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Abstract

Battery pack fires remain a critical safety concern for lithium-ion battery systems. This
study presents a comprehensive application of Fault Tree Analysis (FTA) to identify and
structure the sequences of failures that may lead to a battery pack fire. A detailed fault tree
is developed for a cell–module–pack architecture equipped with a thermal management
system, enabling a clear representation of failure pathways. The analysis highlights four
main origins of battery pack fire. Each intermediate scenario is described through dedicated
branches of the fault tree to enhance clarity and facilitate its adoption for other battery
pack designs and use-cases. As most failure modes involved in battery pack fire do not
have reliable probability data available or exhibit strong dependency on usage conditions,
a fuzzy logic-based expert approach is employed. Probabilistic data are collected through a
questionnaire, allowing the assignment of probabilities to undocumented failure events. A
quantified use-case is presented for an electric vehicle, illustrating the practical application
of the methodology. The objective of this work is to demonstrate a structured and adaptable
methodology for applying FTA to lithium-ion battery pack fire risk analysis. The resulting
fault tree, provided as open-access supplementary material, aims to support safety analysis,
highlight critical protection failures, and identify current limitations in battery pack safety
systems. It can also help identify critical components in order to support the development
of rapid and targeted diagnostic strategies for battery packs throughout their lifetime.

Keywords: safety assessment; Li-ion batteries; fault tree analysis; fuzzy FTA; battery pack

1. Introduction
The global adoption of electric vehicles (EVs) has been increasing steadily worldwide,

and this growth is expected to accelerate in the coming years. As a key enabler of transport
sector de-carbonization, EVs play a crucial role in reducing greenhouse gas emissions
and dependence on fossil fuels [1]. Lithium-ion batteries, which are the predominant
energy storage technology in EVs [2,3], have undergone significant advancements in
terms of energy density [4], charging time [5,6], and cost reduction [4]. These continuous
improvements have greatly contributed to enhancing user acceptance. Today, electric
vehicles account for approximately one-fifth of all new vehicle sales worldwide [7].

They are equipped with lithium-ion battery packs, a technology associated with
specific safety challenges. Alongside the increasing number of electric vehicles, a rise in
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safety-related incidents has also been observed [8]. Indeed, the use of lithium-ion cells,
the primary components of these batteries, outside their specified operating conditions
such as overcharging [9,10], deep discharging [10,11], excessively fast charging [11] or
exposure to high and low temperatures [9,11] can lead to degradation mechanisms and
thermal runaway. These risks have significant implications for the safety of both people
and goods [12], and they can strongly constrain the storage and transportation of batteries.

In this context, understanding the failure causes of battery packs, as well as their
interactions, is essential. Recent studies have increasingly used Fault Tree Analysis (FTA) to
examine the safety and reliability of lithium-ion batteries. Gravante et al. [13] introduce a
graph-based method to track failure paths within a pack, while Chauhan et al. [14] propose
a component-level Failure Modes and Effects Analysis (FMEA) that considers operational
and environmental factors. Jiang et al. [15] combine polymorphic theory, fuzzy logic, group
decision-making, and the classical FTA model for both functional and degraded-state
failures. Hu et al. [16] develop a fuzzy FTA framework with experimental tests to identify
the most critical EV (electric vehicle) battery failure, and Huang et al. [11] apply fuzzy FTA
to battery transport by sea, providing a reference for different batteries and scenarios.

This study presents a Fault Tree Analysis of a lithium-ion battery pack, developed
by a panel of battery-pack experts. The primary objective is to identify the sequences of
events that can lead to a battery pack fire, in order to highlight critical components, propose
safety redundancies, and support targeted battery diagnostics. The FTA method is adopted
because it provides a clear visual representation of failure paths. A detailed explanation of
the FTA methodology is provided in Section 2.1.

A key step in the methodology consists of assigning probabilities to the different
failure events represented in the fault tree. For battery pack fire, a major challenge is the
lack of reliable probabilistic data for many failure modes: most are either unavailable
in the literature or highly dependent on battery design and operating conditions. To
overcome this limitation and to obtain probabilities applicable to the use-case, a fuzzy
logic-based method was employed. A questionnaire was distributed to a panel of 150
battery experts to estimate probabilities for failure modes that are not documented. The
fuzzy logic approach is described in Section 2.2. While this study focuses on an electric
vehicle use-case described in Section 2.2, the methodology and the resulting fault tree can
be extended to other applications.

Finally, the presentation of the resulting fault tree, along with the details of each branch
and the associated failure sequences, is provided in Section 3.1. A case study applying
probabilities collected from the literature and via a fuzzy logic approach is presented in
Section 3.2. The main objective of this study is therefore to present a detailed fault tree and
provide a framework for its interpretation, making it applicable to any case study.

2. Materials and Methods
2.1. Fault Tree Analysis Methodology

Fault Tree Analysis (FTA) is an analytical method used to identify and evaluate the
combinations of faults and events that can lead to a predefined undesired system-level
event, defined as the top event. It represents the logical relationships between basic
events and intermediate events using Boolean logic gates, such as AND and OR, enabling
the assessment of system reliability and safety [17]. The representation of the elements
constituting an FTA is shown in Figure 1.

An FTA can be used to estimate the probability of the top event based on the probabil-
ities of the individual basic events by combining them through AND and OR gates. The
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probability associated with an AND gate is given by Equation (1), while the probability
associated with an OR gate is given by Equation (2).

P(EAND) =
n

∏
i=1

P(Ei) (1)

where P(EAND) is the probability of the output event EAND, and P(Ei) the probability of
occurrence of the input event Ei.

P(EOR) =
n

∑
i=1

P(Ei) (2)

where P(EOR) is the probability of the output event EOR, and P(Ei) the probability of
occurrence of the input event Ei.

 

Figure 1. Representation of the elements constituting a Fault Tree Analysis (FTA).

2.2. Basic Event Probability Determination Based on Fuzzy Logic

In a first step, an initial group of RTO (Research and Technology Organization) experts
with knowledge in lithium-ion technologies from different domains (electrical architecture,
lithium-ion cell chemistry, thermal management, assembly, disassembly and mechanical
design) is constituted to develop a Failure Modes and Effects Analysis (FMEA), which
is not discussed here. This analysis enabled the identification of potential failure modes
that may occur in a lithium-ion battery pack. A literature review is conducted for all
identified failure modes but for most of these failures, no associated probabilistic data
are available. Consequently, a fuzzy logic-based approach is used to collect probabilistic
data using the expertise of lithium-ion battery pack specialists. Although effective, this
approach relies on multiple and often imprecise criteria, making it difficult for experts
to assign exact numerical values. Fuzzy logic therefore provides a relevant solution, as
it allows expert judgments to be expressed using linguistic terms that are converted into
numbers. Consequently, the combination of FTA with fuzzy logic is well suited to risk
evaluation and identification. To apply this technique, all identified failure modes are
subsequently compiled into a questionnaire and distributed to a panel of approximately
150 battery experts, who also represent diverse areas of expertise. For each failure mode
the experts were asked to assess its likelihood of occurrence by selecting one of five
predefined linguistic terms: very likely, likely, unlikely, very unlikely, or unknown. A
numerical probability is predefined but not disclosed to the questionnaire respondents;
the corresponding quantification is presented in Table 1. The correspondence scale is
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established based on failure values reported in the literature, in particular the failure rate
of a lithium-ion cell, which is on the order of 1 × 10−8 h−1 (per hour) [18]. After collecting
the questionnaires, the linguistic assessments were converted into their corresponding
numerical values using the predefined fuzzy scale. For each basic event, the numerical
values obtained from the experts were aggregated using the arithmetic mean to determine
the final occurrence probability used in the quantitative Fault Tree Analysis. It should be
noted that the linguistic terms used in Table 1 represent relative likelihood levels within the
proposed fuzzy scale and should not be interpreted as absolute failure frequencies. Due
to the limited availability of statistical data for specific lithium-ion battery failure modes,
these categories are used to translate expert knowledge into quantitative values suitable for
Fault Tree Analysis.

Table 1. Quantification of qualitative responses into probabilities for FTA evaluation.

Response Associated Probability

Very likely 1 × 10−4 h−1

Likely 1 × 10−6 h−1

Unlikely 1 × 10−8 h−1

Very unlikely 1 × 10−10 h−1

Unknown ∅

Along with the questionnaire, the experts are provided with the following use-case
context: “an electric vehicle with a driving range of 400 km, equipped with a battery pack
based on a cell–module–pack architecture and a thermal management system, operating in
the Isère department, in France.” In addition, an electrical architecture of the battery pack
under study is supplied, as shown in Figure 2.

Figure 2. Schematic of the use-case battery pack sent to the experts with the questionnaire.

This approach therefore makes it possible to estimate probabilities for failure modes
for which data are not available in the literature. However, this technique involves several
sources of uncertainty. The objective of this study is not to discuss the absolute values
obtained, but rather to illustrate the application of the FTA methodology to a lithium-ion
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battery pack. The calculation of the overall probabilities must be reassessed for each battery
pack and each specific application. A representative example is provided in Section 3.2.

3. Results and Discussions
3.1. Detailed Description of Fault Tree Branches

The global fault tree, which describes the sequences of failures that may lead to the
top event, the “battery pack fire”, is shown in Figure 3. The battery pack considered in this
study follows a cell–module–pack architecture and is equipped with a thermal management
system, as illustrated in Figure 2.

 

Figure 3. Global FTA of a lithium-ion battery pack for the identified use-case.

There are four distinct possible causes for battery pack fire. First, it may arise from
the propagation of a cell thermal runaway. Thermal runaway is directly associated with an
internal short-circuit which occurs in the case of an insulation fault, leading to the release
of a large amount of energy from the cell [18]. An insulation fault may result from charging
at cold temperature [branch A], charging after over-discharging [branch B], or the presence
of local overheating [branch C]. Once an internal short-circuit occurs, the cell goes into
thermal runaway, which can propagate to neighboring cells in the event of a failure of the
anti-propagation mitigation system.

Moreover, certain events can lead to thermal runaway and a generalized battery pack
fire: global overheating at the pack level [branch D], a progressive rise in overall pack
temperature [branch E], a fast rise in overall pack temperature [branch F], or a fast localized
rise in pack temperature [branch G]. In addition, thermal runaway may also be triggered by
battery pack overcharge [branch H]. Finally, the battery pack fire may occur as a result of
ignition in the battery pack without thermal runaway [branch I], or an explosion [branch J].

All branches from A to J are detailed in the remainder of the article. The fault tree is
provided as open-access Supplementary Materials associated with this publication and is
available in the Supplementary Materials section.

3.1.1. Thermal Runaway of One Cell After Cold Charge (Branch A)

Thermal runaway of one cell after cold charging may occur when the cold charge
protection is ineffective. During charging, the Battery Management System (BMS) monitors
the battery pack temperature and the pack current. If the measured temperature or current
exceeds predefined limits, the BMS can command the opening of the contactors to protect
the battery pack. Under normal conditions, the BMS also controls the charger to prevent
charging at low temperatures. In case of malfunction, this protective action may not be
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applied, and charging at temperatures below 0 ◦C can occur, leading to a cold-charging
failure [19]. Charging at low temperatures promotes lithium plating at the anode and the
growth of lithium dendrites. These dendrites may penetrate the separator, causing an
internal short-circuit that can trigger thermal runaway of the cell. The FTA of thermal
runaway of one cell after cold charge is shown in Figure 4.

 

Figure 4. FTA of branch A—thermal runaway of one cell after cold charge.

3.1.2. Charge After Over-Discharge (Branch B)

An over-discharge may occur either during vehicle operation or while the vehicle is
parked. During operation, the BMS monitors cell voltages and commands the opening
of the contactors when necessary. During normal operation, this function prevents cells
from being discharged below safe limits but if any of these components malfunction,
over-discharge may occur. While the vehicle is parked, prolonged storage may lead to over-
discharge due to the self-discharge of at least one cell or abnormal battery pack consumption
during the standby. Over-discharge conditions promote an increase in the anode potential,
leading to the dissolving of the copper collector and the formation of copper dendrites on the
cathode side. When over-discharge occurs, the BMS may inhibit recharging by monitoring cell
voltages and preventing contactor closure if any cell voltage falls below a predefined threshold.
The FTA of charge after over-discharge is shown in Figure 5.

 

Figure 5. FTA of branch B—charge after over-discharge.
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3.1.3. Local Overheating (Branch C)

Local overheating, or a hot spot, may occur due to Joule heating and corresponds
to a localized increase in electrical resistivity within the battery pack. In the absence of
faults, cell welding, cables and connectors ensure low-resistance current paths. An electrical
degradation of these components can locally increase resistance. When this phenomenon
occurs next to a cell, the resulting heat generation can lead to a significant over-temperature,
potentially initiating further cell degradation or failure.

The FTA of local overheating is shown in Figure 6.

Figure 6. FTA of branch C—local overheating.

3.1.4. Pack Global Overheating (Branch D)

Pack global overheating may occur in the event of high load operation, combined with
the failure of cell protection devices and high load protection failure. The BMS continuously
monitors the battery pack current and temperature and commands the opening of the
contactors when predefined limits are exceeded. If any of these components malfunction,
high-load operation may persist without limitation, leading to a global overheating of the
battery pack. This can lead to the separator melting or cathode destabilization, potentially
resulting in an internal short-circuit.

The FTA of pack global overheating is shown in Figure 7.

Figure 7. FTA of branch D—pack global overheating.

3.1.5. Progressive Rise in Overall Pack Temperature (Branch E)

Progressive battery pack overheating may occur in the event that the thermal regu-
lation of the pack is ineffective, combined with the failure of cell protection devices and
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overheating protection failure. When the thermal management system (TMS) fails, for
example by stopping its operation or by heating the pack instead of cooling it, the overall
pack temperature gradually increases. Under normal conditions, the BMS monitors the
pack temperature and opens the contactors to interrupt operation and limit the temperature
rise. If any of these components malfunction, this protective action cannot be ensured,
allowing a progressive rise in overall pack temperature. The FTA of a progressive rise in
overall pack temperature is shown in Figure 8.

Figure 8. FTA of branch E—progressive rise in overall pack temperature.

3.1.6. Fast Rise in Overall Pack Temperature (Branch F)

A fast rise in overall pack temperature may occur if an external short-circuit is not
properly interrupted. An external short-circuit in the battery pack can generate thousands
of amperes, causing an immediate and significant temperature rise due to Joule heating,
particularly in the cables and busbars. During normal operation, the battery pack fuses
are designed to melt and interrupt the short-circuit. If the fuses fail and the cell protection
devices are also defective, the short-circuit can lead to a fast and uncontrolled temperature
rise in the overall battery pack. The FTA of a fast rise in overall pack temperature is shown
in Figure 9.

 

Figure 9. FTA of branch F—fast rise in overall pack temperature.
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3.1.7. Fast Localized Rise Pack Temperature (Branch G)

A partial short-circuit may occur when an internal short-circuit develops in a portion
of the battery pack. Internal short-circuits can be caused by a double insulation fault,
when two insulation defects (such as faulty cables or casing deformation) occur and are
not detected by the Permanent Insulation Controller (PIC). They can also result from a
sealing defect, for example when water enters into the pack due to a failed seal, a casing
deformation or a malfunctioning pack vent membrane. More directly, penetration of the
pack by a conductive or non-conductive object can also induce a partial short-circuit by
creating direct or indirect contact between two different potentials within the battery pack.
Under normal conditions, cell protection devices can prevent excessive local heating; if
these protections fail, the partial short-circuit can lead to a fast localized rise in battery pack
temperature. The FTA of a fast localized rise pack temperature is shown in Figure 10.

 

Figure 10. FTA of branch G—fast localized rise in pack temperature.

3.1.8. Overcharge (Branch H)

An overcharge may occur if the maximum cell voltage is not properly limited. When
cells are overcharged, internal pressure rises, which can trigger the activation (opening) of
the cell protection devices. Under normal operating conditions, the charger is limited in the
maximum voltage it can deliver and therefore cannot overcharge the battery pack, except
in the case of an internal malfunction. In addition, the BMS monitors the cell voltages and
can open the contactors to prevent or stop an overcharge condition. The FTA of overcharge
is shown in Figure 11.
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Figure 11. FTA of branch H—overcharge.

3.1.9. Ignition in the Battery Pack (Without Thermal Runaway—Branch I)

A fire may occur within the battery pack in the event of electrolyte leakage or venting
of at least one cell. When this happens, the released compounds act as fuel, and in the
presence of an activation source, a fire can start. The resulting fire heats the cells and may
ultimately trigger a full battery pack fire. The FTA of ignition in the battery pack is shown
in Figure 12.

Figure 12. FTA of branch I—ignition in the battery pack.

3.1.10. Explosion (Branch J)

An explosion may occur if a hazardous atmosphere is formed due to the presence of
an activation source and the venting of at least one cell. This atmosphere, combined with
the failure of the pack vent membrane, can lead to an explosion when the battery pack
casing ruptures. The hot gases expelled from the pack may then ignite upon contact with
ambient oxygen, potentially resulting in a generalized battery pack fire. The FTA of an
explosion is shown in Figure 13.
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Figure 13. FTA of branch J—explosion.

3.2. Application of the FTA to Use-Case Context Using Probabilities Collected with a Fuzzy Logic
Approach and the Literature

To illustrate the use of the fault tree presented in Section 3.1, a focus on branch A—
thermal runaway of one cell after cold charge—is shown in Figure 14. This figure provides
an overview of the complete fault tree leading to a battery pack fire, while explicitly
developing branch A down to the basic events that may result in the thermal runaway of
one cell after cold charge. The probabilities associated with this branch are indicated on the
fault tree at both the basic-event level and the intermediate-event level corresponding to
branch A. The probabilities associated with this branch are also detailed in Table 2.

 

Figure 14. Detailed FTA of branch A—thermal runaway of one cell after cold charge.
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Table 2. Detailed probabilities related to branch A—thermal runaway of one cell after cold charge.

Failure Associated Probability

Contactor failure 1.44 × 10−6 h−1

Pack current measurement failure 1.39 × 10−6 h−1

Temperature measurement failure 5.28 × 10−6 h−1

BMS failure 4.92 × 10−6 h−1

Charger failure 1.00 × 10−5 h−1

Cold temperature 4.00 × 10−2 h−1

The failures related to contactors, current and temperature measurement as well as the
BMS were collected using the expert questionnaire and the fuzzy logic approach described
in Section 2.2. The charger-related failure corresponds to the electrical failure rate applied to
electrical components which is assumed to be 1.00 × 10−5 h−1, consistent with predictions
derived from the MIL-HDBK-217 [20] and FIDES [21] reliability assessment methods. The
probability associated with the “cold temperature” failure is highly variable and must be
adjusted according to the operating context of the battery pack under study. In this work,
the battery pack is assumed to be located in Isère, at Grenoble. A cold condition is defined
as an ambient temperature below 0 ◦C. Based on climatic data over the past 20 years, the
average number of hours with temperature below 0 ◦C in Grenoble is 344 h per year. This
corresponds to a probability of 4.00 × 10−2 h−1. Based on the equations presented in
Section 1 and the probabilities listed in Table 2, the probability of the intermediate event
“Cold charge protection failure” is estimated to be 1.30 × 10−5 h−1, while the overall
probability associated with branch A—thermal runaway of a cell after cold charge—is
5.20 × 10−12 h−1.

To go further, FTA can be used to study multiple levels of protection against given fail-
ure. In very cold climates, battery packs may be equipped with a battery preconditioning
system, whose purpose is to heat the battery above 0 ◦C to protect it from cold charging
and potential degradation caused by sub-zero temperatures [22,23]. In this case, the battery
preconditioning function can be added to the fault tree, as it represents an additional safety
element that help prevents the thermal runaway of one cell after cold charge failure. Assum-
ing a probability of 1.00 × 10−5h−1, the preconditioning system reduces the probability of
thermal runaway of one cell after cold charge from 5.20 × 10−12 h −1 to 5.20 × 10−17 h−1.
Conversely, the absence of protection against cold charging significantly increases the
probability of failure, which relies only on the charger and rises to 4.00 × 10−7 h−1.

FTA can also be used to study the degradation of protection systems over time. For
instance, temperature measurement is often performed at only a few points within the
battery pack, which can make the estimation of the global temperature inaccurate. In
addition, some components involved in temperature sensing, such as thermal paste used
to attach temperature sensors, may degrade over time. In such a case, the probability of
temperature measurement failure increases, for example up to 5.28 × 10−4 h−1, which
increases the probability of cold charge protection failure to 5.04 × 10−4 h−1 and the
probability of thermal runaway of one cell after cold charge to 2.10 × 10−10 h−1.

Finally, FTA highlights not only the failures most critical to safety but also existing
gaps and limitations in current protection systems. In particular, FTA identifies critical
components that act as the final barriers before the occurrence of the top event. For example,
the anti-propagation mitigation system appears to be a critical safety component for the
battery pack because it serves as the final measure to prevent propagation, and providing
an effective solution remains a major challenge.
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4. Conclusions
This study presents a comprehensive and system-level fault tree for lithium-ion battery

pack fire in electric vehicles, which, to the author’s knowledge, has not been previously
reported in the open literature in such a global form. By structuring all major failure
pathways leading to a battery pack fire, this fault tree provides a common reference for
understanding interactions between electrical, thermal, and mechanical failure mechanisms.
Made available as open-access material, it represents a valuable tool that can support the
design of battery packs and guide future safety-oriented developments. An original
aspect of this study is the use of a fuzzy logic-based expert approach to address the lack of
probabilistic data for many battery failure modes. By combining information extracted from
the literature with the expertise of a large panel of battery specialists, this method enables
the estimation of probabilities that would remain inaccessible. The comparison between
literature-based data and expert assessments shows a good level of consistency, indicating
that expert judgment provides coherent inputs. Beyond the quantified results, the main
contribution of this work is methodological. The proposed approach demonstrates how
Fault Tree Analysis can be applied to a lithium-ion battery system. The fault tree structure is
intentionally generic and adaptable, allowing it to be used, refined or extended for different
battery architectures, applications and operating conditions. Future work will focus on
refining probability estimates through experimental feedback, reducing uncertainties and
using this framework to compare alternative battery designs and safety strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries12070252/s1.
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