)

Vaoid = 0.07Veerr » ©)]

where V,, is the inner volume of the jar, 3.25 x 10~ m3; V; is the
volume of the cell, 1.65 x 10~ m?; and V,;, is the void space within
the test cell.

The gas generation amounts for cells with different ambient pres-
sures are depicted in Fig. 4(a) and their gas compositions are plotted
in Fig. 4(b). As seen in Fig. 4(a), the safety valve opens earlier at low-
pressure conditions due to a lower opening pressure (P,,,) required
for activation, which results from the decrease in ambient pressure
(P, piens)> as described by Eq. (1). Prior to the opening of the safety
valve, the vapor pressure of the electrolyte is equal to the saturation
pressure of the electrolyte at the vapor-liquid equilibrium [36,56].
During this period, several gas generation reactions occur. Specifically,
these reactions are primarily driven by the decomposition of the SEI
layer, which yields gases such as O,, CO,, and C,H, [57], as depicted
in R1. Following the SEI breakdown, the exposed anode further reacts
with the electrolyte to generate C,H, and C,Hg [58], as depicted
in R2-R4. Meanwhile, the NCM cathode decomposes to release O,
(R5) [591, which further promotes the gas generation reactions between
the cathode and electrolyte vapors [5]. Once the safety valve opens, the
concentration of organic solvent vapor outside the cell increases over
time, indicating a corresponding increase in electrolyte loss within the
cell [60]. Note that the electrolyte components evaporate sequentially
due to their different boiling points. As the temperature rises, EMC
evaporates first, followed by DEC, and finally EC [61], which then
undergo the combustion reactions during Stage III, as depicted by reac-
tions R6-R8. By comparing the gas generation in Fig. 4(a) with the heat
generation in Fig. 3, it is evident that gas and heat generation respond
differently to ambient pressure during Stage II. Specifically, the heat
generation remains nearly unchanged under different pressures, while
the gas generation shows variations, with enhanced gas generation

Journal of Energy Storage 125 (2025) 116855

observed at lower ambient pressure. This difference can be explained
by examining the typical gas generation reactions occurring during the
TR process. At low-pressure conditions, more electrolyte remains within
the cell, which enhances the electrolyte-related reaction pathways and
rates of these gas generation reactions as depicted in R2-R4 and R6-R8,
including its interactions with the cathode and anode materials as well
as its combustion reactions [62-65]. Moreover, the maximum amount
of gas generation, n,,,, increases from 0.19 mol to 0.24 mol as the
ambient pressure decreases from 1.0 atm to 0.2 atm. This increase is
attributed to the reduction of electrolyte ejection outside the cell caused
by the decreased 7, at lower ambient pressure.

2(CH,0CO,Li), = 2Li,CO; + 2C,H, + 2CO, + O, (R1)
2Li + C3H,0; (EC) = Li,CO; + C,H, (R2)
2Li + C3HgO; (DMC) = Li,CO; + C,H (R3)
2Li + C5H,(0; (DEC) = Li,CO;3 + C,H, + C,Hy (R4)
2LiNi; /3Coy ;3Mn, /30, = 2 LiNi; ;3Co, /sMn, ;30,_, + YO, (R5)
250, + C3H,0; (EC) = 3CO, + 2H,0 (R6)
20, + C3Hg0; (DMC) = 3 CO, + 3H,0 (R7)
60, + CsH,,05 (DEC) = 3CO, + 5H,0 (R8)

On the other hand, as displayed in Fig. 4(b), the amount of CO,
within the generated gas decreases as the ambient pressure decreases
from 1.0 atm to 0.2 atm, while that of CO increases. The increase in the
CO/CO, ratio indicates a decrease in the oxidative reaction effective-
ness due to the lower oxidizer density [66]. In addition, it was observed
that the amount of CH;OH decreased with lower ambient pressure, as
shown in Fig. 4(b). CH;OH is one of the primary decomposition prod-
ucts of dimethyl carbonate. The decline of its concentration indicates a
more thorough transition to smaller molecules [67]. Consequently, the
mole fractions of smaller molecules, such as H,, CO, and CH,, increase
at low-pressure conditions, which agrees with Ref. [33] listed in Table
1.

3.2. Effects of charging rate at low-pressure conditions

In this section, the effects of charging rate on TR behaviors are
investigated at a low ambient pressure of 0.6 atm, with the charging
rate ranging from 2 C to 4 C. The evolution of cell temperature, inside-
jar pressure, and voltage is plotted in Fig. 5. It is readily observed
that the increased charging rate leads to an earlier and more violent
TR event. Specifically, as the charging rate increases from 2 C to 4 C,
7, decreases from ~2500 min to ~1200 min and P, increases from
4.30 MPa to 5.80 MPa. Moreover, T,, decreases monotonically from
466.1 K to 449.0 K with the charging rate increasing from 2 C to 4 C,
indicating overcharging may lead to an early collapse of the separator.
An increase in the charging rate leads to a rise in T,,,,, suggesting that
the cell exhibits higher reactivity with enhanced exothermic reactions.
On the other hand, similar voltage behaviors discussed in Section 3.1
are observed. Note that, as the charging rate increases, the duration for
the voltage to drop to zero decreases with z,.

The temperature rise rate, d7/dt, as a function of cell tempera-
ture, is illustrated for cells with different charging rates in Fig. 6. In
Stage I, the magnitude of dT/dt increases with the charging rate, due
to the increased irreversible heat generated during charging [44,68].
Following the completion of the charging process, in Stage II, the cell
initiates self-heating caused by exothermic side reactions until the cell
temperature reaches T,.. The increasing d7'/dt in Stage I causes the cell
to enter Stage II at a higher temperature, which facilitates exothermic
side reactions. This, in turn, leads to an increase in dT'/dt in Stage II
at high charging rate. Moreover, the maximum magnitude of dT/dt,
causing by the direct contact between the cathode and anode materials,
increases with increased charging rates.
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Fig. 5. Evolution of cell temperature, pressure and voltage for NCM cells under ambient pressure of 0.6 atm at different charging rates: (a) 2 C, (b) 3 C and (c) 4 C.

The gas generation amounts after the safety valve opens for cells
with different charging rates are depicted in Fig. 7(a) and their gas
compositions are plotted in Fig. 7(b). It is evident that, as the charging
rate increases, the opening of safety valve occurs earlier, accompanied
by decreases in 7,;. This is consistent with the observation that the
temperature rise during Stage I increases with the charging rate and ac-
celerates the TR process. Meanwhile, n,. decreases slightly from 0.034
mol to 0.030 mol as the charging rate increases from 2 C to 4 C. This
reduction in ny, is due to the shortened duration of Stage II at higher
charging rates as shown in Fig. 5. Note that, during Stage II, the primary
gas generation reactions include the decomposition of the SEI film,
breakdown of cathode/anode materials, and their interactive reactions
with the electrolyte [63]. An shortened duration of Stage II enables
these reactions to be less complete, thereby decreasing n,.. On the
other hand, the maximum amount of gas generated, n,,,,, is observed
to increase from 0.18 mol to 0.27 mol as the charging rate increases
from 2 C to 4 C. The increase implies that cells with higher charging
rates have an increased potential for TR hazards. Moreover, as shown
in Fig. 7(b), an increase in the charging rate from 2 C to 4 C results
in higher oxygen consumption and an increase in the generation of
flammable gases such as CH,, H,, and CO. This phenomenon indicates
that a greater extent of side reactions within the cell materials results
in more flammable gases generated after TR [44,60].

3.3. Construction of gas generation dynamics models

To better understand and predict the gas generation during TR,
the gas generation dynamics models suitable for various operation
pressures and charging rates are developed in this section. Due to the
similar physical properties of the gases generated during TR and the
dominance of major gas components, it is reasonable to consider the
gas product as a whole [69]. As displayed in Figs. 4(a) and 7(a), the
gas generation rates in Stages II and III differ significantly. Therefore,
a two-step reaction mechanism is used to describe the overall gas
generation processes to represent these two stages.

As in Refs. [39], the gas generation processes of these two stages are
assumed to follow the Arrhenius law. The rate of the mass consumption
of reactant can be defined as Eq. (5):

E,
—d—m=Aexp —— |\ m", 5)
ai R,T

where A represents the pre-exponential factor, E, denotes the activa-
tion energy of reaction, m is the mass of reactant, T is the temperature
of reactant and N is the reaction order.

The mass of reactant can be obtained by Eq. (6):

m=my—n-M, (6)
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where my, the initial mass of the cell, is 45 g as mentioned in Table
2. M, the molar mass, is calculated to be 28 g/mol based on the
composition shown in Figs. 4(b) and 7(b) [70,71].

Substituting Eq. (6) and N =1 [39,72,73] into Eq. (5):

dn — Ea _
E-M:Aexp(—a)(mo—n-M), )
Taking the natural logarithm of Eq. (7), then
dn _ _ E, 1
ln(Z)+InM—ln(m0—n~M)=—R—:~T+lnA, 8)

By plotting the curve of In(dn/dt) + InM — In(my—n- M) versus
the inverse of cell temperature 1/T, the values of E, and A can be
determined from the slope and intercept of the resulting linear fit,
respectively.

Fig. 8 illustrates the curve of In(dn/dt) + InM — In(my—n-M)
against the inverse of cell temperature, 1/7, spanning from Ty,
through Ty, to T,,,,, considering different ambient pressures and charg-
ing rates. It can be observed that, similar to the curve of dT/dt vs. T
shown in Figs. 3 and 6, the curve of In(dn/dt)+In M —1In (my—n- M)
vs. 1/T is also divided into two stages, denoted as Stage II and Stage
I1I, by T, suggesting distinct kinetic parameters in these two stages.
The sudden increase at T}, in Fig. 8 is due to the internal short circuit
(ISC) caused by the interconnection between the cathode and anode
materials, resulting in an instantaneous temperature rise. Consequently,
a step is observed between Stage II and Stage III in Fig. 8. Note that,
during the end of Stage III (~690 K to T,,,,), where the temperature
and pressure rapidly increase within a few seconds, the slope becomes
negative. This is because, during the TR event, the cell bursts, and the
rapid ejection of hot gases occurs, leading to the non-uniformity of
temperature and disrupting the synchronization between pressure and
temperature [39]. Therefore, the curve near 7,,,, is excluded from the
subsequent kinetic parameter fitting. Additionally, it is discovered that
the charging rate influences the gas generation process in both Stages
II and III, while the effects of ambient pressure are primarily observed
in Stage III. According to Eq. (8), the slope and intercept of the curve in
Fig. 8 correspond to E,/R, and In A, respectively. Based on the fitting
calculations of the curves, the calculated activation energy (E,) and
pre-exponential factor (A) for Stages II and III are presented in Table
3.

The rate constants for different ambient pressures and charging
rates are calculated using the kinetics parameters in Table 3, and
the curves of rate constants are compared in Fig. 9. Fig. 9(a) and
(b) demonstrate that a high charging rate results in elevated rate
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constants in both Stages II and III. This implies that increased charging
rates amplify the gas generation reaction, starting from the onset at
Tyening throughout the entire TR process, highlighting the importance
of regulating charging protocols. As for the effects of ambient pressure
on TR gas generation, it is readily observed on Fig. 9(c) that the
rate constant in Stage II remains relatively constant. Conversely, lower
pressure significantly enhances the gas generation reactions in Stage
III (see Fig. 9(d)). Specifically, the rate constant in Stage III increases
by a factor of two as the ambient pressure decreases from 1.0 atm to
0.2 atm, highlighting the pronounced impact of ambient pressure on
the kinetics during the latter stage of TR process. This indicates the
potential changes in chemical reaction pathways, including reactions
between the anode and cathode, the cathode and electrolyte, as well
as the anode and electrolyte [62]. On the other hand, by compar-
ing the temperature rise rates shown in Figs. 3 and 6 with the rate
constants of gas generation shown in Fig. 9, it can be observed that
ambient pressure exerts a stronger effect on heat generation kinetics
than on gas generation kinetics during Stage III. Specifically, the heat
generation rate triples as the ambient pressure decreases from 1.0 atm
to 0.2 atm, whereas the gas generation rate constant only doubles.
This difference can be attributed to the non-linear relationship between
gas generation and heat generation [44,49,74]. One major contributor
to this non-linearity is the occurrence of ISCs following separator
failure, where direct contact between the anode and cathode releases
the electric energy stored in the cell and generates substantial heat
without gas generation [75,76]. As TR progresses, these ISC reactions
become dominant in Stage III, thereby intensifying heat generation
independently of gas generation. Therefore, accurately developing the
kinetic parameters of gas generation reactions is essential for reliably
modeling the TR process.

4. Practical implications

As a final remark, the practical implications of these gas generation
kinetic parameters in improving the accuracy of internal pressure pre-
diction during TR are discussed. Current TR modeling efforts primarily
focus on temperature evolution, while quantitative pressure within
the cell remains limited [37,38]. Most existing pressure models are
based on sets of ODEs describing decomposition rates, energy balance,
and gas flow, but rarely incorporation detailed gas generation kinet-
ics [69,77,78]. Recently, Cheng et al. [79] proposed a thermal-pressure
coupling model that incorporates gas composition data and kinetic
parameters fitted from ARC experiments. By this means, their model
successfully captured the internal pressure rise and TR process, proving
the potential of the gas generation kinetic parameters. However, most
existing studies obtain these parameters at standard pressure, with no
available data at low-pressure conditions to date.

The kinetic parameters obtained in this study can enhance the accu-
racy of internal pressure prediction during TR and extend the modeling
applicability to low-pressure environments. Besides, with these kinetic
parameters, the gas evolution, internal pressure, and venting behaviors
during TR can be quantitatively predicted [39]. This predictive capabil-
ity enables the development of early warning strategies based on in-cell
gas sensors [80,81], and extends their applicability to low-pressure en-
vironments. Moreover, the gas generation rate is a critical input for the
design of ventilation, smoke exhaust, and explosion prevention systems
in energy applications involving LIBs [39]. Therefore, the parameters
obtained in this study not only contribute to a deeper understanding of
TR mechanisms, but also provide a basis for improving battery safety,
including optimizing the safety valve design and providing additional
mitigation strategies.
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Table 3
Kinetics parameters of the gas generation reactions.
P, C Stage 1II Stage III
-E,/R, InA R? E, A -E,/R, InA R? E, A
(K) (In s71) - (kJ mol™") s (K) (In s71) - (kJ mol™") s
0.2 atm, 3 C -17198.79 40.78 0.99 143.99 5.15E17 -336.72 8.64 0.81 2.80 5664.99
0.6 atm, 2 C —20259.08 46.66 0.99 168.43 1.83E20 —396.50 8.19 0.82 3.30 3591.73
0.6 atm, 3 C -17751.02 41.82 0.99 147.58 1.45E18 —463.80 8.51 0.87 3.86 4943.06
0.6 atm, 4 C —16598.82 39.81 0.98 138.00 1.95E17 -595.19 9.07 0.86 4.95 8730.69
1.0 atm, 3 C -18180.96 42.84 0.97 151.16 4.03E18 -656.65 8.73 0.97 5.46 6184.24

5. Conclusions

To address the gap in understanding TR behaviors of LIBs at low-
pressure conditions during electrical abuse, this study investigates the
impacts of ambient pressure {0.2 atm, 0.6 atm, 1,0 atm} and charging
rate {2 C, 3 C, 4 C} on the TR behaviors induced by electrical abuse of
commercial 18650-type NCM cells, using an ARC. Furthermore, three
stages are defined based on distinct temperature rise rates: Stage I
(charging process), Stage II (self-heating period until T}, ), and Stage
III (violent TR phase). Through the analysis of temperature, pressure,
voltage, and gas generation characteristics at each stage, the underlying

mechanisms governing the impacts of ambient pressure and charging
rate on TR behaviors of NCM cells were investigated. Moreover, the
gas generation dynamics models during the TR process were developed.
The main conclusions of this study are as follows:

(1) The safety valve opens earlier in Stage II at lower ambient pres-
sure due to the lower opening pressure of safety valve (P,,,),
resulting in a shortened r,. Furthermore, the reduction in 7,
decreases the electrolyte ejection outside the cell, allowing more
electrolyte to remain within the cell and participate in violent
TR during Stage III. The additional exotherm leads to increased



S. Liu et al.

Temperature (K)

4;@55 435 417 400 385
10 : ; ;
(a) Stage Il
102k
Z 10!
[
©
2 400
[e]
(@]
010" O 0.6atm,2C
© o 06atm 3C
102t O 0.6atm,4C
-3 1 1 1
10 2.2 2.3 2.4 2.5 2.6
1000/T (K™
Temperature (K)
455 435 417 400 385
10° . : .
(c) Stage Il
10% ¢
e 10" B
€
g
2 100
o
(@]
2 10" 0.2atm,3C
Y o 06atm 3C
102k * 1.0atm,3C
10-3 L 1 1
22 23 2.4 25 2.6

1000/T (K"

1

Journal of Energy Storage 125 (2025) 116855

Temperature (K)

714 625 556 500 455
4.10°
T§L3‘1°3
€
i)
(2]
é§ 2.10° -
89
5 o 06atm2C ""‘ooonuo
o o 0.6atm, 3C <
o 0.6atm,4C
3 | | |
101.4 1.6 1.8 2.0 2.2
1000/T (K'1)
Temperature (K)
714 625 556 500 455
srge () Stage 11 ' '

—_

0 310°

Rate Constant (s
N
2

A 0.2atm,3C
o 0.6atm,3C
1.0atm,3C
103 | | !
1.4 1.6 1.8 2.0 2.2

1000/T (K™

Fig. 9. Comparisons of discovered rate constants for the TR gas generation process with different charging rates {2 C, 3 C, 4 C} in (a) Stage II and (b) Stage III, and different
ambient pressures {1.0 atm, 0.6 atm, 0.2 atm} in (c) Stage II and (d) Stage IIL

(2

3

)

-

'naxs Pmaxs and n,,,., while also reducing T,,. Specifi-
cally, Ty, decreases from 453.0 K to 448.2 K as ambient pressure
decreases from 1.0 atm to 0.2 atm. Additionally, more flammable
gases such as CHy, H,, and CO are found to be generated at low-
pressure conditions, attributed to a more thorough transition of
CH;OH into smaller molecules.

The increase in charging rate enhances the TR process, primarily
due to the greater irreversible heat at higher charging rates.
This heightened heat drives the cell into Stage II at a higher
temperature, which promotes exothermic side reactions within
the cell and increases dT'/dt in Stages II and III. Consequently, 7,
is reduced along with higher values of T,,,., P,.., and n,,,.. With
the increase in charging rate from 2 C to 4 C, T,, decreases from
466.1 K to 449.0 K. Moreover, a significantly higher proportion of
flammable gases, including H,, CH,, and CO, is detected at higher
charging rates.

The gas generation dynamics models are developed for TR pro-
cess. It is observed that both high charging rates and low ambient
pressures promote gas generation reactions. However, their ef-
fects differ in timing and stages affected: charging rates influence
gas generation in both Stages II and III, while ambient pressure
primarily affects Stage III after T,.. Additionally, kinetic param-
eters and rate constants under various ambient pressures and
charging rates during Stages II and III are determined. Specifi-
cally, the rate constants increase significantly at 0.2 atm com-
pared to those at 1.0 atm, highlighting the increased TR risk

values of T, P

at low-pressure conditions. The construction of gas generation
dynamics models contributes to understanding the mechanisms of
TR gas generation, while also providing guidance for numerical
simulations and prediction models for TR process.
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