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Abstract

This study investigates how the initial oxygen fraction in a confined space affects post-
vent combustion, gas composition, and pressure hazards during thermal runaway (TR)
of 58 Ah prismatic Li(Nip3§Cog1Mng 1)O; lithium-ion cells. Thermal abuse experiments
were conducted in a 250 L sealed chamber under five initial oxygen fractions (20%, 15%,
10%, 5%, and 0% O;), with synchronized measurements of cell temperature, vent-jet
temperature, chamber pressure, voltage, and post-event gas composition. A first-vent event
occurred reproducibly at a cell surface temperature of approximately 155 °C, followed
by TR onset at about 170 °C. Although the onset temperatures were only weakly affected
by ambient oxygen concentration, the post-vent hazard escalation depended strongly on
oxygen availability. As the initial oxygen fraction increased from 0% to 20%, the peak vent-
jet temperature increased from 353 °C to 1172 °C, and the peak chamber pressure rose from
90.7 kPa to 523.1 kPa. Gas chromatography showed that Hy, CO,, CO, CHy, and CoHy were
the dominant gaseous products. Lower oxygen fractions promoted retention of combustible
species, whereas higher oxygen fractions enhanced oxidation and increased the CO,/CO
ratio. An oxygen-participation parameter, 1, was introduced to quantify the fraction of
initially available chamber oxygen consumed during post-vent oxidation. The increase in
was positively associated with oxygen-involved heat release and chamber overpressure.
When the accessible oxygen fraction was limited to 10% or below, secondary combustion
and pressure buildup were markedly suppressed, although a localized near-field thermal
hazard remained significant around 10% O,. These results provide quantitative guidance
for enclosure inerting, vent management, and post-vent hazard mitigation in high-energy
lithium-ion battery systems.

Keywords: lithium-ion battery; thermal runaway; vent gas; oxygen fraction; flammability

1. Introduction

Lithium-ion batteries (LIBs) have become the dominant energy-storage technology for
electric vehicles, grid storage systems, and other high-power applications because of their
high energy density and long cycle life [1,2]. However, under abusive conditions such as
overheating, internal short circuit, overcharge, or mechanical damage, LIBs may undergo
thermal runaway (TR), a self-accelerating failure process accompanied by rapid heat gener-
ation, gas venting, fire, and even explosion [3-5]. These hazards are particularly severe for
high-nickel cathode chemistries, such as Li(Nig gCop1Mng 1)O, (NCMS811), because their
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high energy density is often associated with increased thermal instability and more violent
venting behavior during TR [6,7].

During TR, a large amount of gas is released from the cell within a short period. Previ-
ous studies have shown that the vented products typically contain substantial fractions of
CO,, CO, Hy, and light hydrocarbons such as CH4 and C;Hy4, while the exact composition
depends strongly on cathode chemistry, state of charge, trigger method, and test environ-
ment [8-12]. For high-nickel cells in particular, the post-event mixed gas is often rich in
combustible species, which can readily ignite after mixing with air and thereby produce
secondary combustion, flame jetting, and a hazardous pressure rise [13,14]. In addition to
fire and explosion hazards, the release of toxic gases such as CO also raises major concerns
for enclosed or semi-enclosed battery systems [15]. Therefore, vent-gas composition is not
merely a by-product of TR; it is a key determinant of event severity, including post-vent
heat release, flame formation, and overpressure development.

The combustion behavior of TR post-event mixed gas has attracted increasing attention
in recent years [16,17]. Available studies have reported lower and upper flammability limits,
ignition characteristics, and burning velocities for representative battery vent-gas mixtures,
showing that these properties are highly sensitive to the relative contents of H,, CO,
hydrocarbons, and diluent species such as CO, and N [18,19]. In particular, hydrogen-rich
mixtures can exhibit broad flammability ranges and high reactivity, whereas increasing
CO; and other inert components narrows the explosive envelope. These findings indicate
that the hazard of battery post-event mixed gas cannot be assessed solely from the total
amount of gas released; instead, it depends on the coupled evolution of gas composition
and the surrounding oxygen environment.

At present, substantial progress has been made in characterizing individual aspects of
TR, including onset temperature, heat release, gas generation, and pressure response [20,21].
Calorimetric methods such as accelerating rate calorimetry (ARC) are widely used to deter-
mine self-heating behavior and TR onset, and modern sealed calorimetric systems can also
provide pressure histories and support post-test gas analysis. Likewise, sealed-chamber
and external-heating experiments have provided valuable information on vent-gas compo-
sition, pressure buildup, and combustion hazards [22-24]. Nevertheless, many published
studies still focus on only one or two observables, or they use different cells, triggering
methods, and chamber conditions, which makes quantitative comparison difficult. As a
result, there remains a lack of unified datasets that simultaneously resolve gas composition,
temperature evolution, and chamber-pressure response under systematically controlled
atmospheric conditions [25-27].

Among the environmental variables affecting TR severity, oxygen availability is es-
pecially important [28]. Oxygen directly governs whether the vented combustible gases
undergo further oxidation after release, thereby affecting flame intensity, heat release, and
pressure rise. In practical battery systems, oxygen concentration can deviate significantly
from ambient air because of enclosure design, restricted ventilation, inert-gas flooding, or lo-
cal oxygen depletion after an initial venting event. Such situations may arise in battery-pack
housings, sealed or semi-sealed energy-storage cabinets, underground installations, trans-
port compartments, and fire-suppression scenarios. Consequently, the relevant atmosphere
for TR is not always normal air (~20.95% O,) but may instead range from oxygen-rich
to oxygen-deficient conditions. Understanding how reduced oxygen concentration alters
vent-gas composition and thermo-pressure behavior is, therefore, important for enclosure
design, explosion mitigation, and emergency response.

Several studies have already suggested that ambient atmosphere can influence TR
behavior. Reduced oxygen concentration has been reported to suppress combustion inten-
sity and mass loss, while elevated pressure or oxygen availability may enhance post-vent
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combustion and pressure development [29,30]. Other investigations under inert or oxygen-
lean conditions have shown that battery vent gas remains highly flammable even when
the surrounding atmosphere limits immediate ignition. However, quantitative studies that
systematically vary the initial oxygen fraction and concurrently track gas composition,
temperature, and pressure using the same cell format and test platform remain limited [31].
In particular, the effects of oxygen dilution on CO/CO, conversion, H, retention, sec-
ondary heat release, and chamber overpressure have not yet been established within a
single consistent experimental framework [32,33].

Despite recent progress, a quantitatively consistent framework is still lacking for
evaluating how graded oxygen deficiency modifies the transition from primary venting
to secondary combustion during battery TR in confined spaces. In particular, the coupled
effects of ambient oxygen on combustible-gas retention, carbon-oxide conversion, oxygen-
involved heat release, and chamber overpressure have not yet been established within a
unified experimental platform using the same cell format, triggering protocol, and chamber
geometry. This gap limits both mechanistic interpretation and practical safety design
because oxygen control in battery enclosures is increasingly considered in vent routing,
inert-gas flooding, cabinet protection, and confined-space hazard mitigation.

To address this issue, this work investigates the TR behavior of 58 Ah prismatic
NCMS811 cells in a 250 L sealed chamber under five controlled initial oxygen fractions: 20%,
15%, 10%, 5%, and 0% O,. A unified heating—waiting—seeking protocol was employed,
and temperature, pressure, voltage, and post-event gas composition were measured in a
synchronized manner. On this basis, an oxygen-participation parameter, 77, was introduced
to quantify the extent to which the initially available chamber oxygen was consumed
during post-vent oxidation. The aims of this study are to: (1) establish an integrated
dataset linking gas composition, thermal response, and pressure evolution across graded
oxygen atmospheres; (2) clarify the mechanistic role of oxygen in secondary combustion
and hazard escalation; and (3) identify, for the tested cell-trigger-chamber configuration, a
design-relevant oxygen threshold for suppressing post-vent combustion and overpressure.

2. Experimental Setup and Methods
2.1. Sealed Chamber and Instrumentation

The tested cell was a commercial prismatic NCM811 lithium-ion battery with a nominal
capacity of 58 Ah. The main specifications provided by the manufacturer are summarized in
Table 1. Before the thermal abuse tests, the cells were electrochemically conditioned at 25 °C
using a CT-4008-5V20A-A battery test system (Neware Electronics Co., Ltd., Shenzhen,
China). Each conditioning cycle consisted of constant-current discharge at 5 A to 2.75 'V,
followed by a 5 h rest, and then constant-current/constant-voltage (CC-CV) charge at
5 A to 4.35 V, with a final 5 h rest. This procedure was repeated three times to confirm
cell consistency. After conditioning, cells that met the performance criteria were fully
discharged to 2.75 V, rested for 5 h, and then recharged to 100% state of charge using
the CC—CV protocol to 4.35 V. Fully charged cells were allowed to rest for 48 h at room
temperature before testing.

Thermal runaway tests were conducted in a sealed heating and pressure chamber
(SHPC) with an internal volume of 250 L, manufactured by Shandong Lineng Industrial
Equipment Co., Ltd. (Dezhou, China). The chamber shell was made of 304 stainless steel
and was designed to withstand internal pressures up to 10 MPa. As shown in Figure 1,
the SHPC consisted of four subsystems: a sealed chamber, an electrical heating system, a
temperature and pressure measurement system, and a gas replacement system.
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Table 1. Battery samples.

Parameters Specifications
Cell mass (g) 926 + 15
Width (mm) x Thickness (mm) x Height (mm) 148.24 x 26.66 x 102.8
Rated Capacity (Ah) 58
Rated Voltage (V) 3.73 (1/3C Discharge)
Rated Energy (Wh) 216.34 (1/3C Discharge)
Alternating Current Resistance (m(}) 0.55-0.75 (70%SOC, Room Temperature, AC Impedance, 1000 Hz)
Direct Current Resistance (m(2) 0.55~0.75 (70%SOC, Room Temperature, 1C Charge/Discharge for 10 s)
2.75-435(0°C < T <55°C)
Voltage Range (V) 2.20-435 (~30 °C < T < 0 °C)
Main components of electrolyte DMC, EMC
Cathode active material Li(NipgCop.1Mng 1)O,
Anode active material Graphite
Cathode current collector Aluminum foil
Anode current collector Copper foil
Shell material Aluminum alloy

Vacuum/Gas -\
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—_— / \ % —> y —
\ Heating plate Gas ' ==
. sampling ba \\/
Mica plate T.E PRI Bas Gas chromatography
H i Photograph of the apparatus E
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Ty  Special
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Figure 1. Working principle diagram of the sealed heating pressure chamber (SHPC).

The heating system was controlled by a Siemens S7-1200 programmable logic controller
(PLC) (Siemens AG, Munich, Germany), which regulated the heating sequence and power
output. The battery was externally heated through a heating plate in contact with the cell
assembly, and the rated power of the heating plate was 400 W. An auxiliary heating plate
attached to the equivalent aluminum block was connected in series with the battery-side
plate to ensure identical electrical current and nominal heating input during calibration
tests. The chamber was equipped with electromagnetic inlet and exhaust valves, allowing
evacuation by vacuum pump and atmosphere replacement with high-purity nitrogen
(>99.9%).

Temperature was measured using K-type thermocouples (0-1300 °C). To improve
clarity, the thermocouples were designated as follows: Tg, cell surface temperature; Tk,
vent-jet temperature measured 2 cm from the safety valve outlet; Ta1 and T o5, chamber-gas
temperatures at two different chamber locations; and Tpj, equivalent aluminum-block
temperature. In the present analysis, the two chamber-gas thermocouples showed simi-
lar trends during the pre-runaway and post-runaway stages; therefore, a representative
chamber-temperature signal is reported in the main figures, while the exact positions of
Ta1 and Tp» are indicated in Figure 1. The Tg thermocouple was attached to the broad
side surface of the prismatic cell facing the heating assembly at the geometrical center of
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the heated region. Chamber pressure was measured using a pressure transducer with a
range of 0-1 MPa. Battery voltage, temperature, and pressure signals (P) were recorded
simultaneously through a USB-3122 data acquisition card at 10 Hz.

The aluminum block shown in Figure 1 served as an equivalent thermal calibration
body with the same external dimensions as the tested cell. Its purpose was to estimate the
effective external heat input transferred from the heating plate under the same assembly,
contact, and clamping conditions as the battery test. The special fixture was used to
maintain repeatable positioning and mechanical contact between the test object and the
heating plate.

After each thermal runaway test, the chamber was allowed to cool to near room tem-
perature before gas sampling. Mixed gases remaining in the chamber were collected from
the exhaust port using gas-sampling bags. Prior to sampling, the transfer lines and sam-
pling bags were evacuated or purged with inert gas to minimize cross-contamination. To
reduce condensation effects, the gas path was kept as short as practicable, and sampling was
performed only after the chamber contents had cooled and mixed sufficiently. Therefore,
the measured gas compositions represent post-event mixed dry chamber gas after cooling
and mixing rather than time-resolved hot post-event mixed gas at the valve outlet. Because
condensable vapors, aerosol species, and short-lived combustion intermediates may not
be fully captured in the final gas-bag sample, the results reported in Sections 3.2 and 3.3,
including the # calculation, should be interpreted as reflecting a post-event integrated
residual-gas state rather than the instantaneous composition of the transient vent plume.

Gas composition was analyzed using a GC-9800 Plus gas chromatograph (Shandong
Hengmei Electronic Technology Co., Ltd., Weifang, China). The instrument was equipped
with flame ionization detection (FID) and thermal conductivity detection (TCD), enabling
quantification of major permanent gases and light hydrocarbons. In this study, the reported
gas fractions were expressed on a dry basis, and species with volume fractions below 1%
were grouped as “Others.” The dominant reported species included H,, CO,, CO, CHy,
and C2H4.

For each initial oxygen fraction, three independent thermal-runaway tests were con-
ducted to evaluate repeatability. The characteristic parameters discussed in this work,
including first-vent temperature, thermal-runaway onset temperature, peak vent-jet tem-
perature, and peak chamber pressure, showed good consistency among repeated tests. In
addition, all experiments were performed using the same chamber, sensor arrangement,
and data-acquisition protocol. Therefore, although a full calibration-based uncertainty
propagation analysis was not carried out in this study, the comparative trends reported
here are considered robust because the differences observed between oxygen conditions
were larger than the run-to-run variation.

2.2. Atmosphere Preparation and Thermal Abuse Procedure

Five initial oxygen fractions were investigated: approximately 20%, 15%, 10%, 5%,
and 0% O,. The chamber atmosphere was adjusted by removing a prescribed fraction of
the initial air and replacing it with an equal volume of high-purity nitrogen. After gas
replacement, the chamber was sealed and allowed to equilibrate for 2 h to ensure gas mixing.
Gas samples were then taken from the chamber and analyzed by gas chromatography
to verify that the measured oxygen concentration deviated from the target value by less
than 2%. Under these conditions, the spatial variation in oxygen concentration inside the
chamber was maintained within 5%.

Thermal abuse was imposed using a heating—waiting—seeking (HWS) protocol (see
Figure 2 for details) [34]. In the heating stage, the programmed temperature was increased
in 5 K increments. In the waiting stage, the cell was held at each temperature level for
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30 min to reduce transient gradients and allow thermal stabilization. The HWS procedure
was adopted in accordance with GB/T 36276-2023. For each initial oxygen fraction, three
independent thermal runaway tests were conducted to evaluate repeatability.

HWS Program Logic of SHPC
I

If 7>End Temp
If T >End Temp
Start Temperature: 40 °C Temp Rate Sensitivity: 1 °C/min
End Temperature: 300 °C Wait time: 30 min
Temperature Step: 5 °C Seek time: 10 s

d7/d¢ <1 °C/min

d7/d¢ <1 °C/min

If T<End Temp _ d7/d¢ >1 °C/mi

Figure 2. HWS program of the sealed heating pressure chamber (SHPC) [34].

In this work, the first vent was defined as the earliest pressure-relief event associated
with opening of the safety valve, identified by a sudden pressure step and simultaneous
vent-jet temperature response. Thermal runaway onset was defined as the point at which
the cell entered self-accelerating temperature rise beyond normal external-heating behavior,
as determined from the temperature response of the cell in comparison with the equivalent
aluminum-block calibration. Because the HWS seek interval was short, the TR-onset
judgment was not based solely on a single 10 s derivative threshold but on the combined
signatures of accelerated temperature rise, deviation from the aluminum-block reference,
venting behavior, and subsequent irreversible runaway progression. Peak pressure and
peak temperatures reported in this work refer to the maximum measured values recorded
during each test.

2.3. Equivalent Aluminum-Block Calibration

To estimate the effective external heat input retained by the battery before TR onset,
an equivalent aluminum-block calibration method was used under the same chamber
assembly and heating conditions as those applied to the cell. A solid aluminum block
with the same external dimensions as the battery was mounted in the same fixture, and its
heating plate was connected in series with that used in the battery test so that both tests
experienced the same nominal electrical input, contact condition, and clamping force.

The calibration procedure consisted of two steps. First, the equivalent aluminum block
was heated using the same heating—waiting—seeking (HWS) program as that applied to
the battery. Second, the thermal response of the aluminum block was used to estimate the
effective heat transferred from the heating plate to the battery, with correction for system-
level heat losses and thermal-response differences. To improve temperature uniformity
within the block, a 30 min waiting stage was applied at each temperature level, and the
average aluminum-block temperature, was used to represent its thermal state.

Within a selected calibration interval from t1 to t2, the sensible heat absorbed by the
aluminum block was calculated as Equation (1):

Qar= maCpaiATAl 1
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where Q4 is the sensible heat absorbed by the aluminum block (J), 71 4; is the mass of the
aluminum block (kg), Cp, a1 is the specific heat capacity of aluminum (]-kg*1~K*1), and
ATy is the temperature rise of the block over the selected interval (K).

As illustrated schematically in Figure 3, during short-duration heating, the heat
absorbed by the aluminum block can be taken as an approximation of the heat transferred
to the battery. However, under longer heating durations, deviations arise because of heat
losses to the surroundings, convective and radiative exchange, and the intrinsic thermal
response of the battery. To account for these effects, a correction factor, ¢, was introduced
in Equation (2):

Qbat= ¢Qal @)

where Oy, is the net heat retained by the battery prior to TR onset and ¢ represents the
fraction of the externally supplied heat that is effectively absorbed by the battery under the
tested assembly conditions.

(@i = + = (b)High
—| | | |_ Ta\g“ l(tl)
2 o
8 8 2 <
%- -; % E Thal('l)
& 3 ) =
£ : £ ] A
= 5 = E Battery
< \/ T;l\ .,v\l(’(l
Low I} ‘
. . 0 . 1
Thermal insulation plate Time

Figure 3. Schematic illustration of the equivalent aluminum-block calibration method used to estimate
the net heat retained by the battery prior to thermal runaway onset. (a) Wiring connection diagram;
(b) Calculation diagram.

Accordingly, the correction factor can be expressed by Equation (3):

¢= Qpat/Qal ®)

In the present work, Q¢ was estimated from the battery mass, the measured specific
heat capacity, and the corresponding temperature rise before TR onset. The specific heat
capacity of the battery was measured separately using an accelerating rate calorimeter (ARC;
BAC-420 series, Yangyi Technology, Hangzhou, China), giving a value of approximately
1194 ]‘kg_1 K~1. This calibration framework provides a practical means of linking the
measured aluminum-block response to the effective heat accumulation of the battery
before runaway.

3. Results and Discussion

3.1. Temperature, Pressure, and Voltage Evolution During Thermal Runaway
3.1.1. Effect of Oxygen Concentration on Vent-Jet Temperature and Chamber Pressure

Following the procedure described in Section 2, fully charged 58 Ah prismatic NCM811
cells were subjected to stepwise external heating under five initial oxygen fractions (ap-
proximately 20%, 15%, 10%, 5%, and 0% O;) using the HWS protocol. The temporal
evolution of vent-jet temperature, chamber temperature, cell surface temperature, cell
voltage, and chamber pressure is presented in Figure 4a—e. For comparison, Figure 4f
shows the temperature rise of the battery and an equal-volume aluminum block under the
same heating conditions.
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Figure 4. Time histories of vent-jet temperature (Tg), representative chamber temperature (T'y), cell
surface temperature (Ts), cell voltage, and chamber pressure under different initial oxygen fractions:
(a) 0%, (b) 5%, (c) 10%, (d) 15%, and (e) 20% O,. (f) Comparison of the temperature rise of the battery
and an equal-volume aluminum block under identical heating conditions.

For clarity, the Tg axis was adjusted for individual panels because the peak vent-jet
temperature varied substantially across oxygen conditions; using a fully unified T scale
would compress the low-oxygen responses and obscure their transient features.

Across all oxygen conditions, the early stage of thermal runaway evolution showed
strong reproducibility. The first vent event consistently occurred when the cell surface
temperature reached approximately 155 °C. This event was characterized by a sudden
pressure response and a rapid increase in vent-jet temperature, indicating opening of the
safety valve and release of internally generated gases. In all cases, the first vent produced
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only a brief drop in surface temperature, reflecting transient heat removal by gas ejection,
but it did not interrupt the subsequent progression toward runaway. A slight voltage
decrease was also observed at this stage, suggesting that the first vent coincided with early
structural and electrochemical destabilization of the cell.

Comparison with the equivalent aluminum-block response indicates that the true
transition from externally driven heating to self-accelerating runaway occurred at a cell
surface temperature of approximately 170 °C. At this point, the corresponding aluminum-
block temperature was about 244 °C. Using the equivalent calibration method described
in Section 2, the net sensible heat absorbed by the aluminum block within the selected
interval was estimated to be approximately 208 kJ, while the net heat retained by the battery
prior to runaway was approximately 152 kJ. This yielded a correction factor of about 0.732,
indicating that roughly 73.2% of the external heat input was effectively retained by the
battery before runaway onset. These results support the use of the aluminum-block method
to distinguish normal external heating from the onset of self-sustained internal reactions.

The weak dependence of first-vent temperature and TR-onset temperature on ambient
oxygen concentration is consistent with the general understanding that these early events
are associated primarily with internally driven processes, such as early-stage decomposition
reactions, gas generation, and pressure buildup within the cell, rather than with external
gas-phase combustion [2,5]. Under this interpretation, the first vent mainly reflects internal
gas generation and vent opening, whereas ambient oxygen becomes more important after
combustible gases are released into the chamber. Accordingly, the present data suggest
that oxygen concentration has limited influence on runaway initiation but has a strong
influence on post-vent combustion severity under the tested conditions. The present study
does not directly resolve the detailed internal reaction sequence before TR onset; rather, it
infers the limited oxygen dependence of onset from the observed temperature and pressure
responses under different chamber atmospheres.

Although the first vent and TR onset were relatively insensitive to oxygen concentra-
tion, the severity of the post-vent event depended strongly on the initial oxygen fraction.
As shown in Figure 4, the peak vent-jet temperature increased from 353 °C at 0% O, to
424 °C at 5% O, and then rose sharply to 925 °C at 10% O, and 934 °C at 15% O, before
reaching 1172 °C at 20% O,. The pronounced increase between 5% and 10% O, indicates
that the vented gas entered a much more reactive combustion regime once sufficient oxygen
became available for secondary oxidation.

The chamber-pressure response exhibited the same overall trend. Peak chamber pres-
sure increased from 90.7 kPa at 0% O, to 523.1 kPa at 20% O,. Only a minor difference
was observed between 0% and 5% O,, suggesting that, under severe oxygen deficiency, the
vented gases remained largely unburned and contributed limited additional pressuriza-
tion beyond mechanical venting and thermal expansion. In contrast, pressure increased
markedly above 5% O, indicating progressively stronger gas-phase combustion, larger
heat release, and greater gas expansion.

These results show that oxygen concentration has limited influence on runaway initia-
tion but a dominant influence on the post-vent escalation stage. Oxygen dilution, therefore,
cannot prevent the internal onset of TR under external heating, but it can substantially
suppress the subsequent thermal and pressure consequences associated with combustion
of the released gases.

3.1.2. Near-Field Thermal Hazard Under Different Oxygen Fractions

When the near-field thermal hazard was assessed using the vent-jet temperature mea-
sured 2 cm from the safety valve, the most severe conditions were observed at intermediate-
to-high oxygen fractions. In general, the hazard ranking based on the local jet-temperature
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signal was 20% > 15% ~ 10% > 5% > 0% O,. However, the local temperature did not
increase monotonically with oxygen fraction, and the near-field thermal exposure often
peaked around 10% O, even though the maximum overall hazard and chamber pressure
occurred at 20% O5.

A plausible explanation is that, near 10% O, the vented fuel-rich gases were more
likely to form a locally near-stoichiometric mixture after limited entrainment, producing
an intense reaction zone close to the vent outlet. At higher oxygen fractions, stronger
entrainment and convective transport may have displaced the main reaction zone farther
from the thermocouple position. Therefore, the most severe local thermal exposure near
the vent may occur under intermediate oxygen conditions, whereas the most severe global
combustion escalation occurs at higher oxygen fractions.

This distinction is important for engineering design because local component exposure
near the vent outlet and system-level overpressure escalation are not necessarily governed
by the same oxygen condition.

To summarize the sequence of events discussed above, a schematic of the proposed
two-stage venting mechanism is shown in Figure 5. In the first stage, external heating trig-
gers decomposition of the solid electrolyte interphase (SEI), followed by early anode-side
reactions and gas generation. As internal pressure rises and exceeds the opening threshold
of the safety valve, the cell undergoes the first vent, which is typically characterized by a
relatively short-duration jet of hot gases and aerosolized products. At this stage, the vented
stream is often weakly burning or non-luminous, and the event mainly reflects internal
pressure release rather than fully developed gas-phase combustion.

7 Internal pressure
abuse threshold exceeded|

(Continued temperature rise)

SEI decomposition +
exothermic reduction

between anode and 71
electrolyte

Temperature rise
at the anode
interface

Safety valve
activation / First
venting

T1

v

Cathode structural Strong exothermic Secondary venting / Jet
evolution and oxygen reaction from cathode— flame and sustained
release anode coupling combustion

Figure 5. Schematic illustration of the proposed two-stage venting mechanism during thermal

runaway of prismatic NCM811 cells under external heating.

As heating continues, internal reactions intensify, and broader cell components become
involved, including more vigorous electrode—electrolyte and cathode-related exothermic
processes. This leads to rapid acceleration of gas generation, stronger thermal feedback,
and a transition into full thermal runaway. In the second stage, the discharged combustible
gases mix more extensively with the surrounding atmosphere and, when sufficient oxygen
is available, undergo secondary combustion. This later stage is associated with higher jet
temperature, stronger flame development, and more severe chamber pressurization than
the first vent. The two-stage framework shown in Figure 5, therefore, helps distinguish the
relatively early pressure-relief event from the later oxygen-coupled escalation stage that
dominates the overall thermal and pressure hazard.

This interpretation also explains why the first vent temperature is relatively insensitive
to ambient oxygen concentration, whereas the post-vent peak temperature and chamber
pressure depend strongly on oxygen availability. The first vent is controlled mainly by
internal gas generation and vent opening, while the second stage is governed to a much
greater extent by gas-phase mixing and oxidation outside the cell.

It should also be noted that the vent-jet temperature was measured in a highly dynamic
environment involving hot gases, luminous combustion, particles, and possible sparks.
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Under such conditions, thermocouple readings above approximately 900 °C may be affected
by radiative heating, particle impingement, or transient overshoot and should, therefore,
be interpreted as indicative rather than absolute flame temperatures. Nevertheless, the
measured trends remain useful for comparative analysis across oxygen conditions because
all tests were conducted on the same platform with the same sensor arrangement and
operating protocol.

3.2. Post-Event Mixed Gas Composition and Flammability Characteristics

The composition of gases released during TR under different initial oxygen fractions
is summarized in Figure 6. The dominant gaseous products were Hp, CO,, CO, CHy, and
C,Hy4, while species with measured volume fractions below 1% were grouped as “Others.”
Under the 0% O, condition, the total molar quantity of gas generated was estimated to be
approximately 6.02 mol using the ideal-gas relation expressed by Equation (4) [35]. This
oxygen-free condition provides a useful baseline because the measured products mainly
reflect internal decomposition and pyrolysis inside the cell, without additional oxidation
by ambient oxygen.

PV =nRT 4)

where, P is the absolute gas pressure, V is the volume of the reaction container, R is the
universal gas constant, and T is the thermodynamic absolute temperature.

Figure 6. Dry composition of post-event mixed chamber gas after thermal runaway of NCM811 cells
under different initial oxygen fractions.

3.2.1. Effect of Oxygen Fraction on Post-Event Mixed Gas Composition

Across all oxygen conditions, carbon oxides remained the major species in the post-
event mixed dry gas, but their relative proportions changed systematically with the initial
oxygen fraction. Under 0% O,, combustible gases accounted for 23.32 vol% of the total
vented mixture, including 15.56 vol% reducing gases (H; + CO) and 7.76 vol% light hydro-
carbons (CHy + CyHy + CoHg). The characteristic ratios under this condition, including
CO,/CO=1.34,CoH4/CyHg =3.71, and H, /CO = 0.82, suggest that, under the 0% O, condi-
tion, the post-event mixed gas retained a strongly fuel-rich character dominated by products
associated with internal decomposition and pyrolysis under oxygen-free conditions.

As the initial oxygen fraction increased, the post-event mixed gas shifted toward
a more oxidized residual composition. In particular, the CO,/CO ratio increased from
1.34 at 0% O, to 4.27 at 20% O,, which is consistent with a greater apparent extent of
oxidation before final gas sampling. By contrast, the CoHy/C,Hg ratio decreased from
3.71 to 3.09, while the H, /CO ratio showed a non-monotonic trend. Because the present
measurements were obtained only after chamber cooling and mixing, these ratio changes
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should be interpreted as differences in the final residual gas state rather than direct evidence
of transient in situ reaction pathways during the chamber event.

The total combustible fraction also exhibited a non-monotonic dependence on oxy-
gen concentration, reaching a maximum of 23.81 vol% at 5% O, and then decreasing to
17.35 vol% at 20% O,. This result indicates that weak oxygen dilution does not simply
reduce the combustible fraction in the final mixed gas. Instead, under the present sampling
protocol, the 5% O, condition was associated with a more fuel-rich residual-gas composi-
tion, whereas higher oxygen fractions were associated with a lower residual combustible
fraction and a higher CO,/CO ratio in the post-event chamber gas.

The observed differences in residual-gas composition are consistent with different
overall extents of oxygen involvement during the event. However, because the present
gas samples represent post-event mixed dry gas rather than time-resolved vent-plume
samples, these results should not be interpreted as direct resolution of transient combustion
chemistry or short-lived intermediates. Instead, they provide a comparative description of
how the final chamber gas state varied with the initial oxygen fraction.

3.2.2. Flammability Implications of the Vent-Gas Mixture

To evaluate the practical fire and explosion implications of the post-event mixed gas,
the flammability limits of the combustible sub-mixture were estimated using Le Chatelier’s
mixing rule. First, the combustible species under each condition were normalized to obtain
their volume fractions within the combustible fraction only, denoted as y;. The lower
flammability limit (LFLyix) and upper flammability limit (UFLyix) of the mixture were then
calculated using Equation (5) [4]:

LFLyy 4 LFL; UFLyy “ UFL

1 Yi 1 Yi 5)

where y; is the normalized volume fraction of combustible component i, and LFL; and
UFL; are the lower and upper flammability limits of the pure component in air, respec-
tively. In this calculation, non-combustible or background species, including Ny, CO,, O,,
and “Others,” were excluded from the weighted sum and treated as diluent or oxidizing
background gases. The literature values of LFL; and UFL; for Hy, CO, CHy, CoHy, and
other combustible species were taken from representative published data.

Because the present experiments were conducted under different initial oxygen frac-
tions rather than standard air, a simplified oxygen-concentration correction was further
introduced to qualitatively account for the effect of reduced oxygen availability on the
flammability limits. Taking 20.95% O as the oxygen content of normal dry air, the corrected
flammability limits were expressed by Equation (6):

20.95 20.95

LFLcorr = LFLix X =, UFLcorr = UFLpix X ——
O2 init O2,init

(6)

where LFLcorr and UF Lo are the oxygen-corrected lower and upper flammability lim-
its, respectively, and Oy jnit is the initial oxygen volume fraction (vol%) in the chamber
atmosphere. This treatment is intended as a first-order engineering correction for com-
paring different oxygen conditions. It does not replace direct measurements of limiting
oxygen concentration or explosion limits under non-standard atmospheres. Accordingly,
the corrected values should be interpreted mainly in a comparative sense.

Based on the corrected flammability limits, the overall flammability range of the
vent-gas mixture was calculated using Equation (7):

Hp = UFL — LFL 7)
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where Hr is the flammability range, and UFL and LFL represent the corrected upper and
lower flammability limits of the gas mixture, respectively. The variation in Hg with initial
oxygen fraction is shown in Figure 7 together with the measured peak chamber pressure.
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Figure 7. Calculated flammability range of the vent-gas mixture and measured peak chamber pressure
as a function of initial oxygen fraction.

As shown in Figure 7, the flammability range decreased monotonically with increasing
initial oxygen fraction. Across the full range from 0% to 20% O,, Hp contracted by 7.30 vol%,
corresponding to a reduction of approximately 22.5% relative to the 0% O, case. The
contraction was most pronounced in the 5-15% O, interval, whereas the changes in the
0-5% and 15-20% O, intervals were comparatively modest. Overall, Hr decreased by about
0.389 vol% for every 1% increase in initial oxygen concentration.

A more detailed examination shows that the reduction in HF was governed mainly by
a decrease in the upper flammability limit rather than by changes in the lower flammability
limit. Specifically, the UFL decreased from 37.52 vol% at 0% O, to 29.86 vol% at 20%
O,, whereas the LFL remained close to 5 vol%, with only minor fluctuations. This result
is physically consistent with the measured gas-composition trends: increasing oxygen
concentration reduced the final H; fraction while increasing the proportion of diluent
species such as CO,. Because hydrogen strongly broadens the fuel-rich combustion regime,
its reduction primarily compresses the upper flammability boundary, while the lower
boundary remains comparatively stable.

This finding has an important safety implication. A narrower flammability range at
higher oxygen fraction does not imply a lower overall hazard. On the contrary, under
the present test conditions, higher oxygen availability enhanced post-vent combustion,
increased vent-jet temperature, and greatly amplified chamber overpressure, as shown in
Section 3.1. Thus, the final hazard reflects two coupled but distinct factors: the composition
of the residual mixed gas and the actual combustion intensity during and immediately
after venting. In other words, the oxygen-rich cases produced a somewhat less fuel-rich
final gas composition but a much more severe combustion event.

The Le Chatelier-based analysis presented here should be regarded as a comparative
engineering estimate rather than an exact determination of explosion limits under TR
conditions. The gas samples were collected after the event, after cooling and mixing
within the chamber, and, therefore, represent post-event mixed dry gas rather than the
transient hot vent stream at the moment of release. In addition, the oxygen-correction
approach used in Equation (6) is heuristic and becomes less rigorous under strongly oxygen-
deficient conditions.
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Accordingly, the calculated LFL, UFL, and Hy values are most useful for identifying rel-
ative trends across oxygen conditions rather than for defining absolute ignition boundaries.
A more rigorous assessment would require dedicated flammability measurements under
controlled pressure, temperature, and oxygen concentration. Nevertheless, the present
analysis remains valuable because it links the measured gas composition to practical hazard
interpretation and helps explain why residual-gas composition and actual event severity
do not necessarily vary in the same direction.

3.3. Oxygen Participation, Heat Release, and Their Mechanistic Implications

As shown in Figure 6, the post-event mixed gas remained significantly combustible
even under oxygen-free conditions, indicating that substantial combustible products gener-
ated during thermal runaway were still present in the chamber after the event. If sufficient
oxygen was available during the chamber event and the subsequent chamber event, part of
this combustible inventory could have been consumed by secondary oxidation. Therefore,
rather than resolving transient plume chemistry directly, the present analysis estimates the
apparent extent of oxygen participation from the final chamber gas composition.

3.3.1. Influence of Oxygen Fraction on Oxygen Participation and Gas-Phase Oxidation

In the present system, the oxygen available for post-vent oxidation originated pre-
dominantly from the initial chamber atmosphere. The contribution of oxygen contained in
the vented gas itself was negligible and was, therefore, ignored. Under the assumption of
isothermal and isobaric initial conditions (25 °C and 1 atm), the initial amount of oxygen in
the chamber was calculated from the chamber volume and the prescribed initial oxygen
fraction. To determine the total amount of gas remaining after thermal runaway, N, was
used as an internal reference because it did not participate significantly in the reactions and
its molar quantity could be treated as conserved. By combining the measured post-test gas
composition with the initial chamber conditions, the amount of oxygen consumed during
the event was estimated.

To quantify the extent of environmental oxygen involvement, an oxygen-participation
parameter, 7, was introduced in Equation (8):

nOz,consumed
= —Quconsumed ®)
noz,avallable

where 10, consumed 18 the amount of oxygen consumed during post-vent reactions and
10,,available 18 the total amount of oxygen initially available in the chamber atmosphere. By
definition, # ranges from 0 to 1. A higher value of # indicates that a larger fraction of the
accessible oxygen was involved in oxidation of the vented combustible gases.

It should be noted that the oxygen-participation parameter, 1, was derived from the
post-event mixed dry gas composition rather than from time-resolved sampling of the tran-
sient hot vent plume. Therefore, 77 should be interpreted as an apparent, event-integrated
descriptor of oxygen utilization under the present sampling protocol. In principle, the
estimated 7 value may be influenced by gas-sampling time, chamber cooling, conden-
sation of part of the vent products, and continued mixing of the chamber atmosphere
before sampling. However, because all tests were conducted using the same chamber,
cooling procedure, and post-event sampling protocol, the resulting bias is expected to be
systematic across conditions. Accordingly, # remains suitable for comparative analysis of
oxygen-participation trends under different initial oxygen fractions, although it should
not be interpreted as the exact instantaneous oxygen-consumption fraction during the
chamber event.
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This parameter provides a practical bridge between gas-composition data and combus-
tion severity. Unlike a simple description of residual O, concentration, # directly expresses
the utilization efficiency of available oxygen under a given atmospheric condition and, there-
fore, offers a more physically meaningful basis for comparing oxygen-diluted scenarios.

The results indicate that the initial oxygen fraction strongly affected the extent of
gas-phase oxidation during and after venting. In general, decreasing the initial oxygen
fraction increased the retention of combustible species such as H, and CO while reducing
the yield of the fully oxidized product CO;. For example, as the oxygen fraction decreased
from 20% to 10%, the CO fraction increased markedly, whereas the H; fraction remained
appreciable. When oxygen was further reduced to 5% and 0%, the H; fraction increased
further, indicating that hydrogen oxidation was increasingly inhibited under oxygen-
deficient conditions. At the same time, the CO, fraction declined substantially, confirming
that the apparent shift in residual composition intermediate species to fully oxidized
products became progressively less complete.

These results also suggest a threshold-like change around 10% O, in the final chamber-
gas state and in the inferred oxygen-participation metric. When the initial oxygen fraction
was below this level, the post-event mixed gas remained more fuel-rich, and # remained
relatively low. At higher oxygen fractions, # increased, and the residual-gas composition
shifted toward a more oxidized state. This trend is consistent with the stronger temperature
rise and chamber overpressure observed in Section 3.1, but it should not be overinterpreted
as direct time-resolved combustion-pathway evidence.

In this sense, 17 serves as a practical comparative descriptor linking the final gas
composition to the macroscopic severity of the chamber event. It reflects the net outcome
of oxygen availability and event-scale oxidation under the present protocol rather than
resolving detailed flame structure, local mixing, or short-lived intermediates.

3.3.2. Apparent Shift in Residual Composition Oxygen Consumption into Heat Release

To estimate the thermal contribution associated with environmental oxygen uptake, the
oxygen-consumption calorimetry concept was adopted. Following the Huggett/Thornton
approach, the heat released through oxygen-involved combustion was approximated as
proportional to the amount of oxygen consumed [36,37]. Thus, the combustion heat release
attributable to oxygen participation was calculated using Equation (9):

Q = N0,,consumed X Ah02 (9)

where Q is the heat released by oxygen-involved combustion (k]), 70, consumed is the
amount of oxygen consumed (mol), and Ahg, is the equivalent heat release per mole
of oxygen consumed.

In this study, Ao, was taken as 419.2 + 48.0 kJ-mol~! O,, corresponding to the
commonly used Huggett/ Thornton coefficient of 13.1 & 1.5 MJ-kg ! O,. The calculated
heat release is shown in Figure 8. It should be emphasized that this value represents only
the heat associated with oxygen-involved post-vent combustion and does not include
the intrinsic exothermic decomposition of cell materials under inert conditions. For each
oxygen condition, three repeated tests were conducted primarily to verify repeatability and
confirm the absence of obvious systematic deviation in the observed oxygen-dependent
trends. Accordingly, Equation (10) is presented only as an empirical fit to the tested
conditions and should not be interpreted as a general predictive relationship.
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Figure 8. Effect of initial oxygen fraction on oxygen participation (1) and oxygen-involved heat
release during post-vent combustion.

As shown in Figure 8, the heat release estimated from apparent environmental oxygen
consumption increased strongly with initial oxygen fraction over the range of 5-20% O,. A
near-linear relationship was expressed by Equation (10):

Q ~ 21.33 X Opinit(vol%) — 42.72, R? ~ 0.93 (10)

where O; it is the initial oxygen fraction in the chamber atmosphere. This empirical rela-
tion characterizes the sensitivity of post-vent combustion heat release to oxygen availability
within the tested range and should not be extrapolated to the 0% O, condition.

Quantitatively, the calculated heat release reached approximately 435 kJ at 20% O,
but dropped to about 124 k] at 10% O, and 48.7 k] at 5% O,. Relative to the 20% O,
case, this corresponds to reductions of about 72% and 89%, respectively. These results
indicate that oxygen dilution is highly effective in reducing the heat release estimated from
environmental oxygen uptake during the chamber event, even though it does not prevent
the initial internal onset of thermal runaway:.

The oxygen-participation parameter, #, increased significantly with oxygen concen-
tration, rising from 22.7% at 5% O, to 50.8% at 20% O,. This trend shows that oxygen
availability controls not only the magnitude of heat release but also the efficiency with
which the released fuel can be oxidized. In oxygen-rich atmospheres, the vented plume can
sustain more complete combustion, producing both higher 7 and higher Q. By contrast,
in oxygen-deficient atmospheres, combustion is restricted by limited oxidizer supply and
reduced flame stability, so both oxygen utilization and heat release remain low.

Figure 8, therefore, provides more than a calculation result; it offers a mechanistic
interpretation of why chamber pressure and vent-jet temperature increased so strongly with
oxygen fraction in Section 3.1. Greater oxygen participation means more intense secondary
combustion, stronger gas heating, and larger thermal expansion of the chamber contents.
In this sense, 77 can be understood as an intermediate descriptor linking gas composition to
macroscopic hazard metrics such as pressure rise and near-field thermal severity.

From an engineering perspective, the identified ~10% O, threshold may serve as a
design-relevant reference for oxygen-control strategies in battery enclosures rather than a
universal safety limit. Under the present test conditions, reducing the accessible oxygen
fraction to about 10 vol% or below markedly suppressed secondary combustion heat
release and chamber overpressure, suggesting that enclosure inerting or oxygen dilution
could be effective for limiting escalation after cell venting. For practical battery-pack or
energy-storage-cabinet design, this means that maintaining the local accessible oxygen
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concentration below this level during a thermal-runaway event may help reduce the risk of
violent post-vent combustion and pressure buildup. However, this threshold should not be
interpreted as complete hazard elimination because thermal runaway can still occur and
localized near-vent thermal exposure may remain significant. Therefore, oxygen control
should be combined with vent routing, thermal shielding, and pressure-relief design to
achieve robust system-level safety.

The present oxygen-participation analysis is intended as a practical engineering frame-
work rather than a full combustion-resolution model. Several limitations should, therefore,
be noted. First, the gas compositions used in the analysis were obtained from post-event
mixed chamber samples rather than time-resolved measurements of the transient vent
plume. Second, the Huggett/Thornton coefficient represents an equivalent heat-release
approach and may not fully capture the detailed chemistry of mixed H, /CO/hydrocarbon
combustion under battery-fire conditions. Third, the method quantifies only the heat asso-
ciated with environmental oxygen uptake and does not include the intrinsic exothermic
decomposition of the battery itself. Despite these limitations, the analysis remains useful be-
cause it provides a consistent way to compare oxygen-diluted atmospheres and to identify
the oxygen ranges most relevant to combustion escalation and overpressure control.

4. Conclusions

This study systematically examined the influence of initial oxygen fraction on vent-gas
composition and thermo-pressure responses during thermal runaway of 58 Ah prismatic
NCMBS11 cells in a sealed chamber. The main conclusions are as follows:

1. The first vent occurred reproducibly at a cell surface temperature of about 155 °C
under all oxygen conditions, followed by thermal runaway onset at about 170 °C.
These early events were governed mainly by internal cell reactions and were only
weakly affected by ambient oxygen concentration;

2. Oxygen concentration had a strong effect on post-vent hazard escalation. As the
initial oxygen fraction increased from 0% to 20%, the peak vent-jet temperature rose
from 353 to 1172 °C, and the peak chamber pressure increased from 90.7 to 523.1 kPa,
confirming that oxygen mainly controls the severity of secondary combustion rather
than the initiation of runaway;

3. Hp, CO,, CO, CHy, and CyHy were the dominant species in the post-event mixed
dry gas. Lower oxygen fractions were associated with a more fuel-rich residual-gas
composition and broader calculated fuel-rich flammability ranges, whereas higher
oxygen fractions were associated with a more oxidized residual-gas state and a higher
CO, /CO ratio;

4. Under the present test conditions, limiting accessible oxygen to about 10% or below
substantially suppressed secondary combustion and pressure buildup, although
localized near-field thermal hazards could still remain. The ~10% O level should,
therefore, be regarded as a condition-specific design reference, and oxygen control
should be combined with vent management and thermal protection.

The oxygen-participation metric, #, offers a practical descriptor for linking oxygen
availability to post-vent heat release and pressure escalation in confined battery environ-
ments. These findings provide condition-specific quantitative guidance for oxygen-control,
enclosure inerting, and post-vent hazard mitigation in confined battery environments
similar to those tested here.
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Abbreviations

The following abbreviations are used in this manuscript:

DMC Dimethyl carbonate, C3HgO3
EMC Methyl ethyl carbonate, C4;HgO3
cc-cv Constant current-constant voltage
NCMS811 Li(NiOBCOO_lMI’lO.l)OZ

LIB Lithium-ion battery
S0C State of charge
Tg Cell side surface center temperature, °C
Tg Cell jet zone temperatures near the cell safety valve, °C
Ty Heating plate temperature, °C
TR Thermal runaway
UFL Upper flammability limit
LFL Lower flammability limit
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