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Abstract

The increasing use of electric vehicles (EVs) has led to a rapid rise in the use of lithium-ion battery
systems because of their high energy density and better performance. However, along with these
advantages, battery safety has become a major concern, especially due to thermal runaway, which can
lead to fire, explosion, and release of harmful gases. This paper presents a review of risk analysis and
thermal runaway management in EV lithium-ion batteries from a lifecycle and safety engineering
perspective. The study discusses the main thermal and electrochemical processes responsible for
thermal runaway and explains different risk factors associated with battery manufacturing, operation,
transportation, storage, and recycling stages. Various risk analysis methods such as Failure Mode and
Effects Analysis (FMEA), Fault Tree Analysis (FTA), Bayesian networks, and machine learning-based
prediction methods are also discussed. The paper further explains the importance of Battery
Management Systems (BMS), thermal management systems, and monitoring techniques in improving
battery safety and reliability. The review highlights the need for an integrated safety approach that
combines design safety, operational monitoring, thermal management, and lifecycle risk assessment for
better prevention of battery failures. The study concludes that multidisciplinary engineering methods
and continuous technological improvements are important for safe and reliable large-scale deployment
of electric vehicle battery systems.
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with lithium-ion batteries is thermal runaway.
Thermal runaway is a condition in which the
battery temperature increases rapidly due to

1. Introduction

The increasing adoption of electric vehicles

(EVs) has created a strong demand for efficient
and reliable energy storage systems. Among
different Dbattery technologies, lithium-ion
batteries are widely used in EV applications
because of their high energy density, good
efficiency, and long cycle life [1]. These batteries
play an important role in improving vehicle
performance and supporting sustainable
transportation systems. However, battery safety
has become a major concern due to the
increasing number of thermal and electrical
failure incidents reported in EV battery systems

[2].

One of the most critical safety issues associated

uncontrolled exothermic reactions occurring
inside the cell [1,3]. If the generated heat exceeds
the heat dissipation capability of the system, it
can lead to fire, explosion, release of toxic gases,
and complete battery failure [2]. In EV battery
packs, thermal runaway can also propagate from
one cell to adjacent cells, increasing the severity
of damage and safety risks [4].

The risks associated with EV battery systems are
not limited only to vehicle operation. Safety-
related problems may occur during battery
manufacturing, transportation, storage,
charging, discharging, and end-of-life recycling
stages [5]. Manufacturing defects such as
contamination, electrode misalignment, and
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internal short circuits may create hidden faults
inside the battery system. Similarly, battery
aging, mechanical damage, overcharging, and
improper recycling practices can increase the
possibility of thermal instability and failure

[6,7].

Modern EV battery systems consist of multiple
cells, modules, cooling systems, sensors, and
Battery Management Systems (BMS) integrated
together for safe operation. Due to the
interaction between electrical, thermal,
chemical, and mechanical factors, battery risk
analysis requires a multidisciplinary engineering
approach. Various risk analysis methods such as
Failure Mode and Effects Analysis (FMEA),
Fault Tree Analysis (FTA), Bayesian networks,
and machine learning-based predictive
approaches are increasingly being used for
battery safety assessment and thermal runaway
prediction [8,9].

In addition to engineering developments,
international safety standards such as ISO
26262, IEC 62660, and UN 38.3 provide
important guidelines for Dbattery testing,
transportation, and functional safety
management  [10-12]. However, rapid
technological developments and increasing
battery energy density continue to create new
engineering and safety challenges for EV battery
systems.

This paper presents a review of thermal runaway
mechanisms, lifecycle-related battery risks, and
different risk analysis and safety management
approaches used in electric vehicle lithium-ion
battery systems. The study also discusses the role
of Battery Management Systems (BMS), thermal
management  strategies, and predictive
diagnostic techniques in improving battery
safety and operational reliability.

2. Risk Analysis Methodologies

Risk analysis methodologies play an important
role in improving the safety and reliability of
electric vehicle lithium-ion battery systems. Due
to the increasing complexity of EV battery
technologies and thermal runaway-related
hazards, different qualitative and quantitative
approaches are used to identify possible failure
conditions and evaluate associated risks.

Traditional qualitative methods such as Failure
Mode and Effects Analysis (FMEA) and Hazard
and Operability Study (HAZOP) are widely used
during the design and development stage of
battery systems [8]. These techniques help

engineers identify possible failure modes such as
internal short circuits, overheating, thermal
instability, and mechanical damage. FMEA
mainly evaluates the severity, occurrence, and
detectability of different failures, while HAZOP
helps in identifying operational deviations and
unsafe operating conditions. However, these
approaches are mainly dependent on expert
judgment and may not provide detailed
probabilistic estimation of risks.

To improve the accuracy of safety analysis,
quantitative risk assessment methods such as
Fault Tree Analysis (FTA) and Event Tree
Analysis (ETA) are also used in EV battery safety
studies [9]. These methods help in
understanding the relationship between
different failure events and their possible
consequences. They also support estimation of
thermal runaway probability by considering
factors such as manufacturing defects,
environmental conditions, operational stress,
and charging behavior.

In recent years, Bayesian network-based models
have become important for dynamic risk
analysis of lithium-ion battery systems. Unlike
conventional static approaches, Bayesian
methods can continuously update risk
probabilities based on real-time operating
conditions and newly available data. This makes
them suitable for electric vehicle applications
where battery operating conditions frequently
change during driving and charging operations.

Machine learning and artificial intelligence-
based techniques are also increasingly used for
thermal runaway prediction and battery failure
analysis [8]. These approaches use historical and
real-time battery data to identify abnormal
conditions such as voltage fluctuation,
temperature rise, internal resistance variation,
and cell degradation. Such predictive methods
improve the capability of Battery Management
Systems (BMS) to detect early warning signs and
support preventive safety actions before critical
failures occur.

Although significant progress has been made in
battery risk analysis methodologies, several
challenges still remain related to data
availability, model validation, and integration of
multiple safety approaches into a unified
framework. Therefore, recent research is mainly
focused on developing integrated risk
assessment systems that combine qualitative
methods, quantitative analysis, thermal
modeling, and intelligent prediction techniques
for improving overall EV battery safety and
reliability.
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3. Integrated Risk and Safety
Management Framework

Figure 1 shows the integrated framework used
for risk analysis and thermal runaway
management in electric vehicle lithium-ion
battery systems. The framework explains the
relationship between battery operation, risk
generation, safety monitoring, and thermal
runaway prevention strategies across different
stages of the battery lifecycle.

Battery Manufacturing
(Design, Materials, Assembly)

'

Battery Operation in EVs
(Charging, Discharging, Usage)

.

Potential Risks
(Thermal, Electrical, Mechanical, Chemical)

.

Risk Analysis Methods
(FMEA, FTA, Bayesian Networks, Machine Learning)

!

Battery Management System (BMS)
(Monitoring, Protection, Control)

T

Thermal Management
(Cooling, Heat Dissipation, Temperature Control)

!

Failure Prevention / Thermal Runaway Mitigation
(Early Warning, Protection Actions)

'

Lifecycle Safety & End-of-Life Handling
(Reuse, Recycling, Safe Disposal)

Figure 1: Integrated framework for risk
analysis and thermal runaway management in
EV lithium-ion battery systems.

The process begins from battery manufacturing
and operational stages, where different thermal,
electrical, mechanical, and chemical risks may
develop  during charging, discharging,
transportation, storage, and EV operating
conditions. These risks are analyzed using
different methodologies such as Failure Mode
and Effects Analysis (FMEA), Fault Tree
Analysis (FTA), Bayesian network-based
assessment, and machine learning-based
prediction approaches [8,9].

The identified risk conditions are continuously
monitored using the Battery Management
System (BMS), which controls important battery
parameters including voltage, current, state-of-
charge, and temperature distribution [13].
Thermal management systems are also
integrated to regulate battery temperature and
reduce localized heat accumulation inside
battery modules [14].

Based on the monitoring data and risk analysis
results, suitable safety protection measures and
thermal runaway mitigation strategies are
implemented to reduce failure propagation and
improve overall battery safety. The framework
also includes lifecycle safety considerations such
as battery reuse, recycling, and safe end-of-life
handling for maintaining long-term operational
and environmental safety [5].

4. Results and Discussion

The review of existing literature indicates that
thermal runaway is one of the most critical safety
challenges associated with electric vehicle
lithium-ion battery systems. Thermal runaway
mainly occurs when the heat generated inside
the battery exceeds the heat dissipation
capability of the system, resulting in rapid
temperature rise, gas release, fire, and possible
explosion [1,2]. The analysis shows that
electrical faults such as overcharging, internal
short circuits, and overcurrent conditions are
among the major triggering factors responsible
for thermal instability in EV batteries.

The study also highlights that battery safety risks
are strongly influenced by thermal, electrical,
mechanical, and chemical interactions occurring
inside battery cells and modules. Mechanical
deformation, separator damage, -electrolyte
decomposition, and high operating
temperatures can further accelerate battery
degradation and increase the probability of
thermal runaway propagation from one cell to
neighboring cells [3,4].

Different risk analysis methodologies discussed
in the study demonstrate the importance of
combining qualitative and quantitative safety
assessment approaches for better prediction of
battery failures. Traditional methods such as
FMEA and HAZOP are useful during the design
stage for identifying possible failure modes,
while advanced methods such as FTA, Bayesian
networks, and machine learning-based
prediction systems improve real-time safety
monitoring and dynamic risk estimation [8,9].
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Battery Management Systems (BMS) and
thermal management systems are found to play
a major role in maintaining safe battery
operation. Continuous monitoring of voltage,
current, state-of-charge, and temperature
distribution helps detect abnormal operating
conditions at an early stage [13]. Advanced
cooling techniques and intelligent predictive
diagnostics further improve thermal stability
and reduce the possibility of failure propagation
inside EV battery packs [14].

The findings also indicate that battery safety
management should not be limited only to
operational conditions. Manufacturing quality
control,  transportation  safety, storage
conditions, and end-of-life recycling processes
are equally important for reducing lifecycle-
related battery risks [5]. Therefore, an integrated
lifecycle safety approach combining engineering
design, monitoring systems, predictive
diagnostics, and thermal management is
necessary for safe large-scale deployment of EV
battery technologies.

Table 1: Major Risk Analysis Methodologies
Used in EV Battery Safety Studies

Methodology Main Application

Identification of

FMEA possible battery failure
modes
HAZOP Analysis of uqsgfe
operating conditions
Evaluation of causes
FTA leading to thermal
runaway
Analysis of failure
ETA consequences and
propagation
Bayesian Dpserminie FiSk |
Networks assessment using real-
time data
Machine Early prediction of
Learning battery failures and
Models abnormal conditions

5. Conclusion

Lithium-ion battery systems are widely used in
electric vehicles because of their high energy
density, better efficiency, and long operational
life [1]. However, along with these advantages,
battery safety has become a major concern,
especially due to thermal runaway and related
failure conditions [2]. Thermal runaway can lead
to excessive heat generation, fire, explosion, and
damage to the complete battery system.

This review study explains that battery safety
depends on proper risk analysis, thermal
management, and continuous monitoring of
battery operating conditions. Different safety
assessment methods such as FMEA, FTA,
Bayesian networks, and machine learning-based
prediction techniques are useful for identifying
possible failure conditions and improving
thermal runaway prediction capability [8,9].
Similarly, Battery Management Systems (BMS)
and cooling systems play an important role in
maintaining safe battery operation and reducing
thermal instability [13,14].

The study also shows that battery-related risks
are present not only during vehicle operation but
also during manufacturing, transportation,
storage, charging, and recycling stages [5].
Therefore, proper lifecycle safety management
and regular monitoring are necessary for
improving the reliability and safety of EV battery
systems.

Overall, safe and reliable operation of EV
lithium-ion batteries requires a combination of
good battery design, thermal management,
monitoring systems, and advanced safety
technologies. Future developments in battery
materials, intelligent monitoring systems, and
predictive safety techniques are expected to
further improve the safety and performance of
electric vehicle battery systems.
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