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Thermal runaway remains a critical barrier to the safe deployment of high-energy lithium-ion batteries.
Here, we establish a unified quantitative framework that integrates intrinsic reaction kinetics with thermal
transport to predict and design cell-level thermal safety. Accelerating rate calorimetry measurements are

employed to resolve temperature-dependent self-heating behaviors across state of charge, providing

direct inputs for a physics-based thermal model that captures both internal conduction and boundary

convection. Systematic variation of state of charge, surface-to-volume ratio, and convective intensity

reveals a distinct critical temperature separating stable and runaway regimes, enabling construction of

a comprehensive thermal safety boundary. We show that the surface-to-volume ratio, rather than aspect
ratio, serves as the fundamental geometric parameter governing temperature uniformity and heat

dissipation. A dimensionless thermal safety criterion is further derived, explicitly linking self-heating to

dissipation and allowing direct estimation of safe operating limits without reliance on full CFD
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1 Introduction

Lithium-ion batteries (LIBs) underpin the rapid expansion of
electric vehicles and stationary energy storage systems, placing
them at the heart of the global energy transition. However, their
susceptibility to safety issues, particularly thermal runaway
(TR), a self-accelerating failure process that can culminate in
fire or explosion, remains a critical barrier to large-scale
deployment.*?

Thermal runaway arises from a cascade of highly exothermic
reactions that destabilize the electrochemical system once
internal heat generation surpasses heat dissipation.® Significant
progress has been made in characterizing these reactions at the
materials level (e.g., solid-electrolyte interphase decomposi-
tion, electrolyte oxidation, cathode oxygen release)**® and the
component level (e.g., electrode-electrolyte interfaces, current
collectors, separators).”*® Advanced diagnostic tools such as
accelerating rate calorimetry (ARC),"”*° differential scanning

calorimetry (DSC),"** and in situ imaging and gas analysis**?>*
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simulations. This framework transforms thermal safety evaluation from empirical observation to
physics-informed design methodology, bridging mechanistic understanding and
engineering practice to guide safe operation and scalable thermal management of lithium-ion batteries
across chemistries, geometries, and cooling configurations.

have revealed the temporal sequence, onset temperatures, and
energetics of these reactions. Complementary propagation
studies have further elucidated how localized instabilities
evolve into full-cell runaway by coupling reaction kinetics, heat
generation, and thermal transport.”**° Collectively, these
investigations have established a detailed mechanistic under-
standing of TR initiation and evolution.

At the cell scale, however, thermal runaway is governed not
only by chemical reactivity but by the dynamic competition
between internal heat generation and external heat dissipation.
This balance is strongly influenced by state of charge (SOC),*
intrinsic thermal conductivity and anisotropy,* and boundary
cooling conditions.*> When self-heating exceeds heat dissipa-
tion, nonlinear positive feedback leads to rapid temperature
escalation. Although prior studies have proposed critical
temperatures or heat generation thresholds,**¢ such criteria
are typically geometry- or condition-specific. For instance, while
geometric metrics like the aspect ratio are often used to char-
acterize cell shape, they primarily describe the internal heat
conduction distance. They fail to capture the fundamental
competition between volumetric heat generation and surficial
heat dissipation. Recently, data-driven approaches, particularly
machine learning, have emerged as promising tools for pre-
dicting thermal runaway risks by learning complex nonlinear
patterns from large datasets.*” In this light, combing data-
driven insights with physics-based transport laws offers
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a robust pathway for safety prediction. Consequently, a unified,
quantitative, and physically grounded thermal safety criterion
that incorporates capacity, geometry, and environmental factors
remains elusive.

To address this gap, we develop a comprehensive framework
that explicitly couples intrinsic heat generation with external
heat dissipation to construct a mechanistic thermal safety
boundary for cylindrical LIBs. First, intrinsic self-heating
behavior across SOCs is experimentally quantified using ARC
under adiabatic conditions, providing temperature-dependent
heat generation profiles. These data are integrated into
a three-dimensional thermal model that resolves internal
conduction and boundary convection under varying cooling
intensities. By systematically varying SOC, surface-to-volume
ratio, and convective heat transfer coefficient, we identify the
critical temperature separating stable and runaway regimes. To
generalize these discrete results, a random forest model is
trained to construct a continuous, predictive thermal safety
boundary. Finally, inspired by Semenov's thermal explosion
theory, we derive a dimensionless thermal safety criterion (TSC)
that quantitatively balances self-heating and dissipation,
enabling rapid estimation of safe operating limits without full
computational fluid dynamics (CFD) simulations.

Unlike case-specific thresholds or purely empirical
approaches, this unified kinetic-thermal framework is physics-
informed, scalable, and directly applicable to design. By inte-
grating experimental calorimetry, numerical modeling,
machine learning, and theoretical analysis, this work trans-
forms thermal safety evaluation from empirical observation
into a predictive, design-oriented methodology for assessing
and optimizing the thermal stability of lithium-ion batteries
across chemistries, geometries, and cooling strategies.

2 Thermodynamics of thermal
runaway

2.1. Thermal runaway characteristics

The TR behavior of a commercial 18650 NCM cylindrical cell
was evaluated using ARC under adiabatic self-heating condi-
tions representative of worst-case failure scenarios. Prior to
testing, the cell's physical properties and cycling consistency
were verified to ensure data reliability (Fig. S1).

Despite differences in stored energy, all cells follow four
characteristic stages: (1) heat-wait-seek, (2) self-heating, (3)
venting, and (4) runaway. However, the onset temperature of
self-heating is strongly SOC-dependent (Fig. 1(a)). At 100% SOC,
self-heating begins near 48 °C, whereas at 0% and 50% SOC it is
delayed until 100 °C, reflecting the increased reactivity of high-
energy cathode, electrolyte, and anode interfaces at elevated
SOCs. In the meantime, the transition temperature to runaway
decreases with increasing SOC, reflecting that enhanced reac-
tivity has a consistent trend that aligns with the four stages. The
peak temperature during runaway exceeds 370 °C. It is noted
that the recorded maximum temperatures across different SOCs
are similar. However, this is attributed to the mechanical
detachment of the thermocouples caused by violent gas release
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and combustion, which prevents the capture of the true
maximum temperature. Nevertheless, the kinetic parameters
derived from the earlier self-heating phase remain continuous
and reliable, providing sufficient input for the thermal safety
model.

The corresponding temperature rise rates (Fig. 1(b)) reveal
the dynamic nature of the runaway process. Below 100 °C, the
temperature evolution is dominated by ARC's controlled heat-
ing protocol. Once self-heating initiates, the rate increases
exponentially with temperature, reflecting the kinetic accelera-
tion of exothermic reactions. At comparable temperatures,
higher SOCs exhibit markedly steeper rise rates, confirming that
cells sorting more energy not only generate more heat but also
accelerate feedback-driven instability.

Prior to self-heating, heat is externally supplied and partially
dissipated through the cell surface (Fig. 1(c)). Once self-heating
begins, external heating is disabled and the system transitions
to a quasi-adiabatic state, where temperature evolution is gov-
erned almost entirely by internal reaction kinetics. Pre- and
post-test photographs further confirm severe deformation and
rupture, consistent with rapid internal pressure buildup during
the runaway event (Fig. 1(c)). The measured temperature rise
rate was then converted into the heat generation rate using

AT
Qgen = mcy A_l (1)

where m is the cell mass and ¢, is the specific heat capacity
(measured in SI Section 1). This transformation enables direct
quantification of intrinsic reaction power as a function of
temperature. To capture the nonlinear thermal behaviors, the
heat generation profiles were fitted using a piecewise function,
linear in the low-temperature regime and exponential beyond
the onset of self-heating. These temperature-dependent
expressions were subsequently used as physically grounded
heat source term in the numerical simulations. It is acknowl-
edged that this formulation correlates heat generation solely
with temperature, effectively treating the reaction kinetics as
zero-order with respect to reactant concentration. While this
simplifies the complex multi-step depletion mechanisms, it
provides a conservative upper bound for heat generation. For
the specific purpose of identifying the critical safety boundary,
this approach ensures that the predicted safe operating limits
are robust, as they do not rely on reactant consumption to aid
stabilization.

2.2. Determination of critical temperature

A numerical simulation framework was developed to resolve the
coupled thermal processes governing the transition between
stabilization and runaway. The model captures internal
conduction and surface convection under externally imposed
initial temperature conditions. Throughout the simulations,
the ambient temperature T,y was fixed at 25 °C, while the
initial cell temperature T, was systematically varied to deter-
mine the stability threshold. It is also worth noting that the
simulations are initialized with a uniform temperature field,
whereas real-world abuse scenarios often involve thermal
gradients. This uniform initialization serves as a conservative

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Thermal runaway characterization of a commercial 18650 NCM cell using ARC. (a) Temporal evolution of cell temperature at different
states of charge (SOC = 0%, 50%, and 100%) under adiabatic conditions, revealing four characteristic stages: (1) heat—wait—seek, (2) self-heating,
(3) venting, and (4) runaway. The onset of self-heating shifts to lower temperatures with increasing SOC, while the runaway transition consistently
occurs near 150 °C. (b) Corresponding temperature rise rate (AT/At) profiles showing the exponential escalation of self-heating as the system
transitions from controlled heating to thermally unstable regimes. Insets illustrate the experimental setup and post-run deformation of the cell.
(c) Schematic depiction of the TR sequence and associated energy redistribution processes, from pre-test to post-run conditions. The sequence
highlights the transition from external heating to internally driven reaction-dominated runaway, consistent with observed structural failure and

ejection following combustion.

design assumption. The thermal properties of the cell, aniso-
tropic thermal conductivity (Fig. S2 and S3) and specific heat
capacity (Fig. S4) have been carefully measured. The grid and
time-step independence have been verified (Fig. S5). To deter-
mine the threshold for thermal failure, the initial cell temper-
ature was systematically varied in 1 °C increments. For each
numerical simulation, a virtual probe recorded the peak
temperature in the domain, enabling classification of the final
state as either chill down or runaway.

For a 100% SOC 18650 cell subjected to convective coeffi-
cients of 1, 5, and 20 W m > K !, representative initial
temperature windows of 126-131 °C, 151-156 °C, and 168-173 ©
C were examined, respectively (Fig. 2(a)-(c)). Two distinct
regimes emerged. In the runway regime, internal thermal
feedback dominated, and the temperature diverged rapidly. In
the chill-down regime, the cell cooled back to equilibrium as
heat removal dominated over self-heating. Additionally,
Fig. 2(d)-(f) present the temporal evolution of the maximum
temperature for three representative cases: prior to runaway
initiation, at the onset of thermal runaway, and during the
stabilization phase of chill-down. The critical temperature T,
was thus defined as the highest initial condition that still
results in stabilization, providing a quantitative boundary
between safe and unsafe thermal trajectories.

To clarify the underlying physics, three representative states
were extracted from the simulations (Fig. 2(g)-(i)). In the pre-
runaway stage (h = 1 W m > K™', T, = 130 °C), internal
temperature ranged only from 160 °C to 172 °C, indicating
efficient heat redistribution through conduction and moderate

This journal is © The Royal Society of Chemistry 2026

surface losses. Once the runaway was triggered, the peak
temperature surged to 250 °C within seconds, and
a pronounced spatial gradient emerged, signifying strong
positive feedback and loss of thermal equilibrium. In contrast,
under high convection (A = 20 W m > K, T, = 168 °C), the
system remained thermally stable and nearly isothermal, with
<0.2 °C variation across the domain.

These results clearly demonstrate that the transition
between stabilization and runaway is governed by the interplay
between intrinsic reaction kinetics and external heat removal
capacity. The identified 7. thus serves as a mechanistic indi-
cator of the boundary separating self-limiting and self-
accelerating thermal responses in lithium-ion cells.

3 Interplay of heat dissipation and
geometry in thermal stability

Beyond SOC, thermal stability in lithium-ion cells is strongly
governed by two system-level factors: the external thermal
environment and the cell geometry. The former dictates the rate
of heat removal through surface convection, while the latter
influences both internal temperature uniformity and the effi-
ciency of boundary-mediated dissipation.

During external heating, the front develops in an irregular,
nonuniform pattern due to the nonlinear temperature depen-
dences of reaction kinetics (Fig. 3(a) and (b)). In contrast, during
cooling, the front becomes elliptical, shaped by the near-linear
decay of temperature and the intrinsic anisotropy of thermal
conductivity within the jelly-roll structure. This directional
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Fig.2 Numerical determination of the critical temperature separating thermal runaway from stabilization in a cylindrical 18650 NCM cell. (a)-(c)
Simulated temperature evolution showing the transition between thermal runaway and chill-down regimes at convective heat transfer coef-
ficients of (a) 1, (b) 5, and (c) 20 W m~2 K. Each case compares two representative initial temperatures (To), with the red-shaded region
indicating runaway and the blue-shaded region indicating stabilization. (d)-(f) Temporal evolution of peak temperature (Tmay) for three repre-
sentative cases: (d) before triggering, (e) at the onset of thermal runaway, and (f) during chill-down stabilization. (g)—(i) Temperature contour
snapshots for three representative cases: (g) before triggering, (e) at the onset of thermal runaway, and (f) during chill-down stabilization.

dependence underscores that thermal runaway onset is not
purely kinetically controlled but also governed by spatial heat
transport. Increasing the external heat transfer coefficient shifts
the system toward greater stability, raising the threshold for
runway (Fig. 3(c)). However, beyond approximately 20 W m >
K™', further increases yield diminishing returns, marking
a practical upper limit for forced-air cooling in realistic designs.
Beyond this threshold, geometric or material-level optimization
is required to achieve additional safety margins.

While the aspect ratio has been widely used to describe
geometric effects in prior studies, impacting heat spreading,*®
propagation velocity,* and convective performance,*** it treats
geometry primarily as a shape descriptor and does not explicitly
couple internal transport with external removal. This raises the
question of whether the aspect ratio can serve as a universal
indicator when heat release and thermal extraction act simul-
taneously. The surface-to-volume ratio (S/V) provides a more
physically grounded metric, as it directly represents the balance
between heat accumulation and the surface-mediated dissipa-
tion. Its relevance has been demonstrated in systems ranging

6654 | J Mater. Chem. A, 2026, 14, 6651-6662

from biological heat regulation to ionic transport in electro-
chemical cells.*® It is acknowledged that due to the aniso-
tropic thermal conductivity of LIBs, the aspect ratio influences
the internal heat conduction path and temperature uniformity.
However, for the determination of the critical thermal safety
boundary, the global energy balance is paramount. Since
intrinsic heat generation is volumetric while dissipation is
surficial, the competition between these two fluxes is mathe-
matically governed by the surface-to-volume ratio (S/V). Conse-
quently, laboratory-scale runaway studies have linked S/V to the
rate of temperature escalation,” confirming its role as the
dominant geometric criterion for macro-scale safety evaluation.
Theoretical modeling (Fig. S6) and parametric investigations
(Fig. S7) further confirm that S/V intrinsically governs the
transient thermal response of reactive solids.*®

To isolate the impact of geometric configuration on thermal
stability, the parametric study in Fig. 3(d) and (e) was conducted
under a constant total volume constraint. Consequently, the
total heat generation power remained identical across all cases,
ensuring that the variations in temperature distribution were

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Influence of convective intensity and geometric configuration on thermal stability of cylindrical lithium-ion cells. (a) and (b) Spatio-

temporal evolution of internal temperature fields during (a) external heating and (b) subsequent cooling, showing the progression and regression
of thermal fronts. The shape transition from irregular to elliptical contours reflects the nonlinear temperature dependence of reaction kinetics
and anisotropic thermal conductivity in the jelly-roll structure. (c) Variation of the critical temperature (T.) with convective heat transfer coef-
ficient (h) across different states of charge (SOCs). Enhanced convection raises the stabilization threshold, with diminishing returns beyond
=20 Wm 2 K™% (d) and (e) Effect of cell diameter (r = 3, 6, and 9 mm) on temperature evolution during (d) heating and (e) cooling. Insets show
corresponding cross-sectional temperature distributions, where smaller radii (larger surface-to-volume ratio) yield more uniform internal
temperatures and reduced core heating. (f) Dependence of the critical temperature on surface-to-volume ratio (S/V) at a fixed convective
coefficient (h = 1 W m~2 K™%). Higher S/V ratios improve heat dissipation and delay the onset of runaway across all SOCs, establishing S/V as

a unified geometric parameter governing the coupling between heat redistribution and boundary-mediated cooling.

driven solely by the differences in internal thermal conduction
resistance and surface dissipation area, rather than variations
in total thermal energy. Across all SOCs, the critical temperature
increases monotonically with S/V, demonstrating that the
enhanced surface accessibility improves both energy dissipa-
tion and temperature homogenization. Collectively, these
results establish S/V as a unified geometric parameter that
captures the coupled effects of heat redistribution and
boundary interaction, enabling more accurate prediction and
design of thermal safety thresholds than aspect ratio alone. It is
worth noting, however, that the metric assumes the internal
heat transport is sufficient to utilize the available surface area.
In cell geometries with extreme aspect ratios, such as very
elongated or extremely flat configurations, the significant
thermal anisotropy could lead to directional heat transfer
bottlenecks. In such limit cases, the preferred direction of heat
flow might decouple the effective cooling area from the total

This journal is © The Royal Society of Chemistry 2026

surface area, potentially complicating the single dependence on
S/V. Nevertheless, for standard cylindrical form factors, S/V
remains the dominant predictor of the global thermal safety
boundary.

4 Predictive mapping of thermal
stability regimes

4.1. Construction of the thermal safety boundary

Using the validated simulation dataset spanning SOC, convec-
tive intensity, and surface-to-volume ratio, we constructed
a thermal safety boundary that defines the maximum initial
temperature a cell can withstand without entering runaway. To
generalize discrete simulation outputs into a continuous and
predictive design space, a machine-learning model based on

J. Mater. Chem. A, 2026, 14, 6651-6662 | 6655
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random forest regression was trained and validated (Fig. S8 and
S9).

The trained machine-learning model exhibits strong agree-
ment (R* = 0.977), with >80% of cases within +5% error and
a maximum deviation of 7.54%, demonstrating its robustness
in capturing nonlinear interactions among parameters
(Fig. 4(a)). The feature importance analysis indicates that SOC is
the dominant factor (weight = 0.63) (Fig. 4(b)), reflecting its
control over reaction enthalpy and kinetic intensity. The
convective parameter (weight = 0.32) ranks second, confirming
the substantial impact of thermal management in delaying
runaway onset. Although S/V contributes a smaller global
weight value (0.05) due to the dominance of convective cooling
at high & values, it remains essential in the weak convection
regime typical of passive cooling or failure scenarios. Quanti-
tative analysis of the simulation results (Fig. 3(f)) reveals that at
h=1Wm >K ', increasing S/V from 0.25 to 0.67 m ™" raises the
critical temperature by more than 20 °C at 50% SOC. This
indicates that while geometry is secondary under strong active
cooling, it provides a significant safety margin improvement
when external heat dissipation is limited.

In the resulting thermal safety boundary as a contour map in
the multidimensional parameter space, each contour denotes
a critical temperature corresponding to a specific combination
of SOC, S/V, and convection level (Fig. 4(c)-(e)). This boundary
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provides a direct, design-oriented tool: given operating condi-
tions and cell geometry, one can determine the maximum
allowable temperature without solving the full thermal model.
Conversely, it can be used inversely to identify the minimum
cooling requirement or geometric constraint necessary to
maintain stability. By integrating the coupled influences of
material state, geometry, and environment into a single
predictive framework, the thermal safety boundary bridges
mechanistic insight with engineering practicality, enabling
quantitative design of cell-level safety margins.

4.2. Dimensionless thermal safety criterion

While the thermal safety boundary defines the safe operational
envelope implicitly, practical design requires an explicit, phys-
ically interpretable stability index. To this end, we derive
a dimensionless thermal safety criterion (TSC) grounded in the
fundamental energy balance of a reactive system. According to
Semenov's theory, thermal stability is achieved when the rate of
reaction-driven heat release equals the rate of thermal loss to
the surroundings.*” At the critical temperature T,,;, this steady-
state balance can be expressed as,

Qgen(Tcria SOC) = Quiss(Teri) [2)

Let ggen (T, SOC) denote the volumetric reaction power, so that
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Fig. 4 Machine learning-based temperature prediction and thermal safety boundary mapping. (a) Comparison between machine learning
predictions (T,re) and simulated temperatures (Tgm) for SOC values of 0%, 50%, and 100%. The predicted temperatures exhibit a strong linear
correlation with the simulated data, showing a maximum deviation of 7.54%, with over 80% of values falling within +5%, and R?> = 0.977. (b)
Feature importance of input parameters derived from the trained model. Insets show that SOC has the greatest influence (0.63), followed by the
heat transfer coefficient (h) (0.32) and the surface-to-volume ratio (5/V) (0.05). (c)—(e) Thermal safety boundary mapping across the parameter
space at SOCs of 0% (c), 50% (d), and 100% (e). Insets illustrate that higher SOC, larger surface-to-volume ratio (S/V), and enhanced heat transfer
coefficients (h) broaden the safety boundary, with the maximum safe temperature reaching 237 °C.
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Qgen(Ta SOC) = ngen(Ta SOC) (3)

Assuming convective boundary losses, the corresponding
dissipation term becomes

Qdiss = hS(T - Tamb) (4)

Combining eqn (2)—(4) yields a dimensionless thermal safety
criterion (TSC)

h (;) (Tcri - Tamb)
TSC =

qgen ( Tcri ) SOC)

(5)

which quantifies the balance between dissipation potential and
intrinsic reaction power at the threshold of instability. In an
ideal lumped system, TSC = 1. However, real cells exhibit
temperature gradients, nonuniform kinetics, and spatial heat
losses, leading to deviations that must be calibrated.

To incorporate realistic effects, we refine the criterion using
the previously constructed thermal safety boundary. The ARC-
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derived ggen (Fig. 5(a)) shows a clear dependency on SOC and
increases exponentially above 200 °C. As the heat generation
rate rises, greater convective cooling is required for stabiliza-
tion, highlighting the proportional relationship between dissi-
pation and heat generation (Fig. 5(b)). This aligns with the
proportionality implied by eqn (5), suggesting that ge., and A(S/
VT — Tamp) can be directly regressed. Further, the linear
regression (Fig. 5(c)) (R*> = 0.983) confirms the validity of the
theoretical framework with minor deviations attributed to
replacing surface temperature with the domain maximum in
the calculation of T — Tup. This regression allows for the
derivation of the thermal safety criterion, so that we obtain

TSC = 1.252 (6)

which serves as an effective stability threshold within the
investigated range. It is important to note that while the
mathematical framework of the TSC is derived from funda-
mental energy conservation and is thus applicable to any battery
chemistry, the specific coefficient represents a geometric
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Fig. 5 Development and application of the thermal safety criterion (TSC) and comparison of design workflows. (a) Volumetric heat generation
rate (qgen) @s a function of temperature, showing an exponential rise at elevated temperatures. Insets highlight that qqen increases by orders of
magnitude with higher SOC prior to runaway initiation. (b) Thermal safety boundary illustrating the relationship between convective intensity and
volumetric heat generation at each temperature. For a given temperature, the required heat transfer coefficient (h) scales approximately with
Jgen. reflecting the balance between internal thermal stress and external cooling capacity. (c) Linear regression used to formulate the thermal
safety criterion. The strong linear correlation between ggen and h(S/VI(T — Tamp) (R? = 0.983) confirms their proportionality, while the slight slope
deviation from the diagonal reflects the influence of temperature gradients and non-lumped behavior. (d) Comparison between the conven-
tional thermal safety design workflow and the streamlined approach enabled by the TSC. The proposed method eliminates geometry recon-
struction, mesh generation, and iterative CFD simulations, replacing them with direct data transformation using the TSC, thereby enabling rapid

and scalable thermal safety design.
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correction for the cylindrical jellyroll structure. For systems with
significant different thermal transport properties or geometries,
this coefficient may require recalibration to account for varia-
tion in the Biot number. Crucially, the primary contribution of
this work is the establishment of a systematic methodology to
drive this critical threshold. By following the proposed work-
flow, integrating kinetic parameterization with targeted thermal
simulation, this safety criterion can be determined for diverse
battery chemistries and form factors.

This criterion enables a direct pathway to construct thermal
safety boundaries without repeated numerical simulations
(Fig. 5(d)). Traditionally, determining safe operating limits
required extensive meshing, CFD execution, and iterative
tuning. In contrast, once ggn(7) is derived from ARC data, the
TSC allows immediate calculation of the required product A(S/
V) for a target allowable temperature. Engineers can therefore
invert the criterion to determine the minimum cooling
requirement or optimal geometry needed to prevent runaway.

By distilling a complex thermo-kinetic process into a concise,
physics-informed stability index, the dimensionless thermal
safety criterion provides a unified tool for cell design, cooling
strategy optimization, and rapid safety evaluation across
chemistries, geometries, and operational environments.

5 Conclusions

This study establishes a unified and quantitative framework for
predicting and designing thermal safety in cylindrical lithium-
ion cells by integrating experimentally derived self-heating
behavior with numerical simulation and data-driven
modeling. Using ARC to capture intrinsic reaction kinetics, we
resolved the coupled interaction between internal thermal
feedback and external heat removal across a wide design space

Airflow generation

Battery under test

(e) Experimental validation

View Article Online

Paper

of state of charge, convective environment, and geometric
configuration. From these results, we constructed a thermal
safety boundary, identified surface-to-volume as a physically
meaningful geometric descriptor, and derived a dimensionless
thermal safety criterion that directly links fundamental thermal
processes to practical design constraints. Collectively, these
advances provide a mechanistic, scalable, and design-oriented
pathway for preventing thermal runaway in high-energy
lithium-ion cells.

5.1. Construction of a thermal safety boundary

Over 300 simulations were performed to identify the critical
temperature that separates thermal runaway from stabilization
across SOC (0-100%), convection (1-50 W m~> K '), and
geometry. A random forest model accurately predicted these
outcomes (R* = 0.977, max deviation 7.54%, >80% within 5%),
capturing nonlinear interactions between parameters. Feature
importance analysis showed SOC as the dominant factor (0.63),
followed by convective intensity (0.32) and geometry (0.05). The
boundary revealed that increasing cooling capacity shifts cells
toward higher stability, but gains plateau beyond 20 Wm > K%,
establishing a practical benchmark for forced-air thermal
management. The resulting map provides a direct tool for
determining the maximum allowable temperature under any
combination of operating and design parameters.

5.2. Surface-to-volume ratio as a unifying geometric metric

We demonstrate that S/V provides a more fundamental and
mechanistically grounded geometric parameter than aspect
ratio because it simultaneously governs internal temperature
uniformity and boundary-mediated heat removal. Increasing S/
V from 0.25 to 0.67 m™

" improved thermal homogeneity and

(d) ARC testing
r

- - = -Heat transfer boundary h
—— Adiabatic boundary

------------ Boundary heat source

-+ = Axial symmetry of rotation

(f) Numerical model

Fig.6 Experimental and numerical methodologies. (a) Physical characterization of the 18650 cell, including mass and volume measurements. (b)
Thermal conductivity measurement setup, with temperature data recorded via thermocouples and processed using an Agilent 34970A data
acquisition system. (c) Specific heat capacity measurement conducted using a Thermal Hazard Technology heat capacity analyzer. (d) Thermal
runaway characterization performed using an accelerating rate calorimeter (ARC) to capture self-heating behavior. (e) Experimental validation of
the thermal safety boundary using a custom-built setup, where the cell was subjected to controlled convection with an adjustable fan speed. (f)
Numerical modeling framework employed to simulate heat transfer and thermal behavior, incorporating experimentally derived heat generation
data and convective boundary conditions.
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raised the critical temperature by more than 20 °C at 50% SOC
and k=1 W m~? K. §/V also modulates the sensitivity of the
system to convection. Under weak cooling (2 =5 W m > K1),
geometry exerts a strong influence on stability, whereas under
strong cooling (h = 20 W m > K™ ), geometric effects saturate.
Thus, S/V serves as a unified metric that captures the coupled
influence of internal transport and external dissipation within
the thermal safety boundary and provides a design-relevant
handle for engineering thermal robustness.

5.3. Thermal safety criterion for rapid and physics-informed
design

Inspired by Semenov's theory, we derived a dimensionless
thermal safety criterion (TSC) that identifies the condition at
which thermal feedback is exactly balanced by dissipation.
Regression against critical-state simulation data confirmed the
linear relationship between volumetric self-heating and #(S/V)(T
— Tamb), yielding TSC = 1.252 with R* = 0.983. Unlike tradi-
tional workflows that rely on iterative CFD simulation, the TSC
enables direct calculation of the maximum safe operating
temperature, or, inversely, the minimum required cooling or
geometric configurations from ARC-derived thermal reactivity.
This transforms thermal safety evaluation from trial-and-error
modeling into an explicit, physics-informed formulation,
offering a scalable and practical tool for battery design,
parameter optimization, and safety certification.

6 Methodology

6.1. Cell specifications and preliminary characterization

A commercial 18650-type NCM cell (Delipow, 3500 mA h
nominal capacity, 3.7 V nominal voltage, 4.2 V cutoff) was
selected for all experiments. To ensure data reliability,
a consistency test was performed on ten units using a battery
cycler, verifying comparable voltage-capacity behavior over nine
charge-discharge cycles (Fig. S1). Fundamental physical prop-
erties, including mass, dimensions, and volume,
measured with a high-precision analytical balance (Sartorius
BSA224S, 0.1 mg resolution) and a vernier caliper (Fig. 6(a)). The
average mass was 4.56 x 10”2 kg, and the density was 2.76 x
10® kg m>. These measurements enabled calculation of the
surface-to-volume (S/V) ratio, a key parameter in the subsequent
thermal analysis.

were

6.2. Measurement of thermal transport properties

In cylindrical lithium-ion cells, the jelly-roll structure leads to
pronounced anisotropy in thermal transport: the electrode-
separator stack acts as a parallel configuration in the radial
direction and a series configuration in the axial direction.
Consequently, radial thermal conductivity (k,) is typically orders
of magnitude lower than axial conductivity (k).

Anisotropic thermal conductivities were measured using
a custom-built apparatus equipped with embedded thermo-
couples and an Agilent 34970A data acquisition system
(Fig. 6(b)). Specific heat capacity (c;) was measured using
a calibrated heat capacity analyzer (Thermal Hazard

This journal is © The Royal Society of Chemistry 2026
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Technology) (Fig. 6(c)). Both measurements were obtained
within a single experimental sequence (Fig. S2). Heat transfer in
the radial direction was modeled as one-dimensional conduc-
tion across the cylindrical wall, yielding: k, = 0.178 £+ 0.011 W
m 'Kk, =18.12 + 1.15 W m ' K *. These results quantify
the intrinsic anisotropy and thermal storage capacity essential
for accurate modeling of cell heat transfer.

6.3. Accelerating rate calorimetry (ARC) testing

Thermal runaway behavior was evaluated using ARC under
near-adiabatic conditions (Fig. 6(d)). During testing, the cell was
subjected to incremental heating steps followed by isothermal
hold periods until equilibrium was achieved. Once the self-
heating rate exceeded a threshold of 0.02 °C min~", the ARC
automatically transitioned to adiabatic tracking, allowing real-
time recording of temperature and pressure evolution. This
procedure captured temperature-dependent self-heating rates,
onset temperature, and maximum temperature rise, enabling
the determination of intrinsic reactivity and heat generation
rate Qgen(T). These results were later implemented as source
terms in the numerical model for predictive simulation of
thermal behavior.

6.4. Experimental validation of the thermal safety boundary

To validate the simulation-derived thermal safety boundary,
a convection-controlled experiment was conducted using
a custom apparatus (Fig. 6(e)). The cell was mounted on
a heating rack with heating wires to elevate the cell temperature
and trigger self-heating. It should be noted that as the
temperature raises, the exponential increase in internal chem-
ical reaction heat generation becomes the dominant heat
source, far exceeding the external heating input during the
critical transition to thermal runaway. A Nidec fan supplied
regulated air flow with a minimum velocity of 0.1 m s .
Temperature evolution was monitored using the same Agilent
data acquisition system.

In each trial, external heating was terminated once the target
temperature was reached, allowing the system to evolve under
the competing effects of self-heating and convective cooling.
The threshold temperature between stabilization and runaway
was identified by progressively increasing the setpoint across
successive tests. The maximum temperature attained in the last
stable trial was recorded as the experimentally validated
thermal safety temperature (Fig. S10 and S11).

6.5. Numerical modeling framework

A physics-based thermal model was developed to simulate heat
transfer and predict the critical temperature for runaway initi-
ation (Fig. 6(f)). The model represents the 18650 cell as
a homogeneous cylinder with effective anisotropic properties.
The transient heat transfer is governed by the energy conser-
vation equation in cylindrical coordinates:

OT 10, oT\ 4 /[ oT
_1a (k,.rg) 2 <kz E) £ 0m(T) ()

o — =
pp@t ror
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The boundary conditions are defined as follows. A convective
heat transfer boundary condition is applied to the surfaces of
the cell based on Newton's law of cooling:

aT
_ka_n =Ty — Tamb) (8)

The simulation is initialized with a uniform temperature
field:

T(r,z,t = 0) =Ty 9)

The jellyroll was discretized into four layers, and
temperature-dependent internal heat generation was imple-
mented via interfacial heat source terms derived directly from
the ARC data Quen(7). The total heat release was spatially
distributed to reflect volumetric reaction behavior while main-
taining numerical stability. Heat conduction within the solid
domain was coupled with convective boundary conditions on
the cell surface, while the bottom face was treated as adiabatic.
The initial temperature was prescribed uniformly.

Grid and time-step independence were verified. The model
outputs, Le., including peak temperature, temperature gradi-
ents, and critical temperature thresholds, served as the foun-
dation for constructing the thermal safety boundary and
calibrating the dimensionless thermal safety criterion.
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