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Abstract: Thermal runaway (TR) has become a critical safety concern with the widespread use of
lithium-ion batteries (LIBs) as an energy storage solution to meet the growing global energy demand.
This issue has become a significant barrier to the expansion of LIB technologies. Addressing the
urgent need for safer LIBs, this study developed a comprehensive model to simulate TR in cylindrical
18650 Nickel Cobalt Manganese (NMC) LIBs. By incorporating experiments with LG®-INR18650-M]1
cells, the model specifically aims to accurately predict critical TR parameters, including temperature
evolution, internal pressure changes, venting phases, and mass loss dynamics. The simulation closely
correlated with experimental outcomes, particularly in replicating double venting mechanisms, gas
generation and the characteristics of mass loss observed during TR events. The study confirmed
the feasibility of assuming proportional relationships between gas generation and cell capacity, and
between mass loss from solid particle ejection and total mass loss, thereby simplifying the modeling of
both gas generation and mass loss behaviors in LIBs under TR. Conclusively, the findings advanced
understanding of TR mechanisms in LIBs, providing a solid foundation for future research aimed at
mitigating risks and promoting the safe integration of LIBs into sustainable energy solutions.

Keywords: Lithium-ion battery; Thermal runaway; Venting

1. Introduction
1.1. Motivation

In the new era of the highly developed society, the demand for energy has been increasing with the
emergence of industrialization and the integration of information technology. A global shift towards
more sustainable and environmentally friendly energy solutions is ongoing, particularly in the area of
energy storage.

Lithium-ion batteries (LIBs) have appeared as a key technology to meet these demands due to
their high energy density, efficiency, long cycle life, and environmental compatibility. They have
already become the backbone of many electronic devices and are increasingly being used in electric
vehicles (EVs) and grid-scale energy storage systems, contributing significantly to the reduction of
greenhouse gas emissions. Despite their widespread adoption, LIBs have also brought safety issues
such as thermal runaway (TR), which can lead to serious safety risks such as fires and explosions. [1-6]

Thermal runaway is a critical phenomenon where a battery cell undergoes an uncontrollable
increase in temperature, triggering a cascade of exothermic reactions that rapidly liberate substantial
energy in a short duration. This can result in a significant increase in temperature and pressure, which
can lead to an explosion or fire [1-4,7-18]. During TR, the increase in battery temperature not only
causes electrolyte evaporation [19], but also triggers reactions that produce a large volume of gases
[20]. This combination can result in a sharp increase in internal pressure, leading to expansion of the
battery casing.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The venting process is a critical safety feature designed to mitigate the pressure build-up within a
battery cell during TR [19,21]. As the internal pressure reaches a critical threshold in a battery equipped
with a safety vent valve, this valve opens, releasing a mixture of electrolyte vapors, reactive gases,
and solid particles into the surrounding environment [22]. In the absence of the vent valve, a feature
often omitted in pouch cell designs, the mixture typically leaks and bursts from the sealant edges of
the battery [21]. Together with the previous evaporation stage, this whole process consumes energy
and partly cools the battery [19]. However, it often cannot stop the process of TR, where the cell
temperature continues to rise steeply. The high temperature and substantial proportion of flammable
gas in the resulting mixture often lead to a second venting eruption in the form of explosions and fires,
appearing as jet flames [23]. The cell loses the most material during this process and shows a peak of
its temperature. After consuming or losing the major mass of its active material, the TR reaches an end,
where the battery is cooled by the ambient environment.

To optimize the cell and battery design in terms of safety and to gain a further understanding,
models are useful tools. Therefore, accurate modeling of the venting process and mass loss is crucial for
predicting the behavior of LIBs during TR and for developing strategies to lower the risks of causing
greater hazard.

1.2. Relevant Literature

Several studies have made significant contributions to the understanding and prediction of
TR [2,7-18,24-28] and venting in LIBs [5,7,19,21,23,29-35]. A review of the literature related to the
modeling of TR and venting with their purpose and researched parameters is shown in Table 1.
Researchers first focused on revealing the mechanism of TR by experimental studies and numerical
modeling. Richard and Dahn [8,9] investigated the thermal stability of lithium-ion cells, focusing on
lithiated mesocarbon microbead (MCMB) material in various electrolytes under adiabatic conditions.
Utilizing an accelerated rate calorimetry (ARC), the study explored the effects of lithium content,
electrode surface area, electrolyte type, and initial heating temperature on the thermal stability of
these materials. Based on the acquired data, the exothermic reaction kinetics of the solid electrolyte
interphase (SEI) layer’s decomposition and regeneration during TR on the negative electrode has
been characterized, leading to the development of a simple lumped model to predict TR events.
Following that, Hatchard et al. [12] have introduced a more comprehensive one-dimensional thermal
model incorporating the TR reactions in the positive electrode, which was based on oven exposure
testing and was used for assessing the effectiveness of cell designs in heat dissipation. Kim et al. [13]
marked a significant advancement in TR modeling by moving beyond one-dimensional models to a
comprehensive three-dimensional model, and integrating electrolyte and binder decomposition. Their
study offered detailed formulations for several potential exothermic reactions within the battery with
geometrical features, enabling simulations that reveal how heat propagates through a cell during TR.
These research works have mainly focused on the heat generation and temperature change of the
battery during TR process, providing a primary understanding to the TR mechanisms.

With the deepened study of the TR process, more attention has been paid to more detailed failures
from TR. During TR, the rising temperature of the battery not only causes the evaporation of the
electrolyte [19] but also triggers reactions that produce a large volume of flammable or toxic gases,
which contributes to the increase of the internal pressure of the cell and can lead to combustion or
explosion under higher temperature [20]. This mechanism has been extensively studied by experiments
and quantification work by various researchers [20,36-38]. To first determine the composition of the
main generated gases from TR, Golubkov et al. [20] conducted a series of TR experiments on 18650
LIBs using various cathode materials: a combination of Nickel Manganese Cobalt Oxide (NMC) and
Lithium Cobalt Oxide (LCO), NMC, and Lithium Iron Phosphate (LFP), and quantified the gases
with gas chromatography (GC) too. Subsequently, they further explored the TR characteristics of two
commercially available types of 18650 LFP and Lithium Nickel Cobalt Aluminium Oxides (NCA) cells
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and estimated the mass inventory based on teardown results [36]. Shen et al. designed experiments
using an adiabatic explosion chamber (AEC) under an inert atmosphere to test prismatic LIBs with
LFP and different NMC cathode materials [37]. Besides the analysis of gas components, they also
conducted the calculation of flammability limit based on the generation of Hj, and thus evaluated
the hazard degree of TR from LIBs with different cathodes. These experimental studies have clarified
the types and quantities of gases that can be generated during TR in specific types of LIBs, thereby
enabling advanced modeling of TR events.

Coman et al. first developed a lumped model for TR in 18650 LIBs, taking into account the
evaporation of the electrolyte and the ejection of contents from the jelly roll [19]. They provided
equations to describe the development of internal pressure and venting but also pointed out the
difficulty of describing the mass loss directly with equations because of its unpredictability. Therefore,
they estimated the mass loss rate based on statistical results from previous experiments. Mao et al.
conducted experimental studies in both open environments and combustion chambers to investigate
the combustion behavior of 18650 LIBs with NMC 532 cathodes. Their research focuses on the
correlation between heat release, mass loss during TR, and the state of charge (SOC) of the LIBs [39].
Based on this and the estimation of the generated gas components from other experimental studies,
they subsequently developed a lumped model to characterize the jet flow and fire dynamics of these
LIBs under TR [23]. Similarly, Kong et al. developed a numerical model based on the assumption of
gas generation to describe the venting dynamics and combustion behavior of 18650 LIBs with NCA
cathodes. However, their model did not focus on solid particle ejection and mass loss [7]. Wang's
team addressed this gap with their study by developing a multi-scale model for TR that integrates
the ejection of solid particles and mass loss [22]. They assumed that the mass loss from solid particle
ejection is proportional to the total mass loss of the battery and conducted experiments in an open
environment for venting flow analysis and in a sealed chamber to characterize the ejected particles.

The above literature review clearly indicates that the current trend in the field of TR modeling has
shifted from detailing heat generation mechanisms to predicting TR behavior. While thermal behavior,
such as temperature change and heat release, remain primary focuses, there is growing attention to
venting and combustion behavior, including gas generation and release, particle ejection, venting flow
dynamics, and mass loss rate in recent years. To characterize and quantify the venting behavior of
cylindrical LIBs and sodium-ion batteries (SIBs) during TR events, Fedoryshyna et al. developed a cus-
tom test bench equipped with shear force sensors and a high-speed camera to capture detailed data on
venting dynamics, including gas velocity, mass flow rate, and temperature variations [33]. They tested
21700 and 18650 LIBs with NMC811/SiC chemistry and 18650 SIBs with NaMn; ,3Fe; /3Ni; /302 /HC
chemistry, all at a 100 % SOC. TR was triggered through continuous heating, and measurements
focused on gas ejection velocity, recoil force, venting gas temperature, and mass loss during TR. Gillich
et al. also developed a mechanical measurement approach to analyze venting behavior during TR in
18650 LIBs [34]. Using a 3-axis force sensor and high-frequency data logging, the setup enables precise
measurements of recoil force and gas flow rates during TR in both high-power and high-energy 18650
cells.

Among these, predicting particle ejection and mass loss rate poses the greatest difficulties due
to the randomness of ejection and explosion, which also brings challenges to the reliability of the
experiments for validation [40]. Therefore, the impact of the experiment setup on the TR and venting
process has also become a study focus, including the triggering method of TR, the SOC, the cell
format etc. Willstrand et al. investigated how test setups, SOC, and trigger methods influence the TR
characteristics and gas release in large-format lithium-ion cells (157 Ah) [40]. They conducted 37 tests
on large-format prismatic cells in both closed and open setups with six trigger methods, including
heating, local heating, nail penetration, overcharge, and external fire, and with varied SOC levels.
Their test results demonstrated a significant impact from various TR trigger methods and different
SOC levels, particularly on gas production rate, mass loss, and peak temperatures. They also noted
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that the trigger methods did not notably influence the total gas generation or gas composition, and the
heating rate had minimal effect on the TR onset temperature.

Table 1. Review on researches of TR and venting.

Research Goal Research  TemperaGas Mass  Venting
Object ture/ gen-  loss dy-
heat era- nam-
pro- tion ics
file

1. Experimental study
of the thermal stability
of lithiated MCMB MCMB Yes No No No

Richard and Dahn [8,] material in electrolyte electrode
with ARC test with
LiFPg
elec-
trolyte

2. Developing a
simple lumped model
for TR with the
consideration of SEI
reactions

1. Developing a 1D

model for TR with the

consideration of format: Yes No No No
Hatchard et al. [12] reactions in the 18650

cathode

2. Experimental
validation of the

developed model with i?glog <
ARC test o2
1. Developing a 3D
model for TR
. integrating the format: Yes No No No
Kim etal. [13] electrolyte and binder ~ Cylindri-
decomposition cal

2. Studying the effect
of cell size to TR with  cathode:

developed model LiCoO,
1. Experimental
studying of TR in LIBs
with different ) 1
Golubkov et al. [20,36] cathodes (LCO, NMC, {(élggg t Yes Yes No No
NCA and LFP) in

sealed chamber
2. Quantifying the

components of the cathode:

generated gases LiCoOg,
Li(Nig.4sMng 45Co0.1)O2,
LiFePOy,

Li(Nig 8Cog.15Al0,05)O2
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Research Goal Research  TemperaGas Mass  Venting
Object ture/ gen-  loss dy-
heat era- nam-
pro- tion ics
file
1. Experimental analysis of
the TR in LIBs with different
Shen et al. [37] NMC and LFP cathodes and  format: Yes Yes! No No
' their hazard potential with prismatic
AEC tests
2. Quantifying the
components of the generated  cathode:
gases Li(Nig5Mng 3Cop2)O02,
Li(Nig.6Cog.2Al2)Os,
Li(Nip gCop.1Alg.1)O2,
Li(Nip 9Cop,05Alo.05)O2,
LiFePOy
Developing a lumped model
for TR in 18650 LIBs with a
Coman et al. [19] focus on the venting of format: Yes Yes? Yes Yes
' electrolyte and the ejection of 18650
contents from the jelly roll
cathode:
LiCOOz
Experimental studying of the
TR in 18650 LIBs in both open
environment and combustion
chamber to investigate the format: Yes Yes® Yes No
Mao et al. [39] combustion behav?or, mass 18650
loss, heat release and the
impact of SOC on TR
cathode:
Li(Nip5Mng3Cop2)O;
1. Developing a lumped
model to characterize the jet
flow and fire dynamics of
Mao et al. [23] 18650 LIB during TR, format: Yes Yes*  No Yes
’ focusing on gas generation, 18650
venting process and flame
behavior
2. Validating the model with
experiment in open cathode:
environment Li(Nig5Mng3Co0p2)O02
1. Developing a numerical
model to simulate TR and jet
fire of 1§65O LIBs, focusing format: Yes Yest  No Yes
Kong et al. [7] on venting process and 18650
combustion of the vented
gases
2. Validating the model with
experiment in open cathode:

environment

Li(NiggCog.15Al0,05)O2
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Research Goal Research  TemperaGas Mass  Venting
Object ture/ gen-  loss dy-
heat era- nam-
pro- tion ics
file
1. Developing a
comprehensive multi-scale
model that includes the ) 4
Wang et al. [22] multiphase process of f01.~rnat. . Yes Yes Yes Yes
particle venting during TR in prismatic
LIBs
2. An experimental studying
of the TR in an open
environment to analyze the cathode:
venting flow and in a sealed Li(Ni C.o Mn,)O
chamber to characterize the . x-By Va2
ejected particles LiFePO,
Developing a custom test
bench equipped with shear
force sensors and a
Fedoryshyna et al. [3Bigh-speed camera to capture {%rg;; £ Yes Yes Yes Yes
detailed data on venting 21700’
dynamics
cathode:
Li(Nip.gCop.1Mng 1)Oy,
NaMn; /3Feq /3Ni; /30,
Developing a custom test
bench applying the principles
of momentum and mass
Gillich et al. [34] conservation to analyze the {0812;1; t Yes Yes Yes Yes
dynamics of venting during
TR
cathode:
Li(Nip.gCop.1Mng 1)Oy,
Li(Nip 8Cop.15Al0.05)O2
Investigating how test setups,
SOC, and trigger methods
Willstrand et al. [40] inﬂuence.th.e TR f01'"rnat: . Yes Yes Yes Yes
characteristics and gas prismatic
release in large-format LIBs
cathode:
Li(NipgCop.1Mnq 1)O2

1Gas composition analysis with GC. 2Just electrolyte vapor considered. 3Just COy considered. *Assumption from other

literature.

1.3. Contribution and structure

This study presents a novel modeling approach to simulate the TR and venting process in LIBs,

focusing on the accurate prediction of temperature development, gas generation, and mass loss. The
model is validated by TR experiments using a type of high-energy 18650 cell (NMC811/5iC) in an
open environment, triggered with heaters providing constant heating power, similar to the setup used

in most of the referenced studies involving venting process [7,19,23,39]. By incorporating the venting

process and mass loss behavior, the study extends the understanding of the TR phenomenon, which

aligns with the current research trends in this area, offering valuable insights and recommendations
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for future research to improve LIB safety and support the broader adoption of sustainable energy
solutions.

The article is structured as follows: Section 2 presents the model approaches and experiment
setup for validation. The simulation and experiment results will be demonstrated and discussed in
section 3. A conclusion will be then given in section 4.

2. Methodology

In this study, a novel modeling approach is developed to simulate the TR and venting process in
LIBs, focusing on the temperature development, gas generation, and mass loss. Experiments using
a type of high-energy 18650 cell - LG®-INR18650-MJ1 are conducted to parameterize and validate
the model. An overview of the setup conditions and methodology of this study is shown in Figure 1,
which includes the schematic illustration representing the two different heating methods adopted in
our experiments, the number of the experiments conducted under different heating conditions, and an
example to explain the onset temperature - the point after which the cell temperature increases uncon-
trollably, and the peak temperature. All measurements discribed in this study have been conducted at
MAP Battery Tests GmbH facilities.

500 L T T T r
Thax @----=-==z=--=-- —Tcen["C]
400 1
R i = = 300 ]
= 200f 1
Heater T\)nsel ®-----------
100 1
chc]l =11 OC/S‘
de ’ ‘
0 1 1 1 1
Fullbody heated Bottom heated 0 500 1000 1500 2000 2500
t[s]
(a) (c)
Number of Number of

experiments for  experiments for
Heating Method temperature mass loss fraction

20W fullbody 7 4

30W fullbody 4 3

SOW bottom 2 1

70W bottom 3 3

90W bottom 3 3
(b)

Figure 1. An overview of the setup conditions and methodology of this study, with (a) the schematic illustration
of the cells with wire heaters glued to the fullbody area and just the bottom area, representing the two heating
methods adopted in our experiments, (b) the number of the experiments conducted under different heating
conditions, and (c) an example to explain the onset temperature, the inflection point of the slope of the temperature
changing rate, and the peak temperature.
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2.1. Model Approach

Given the complexity of thermal reactions and venting dynamics during TR, advanced modeling
approaches were implemented in MATLAB® to simulate the behavior of a LIB under TR. The flow chart
of the modeling work done in this research is shown in Figure 2 with the main inputs and outputs. The
model developed in this study comprises three distinct sub-models: (I) "Thermal Runaway Sub-model’,
(IT) "Internal Pressure Sub-model’, and (III) "Venting Sub-model’. Each sub-model has a specific focus
and their outputs serve as inputs for the others, establishing an interconnected framework. These
outputs are continually compared with the experimental results to validate and refine the model,
ensuring that the final outputs are satisfactorily aligned with observed data.

Geometry, Initial Conditions, Model Parameters Revise 0]

Model No
Thermal Runaway Sub-model Internal Pressure Sub-model Venting Sub-model I

Reaction Rates —> ‘ Gas Generation 4=F | Venting Dynamics
Consistent
4 v + with
i Experiments?
Heat Generation Internal Pressure Mass Loss

Outputs

I Yes
Gas Component, Venting Speed,
Cell Temperature Internal Pressure Cell Mass Change

Figure 2. Flow chart of the model approach used, with the three sub-models, the main inputs and outputs.

2.1.1. Thermal runaway sub-model

The flow chart of the TR sub-model is shown in Figure 3. The initiation of TR typically results
from heat generated by triggered reactions at both anode, cathode and electrolyte, which can be
differentiated into separate reactions for discussion. In this work, the LIB with the NMC cathode
was chosen to be modeled. Based on the findings of Richard and Dahn and Kriston et al. [8,9,41],
we assumed the following reactions for the used cell type in the anode: SEI decomposition (A1), SEI
regeneration (A2), Li-electrolyte reaction (A3), and Anode-binder decomposition (A4), while in cathode
and electrolyte, the reactions are: autocatalytic decomposition of NMC (C1), electrolyte reactions (C2),
NMC binder decomposition (C3), and further decomposition of NMC with oxygen reactions (C4)
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Parameters Input

m Output
Reaction rate J—’

fel | Eg'
ke : : dTcen
d_t] , Meell { Heat generation Qtr Tecell %

Figure 3. The flow chart of the thermal runaway sub-model.

A1 - SEI decomposition

When the temperature of a lithium-ion cell reaches around 90 °C, the SEI layer formed on the
surface of the anode can decompose and release heat, which can contribute to triggering other reactions.
The reaction has been modeled and validated by Richard et al [8] through the following Arrhenius
equations Egs. (1) and (2):

dxsgrq 05 Esgiq
i - —AsE1dXspiq €Xp | — RT 1)

dxsgrq > @)

) = m.h _ Z7SEld
QsE1d an SEId< dar

Equation (1) shows the rate of decomposition of the metastable part of the SEI layer as a function
of time dxggrq /dt, which depends on the frequency factor Aggyq, the activation energy Eggpgq, and the
temperature T. Equation. (2) relates the amount of heat released during the SEI decomposition Qggjq
to the mass of anode material 11,5, the heat of the reaction hggyg, and the rate of decomposition dx;/dt,
which is negative due to the decreasing amount of metastable SEI. Before decomposition, the initial
mole fraction of the metastable part of the SEI layer is x¢qg = 0.1 [8]. The gas constant R was set to
8.314 ]rnolflK’1 in the calculations.

A2 - SEI regeneration

The SEI regeneration process occurs after the decomposition of the SEI layer with a peak at
around 200 °C. During this process, intercalated lithium reacts with the electrolyte, and deposits
on the degenerated SEI film, resulting in the regeneration of a new film, which was modeled using
Arrhenius-type equations as follows [8]:

dx Zi E
i = s (=5 o () ®
dz Zj E
T ASEIr XSEIr €XP <—Z0) exp <— ;l:}h) (4)
. dx
Qsglr = Manhsgrr (— ;fh) )

Here the rate of change of the intercalated lithium amount xgy; is related with the amount of
the lithium in the SEI layer per unit surface area z;, which can be used to present the thickness of the
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SEI diffusion layer. Given that the growth of the thickness of the SEI layer impacts the transport of
lithium through this layer and consequently affects the rate of consumption of intercalated Li, a factor
of exp(—zi/zp) is incorporated. This factor serves to decrease the consumption rate of intercalated Li
as the SEl layer expands. The variable zg represents the initial amount of Li in the SEI per unit surface
area, with a value of 0.15 m~2. The heat generated during the SEI regeneration process is modeled by
Eq. (5) using the heat of the reaction hggy; [8].

A3 - Li-electrolyte reaction

As the TR goes further, the Li-electrolyte reaction takes place at elevated temperatures, even
before the completion of A2. During this reaction, the regenerated SEI decomposes, and lithium
directly reacts with the electrolyte. This process is faster and more energetic than A2, consuming the
intercalated lithium in the anode and generating hydrocarbons. Based on the specific electrolytes used,
these subsequent reactions may happen [41]:

2Li + C3H403 (EC) — LipCO3 + CyH,y @
2Li + C3HgO3 (DMC) — LipCO3 + CoHg In)
2Li 4+ Cs5H19O3 (DEC) — LipCO3 + C4Hjg (1I0)

As A3 begins before A2 is finished, both reactions consume intercalated lithium simultaneously,
indicating that A2 and A3 should be coupled according to Kriston et al. [41], whose experiment has
shown an abrupt high heat flow during the process of A2, fitting this coupled model represented by
the following equation, where frequency factor Aj;r and activation energy Ey ;g are used:

dx Z; E Ep;
;flr = —AsgirXsErr €Xp <—Z;) exp <— EFFIT) — ALiEXSEL eXP (— RL%E) (6)

The generated heat can still be calculated through Eq. (5), for the value of hggy, used in this work

has already included the A3 reaction.

A4 - Anode-Binder decomposition

Similarly, an Arrhenius-type single component decomposition is proposed as an approximation
to represent anode-binder decomposition, with xa,p being the dimensionless concentration of binder
and other components from the previous decomposition process, and Aanp, Eang, anp as the thermal
triplets for calculations [41]:

dx E
OﬁnB = —AAnBXAnB €Xp < ﬁ;B) )
. dx
QAnB = Manhans <_ (ﬁnB) ®)

C1 - Autocatalytic decomposition of NMC

During the process of TR, the NMC material undergoes a self-accelerating decomposition process
at over 200 °C [12,42]. It is typical for all models to consider only one decomposition reaction and
describe it through an Arrhenius-type equation [41,43]:
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dx -
%Cd = —ANMCcdXNMcd exp (_ I\IT{I\%COQ )
. dx
ONMCd = Mealnmcd (_ % ) w0

C2 - Electrolyte reactions

As the temperature increases, the electrolyte evaporates at low temperatures initially as an
endothermic reaction. Subsequently, the remaining electrolyte undergoes decomposition. Under
specific temperatures and mixing conditions with the released oxygen, there is also a possibility of a
combustion of the electrolyte.

The generation of oxygen can be modeled using an Arrhenius-type equation summarized by Kristion
etal. [41]:

de E
dtz = —Yo2 ANMCA¥NMCd €XP <—I\I¥FCC1>, 11)

which is highly related to the decomposition of NMC in C1. The factor yq; is the stoichiometric
amount of oxygen released with a value range from 0 to 1, which is chosen to be 0.1 in this work
according to Kriston et al. [41]
Based on that, the consumption of the electrolyte through decomposition, evaporation, and combustion
is coupled and modeled with their respective frequency factors A and activation energies E through
the Egs. (12) and (13), while the generated heat is calculated with the heat of each reactions / and the
mass of electrolyte mp) using Eq. (14):

deL _ deL,eva deL,dec deL,com (12)
dt dt dt dt
dx E E E
dle = — AcvaXp] €Xp ( 1;?) — AdecXE1 €XP ( Rd';c) — AcomXE1X02 €XP ( 1;f_)[|m> (13)

) E

Qg1 =mg - (_AevaxEl exp| — 2 - heva
RT

(14)

E E
- Adechl exp <_1£1;C> : hdec - AcomeleZ exp (_ ﬁ%m) : hcom)

Among these reactions, electrolyte combustion is influenced not only by oxygen release but also
by the mixing ratio of the electrolyte and oxygen, as well as the corresponding ignition point. Due
to this complexity, not all studies have accounted for electrolyte combustion [3]. In light of these
challenges, electrolyte combustion was not considered in our modeling work, allowing for more
accurate results.

C3 - NMC binder decomposition

Based on the work of Kriston et al. [41], the NMC cathode binder material also decomposes
during the TR process in the temperature range of 400 — 500 °C, which can be presented through the
equations with the thermal triplets for this reaction Acap, Eca, Ncas:

dxcap Ecap
TR ACaBXCaB €XP RT (15)
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) dx
Qcap = Mcahcap <— d(;aB ) (16)
C4 - Further decomposition of NMC with oxygen reactions

In the temperature range 500 °C - 600 °C, the released oxygen burns the carbon or other organic
compounds, triggering a further decomposition of the NMC material [41]. The mechanism is similar
to the C1 reaction and can also be modeled similarly:

dxnmcr Enmct
2“;4 = — ANMCFXNMCE €XP <— % (17)
. dx
ONMCE = Meahnmct (- I;l;/mf) (18)

Although oxygen release occurs during this process, the associated heat generation is incorporated
into the terms hc,p and hnycr in Egs. (16) and (18). Therefore, it is not calculated separately in order
to reduce computational time and maintain the stability of the model.

Temperature rise

In our modeling approach, the cells are considered both thermally and chemically lumped, mean-
ing that the temperature within a single cell is assumed to be uniform. To align with our experimental
setup, the TR of the cell is triggered by an external heater with a fixed heating power until the cell
reaches a specified temperature Tge;. Consequently, the temperature rising rate of the cell from the
external heater can be expressed as:

dT _ Qheater (19)

dt cell Cp,cell ~ Meell
The heat generated from the TR reactions is another factor contributing to the temperature rise.
Since the heat generation of each reaction has already been discussed above, the heat flow from thermal
runaway can be determined by summing the heat contributions from each reaction i from Al to A4,
and C1 to C4:

Qrr = Y_ Qi = Qsgrir + Qsprd + Qanb + Onmicd + Qr1 + Qcas + Onmct (20)

Therefore, considering both the contribution of the external heater and internal reactions, the
temperature rise of the cell can be concluded as:

JT Oheater TOIR < Toet

4

[ Cp,c'ell'mcell (21)
dt —Om_ T > Tset

Cp,cell Mcell ’

2.1.2. Internal pressure sub-model

A large volume of gas production is also observed during the TR process, originating from the
electrolyte evaporation [19] and the TR reactions described in the thermal runaway sub-model [20,41].
This results in a sharp increase in the internal pressure of the cell. In our work, the modeled cell is an
18650 type, equipped with a safety valve. When the internal pressure reaches a critical threshold, the
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safety valve opens, releasing a mixture of electrolyte vapors, reactive gases, and solid particles, thereby
reducing the internal pressure [22,44]. This process is modeled with an internal pressure sub-model,
with its workflow illustrated in Figure 4:

=

dx; dn

= i Angas

P [ Gas generation at W Mg

[ Pcen > Perit? N
YES NO
Vh' Mevar Peva/gas

v

Tcellr ngasv
Mgas Before Venting p cell/gas/eva
G T AferVening

Mjoss,gas

Figure 4. The flow chart of the internal pressure sub-model.

Gas generation

As the temperature increases during TR with ongoing exothermic reactions, a significant amount
of flammable or toxic gases can be generated as products of the TR reactions or side reactions, con-
tributing to the increase of the internal pressure of the cell. This mechanism has been extensively
studied through experiments and quantification work by various researchers [20,36-38]. Generally, the
generation of these 6 types of gases are focused and studied: CO,, CO, Hp, CHy, CoHy, CoHg [45]. The
reaction mechanism within the cell is complex and filled with uncertainty. Consequently, it is reason-
able to simplify the modeling by assuming that the generation of each gas during a particular reaction
stage corresponds to a single primary chemical reaction. This approach facilitates a clearer modeling
of the relationship between gas generation and the reaction extent [22]. The CO; comes mainly from
the decomposition of the SEI layer (A1), the reaction between the exposed lithium and electrolyte
(A3), and the decomposition of electrolyte (C2) [20,41]. Hydrogen H; is produced primarily from
the decomposition of the binder material, specifically polyvinylidene fluoride (PVDE). [20]. Besides
COy, the generation of CO, CHy, CoHy, and CyHg can also be observed from the Li-electrolyte reaction
(A3) [20,41]. The above-mentioned reaction mechanisms and their associated chemical equations are
summarized in Table 2.
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Table 2. The gas generation mechanisms.

TR reactions Gas generation mechanisms Ref.

(CH,OCO,Li), 3LinCOs + 20]
CyoHy + CO, 4+ 0.50,
2LiT + C3HgO3(DMC) +
2e~ — CO + 2CH;30Li
Lit + C3HgO3(DMC) + e~ +
0.5H,; —CH,4 + CH30CO,Li
2Li+ C3HgO3 (DMC)—>C2H6 +
Li,CO3
. AH
-CH2-CF2- + Li — [20]
LiF + -CH=CF- + 1H,
CMC + Li CMC-OH + Li* e~ — CMC-Oli(,) +1/2 Hy[41]
C3HgO3(DMC) + [22]
30,—3CO; + 3H,0O

SEI decomposition

Li - electrolyte reaction [22,41]

PVDF binder decomposition

Electrolyte decomposition

With the gas generation mechanisms established, the matrix shown w,; in Eq. (22) can be
employed to quantitatively assess the contributions of each TR reaction to the production of specific
gas components:

Axar\ | [wco,n O 0 0 0 0

Axpz wco,2 wco 0 weH, weH, WeH,

Ax A4 0 0 WH, 1 0 0 0 (22)
AXCZ wCco,,3 0 0 0 0 0

AXC3 0 0 WH, 2 0 0 0

= (AT’lCOZ, AT’ZCO, AnHzl AnCH4/ AnC2H4/ AnCZHé)

In this matrix, rows (1) - (5) correspond to the TR reactions discussed, while columns (1) - (6)
represent the gas components CO,, CO, Hy, CHy, CoHy, and CoHg. The amount of gas b produced in
reaction 4 is quantified using the coefficients w,,. Therefore, the amount of gas b produced over a
specific time period Any can be calculated using the formula provided in Eq. (23):

5
Any =Y waphxg (23)
a=1
Golubklov et al., Shi et al., Shen et al. and Willstrand et al. have all conducted experiments on
NMC LIBs [20,37,38,40]. The total amount of the gases produced in their studies correlates well with
the capacity of the LIBs, as their results with 100 % SOC LIBs are detailed in Table 3:
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Table 3. The gas generation results from literature.
Capacity Gas amount  Amount/Capacity
LIB shape Cathode [Ah| [mol] [mol/ Ah] Ref.
18650 NMC4.5451 1.5 0.15 0.100 [20]
Prismatic NMC9 0.5 0.5 211 18.35 0.087 [38]
Prismatic NMC9 0.5 0.5 256 24.85 0.097 [38]
Prismatic NMC532 153 12.39 0.081 [37]
Prismatic NMC622 50 4.90 0.098 [37]
Prismatic NMC811 118 12.09 0.102 [37]
Prismatic NMC9 0.50.5 165 20.27 0.122 [37]
18650 LFP 1.1 0.03 0.027 [36]
Prismatic LFP 304 7.72 0.025 [37]
Prismatic NMC811 157 14.60 — 1554  0.093 — 0.099 [40]

As shown in Table 3, despite variations in the shape and specific elemental ratios within the
cathode material, LIBs with the same cathode type tend to have similar ratios of total gas production to
battery capacity. For example, NMC LIBs with 100 % SOC usually produce approximately 0.1 mol/Ah,
whereas LEP LIBs yield around 0.025 mol/Ah. Furthermore, given that the gas generation mechanism
is directly related to the TR reactions, which is theoretically the same for LIBs with identical materials,
the amount fraction of each type of generated gas should also remain consistent. This consistency has
been confirmed through experiments on LIBs with the same cathode material and identical elemental
ratios. For example, the component of the generated gas from the experiments with NMC 9 0.5 0.5
LIBs is summarized in Table 4:

Table 4. The main gas components results for NMC9 0.5 0.5 LIBs from literature.

Cathode C[?/f] C[go] H[g/o] C[P%] CZ[I/{T Czﬁl]é et
1(\)11;4559 24.8 413 21 3.9 7.4 0.86 [38]
1524559 28.5 30.6 217 5.8 124 0.53 [38]
1(\)7_15\’4559 242 40.44 20.26 3.86 7.28 0.11 [37]

From these listed experiments conducted on NMC9 0.5 0.5 LIBs, a significant correlation emerges
in the composition of the main gases generated, with CO being the most abundant, comprising approx-
imately 40 % of the total. Additionally, CO, and Hj are also prevalent, each accounting for over 20 %
of the gases produced. These findings suggest that it is feasible to use data from previous experiments
to predict the amount of gases generated by TR in LIBs with the same cathode type.

Internal pressure evolution

With the understanding of gas generation and the calculation of gas generation amount, the
internal pressure development can be modeled. Venting is initiated when the internal pressure of the
cell surpasses a critical threshold, typically around 1900 kPa for 18650 LIBs [7]. Before that, the internal
pressure Py is attributed to three principal factors: the pressure from electrolyte evaporation Peya,
the pressure from gas generation Pg,s, and the original existed pressure P,n,,, which is represented in
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Eq. (24) [7):

Pcell = Peva + Pgas =+ Pamb (24)

Peva is quantified using Antoine’s equation Eq. (25) [46], which reflects how the pressure from
evaporated electrolyte escalates as the cell’s temperature T, rises:

1413
Peva = 107 02577, [Pa} (25)

Simultaneously, pressure from gas generation within the cell Pg,s is determined using the ideal
gas law Eq. (26) [7]:

Ngas RTeen

= 26)

Pgas =

Here ng,s represents the moles of gas produced, R is the universal gas constant, T is the temper-
ature, and V}, is the volume of the headspace within the battery occupied by the vapor and generated
gas.

After the internal pressure reaches the critical pressure, the safety valve is triggered to open, which
releases the accumulated gases and breaks the vapor-liquid equilibrium condition inside the cell. Based
on the work of Kong et al. [7], a set of ordinary differential equations is formulated to simulate the
dynamic change of internal pressure over time.

As concluded with Eq. (27), the changing rate of the internal pressure dP,. /dt is attributed to the
changing rates of the partial pressure from electrolyte vapor dPeya/dt and from generated gases
dP gas / d t:

dPeen _ dPeva dPgaS
dt —dt dt

Recognizing that the mass of vapor changes due to the expulsion of the gas mixture and that

(27)

the vapor temperature varies along with the cell’s temperature, the rate of change in the partial
pressure attributable to electrolyte vapor is determined. This is accomplished through a differential
representation of the ideal gas law, as expressed in Eq. (28) with the mole mass of the electrolyte vapor
represented by Meya:

dPeva _ RTeen dmeva + MevaR dTeen

= 2
dt MevaVy,  dt Meva Vi, dt (28)

Under the assumption that the composition of the venting mixture remains proportional, the
mass flow rate of vapor dieva /dt can be estimated using the system’s overall mass loss rate, d1gs / dt
and the mass fraction of electrolyte vapor in the venting mixture, @eva, as represented in Eq. (29):

dm dm
i )
Similarly, the rate of change in the partial pressure attributable to the generated gases is also

determined by applying a differential form of the ideal gas law Eq. (30):
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dPgas _ RTge Mgas | MgasR dTeen
dt Vi dt Vi dt

Unlike the mass flow rate of electrolyte vapor, the rate of change in the amount of gases generated

(30)

from TR reactions is influenced not only by venting, but also by the continuous production of gases
from ongoing TR reactions. This dual-source contribution to the gas generation rate is captured in
Eq. (31):

B Pgas dmloss
generation Mgas dt

dngas  dngas
dt  dt

(31)

Here the gas generation amount dng,s/dt

is calculated following the methodology

generation
outlined in former section of gas generation, and the mole mass of generated gases, Mgas is calculated

with Eq. (32) as follow. Meanwhile, the mass fraction of the gases within the venting mixture is denoted
as Pgas-

6
M -n
Mgas _ Zh_1 gas,b gas,b (32)

Ngas,generation

2.1.3. Venting sub-model

With the internal pressure and gas generation already acquired, the venting sub-model is then
developed, which focuses on the venting dynamics, including the characterization of mass and energy
losses during the venting process, with the workflow shown in Figure 5.

Pcen
Choked Flow?
NO YES
subsonic choked
Mach Number M M =1
Venting Pressure Pyent Pyent’
Venting Temperature Tyent Tyent

m
Mass Loss e

Figure 5. The flow chart of the venting sub-model.

Mparticles
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Venting dynamics calculation

Based on the work from Kong et al. [7], to calculate the venting dynamics within this sub-model,
the flow condition — whether subsonic or choked - must first be determined. The flow is consid-
ered subsonic if the ambient pressure P, is greater than a function of the internal pressure P
factored by the heat capacity ratio <y, represented in Eq. (33). Otherwise, the flow is regarded as choked.

e

2 71
Pamb > Pcell m (33)

Upon establishing the flow regime, the Mach number M, venting pressure Pyent, venting temper-
ature Tyent, and venting velocity vyent can be calculated using the isentropic nozzle flow equations
and pseudo diameter approach [7,19,22,47]. If the flow is determined to be subsonic the following
equations are used:

v—1

2 P T
M — cell ) -1 (34
-1 (P amb )
Pyent = Pamb (35)

P -1

v

Tvent = Teent (Pamb) (36)
cell

If the flow is determined to be choked, the Mach number is set to 1 and the pressure and venting
temperature are determined by:

M=1 (37)
T
2 71
Pyent = Pceu (7_’_1) (38)
2
Tvent = Tcell ﬁ (39)

These parameters are fundamental to determining the density of the gaseous venting mixture
Pvent,gas With the Eq. (40), where Mgas,mix 18 the molar mass of the gas mixture.

P, vent M, gas,mix

= 4
Pvent,gas RTyent (40)

Mass loss calculation

The material ejected from a battery includes a gaseous venting mixture and solid particles. With
the determination of the density of this combined ejection material pyent, the venting speed vyent is
calculated with Eq. (41):
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YPyent
Pvent

Uyent = M (41)
The study from Wang et al. [22] and Finegan et al. [48] unfolds the ejection process of the particles
in four distinct stages. (Stage I): Initially, the battery is at rest, with the jelly roll and safety valve
intact. (Stage II): As TR progresses, substantial gas release raises the cell temperature, leading to a
pressure differential that fractures the electrode materials. Concurrently, binder decomposition at
elevated temperatures causes electrode particle debonding. These factors contribute to inter-particle
fracture and the formation of gas pockets that drive the fragmented electrode materials toward the
headspace. (Stage III): As these materials are propelled by the gas flow, they move through newly
formed channels until they are expelled into the ambient environment, particularly accelerated near
the safety valve. (Stage IV): This expulsion process creates channels within the gas pockets, leading to
the observable collapse of the spiral-wound layers.
These mechanisms indicate that the mass flow rate of LIBs during venting is hard to describe by an
exact principle, particularly concerning the ejection of solid particles. Nevertheless, experimental evi-
dence suggests a similarity in the total mass loss rate for identical types of LIBs under well-controlled
conditions [38]. The fraction of mass loss attributed to solid particle ejection has been the focus of
several studies: Coman et al. [19] performed numerous experiments under consistent conditions and
utilized the average total mass loss rate for their predictive modeling. Shen et al. [37] concentrated on
quantifying the ratio of the mass of ejected solid particles to that of the generated gases. Recognizing
the difficulty in precise measurement and formulation of the mass flow rate of ejected solid particles,
Wang et al. [22] postulated that these rates are proportional to the total mass loss, forming the basis for
their model. Accordingly, in the context of this work, we adopt the assumption that the mass flow rate
of solid particles is proportional to the total mass flow rate during venting. Under this assumption, the
relationship between the mass flow rate of the ejected solid particles and that of the gas mixture can be
described with the ratio k:

dmparticles k dmvent,gas

dt dt
With dimoss /dt = dimyentgas/ dt + dMparticles / dt, the partial mass flow rates are determined as:

(42)

dmparticles _ k dmloss ( 43)
dt k+1 dt
AMyent gas 1 dmyggs
= = 44
dt k+1 dt 49
The total density of the venting mixture pyent is then estimated with k as in Eq. (45):
k+1
Pvent = 7 (45)
Peell Pvent,gas

Therefore, with the density of venting mixture, the discharge coefficient Cy4 considering the non-
ideal effect, and the vent area of the cell A,, the total mass flow rate dm.s /dt can be determined with
Eq. (46) [7], while the partial mass flow rate can then be calculated combining the Eqs. (43) and (44).

dmloss

dat = CdAvpventhent (46)
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Energy loss calculation

In the assessment of energy dissipation during the venting process associated with mass loss in
LIBs, the sub-model incorporates several equations to describe the energy changes due to the ejection
of various materials based on the work of Coman et al. [19].

The energy required for electrolyte evaporation is absorbed from the internal energy of the battery. This
heat loss is quantified by Qeva, as represented in Eq. (47) with the mass rate of evaporated electrolyte
—dmeva/dt, and its latent heat of vaporization Lyap.

. dm
Qeva = — de;va : Lvap (47)

Similarly, the rate of heat loss from gas venting, Qvent,gas, is calculated with Eq. (48) by multiplying
the mass rate of the venting gas —dniyentgas/dt, the specific heat capacity of the gas ¢y ¢as, and the
temperature of the venting gas Tyent, which reflects the heat carried away by the gases escaping from
the battery.

. dm t,
Qvent,gas = - %C p.gas Tyent (48)
For solid particle ejection, er denotes the rate of heat loss, is calculated with Eq. (49), with the
specific heat capacity estimated to be the specific heat capacity of the cell, ¢, cei1- This term signifies the
heat associated with the ejected solid particles as they are expelled from the cell [22].

d Myparticles

er == TC p.cell Tvent (49)

Collectively, the total rate of temperature change within the cell, dT.j;/dt, is derived from the
sum of the heat dissipation rates due to electrolyte evaporation, gas venting, and solid particle ejection
with Eq. (50), providing an overarching view of how the cell’s temperature is influenced by these
concurrent processes during a TR event.

d Tcell o Qeva + Qvent,gas + er

(50)
dt Mee)I € pcell

2.2. Experiment Setup

In order to ensure that the developed model can reflect the complexity of real-world scenarios,
experiments have been designed and conducted to validate the model in this study. The battery under
test was the LG®-INR18650-MJ1, featuring NMC811 chemistry and was charged to 100 % SOC for all
tests. As for the trigger of the TR, multiple different constant heating powers - 20 W, 30 W, 50 W, 70
W and 90 W were applied to the battery via a 15 x 54 mm handmade NiCr wire heater fixed to the
surface of the cell, either covering the bottom of the cell or vertically the full body of the cell, as shown
in (a) and (b) in Figure 6. To monitor temperature changes with precision, four J-type thermocouples
were positioned evenly across the battery surface, so the mean value from them could be taken to
represent the cell temperature, as represented in (c) in Figure 6. Considering the high temperature and
fast-changing rate during the TR process, mass losses were recorded using a high-resolution electronic
balance only before and after the experiment, while a load cell SIEMENS® STIWAREX WL260 SP-S AA
was used during the experiment to capture the real-time mass loss resulting from the TR and venting
process. The fixture system and load cell are represented in Figure 7.
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Figure 6. Heater and thermocouples used in experiments, with (a) the schematic illustration of the cell, heater and
thermocouples, (b) actual picture of the handmade NiCr wire heater used, and (c) the actual picture of cell with

thermocouples and heater attached.

Fixture

Isolation

S // Load Cell

(2)

Figure 7. (a) Schematic illustration and (b) actual picture of the fixture system and the load cell used in the

experiments.

A visualization system was also employed in our experiment, consisting of a high-speed camera
Cyclone-65-70 manufactured by Optronis®, which was capable of capturing 50 to 169 frames per
second. This setup was enhanced by a light source arrangement: a laser emitting at 640 nm with a
power of 10 mW, or a spotlight depending on the effect, which was used to illuminate the battery and
ensure clear visualization of the TR event as it unfolds, as shown in Figure 8.

Light Source
Camera——> e A4 Battery &

Fixture

() R (b

Figure 8. (a) Schematic illustration and (b) actual picture of the visualization system built for experiments.
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2.3. Simulation Setup

The LIB sample employed in this study is the NMC811 INR18650MJ1 cell from LG®, as chosen
for the experiment, featuring a capacity of 3.5 Ah, a mass of around 46.5 g, a diameter of 18 mm, and a
length of 65 mm. The cell’s electrolyte is a solvent comprised of ethylene carbonate (EC), dimethyl
carbonate (DMC) and propylene carbonate (PC), while the anode is comprised of graphite containing
minor silicon content, and the principle cathode constituent is LixNig g3Mng g7C00.105, as measured in
work [49-51]. The main components of the sample used in this study align with the sample used in
the experiments of Kriston et al. [41]. Therefore, some TR reaction kinetics and their modifications
employed in this work have been primarily adapted from Kriston’s work.

The heat generated from the TR event originating from the anode, cathode, and electrolyte is
calculated separately through the model. This calculation requires knowledge of the mass of the anode,
cathode, and electrolyte, which could not be obtained from the manufacturer. Based on Golubkov’s
in-lab measurements after disassembling and drying the cells [20], the mass of the anode is estimated
to be 15 % of the cell mass, while the cathode accounts for 26 %. The mass percentage of the electrolyte,
as discussed by Lebedeva et al. [52], can affect the performance of the cell and may vary. In this study,
the mass of the electrolyte involved in reactions is estimated to be 10 % of the cell mass, with the mass
ratio of the composition EC:DMC:PCis 6 : 3 : 1 [49].

As for the trigger of the TR, the heating power and the cut-off temperature of the external heater

are set to be the same with value of the experiment. A constant temperature boundary is applied to the
outermost side of the cell, representing 12 °C air that transfers heat through convection with the cells,
as the only heat transfer method with the surrounding environment considered. The temperature of
the cell is considered to be homogenously distributed in this work, while the gases all fit the ideal gas
law and are also homogenously distributed in the reaction volume and venting mixture.
The primary focus of parametrization work for TR sub-model lies in determining the so-called thermal
triplets: frequency factor A, activation energy E, and heat of reaction h. These parameters have
been investigated in numerous studies, employing commonly used methods such as accelerated rate
calorimetry (ARC), differential scanning calorimetry (DSC), differential thermal analysis (DTA), or
thermal gravimetric analysis (TGA) coupled with gas analysis [8,12,25,41,53]. In this work, Richard
and Dahn’s data is employed for Al and A2 reactions, while Kriston’s data is applied for A3, A4, and
cathode reactions. The parameters are summarized in Table 5.
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Table 5. The determined thermal triplets of the thermal runaway.
Reaction Description Ref. E(J/mol) A(1/s) h(J/g)
Al SEI decompo- [8] 1.35 x 10 1.67 x 1015 613
sition
A2 . [8] 1.06 x 10 3.33x 10 818
regeneration
Li- 5 14
A3 Electrolyte [41] 1.62 x 10 1.78 x 10 479
A4 Binder de- [41] 9.35 x 10* 5.62 x 10° 208
composition
C1 NMC decom- [41] 1.41 x 10° 3.22 x 1010 100
position
2 Electrolyte [41] 951 x10* 223 x 107 —625
evaporation
Electrolyte 126 x10°  5.14 x 1018 20000
combustion
Electrolyte de- 228x 105  5.14x10% 155
composition
NMC binder
C3 decomposi- [41] 2.05 x 10° 3.78 x 1012 213
tion
Further de-
composition
C4 of NMC, [41] 2.89 x 10° 1.30 x 10%® 189
oxygen
reactions

As for the prediction of gas generation, the generation amount parameters w,; used in matrix

wyp Eq. (22) are estimated based on the work from Shen et al. with the experiment result with the
same LIB cathode material NMC811 [37]. With the approaches for TR reactions and the parameters
considered in this work, the matrix w, ; is then modified to matrix Eq. (51):

AxA1
AXA3
AXA4
AXCQ
AXC3

0.275 0 0 0 0 0
0.033 0.080 0 0.190 0.055 0.002
0 0 0.025 0 0 0
0.033 0 0 0 0 0

0 0 0.060 0 0 0

= (Anco,, Anco, Anmn,, Ancy,, Anc,u,, Anc,n,)

(51)

The mass flow rate fraction ratio is obtained by fitting the simulation result with the experiment

results, while the estimation of other parameters for the internal pressure sub-model and venting

sub-model have taken reference from [7,54], where also 18650 type of LIB was studied. The principle

parameters and the values are listed in the following Table 6.
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Table 6. The venting and thermodynamic parameters adopted in model.

Parameters Value Unit Ref.
cp 0.83 Jg~ Kt [54]

Ay 9.8 mm? [7]

Vi, 1.158 cm? [7]

Cq 0.8 - [7]

v 14 - [71

QPeva 0.06 - Fit
Pgas 0.12 - Fit

k 4.8 - Fit

3. Results and discussion

In this section, the results of the experiments and simulations with LG MJ1 batteries are presented
and discussed. Outcomes from simulations are compared with the experimental results from our
study and the existing literature, which evaluates the employed modeling approaches in terms of their
precision and robustness in predicting the multifaceted behaviors of TR in LIBs.

3.1. Experiment results
3.1.1. Thermal runaway evolution

The entire TR process was recorded using the visualization system in the experiments. The phases
of thermal runaway observed in an experiment with a 20 W vertically attached heater are presented in
Figure 9, while the corresponding temperature-mass change curve is shown in Figure 10.

Top of the cell
- Positive Pole

I. Before venting II. First venting III. After first
Cell: 46.56 g at 1224.81 s venting
Cell: 40 g

-

IV. Second venting V. Explosion VI. Cooling down
at 2068.83 s at 2095.17 s Cell: 12.23¢

Figure 9. The recorded thermal runaway process from one experiment with a 20 W vertically attached heater.
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Figure 10. The recorded cell temperature and mass change from one experiment with a 20 W vertically attached
heater.

Here two distinct venting events were observed. The first venting event (Stage II in Figure 9) is
noticeable at the early heating stage, occurring at approximately 120 °C. It is marked by the opening
of the safety valve, which coincides with a minor mass loss, 14 % of the total battery mass, and a
dip in temperature, reflecting the release of pressure and thermal energy from the cell. Following
this venting episode, the battery enters a relatively stable phase (Stage III), where no further obvious
venting behaviors are observed. However, the energy released by the venting is not able to stop the
progression of TR, as the cell temperature continues to rise, while the generation of gases continues
within the battery. Subsequently, the second venting event (Stage IV) happens just before the TR burst,
at a stage where the battery already exhibits elevated internal pressure and temperature. This venting
is considerably more intense, rapidly followed by an explosion (Stage V), where the TR process has
reached a peak. The explosion ejected a large amount of particles, and the resulting impact caused
the load cell to oscillate up and down, thereby recording highly fluctuating pressure values, making
it impossible to read the data at that moment. Once the load cell stabilized, the recorded readings
indicated a significant mass loss of 60 %. Following this phase, the TR process concludes swiftly, and
the battery transitions into the cooling down stage (Stage VI), characterized by a rapid decrease in
temperature.

The temperature at which a cell undergoes TR, known as the onset temperature, is a crucial
parameter to identify, as it marks the point at which the cell’s temperature begins to rise uncontrollably.
Understanding this temperature enables the development of safety strategies designed to prevent
further damage and mitigate the risks associated with TR. Similarly, the peak temperature reached
during a TR event is a vital parameter to record, as it indicates the maximum severity of the thermal
event and its potential consequences. Knowing the peak temperature allows for the evaluation of
safety margins, the testing of material thermal stability, and the optimization of thermal management
systems to withstand extreme conditions. Therefore, both the onset and peak temperatures in each
experiment in this study were recorded and summarized, as shown in Figure 11:
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Figure 11. Box plot of the recorded (a) onset temperature and (b) peak temperatures from the experiments with

LG MJ1 batteries in this study. Here The box portion covers data from the 25th percentile to the 75th percentile,
with a central line marking the median value. Lines extend from each box till the minimum and the maximum

value to capture the range of the remaining data.

The part (a) of Figure 11 presents a box plot of the onset temperatures Tonset recorded from
the experiments. The experiments using the full-body heating method exhibit similar median onset
temperatures around 180 °C, with the onset temperatures generally being lower for experiments
conducted at higher heating power (30 W). In contrast, the results from the bottom heating methods
show significantly lower onset temperatures compared to the full-body heating methods, with the
onset temperatures decreasing further as the heating power increases. These observations indicate that
both localized heating at the bottom and the application of higher heating power accelerate the onset
of TR, triggering TR at lower temperatures.

The peak temperature results, Timax, are presented as a box plot in part (b) of Fig. 11. The experi-
ments using the full-body heating methods at 20 W and 30 W demonstrate higher peak temperatures,
with median values around 500 °C and 450 °C, and show a wider range of temperature variation. In
comparison, the bottom heating methods (50 W, 70 W, and 90 W) produce lower peak temperatures,
with median values between 350 °C and 400 °C. This suggests that localized heating at the bottom
produces less severe TR outcomes, characterized by lower maximum temperatures reached during TR
events.

The results show that both the onset and peak temperatures are significantly affected by the
heating method and power level, which aligns well with the work from Willstrand et al. [40], where
the onset temperature resulted at around 150 °C, while the peak temperature varied from 450 °C to
900 °C. Full-body heating results in higher onset and peak temperatures, indicating a more intense
and uniform thermal reaction throughout the battery. In contrast, bottom heating triggers TR at lower
onset temperatures and results in lower peak temperatures, suggesting that TR events occur earlier
but are less severe. This difference can be attributed to the uniform heat distribution provided by the
full-body heating method, which takes longer to reach the critical temperature but causes the entire
battery to undergo a more severe TR event simultaneously. Additionally, since the simulation uses a
lumped model that approximates the heating method as equivalent to full-body heating, this section
will also include a comparison and discussion of the simulation results with the experimental findings.

Besides temperature, the mass loss from a TR event is also a key parameter to quantify, as it indi-
cates both the severity of the venting event and the extent of material degradation within the battery.
This information helps in identifying the specific components most susceptible to degradation, allow-
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ing for the optimization of battery designs to reduce the likelihood of venting or to control the release
of materials more safely. Additionally, mass loss data provides valuable input for refining predictive
models of TR behavior by offering more detailed and accurate information. Consequently, the mass loss
fractions observed in the experiments were carefully measured and summarized as a box plot in Fig. 12.

80+
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Heating Method

Figure 12. Box plot of recorded mass loss fractions from the experiments with LG MJ1 batteries in this study.
Here The box portion covers data from the 25" percentile to the 751 percentile, with a central line marking the
median value. Lines extend from each box till the minimum and the maximum value to capture the range of the
remaining data. There was no box for the result of experiment with 50 W bottom heating, because there was just

once experiment recorded.

The median mass loss fractions from all experiments, regardless of the heating method, are within
the range of 70 % to 77 % regarding to the initial cell mass. The full-body heating method shows greater
variability in mass loss, from approximately 60 % to 75 % with 20 W heating power, and from 65 % to
75 % with 30 W. This variability is likely due to the uniform heating of the entire cell, leading to varying
venting dynamics. In contrast, the bottom heating method shows a more consistent mass loss fraction,
with values ranging from 76 % to 77 % at 70 W and from 74 % to 76 % at 90 W, indicating that localized
heating results in a more predictable pattern of material degradation and venting. This outcome is
highly consistent with the findings reported by Fedoryshyna et al. and Gillich et al. [33,34], where the
mass loss rate from TR tests with 18650 MJ1 cells ranged from 55 % to 85 %, with a median value of
75%. These relatively narrow mass loss fractions not only validate the reliability of our experimental
results but also facilitate a more straightforward assumption of a specific mass loss rate in modeling
work, which in turn reduces the complexity and unpredictability associated with venting behavior
during TR events.

The standard deviation of the experiment results can be conclude in the following Table 7.

Table 7. The standard deviation of the experiment results.

Heating method STD of Tonget (°C) STD of Tyax (°C) STD of mjys
20W 5.81 66.63 7 %
30W 6.45 75.37" (1.41%) 5 %

50 W 1.72 36.31 0%
70W 4.53 18.77 1%
90W 4.20 34.24 1%

1With the consideration of the outliner. ZWithout the consideration of the outliner.

Here the standard deviations of the results from each heating method are similar. Although the
standard deviation is smaller in experiments with higher heating power, we frequently observed that
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either a heating power exceeding 30 W or the bottom heating method could cause localized high
temperatures. This would lead to a localized TR event, resulting in a significant amount of material
being ejected through the newly formed breach. Consequently, the typical venting process we aimed
to study could not be observed. Therefore, despite the relatively high standard deviation in the results,
we selected the case with the 20 W full-body heating method for further simulation and study.

3.1.2. Venting analysis with load cell

The load cell used in our experiments acts as a pressure sensor, capturing data that reflects both
the actual mass of the battery and the recoil force Fqc5 generated during venting events. A schematic
illustration of this force relationship is provided in part (a) of Figure 13. An accurate mass reading
from the load cell is only possible when the system is in equilibrium. However, during venting
events, particularly in the intense second venting phase, a substantial recoil force is generated due
to the rapid ejection of materials, causing the recorded value to significantly exceed the gravitational
force of the battery. To interpret the load cell data, we assume that the mass flow rate 7 remains
constant during these brief venting intervals, enabling us to estimate both the battery’s mass and
the corresponding recoil force. This estimation is crucial for determining the venting speed, which
is calculated using the principle of conservation of momentum, as described by Eq. (52). The results
of the estimation for the actual battery mass and venting speed are also represented in part (b) of Fig. 13.
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QO ah
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Figure 13. Force analysis for venting event and the result from the load cell, with (a) the schematic illustration of
force analysis and (b) the shown and estimated mass and estimated venting speed data from the load cell.

Feent = Frecoil = MUvent (52)

From the data collected, the maximum venting speed was estimated to be 180 m/s. The load cell
recorded a mass loss of 34.33 g (74 %), which closely matches the balance measurement of 34.31 g
(74 %). This strong agreement between the load cell and balance measurements largely supports the
assumptions made regarding the mass flow rate and recoil force during the venting process. However,
the inherent randomness of TR and venting events causes significant oscillations in the recoil force,
leading to occasional discrepancies between the load cell readings and the balance measurements,
which is also shown in the result from the literature [33,34,40]. This suggests that while the load cell
can be a useful tool, further refinement of the experimental setup is necessary to improve its reliability,
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which could be an important focus for future work.

3.2. Simulation results
3.2.1. Thermal runaway parameters

The simulation results offer a detailed perspective on the TR behavior of an LG M]J1 battery, high-
lighting the evolution of temperature, mass loss, and venting speed. Figure 14 illustrates the simulated
progression of these parameters during TR in an LG MJ1 battery. The simulation was configured with
a trigger method using a 20 W heater operating at 55 % efficiency, continuously heating the battery
until it reached 200 °C, in order to replicate the experimental setup conditions. After calibrating the
simulation with the experimental data, it was assumed that the mass flow rate of solid particles is 4.8
times that of the gas mixture.

500 T T T T 50 200 T T T T
— — T 20
400 i . 140
[ mgas out 150
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Figure 14. Temperature and mass (a) as well as venting speed (b) evolution during thermal runaway in an LG MJ1
battery from simulation with 20 W heater.

As shown in Fig. 14, the simulation identified two distinct venting phases, closely mirroring the
experimental observations. From part (a), the first venting event is characterized by a smaller mass
loss of 13 %, occurring at a lower temperature from 90 °C to 120 °C, which aligns with the early stage
of TR shown in the experiment. The second, more significant venting phase is shown to start under
conditions of higher temperature and pressure, followed by a burst of TR with a substantial mass
loss of 61 %. From the venting speed result in part (b), this second venting also reached a maximum
venting speed of approximately 180 m/s, consistent well with the estimated experimental data.

A detailed comparison between the simulation results and experimental data is presented in
Figure 15, revealing a strong correlation, particularly in the temperature changes during the TR pro-
cess. The peak temperatures recorded in the simulation and experiment are 478.3 °C and 473.0 °C,
respectively, showing a difference of only 1 %, and resulted in the range of our other experiment
results. Similarly, the onset temperatures are 183.8 °C in the simulation and 176.6 °C in the experiment,
with a difference of 4 %, which also aligns greatly with our other experiment results. However, the
experimental results exhibit time delays of approximately 250 seconds in key features, such as the
first venting event, TR onset, and peak temperatures, compared to the simulation. These delays can
be attributed to the simplifications inherent in the lumped model used in the simulation, such as the
omission of internal heat transfer within the cell. Despite these discrepancies, the overall temporal
progression from the first venting event to the onset of TR shows significant similarity, with 179 seconds
in the experiment and 188 seconds in the simulation. This consistency demonstrates the predictive
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capability of the model, confirming its utility in simulating TR behavior.
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Figure 15. Temperature evolution curve during thermal runaway in an LG MJ1 battery from the simulation (blue
line) and one experiment with 20 W heater (red dots), with the box plots of the peak and onset temperature from
all the experiments done in this study with 20 W full-body heating method.

The mass loss figures obtained from both the simulation and experimental methods further
demonstrate a strong correlation, with both showing a mass loss of approximately 74 %. This value
aligns closely with the mass loss percentages recorded in our other experiments conducted with
fully charged LG M]J1 batteries. Such consistency across different tests strengthens the validity of the
proportional assumption used in the simulation, specifically the assumption regarding the mass loss
from solid particle ejection relative to the total mass loss.

These similarities between the experimental and simulated results validate the effectiveness of the
simulation model. The model’s ability to replicate these critical aspects of the TR process indicates that
it accurately reflects the dynamics occurring within the battery during TR events.

3.2.2. Gas generation analysis

As shown in part (a) of Figure 16, the gas generation result from the simulation indicates that Hy,
COg, and CO are the primary gases produced, with different patterns in their timing and quantity of
release represented in part (b), which fits to the gas generation matrix (22) implemented.
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Figure 16. Gas generation during thermal runaway in an LG MJ1 battery from our simulation with 20 W heater,

with the result of (a) the composition of generated gases, and (b) the evolution of the accumulated amount of
generated gases.

During the first venting phase, CO; is predominantly generated. This early release aligns with
the SEI-decomposition which starts at around 90 °C and produces CO,. It is also shown from the
simulation result that while CO, emerges first, the majority of other gases, including H, and CO, are
released during the second venting event. This phase corresponds with the ongoing of TR reactions,
especially the Li-electrolyte reaction, where the most gases are sourced from.

A comparative analysis of the gas generation results from this simulation and the experimental studies
reported in the literature [37] is represented in Fig. 17.
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Figure 17. Composition of generated gases during thermal runaway in an NMC 811 battery from (a) simulation in
this work with a total amount of 0.238 mol, (b) Ref. [37] with a total amount of 0.35 mol.

The experimental findings by Shen et al. [37] indicate higher levels of CO, and CO production,
along with a greater overall gas volume compared to the simulation outcomes from our study. Specif-
ically, our simulations generated a total of 0.238 mol of gases, while the literature, assuming that
gas generation is proportional to battery capacity (as discussed in the ‘Internal pressure sub-model’
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section), predicts a theoretical output of 0.350 mol. Although there is a noticeable discrepancy, the
strong correlation between our simulation results and the experimental data supports the validity of
the assumptions regarding the quantity of gas generated. Nevertheless, the noted differences also
highlight potential limitations in the current modeling approach that may require further refinement
to enhance the accuracy of the model:

1.  Simplified Reaction Modeling: There are just primary gas generation reactions considered in the
modeling approach, with the omitting of the complex secondary reactions that occur at higher
temperatures and can produce additional gases, particularly CO, and CO. This simplification
likely contributes to the lower total gas output in the simulation.

2.  Heating Power and TR Completion: The simulation possibly employed a lower heating power,
insufficient to fully drive the battery through all the reactions in TR. This would naturally result
in less gas generation as the TR reactions contributing to gas production would not fully develop
or reach their peak activity.

These findings highlighted the need to adjust the simulation parameters by incorporating a broader
range of chemical interactions and thermal effects. Such improvements could ensure that future
simulations align more closely with empirical data, thereby providing more reliable predictions for
safety assessments and battery design optimizations.

4. Conclusions

In this work, a comprehensive model was developed and validated to simulate TR and venting

processes in 18650 NMC LIBs. The model successfully captures key elements of TR, such as tempera-
ture evolution, internal pressure changes, venting phases, and mass loss dynamics, and its validity was
confirmed through experiments with LG®-INR18650-M]J1 cells. The simulations have shown a strong
correlation with the experimental results, particularly in replicating the double venting mechanismes,
gas generation and mass loss characteristics observed during these events. The study also established
the feasibility of modeling gas generation as proportional to cell capacity, and the mass loss rate from
solid particle ejection as proportional to the total mass loss rate. These approaches not only simplify
the modeling of mass loss behavior but also suggest a promising direction for future research efforts.
There are also areas where the model could be further refined by incorporating a more detailed
treatment of internal heat transfer and expanding the range of chemical reactions considered. These
enhancements would provide a more accurate representation of the TR process, particularly in predict-
ing gas generation, and thereby improve the simulation of the venting process.
In conclusion, this work contributions to a deeper understanding of TR in LIBs by clarifying the gas
generation and venting mechanisms involved. The findings presented here provide a foundation for
future research focused on improving battery safety, which is essential for the widespread adoption of
this key technology in sustainable energy applications.
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Abbreviations

The following abbreviations are used in this manuscript:

LIB Lithium-ion batteries
SIB Sodium-ion batteries
EV Electric vehicles

TR Thermal runaway

ARC  Accelerated rate calorimetry
SEI Solid electrolyte interphase
NMC  Nickel manganese cobalt oxide
LCO  Lithium cobalt oxide

LFP Lithium iron phosphate

NCA  Lithium nickel cobalt aluminium oxides
SOC  State of charge

PVDF  Polyvinylidene fluoride

EC Ethylene carbonate

DMC  Dimethyl carbonate

PC Propylene carbonate

LD Linear dichroism

STD Standard deviation
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