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Abstract

With the growing adoption of electric vehicles (EVs), safety concerns related to
lithium-ion batteries are becoming increasingly critical, particularly due to the
risk of thermal runaway. This master’s thesis presents a comprehensive analysis of
thermal runaway phenomena in EV batteries, focusing on their causes, triggering
mechanisms, and mitigation strategies. One widely used mitigation approach,
immersing the vehicle in a large tank of water, is studied in detail. The objective
is to understand why, in some cases, thermal runaway re-ignites after prolonged
immersion.

A review of the literature reveals several factors that could contribute to re-
ignition, such as a reduction in the ignition temperature of exothermic reactions
following water exposure, or localized increases in water conductivity that may
intensify short circuits. Building on these insights, the second part of this thesis
introduces a 0D thermal model designed to simulate battery behavior under im-
mersion conditions. The model incorporates key effects observed in the literature,
including water intrusion, conductivity variations, and ambient temperature. Simu-
lation results demonstrate that water-induced short circuits can initiate thermal
runaway and that several parameters critically influence the likelihood of re-ignition,
most notably water penetration into the battery, local water conductivity near the
cells, and surrounding air temperature. These findings provide valuable insights
into the root causes of post-immersion re-ignition and suggest potential pathways
for its prevention. Ultimately, this research aims to support the development of
safer firefighting strategies and reduce the risks associated with EV battery fires.
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Introduction

As shown in Figure [I] the number of electric vehicles worldwide has been steadily
increasing, and this trend is expected to continue due to the ongoing climate crisis.
In recent years, EV sales have surged, driven in part by the rise of companies like
Tesla and the emergence of many Chinese manufacturers that have helped lower
costs and expand market access. In parallel, battery manufacturers around the
world are investing heavily in R&D to improve battery lifespan, driving range, and
charging times.

However, like any emerging technology, electric vehicles come with both benefits
and challenges. One of the most critical concerns is battery safety. Lithium-ion
batteries can catch fire, and once the thermal runaway process begins, it becomes
extremely difficult to control or stop. This phenomenon, known as thermal runaway
(TR), is a self-sustaining chain reaction within the cell, where heat generated by
internal reactions accelerates further reactions, rapidly increasing the temperature
and potentially leading to fire or explosion. As the number of EVs increases,
thermal runaway events are becoming more frequent and more complex to man-
age. Firefighters are often forced to immerse burning vehicles in water tanks for
extended periods. While this can temporarily stop the fire, some vehicles reignite
after removal, creating a major safety issue.

The objective of this thesis is to better understand the causes and mechanisms
of thermal runaway, and in particular, to investigate why re-ignitions can occur
even after long immersion. The first part presents an overview of battery structure
and the different types of abuse that can trigger thermal runaway. Then, the focus
shifts to understanding the full runaway process and its propagation from one
cell to others. Finally, existing mitigation strategies are reviewed, with a special
emphasis on water immersion. A thermal model is developed to simulate scenarios
where re-ignition may occur.

This work aims to serve two main purposes: first, to help firefighters anticipate
potential re-ignitions and operate safely, and second, to explore how re-ignitions



can be prevented altogether.
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Figure 1: Evolution of the EV vehicules in the world




Chapter 1

The battery

In order to better understand the phenomenon of thermal runaway, it is essential to
have a thorough understanding of the structure of a typical electric vehicle battery.
This section explains its composition by describing how the battery consists of
numerous small units connected together, known as cells, and how these cells are
organized to form the complete battery pack.

1.1 The Cell

Today, most electric vehicle batteries use lithium-ion cells. This type of cell is
widely used because it offers a good balance between energy density, weight, and
lifespan. It can store a lot of energy in a compact space, which is perfect for electric
cars that need long driving ranges. They are relatively lightweight compared to
other types of batteries and can withstand hundreds of charging cycles before their
performance begins to decline. |2]

1.1.1 Lithium-Ion Cell

A lithium-ion cell is shown in Figure [I.1] This diagram illustrates the primary
components that collaborate to store and release electrical energy. Each part has a
specific role: [3]

e Anode: Usually made of graphite, the anode stores lithium atoms when the
battery is being charged. During discharge, it releases these atoms, sending
lithium ions through the electrolyte to the cathode and electrons through the
external circuit.

« Cathode: Made of metal oxides like lithium cobalt oxide (LiC'0O5) or lithium
iron phosphate (LiFePQOy,), the cathode receives lithium ions during discharge
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Figure 1.1: Lithium-ion cell

and releases them during charging. The material used in the cathode affects
how much energy the cell can store and how long it lasts.

» Electrolyte: This is a liquid or gel that contains lithium salts (such as
LiPFg) dissolved in organic solvents. It acts as a medium for lithium ions to
move between the anode and the cathode.

o Separator: A thin, porous membrane, often made of polyethylene or
polypropylene, that sits between the anode and the cathode. It avoids
the direct touching of the anode and the cathode but still allows lithium ions
to pass through.

1.1.2 Solid Electrolyte Interphase (SEI)

The solid electrolyte interphase is a protective layer at the surface of the anode
present on each specific cell of a battery pack. The SEI forms during the initial
charge cycles of the battery. When the battery charges, lithium ions move toward
the anode. The electrolyte, typically a mixture of lithium salts and organic solvents,
partially decomposes, creating a thin layer of solid reaction products on the anode
surface.

The SEI acts as a protective barrier between the anode and the electrolyte. It
is permeable to lithium ions, allowing their movement between electrodes during
charge and discharge cycles, but it blocks electron flows. The SEI also prevents
direct electrochemical reactions between the electrolyte and the anode, reducing
battery degradation and capacity loss.



A schematic of the solid electrolyte interphase is represented in the following
Figure (1.2
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Figure 1.2: Solid Electrolyte interphase representation

1.2 The Battery Pack

A battery pack is much more than just a collection of cells. It is a carefully designed
system that ensures energy is stored and delivered safely, efficiently, and reliably.
Battery packs are used in electric vehicles, energy storage systems, and portable
electronics, and their performance depends not only on the cells themselves but
also on how these cells are arranged, connected, and managed.@

1.2.1 Cell Arrangement and Configuration

Cells in a battery pack are typically arranged in series and parallel to meet the
voltage and capacity requirements of the application.

o Series connection : "S": Connecting cells in series increases the total
voltage of the pack. For example, connecting 10 cells in series (10S) results
in a nominal voltage of about 36V if each cell is 3.6V.

o Parallel connection : "P": Connecting cells in parallel increases the overall
capacity and current output. For instance, a 3P configuration means three
cells are connected in parallel, tripling the capacity of a single cell.

« Example configuration: A 10S3P pack contains 30 cells, 10 series-connected
groups of 3 parallel cells each, delivering higher voltage and capacity than a
single cell alone.



1.2.2 Cell and Pack Layout

Cells can be arranged in different physical configurations depending on spatial
constraints and cooling requirements. The layout can be described at two levels:
the cell format and the pack structure.

o Cell formats : Cells are available in cylindrical, prismatic, or pouch formats.

o Pack structure : To facilitate assembly and maintenance, cells are typically
grouped into modules. Each module may incorporate its own voltage and
temperature monitoring systems. Modules are then assembled into the
complete battery pack.

e Thermal management : It is a very important point when designing a
battery pack. Cells are tightly packed to save space, their layout is optimized
to allow airflow or integrate cooling plates. This helps dissipate heat generated
during operation, prevents overheating, and extends battery lifespan.

1.2.3 Electrical Protection and Safety

Battery packs include protection components to prevent overcharging, deep dis-
charge, short circuits, and overheating. Key features include:

o Fuses and relays: Disconnect the pack if unsafe conditions are detected.

» Insulation and physical barriers: Prevent accidental contact or internal
short circuits between cells or modules.

1.2.4 Battery Management System (BMS)

The BMS plays a crucial role in ensuring the safe operation of the pack. Its
functions include:

» Monitoring the voltage, temperature, and current of each cell or group of
cells.

« Balancing the charge between cells to ensure uniform performance.

o Communicating with external systems (such as an electric vehicle’s control
unit) to provide status updates and safety warnings.



Chapter 2

Causes of the Thermal Runaway

There are various causes of the thermal runway, but all come from an abuse. Three
typical abuses will be described in this chapter, mechanical abuse, electrical abuse
and thermal abuse.

2.1 Mechanical Abuse

This abuse comes from vehicle collisions. The crash will damage the battery, and
there are two possible consequences:

« Battery deformation

The deformation of the battery can result in the battery separator tearing,
causing an internal short circuit (ISC) and also a leakage of the flammable
electrolyte contained within the battery. All this can lead to thermal runaway.

o Penetration

Once the battery is penetrated, an internal short circuit can be triggered
instantly. The electrical energy of the cell is then continuously released during
the short circuit. The cell temperature rises as it absorbs the heat generated.
This temperature increase stops once the cell is fully discharged. If the
temperature does not reach a critical threshold by the end of this discharge,
no thermal runaway (TR) will be triggered during penetration. This point
will be discussed in detail later in this work. The penetration creates two
possible current pathways: the current flowing through the nail (internal
short circuit) and the current flowing through the electrodes (external short
circuit). What makes mechanical abuse particularly unpredictable is that it
can also lead to electrical abuse.



2.2 Electrical Abuse

2.2.1 External Short Circuit

An external short circuit occurs when electrodes with different voltage potentials
are connected through a conductive material. This can happen due to battery
deformation in a vehicle collision, submersion in water, contamination by conductive
particles, or an electrical shock during maintenance, among other causes.

An experiment [7] has investigated the external short circuit behavior of a
lithium-ion battery with an LCO cathode and a graphite anode. Results revealed
that the current initially rises to a peak value before gradually decreasing to a
lower value. Once the cell is fully discharged, the current drops to zero.

The peak current generates heat, leading to a temperature rise in the cell, which
can be hazardous as it increases the risk of thermal runaway. This temperature rise
is primarily caused by ohmic heating during the short circuit. The peak current is
limited by lithium-ion diffusion within the anode. Therefore, increasing the mass
transfer coefficient for lithium ions in the anode or enlarging the anode’s surface
area allows for higher peak currents, resulting in more rapid heating of the battery
during an external short circuit. Additionally, battery swelling has been observed,
indicating the production of gas inside the cell. The problems linked to external
short circuits can be effectively controlled by cutting devices such as fuses.

2.2.2 Overcharging

Thermal runaway caused by overcharging can be more severe than other types of
abuse, due to the excessive energy introduced into the battery. A common cause
of overcharging is a failure in the battery management system (BMS), which is
supposed to regulate the cell voltages and stop charging before reaching the upper
voltage limit. When the BMS malfunctions, the cell with the highest voltage is
usually overcharged first, followed by the others due to an imbalance in the pack.

During overcharging, both heat and gas are generated. The heat mainly comes
from ohmic heating and chemical side reactions. The amount of heat increases
with the charging current, indicating that most of the heating is due to resistive
losses. In overcharge conditions, when a cell voltage exceeds its limit, the current
rises, generating even more heat. As mentioned earlier, overcharging also triggers
secondary chemical reactions that reduce the battery’s stability. Normally, during
charging, lithium ions move from the cathode to the graphite anode, where they
are stored as Li*.However, if too many lithium ions go into the anode, metallic



lithium can start to build up on its surface, forming thin needle-like structures
called dendrites.

Dendrites usually start forming on the anode surface and are influenced by the
lithium balance between the anode and cathode. If too much lithium is extracted
from the cathode, its structure becomes unstable. One of the major consequences
is the progressive collapse of the cathode’s crystal structure. Experimental results
have shown that for materials like Li,C'0oO,, this collapse happens when the lithium
content drops below a critical value, specifically = < 0.16 [g].

The collapse of the cathode can cause several serious problems:

e Loss of structure
The material in the cathode becomes unstable and can break apart or lose
its shape. This damage increases the likelihood of the material overheating
and breaking down further.

» Release of oxygen
Normally, oxygen is locked inside the structure of the cathode. But when the
structure breaks down, oxygen (O3) can be released. This oxygen can initiate
a fire and make the situation worse.

« Decomposition of the electrolyte and gas production
The oxygen released also accelerates the decomposition of the liquid inside the
battery (the electrolyte), a process discussed later, resulting in the production
of a significant amount of gas. This gas increases the pressure inside the cell,
which can make the battery swell, break open, or even explode.

In summary, excessive lithium intercalation and extraction can trigger degrada-
tion mechanisms. Starting from dendrite formation and ending in cathode collapse,
gas generation, and possible thermal runaway.

The outcome of overcharging varies depending on test conditions. Under high
current conditions, the cell may explode, while under lower currents, it may only
swell. Overcharging can occur if the voltage of individual cells is not properly
monitored by the BMS. Even a slight deviation in voltage monitoring can result
in mild overcharging during normal operation. While mild overcharging does not
immediately trigger thermal runaway, it leads to capacity degradation over time.
As seen in Figure there is a point of no return where the overcharge becomes
too high and thermal runaway is triggered.
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Figure 2.1: Overcharge analysis [@I]

2.2.3 Overdischarge

Voltage inconsistencies between cells within a battery pack are unavoidable. Once
again, if the Battery Management System (BMS) fails to accurately monitor each
cell’s voltage, the cell with the lowest voltage may continue to discharge. During
forced discharge, the polarity of the affected cell can reverse, causing its voltage
to become negative and leading to abnormal heat generation. Overdischarge not
only accelerates capacity degradation but also results in long-term performance
deterioration.

SEI Decomposition and Gas Generation

During overdischarge, the opposite of overcharge occurs, there is excessive deinter-
calation of lithium from the anode. However, lithium is essential for maintaining
the structure of the Solid Electrolyte Interphase (SEI). Excessive deintercalation
can lead to the breakdown of the SEI, generating gases such as CO and C'O,, which
cause cell swelling. The extremely low voltage drives this decomposition at the cell
terminals.

When a cell undergoes overdischarge, the chemical equilibrium that stabilizes
the Solid Electrolyte Interphase (SEI) is disrupted, resulting in:

» Dissolution of SEI components into the electrolyte,

o Chemical degradation of the SEI due to interactions with the electrolyte.

10



Reactions such as:
LiF 4 Organic Solvents — Dissolved Compounds (2.1)

Contribute significantly to the destabilization of the SEI.

When an overdischarged cell is recharged, a new SEI layer forms on the surface
of the anode. But this new layer does not behave like the original one. It often
exhibits different electrochemical properties, which increase resistance and cause
the battery to lose capacity more quickly. Also, this new SEI is usually less stable,
which makes the battery degrade even more with each cycle.

Cathode Morphology Changes

Overdischarge also changes the shape and structure of the cathode. When a cell is
discharged too much, too many lithium ions go into the cathode, which makes it
unstable. This can:

o Break atomic bonds inside the crystal structure.

« Create disorder, turning the cathode into a non-crystalline (amorphous) form.

As a result, the cathode stops working properly, which speeds up capacity loss
and makes the battery less efficient.

Copper Current Collector Dissolution

In lithium-ion batteries, the current collector is a metal layer that facilitates the
flow of electrons between the active materials and the external circuit. It doesn’t
take part in the chemical reactions but is important for good electrical performance.
Copper is usually used for the anode, and aluminum for the cathode.

When a cell is overdischarged (when the voltage goes below about 2 V), the
copper current collector at the anode becomes unstable and starts to break down.

It gets oxidized as follows:
Cu — Cu*t + 2e” (2.2)

The copper ions (Cu*") then move through the cell toward the cathode. Later,
during recharging, these ions can turn back into copper metal and build up on the
anode. This makes it harder for the battery to work properly and causes permanent
capacity loss. Worse, this copper can grow into sharp structures called dendrites.
These dendrites can pierce the separator inside the battery and cause internal short
circuits, which are very dangerous. They increase the risk of heat build-up and
battery failure. If the anode voltage gets too high during overdischarge, a lot more

11



copper ions are created. These ions can travel through the battery and stick to the
cathode as metal. If not controlled, copper dendrites can grow across the battery,
causing a direct short circuit and leading to serious failure. This is shown in Figure
2.2
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Figure 2.2: Interpretation of the copper dissolution and short-circuit formation
mechanisms during overdischarge [7].

2.3 Thermal Abuse

The third major form of abuse that can lead to thermal runaway (TR) is thermal
abuse. To properly define it, it is crucial to first identify all possible sources of heat
generation within a battery system.

As discussed previously, heat can be generated as a result of electrical or me-
chanical abuse. However, additional sources must also be considered. For example,
loss of contact within a cell connector can cause localized heat generation. Cells
within a battery pack are interconnected using metallic current collectors, and
any degradation of these connections, often due to manufacturing defects, can
significantly increase local resistance. An increase in the resistance will generate
heat as the current passes through.

In electric vehicles, mechanical vibrations can make the situation worse by
loosening connectors or breaking contact. When contact is poor, resistance increases,
and heat is created when the current tries to pass through the faulty connection. If
this heat is strong enough, it can cause thermal runaway. The resistance between
parts mostly depends on how tightly they are connected and how smooth the

12



contact surfaces are. If the contact is loose or rough, more energy is lost as heat,
especially where the electrode meets the current collector. This heat can spread
into the cell and raise its temperature, increasing the risk of thermal runaway. It’s
important to note that in all known thermal runaway cases, heat is the main cause.
Once the cell starts heating up, the temperature rises quickly and can cause nearby
cells to do the same, leading to a chain reaction. This will be shown later in this
work.

2.4 Internal Short Circuits and Their Role in
Thermal Runaway

Almost every diagnosed case of thermal runaway (TR) has followed an Internal
Short Circuit (ISC). This phenomenon occurs when the anode and cathode come
into direct contact, often as a result of a mechanical or thermal failure of the
separator. Once an ISC is triggered, the electrochemical energy stored in the cell is
rapidly released in the form of heat, potentially initiating a runaway reaction.

2.4.1 Types and Causes of Internal Short Circuits

Internal short circuits (ISCs) can be grouped by the type of abuse that causes
them:

e Mechanical abuse: If the battery is crushed or pierced, the separator can
tear, and the electrodes may touch directly.

« Electrical abuse: Overcharging or deep discharging can create lithium
dendrites. These sharp structures can grow through the separator and cause
a small internal short.

o« Thermal abuse: If the battery gets too hot, the separator can shrink or
melt. This leads to direct contact of the electrodes.

These causes are often connected, as shown in Figure [2.3] For example, me-
chanical damage can lead to electrical problems, which can then cause overheating.
All of them can eventually create an internal short circuit and, in some cases, lead
to thermal runaway.

2.4.2 Severity of ISCs

ISCs can be divided into two main types depending on how serious they are:

13
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o Massive ISCs usually happen after strong mechanical or thermal damage.
They release energy very quickly and often cause thermal runaway right away.

o Mild ISCs are more common with electrical abuse. They create much less
heat and don’t always lead to thermal runaway. But if the separator is too

damaged, the heat can build up over time and eventually make the cell reach
the thermal runaway temperature (Toggr).

The amount of heat produced during an ISC depends a lot on how bad the
separator damage is. A bigger tear means more current can flow, more heat is
generated, and thermal runaway can happen faster.

2.4.3 Spontaneous ISCs and Time-Delayed TR

Most internal short circuits are avoided thanks to strict testing and quality control.
But sometimes, a spontaneous short circuit can still appear later because of small
defects or contamination during the cell’s assembly. These hidden problems may
remain inactive for days or even months before escalating into a thermal event.
Luckily, this slow process gives the Battery Management System (BMS time
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to spot early signs like small drops in voltage or slight increases in temperature.
With these warnings, the BMS can act early and prevent the situation from getting
worse and leading to thermal runaway.

2.4.4 1ISC Severity Classification: Three Levels

Based on their thermal and electrical characteristics, ISCs can be classified into
three progressive levels, as proposed by a study [7], and illustrated in figure :

o Level I — Self-Extinguishing: The cell slowly loses charge, but the tem-
perature stays stable. The heat generated is very low and can usually be
handled without any danger.

e Level II — Depends on Cooling: The short circuit causes more noticeable
heat and a faster voltage drop. Whether the battery stays safe depends on
how well the system can remove this extra heat.

e Level III — Thermal Runaway: The separator breaks down completely. In
this case, heat builds up very fast. It directly leads to the thermal runaway.

This step-by-step evolution from Level I to Level III gives the Battery Manage-

ment System (BMS) a chance to detect problems early. With the right monitoring,
it’s often possible to stop the short circuit before it becomes dangerous.
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Chapter 3

Thermal Runaway Mechanism

Thermal runaway can be viewed as a chain reaction that initiates when the cell
temperature exceeds the ignition point of exothermic reactions. One of the three
types of abuse (mechanical, electrical, or thermal) causes the cell’s temperature to
rise. If it reaches a certain threshold, a series of chemical reactions begins.

At first, heat is generated by the breakdown of the SEI layer. This adds
more heat to the system, which then triggers more chemical reactions. As the
temperature increases, more reactions occur, creating a loop that quickly leads to
thermal runaway. This process is shown in Figure (3.1}
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Figure 3.1: Thermal runaway mechanism

As explained earlier, the final step of this chain is usually an internal short
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circuit, which happens when the separator melts. Of course, the temperatures at
which these reactions start depend on the materials used in the battery, such as
the anode, cathode, separator, and the type of electrolyte.

The goal of this chapter is to understand and explain all the chemical reactions
that cause the cell temperature to rise.

3.1 Reactions at the Anode

Let’s start by describing the reactions at the anode. Currently, the most common
anode material used in lithium-ion batteries for electric vehicles (EVs) is based on
graphite or carbon.

3.1.1 Initial SEI Decomposition

This is the first reaction that occurs during thermal runaway, happening at ap-
proximately 80-130°C. For example for an SEI composed of (CHyOCOyLi)s, the
decomposition reaction is :

(CHQOOOQLZ)Q — LZQCOg + 02H4 + COQ + 0502 (31)

This decomposition starts once the temperature of ignition is reached and can be
described using the Arrhenius equation to express the SEI decomposition rate:

dcsei
dt
The heat generated by the decomposition is [10]:

= Asei-csei~€_Ea’S€i/RT7 (T > Tonset) (32)

Qsei = Hsei-Wc/g~Asei-csei'€_ansei/RT (33)

Where E, is the activation energy, A is the pre-exponential factor, c,; is the
normalized SEI concentration, Hy.; is the specific heat released by reaction, and
W. is the carbon or graphite density depending on the cell.

3.1.2 Balanced SEI Decomposition and Reformation

As the temperature rises to around 130°C-150°C, the lithium stored inside the
graphite anode becomes more reactive with the electrolyte. At this point, a new
series of chemical reactions starts to happen. The lithium begins to interact with
the electrolyte solvents, which causes the breakdown of the Solid Electrolyte In-
terphase (SEI). At the same time, new SEI compounds are formed, such as LiF,
LiyC' O3, and some organic components.
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During this phase, there is a kind of unstable balance: the SEI is both breaking
down and being rebuilt. As the heat destroys parts of the SEI layer, other parts
are reformed by reactions between freshly exposed lithium and the electrolyte. But
this balance is fragile and temporary.

As the temperature keeps increasing, the rate of decomposition becomes higher
than the rate of formation. This means that the SEI layer slowly loses its protective
role. Ultimately, it gets too damaged to safeguard the graphite surface. In this
specific case, the electrolyte can directly react with the graphite anode, resulting in
even more heat produced. This speeds up the whole process and brings the system
closer to thermal runaway.

Decomposition of the Graphite Anode with Electrolyte

At high temperatures, usually above 250°C, the graphite anode starts to break
down both structurally and chemically. Normally, the Solid Electrolyte Interphase
(SEI) acts as a barrier that protects the graphite from reacting directly with the
electrolyte (see section . But when the temperature gets too high, the balance
between the formation and breakdown of the SEI is lost. The SEI layer is then
completely destroyed.

Once the SEI is gone, the anode is directly exposed to the electrolyte. This leads
to strong chemical exothermic reactions between the graphite and the electrolyte.
At the same time, the structure of the graphite itself becomes unstable and starts
to degrade. This makes the reactions even more intense, releasing a significant
amount of heat.

Mechanism of Anode Collapse [11] Graphite is made of layers of graphene
stacked on top of each other. It is normally stable at moderate temperatures, but
when the temperature becomes very high:

o The layered structure starts to break apart because of thermal expansion and
internal stress.

e The lithium inside the graphite becomes very reactive and speeds up decom-
position reactions with the electrolyte.

o Gases like CO and CO, are produced, which create small cracks and separate
the layers of graphite.
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Because of all these effects, the graphite loses its regular structure and becomes
disordered or breaks into pieces. This damage, combined with the reactions with
the electrolyte, releases a large amount of heat and pushes the battery further into
thermal runaway.

3.2 Reactions at the Cathode

Once the temperature becomes high enough, exothermic reactions start to occur
at the cathode. These reactions are mostly triggered by the decomposition of the
cathode material. As seen in the previous sections, this temperature is typically
above 200 - 250°C, but it strongly depends on the cathode chemistry. For lithium-
ion batteries, different types of cathode materials are used, such as LiC'0oOy, NMC
(Nickel Manganese Cobalt), or LiFePO,, and they do not behave the same way
under thermal abuse.

For example, LiC0oO, is known to release oxygen when it decomposes at high
temperatures, which is extremely dangerous because this oxygen acts as an oxidizer
and can fuel combustion reactions with the electrolyte. This is not just a thermal
reaction, and it becomes a chemical combustion. The energy released by LiC'0QO,
decomposition is around 265 J/g [12], which is significant and contributes directly
to accelerating thermal runaway. The reaction of decomposition is: |9

1 1 1
Li0.50002 — iLZCOOQ + 600304 + 602 (34)

NMC materials also release oxygen, but generally a bit later and slightly less
violently than pure LiCoO, with a total heat generation of 160 J/g |13]. However,
the risk is still high because the presence of oxygen always increases the chances of
combustion once in contact with lammable components like the electrolyte.

In summary, the role of the cathode is very important because, depending on the
material, the thermal runaway can be more or less violent. Cathode decomposition
not only releases heat but also chemically reactive species like oxygen that aggravate
the thermal instability of the cell.

3.3 Electrolyte Decomposition
During thermal runaway, the electrolyte plays a critical role in the generation

of heat and gases. As the temperature rises, the electrolyte solvents and the
conducting salt (LiPFg) become thermally unstable and begin to decompose.
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Initially, the decomposition of the electrolyte leads to the formation of small-
molecule gases such as C'O, CO,, and H,, along with the vaporization of the solvent
components. This process increases the internal pressure of the cell, ultimately
causing it to rupture and vent. Venting is a safety mechanism in battery cells that
releases internal gas pressure through a relief valve when the pressure becomes
too high. It prevents the rupture or even the explosion of the cell. The vented
substances typically consist of fine mist from the electrolyte and partially reacted
gases. These vented gases are flammable and can ignite upon contact with a hot
surface or a spark, potentially leading to combustion events.

The electrolyte decomposition is influenced by both the solvent composition and
the conducting salt. Ethylene carbonate (EC) is essential for SEI formation, but
due to its high viscosity and melting point, it is often mixed with linear carbonates
such as dimethyl carbonate (DMC) and diethyl carbonate (DEC) to improve ionic
conductivity. The typical conducting salt, LiPFg, further contributes to instabil-
ity under high temperatures by decomposing into reactive species like PF; and HF'.

The decomposition of LiPFg can be represented by:
LiPFs — LiF + PFjy (3.5)

The highly reactive PF5 can attack carbonate solvents, accelerating the break-
down of the electrolyte and releasing additional heat.

In summary, the electrolyte functions as a medium for ion transport during
standard operation but significantly contributes to thermal runaway by breaking
down into gases and heat under abusive conditions.

3.4 Separator Meltdown

The commonly used separator materials in commercial batteries are polyethylene
(PE) and polypropylene (PP).

The PE/PP-based separator shrinks when the temperature reaches its melting
point. The melting points of PE and PP separators are approximately 130°C and
170°C. The separator melting is an endothermic reaction, reducing the rate of
temperature rise. However, shrinkage continues as the temperature increases. The
loss of separation between the cathode and anode due to reduced surface area leads
to an internal short circuit (ISC). If the temperature remains extremely high, the
separator eventually vaporizes, causing its collapse. The ISC caused by separator
shrinkage can be violent, leading to massive heat generation, or it can be mild,
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resulting in delayed separator collapse.

The separator collapse temperature ranges between 200°C and 260°C. If the
collapse temperature is higher than the decomposition temperature of the cathode

or anode materials, an ISC may not occur. This could significantly reduce total
heat generation.

3.5 Propagation

Thermal runaway is often studied at the scale of a single cell, but in this work, the
objective is to understand how thermal runaway behaves in a full battery pack,
where many cells are connected together.

To do this, it is essential to determine typical values for the propagation time
between cells. This propagation time depends on many factors, such as the cell
type and the surrounding conditions. However, since the heat released during
thermal runaway is extremely high, even a basic test on two cells can give a good
idea of the time scales that might be expected in a real battery pack.

An experimental test was carried out by researchers to measure the propagation
time between cells when no action is taken to stop the phenomenon [14]. The main

result of this test is that the thermal propagation time from one cell to the next is
about 159 seconds (see Figure |3.2)).
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Figure 3.2: Propagation test results
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Chapter 4

Mitigation of the thermal runaway

Mitigating thermal runaway remains a significant challenge in lithium-ion battery
safety. As outlined in the previous sections, thermal runaway is an uncontrolled
chain reaction, characterized by a rapid escalation of temperature and exothermic
reactions. By its very nature, once triggered, it is extremely difficult to stop.

The objective of this chapter is to examine current strategies aimed at mitigating
thermal runaway and, in particular, to evaluate the effectiveness of one specific
method, immersing an electric vehicle in a large tank filled with water.

4.1 Current solutions

The current solutions will be examined through a dual approach, combining theo-
retical analysis with experimental investigation.

Theoretical Analysis

The main types of extinguishing agents considered for lithium-ion battery fires are
outlined below, each with its own advantages and limitations:

o Water : Its main advantage is its high heat absorption capability. However,
water has a non-negligible electrical conductivity, which can lead to external
short circuits.

« Foam-based extinguishers : Foam acts as a barrier between hot surfaces
and flammable vapors or gases. The foam must cover the entire battery surface
in order to prevent air from passing through, which is actually very challenging
in electric vehicles due to limited battery accessibility. Furthermore, foam
does not significantly reduce temperature, allowing side reactions and thermal
runaway to continue.
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o Powder-based extinguishers : These extinguishers work by chemically
interrupting the reactions causing the fire. However, they provide no cooling,
which leads to a high risk of re-ignition.

o Carbon dioxide (CO,) extinguishers : C'O, displaces oxygen and is safe
for use on electrical components. Nonetheless, its low cooling capacity makes
it less effective for stopping thermal runaway.

 Gas extinguishing agents : These agents can quickly suppress flames
without triggering electrical fires but do not effectively cool the battery.

e Dry water : This emerging technology combines water’s high heat capacity
with low electrical conductivity, enabling effective cooling while minimizing
the risk of short circuits. A more detailed discussion is provided in the
following section.

Experimental Analysis of Extinguishers

To confirm the theoretical analysis, a research study [14] has investigated and
compared two methods to suppress thermal runaway: gas extinguishers (HFC-
227ea, CgF120) and water spray.
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Figure 4.1: Experimental analysis of different type of extinguishers

The experimental set-up of the test is depicted in Figure The goal of the
heater is to initiate the thermal runaway. Here, in this case, the cause of the
thermal runaway is thermal abuse. The temperature of the first cell increases so
much that side reactions occur, and then it initiates fire (see [3.1)).

The main conclusion of the analysis is that each agent was able to stop the fire,
but as observed on the graph only water spray is able to significantly decrease
the temperature. As said in the theoretical analysis, water has the ability to absorb
heat while the other agents cannot, and the experimental test can clearly confirm
this. For the gas extinguishers, fire is momentarily stopped, but the temperature
remains high, which directly means that the thermal runaway continues. As early
as the application of gas is stopped, a resurgence of fire is observed. But for the

25



. Exhaust fan

Gas collection hood

Camera

(a)
i Nozzle

Aerogel insulation panel

Clam
P Battery| Thermal insulation

TC3 TC6

Side view

TC3

Front surface

(b) (©)
Figure 4.2: Experimental set-up of the test

water, as the temperature becomes low, too low for side reactions to continue, the
thermal runaway is stopped, and no re-ignition is observed. The cooling capacity
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of the agent is crucial in suppressing thermal runaway and its propagation. The
heat dissipation of HFC-227ea, CgF120, and water spray in the fire extinguishing
test is 24.8 kJ, 111 kJ, and 459.8 kJ, respectively. Those values are directly linked
to the results observed. Thus, HFC-227ea has a limited ability to suppress thermal
runaway propagation. Although CgF150 cannot completely prevent propagation,
it helps lower the battery temperature, reduce the heat transfer rate, and extend
the propagation time. In contrast, water spray provides the most effective cooling,
successfully preventing thermal runaway propagation. All this is resumed in Figure
4.0l
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Figure 4.3: Comparison of the extinguishers

4.2 Dry Water (DW)

Dry water is considered as a promising solution to suppress the thermal runaway.
It is a powdered material containing large amounts of liquid water. Benefiting
from its core-shell structure and dispersibility as a dry powder, DW exhibits a high
electrical breakdown voltage, allowing it to overcome the conductivity disadvantage
of liquid water.

Additionally, the endothermic enthalpies of DW are only about 82.4-95.7% of
those of liquid water, which means that DW absorbs less heat than liquid water.
However, their water evaporation rates are faster than those of liquid water. This
results in a better cooling effect for suppressing the propagation of thermal runaway.
Thanks to evaporation, heat is more effectively dissipated. It leads to a greater
temperature reduction.

27



Thus, DW combines the advantages of liquid water (high cooling capacity) and
dry powder (low conductivity) and presents significant potential for controlling
Lithium-Ion Battery (LIB) fires.

4.2.1 Preparation of Dry Water

The preparation mechanism is illustrated in Figure [4.4]

Dry water powders are typically produced using a high-speed agitation process.
This technique involves applying intense shear forces to a liquid, typically water,
breaking it into small droplets. At the same time, a highly hydrophobic powder
is added, which coats the surface of each droplet and forms a solid shell around
them. This coating prevents the droplets from merging, resulting in a freely flowing
powder containing tiny water-filled capsules. The efficiency of this process depends
on factors such as shear rate, hydrophobicity of the coating material, and the ratio
of powder to liquid.

Water or ADP solution Solid shell

/
| 1 Liquid core
1

Dry water

Hydrophobic SiO, High speed stirring

Figure 4.4: Dry water : preparation mechanism [15]

4.2.2 Fire Suppression and Cooling Effects

As seen in the experimental test (see 7 the best way to suppress thermal runaway
incidents and fires is to rapidly remove the energy released by the battery and
decrease its temperature in order to stay above the ignition temperature of the
exothermic reactions. Water is available in large quantities and has a strong cooling
capacity, making it highly desirable for cooling purposes. But the main drawback
of water is that it can cause external short circuits. The advantage of dry water
is its low conductivity, which helps to mitigate external short circuits. Thus, dry
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water appears to be a promising solution. However, in the event of a battery
fire, a rapid response is critical. Unlike conventional water, dry water requires
preparation and is not always immediately available. Moreover, its limited quantity
and production cost make large-scale deployment challenging, especially given the
substantial volume of coolant needed during thermal runaway events.

4.3 Immersion in Water: Overview

This method involves fully immersing an electric vehicle undergoing thermal runaway
in a large water tank. In most cases, particularly for an electric car, direct access
to the battery is limited, making it difficult to apply water directly to the source of
heat. As a result, effective cooling can be difficult. Immersion provides a practical
solution by ensuring uniform and adequate heat dissipation throughout the entire
battery pack.

4.3.1 Re-ignition

In theory, immersion is a viable solution, offering consistent cooling throughout
the entire battery pack. This should stop the thermal runaway process. However,
several documented cases have reported incidents of re-ignition, where thermal
runaway restarts after the vehicle or battery pack is removed from the water. This
phenomenon can occur even after prolonged immersion.

For example, this article |16] describes a case of re-ignition after three months
of submersion. In Belgium, multiple vehicles reignited 24 to 48 hours after be-
ing immersed. This section aims to examine the possible reasons behind such
occurrences.

Persistence of Thermal Runaway The reaction has not completely stopped.
The overall battery temperature may still be too high to halt all chemical reactions.
This could happen if the water temperature exceeds the ignition point of the
exothermic reactions. Given the limited quantity of water in the tank, this is
a possibility. And once the battery is removed from water, reactions continue,
temperature rises again, and thermal runaway reoccurs.

Residual Energy Even in water, the cells of the battery could not be completely
discharged. This energy contained in the battery, even after the immersion, can lead
to the re-ignition. In theory, if the temperature goes above the ignition temperature
of the exothermic reactions and there is still energy in the battery, a re-ignition
occurs.
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Water Penetration Electric vehicle batteries are designed to resist water ingress
under normal conditions. In compliance with standards such as IP67 or P68,
battery packs can withstand temporary immersion, but not prolonged exposure,
such as 24 to 48h. Prolonged exposure can elevate the risk of water seeping into the
battery pack. Once water infiltrates, it may form conductive paths, which could
result in external short circuits. While batteries usually have protective measures
like fuses, extended moisture exposure can lead to corrosion in connectors and fuses,
compromising their effectiveness over time. This may result in progressive electrical
failure. Moreover, not all short circuits necessarily happen during submersion.
Over time, moisture can accumulate and lead to delayed short circuits after the
battery is no longer submerged. This poses a significant danger, as a short circuit
generates heat, raising the temperature and triggering the re-ignition of exothermic
reactions, which could lead to thermal runaway:.

To better understand the phenomenon of re-ignition, it is essential to examine
the battery’s ability to resist water intrusion and analyze its experimental behavior
under water immersion conditions to confirm these theories.

4.4 Immersion in Water : Experimental Analysis

This section aims to validate the previously introduced hypotheses regarding the
effects of battery immersion. The aim is to demonstrate that water can seep into
battery packs when submerged for extended periods and to assess the potential
impact on the battery’s integrity and performance. This analysis will ultimately
aid in creating a model that can forecast possible re-ignition events and clarify the
mechanisms involved.

4.4.1 Norms

To better understand water intrusion into battery packs, it is necessary to consider
the norms and standards that battery manufacturers must comply with, as this
provides a good indication of the battery’s resistance to water intrusion. Those
standards typically consider two major factors that affect the consequences of
immersing a battery pack in water.

First, the salinity of the water. The higher the salt concentration, the greater
the electrical conductivity. Second, the duration of immersion directly affects the

risk of water penetration and potential short circuits.

Several standards define testing procedures for battery immersion in water:
[17],[18]
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1. SAE J2464 (NOV2009) — Section 4.3.5: Immersion Test (Module or
Pack Level) This test is part of the SAE J2464 battery abuse testing protocol,
designed to evaluate the behavior of a battery system under extreme conditions :
"With the Device Under Test (DUT) in its standard operational orientation and
at full state of charge (SOC), it must be fully submerged in salt water at ambient
temperature (5% NaCl by weight in H0O). The DUT should remain immersed
for a minimum of two hours, or until all visible electrochemical reactions (such as
bubbling, smoking, or sparking) have ceased." This test is primarily used to assess
the risk of short circuits, thermal runaway, or other hazardous behaviors in the
event of exposure to highly conductive environments, such as saltwater flooding.

2. USABC Battery Abuse Test Procedure — Section 4.4: Water Immer-
sion Developed by the United States Advanced Battery Consortium (USABC),
this test focuses on the response of a battery system to submersion in a marine-like
environment.

"The DUT should be submerged in a saltwater solution designed to simulate
seawater (approximately 3.5% NaCl by weight, or 600 mM / 35 ppt). The immer-
sion should last either (1) a minimum of two hours, or (2) until the DUT reaches
a failure point defined by a Hazard Severity Level (HSL) > 5. The DUT must
be monitored for at least 30 minutes following the completion of the test." This
test aims to simulate real-world immersion scenarios such as coastal flooding and
evaluate the battery’s resilience and safety in water conditions.

Although these two tests are not mandatory, manufacturers typically perform
them to prevent safety issues and to reassure customers about the reliability of
their battery systems. However, a key limitation of these tests lies in their short
observation period following immersion. It is important to highlight that the
immersion durations used in testing do not reflect the extended exposure times,
often 24 to 48 hours, typically encountered by firefighters during real incidents.
More critically, the post-immersion observation period is often insufficient to detect
delayed effects, such as internal moisture accumulation that may lead to short
circuits hours or even days later. To conclude, it confirms that electrical batteries
are not made for such extended immersion, and so water could infiltrate.

4.4.2 Experimental Test and Evidence of Water Intrusion

To further investigate the effects of immersion, experimental testing is necessary. As
part of an exploratory investigation [17], lithium-ion battery packs were immersed
in saline solutions to evaluate the effect that water can have on the battery. The
tests were conducted on battery packs from commercial electric vehicles, including
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a Tesla Model S pack, characterized by lithium-ion chemistry with a nickel-cobalt-
aluminum oxide (NCA) cathode, a graphite-based anode, and a carbonate-based
electrolyte with a LiP Fj conducting salt.

The batteries were charged to high states of charge (SOC), typically ranging
from 80% to 100%, to replicate worst-case energy conditions. They were fully
submerged in solutions simulating real-world conditions, primarily 3.5% sodium
chloride (NaCl) to represent seawater, and 0.1% NaCl to simulate tap water. The
immersion duration varied depending on the test scenario, typically lasting from
15 minutes up to two hours. Battery packs were positioned to ensure complete
submersion and to prevent floating, often by applying a slight tilt.

After immersion, the batteries were removed and suspended above the test tank
for direct observation for 1-2 hours. In some cases, smoke emission or venting was
observed shortly after removal, which required immediate re-immersion. These
post-immersion reactions demonstrate that partial or insufficient immersion may
not fully suppress latent thermal activity. To further assess delayed risks, batteries
were also stored in a secondary containment system and monitored for at least 24
hours. Voltage measurements after extended immersion often confirmed significant
discharge, with readings dropping below 50 V or as low as 5-10 V.

These findings highlight that while immersion can mitigate immediate hazards,
thermal instability may persist and reignite after removal from the liquid if the
battery is not fully cooled or de-energized.

For all the conducted tests, similar events took place. First, directly after
immersion, a release of air bubbles was observed as the air contained in the battery
was escaping. But then, the release of small air bubbles continued, which could
indicate battery degradation and electrolysis. Depending on the size of the battery
this phenomenon lasted between 30 and 60 minutes, the larger is the battery the
longer is the time of reaction. However, the author of the test noted that this time
of reaction is not very accurate, as it is difficult to determine exactly when the
bubbles stop. The important fact about the immersion period is that no other
phenomena have been observed.

An analysis of the battery revealed evidence of water intrusion. Figure [4.5]
shows signs of degradation of major components. It could be surprising, knowing
that the tested batteries were equipped with a protective case. In all the tests,
corrosion of the cells and module, leakage of the cells have been observed, which is
significant evidence of water intrusion inside the battery pack.
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Degradation has not only affected the cell level but also the pack level. This

Figure 4.5: Degradation of the battery cells and module

includes the connectors and the metallic surfaces of the battery pack. This can be
observed in the figure [£.6, The degradation of the connectors can be easily noticed

Figure 4.6: Degradation at the pack level

in Figure [4.7]

Comparison between Sea Water and Tap Water While seawater, with its
higher salinity, causes more vigorous bubbling and faster reactions when a battery
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Figure 4.7: Degradation of the connectors

is immersed, tap water results in slower, more muted bubbling. At first glance,
this might suggest that tap water is less dangerous. However, the slower reaction
means that the battery may not release its internal energy right away. Instead,
energy such as heat or pressure can gradually accumulate inside the battery. This
buildup may not trigger an immediate failure, but can lead to a higher internal
energy state over time. As a result, the risk of a delayed thermal event, which can
be even more dangerous than an immediate one, actually becomes higher. In other
words, while the initial reaction in tap water appears less aggressive, it may create
conditions that are more prone to a violent incident later on.

During the tests, the apparition of bubbles lasted longer for the tap water, but
it was complete for both cases in a maximum of 2 hours.

4.4.3 Affect on Electrochemical Performance of the Battery

The thermal stability of lithium-ion batteries (LIBs) after immersion was studied
in [19]. Four concentrations of NaCl solution were tested: Owt%, 1wt%, 2wt%, and
3wt%. To examine the effect of immersion time, batteries were immersed in 3wt%
NaCl solution, which is similar to seawater, for different durations (0.5 h, 1 h, 2 h,
and 4 h). After immersion, the battery was monitored for 24 hours.

The results indicate that immersion in salt water triggers electrolytic reactions.
Hydrogen is produced at the negative electrode, and the positive electrode shows
signs of corrosion. The amount of corrosion increases with the salinity of the water.
It was also demonstrated that corrosion depends on both the cell voltage and the
duration of immersion. As shown in Figure [4.8] corrosion becomes more severe as
immersion time and cell potential increase.

Normally, when a lithium-ion battery heats up and starts producing gas due
to exothermic reactions, the safety valve is supposed to open quickly to release
the internal pressure. This fast venting helps reduce the temperature and prevents
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(a) (b)

Figure 4.8: Morphological images of the battery cap after different immersion
durations. (a) Low-potential cell. (b) High-potential cell. From left to right: cells
immersed for 4 h, 2 h, 1 h, and 0.5 h, respectively

the thermal reaction from getting worse. However, if the safety valve is damaged,
for example, by corrosion after being immersed in salt water (like 2% or 3% NaCl
solution), it might not work properly. In that case, the valve could be partly open,
cracked, or blocked, and the gas would escape slowly instead of being released in a
quick and controlled way. But this has consequences :

o Hot gases remain trapped inside the cell for a longer period.

« Heat continues to accumulate within the cell structure.

o The internal temperature rises more rapidly.

o The likelihood of triggering thermal runaway increases significantly.

In short, a slow and unnoticed gas leak caused by a damaged valve can be more
dangerous than a full venting. It doesn’t release the pressure inside the battery
properly, which allows the temperature to keep rising and increases the risk of a
delayed or unexpected thermal runaway.

In the same study , it is also reported that immersing a lithium-ion cell in a
concentrated salt solution for 4 hours can consume most of the reactive materials,
which prevents thermal runaway. In lab conditions, these individual cells do not
show signs of thermal runaway after 4 hours, because most of their chemical energy
has already been used or released during immersion. However, this result does
not fully match what happens in real situations, especially with electric vehicles.
In real cases, re-ignition has been reported 24 to 48 hours after immersion. This
difference can be explained by the fact that a battery pack contains many cells,
and they do not all react the same way to water. Also, water may not reach all
parts of the pack evenly. As a result, heat can slowly build up due to short circuits,
and once the battery is out of the water, thermal runaway can start again. In
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summary, while prolonged immersion may be sufficient to neutralize the thermal
risk of a single cell, this is not always true at the battery pack level.

Analysis of the Onset Temperatures In the same study [19], the researchers
compared batteries that had been immersed in water with fresh ones by looking at
their onset temperatures of the exothermic reactions. The batteries were immersed
for different durations: 4 hours for the 0, 1, and 2 wt% NaCl solutions, and 0.5, 1,
2, and 4 hours for the 3 wt% solution. After immersion, each battery was tested
using an ARC test (Accelerating Rate Calorimetry), which measures the battery’s
self-heating rate and determines the temperature at which thermal reactions initiate.

Here are the results from the study that are relevant for the present work, shown
in Table {11

Table 4.1: Key parameters of batteries after immersion

Batteries  Togr (°C)

0 wt% 87.07
1 wt% 147.08
2 wt% 46.31
3wt% (Lh)  41.62
0.5h 94.80
2 h 43.74
4h 81.20

It is really interesting to notice that the temperature at which the exothermic
reactions start (TOER) can be reduced as the water affects the cell. In those
tests, the minimal temperature is 41.62°C and is reached for the cell that has been
immersed in salted water (3%) for one hour. Compared to the other values, the
impact can be significant.

4.4.4 TOER Reduction and Residual Energy Uncertainty
After Immersion: the paradox

An important point in understanding battery stability is that immersion, especially
in salty water, can greatly lower the temperature at which exothermic reactions
start (Togr), as seen in the previous section. This drop is often caused by internal
damage to the cell, such as the breakdown of the SEI layer, corrosion of the safety
valve, and the entry of water and oxygen into the cell. These changes make the
battery less stable and more likely to start heating up at lower temperatures.
However, a lower Tprr does not mean that the battery is fully discharged or safe.
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Actually, the fact that Toggr is reduced shows that water has entered the inside of
the cell, but it does not mean that all the energy has been used. It will be shown
later in this work that, in some cases, the discharge time due to a short-circuit can
be very long.

4.4.5 Comparison Between Fresh Water and Saline Water
Immersion

While fresh water is often used in emergency situations to stop lithium-ion battery
fires, it has just been shown that immersion in saline water (typically 2-3% NaCl)
may have some advantages when it comes to energy neutralization. Saline water
has a much higher electrical conductivity than fresh water, which causes short
circuits to happen faster and speeds up the electrochemical corrosion of battery
components. This leads to quicker damage to the SEI layer, the cathode, and
safety features, such as pressure relief valves. As a result, the cell discharges more
quickly, active materials are consumed, and the temperature at which exothermic
reactions start (Tpggr) drops, often to below 50°C. These effects can, in theory,
prevent thermal runaway if the immersion lasts long enough and the water reaches
all parts of the battery evenly, because most of the energy would already have been
released.

In contrast, immersion in fresh water leads to slower degradation. The lower
conductivity reduces internal short-circuiting, and corrosion happens more slowly.
As a result, some cells may still hold a significant amount of energy even after a
long immersion. In most experimental tests found in the literature, the immersion
and observation times are quite short. As mentioned earlier, in the case of fire
suppression using a large tank of water, the immersion time is usually 24 to 48
hours in fresh water. With this in mind, it is difficult to know the exact state of the
battery after such immersion. Still, the main difference between fresh and saline
water is the speed of degradation. So, a long immersion in fresh water could, in
theory, have similar effects to a short immersion in salt water. More tests with
fresh water immersion are suggested to confirm this idea.

4.4.6 Thermal Runaway Suppression After Prolonged Saline
Immersion

As discussed earlier, an experiment showed that immersing lithium-ion cells in a
2-3% NaCl solution for four hours causes enough damage to the active materials
and loss of energy to prevent thermal runaway |19]. The authors also observed
that, after this exposure, the exothermic reactions are shorter and less intense, and
the cells are no longer able to trigger a full thermal runaway. This effect is mostly
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caused by water entering the cell, breakdown of the SEI layer, loss of electrolyte,
and the discharge of stored energy by external short circuits in water.

These results help to understand how salt water can reduce thermal risks, but
they come from lab tests on single cells. In real situations, like electric vehicle
battery packs, it is hard to make sure that all the cells are fully and evenly
exposed to water. So, while long immersion in salt water works well in controlled
conditions, this method should not be seen as fully reliable in real firefighting
scenarios. Continuous temperature monitoring and proper risk assessment after
immersion are still necessary. The use of salt water could only be considered if it
is certain that all cells are fully discharged, meaning the water has reached every
part of the battery pack.

4.4.7 Scope and Limitations of the Tested Battery Cells

The immersion experiments carried out in the study [19] were done on standard
18650-type lithium-ion cells with NCM (Nickel Cobalt Manganese) chemistry. These
cylindrical cells are commonly used in devices like power tools, e-bikes, and some
electric vehicles, especially older Tesla models. In the study, the cells were tested
individually, outside of any battery pack or module, and under controlled laboratory
conditions.

This testing setup enables precise control over parameters such as immersion
time, salt concentration, and thermal behavior. However, it does not fully reflect
the complexity of real-world battery systems. In practice, lithium-ion batteries are
part of larger multi-cell packs that include thermal management systems, protective
casing, insulation layers, and electrical connections. All these elements can affect
how water enters the battery and how heat is spread. Ultimately, how the cells
degrade during immersion. As a result, the thermal and electrochemical responses
observed in this study on isolated cells may not fully represent what would happen
during the immersion of an entire battery pack.

4.4.8 Conclusion

Immersing an electric vehicle in a water tank is a common method used to stop
lithium-ion battery fires, especially during thermal runaway events. The goal
is to cool down the battery quickly, limit oxygen access, and stop the fire from
spreading. However, immersion does not fully eliminate the risk of fire coming
back, especially over time. The experimental results discussed above help explain
this issue. Immersion in water, especially in salt water, can seriously damage the
inside of the battery cell, as there is proof that water can find a way to enter the
battery. The experiments showed that it can lead to electrochemical degradation of
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the cells, such as the temperature at which exothermic reactions start (Tpggr) that
drops, sometimes below 50°C, compared to around 130°C in a new, undamaged
cell. Because of this lower threshold, even moderate room temperatures or leftover
heat inside the battery can be enough to restart self-heating reactions, and possibly
cause another thermal runaway. This point is very important for the model that
will be developed later in this work, as the purpose is to know why and in what
conditions a re-ignition of the thermal runaway after immersion occurs.

The experimental tests also compared the immersion in salt and in tap water.
Results show two interesting points, the first one is that the reactions are faster and
the degradation is bigger in salt water, and the second is that if the cell is in direct
contact with such salted water, it can effectively discharge completely the cell,
preventing it from re-entering a thermal runaway. But those results come from lab
tests on single cells. In real situations, like electric vehicle battery packs, it is hard
to make sure that all the cells are fully and evenly exposed to water. So, while long
immersion in salt water works well in controlled conditions, this method should not
be seen as fully reliable in real firefighting scenarios. The use of salt water could
only be considered if it is certain that all cells are fully discharged, meaning the
water has reached every part of the battery pack, which is very difficult to know in
reality.

There is, however, a clear need for further experimental studies on full battery
packs subjected to prolonged immersion, particularly in both tap and salt water,
rather than only on individual cells. Such tests are essential for precisely assessing
the impact of extended immersion on the electrochemical performance of cells within
an actual battery pack. Ultimately, this section on battery pack immersion provides
valuable insights into how water can affect battery behavior. These findings are
crucial for the development of the model presented later in this work, as they help
to accurately represent real-world conditions and to determine when, how, and
under what circumstances re-ignition may occur.
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Chapter 5

Thermal Modeling Framework for
Immersed Battery Packs

This chapter presents the complete thermal modeling framework developed to ana-
lyze the temperature evolution of lithium-ion battery packs subjected to immersion
scenarios. The model aims to evaluate the risk of delayed thermal runaway after fire
suppression using water tanks, by simulating heat transfer mechanisms, chemical
degradation, and design-related constraints. This model is implemented in Python
and can be accessed through the link in the Appendix.

5.1 Global Description

The objective of this model is to simulate the thermal behavior of an electric vehicle
undergoing thermal runaway, and to evaluate whether immersion in a water tank
can stop this phenomenon. More specifically, the aim is to determine whether the
battery could reignite after being removed from the water.

To simplify the model, the battery pack is represented as a single point with a
uniform temperature. This is called a zero-dimensional (0D) thermal model. At the
start of the simulation, the vehicle is assumed to be in open air with a uniform ini-
tial temperature. Internal heat generation occurs during the thermal runaway phase.

After a certain period, typically corresponding to the emergency response time
of the firefighters, the surrounding environment switches from air to water to
simulate immersion. The simulation then tracks how the average temperature of

the battery pack evolves over time.

Finally, after several hours of immersion, the battery is removed from the water.
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The goal is to observe whether a re-ignition event could occur once the cooling
effect of the water is no longer present.

5.2 Governing Equations and Temperature Up-

date Scheme

The governing equations for the battery and the surrounding water (if present) are:

dTpack

C,V -
pp dt

= —UA(Thaer — Tons) + Qgen(t) (5.1)

dTwater

mwatercp,water : dt = UA(Tpack - Twater) - hfairAenv (Tw(zter - Tair) (52)

Where:

p is the battery density [kg/m?],

C, is the specific heat capacity of the battery [J/kg - K],
V' is the battery volume [m?],

Mywater 1S the mass of water in the tank [kg],

Cywater 18 the specific heat capacity of water [J/kg - K],
A is the surface area of contact between the battery and the fluid [m?],
?)

Ay is the surface area of the water exposed to ambient air [m

?

U is the overall heat transfer coefficient (including conduction + convection)
[W/m?*- K],

hair is the convection coefficient between the water and ambient air [W/m? - K],
Tpack is the battery temperature [°C],

Teny is either the water temperature (during immersion) or air temperature
(when exposed),

Tater 18 the water temperature [°C],
T.ir is the ambient air temperature (assumed constant) [°C],

(Qgen(t) is the internal heat generation, possibly time-dependent [W].
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Application of the Equations The first equation is used throughout the
entire simulation to update the battery temperature. Depending on the scenario
(air or water cooling), T,,, refers to the temperature of the surroundings.

The second equation only applies when the battery is immersed in a finite
volume of water. In this scenario, the water absorbs heat from the battery while
simultaneously releasing heat to the surrounding air. Once the battery is no longer
in the water, the heat input from the battery is removed from the equation.

Numerical Update Scheme At time step ¢t = 0, the initial temperatures of the
battery, water, and air are set. The air is modeled as an infinite thermal reservoir
with constant temperature, while the water temperature evolves dynamically.

At each time step At, the temperatures are updated using an explicit Euler
integration scheme:

At
n+1l __ gm n n
Tpack - Tpack + ,OCpV (_UA( pack Tenv) + Qgen(tn>) (53)
Twci:fér = Twater + (UA( pack Twater) - haiTABnU<Twater - Tai?‘))

Muyater Cp,water

5.3 Heat Generation Profile

To model the thermal behavior of a lithium-ion cell undergoing thermal runaway
more accurately, a temperature dependent heat generation function Q(T) is needed
as the exothermic reactions are dependent on the temperature of the cell, see[5.1]
The referenced figure presents the specific heat release rates (in W/g) associated
with various exothermic decomposition reactions within the cell:

 Solid electrolyte interphase (SEI) decomposition and regeneration,

Electrolyte decomposition,

Cathode breakdown reactions (e.g., NCM111, LCO, NCA),
o Graphite-electrolyte side reactions.

But in reality, once thermal runaway is triggered, the temperature of each cell in a
battery pack increases extremely rapidly, rising from ambient conditions to around
600-800°C (see Figure[3.2). Since the full simulation spans at least 24 hours, we
make the simplifying assumption that the heat generation rate is independent of
temperature.
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Figure 5.1: Heat generated due to thermal runaway depending on the temperature
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From the figure @ we can deduce a constant value for Qgep, :

Heat release [J/g] [9] | 1400-1800
Time generation [s] ]| 20-30
Qrr.cen|W/g 46-90

Activation of Q7 The heat generated by the exothermic reactions is only
activated in the simulation when the global temperature of the pack exceeds
the ignition threshold, called the Temperature of Onset of Exothermic Reactions
(Torr). However, as discussed earlier, immersing the battery in water can change
the electrochemical behavior of the cells and may lower the value of Topgr (see
section To reflect this, the model includes two ignition thresholds: one used
before and during immersion, and another used after the battery is removed from
the water. This behavior is included in the simulation logic:

IF t < timmersion,end and Tpack > TOER

Then : Quen = Qrr (5.6)

And :
IF t > timmersion,end and Tpack > TOER,post (57)
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Then : Qg = Qrr (5.8)

5.4 Heat Transfer from the Battery Pack to the
Environment

This heat transfer involves two layers:
« Conduction from the cells to the outer surface of the battery (R.onq),

« Convection from the battery surface to the surrounding fluid (R ).

These resistances are modeled in series:

1
U=——" 5.9
Rcond + Rcorw ( )

cond I:{conv

Tpack T

surf Tenv

Figure 5.2: Thermal resistance chain from cell to external fluid

U is then used as the effective heat transfer coefficient in the governing equation.

A schematic of the thermal resistance chain is shown in figure 5.2, The temperature
at the surface of the battery can be computed as :

Rcond
A

TSurface = Lpack — QPackﬁwater * (510)

With :
QPack%water =UxAx (Tpack - Twater) (511)

Thack and Tyater are respectively the temperatures computed at each step of the
simulation by the equations and [5.4]
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To compute R, the convective heat transfer coefficient must first be deter-

mined :
1

henv

With he,,, the convective heat transfer coefficient of the surroundings. Depending
on the moment in the simulation, the surroundings of the battery are either air or
water. When the battery is in contact with air, for example, the convective heat
transfer coefficient of air is used. When the battery is submerged in water, the
coefficient for water is applied instead.

Rconv =

(5.12)

5.4.1 Computation of hy;,

In order to compute hgu;., it is necessary to determine whether the air flow is
laminar or turbulent.
u.L

R., = ” (5.13)
Where u is the air speed, L is the characteristic lenght of the battery and v the
kinematic viscosity of air. Note that all properties of the fluid is taken at 25°C. If
R., <5.10°, the flow is laminar. In this case, the Nusselt number can be computed
using the correlation for a forced convection along a flat plate with uniform T,y
and Pr > 0.5 :

Nu(L) ~ 0.664Prz R, (5.14)
With Pr =~ 0.71 for air.

In the case of a turbulent flow, the Colburn correlation is used :
Nu(L) ~ 0.0371Pr: Rz, (5.15)

Then the convective heat transfer coefficient is defined by :

B Nu.k
L

Where k is the thermal conductivity of air. (ku; = 0.0262W/m.K)

h (5.16)

5.4.2 Computation of h,ue,

Considering that the battery is into a big tank of water and that there is no
movement of water, the convection is natural. In this case, the Churchill & Chu
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correlation is used to compute the Nusselt number :

. 1/6
Nu = |0.825 4 LI A0 (5.17)
9/1618/27
1 ()]
th B(Tours — Towater) L? (To) 1
g surf — dwater V{dyw
Ra VvV ’ " Qf(r—rw)7 B Tmean (5 8)

Tsury is the temperature at the surface of the battery, and T, is the water
temperature. These temperatures are updated at each step of the simulation,
as well as the convective heat transfer coefficient. T,,.., is the absolute mean
temperature, calculated as M Unlike air, water is present in a limited
quantity, so its temperature is not constant. To improve accuracy in the model,
the kinematic viscosity v and the thermal diffusivity « are also updated at each
simulation step [21, [22].

Finally, hyater is computed with the equation [5.16] The thermal conductivity of
water is also changing with the temperature. [23]

5.4.3 Computation of R,

Between the cells and the surroundings, there are several materials. To make the
calculation of the overall heat transfer coefficient more realistic, these layers must
be taken into account. The heat generated by the cells passes through different
protective layers, such as the metallic battery housing, an insulating foam layer,
and possibly the outer car body. The thermal resistance for this heat transfer by
conduction can be calculated as follows:

€
ki
With e the thickness and k the conductivity.

) Rcond,tat = Z Rcond,z' (519)

=1

Rcond g4

The casing of an electric vehicle battery must be made from materials that
can resist mechanical shocks but also provide thermal insulation. Commonly used
materials include steel, aluminum, high-strength plastics, and modern foams such
as expanded polypropylene (EPP) [24]. The thermal conductivity and typical
thickness of these materials are summarized in the table above.

The impact of steel and aluminum on the overall thermal resistance R.o,q is
relatively low compared to that of polypropylene (PP) and expanded polypropylene
foam (EPP), due to their much higher thermal conductivity. Consequently, the
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Material e (mm) | £ (W/m - K)
Steel 1-2 50 [steel]
Aluminum 1-3 185 [25]
Polypropylene (PP) 2-5 0.24 [26]
Polypropylene Foam (EPP) | 1 -5 0.042 |27]

Table 5.1: Typical thermal properties of materials used in battery casings

influence of temperature on k for steel and aluminum can be considered negligible
in most practical scenarios. However, as noted in [28], EPP foam can withstand
temperatures up to 130°C, but no reliable sources appear to report its thermal
conductivity beyond that range. Nevertheless, it is reasonable to assume that its
insulating properties degrade at higher temperatures, leading to an increase in
thermal conductivity.

5.4.4 Boiling

At the moment at which the battery is in the water it is possible and even sure
that the surface temperature of the battery is much more than the saturation
temperature of the water. In this configuration, the water in contact with the
surface of the battery is boiling. This phenomenon has been verified by a study
[29]. If the surface temperature is above the boiling temperature of water, then the

heat transfer coefficient changes, and the convection one is replaced by the boiling
one. The equation becomes :

1

hboiling

Rboiling = (520>
Two regimes can be distinguished. The nucleate boiling and the film boiling.
Nucleate boiling appears directly after the saturation temperature, while the film
boiling takes place at higher temperatures.

The boiling heat transfer coefficient can be computed using the the Rohsenow
correlation :

—1/2 3
o Cpi + AT
nucleate = 'hv' : n—n 5.21
Ancteate = it ((Pz—Pv)9> (Osf'hlv'Prl> (5.21)
ATsat = Tsurf - Tsat (522)
The nucleate boiling heat transfer coefficient is then:
Qnucleate
h oiling — 5.23
botting ATsat ( )
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And the film boiling is modeled through the Berenson’s correlation :

hboiling = 0425 .

1/4
901 = po)posm - K My (900 — p)\"”
Hoy - ATsat o

Where the corrected latent heat is:

Ry = hiw + 0.5 - ¢pp - ATy

(5.24)

(5.25)

All the proprieties of water are taken at the surface temperature except the z, sy,

quantities which are taken at (Tsyu face + Tsat)/2 :
« p ¢ Liquid water density ([kg/m?]).
e« p, : Vapor density ([kg/m?])
e 1y : Dynamic viscosity of liquid water ([Pa - s])

e i, : Dynamic viscosity of water vapor ([Pa - s])

e ¢, @ Specific heat capacity of liquid water at constant pressure ([J/kg - K])

e ¢, @ Specific heat capacity of water vapor at constant pressure ([J/kg - K])

e Pr;: Prandt]l number
e hy, : Latent heat of vaporization ([J/kg])
« o : Surface tension of the liquid-vapor interface ([N/m])

e k, : Thermal conductivity of the vapor ([W/m - K])

The transition between nucleate and film boiling is determined by comparing

Gnucleate 1O the critical heat flux ¢,,4.:

2

1/4
olp — pu)g] /
p?

Qmaz = 0.149 - Pov - h'lv : [

(5.26)

If Grucicate 18 bigger than the critical heat flux then we are in film boiling

otherwise we are in nucleate boiling.
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5.5 Thermal Runaway Propagation Between Cells

In real battery packs, thermal runaway typically begins in one or a few cells and
progressively propagates to neighboring cells due to heat conduction and convection.
To capture this phenomenon, the model introduces a propagation parameter defined
as the average propagation time between adjacent cells (£,.0p).

The number of cells in thermal runaway (Nrg(t)) at a given time ¢ is given by:

t
Nrg(t) = min (Nim't + L J ; Ntotaz> (5.27)

prop

where:
o Nipi is the initial number of cells in runaway (typically 1-3 cells),
e tprop is the propagation time between cells,
o Niotar is the total number of cells in the battery pack.

This means that every t,,,, seconds, if the pack temperature exceeds the ignition
temperature of the exothermic reactions, the number of cells in thermal runaway
increases by one.

Thus, the total thermal power during thermal runaway becomes:

Qgen(t) = Nrr(t) - Qrr(T) (5.28)

This approach allows a realistic simulation of runaway dynamics, where the
heat generation rate increases gradually rather than instantaneously affecting all
cells simultaneously.

5.5.1 Determination of the Propagation Time

In the current model, one additional cell enters thermal runaway every ¢,,,, seconds.
However, in real-world scenarios, particularly within three-dimensional battery
pack configurations, thermal propagation tends to accelerate as the number of
affected cells increases. This is due to the cumulative heat released by neighboring
cells, which can simultaneously raise the temperature of multiple adjacent cells
beyond the ignition threshold. To better reflect this nonlinear behavior, it becomes
necessary to incorporate an acceleration mechanism into the model. Importantly,
this improvement can be implemented without abandoning the simplicity and
computational efficiency of a 0D model, while significantly enhancing the accuracy
of heat generation prediction and propagation timing.
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5.5.2 Implementation of a Changing Propagation Time

To incorporate this behavior into a zero-dimensional (0D) thermal model, we define
an effective propagation delay t,,,, that evolves as a function of the number of
TR-active cells Nrg:

t TOP,ING
tprop(NTR) = PNZ:; ! (529)
TR

Where:

o tprop,init = 160 seconds (experimentally observed between two adjacent cells

3-9),
e a€[0.4,1.0]

Effect of a on propagation time

160 — a=04
a=0.6
140 — a=08
— a=1.0

120

100

80

tprop(NTR) [5]

60

40 4

25 50 75 100 125 150 175  20.0
Nrr

Figure 5.3: Evolution of the propagation time in function of the number of cells in

TR

For example, setting a = 0.4, the effective propagation time decreases to 80
s for 6 TR cells, and to 60 s for 11 cells, closely following the trends observed in
literature. A graph that shows the evolution of the number of cells in TR is shown
in Figure 5.3

5.6 Modeling Leakage and Water Intrusion

We know that an external short circuit can lead to a thermal runaway. This
phenomenon is relevant in post-fire cooling scenarios, where water (fresh or saline)
may infiltrate battery enclosures and create conductive paths between the cathode
and the anode. In order to consider this, we introduce a leakage factor L € [0, 1]
where:
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o L =0 indicates a completely sealed pack,
e L =1 represents full exposure to water intrusion.

In reality, the leakage factor is really difficult to determine, especially for a long
exposure of water. The goal is to do variate this parameter and to see if it has
an big influence on the heat production or not. This parameter adjusts the heat
contributions from the short circuits as follows:

Qshort,tat =n: Qshort,cell - L (530)

This heat is added to the the term @, in equation n is the number of cells.

5.6.1 Heat Generation by External Short Circuits

When water bridges exposed conductive elements in a battery system, it may form
a resistive path between terminals, effectively acting as an external short circuit.
The thermal power Qgnortcen for a cell generated by such a path is governed by
Joule’s law:

V2
Remt

Qshort,cell - (531)
Where:
« V is the nominal voltage of a single cell (e.g., 3.7 V),

e R.. is the resistance of the conductive path created by water,

5.6.2 Computation of R,

This simulation uses the real-world dimensions of a Panasonic NCR21700A lithium-
ion cell, which is used in Tesla Model 3 vehicles [30]:

e Diameter: d = 21.0mm
o Height: [ = 70.0mm

« Contact area with water (circular base):

A=7-(d/2)* =3.46-10"*m? (5.32)
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The current is assumed to flow from one pole to the other through the water,
meaning the path length is the cell’s height [.
Using the physical law of conduction:

l
R=p- (5.33)

where p is the resistivity of the water, [ is the path length, and A is the cross-
sectional area. In the simulation there is two possibilities, tap water or sea water
(35PSI). But the resistivity of water is affected with the temperature. In order
to be accurate, we use the approximation that the evolution of conductivity with
temperature follows a linear compensation [31]:

o(T) = o35 - (1 + - (T —25)), p(T) = (T(lT) (5.34)

5.6.3 Implementation and Control Parameters

The effect of water-induced short circuiting is controlled in the simulation by:
« A salinity parameter (e.g., 0 for pure water, 3 for seawater),

o The leakage factor L [0-1],

5.6.4 Implementation in the Simulation

The heat contribution from short circuits is not sustained over time. As the cell
voltage gradually decreases during discharge, the resulting short-circuit current
also diminishes, ultimately reaches 0 when the cell is fully depleted. This decay in
heat generation can be reasonably approximated using an exponential function:

t_tshort,start

Qshort(t) = QO e T (535)

Tshort start 1s the time at which the short circuits start. To consider the worst-case
scenario, it is assumed that this happens just after the removal of the battery
from the water. Then, the heat generation Q(t) needs to be nearly zero at
t = texit + tdischarge- Lherefore, 7 is defined such that Q(t) equals 1% of its initial
value at that time:

tdischarge
tshort,star Ldischarge) = 0.01 - = = 5.36
Q(tshort start + tdisch g) Qo T ~In(0.01) ( )
And tgischarge Of the cell is the time taken to be fully discharged. It can be computed
with the specifications of the cell that are in the model [30]:
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Cee
tdischa'rge = Tll (537)

With C,.; the capacity of the cell [Ah] and the short-circuit current given by:
‘/cell

Rwater

I, = (5.38)

5.6.5 Improvement of the Model

The conductivity of water used in the current model is not fully realistic. In the
early phase of immersion, the water is in direct contact with reactions triggered
by the thermal runaway. As a result, the composition of the water can change
significantly, increasing its ionic content and thus its conductivity. This increase
may lead to greater heat generation from short circuits and raise the risk of delayed
re-ignition.

The following reactions, occurring during or after thermal runaway, can con-
tribute to changes in water conductivity:

« Copper current collector dissolution (see section :

Cu — Cu*" + 2e” (5.39)

e Aluminum current collector dissolution :

As for the copper current collector, aluminum doesn’t chemically participate
under normal conditions. Its role is to conduct the electrons. In a healthy
cell, this current collector is protected by a dry environment, a high electrical
potential, and a thin Al,O3 layer that prevents corrosion. However, in case of
a thermal runaway, the separator melts and the electrical potential collapses,
the oxide layer is destroyed by the heat or acidity, leaving the aluminum
vulnerable. In the presence of water, aluminum can react [32]:

2Al + 6H,0 — 2AI1(OH)3 + 3H, (5.40)

This corrosion can be accelerated in acidic environments due to the electrolyte
decomposition [33]:

3
Al +3HT — APY + 5 (5.41)
e Decomposition of the electrolytel;PFj
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Studies have shown that the presence of water can accelerate the decomposi-
tion of the electrolyte with a significant generation of HF at temperatures
between 75°C and 275°C [34]. Those temperatures are easily reached in a
thermal runaway. This process releases ions like Lit, F~ and H*, Even
though HF is a weak acid and not fully dissociated, the resulting ions can
still significantly impact water conductivity.

o Metallic ions :

A study highlights that during battery cycling, especially under stress con-
ditions (e.g. overcharging or overheating), side reactions can happen at the
surface of the NMC cathode [35]. These reactions can cause some of the
transition metals to dissolve, meaning metal ions like Ni?*,C'o*t , Mn** are
released into the electrolyte. This process becomes more intense at high
temperatures, but it still stays limited when the battery is in a dry, sealed
environment. However, after a thermal runaway, if water gets in, like during
immersion, things change. The water, which can become acidic because of
HF or other by-products from electrolyte breakdown, brings protons (H™)
that attack the cathode material and help dissolve even more metal ions. On
top of that, water is a better solvent for these ions, so their release becomes
easier. Since the cathode has already been damaged by heat, this makes
the process even faster. As a result, the contact with water after thermal
runaway can significantly increase the amount of ions in the liquid around
the battery.

But one important aspect remains to be addressed: given the large quantity of
water, it might seem logical to assume that a small amount of released ions would
not significantly affect the overall conductivity. However, several studies have
shown that in stagnant environments, conductivity can increase locally due to
the accumulation of ions in confined areas. For example, two studies [36] and
[37] demonstrate that microstructural cavities or crevices in metallic systems can
trap aggressive ions (such as chlorides or dissolved metal ions), leading to local
acidification and enhanced conductivity within those micro-environments. In the
case of an electric vehicle immersed after a thermal runaway, similar conditions
can be expected. Water can infiltrate and remain trapped inside the battery pack,
connectors, or the vehicle’s internal structures. These enclosed or poorly ventilated
areas prevent proper mixing and renewal of the water. As a result, the ions released
from the thermal reactions can accumulate and locally increase the conductivity of
the water in these zones.
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Chapter 6

Results of the Simulation

The simulation is based on a Tesla Model 3 Long Range. 4.416 cylindrical 2170
cells are arranged in a 96546P configuration, divided into four modules, two with
23 cell groups and two with 25, each group containing 46 cells connected in parallel.
The parameters for this specific case and the simulation are listed above :

6.1 Parameters

Table 6.1: Model parameters and their physical origin.

Parameter Value Description

Mpack 478 kg Mass of the battery pack[3§]
Cp.pack 1000 J/kg - K Heat capacity of the pack |29

A 7.2 m? Contact surface pack/environment|39)
Neells 4416 Number of cells in the pack [3§]
Nrgr 1-3 Number of cells TR at t = 0
Veell 3.6V Nominal voltage of each cells [3§]
Abne 14.4 m? Contact surface air/water

Ugir 0-10 m/s Air speed
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Table 6.1 — Model parameters and their physical origin.

Parameter Value Description

Maater 5000 kg Quantity of water in the container

Cp water 4186 J/kg.K Heat capacity of water

L 0-1 Leakage factor

Tinit 135 - 200 °C The initial temperature of the pack (above the TOER)
Twater,init 15 - 25 °C The initial temperature of the water

Toir 0 - 40 °C The initial temperature of the ambient air
TOER,init 130°C The ignition temperature of the exothermic reactions,
TOER post 43°C The ignition temperature of the exothermic reactions
Limmersion,s 1 - 3 hours The time taken to immerse the car since the start of TR
Limmersion,d 12 - 24 hours Duration time of immersion

tiotal 24-80 hours Total time of observation

prop,init 160 s The propagation time of TR

« 0.4-0.6 Parameter to adjust the propagation time m
Qe 1400 - 1800 J/g Total heat generated by a cell

lg 20-30s Time of heat generation for each cell

O water 0.05-5S/m the local conductivity of water W

epp 2 -5 mm Thickness of PP

eEpp 1-5mm Thickness of EPP

26



6.2 Analysis of the Results Without Intrusion of
Water

6.2.1 General analysis

First, the results are analyzed without considering any water leakage into the
battery. The values for the following simulation are :

Variable Value
Ugir 1 m/s
L 0
Tinit 200 °C
Twater,init 25.0 OC
Tsur f,init 25.0 °C
Toir 25.0 °C
ToERinit 130 °C
TOER, post 43.0 °C
timmersion,start 2h
timmersion,durution 24 h
tprop,im't 160 s
tprop,min 58

) 0.4
Qcell 1600 J/s
tQ 25 s
epp 2 mm
E€EpPP 1 mm

Table 6.2: Simulation parameter values

Results analysis from Figure [6.]] :

Battery pack temperature The battery temperature first increases due to the
heat generated by the cells in thermal runaway (TR). Once immersion begins, the
temperature drops rapidly at first, then decreases more slowly as the temperature
difference between the battery surface and the water becomes smaller. According
to equation [5.4.2] the convection coefficient of water strongly depends on this tem-
perature difference. The battery temperature drops below both ignition thresholds,
which means the thermal runaway is brought under control.

Total Heat Generation As explained earlier in section [5.3] the heat generated
by each cell is modeled as a constant value during tg. Because of the variation
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Figure 6.1: Results for the parameters

in propagation time (see , some cells generate heat at the same time, which
creates this shape. Once the battery pack temperature drops below the ignition
temperature of the exothermic reactions (Tpggr), and the cells in thermal runaway
have released all their energy, the number of cells in TR becomes zero, and heat
generation stops. After the pack is removed from the water, its temperature never

reaches the post-ignition level again, so no re-ignition is observed. This behavior
matches exactly what was modeled.

Water Temperature The water temperature increases as it absorbs heat from
the cells. Then it decreases once no more heat is generated, and the water is
exposed to ambient air. This heat is transferred to the air by forced convection,
which causes the temperature to slowly drop. One verification to do is to compare
this temperature to the post ignition one (Togrpost), if the temperature of water

is above, a re-ignition should be observed, here this is not the case the model is
working well.
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6.2.2 Impact of R4

The goal here is to see the impact of the conduction resistance on the temperature
evolution of the battery and to see whether an increase of R..,q could lead to
re-ignition or not. Let’s simulate for different R.,,q and so different thicknesses of
isolant EPP, which is a material that drives the conduction resistance. The results
of the simulation with a thickness of PPE of 3mm and 5mm instead of 1 mm are
shown respectively on the figure [6.2] and :

Battery Pack Temperature
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Figure 6.2: Results for 3 mm of EPP

For the 3 mm thickness, the results are not very different from the first case,
except for the time it takes for the battery to drop below the ignition temperature.
As the resistance increases, heat transfer becomes less efficient. A clear distinction
can be observed between the period before and after the battery temperature drops
below the ignition point. After this point, the temperature decreases much more
rapidly, since no more heat is being generated.

However, for a thickness of 5 mm, the results are significantly different. After im-
mersion, the battery temperature starts to decrease until it reaches a minimum, at
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Figure 6.3: Results for 5 mm of EPP

which point the heat transferred to the water becomes less than the heat generated
by the cells. The longer the temperature stays above the ignition threshold, the
more cells enter thermal runaway, and the more heat is produced. At this critical
point, the battery temperature starts to rise again because the heat generated
by the TR reactions exceeds the heat removed by the water, which leads to a
thermal runaway escalation. At a specific moment, the heat generation reaches a
peak and then suddenly drops to zero. This is because all the cells have entered
thermal runaway and released their energy. In this configuration, theoretically, no
more energy remains in the battery, and even if the battery temperature stays
above Togr post, NO re-ignition is expected, because there are no “fresh” cells left
to react. However, if we assume that some energy remains in a few cells and
the water temperature stays above the ignition threshold, heat generation and
possible re-ignition could still occur. But this remains a hypothesis. The following
simulations will consider a thickness of 3 mm.

One important thing to mention is that the time to reduce the temperature is
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about 3 hours for 3 mm of EPP, but not all the cells have reacted. And about 13
hours for the 5 mm of EPP, but a priori, there are no fresh cells anymore.

6.2.3 Impact of T},;

As it is challenging to know the exact initial average temperature of the entire
battery pack, we consider its variation within a reasonable range. The impact
on the water temperature and the battery temperature after immersion can be
observed in Figure[6.4, Overall, the temperatures increase as the initial temperature
of the pack increases, but not enough to reach Tpgg, and therefore, no re-ignition
occurs.

Evolution of Tpack Evolution of Tyater

29.2 A 30.50 +

29.0 4 30.25 4

N
14
@
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g') 30.00
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Twater [

29.50
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29.00 +

T T T T T T T T T T T T T T T T
140 145 150 155 160 165 170 175 140 145 150 155 160 165 170 175

Tinit [°C] Tinit [*C]

Figure 6.4: Influence of T3,

6.2.4 Impact of T},

The air temperature can vary depending on the ambient environmental conditions.
The results are shown in Figure As expected, the temperatures increase with
higher air temperature. A 10°C increase in air temperature results in a 3°C rise in
battery temperature. This parameter alone cannot trigger a thermal runaway, but
combined with others, it could.
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6.2.5 Combination of T,;., T;,; and R.,.q

Let’s consider the worst-case scenario with T,;. = 40°C and T;,;; = 180°C, and
vary Reonq. The results for 1 mm of EPP and for 3 mm of EPP (6.7)
show no significant differences compared to previous cases. However, the battery
temperature is now slightly closer to Togpr post, indicating that a smaller thermal
disturbance after the extinction of thermal runaway could potentially trigger re-
ignition.

Battery Pack Temperature

2001 ——- TOER post

—=- TOER initial
_________ N ——,—,—,—,——,—,—,,,,—,—,—,————— e start immersion |
S\ e End immersion

Temperature [°C]
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Time [h]

Figure 6.6: T,;. = 40°C, T},;; = 180° and egpp = Imm

6.2.6 Impact of the t,.,, and timersion.s

Actually, modifying the propagation time or the immersion initiation time leads to
similar overall effects. In the first case, more cells enter thermal runaway over time.
In the second, more cells are already in thermal runaway when immersion begins.
The results observed when increasing either of these parameters are therefore similar
to those shown in Figure [6.3]
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Figure 6.7: T,;. = 40°C, T;,;; = 180° and egpp = 3mm

6.3 Analysis of the Results With Water Intrusion

Now, let’s examine a situation where water infiltrates the battery pack, causing
short circuits in the cells that haven’t experienced thermal runaway yet (the fresh
cells). For this simulation, we take as a reference the worst-case scenario without
water intrusion, but where fresh cells are still present in the pack (see Figure .

6.3.1 Without Adjustment of Conductivity o,z

In this section, local variations in conductivity are not taken into account (see
Section [5.6). The main parameters under consideration are the leakage factor
(ranging from 0 to 1) and the air temperature. Results for a 59% water intrusion
and an external temperature of 40°C are shown in Figure
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Figure 6.8: L = 0.59, T,;, = 40°C,0pater = 0.055/m and Togr = 43°C
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What is modeled here is that, after the battery is removed from the water,
short circuits occur simultaneously in 59% of the fresh cells. The fact that these
short circuits happen at the same time is not unrealistic, because tap water has
low conductivity, which means the water resistance is high and the resulting short-
circuit current is low. As a consequence, the discharge time of each affected cell is
very long (approximately 441 to 532 hours), see Equation [5.37 With such long
discharge durations, it does not seem unreasonable to consider that short circuits
occur more or less simultaneously. Moreover, waterproofing is mainly ensured at
the pack level, there are no real internal barriers inside the battery pack to prevent
water propagation. Once one cell is exposed to water, it is highly probable that
neighboring cells are also quickly affected. According to the previous section [4.4]
once water enters the battery pack, there are no internal barriers that prevent it
from spreading between the cells. For example, traces of water, corrosion, and
contaminants were observed inside the battery modules, indicating that water had
propagated beyond the initial point of intrusion.

On Figure [6.8 the heat generated by short-circuiting in tap water is minimal
when considering its typical conductivity (0.05 S/m). This is consistent with
findings from a referenced study on battery immersion [40], which reports no
electrical arcing and only low short-circuit currents in tap water. However, even
if this heat generation is minimal, it is not negligible. In fact, before the removal
from water, we are in the worst-case scenario (see Figure , so the battery
temperature is already close to the Toggr. Gradually, the heat generated by short
circuits causes the pack temperature to increase until it reaches Tpogr. Of course,
this outcome strongly depends on the exact value of this threshold temperature.
But it shows that, even with the natural conductivity of tap water and under a
specific combination of conditions, re-ignition can still occur, even if the probability
is very low.

The leakage factor and air temperature can be varied to evaluate whether
different combinations lead to re-ignition. Table [6.3| shows that air temperature
has a strong influence on the occurrence of re-ignition: the closer it is to Togg, the
higher the risk. In the case where the air temperature is 38°C, the leakage factor
must be greater than or equal to 95%, which is a very high value and therefore
makes this scenario less realistic.

| Tair | L | Re-ignition (Yes or No) |
40°C > 0.59 Yes
38°C > 0.95 Yes
< 37°C 1 No

Table 6.3: Re-ignition occurrence as of T,; and L with oyae, = 0.055/m and
Torr = 43°C
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If Togr is slightly higher, the results change (see table . By increasing this
threshold temperature by 2°C, the minimum air temperature required for re-ignition
also increases by 2°C. However, the corresponding leakage factor remains very high,
at 96%. This confirms that, with a thermal conductivity of water of 0.05 S/m, the
probability of re-ignition is very low, but still possible under specific conditions.

] Toir \ L \ Re-ignition (Yes or No) ‘
40°C > 0.96 Yes
< 39°C 1 No

Table 6.4: Re-ignition occurrence as of Ty; and L with oyater = 0.055/m and
Toer = 45°C

6.3.2 With Conductivity Adjustment o,

Now, a variation of the conductivity is considered. In order to analyse the results
more directly, the reactivation of Q)..; when the pack temperature exceeds the
ignition threshold is deactivated. This makes it possible to plot only the maximum
temperature reached by the pack after removal from water (see figure and
, as a function of conductivity, air temperature, and leakage factor. This
temperature peak is shown in figure [6.9) and is only reached due to the heat
generated by short circuits. The same simulation with Q). reactivation enabled
is shown in Figure [6.10 The goal of this approach is to determine the maximum
temperature reached without the heat generated by re-ignition, and thus to vary
the post-ignition threshold temperature of the exothermic reactions.

Since Togr = 43 — 45°C is quite low and strongly depends on the degradation
state of the cells, there is not enough experimental data to confirm that it is really
this low. Moreover, this threshold is specific to each cell type, and the only well-
established fact is that water intrusion tends to lower it. These plots provide a sort
of decision tool: depending on local environmental conductivity conditions, they
give the maximum temperature the pack will reach. If this temperature exceeds the
Togr of a specific cell, re-ignition can be expected. With this in mind, the graphs
and help identify the specific conditions under which re-ignition can occur.
For example, consider the following parameters: the local conductivity is 1 S/m,
the air temperature is 20°C, and the leakage factor is 0.5. According to figure
6.11] the maximum temperature reached under these conditions is around 50°C. If
we have a specific cell for which, under those specific circumstances of immersion,
the Topr is 45°C, a re-ignition is expected because the maximum temperature
reached is above the Togg. This is confirmed by figure [6.10] which uses the same
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Figure 6.9: Results without considering heat generation by the cells and with
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Figure 6.10: Results considering heat generation by the cells and with L = 0.5,
Toir = 20°C,0pater = 15/m and Topr = 45°C

parameters with a Toggr of 45°C.

But as discussed for the lower electrical conductivity, it may be unrealistic to
assume that all the short circuits are occurring at the same time. The discharge
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times for each conductivity are :
togs = H3h, t, ~2bh, t,, ~12h, t,, ~>h (6.1)

For electrical conductivities between 0.5 and 1 S/m, the discharge time is longer
than the immersion time (24h), so an approximation is made by triggering all
short circuits simultaneously. This assumption is not unrealistic under these
conditions. However, for higher conductivities, the discharge time becomes shorter
than the immersion time, which makes the model less accurate. Nevertheless, for
conductivities between 2 and 5 S/m, the heat generated is so high that, even if
the short circuits do not occur simultaneously, the resulting temperature rise in
the battery is still significant. And in this study, the goal is to have a conservative
approach, assuming all short circuits occur at once provides an upper bound on
temperature rise, which is acceptable and even desirable in a safety-focused analysis.

6.3.3 Detailed Analysis for oy, = 0.5 S/m

As shown in Figure [6.11], the maximum temperature reached increases with both
the air temperature and the level of water intrusion. This is expected, since a
higher number of short-circuited cells leads to more heat generation, and therefore
a greater temperature rise in the battery pack. It is difficult to define the exact
maximum water penetration for an entire battery pack, but the goal here is to
continue exploring a worst-case scenario in order to prevent any risk of delayed
ignition. From the graph, it can be observed that for full water penetration and
this typical conductivity value, the minimum Tpgp pest the cells must withstand to
avoid re-ignition is given in Table [6.5]

Tair [OC] TOER,post,min [Co]
10 53
20 60
30 68
40 7

Table 6.5: Minimum ignition temperature of the exothermic reactions to be sure
that no re-ignition will occur for o, = 0.5 S/m and L=1

6.3.4 Detailed Analysis for oy, =1 S/m

For this electrical conductivity, as shown again in Figure [6.11, the increase in
maximum temperature is more significant. This is expected, since higher conduc-
tivity leads to higher short-circuit currents, and therefore, more heat is generated.
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As a result, if the local water conductivity reaches this value, the probability of
re-ignition increases. The minimum Togg post required to avoid re-ignition rises for

each air temperature, especially when considering the worst-case scenario of full
water penetration (see tabld6.6).

Tair [OC] TOER,post,min [Co]
10 69
20 7
30 84
40 92

Table 6.6: Minimum ignition temperature of the exothermic reactions to be sure
that no re-ignition will occur for o, = 1 S/m nad L=1

6.3.5 Detailed Analysis for oy, =2 S/m

In this specific case, the electrical conductivity is close to that of seawater, as
discussed in section [4.4, Some studies highlight that under seawater conditions,
cells can become discharged and may no longer trigger thermal events. However, as
mentioned earlier, these results come from controlled laboratory tests on individual
cells, not full battery packs. Still, let’s assume that part of the pack is discharged
due to seawater exposure, meaning those cells can no longer short-circuit. From
figure [6.12], we can see that if 20% of the fresh cells are discharged by contact
with water, the maximum leakage factor becomes 0.8. And it is interesting to
see that the maximum temperatures reached for a maximum leakage factor of 0.8
are globally the same as for the case in which the conductivity equals 1 S/m (see
Figure , but without considering any discharge (L., = 1). If this discharge
increases to 40%, the maximum leakage factor drops to 0.6, which corresponds to
the case with a conductivity of 0.5 S/m.

6.3.6 Detailed Analysis for oy, =5 S/m

In this case, the conductivity corresponds to that of seawater, meaning the battery is
considered to be immersed in a marine environment. Referring again to Section [4.4]
such conditions can lead to a partial discharge of the battery pack.

Following the same logic as for o,ater = 2 S/m, if around 40% of the fresh cells
are discharged due to water exposure. Then, the maximum leakage factor is 0.6.
According to figure [6.12] the maximum temperature reached matches the ones of
the case with a conductivity of water of 1 S/m. If the discharge increases to 55%,
the leakage factor drops further, corresponding to a conductivity of 0.5 S/m.
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6.4 Short-circuits: Time Modification

Up to this point, the analysis has assumed that short circuits occur only after the
battery has been removed from water. The objective here is to explore whether
re-ignition can also take place while the vehicle is still submerged, in the case where
a short circuit happens during immersion. The results of a dedicated simulation are
presented in Figure , using a water conductivity of 0.5 S/m. In this scenario,
heat generation begins approximately three hours before the battery is removed
from the water. As shown in the figure, the battery temperature begins to rise
while it is still submerged. After removal, the temperature continues to increase
until it reaches the onset of exothermic reactions temperature (Tpgr), at which
point re-ignition is observed.
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Figure 6.13: Results with L = 0.65, Ty = 30°C,04aer = 0.055/m and Togpr =

43°C

This simulation underscores the importance of closely monitoring the tempera-
ture of a submerged battery. Any temperature rise during immersion is a strong
indicator of internal short circuits and the potential for thermal runaway. If the
water tank is properly monitored and a temperature increase is detected, the vehicle
must remain submerged, as re-ignition is likely. Of course, the possibility of a
delayed short circuit cannot be entirely ruled out and this even in the absence of a
temperature increase. But monitoring temperature remains a valuable indicator
for detecting potential re-ignition.
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The full results of the parametric analysis (see previous section) for short-circuits
happening 10 hours before the removal from water are presented in Figures
and [6.15] An apparent decrease in the maximum temperature is observed across
all cases when short circuits initiate in water. However, despite this reduction,
re-ignition remains possible, and in some scenarios, even likely. This highlights
that the early occurrence of short circuits does not eliminate the risk of re-ignition.
Therefore, it is essential to monitor any temperature increase, as it may serve as
an early indicator of re-ignition.
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Figure 6.14: Evolution of the maximal temperature of the pack after the time at
which short-circuits start (£immersion.end - 10), for different electrical conductivity
and without heat generation by the cell

71



Owater = 2 S/m Owater =5 S/m

17— 10°C — 10°C

02 04 0.6 08 10 02 0.4 0.6 08 10
L L

Figure 6.15: Evolution of the maximal temperature of the pack after the time at
which short-circuits start (timmersion.end - 10), for different thermal conductivity
and without heat generation by the cell

6.5 Limits of the Model

Like any model, this one has its strengths and limitations. It is important to clearly
identify what the model does not capture well, in order to improve it in the future.

o 100% State of Charge: The battery is always considered fully charged,

which prevents analyzing the effect of lower charge levels on re-ignition risk.

0D Thermal Modeling: Using a zero-dimensional approach assumes a
uniform temperature inside the battery. This model does not take into
account eventual hot spots in the battery that could actually be a cause of
re-ignition.

Water-Induced Discharge Not Fully Modeled: Although the effect of
water-induced discharge is discussed, the model does not dynamically update
the state of charge of individual cells based on water exposure.

Time modeling of short circuits: In the current model, all short circuits
are assumed to occur simultaneously. Although the timing of this event
can be adjusted, it is not yet possible to simulate a gradual progression, for
example, a few short circuits occurring initially, followed by many more later.
While this assumption has been acknowledged and discussed, implementing
a more dynamic short-circuit progression would significantly improve the
model’s realism.
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6.6 Proposed Solutions

With the results of the simulations in mind, two approaches can be considered.

The first one focuses on limiting or avoiding short circuits, as they were identi-
fied as a key cause of re-ignition. To reduce this risk, the immersion time should
be minimized. By shortening the time spent in water, the risk of water pene-
trating the battery is reduced, and short circuits can be avoided. This requires
continuous monitoring of the battery temperature during immersion. As soon as
the temperature stabilizes at a low value, the battery should be removed from
the water. Combined with precise knowledge of the battery’s water resistance (as
provided by the manufacturer), this method can help firefighters decide when it
is safe to remove the vehicle. Suppose the temperature remains low and stable,
and the immersion time is shorter than the water ingress tolerance specified by
the manufacturer. In that case, the vehicle can be removed with minimal risk of
re-ignition caused by short circuits.

The second approach is the opposite: designing the battery so that water
can intentionally infiltrate all the cells through a dedicated path that opens once
thermal runaway is triggered. One way to achieve this could be to include a phase
change material that melts at, for example, 200 °C, allowing water to flow into
every cell of the battery. By knowing the exact local conductivity of the water
used and the discharge behavior of the cells, it would then be possible to calculate
how long the battery must stay immersed for a full discharge, with an added safety
margin. With this method, it becomes possible to ensure that all the energy has
been safely released, thus avoiding any risk of re-ignition. Another option would
be to immerse the vehicle directly in salt water to accelerate the discharge of all
the cells and reduce the required immersion time. However, this is only feasible if
it is guaranteed that water can access all the cells inside the battery pack.

Unfortunately, both approaches require direct involvement and effort from
battery manufacturers in order to be implemented. Therefore, regulations should be
introduced to mandate that manufacturers adopt at least one of these methods, with
the goal of supporting firefighters in better managing thermal runaway incidents.
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Chapter 7

Conclusion

The objective of this master’s thesis was to determine under which conditions,
and for what reasons, a re-ignition of thermal runaway can occur. Drawing on
insights from the literature, detailed information on thermal runaway and the
effects of battery immersion in water was gathered. These insights supported the
development of a tailored thermal model capable of simulating both the runaway
process and the extinguishment phase via immersion, along with their consequences.
The simulation results indicate that short circuits occurring in the presence of
water can be a trigger for thermal runaway re-ignition. While the model provides
valuable indications, it cannot exclude the possibility of additional contributing
factors due to its inherent limitations, most notably, the absence of spatial (3D)
representation.

In greater detail, simulations without water intrusion consistently showed no
re-ignition after battery removal from water and this no matter of the parameters.
This outcome aligns with the model’s assumption that a cell entering thermal
runaway releases its energy completely and cannot reignite. However, in scenarios
where all cells entered thermal runaway, the water temperature was observed to
rise significantly. In this situation, the temperature of the battery pack could
exceed the ignition threshold temperature (Tpggr). And if residual energy remained
in certain cells, re-ignition could theoretically occur, although the model did not
capture this directly.

When partial water intrusion was introduced into the model, the results changed
markedly. Re-ignition became possible, and in some scenarios, highly probable.
The simulations also showed that even when short circuits began during immersion,
re-ignition could still occur. This emphasizes the critical importance of monitoring
water and battery temperatures during immersion. Detecting ongoing short circuits
is essential, as they generate heat and lead to delayed re-ignition if the battery is
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removed too early.

Nevertheless, accurately predicting such outcomes remains challenging due
to uncertainties in several key parameters, including the ignition temperature of
exothermic reactions, the extent of water leakage, and the local conductivity of the
infiltrated water. These parameters vary depending on the battery’s chemistry, its
state of aging, and the environmental conditions.

Further experimental work is necessary to characterize these variables for
specific battery types better. Once defined, the model developed in this thesis
provides a valuable predictive tool for assessing the likelihood of re-ignition following
immersion, which supports safer emergency protocols when handling submerged
electric vehicles.
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Appendix

Here is the link to access the 0D thermal model realized in this master thesis:
0D-Thermal-Model
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