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ARTICLE INFO ABSTRACT
Keywords: The storage and transportation of lithium-ion batteries under reduced ambient pressure have critical safety
Battery safety concerns. This work develops a model to simulate and understand the thermal runaway of a cylindrical battery

Low ambient pressure
Venting

Cell pressure
Numerical simulation

cell at different sub-atmospheric pressures. A lumped heat transfer model for batteries is upgraded by considering
the increasing electrolyte loss observed in experiments as pressure decreases. Using the model, we examine the
impacts of ambient pressure, cell heating rate, and safety-venting threshold on battery thermal failure, with a
particular focus on safety venting and thermal runaway. Before safety venting, the internal cell pressure is raised
initially by electrolyte vaporisation and then by gases produced from chemical reactions. As the safety valve
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threshold rises from 1.2 MPa to 2.2 MPa, the gas from SEI decomposition increases from 73.5 % to 82.3 % at the
moment of safety venting. The incubation period between venting and thermal runaway increases as the ambient
pressure decreases. In other words, lowering the ambient pressure allows more emergency response time before
thermal runaway. The developed model approach and simulations improve our understanding of thermal
runaway under low ambient pressures and provide novel insights for ensuring battery safety in storage and
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transportation.
Nomenclature
Symbols Subscripts
A surface area (m?) cr critical
E activation energy (J mol ™) ele electrolyte
h heat transfer coefficient (Wm™2  ex external
K
AH  heat of reactions (kJ kg™ 1) g gas
m mass (g) in internal
M molecular mass (g mol 1) max maximum
n gas amount (mol) TR thermal runaway
P pressure (kPa) v safety venting
q heating/cooling rate (kW) 0 initial value
R universal gas constant (J mol~'  Abbreviations
K
time (s) CFD computational fluid dynamics
At time interval (s) DMC dimethyl carbonate
T temperature (°C) EC ethylene carbonate
T temperature rise rate (°C EDS energy dispersive spectrometer
min’l)
v volume (m®) EMC  ethyl methyl carbonate
Z pre-exponential factor (s™1) IsC internal short circuit
LCO lithium cobalt oxide
Greeks LIB lithium-ion battery
a non-dimensional amount for NCM  lithium nickel manganese cobalt
reactants oxides
8 partial pressure ratio ODE ordinary differential equation
n effective mass loss fraction SEI solid electrolyte interface

1. Introduction

Battery energy storage systems are crucial in the transition to more
sustainable transportation and a resilient electric infrastructure [1].
Today, Li-ion batteries serve as the primary power source for electric
vehicles, providing a cleaner alternative to internal combustion engines
and thereby reducing emissions [2]. Additionally, batteries are essential
for addressing intermittent renewable energy generation, such as solar
and wind power [3]. They stabilise the integration of renewable energy
into the grid by storing excess energy produced during periods of high
production and releasing it when production is low [4]. However, the
fire risks of batteries have become more apparent with the increasing
market demand.

In civil aviation, ensuring battery fire safety under low ambient
pressure has been a significant issue [5]. Despite the requirement set by
UN T 38.3 that battery packs must undergo a low-pressure storage test at
11.6 kPa for a minimum of 6 h, incidents of battery fires under
low-pressure conditions continue to occur [6]. Federal Aviation
Administration (FAA) reports that over 540 battery safety incidents in
air transport before July 2024. For instance, Li-ion batteries transported
by FedEx ignited the plane during a flight from Memphis to Paris in 2004

(Fig. 1a). Similarly, a UPS cargo plane suffered damage from a battery
fire in 2006 (Fig. 1b), resulting in the tragic deaths of two crew mem-
bers. In 2013, the auxiliary power unit of a Boeing 787 caught fire, with
firefighters taking 80 min to address it after the aircraft made an
emergency landing (Fig. 1c). Such battery air incidents have become
increasingly frequent in recent years. Between 2021 and 2023, over 200
battery fires were reported, approximately 1.5 times the number
recorded from 2018 to 2020 [7]. Therefore, it is important to advance
our understanding of battery fire safety under low ambient pressure.

Thermal runaway is the major concern for battery fire hazards [10],
which refers to a rapid and uncontrolled temperature increase driven by
a sequence of self-heating reactions [11-13]. These reactions mainly
contain the solid electrolyte interface (SEI) decomposition, anode-
—electrolyte reaction, electrolyte decomposition, and redox reactions
related to electrode materials [14]. Besides, there are also some endo-
thermic reactions inside the battery cells, including the melting of sep-
arators and electrode collectors [15]. The separator collapse will cause
an internal short circuit (ISC), which will also contribute to the joule
heat during the thermal runaway process. The SEI decomposition is the
beginning of battery self-heating [16], which can be initiated from 70 °C
to 120 °C and release gases such as CoHy, CO2, and O, [17]. The reaction
between anode and electrolyte starts at about 120 °C and often releases
flammable hydrocarbons such as Cy;Hy4, C3Hg and CyHg [18,19]. This
reaction can contribute significantly to heat generation and trigger
thermal runaway [20]. The occurrence of thermal runaway quickly
triggers redox reactions between the cathode and anode, releasing large
amounts of heat and flammable gases [21]. These reactions determine
the maximum temperature (Tpq) that the battery can reach during
thermal runaway.

Due to the installation of safety valves in cylindrical and prismatic
cells, there are two distinct jet-flow events during the thermal runaway
process [22-24]. Fig. 2 illustrates the temperature and internal pressure
response for a cylindrical battery cell exposed to external overheating
conditions [25]. At the heating phase, the originally solid jellyroll
structure in the cell becomes loose and porous due to gas generation. The
primary gas components inside the battery cell are from SEI decompo-
sition, anode-electrolyte reactions, and the electrolyte vapour. These
reactions gradually increase the battery temperature, and the gases
cause the internal pressure of the battery cell to rise. When the internal
and ambient pressure difference reaches a certain threshold, the safety
valve opens, initiating the first jet event. The jet of high-temperature
multiphase materials through the safety valve carries away some heat,
causing a slight temperature decrease. After the safety valve opens, the
cell undergoes a venting process where the internal reactions continue to
raise the battery temperature, and the gaseous products, along with
electrolyte vapour, volatilise from the porous materials [26]. Once the
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Fig. 1. Photographs of the battery air incidents that happened in (a) the FedEx plane, (b) the UPS cargo plane, and (c) the Boeing 787 [8,9].
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battery temperature rises to the thermal runaway initiation temperature
(Tr), a large amount of heat and flammable gases are rapidly released
in a short period, leading to a second jet event [27-29].

The time interval between the safety valve opening and the thermal
runaway is known as the incubation period (Fig. 2), which determines
whether thermal runaway events will cascade and escalate. Such a
venting period can be used to warn against thermal runaway [31,32] or
implement mitigation strategies [30]. Thus, numerous researchers have
studied the venting behaviours and incubation period at standard at-
mospheric pressure [31-35]. For example, Qin et al. [31] introduced a
novel approach to separate the pressure increase caused by electrolyte
vapour from that generated by gases before venting. Garcia et al. [32]
employed high-speed cameras and optical techniques to capture the
behaviours of electrolyte droplets and generated gases during the
venting process. Recently, Wang et al. [33] utilised planar laser scat-
tering methods to observe the ejected particles and droplets during the
venting event. Moreover, the venting process is greatly influenced by
ambient pressure, which subsequently affects the initiation of thermal
runaway. According to our previous findings [36,37], low ambient
pressure can accelerate the evaporation and volatilisation of electrolytes
after the safety valve opening, thus prolonging the incubation period
and delaying thermal runaway. The delay of thermal runaway under low
ambient pressure has been reported in numerous studies [38,39].
However, all the above studies investigate thermal runaway character-
istics at low ambient pressure through experimental approaches. The
literature lacks the numerical models to examine the evolution of ther-
mal runaway under such conditions.

Modelling the venting and thermal runaway processes at normal
ambient pressure has been a hot topic in recent years [40-46]. Table 1
summarises developments in venting models in the literature. With the
advantages of high computational speed and accuracy, the lumped
model is extensively used to address thermal abuse reactions and gas
generation. To explore the jet dynamics as well as the distribution of
gases and particles vented from the cell, the computational fluid dy-
namics (CFD) model is further coupled. These models propose a sys-
tematic framework to numerically study gas generation, internal
pressure buildup, venting dynamics, and flaming combustion. As
mentioned above, existing models mainly concentrate on simulating
venting behaviours at standard atmospheric pressure. Few modelling
studies have considered the influence of ambient pressure on energy
dissipation and mass loss after safety valve opening, and even fewer
have focused on the thermal runaway of batteries under low-pressure
conditions.

This work aims to narrow the knowledge gap and modify the pre-
vious thermal-runaway models by considering the effect of ambient
pressure on mass loss and energy dissipation. The lumped model is
selected to calculate the gas generation and temperature response
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Table 1
The recent venting models during battery thermal runaway.
Cell type Cathode  Key research topic Simulation Ref.
methods

18,650 LCO Gas generation during venting Lumped [47,
and thermal runaway model 48]

18,650 NCM Effect of free electrolyte and Lumped [49]
cooling rate on venting and model
thermal runaway

18,650 NCM Internal pressure and Lumped [50]
temperature before venting model

18,650 NCA Thermal and flow behaviours Lumped [51]
during venting and thermal model & CFD
runaway

18,650 NCM Jet flow during venting and Lumped [52]
flaming during thermal model & CFD
runaway

18,650 NCM The jet of solid particles and its ~ Lumped [53]
effect on thermal runaway model & CFD
propagation

18,650 NCM Spatial distribution of vented Lumped [25]
gases and air mixing model & CFD

prismatic ~ LFP Ejected particles from thermal Lumped [33]
runaway model & CFD

18,650 NCM Gas jet behaviours during CFD [54]
venting

21,700 NCA Venting and the temperature Lumped [55]
distribution of venting fluid model & CFD

during the battery thermal runaway. The classical coil heating tests are
employed to determine the key parameters for quantifying the energy
dissipation during the venting process. Then, the developed model is
used to systematically study the influences of ambient pressure, cell
heating rate, and venting threshold on battery thermal failure. The
temperature-pressure evolution inside batteries before the safety valve
opening is compared, and the thermal runaway characteristics under
various conditions are discussed. The findings can advance our under-
standing of battery thermal runaway and offer guidelines for assessing
battery thermal safety under low-pressure storage and transportation.

2. Model development
2.1. Experiment benchmark

The baseline experiments under a low-pressure environment can
capture the entire process of battery heating, venting, and thermal
runaway, which supports the development of a numerical model. This
work considers the coil-heating test for typical 18,650-type cells under
various ambient pressures. Fig. 3a shows the developed low-pressure
chamber for controlling the environment for battery thermal runaway
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Fig. 2. Temperature and internal pressure response for a battery cell exposed to thermal abuse conditions.
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Fig. 3. (a) Schematic diagram of the experimental low-pressure chamber, (b) 18,650-type cell, and (c) heating and data collecting methods.

[37]. The chamber walls are constructed from 10-mm thick stainless
steel and coated with heat-insulating paint. A fireproof observation
window is installed to allow monitoring during tests. The chamber has a
volume of 260 L, which is sufficiently large to avoid the gases generated
by thermal runaway affecting the ambient pressure. This chamber can
maintain a constant pressure ranging from 0.1 kPa to 100 kPa through
precisely regulating the air inlet and outlet. Aviation connectors are
employed to transmit electrical signals to ensure the airtightness of the
low-pressure chamber.

Commercial 18,650-type batteries with a nominal voltage of 3.6 V
and capacity of 2200 mA h are tested in this work (Fig. 3b). The cell has
the cathode of LiNigsCogoMng30, (NCM523) and the anode of
graphite. The electrolyte consists of LiPFg dissolved in a solvent
composed of ethylene carbonate (EC), ethyl methyl carbonate (EMC),
and dimethyl carbonate (DMC). The cells from the same patch with an
initial mass of around 41 g are selected and fully charged before the
tests. The major thermophysical parameters for the battery cell can be
found in Ref. [56]. Inside the low-pressure chamber, a sample holder is
centrally located for conducting coil heating experiments. Surrounding
the sample holder is the fine metal mesh, which is designed to prevent
damage to the chamber structure from battery thermal runaway. The
widely used heating coil is used to heat the cylindrical cell uniformly and
ensure test repeatability [57]. In terms of the coiling heating setup, the
0.25-mm electric resistance wire (CryoNigg) is enveloped by a
high-temperature fibreglass sleeving with a 1-mm diameter and tightly
convolved around the cell (Fig. 3c). The DC power supply is used to
maintain the heating power constant during the tests. The K-type ther-
mocouple, with an accuracy of 1 °C, is fixed on the centre surface of
the cell and connected to a data logger through an aviation plug for
temperature collection. The experimental data are used to determine the
critical parameters for the proposed numerical model.

2.2. Model description

This work aims to develop a numerical model to reproduce the coil
heating tests and analyse the battery thermal runaway under low
ambient pressures. Since this study only requires a rapid determination
of battery temperature evolution, we selected the lumped model, a
computationally efficient approach that is extensively employed in the
literature. This method can also be extrapolated to study the complex
influences of venting and flaming combustion on battery thermal
runaway propagation using CFD modelling [58]. Another reason for

using the lumped model is the relatively small size of cylindrical cells
(particularly the 18,650-type cells), where temperature gradients are
typically neglected for heat generation calculation in the previous works
[47-50]. The heat and mass transfer processes during the battery ther-
mal runaway are described by a set of ordinary differential equations
(ODEs). As presented in Fig. 4a, three sub-models, including internal
reactions, gas generation, and venting, are considered. The internal re-
action model is coupled with the gas generation and venting model to
calculate the rate of internal reactions, heat generation, and cell tem-
perature variation. Based on the reaction rate and cell temperature, the
amount of gases inside the cell can be determined through the gas
generation model. The internal pressure is identified according to the
gases and the volume of headspace inside the cell using the ideal gas law
[25]. Once the difference between internal pressure and ambient pres-
sure exceeds the threshold of the safety valve, the venting model is
activated to consider the effect of ambient pressure on reactant loss. The
venting model will further update the initial conditions of the
internal-reaction model in the following iteration process until the
modelling finishes. In other words, the ambient pressure is set as a
boundary condition that changes the venting threshold and environ-
mental cooling.

Fig. 4b provides a more detailed explanation of the entire model
calculation process. After setting the initial temperature value for the
simulation, the ODE solver calculates the instantaneous reaction rates
and heat generation rates within the cell based on the conservation
equations of energy and mass. These reaction rates and heat generation
rates further determine the quantities of reactants and the cell temper-
ature, which facilitates the calculation of the gas generation amount and
the corresponding internal pressure. The model can use these parame-
ters to identify critical events during the coil heating process, such as the
safety valve opening and thermal runaway, thereby adjusting the initial
parameters for the next iteration. The simulation finishes when the
solving time (t) reaches the predetermined end time (t,,4). The details of
ODE:s for the conservation of energy and mass will be introduced in later
sections. To capture the essential behaviours and improve computa-
tional efficiency, the complex thermal runaway process is simplified
with the following assumptions. Firstly, the internal temperature and
pressure gradients are ignored, and the temperature of gases inside the
cell equals the battery average temperature. Additionally, the influence
of flaming combustion on the battery surface temperature is ignored
since most combustion energy dissipates into the environment.
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(a) Overall modelling framework
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(b) Flowchart of thermal runaway simulation

[ Start with Initial Parameters ] [ End with Time-dependent Results ]

Calculate @, (t), ¢(t)

Internal-reaction model

<+ Exothermic reactions
o SEI decomposition (SEl-d)

Calculate a, (t), T(t)

Anode & electrolyte (An-Ele) til model
Anode oxidation (An-O,)
Anode with binder (An-B)
Cathode with binder (O,-B)
Cathode decomposition

“ Mass loss of reactant

« Output parameters

®6® 6 6 @ 6

+  Ambient-pressure effect

+ Remaining electrolyte (a)

Start modelling
Calculate P, (t), Fy(t)

l

Output ¢, T, Py,

Input initial values

I

[

()

Electrolyte decomposition

<+ Endothermic reactions

o Separator collapse
o Aluminum melting

< Output parameters « Electrolyte vapour

o Reaction rate, a,(t) < Output parameters
o Heat generation rate, g(t)

o Cell temperature, T(t)

Pin = Pa > B,
Gas generation model

“ Gases inside the LIB cell
« From SEI decomposition

+ Amounts of gases (n, + 1, )
+ Pressure rise (P, + Pee)

Run ODE solver

Fig. 4. (a) Overall modelling framework and (b) the calculation process for thermal runaway simulation.

2.3. Kinetics for internal reactions

The widely adopted reaction mechanisms for batteries exposed to
external heating are used in this work. At the beginning of the self-
heating reaction, the reaction rate for SEI decomposition (SEI-d) can
be expressed as

. dasgr-q
QAsEl-d = dr

E, sp1-
= Zggr-a(atser-a)>® exp( - %) 1)

where aggi-q is the non-dimensional amount for the reactant in the SEI
layer, Zsg;-q is a pre-exponential factor, E, sgr-q is the activation energy, R
is the universal gas constant, and T is the cell temperature, respectively.
Note that the SEI-d rection order in this work is 5.5, agreeing with the
parameters in previous studies [49,50]. Upon loss of SEI protection,
intercalated lithium in the anode reacts with organic solvents in the
electrolyte (An-Ele), which is also referred to as the SEI regeneration
reaction. The rate of this An-Ele reaction is given by

. da,- 2 Eypoe
hasle = % = Zan-sleUnarie XP (7%> exp ( a %ij 2)

where z stands for the non-dimensional thickness of the SEI layer, which
increases with the reaction rate. The initial thickness (zg) is set as 0.033
[59]. As reviewed in the introduction, the An-Ele reaction significantly
contributes to heat generation, thus potentially initiating thermal
runaway [20]. Meanwhile, redox reactions between electrodes would be
triggered [60]. The oxygen released from the cathode will oxidise the
anode (An-O-), and the reaction rate for An-O is

daAn-Oz

dt

. E, an-
QAAn-0, = = ZAn-0,%An-0, eXP( - M) 3

RT

where aan_o, is the non-dimensional amount for the reactant. As this
reaction is coupled with the An-Ele, the coupled consumption of reactant
mass will be considered and delivered in Section 2.5. The binder-related
reactions include anode-binder (An-B) and the oxygen released from the
cathode with the binder (O»-B). The reaction rates are listed below.

. doa,- E, an-

Qpn-B = :;: 2= Zpn-B®An-B CXP( - 31:; B> @
. dao,- E, o,-

Qo,-B = ;: 2 :Z02'B(a02'3)2 exp( - %) ()

Then, the reaction rate for cathode decomposition (Cat) is

. _ daCat
="t

Eaca
:ZCat(aCat)l.5 exp( - é;t> (6)

Following the lumped thermal runaway model in previous works
[49,50], the reaction order for cathode decomposition is set as 1.5.
Finally, the electrolyte decomposition (Ele) is recognised as an
auto-catalytic reaction, with a reaction rate of

. do, E,
QEle = T;:_Ie :ZEleaEle(l - aEle)exp< -2 Ele) (7)

RT

The parameters for calculating the rate of exothermic reactions are
listed in Table 2.

It should be noted that most parameters are derived from Refs. [49,
50], while the parameters related to the An-O: reaction are fitted by
experimental data. This adjustment is reasonable because the reactions
associated with the cathode have a negligible impact on the onset of
thermal runaway but primarily influence the maximum temperature
after thermal runaway. Generally, in NCM cells, the higher the nickel
content, the stronger the intensity of this reaction. Since the nickel
content and capacity of the cells used in our study differ from those
reported in the referenced literature, we primarily adjusted the reaction
enthalpy of this reaction to align the simulation results with the
maximum temperature in experimental data. Meanwhile, the adjust-
ments made to the activation energy and the pre-exponential factor were
minor, with their values remaining close to those reported in the liter-
ature [49,50]. These details have been clarified in the revised manu-
script, and we hope this explanation can address your concerns.

2.4. Energy conservation

For the battery cell under external coil heating, the energy conser-

Table 2
Parameters for calculating the exothermic reaction rate.
Description of Zy (s E,x (J-mol™) AHy Equation
reaction x JghH #)
SEI-d 5.32 x 1010 9.6 x 10* [50] 257.0 1) & (9)
[50] [50]
An-Ele 2.51 x 103 1.3238 x 10° 1714.0 2) & 9
[49] [49] [49]
An-O, 2.6681 x 1013 1.4661 x 10° 2242.4 (3) & (9)
[-] [-] [-]
An-B 4.9679 x 10 1.9549 x 108.5 4 & (9)
[50] 105[50] [50]
02-B 6.5429 x 1.7785 x 10° 452.1 (5) & (9)
1013[50] [50] [50]
Cat 5.3481 x 10° 1.0934 x 10° 434.0 (6) & (9)
[50] [50] [50]
Ele 4.7320 x 107 8.9490 x 104 1300 (7) & (9)

[50] [50] [50]
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vation equation follows
dT . . . . . .
mUBCLIBa =qex + Z Ay + Qaiss + Qevap + Z i melt + myAH, (8

where myp is the mass of the battery cell, c;;p = 1100 J kg’1 K1 is the
specific heat of the cell, ¢, is the effective heating rate, )" g, is the
overall heat generation rate of exothermic reactions, ¢y, is the heat
dissipation to the environment, {,,, is the heat absorption due to
electrolyte evaporation, Y g; ) is induced by the melting process of the
separator and aluminium current collector, and myAH, is the energy loss
during the venting process, respectively. It should be noted that the joule
heating caused by ISC is not considered here, as it contributes negligibly
to the thermal runaway of NCM cells [20]. The methods for determine
the effective heating rate have been introduced by our previous work
[61]. According to the literature, the released materials include the
gases generated from SEI-d reactions and the electrolyte evaporation.
The mass loss rate m, is determined by mass conservation equations in
the next section, and the value of specific entropy (AHy) is selected from
the database provided by the National Institute of Standards and Tech-
nology (NIST) [62].
For the heat source term of }_ q,, it can be written as

Z qx = Z mxAHxax (9)

where my is the mass of the reactant x, AHy is the corresponding heat of
reaction, and dy is the reaction rate. The environmental cooling rate qg;
is given by

qdiss = - hCA(T7 Ta) (10)

where h, is the effective cooling coefficient that fitted by the tests under
various ambient pressures [36], A is the cell surface area, and T, is the
ambient temperature. The heat absorption rate during the electrolyte
evaporation, ¢e,,, can be expressed as

dm,
ﬁAHele,evap (1 1)

qele,vap = dt

where AH,yq,, is the heat of evaporation. Regarding the melting process
of the separator and aluminium collector, the solid-liquid phase change
is illustrated using a sigmoid function [49]. Then, the heat absorption
rate during the melting process (g; ) is

. d PimeltMi
imelt = — %

AHi,melt (12)
where AH ¢ is the fusion heat, ¢; . is the liquid fraction during the
solid-liquid phase change process and can be written as

1

o 13
Pimete 1+ exp [(Ti,melt - T) 'bi,me“} -

where b; me; is @ non-dimensional parameter for the correlation between
liquid fraction and temperature. The parameters for calculating the ey,
and ¢; e are summarised in Table 3.

2.5. Mass conservation

The mass conservation equation serves as a crucial link between the
internal reaction and gas generation models (Fig. 4a), primarily used to
calculate the depletion of reactants and the generation of gases. For the
SEI-d reaction, the mass conservation equation is

QsEI-d = OSEI-d,0 — /dSEl-ddt a4

where the agg_g is the initial value of dimensionless concertation for
the SEI layer. As the An-Og reaction is coupled with the An-Ele reaction,
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Table 3
Parameters for describing the evaporation and melting heat [50,63].
Process Parameter Symbol Unit Value Equation
#)
Evaporation Evaporation heat AHgje vap Jg! 520 an
Separator Onset Tspmelt °C 171.4 -
collapse temperature
Fusion heat AHgypmere  J-g ! 150 12)
Dimensionless bop melt - 0.25 (13)
coefficient
Aluminium Onset T Al melt °C 660.46 -
melting temperature
Fusion heat AHR| melt Jg! 389 (12)
Dimensionless bl melt - 0.055 (13)

coefficient

the mass conservation for the active material in the anode should be
[60]

Oan = Qan0 — /dAn—Eledt - /dAn-Ozdt (15)

For other exothermic reactions, the mass conservation equation can
be expressed as

QAn-B = Xan-BO — / Qan-pdt (16)
QA0,-B = ®0,-B0 — /doz-sdt 17)
Qcat = Acat,0 — /dcmdt 18)
Qple = OFle0 — /dEledt (t<t) (19)

The values for the above mass conservation equation are listed in
Table 4.

The above reactions raise the cell temperature and generate a sub-
stantial amount of gas to increase the internal pressure. Before the safety
valve opens, the primary gases inside the cell are produced from SEI
decomposition and electrolyte vapour. Although the organic solvents in
the electrolyte include EC, EMC, and DMC, numerous theoretical and
experimental studies have shown that DMC vapour significantly con-
tributes to activating the safety valve [23]. Therefore, we assume that
the electrolyte vapour is primarily composed of DMC and treat it as the
ideal gas to simplify the complex vaporisation process. For gases
generated from SEI-d reaction, the mass conservation is

Qgas-SE1 = ASEI-d,0 — XSEI-d (20)
Mgas-sEI = Mgas-SE1,0* ¥gas-SEI 21
Table 4
The mass-related values for the exothermic reactions [50].
Reaction Reactant Initial Value Equation
mass (g) dimensionless ) #)
concertation
SEI decomposition 9.92 ASEL-d.0 0.15 14
Anode with 9.92 AAn-Ele.0 0.52 (15)
electrolyte
Anode oxidation 9.92 QAAn-0,.0 1 (15)
Anode with binder 9.92 ®An-B0 1 (16)
Oxygen from the 14.00 0,-B,0 1 a7
cathode with
binder
Cathode 14.00 acato 1 (18)
decomposition
Electrolyte 4.4 AEle0 0.26 (19)
decomposition
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where the mgas-sero = 0.026 g is the entire mass of gases released from
the SEI-d reaction [50]. According to the chemical reaction of SEI
decomposition, the SEI-d reaction will generate CoH4, CO3, and Oj. As
the mole ration of these gas products is around 1:1:0.5, the relative
molecular mass of the gas mixture (M) is about 35.2 g- mol ™! [64].
Then, the amount of gas (ng) is

ng _ Mgas-skr (22)

Mg

The internal pressure caused by SEI-generated gas is given by

RT
P,

2
Vspace ( 3)

In terms of the internal pressure increase contributed by electrolyte
evaporation (P.), it follows the Antoine’s equation as [52]

Poe = _—— 24
Thus, the total internal pressure (P;,) can be calculated by
Pin:Pg+Pele+P0 (25)

where Py = 101 kPa is the initial pressure inside the cell. The amount of
electrolyte vapour can be determined by

Pg V.
Nejevap = eleR]SPace (26)

Then, the mass of the evaporated electrolyte is

Melevap = nele.vapMele (27)

Once the value of P;, — P, exceeds the threshold of the safety valve
(Py), the safety venting will occur. At this moment, the internal gases and
electrolyte droplets will jet from the inner cell. After the safety valve
opens, the cell enters the venting mode, i.e., the incubation period.
Previous studies have studied and modelled the electrolyte loss during
this period (i.e., venting-to-thermal-runaway). For example, the model
developed by Ostanek et al. [49] proposed a theoretical loss rate for
electrolyte. They assumed that when the liquid fraction was high, the
electrolyte loss would exhibit a high rate. Once the free electrolyte was
depleted, the loss rate of the electrolyte slowed down. Such a process
was also observed by Huang et al. [55] in their experiments. Specifically,
after the safety valve opens, the cell mass undergoes two stages during
the venting process.

In the first stage, electrolyte droplets are rapidly released in a short
time, and in the second stage, the electrolyte vapour and internal gases
diffuse at a slower rate. The first stage lasts less than 5 s, with a loss rate
more than 200 times that of the subsequent slow evaporation. Moreover,
the significant liquid phase during the venting process can be found
through the Schlieren technology [32]. Our previous experiments under
low pressure also observed this process [36], where the loss of electro-
lytes in the first stage is more severe under low ambient pressure. Since
the reaction intensity of An-Ele significantly decreases as the electrolyte
mass reduces, the heat accumulation in the battery during the venting
stage slows down under low ambient pressure. The literature also in-
dicates that the rapid release duration for electrolytes in the first stage is
uncertain [55], and the reaction heat for An-Ele decreases with the
reduction of electrolyte mass [65]. Considering the complexity of this
process, this model simplifies the first stage to an instantaneous loss of a
percentage of the electrolyte mass. Thus, the loss rate of electrolyte
droplets during the venting process in Eq. (19) can be modified as

QEle = (1 - n)aEle,v - /dEledt (t > tv) (28)

where age, represent the non-dimensional concentration of the elec-
trolyte at the onset moment of venting, and the 7 represents the effective

Journal of Power Sources 633 (2025) 236363

electrolyte reactant loss that engaged in thermal runaway reactions. This
decrease in electrolyte consumption can highlight the effect of ambient
pressure on mass loss and energy dissipation during the venting process.
Theoretically, the value of 5 increases with the reduced ambient pres-
sure, which will be fitted through the experiments at various low-
pressure conditions. All key parameters for evaluating the progress of
gas generation and venting are explained in Table 5.

3. Results and discussions
3.1. Thermal runaway characteristics

This section employs coil heating tests at 60 kPa to exhibit the
thermal runaway characteristics and the determination process of 5;. The
cell surface temperature data from the experiment are depicted in
Fig. 5a. The classical three distinct stages are demonstrated by temper-
ature curve as heating, venting, and thermal runaway. The cell tem-
perature gradually increases during the heating phase. A slight decrease
in temperature is observed at approximately 385 s due to the activation
of the safety vent. After venting for a while, there is a rapid temperature
increase, indicating the onset of thermal runaway. The simulation re-
sults show excellent agreement with the experimental data, where the
mass loss ratio (1) is fitted as 0.35. The numerical model especially
successfully captures the above key events during cell thermal failure.
The evolution of internal pressure (P;,) also shows a similar trend to that
of the literature [55]. As the safety valve threshold in this work is 2.2
MPa, the safety venting occurs when the value of P;, reaches 2.26 MPa.
In short, the strong matching between experimental and numerical data
suggests the rationality of the model assumptions and the reliability of
the model results. Therefore, this model can be used to predict the
thermal behaviours of the cell under external heating tests.

Fig. 5b demonstrates the temperature rise rate and internal pressure
varying with the cell temperature for the simulated case. Under the
external coil heating, the temperature rise rate maintains around 0.3 °C
s~ when the cell temperature is lower than 80 °C. Then, the tempera-
ture rise rate gradually increases due to the occurrence of internal self-
heating reactions. The curve of the temperature rise rate in Fig. 5b can
help us to identify the characteristic temperatures during the thermal
runaway. Specifically, the safety venting temperature (T) is defined as
the temperature at the moment that the self-heating rate becomes
negative. The onset temperature for the thermal runaway (Trg) refers to
the point at which a temperature rise rate exceeds the 10 °C s™1. Such a
definition is relatively conservative and is based on the observation of
experimental phenomena and methods reported in the literature [66].
The value of Tpax corresponds to the maximum surface temperature
after thermal runaway, which depends on the cell capacity, cathode
chemistry, and environmental cooling condition.

The partial pressure of gas generated by SEI-d reaction (Py), elec-
trolyte vapour (Pg), and the total internal pressure (Pj,) are depicted in
Fig. 5b. Since the cell safety valve opens to release pressure when the
internal pressure reaches 2.2 MPa, this work only records the evolution
of internal pressure before the safety venting. It is apparent that the rise

Table 5
The parameters for describing the gas generation and venting process [50].
Parameter description Symbol  Unit Value Equation
#)
Molecular mass for SEI-d gas M, g-mol ! 35.2 (22)
Void space volume inside the Vipace m3 1.157 x (23)
cell 10-6
Antoine’s equation for a - 18.55 (24)
electrolyte evaporation
Antoine’s equation for b K 8661.4 24)
electrolyte evaporation
Antoine’s equation for c K 270.16 24)

electrolyte evaporation
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Fig. 5. (a) The comparison of experimental and numerical results for cells at 60 kPa and (b) the simulated temperature rise rate and internal pressure varying with

cell temperature.

in internal pressure is primarily driven by electrolyte evaporation when
the cell temperature is low. After the initiation of the SEI-d reaction, the
partial pressure of the generated gas (Pg) exponentially increases and
finally exceeds the value of P,,. When the safety valve opens, the partial
pressure of the gas produced by the SEI-d reaction is 1.568 MPa, ac-
counting for approximately 69.4 % of the internal pressure. The partial
pressure constitution observed in this study is also consistent with
experimental findings in the literature [31]. Therefore, we can conclude
that the venting gases of this cell are mainly from the SEI-d reactions.

3.2. Effect of ambient pressure

In this work, three ambient pressures of 100 kPa, 60 kPa, and 20 kPa
are selected to illustrate the effect of ambient pressure on thermal
runaway. 100 kPa is regarded as the standard atmospheric pressure. 60
kPa is the typical pressure for high-altitude regions with an elevation of
4000 m [5], while 20 kPa is the ambient pressure encountered during
high-altitude cruising in commercial air transport [67]. The
semi-empirical model proposed in this work will employ experimental
data to determine the effective mass loss ratio (1) of electrolytes under
different ambient pressures.

The fitting results for temperature variation are exhibited in Fig. 6a.
The safety venting temperatures for these three conditions are almost
similar in the experimental data, agreeing with the experimental find-
ings in previous studies [39]. The thermal runaway time is delayed from
416 s to 479 s as the ambient pressure decreases from 100 kPa to 20 kPa.
This is because the cell ejects more electrolyte under low ambient
pressure after the safety valve opens, resulting in a slower reaction rate

(a) Cell temperature
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inside the cell during the venting period. Based on the experimental
data, the values of  at 100 kPa, 60 kPa, and 20 kPa are fitted as 0.07,
0.35, and 0.64, respectively. As expected, the value of 5 decreases with
increasing ambient pressure. In other words, incorporating the equiva-
lent mass losses of 7 % and 64 % for electrolytes into the mass conser-
vation equations allows for a good reproduction of the experimental
results of thermal runaway tests at 100 kPa and 20 kPa. Thus, the model
proposed in this work and the equivalent mass loss parameters can offer
new insights into predicting thermal runaway behaviour under
low-pressure conditions. It should be noted that there is still some
discrepancy in maximum temperature between the simulation results
and experimental data at 100 kPa. However, this issue is common in
literature due to the inherent uncertainties in thermal runaway experi-
ments [68,69]. The simulation results are acceptable, considering that
the error for both the onset time and thermal runaway onset tempera-
ture at 100 kPa is less than 10 %.

Fig. 6b further compares the temperature rise rate for cells under
various ambient conditions. Similarly, the temperature rise rate of cells
progressively escalates due to continuous external heating and the
triggered self-heating reactions. Cells at different ambient pressures
exhibit similar temperatures for safety venting (Ty). However, after
safety venting, the effect of ambient pressure on mass loss and energy
dissipation becomes apparent in the temperature rise rate. With a higher
mass loss fraction observed in cells under low ambient pressure, the
temperature rise rate of cells at 20 kPa decreases to nearly 0.25 °C s},
representing its lowest value. Nonetheless, the internal reactions
continue to generate heat, causing the temperature rise rate of cells to
rebound quickly. When the temperature reaches around 230 °C, the

(b) Temperature rise rate
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Fig. 6. (a) Experimental and numerical data at various ambient pressures, as well as (b) simulation data for the temperature rise rate and internal pressure varying

with cell temperature.
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temperature rise rate of the cell at 20 kPa exceeds 10 °C s}, confirming
the onset of thermal runaway. In short, this semi-empirical model can be
used to analyse the other influencing factors for thermal runaway under
sub-atmospheric pressures.

3.3. Effect of cell heating rate

In international standards related to battery safety, common
methods for triggering thermal runaway include nail penetration,
overcharge, and external heating. External heating has been proven to
be the most reproducible testing method [70], but the selection of
heating power varies among different standards. For example, the Chi-
nese standard GB 38031 specifies the range of maximum heater power
based on the cell energy capacity. For a battery with an energy capacity
lower than 100 W h, the maximum heater power should range from 30
to 300 W. Additionally, the American standard UL 9540 A requires the
initial surface heating rate of the battery to be between 4 and 7 °C min .
To better highlight the impact of heating power on thermal runaway
under different ambient pressures, this study follows the UL 9540 A
requirements. It sets a constant temperature rise rate for the cell. Then,
the energy conservation equation for the cell in Eq. (8) should be
rewritten as

dT . . . . .
MuCB 7= exo T Z 9x T Gevap t Z Qi meie + MyAH, (29)

where ¢, o = My oCLB T. is the effective external heating rate, and T, is
the constant temperature rise rate. The effective heating rates of 4, 7, 10,
and 30 °C min~?! are selected in this work.

Taking the cell at 60 kPa as an example, the temperature evolution
curves under different heating rates are depicted in Fig. 7a. As expected,
the onset time for thermal runaway (trr) decreases as the heating rate
increases. Specifically, the value of trg decreases from 2204 s-338 s as
the heating rate increases from 4 °C min ' to 30 °C min~!. This is
because the high heating rate can accelerate internal chemical reactions
that generate additional heat, resulting in a faster onset of thermal
runaway [57]. Additionally, the temperature for safety venting (Ty)
slightly increases with the cell heating rate. As the heating rate increases
from 4 °C min~! to 30 °C min~, the value of T, rises from 144 °C to
172 °C, with an increment of about 19.5 %. Due to the similar T, at
different ambient pressures, this positive correlation is presented in
Fig. 7b. The reason for such an upward trend is that, at a higher heating
rate, the cell temperature rises quickly, leading to a relatively short
duration for the SEI-d reaction. Consequently, the proportion of
decomposition gases inside the cell is lower. The battery requires more
time to accumulate gases internally, resulting in a higher temperature
when safety venting occurs.
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The partial pressure ratio (8) is defined to elucidate the impact of SEI-
d gas on the increase in internal pressure. It is given by

P
—f& % 100%

5=
Pg +Pele

(30

A high value of § indicates that the gas produced by the SEI-
d reaction significantly contributes to the opening of the safety valve.
The coupling effects of ambient pressure and external heating rate on
such a ratio are exhibited in Table 6. Before the safety venting, the
battery remains closed, so the influence of ambient pressure on this ratio
can be neglected. As the heating power increases, this ratio decreases,
indicating that the vaporised electrolyte increasingly contributes to the
opening of the safety valve. Since the vaporised electrolyte is theoreti-
cally only related to the battery temperature, the higher the heating
power, the higher the temperature (T,) at which the safety valve opens
(Fig. 7b).

After the safety venting, the time intervals between safety venting
and thermal runaway (At) under the various ambient pressures and
heating rates are depicted in Fig. 7b. Apparently, the value of At de-
creases with the heating rate, indicating a shorter incubation period
under a faster heating condition. For cells at 100 kPa, the value of At
reduces from around 145 s-12 s as the heating rate increases from 4 °C
min~! to 30 °Cmin~!. As this venting period could serve as a warning for
thermal runaway or allow for the implementation of mitigation strate-
gies [71], extreme overheating leaves the battery protection system with
insufficient time to respond and prevent the occurrence of thermal
runaway. In other words, if the battery cell experiences thermal failure
at a slower rate, the incubation period will be extended, providing the
protection system with more time to initiate emergency responses.
Furthermore, the extension of venting time due to lower heating rates is
particularly pronounced under low ambient pressure conditions.
Decreasing the heating rate from 10 °C min~! to 4 °C min~! results in a
102 % prolongation of venting time for batteries at 100 kPa; while at 20
kPa, the extension is even more substantial at 286 %. Therefore, when
the cell experiences thermal failure at a slower rate under low ambient
pressure, implementing measures such as immersion cooling [72] or
forced ventilation during the venting period can significantly enhance
the probability of preventing thermal runaway.

Table 6
The value of § varies with ambient pressure and external heating rate.
4°Cmin™" 7 °C min ™" 10 °C min ™" 30 °Cmin~!
20 kPa 82.1 % 79.4 % 77.4 % 70.7 %
60 kPa 82.3 % 79.6 % 77.7 % 71.0 %
100 kPa 82.5 % 79.9 % 77.9 % 71.3 %

(b) Incubation time and safety venting temperature
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3.4. Effect of the safety valve threshold

As mentioned above, lower ambient pressure and heating power can
result in an extended venting (or incubation) period, thereby delaying
the onset of thermal runaway. Although the impact of ambient pressure
on internal gas generation before the safety valve opening can be
considered negligible, it remains essential to study the influences of the
safety valve threshold on internal gas generation. The threshold of the
safety valve determines the pressure at which venting occurs, affecting
the timing and content of gas release during a thermal event. Under-
standing its impact can provide critical information for designing gas
detection and warning systems during battery venting, facilitating the
implementation of appropriate countermeasures for thermal runaway
mitigation under varying ambient pressures.

The effect of the safety valve threshold on thermal runaway char-
acteristics is presented in Fig. 8, with a typical heating rate of 4 °C
min~’. Six values from 1.2 MPa to 2.2 MPa are employed for Py, the
commonly used safety valve thresholds in cylindrical cells [31]. Fig. 8a
shows the safety venting time (t,) and temperature (T,) varying with the
safety valve pressure (P,). As expected, both the values of t, and T,
reduce as P, decreases. When the safety valve threshold is reduced from
2.2 MPa to 1.2 MPa, the activation time of the safety valve (t,) is
advanced by approximately 149 s. The battery temperature when the
safety valve opens also decreases by about 8 %. At the moment, for
safety venting, the partial pressure ratio for SEI-d gases (5) increases
with the safety valve threshold. Specifically, 6 is 73.5 % when P, is 1.2
MPa. When P, is 2.2 MPa, § increases to 82.3 %. Thus, the gas produced
by internal reactions becomes increasingly significant for triggering
safety venting as the safety valve threshold increases. Moreover, the
time interval between safety venting and thermal runaway (i.e., incu-
bation period, At) exhibits a negative correlation with the safety valve
threshold. When the safety valve threshold is lower, the gases generated
inside the cell are more easily vented, leading to an earlier safety valve
opening and a lower cell temperature. After the safety valve opens early,
the cell undergoes a rapid cooling phase followed by a slow temperature
rise. Due to the slower heat accumulation during this stage, cells with
lower safety valve thresholds have longer incubation periods and
delayed thermal runaway trigger times.

3.5. Implications and challenges

The proposed model can significantly advance the previous experi-
mental works under low pressure conditions. Building on the above
discussions, we have numerically explored the effects of ambient pres-
sure, cell heating rate, and safety valve threshold on venting and thermal
runaway. Before the opening of the safety valve (i.e., safety venting), the
rise in internal pressure is initially driven by the vaporisation of the
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electrolyte and gradually becomes dominated by gases produced from
internal reactions. A higher safety valve threshold results in a later
opening time, making the decomposition gases more significant in the
rapid internal pressure increase. Once the safety valve opens, the cell
enters the venting mode, referred to as the incubation period of thermal
runaway. During this period, lower ambient pressure causes a more
significant loss of electrolyte droplets, resulting in a relatively low heat
accumulation rate and an extended incubation period for thermal
runaway. This prolonged incubation period under low ambient pressure
is more pronounced at lower external heating rates. Compared with
previous works, this study could provide new insights into strategies for
mitigating thermal runaway under low ambient pressure conditions. On
the one hand, the proposed model can predict the timing of safety
venting and thermal runaway and the incubation period. On the other
hand, the model can predict the primary gas products at the time of
venting based on the safety valve threshold, offering a theoretical basis
for gas detection and cooling suppression during the incubation period,
thereby aiding in the prevention of thermal runaway.

However, some limitations existed in this study. Firstly, a lumped
model is used. While this approach conserves computational resources,
it ignores the internal temperature gradients within the cell. The thermal
runaway behaviours is more complex for larger-format cells with mul-
tiple jellyrolls (i.e., larger prismatic cells for energy storage systems) or
blade cells with safety valves on the side. These cases require the
development of three-dimensional models to describe thermal runaway
evolution accurately. The CFD models will be considered and incorpo-
rated when studying the gas field after the thermal runaway. Secondly,
this work simplified the effects of low ambient pressure on mass and
energy loss during venting based on research findings from the litera-
ture. Although the simulation results agree well with the experimental
data, a more detailed investigation is necessary to explore the assump-
tion applicability in other thermal runaway abuse tests. Moreover, this
work ignored the impact of safety pressure on the effective mass loss
fraction of the electrolyte based on the literature [49]. More refined
experiments are needed to observe the venting characteristics during the
battery thermal runaway. Despite these limitations, the research
framework proposed by this work can still enhance our understanding of
thermal runaway under low ambient pressure and provide novel insights
for the battery safety design.

4. Conclusions

This work develops a numerical model to simulate and understand
the battery thermal runaway under reduced ambient pressures. The heat
release from chemical reactions, gas generation, and venting process
during the battery thermal runaway is incorporated and solved by the
lumped model to predict the evolution of cell internal pressure and
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temperature. The model also considers the effect of ambient pressure on
mass loss and energy dissipation during the venting stage. The
commonly used coil heating tests are employed to determine the critical
parameters for quantifying the energy loss from the cell. Based on the
developed model, the impacts of ambient pressure, cell heating rate, and
safety valve threshold on battery thermal failure are investigated.

Results indicate that the entire process of battery thermal failure is
delineated by two critical events: safety venting and thermal runaway.
Before safety venting, the rise in internal pressure is initially driven by
the vaporisation of the electrolyte and gradually becomes dominated by
gases produced from internal reactions. At the moment of safety venting,
the partial pressure ratio for SEI decomposition gas increases from 73.5
% to 82.3 % as the safety valve threshold rises from 1.2 MPa to 2.2 MPa
at a heating rate of 4 °C min~!. After safety venting, the venting duration
(or incubation period) extends by about 102 % as the heating rate de-
creases from 10 °C min ™" to 4 °C min~" at 100 kPa. The extension of the
incubation period is more pronounced under low ambient pressure, with
the venting duration prolonged by 286 % at 20 kPa. In other words,
thermal runaway can be significantly delayed using a slow heating rate
under low ambient pressure. Finally, the implications and challenges are
discussed to generalise the findings of this study, advancing our un-
derstanding of thermal runaway under low ambient pressure and of-
fering new perspectives for improving battery safety design.
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