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ion battery, LSTM neural and its accurate prediction plays an essential role in

. . . developing advanced battery management and early-warning
network, multlphys!cs modeling, systems. In this study, an integrated framework combining
temperature prediction, thermal multiphysics modeling with a long short-term memory
management, warly warning (LSTM) neural network was developed to predict the
thermal runaway temperature of an aged 14500 lithium-ion
cell. The physics-based model accounted for the

simultaneous effects of calendar aging, solid—electrolyte
interphase (SEI) growth, metallic lithium plating, furnace
temperature, and the convective heat transfer coefficient.
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Extended Abstract

Introduction

Safety remains the primary barrier to the
widespread deployment of lithium-ion
batteries (LIBs) in electric vehicles,
aerospace systems, and renewable energy
storage applications [1-3]. Although LIBs
have become the dominant electrochemical
energy storage technology because of their
high energy density, long cycle life, and
excellent efficiency, the continuous pursuit
of higher-capacity cells and increasingly
compact battery pack designs  has
significantly reduced their thermal safety
margin. Among all failure modes, thermal
runaway (TR) represents the  most
catastrophic event. It is a self-accelerating
process initiated by a sequence of
exothermic reactions, electrolyte
decomposition, oxygen release from cathode
materials, and rapid gas generation, which
can ultimately lead to venting, fire,
explosion, and thermal propagation to
neighboring cells [4-6]. Previous studies
have demonstrated that the surrounding
thermal environment, particularly convective
and radiative heat dissipation, plays a
decisive role in determining both the onset
and propagation characteristics of thermal
runaway within battery modules and packs
[4]. The eVolution of thermal runaway is
governed by multiple interacting factors,
including cell geometry, material chemistry,

electrochemical state, and  operating
conditions.  Three-dimensional numerical
investigations have shown that cell
dimensions and internal structural
configurations strongly influence

temperature distribution, heat accumulation,
and thermal propagation pathways [7].
Likewise, experimental studies have reported
that higher states of charge significantly
increase the peak temperature, flame
intensity, and total energy released during
thermal runaway events [8]. Cathode
chemistry also plays a critical role in thermal
stability. Nickel-rich cathode materials
exhibit lower thermal stability, initiating
thermal runaway at lower temperatures while
releasing substantially greater thermal

energy than conventional chemistries [9].
Furthermore, electrolyte composition and
solvent  formulation  directly  affect
decomposition kinetics, gas eVolution, and
the onset of thermal instability, highlighting
the importance of material selection in
battery safety design [10]. Another critical
aspect of thermal runaway is the violent
release of high-temperature gases and solid
particles. Internal pressure accumulation has
been identified as the primary driving force
behind particle ejection, while vent-opening

pressure and gas composition largely
determine  flame  characteristics  and
explosion risk [11-13]. Beyond the
immediate fire hazard, thermal runaway also
generates  toxic  emissions  containing
fluorinated and  phosphorus-containing
compounds, posing significant

environmental and health concerns [14].
Battery aging further complicates thermal
runaway behavior. Electrochemical
degradation mechanisms, including solid
electrolyte interphase (SEI) growth, lithium
plating, and increased internal resistance,
progressively alter the thermal stability of
lithium-ion cells [15,16]. However, the
influence of aging is not simply proportional
to capacity loss. Previous investigations have
demonstrated that cells with similar state-of-
health (SOH) values but different aging
histories may exhibit substantially different
thermal runaway characteristics [17,18].
Moreover, low-temperature aging has been
shown to reduce the onset temperature of
thermal instability while simultaneously
limiting the severity of the final reaction
[19]. Aging also modifies both the quantity
and composition of vented gases, making
accurate prediction of thermal runaway
behavior in degraded batteries considerably
more challenging [20, 21]. Despite
significant advances in understanding the
mechanisms of thermal runaway,
conventional battery management systems
(BMSs) still rely primarily on macroscopic
parameters such as Voltage, current, and
average temperature. These measurements
often fail to capture the early physical
signatures preceding thermal instability,
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limiting their effectiveness in early warning
applications [6]. At the same time, physics-
based thermal runaway models require
detailed material  properties, complex
multiphysics  formulations, and high
computational cost, making them unsuitable
for real-time implementation. Consequently,
data-driven approaches based on machine
learning and deep learning have emerged as
promising alternatives for capturing the
highly nonlinear thermal behavior of
lithium-ion batteries. Among these methods,
Long Short-Term Memory (LSTM) neural
networks have demonstrated exceptional
capability in learning temporal dependencies
from sequential thermal data and accurately
predicting future system behavior. Recent
studies have also highlighted the potential of
hybrid deep learning architectures for
hotspot prediction and battery safety
monitoring [22]. Nevertheless, a significant
research gap remains in accurately predicting
the thermal runaway temperature of aged
14500 lithium-ion cells while simultaneously
considering the coupled influence of
environmental operating conditions. Most
existing studies focus either on fresh
batteries or on isolated operating parameters,
with limited attention given to the combined
effects of battery degradation and external
thermal boundary conditions. Addressing
this gap, the present study develops an
LSTM-based predictive framework for
estimating the thermal runaway temperature
of aged 14500 lithium-ion batteries under
varying operating conditions. Particular
emphasis is placed on evaluating the
sensitivity of the critical temperature to two
key environmental parameters: the ambient
convective heat transfer coefficient and oven
temperature. By learning temporal thermal
patterns under different aging conditions, the
proposed model provides accurate prediction
of thermal runaway eVolution and offers a
computationally efficient tool for early
warning and intelligent battery safety
management. Integrating degradation-aware
thermal analysis with deep learning, this
work establishes a practical framework for
enhancing the safety and reliability of next-

generation  lithium-ion battery  systems
operating under realistic environmental
conditions.

Materials and Methods

A multiphysics numerical framework was
developed to investigate the thermal
runaway behavior of aged 14500 lithium-ion
batteries by coupling heat transfer with
degradation-induced reaction kinetics. The
cylindrical cell was represented using a two-
dimensional  axisymmetric  model to
accurately capture radial and axial heat
transport while reducing computational cost.
Transient heat conduction was coupled with
multiple exothermic reactions, including SEI
decomposition, negative electrode
decomposition, lithium plating—electrolyte
reactions, positive electrode decomposition,
and electrolyte  decomposition.  Heat
exchange between the cell and the
surrounding environment was modeled
through combined convective and radiative
boundary conditions. Calendar and cyclic
aging effects were incorporated by
introducing state-of-health (SOH)-
dependent lithium plating and SEI growth
into the kinetic model, enabling direct
representation  of  degradation-induced
changes in heat generation. The governing
equations were solved in COMSOL
Multiphysics using an implicit backward
differentiation formula (BDF) solver with
adaptive time stepping. The numerical model
was validated against published experimental
thermal  runaway data, and mesh
independence and time-step sensitivity
analyses were performed to ensure numerical
convergence and solution accuracy. The
temperature histories generated from the
validated numerical model were
subsequently used to develop a data-driven
prediction framework based on a Long
Short-Term  Memory  (LSTM) neural
network. Thermal time- series data were
preprocessed using a sliding-window
strategy and standardized before training. To
improve learning stability and preserve
short-term thermal dynamics, the LSTM
architecture was enhanced with a residual
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connection that directly transferred the latest
observed temperature to the output layer.
The model was trained to predict the next-
step thermal runaway temperature under
different aging conditions and thermal
boundary conditions. Prediction accuracy
was evaluated using four statistical metrics:
Mean Absolute Error (MAE), Root Mean
Square Error (RMSE), the coefficient of
determination (R?), and the Nash-Sutcliffe
Efficiency (NSE). This integrated physics-
informed and deep learning framework
provides an efficient and reliable approach
for predicting thermal runaway eVolution in
aged lithium-ion batteries under varying
environmental conditions.

Results

The multiphysics simulations demonstrated
that oven temperature and the convective
heat transfer coefficient were the dominant
parameters governing the thermal runaway
behavior of aged 14500 lithium-ion cells.
Increasing the oven temperature from 418 K
to 458 K raised the peak cell temperature
from 422.12 K to 587.87 K (39%) while
reducing the time to reach the maximum
temperature from 2316 s to 942 s (59%),
indicating a significant acceleration of
thermal runaway. Kinetic analysis revealed
that elevated ambient temperatures promote
the simultaneous activation of multiple
exothermic reactions, resulting in rapid
energy release and intensified thermal
instability. Variations in the convective heat
transfer coefficient primarily influenced the
onset time of thermal runaway, heating rate,
and heat generation profile, highlighting the
importance of external thermal boundary
conditions in controlling battery safety. The
developed LSTM  model accurately
reproduced the temporal eVolution of cell

temperature under all investigated scenarios,
achieving MAE and RMSE values as low as
0.0001 and 0.0008, respectively, with R? and
NSE consistently exceeding 0.95 and
reaching 0.9990. The close agreement
between predicted and reference temperature
profiles, together with the narrow error
distribution around zero, confirms the
model's capability to capture the highly
nonlinear dynamics of thermal runaway.

Discussion and Conclusion

This study presents an integrated physics-
informed and deep learning framework for
analyzing and predicting thermal runaway in
aged 14500 lithium-ion batteries. The results
demonstrate that ambient thermal conditions
strongly influence both the initiation and
progression of thermal runaway, with oven
temperature governing reaction Kinetics and
peak thermal severity, while convective
cooling primarily controls the timing of
thermal instability. ~ These  findings
emphasize that effective thermal
management and optimization of
environmental boundary conditions are
essential for mitigating thermal runaway
risks in aged batteries. Furthermore, the
proposed LSTM model provides highly
accurate real-time prediction of thermal
behavior, successfully learning the complex
temporal characteristics associated with
degradation-induced thermal runaway. The
combination of validated multiphysics
simulations with data-driven prediction
offers a reliable and computationally
efficient framework for battery safety
assessment, enabling early-warning systems,
intelligent battery management, and the
development of safer next-generation
lithium-ion energy storage technologies.
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