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Executive Summary of the Study

The aim of this study, drawing on literature addressing the challenges posed by the presence of electric
vehicles on board ro-ro passenger vessels, is to provide a synthesis of knowledge that may be leveraged
by shipping companies operating ro-ro passenger vessels in line with ISM Code, pending the
development of rules at the international, European, or national level.

While the study refrains from addressing regulatory developments, it appears that taking into account
several research projects would enable shipping companies to quickly adapt their safety management
systems ahead of the | MOb6s ongoing wor k.

The study focuses on an organisational structure that can be incorporated into a training framework,
first detailing the various technologies of electric vehicles and also examining the technology and
chemistry of battery cells.

While the causes of a battery cell's thermal runaway are well known, the severity of such an event
depends on numerous factors, some of which are important to understand in order to prevent the risk
of thermal runaway or to limit its consequences on a ro-ro deck.

The study also highlights that the risk of thermal runaway occurring in an electric vehicle is currently low
compared to other fire risks on the ro-ro deck. If preventive measures can be taken, they should first be
based on identifying the vehicles, or at least registering them, which would then allow the operator, if
they so choose, to designate a specific area of the ro-ro deck to electric vehicles. While there are certain
limitations to this approach, its benefits encourage operators to consider this option.

The study also highlights the inadequacy of current detection methods and possible avenues for
improvement, as well as the need to strengthen existing firefighting methods while introducing new
equipment specifically adapted to the particularities of an electric vehicle fire.

In operational terms, enhanced monitoring could compensate for some of the shortcomings in fire
detection, which entails organisational changes, particularly with regard to patrols carried out on the ro-
ro deck. This goes hand in hand with better training for patrol officers and the provision of additional
equipment.

As with all fires, it has been proven that the first response determines how effectively the fire can be
controlled. The study therefore emphasises the importance of a first response, at the very least to
communicate information to the bridge that will determine how the incident is managed.

With regard to firefighting methods, the study initially draws on the experience of land-based emergency
services before discussing the methods that would be suitable for the environment of a ro-ro deck.

As the fire risk can also be examined from a socio-technical perspective, a chapter of the study identifies
the various internal and external stakeholders within the company who may have a role to play in
improving risk management.

Finally, the issue of onboard charging is also addressed, even though it entails additional costs and risks
that run counter to the studyds conclusions.

Context of the study and limitations

The study highlights that changes in overall vehicle weight, dimensions, and materials used have not
been taken into account in terms of fire safety, and that this remains an overlooked aspect in risk
assessments conducted by shipping companies, the maritime industry, and regulatory bodies. It
emerges that all the proposals put forward in this study, whether organisational, equipment-related or
training measures regarding the fire risk associated with electric vehicles, contribute to an overall
improvement in fire safety on a ro-ro deck. A cost-benefit analysis should therefore be conducted beyond
the specific risk of electric vehicle fires.

Furthermore, it is clear that concerns regarding the increased risk associated with transporting electric
vehicles are amplified both by recent maritime incidents and by the media coverage of electric vehicle
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fires on land. Although a fire involving an electric vehicle does present specific risks that must be taken

into consideration, it r ema icangpan&s ivesomtraining,lalvasebesse 6

raising, and increasing both human and material resources.

In summary, there are currently sufficient resources within shipping companies and professional
organisations for operators to fulfil their responsibilities under the ISM Code, either by jointly developing
guidelines - potentially involving the insurance sector and staff representatives - or by adapting their
own safety management systems. The initiative to develop guidelines therefore lies with the industry.
This is in fact what the industry has started doing with the creation of a working group bringing together
a range of stakeholders on this specific topic, under the aegis of Armateurs de France (Shipowners of
France). The specifications therefore reflect the concerns of Armateurs de France and its affiliates,
without challenging their perspective.

While it is true that ship operators cite conflicting studies, and such contradictions may indeed exist,
sometimes in the details, this does not appear to justify inaction on their part, all the more so as
guidelines developed by numerous sectors of the maritime industry (P&lI, classification societies, EMSA,
etc.) reach the same conclusions, not to mention the publication of MSC.1/Circ.1615 interim guidelines,
which should be taken into consideration by operators. It must nevertheless be acknowledged that
university research papers or studies conducted by government bodies or European projects are
sometimes inaccurate or incomplete.

This is primarily due to the wide range of studies conducted on battery cells and the diversity of these
battery cells, whether in terms of their packaging, chemical composition, voltage, charging status at the
time of testing, various types of misuse, experimental conditions, and so forth. Studies focusing on
battery pack fires are fewer in number and are mainly focused on determining the spread of thermal
runaway. Studies devoted to the combustion of a battery pack are even rarer, aiming, for example, to
distinguish the heat emitted by a battery pack from the heat produced by the combustion of the rest of
the vehicle. Even fewer studies focus on the combustion of electric vehicles or on the effects of
extinguishing agents in an environment replicating a ro-ro deck.

The second limitation is that the studies concern almost exclusively battery electric vehicles, excluding
rechargeable vehicles with a fuel tank, which combine two types of risk. Furthermore, the term "electric
vehicle" in many studies may refer to all types of electric vehicles or only to battery electric vehicles.

Finally, the study focuses on the environment of an open ro-ro space, as enclosed areas such as decks
exposed to the elements do not provide sufficient guarantees in terms of fire detection or firefighting in
the case of an electric vehicle.

5to 10 key words from the study

Vessel safety Firefighting

Emerging risks Firefighting procedures

Fire on board ships Transporting electric vehicles
Ro-ro vessels and ro-ro passenger vessels Safety Management System
Fire detection

Communication status of the study

Studies conducted by CEREMA under its public service funding are, by default, indexed and accessible
on CEREMA's document portal. However, certain studies of a specific nature may be subject to
restricted or confidential access. You are requested to specify the communication status of the study
below.

I Open access: document available to the public on the internet
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Restricted access: document accessible only to Cerema staff
Confidential access: document not accessible

This study is archived on the CeremaDoc document platform, via the document submission:
https://doc.cerema.fr/depot-rapport.aspx
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1 FRENCH VESSELS EXPOSED TO RISKS

1.1 Ro-ro vessels and ro-ro passenger vessels

1.2 Ro-ro vessels

The statistical report published by-rovebsels (éaldo shipsi o n

over 100 GT) as of 1 July 2023, accounting for 1.9% of the gross tonnage of the French fleet, distributed
as follows:

1 13 non-specialised ro-ro vessels
1 1 ro-ro container ship
9 7 ro-ro passenger and cargo ships

Among the fleet of ro-ro cargo vessels listed by the Mission Flotte de Commerce, only a small proportion
of these vessels currently appears, based on their present operating conditions, to be exposed to the
risk of an electric vehicle fire, namely the MN Pélican chartered by Brittany Ferries for rotations between
Poole and Bilbao, and the vessels operated by the local authorities of Mayotte, Salama Djema Ill and
Salama Djema IV.

The limited number of ro-ro cargo vessels exposed to the risk is confirmed by the survey conducted by
Armateurs de France among its members in 2023-24.

1.3 Roll-on/roll-off passenger vessels

49 ro-ro passenger vessels (ships over 100 GT) are listed in the statistical report published by the
Mission Flotte de Commerce, accounting for 10.8% of the gross tonnage of the French fleet.

1 The average age of ro-ro passenger vessels is 18 years.

91 Five of its vessels are registered on a register other than the primary register or the RIF, namely
that of the French Polynesia register.

1 Fourteen of its vessels operate in national coastal navigation.

1 Finally, four of these vessels have a gross tonnage of less than 500.

The study primarily focuses on this segment.

1.4 Crossing time

This is one of the key factors to consider in risk assessment, both in prevention and in the operational
management of fire incidents. The crossing time and the distance from land-based emergency services,
or the time required to reach a port of refuge, determine, for example:

i The management of fire incidents and human and material resources on board.
i The response time for a firefighting team arriving from shore.
T Alonger period of exposure to adverse weather conditions.
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DUREE DES TRAVERSEES

FRANCE - ROYAUME-UNI

5h30 Le Havre - Portsmouth

5h45 Caen/Ouistreham - Portsmouth
4h15 Cherbourg - Foole

3h00 Cherbourg - Portsmouth

Bh45 5t Malo - Fortsmouth

6h00 Roscoff - Plymouth

FRANCE - IRLANDE
14h00 Roscoff - Cork
18h00 Cherbourg - Rosslare

ROYAUME-UNI - ESPAGNE
19h00 Plymouth - Santander
24h00 Portsmouth - Santander
24h00 Portsmouth - Bilbao
29h00 Poole - Bilbao

ESPAGMNE - IRLANDE
26h00 Bilbao - Rosslare

Durées moyennes données a titre indicatif

Furthermore, making commercial stopovers in a foreign country also requires the company and the fire

services at the ports of call to conduct joint exercises.
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2 APPLICABLE REGULATIONS

As regulatory amendments are currently under discussion at the IMO, attention should be given to the
ISM Code and the various articles that can guide shipowners in establishing a safety culture adapted to
the risks associated with transporting electric vehicles on board ro-ro passenger vessels.

Furthermore, documents such as those produced by the LASH FIRE Project, in particular deliverable
D.04.8 Al mpact on regulations by new solutions
propose amendments to SOLAS, through the extension of Division 221, which may also serve as a
guide for shipowners.

2.1 Division 1607 ISM Code

Chapter221-l X AManagement for the safe operation of
to passenger ships and cargo ships with a gross tonnage equal to or greater than 500, as well as to the

an .

s hi

l

company to which the shipowner has entrusted respo

Pursuant to Regulation (EC) No. 336/2006 of the European Parliament and of the Council, the
application of the ISM Code has been extended via Division 160 to all ro-ro passenger ferries operating
exclusively on domestic voyages, regardless of their flag, and to all cargo vessels with a gross tonnage
of 500 or more operating exclusively on domestic voyages, regardless of their flag.

2.1.1 Application of the ISM Code and inherent risks associated with the transport of vehicles
and other electric mobility devices on ro-ro vessels or ro-ro passenger vessels

The EMSA document "Guidance on the carriage of AFVsinRo-r o spaceso specifi

1.4.1 that a "risk assessment should be conducted for each ship to ensure that risks arising from the
carriage of the

AFVs that might affect persons onboard, the environment, the safety of the ship are addressed. These

risks should be managed within the framework of existi ng r equi rements in the |

According to EMSA, the outcome of a risk assessment should lead to the development of a procedure
aimed at preventing and mitigating fire risks involving vehicles that use new energy sources, including
battery electric or hybrid vehicles.

While the objectives of the Code do not need to be reiterated, it should be noted that although the safety
management system is expected to ensure compliance with mandatory rules and regulations, the
collections of rules, codes, guidelines and applicable standards recommended by the IMO, government
bodies, classification societies and maritime sector organisations must also be taken into consideration.

Although international regulatory amendments aimed at strengthening the provisions of Chapter 1I-2 of
SOLAS were expected for 2025, they only partially address the risk mitigation objectives identified and
set out by the ISM Code.

Indeed, if in the near future, the transport by vessels of vehicles and other mobility devices using new
fuels intensifies, it is likely that other electric battery technologies than those currently in use will emerge,
as well as the adoption of other types of fuels and associated propulsion systems, over the lifetime of a
ro-ro vessel. Furthermore, consideration must be given to the ageing of the fleet of electric or hybrid
vehicles that have been in service since the 2010s and its possible impact on the risk of an incident,
even though it is to be hoped that automotive safety standards will become increasingly stringent for
new vehicles. Additionally, there is nothing to indicate whether the ageing of the electric vehicle fleet
will increase the fire risk.

Finally, studies, the accumulation of experience, the use of accident data, as well as the emergence of
new detection and firefighting technologies adapted to this type of risk, can have a positive impact on
the safety of vessels transporting such vehicles.
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The application of the ISM Code therefore remains the preferred tool for mitigating risk, particularly in a
safety environment that is evolving, particularly through the provisions relating to:

I the objectives (paragraph 1.2),
I the responsibilities and powers of the company (Articles 3.2 and 3.3),
I the designated person (chapter 4)
I the responsibilities and authorities of captains (chapter 5), in particular through safety
management system reviews (article 5.1.5),
T resources and personnel (chapter 6), more specifically the following points:
0 6.2 concerning crew qualifications,
0 6.3 concerning training required for new personnel and personnel assigned to new
functions,
0 6.4 relating to the identification of any necessary training
the development of plans for onboard operations (chapter 7)
State of preparedness for emergency situations (chapter 8),
reporting and analysis of irregularities, accidents and potentially hazardous incidents (chapter 9)
maintenance of the vessel and its equipment (chapter 10), in particular Article 10.1 relating to
the additional requirements established by the company.
T the inspections, examinations and assessments carried out by the company (chapter 12).

Moreover, maritime social standards relating to the prevention of occupational risks also require risk
analyses to be conducted through an occupational risk assessment document (DUERP), drawn up by
the employer in accordance with the procedures set out in the Labour Code, specifically Articles L. 4121-
3-1,R. 4121-1 and R. 4121-2.

Finally, according to Article 1.2.3 of the Code, it is not recommendations, guidelines, or studies that are

lacking. Notable examples include MSC.1/Circ.16157 26 June 20197 il nt er i m gui del i nes
the frequency and consequences of fires in ro-ro spaces and special category spaces of new and
existingro-r o passenger shipso, a fclasifichtionssscietieeoc thendireetived at i ©
of the Maritime Coast Guard Agency (MCA) MGN 653 (M), Amendment 1, Electric Vehicles on Board
Passenger RoRo [RoPax] Ferries and other guidelines produced by the maritime industry as a whole.

The ISM Code is the primary tool for addressing the inherent risks in transporting vehicles and other
electric mobility devices on ro-ro passenger vessels.

It is the companydés responsibility to apply th

There is no (legal or regulatory) obligation requiring the State to issue recommendations.
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3 ELECTRIC VEHICLES AND TRENDS

3.1 Proportion of electric vehicles

3.1.1 National statistics

Official data from the Ministry for Ecological Transition and Territorial Cohesion (Data and Statistics
Services) indicate that in 2023, out of the 38.7 million passenger cars (both professional and private
vehicles) in circulation in France, 93% of these passenger vehicles run exclusively on petrol or diesel.
This data uses the fifty codes (which correspond to the energy code label) recorded on the registration
certificate, grouped into thirteen categories in the administration's files.

This data reflects an increase in the number of electric vehicles in circulation comparable to other
countries.

Share of cars currently in use that are electric, 2016 to 2022
Electric cars include fully battery-electric and plug-in hybrids.
BB Table & Map |& Chart # Edit countries and regions  €¢ Settings
Norway
25%
20%
15%
10% Sweden
Denmark
Finland
China
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United Kingdom
France
European Union (27)

0% T T T T T 1 Japan
2016 2017 2018 2019 2020 2021 2022
| 4 2010 [ ] ® 2022
Data source: International Energy Agency. Global EV Outlook 2023. - Learn more about this data n ” .

OurWorldinData.org/energy | CC BY

For the purposes of this study, whether or not the vehicle contains lithium-ion batteries can be
determined solely from the entries ‘electric’, 'HEV' for non-rechargeable hybrid, or 'PHEV' for plug-in
hybrid, as these are the only indications that reveal the presence of a lithium-ion battery. Using this
analytical framework, passenger vehicles powered solely by electricity or by a combined power system
(petrol+electricity, or hydrogen+electricity) account for 6% of the passenger car fleet.

This proportion has been increasing since SDES statistics became available (2011). Even though this
share remains | ow, fithe electric car mar ket , suppc
time of purchase, has seen a marked increase since 2021 (12.9% of registrations in 2022). They now
represent the leading alternative to vehicles powered exclusively by petrol or diesel, ahead of plug-in
hybrid vehicles. The latter has also grown strongly since 2021 (8.0% of registrations in 2022), supported
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by the raising of the threshold for receiving an ecological bonus to 50 g of COF emissions since the first
| ockdown. 0O

For France, the targets set by the government are 7% battery-powered vehicles in 2027 and 15% in
2030. Reaching these targets is dependent on the economic situation and incentive policies for the
purchase of electric vehicles.

France and the United Kingdom have an almost identical profile for new vehicle sales, with higher sales
of new hybrid electric vehicles than battery electric vehicles.

Number of new cars sold, by type

Electric cars include fully battery-electric and plug-in hybrids.

fH Table |l Chart @ Select countries and regions ¢ Settings
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Data source: Calculated by Our World in Data based on the International Energy Agency (2023) - Learn more about
this data
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3.1.2 From national statistics to onboard quantification.

The typology of vehicle types carried on French ro-ro passenger vessels is not known to date, as the
study by Armateurs de France (October 2023) does not have statistical feedback, for example, on the
number of electric vehicles (or those equipped with lithium-ion batteries) on board. To quote this survey,

Afal most all of the responding companies do not

devices, or batteries transported. Nevertheless, all consider that this number has been steadily
increasin g o v er tlhisthengfera difficult o extrapolate, from national or international statistics,
the number of electric vehicles present on the decks of French ro-ro passenger vessels and how this
figure changes according to the seasons. In the absence of more specific data, it may be estimated as
equal to the average of the French vehicle fleet. Thus, for a vessel carrying 600 passenger vehicles, it
can be assumed - due to the lack of data from shipowners - that 36 electric or hybrid vehicles are
currently on board. If the government's 2030 targets are met (15%), this would represent around 90
vehicles.

As regards cross-Channel traffic, based on the available data, for example France and the United
Kingdom, the differences are not significant, whether in terms of the proportion of electric vehicles in
circulation within the overall vehicle fleet, the breakdown of new vehicle purchases between battery
electric vehicles and internal combustion engine vehicles, or the breakdown between battery electric
vehicles and hybrid electric vehicles.

It should also be noted that, in terms of vehicles, Norway, Sweden, Denmark and Finland have a high
proportion of electric vehicles in their fleets, which, given their geography, explains their interest in the
subject, as evidenced in particular by the funding of studies on ro-ro passenger vessels.

China, as an exporter of electric vehicles and a country with a high rate of vehicle electrification, also
produces numerous studies on the subject.

Shipowners should, if they have not already done so, maintain a record of the types of vehicles carried

on board, as this is essential for risk assessment and onboard layout planning.
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3.1.3 Evolution of the dimensional characteristics of passenger vehicles

FIGURE 12: Global vehicle weight (left-hand side) and footprint (right-hand side) trends, including and excluding EVs

T 1600 5 4.50
< ‘E
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] 5
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[ /

1400 4.00
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1200 3.50

2010 2012 2014 2016 2018 2020 2022 2010 2012 2074 2016 2018 2020 2022

=« =« =« Alll wvehicles, excluding EVs All vehicles

Sources: this assessment (details in the Annex) based on IEA, 2019a; IEA, 2021a; EEA, 2023a; EEA, 2023b and Marklines data.

In terms of safety, another identified trend is the increase in the dimensional characteristics of vehicles,
regardless of propulsion type, with an average gain of 1 cm in width every two years. According to a

T&E study published in January 20 @adyexcéeted the ®acmn EU
threshold are Germany (in 2016), the United Kingdom (2018), and Spain (2019). It is in Germany that

new cars are on average the widest: 181.5 cm in 2020, according to ICCT data, and in Italy they are the
narrowest, with an average of 177.2 cm the same year. In its current form, European legislation will not

prevent a cohort of new SUVs from widening up to 255 cm, which will bring the average width of new
passenger cars to around 2 m, corresponding to the width of the largest SUVsavai | abl e t oday. o
also be noted that compact and mid-sized cars are also becoming wider and are following the trend set

by large SUVs.

Moreover, SUVs now account for almost one in every two sales (AAADATA). In 2020, the number of
SUVs in circulation was 4.5 million, representing 18% of the French vehicle fleet.

This has two consequences for firefighting on the decks of ro-ro passenger vessels:

1 The first could be the reduction of free space between vehicles, which may, for example, hinder
the movement of safety teams.

1 The second is that the increase in the dimensional characteristics of passenger vehicles also
means an increase in the weight of these vehicles, and therefore a higher power output
generated by a vehicle fire.

Finally, the increase in the dimensional characteristics and weight of vehicles (in 2021, an SUV has an
average unladen weight of 1,445 kg compared with 1,218 kg for other categories of passenger vehicles)
also leads to a higher energy requirement and, consequently, an increase in battery weight for a fully
electric or hybrid SUV. Other sources state that, on average, electric vehicles are 25% heavier than
internal combustion engine vehicles.

The evolution of vehicle characteristics as a whole (size and weight) has never been taken into account

by the maritime industry, particularly with regard to firefighting.

3.1.4 The age of the French vehicle fleet

The French vehicle fleet as a whole is ageing, with the average age having increased from 9.3 years in
2011 to 11 years in 2022. This may also have consequences for the safety of vehicles on board ro-ro
passenger vessels. At this stage, there are no studies demonstrating that a 10-year-old electric vehicle
poses a greater risk than a new vehicle.
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3.1.5 Other types of electric vehicles

While the EMSA study groups the risk under the ter
and AHEVsO, namely Battery I&lricc\ehides respectwelyj itdoes siot a n d
appear to take into account the differentiation of hybrid energy sources (diesel, petrol, compressed
gases, etc.). Thus, the Ahydrogen vehicleo, that i
electric vehicle since it uses a lithium-ion battery. Some definitions of electric vehicles include vehicles

using a fuel cell. Nevertheless, no study available to date examines the combined risk of having both an

onboard hydrogen capacity and a Li-ion battery, even though there appears to be a growing desire in

Europe to roll out fuel cell technology, particularly for heavy goods vehicles. Nevertheless, the EMSA

study includes small electric mobility vehicles such as bicycles or scooters.

Other types of electric vehicles - light commercial vehicles, heavy goods vehicles and buses - account
for only 13.9%, 1.3% and 0.2% of the fleet respectively, compared with 84% for passenger cars.

Shipowners do not appear to keep a record of electric vehicles on board. In addition to the fact that this
guantification may play a role in risk analysis, it would also make it possible to assess the deck area
required to accommodate electric vehicles, should this strategy prove relevant.

It also does not appear that the increase in vehicle dimensions has been taken into account, particularly
its impact on the spaces between vehicles on a car deck and on firefighting operations.

3.2 Electric vehicle configurations and the resulting safety
implications

3.2.1 Different types of electric vehicles

Electric vehicles have a wide variety of propulsion architectures. According to the definition of an electric
vehicle, it may be a hybrid vehicle, a plug-in hybrid vehicle, a battery electric vehicle, or a fuel cell electric
vehicle.

9 For a battery electric vehicle (BEV), the battery integrated into the vehicle powers one or more
electric motors. The battery can be recharged by connecting it to the power grid. A variant with
a range extender (REEV - Range Extended Electric Vehicle) also exists, incorporating a small
internal combustion engine to directly charge the battery.

1 The hybrid electric vehicle (HEV) combines an internal combustion engine - using various types
of fuel - and an electric motor. The battery is charged by internal mechanisms, rather than by
being plugged into the power grid.

1 The plug-in hybrid vehicle (PHEV - Plug-in Hybrid Electric Vehicle) is equipped with an internal
combustion engine and an electric motor. The battery can be recharged by connecting it to the
power grid. The vehicle is equipped with a higher-capacity battery (between 8 and 15 kWh),
which can be charged independently of the combustion engine, via a power socket. This battery
allows for fully electric driving over longer distances.

1 Fuel cell electric vehicle (FCEV). Fuel cells generate electricity by combining oxygen and
hydrogen. A few vehicles of this type are beginning to enter the market, but there are currently
few refuelling stations that are adapted to them.

Battery electric vehicles with fuel cells are not included in this study.

I't should be noted that these classifications prim
this study, vehicles equipped with a hybrid or fully electric powertrain are referred to as electric vehicles.

Nevertheless, from a safety perspective, it is useful to distinguish between these types of electric
vehicles and other characteristics such as their dimensions, for example. Indeed, the larger a vehicle
(for example, electric SUVs), the more substantial the battery (for instance, the battery in the Tesla
Model S 85 accounts for 30% of its total weight) and the greater the energy potential in the event of a
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fire, just as the vehicle's cabin or the fuel tank volume will be for hybrid vehicles. The number of cells
also increases, which statistically heightens the risk of thermal runaway in a battery, taking into account
one of the causes of thermal runaway, namely a manufacturing defect in a cell.

Each type of electric vehicle therefore has a specific configuration of the various components of its drive
system.

3.2.1.1 The battery electric vehicle (or BEV)

The powertrain of a BEV mainly consists of a traction battery, an electric motor, and a transmission or
final drive system. At the heart of the BEV is a lithium-ion traction battery. It must be large enough to
ensure sufficient range. They take up much more space than fuel tanks, as lithium-ion batteries generate
less energy per unit of weight than petrol or diesel. More specifically, 0.17 0.2 kWh/kg compared to over
10 kWh/kg for conventional fuels. This also means that the batteries account for a significant proportion
of the vehiclebs total weight

4 A

ME

-

ME

Moteur électrique parfois utilisé comme générateur

Bloc de transmission

| A5

Cable haute tension. Des cables haute tension peuvent se trouver entre la batterie et
I'electronique de puissance, ainsi qu'entre I'électronique de puissance et les moteurs
électriques. Leur poids total peut atteindre 10 kg dans les véhicules de tourisme
hybrides

1

Chargeur de batterie et convertisseur CA/CC embarqué ou intégré a la station de
recharge

- Batterie de traction : Stocke I'énergie électrique qui peut étre libérée et mise a
disposition pour alimenter le vehicule. Les batteries lithium-ion (LIB) sont l'option
préférée pour les batteries de traction des PHEV et BEV.

3.2.1.2 The hybrid electric vehicle (HEV)

Hybrid electric vehicles are vehicles equipped with an electric motor and an internal combustion engine.
This allows for significant fuel savings. It enables regenerative braking, the use of smaller internal
combustion engines and more efficient operating conditions, as well as the possibility of shutting off the
internal combustion engine at idle or under low load.

There are various types of hybrid electric vehicles on the market. They can be classified as series
hybrids, parallel hybrids, or series/parallel hybrids. Each of them comes with its own advantages and
disadvantages.

Series hybrids operate using the electric motor. They are equipped with a large traction battery and a
small internal combustion engine. There is no mechanical connection between the internal combustion
engine and the wheels. This enables the internal combustion engine to operate continuously at its most
efficient speed.
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MCI Moteur a combustion interne

Cc Convertisseur de puissance : convertit I'énergie en courant alternatif/continu ou en
courant continu/alternatif. Le convertisseur CC/AC est situé entre la batterie et le moteur
electrique. Les vehicules hybrides sont egalement equipes d'un convertisseur CA/CC
entre le générateur et la batterie de traction.

G Générateur

- Réservoir & combustible

Parallel hybrids can be powered either by the electric motor or the internal combustion engine
independently of each other, or by using them simultaneously. In this case, there is a direct connection
between the internal combustion engine, the transmission and the final drive. These conditions enable
efficient driving at high speed. In general, parallel hybrids have a large internal combustion engine and
a small battery.
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MCI Moteur & combustion interne
c Convertisseur de puissance : convertit I'énergie en courant alternatif/continu ou en
courant continu/alternatif. Le convertisseur CC/AC est situé entre la batterie et le moteur
electrique. Les vehicules hybrides sont egalement équipés d'un convertisseur CA/CC
entre le générateur et la batterie de traction.
G Générateur

Combined hybrid systems, also known as series/parallel hybrids, combine the best elements of these
configurations. They enable vehicles to be powered directly by the internal combustion engine, assisted
by the electric motor, or by the internal combustion engine driving a generator that powers the electric
motor. This greater flexibility is generally accompanied by a higher cost and a more complex vehicle

design.
| MCI
EM
|
= C
C
\—_— I J
c Convertisseur CC/CC qui se connecte a une batterie de 12V qui alimente I'equipement

auxiliaire. Dans les véhicules électriques, cette batterie est chargée par la batterie de
traction.

Plug-in hybrids (PHEVs) follow these principles to the same extent as hybrid electric vehicles. The main
difference lies in the fact that plug-in hybrid vehicles have larger batteries and therefore a greater electric
driving range. Energy generation systems such as regenerative braking are not sufficient to charge
these large batteries, hence the need for external recharging.
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3.2.2 Integration of Li-ion batteries into the vehicle

Each type of electric vehicle has its own architecture, with the lithium-ion battery preferably located in
the floor of the vehicle for a battery electric vehicle (BEV), and, when the battery is smaller, at the rear
of the vehicle, as is the case for hybrid vehicles.

3.2.2.1 Battery pack protection

Numerous battery cells must be integrated into an electric vehicle in order to achieve the required power
and energy. The overall objective in an electric vehicle design is to achieve the largest possible battery
pack while maintaining an appropriate level of safety.

The current approach consists of installing the battery pack inside reinforced and strengthened
compartments or zones, which are less likely to be affected in the event of an accident. This may be
considered as the "safety zone" of a passenger car. This area normally corresponds to the centre of
the chassis, between the wheelbases. By integrating the battery pack into this area, car manufacturers
aim to reduce the likelihood of the battery being affected by collision or impact conditions.

High Strength Cabin

Batte

Impact Absorbing Body.

For passenger cars, there are three main configurations in which the "safety zone" is used.
The most common are the "floor" and "T" configurations, where the battery is distributed in a square or
rectangular area, or arranged in a "T" shape.

3.2.2.2 Main configurations

The "floor" assembly utilises all available space within the "safety zone". The entire battery is located
beneath the cabin. This increases the interior space for passengers and luggage, while also allowing
for the storage of a large amount of energy. One of the drawbacks of this configuration is that the ground
clearance is reduced, increasing exposure to hazards on the ground (debris), a pool fire, or the risk of
6scraping the ramp during boardingd. The groun
15 cm and 16 cm. Certain models, such as the Peugeot E 5008, may have a higher ground clearance,
reaching 20 cm. For internal combustion engine vehicles, this can vary significantly depending on the
type of vehicle. Sports cars may have a ground clearance of around 10 cm, while SUVs can reach up
to 25 cm. In general, the ground clearance of passenger cars ranges between 13 cm and 20 cm.

The "T" assembly consists of arranging the battery modules in a T-shape within the safety zone. This
configuration allows for greater clearance between the floor and the battery pack. This result is achieved
by reducing the space allocated to passengers. This space is relatively narrow and is generally protected
by the vehiclebs front axl e. This ensures the
impacts.
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All-Electric Vehicle

Electric Traction Motor

Power Electronics Controller

DC/DC Converter
Thermal System (cooling)

Traction Battery Pack

Charge Port

> Transmission
Onboard Charger

> Battery (auxillary)

afdc.energy.gov

The third option may be referred to as the "rear" solution, which utilises the available space between the
rear wheels of the vehicle. This assembly concerns hybrid electric vehicles or small vehicles, requiring
a less bulky lithium-ion battery. The battery may be located under the passenger seat, close to the fuel
tank, which increases the risk in the event of thermal runaway of the battery pack, as construction
standards for tanks provide only limited long-term resistance to significant heat release.

Plug-in Hybrid Electric Vehicle

Exhaust System

Internal combustion engine
(spark ignited)

Fuel Filler

Power Electronics Controller

DC/DC Converter

Thermal System (cooli Fuel Tank (gasoline)

Traction Battery Pack

Charge Port

Electric Traction Motor

Battery (auxillary)
afdc.energy.gov

Furthermore, regardless of the size of the battery pack, the standards applicable to the pack ensure that
it is sealed, even though it can be cooled by circuits using glycol, for example, to guarantee proper
operation.
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VEHICLE:

Carpet

Carpet padding
Eggcrate foam
Aluminum body
Acoustic insulation

BATTERY:

Vapor barrier

White padding

Steel battery case cover
Mica electric insulation
Top plastic cell tray
18650 cells (vertical)

Regardless of the type of electric vehicle, the batteries are located in the lower part of the vehicle, which
reduces the ability to detect a possible thermal runaway, as well as the effectiveness of standard
firefighting methods (unless the manufacturer has provided an access vent to flood the batteries).

Depending on the type of vehicle - BEV, HEV, or PHEV - the power of the battery pack varies, as does
the volume of the battery pack and its location on board.

Furthermore, the battery packs are sealed, which limits the effectiveness of usual firefighting measures.

3.2.3 Weight of electric vehicles

One of the objectives of WP.2 of the ALBERO study is to determine the differences in unladen weight
between internal combustion engine vehicles and alternative energy vehicles of the same type, when
this type is available in two versions (conventional versus HEV or BEV).

The heaviest models are always fully electric or hybrid vehicles, while the lightest models are petrol or
diesel vehicles, that is, cars with a conventional propulsion system.

Of the 21 models studied (across all segments), when comparing the weights of the same vehicles
depending on whether they are internal combustion or electric/hybrid, the weight difference is significant,
firstly between vehicles. The Fiat 500 has an unladen weight of 1,035 kg with a petrol engine or 1,300
kg in its electric/hybrid version (an increase of 25%), while the Mercedes Sprinter weighs 1,985 kg in
diesel mode compared to 2,609 kg in its electric/hybrid version (an increase of 31%). These weight
differences between vehicles go hand in hand with marked differences in dimensional characteristics.

Finally, for these same 21 models, the average weight difference between a conventionally powered
vehicle and its electric/hybrid version is 336 kg.
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Diagram 2: Weight differences in kg for lightest (gasoline/diesel) and heaviest (battery-electric/hybrid) car

This increase in weight is not solely attributable to the emergence of electric vehicles but reflects a trend
that began in the 1950s:

Evolution du poids moyen (en kg) des voitures en France
depuis les années 1950
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Further mor e, depending on the vessel, the weight

and its stability.

While it is difficult to determine precisely how increased weight is distributed, it can be concluded that
for the same model, whether an electric or internal combustion version, in the event of a vehicle fire, the

increased weight will have an impact on the intensity, duration, and approach to firefighting, without
even considering the risks associated with battery pack thermal runaway.
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This increase in vehicle weight and dimensional characteristics has not been taken into account by

international regulations, nor, in all likelihood, by shipowners.

3.2.4 The pursuit of weight reduction and new materials
3.2.4.1 Metals and alloys

The automotive industry is also seeking to reduce vehicle weight by using lightweight materials as much
as possible.

Magnesium, aluminium and titanium alloys, high-strength steels, as well as composite materials, make
it possible to reduce the weight of the vehicle body structure by using multi-material designs. The
introduction of new materials also applies to recent internal combustion engine vehicles.

Magnesium alloys have the lowest density of all structural materials and offer other advantages, notably
a high strength-to-weight ratio, good formability, recyclability, and high damping capacity. Their use in
the automotive sector directly leads to weight reduction and improved efficiency. Magnesium alloys can
be used for the crossbeam and can replace many steel sheet parts or profiles that require complex
moulding solutions.

To some extent, the use of these materials overlaps with the development of advanced vehicles,
particularly regarding the reduction in weight of bodywork materials.

For internal combustion engine vehicles, lightweight construction was previously focused on the
bodywork and engine components.

The development of lightweight materials capable of withstanding high temperatures now includes
properties such as impact resistance and thermal conductivity. The mechanisms and methods for
developing materials are based on the same fundamentals, but manufacturing processes, such as
additive manufacturing for functional materials, are constantly evolving.

3.2.4.2 Plastic

Many types of plastics are used in vehicle interiors, cushions, panels, wiring, etc. The proportion of
different plastics used has increased in vehicles in general, such as:

91 Polypropylene: Polypropylene is the most commonly used polymer in vehicles. It accounts for
between 30% and 40% of the plastic used in a vehicle and is found both in the interior of vehicles
and in bodywork components.

1 Polyurethane: Used for foams, particularly for seat and dashboard padding, it accounts for
approximately 20% to 25% of the plastic in a vehicle.

1 Polyamides: These plastics, accounting for 10% to 15%, are used for equipment under the
bonnet and components subject to stress, such as pedal assemblies or door handles.

1 HDPE (high-density polyethylene): Representing between 4% and 8%, it is used for fuel tanks
and windscreen washer reservoirs.

9 Other plastics such as PET, ABS, PE, polycarbonates, PVC and PMMA are also used in various
applications?.

The use of polymer or plastic materials in the automotive industry has seen a steady increase. These
materials generally constitute a greater combustible load in the event of a fire than traditional
construction materials. In most cases, plastics have a higher heat of combustion than the materials they
replace (often metals). They will therefore produce a higher fire load per unit weight of material, and
more potential energy within the same volume. They often ignite and sustain the fire more easily,
promoting faster spread of flames. They also produce more toxic fumes than the materials they have
replaced.

Plastics are often used to reduce vehicle weight, primarily to improve energy efficiency, but as customers
have purchased larger and heavier vehicles such as trucks and sport utility vehicles (SUVs), the average
vehicle weight has remained stable or has increased over the past decade, while both the proportion
and absolute weight of plastics have increased accordingly.
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The Economics and Statistics Department of the American Chemistry Council published a report
analysing the material composition of light vehicles assembled in the NAFTA countries (United States,
Mexico, and Canada), representing 16.8 million vehicles produced in 2018. The annual plastic content
by weight is provided for the years 2008 to 2018. A report by the Argonne National Laboratory also
analysed the American light vehicle fleet by providing annual data for the period 1995-2014. A
government report on the steel industry dating from 1991 provides five-year average data on the material
content of American vehicles for the years 1976 to 1990. By combining these data sources, the amount
of plastics in average vehicles in the United States and NAFTA from 1976 to 2018 can be shown in

Figure 2, in kilograms and as a percentage of the
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Figure 2 - Amount of plastic in average US light vehicles in weight (kg), and as
percentage of vehicle curb weight.

Figure 2 7 Amount of plastic in average US light vehicles in weight (kg) and as a percentage of vehicle
curb weight.

Plastic materials have largely replaced metal in vehicle construction. For example, between 1970 and
2004, the average steel content per vehicle decreased by 458 kg (1,010 Ib), representing a reduction of
32%.

The plastics industry is optimistic about the increased use of plastics in passenger vehicles, primarily as
a weight reduction measure to comply with increasingly stringent fuel economy requirements. Future
uses of plastics could include the following:

1 Replace the bodywork panels (generally made of aluminium).

9 Plastic windows and panoramic roofs.

1 Replace metal parts in cooling systems or other systems under the bonnet.
1 High-strength plastic in transmissions or powertrains.

These developments will further increase the plastic content available as fire fuel, especially as many
of these components replace non-combustible metal parts. Furthermore, the potential future use of
plastic materials on the exterior of vehicles, which is still limited, could lead to faster spread of fire
between vehicles. As most vehicles still have exterior bodywork panels primarily made of metals, fire
cannot easily spread to these areas. Instead, fire spread relies on conductive and radiative heat from
inside the vehicle, where large quantities of easily combustible materials are located.

The increased use of plastics in vehicles is accompanied by a rise in combustible materials in the event
of a fire, as well as a heightened risk of fire spreading from one vehicle to another.

Furthermore, it has been demonstrated by DNVinth e A Tec hni c al -iéhdéattery Explosien
Ri sk and Fire Suppressiono that the heat and t
are almost identical.

Moreover, the use of new metallic materials entails a change in the composition of gases, smoke, and
soot.
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The spread of a fire in a modern vehicle partly depends on the conductive and radiative heat from inside

the vehicle, where large quantities of easily combustible materials are located.

3.2.4.3 Plastic fuel tanks

Another development is the growing use of plastic fuel tanks in vehicles, which have largely replaced
metal tanks. The proportion of cars built in Europe with plastic tanks is estimated to be over 85% today.
It was estimated at around 75% for American cars in 2010 (Vanderwerp, 2010), and has probably
increased since then.

This contributes to an increase in the amount of plastic in the vehicle by approximately 8 to 10 kg per
tank, by replacing a non-combustible metal tank with high-density polyethylene (HDPE). This could also
result in a faster release of fuel from the tank in the event of a fire in the vehicle or in adjacent vehicles
(pool fire spread). If, for example, fuel leaks from a vehicle and ignites, the fuel could flow beneath
several adjacent vehicles on the deck of a ro-ro passenger vessel and melt the tanks of these vehicles
or cause thermal runaway. The fire could then spread more rapidly to several vehicles in a short period
of time.

Heat transfer through the tank to the fuel inside is faster with a metal tank, which may result in increased
pressure and a potential leak at the fittings. Nevertheless, tests have shown that this phenomenon is
less significant than the melting of a plastic tank. However, under sufficiently intense thermal exposure,
both plastic and metal fuel tanks eventually leak or rupture.

A significant concern regarding plastic fuel tanks is the quicker release of fuel when exposed to an
external flame, compared to a metal fuel tank. There are fire resistance requirements for plastic fuel
tanks set out in a standard which stipulate that a tank must not leak any fuel after being exposed to a
direct flame for 2 minutes. The flame source comes from a container, usually using diesel or petrol,
which is slightly larger than the footprint of the tank, and at a distance equivalent to the height above the
road at which the tank would be installed in the vehicle. In the case of a petrol fire under a car following
the spillage of a full tank, exposure to the fire could last much longer than the two minutes required in
the tests. The issue with the two-minute requirement lies in the inability of firefighting personnel to arrive
within this timeframe to extinguish a fire before the tank melts and empties its contents. Even if a
firefightngsy st em wer e depl oyed, the fire would be
prevent or slow down extinguishing efforts. Based on this requirement, the most pessimistic assumption
could be that a plastic fuel tank would leak after two minutes of direct exposure to fire.

The Southwest Research Institute tested six different fuel tanks placed above fires that lasted for more
than two minutes. The point at which the tanks began to leak ranged from 10 seconds before the
required two minutes to 2 minutes 36 seconds after the two minutes (i.e. between 1 minute 50 seconds
and 4 minutes 36 seconds of exposure to the fire). It should be noted that failure before the two-minute
mark was observed on a new tank installed in a vehicle already damaged by fire. According to these
tests, in the best-case scenario, a plastic fuel tank leaks 4:36 min after being exposed to a fire beneath
the vehicle. Only one metal tank was tested in this series. It failed 4 minutes 22 seconds after the
required time, that is, 6 minutes 22 seconds after the start of the fire. The plastic tank ruptured due to
leaks, while the metal tank developed excessive pressures and released large quantities of fuel.

In the case of vehicles with internal combustion engines, the fuel tank eventually ruptures or melts and,
depending on the nature and orientation of the surface beneath, the leaking liquid fuel may spread away
from the burning vehicle and ignite surrounding elements. In contrast, a lithium-ion battery will remain
in place, generally beneath the cabin which forms the vehicle's floor.

The relative lack of heat resistance of a plastic fuel tank is concerning both in terms of the risk of fire
spreading on a ro-ro deck via a pool fire that could affect an electric vehicle with batteries located in the

lower part of the vehicle, and because, in hybrid vehicles, the battery pack and fuel tanks are relatively
close to each other.
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The various studies and tests compiled for this report do not take into account the cumulative risks for
hybrid vehicles.

The time between exposure to the flame and the failure of the plastic tank is very short, prompting a
reconsideration of firefighting strategies, particularly the response time between detection (human or
otherwise), alarm, and the start of firefighting operations.

3.2.4.4 Other materials used in recent vehicles

Electric vehicles use a range of materials that differ significantly from those used in modern internal
combustion engine vehicles. These include the materials used in electric vehicle batteries, drive motors,
power electronics, and, in the case of fuel cell vehicles, the fuel cells themselves, auxiliary systems, and
high-pressure hydrogen storage tanks.
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The key materials to be taken into consideration include lithium, cobalt and nickel for advanced lithium-
ion batteries, as well as 'rare earth' metals such as neodymium, samarium and dysprosium for advanced
electric drive motors.

Modern electric vehicles may also use significant quantities of carbon fibre and other lightweight
materials in their structures as well as in other components, such as hydrogen storage tanks made of
metal wrapped in carbon fibre for vehicles powered by fuel cells.

Previous generations of electric vehicles used nickel-metal hydride, lead-acid, nickel-cadmium, and
other types of batteries, but these have been almost entirely replaced by various types of lithium-ion
batteries in modern vehicles.

There are several types of lithium batteries, primarily based on different cathode materials, but also on
potential anode materials to replace conventional batteries. The main types of lithium-ion batteries
include lithium cobalt oxide (LCO), lithium manganese oxide (LMO), nickel manganese cobalt oxide
(NMC), lithium iron phosphate (LFP), lithium nickel cobalt aluminium oxide (NCA), and lithium titanate
(LTO). Other materials must also be taken into account, of course, including additives, the combustion
of which produces hazardous gases.
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The weight of an electric vehicle is approximately 15 to 30% greater than that of its internal combustion
engine counterpart.

The automotive industry is using more and more new materials.
EV technologies use a range of materials that are not traditionally used in the automotive industry. This

involves a range of elements, metals, and composite materials used in batteries, electric motors,
lightweight bodywork structures, and electronic and control systems.

These characteristics must be taken into account both for electric vehicles and for internal combustion
engine vehicles.

3.2.5 Battery energy density, chemistries and types of electric vehicles

Mobility applications are currently driving the development of battery technology. These batteries must

provide sufficient energy (range) and power (acceleration) to meet user expectations, be compact (to fit

withint he vehiclebds | imited space), Il ight weight (as ¢
and acceleration characteristics), and dur abl e enc
an electric vehicle equipped with a 100 kWh battery, the typical range is around 500 km, and 600 full

charge cycles would be sufficient to drive this vehicle for a distance of 300,000 km). Finally, they must

be safe in use.

The batteries used are primarily lithium-ion batteries, which can be classified into the following
categories of batteries: NCM (Nickel-Cobalt-Manganese), LFP (Lithium Iron Phosphate), and NCA
(Nickel-Cobalt-Aluminium), depending on the anode materials.

3.2.5.1 Energy density

The energy density of batteries ranges from 100 to 265 Wh/kg, or from 250 to 670 Wh/L at the battery
level.

According to the BNEF 2021 EV Outlook report, the average energy density of electric vehicle batteries
is increasing by 7% per year. In all mobility applications, research and development focus on reducing
costs, improving performance, durability, and safety.

For the 40 best-selling models in Europe between 2010 and 2024, the breakdown is as follows:

1 NMC (Nickel-Cobalt-Manganese): Average energy density, 1701 200 Wh/kg. Tesla Model 3,
Volkswagen ID.3, Renault Zoe, Hyundai Kona Electric, Kia e-Niro.

1 NCA (Nickel-Cobalt-Aluminium): Average energy density, 2001 250 Wh/kg (very high energy
density). Tesla Model S, Model 3 Long Range, Model Y Long Range.

1 LFP (Lithium Iron Phosphate): Average energy density, 1207 150 Wh/kg, mainly for more
affordable models or entry-level vehicles.

In terms of energy density, NMC batteries are the most efficient, offering approximately twice as much
(90 to 130 Whlkg for LFP chemistry and 190 to 260 Wh/kg for NMC).
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Figure 1. Energy densitieof various LFP and NMC cells: volumetric energy density as a function of energy density,
also known as specific density; source: (CE#en)

However, the energy density and the type of chemistry used are associated with a lower onset
temperature (which initiates the thermal runaway of a cell) for NMC, whereas LFP batteries require a
higher temperature.
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Furthermore, the higher the energy density, the lower the thermal stability of the cells. Consequently,
LFP cells tend to reach the point of thermal runaway later than NMC cells.

Figure 5 clearly shows that the rate of temperature change during thermal runaway, observed at 130°C,
increases with energy density. Consequently, LFP cells tend to undergo thermal runaway less violently
than NMC cells. However, both NMC and LFP cells are subject to thermal runaway and are not
inherently protected.
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Figure 5. Rate of temperature rise of different LFP ML cells according to their specific density; source: [G&#&n].

3.2.5.2 Types of vehicles and cell chemistries

For electric vehicles, the main cell chemistries used are LFP, NMC, and NCA. For example, for the
wo r | d éselling BEVS, the distribution is as follows:

Cell chemistries

Estimated market shares

Examples

NMC 301 40% Tesla Model 3 (Long Range, Performance), VW ID.4,
Hyundai loniq 5, Kia EV

NCA 151 20 % Tesla Model S, Model X, Model 3 (Long Range), Model Y
(Long Range)

LFP 407 50 % Tesla Model 3 (Standard Range), BYD Atto 3, BYD Tang EV,

BYD Qin Plus EV

For BEVs, the trend is towards:

1 The increasing adoption of LFP: In recent years, LFP has gained ground due to its lower cost,
improved thermal stability and the absence of cobalt, making it a more sustainable and ethical
option. Tesla has started using LFP batteries in the Standard Range versions of the Model 3 and
Model Y, and BYD is a major player that makes extensive use of this chemistry in its models.
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Many Chinese manufacturers, such as SAIC and BYD, also favour LFP for their economical and
mass-market vehicles.

1 The use of NCM and NCA for high performance: NCM and NCA batteries are still preferred for
electric vehicles requiring long range and superior driving performance (as in Tesla models or
premium vehicles from brands such as BMW and Audi).

If we extend the scope to electric vehicle models (BEV, HEV, PHEV) sold in Europe between 2010 and
2024, the following breakdown by battery chemistries is obtained

1 NCM (Nickel-Cobalt-Manganese): Approximately 501 60% of the top 40 best-selling BEV models
in Europe use NCM batteries. Examples: Tesla Model 3, Tesla Model Y, Volkswagen ID.3,
Renault Zoe, Hyundai Kona Electric, Kia e-Niro, etc.

1 NCA (Nickel-Cobalt-Aluminium): Approximately 107 15% of BEV models, mainly Tesla vehicles.
Examples: Tesla Model 3 (Long Range, Performance), Tesla Model S, Tesla Model X.

1 LFP (Lithium Iron Phosphate): Approximately 107 15% of BEV models use LFP batteries, mainly
for entry-level and mid-range vehicles or in the Standard Range versions of certain Tesla models.
Examples: Tesla Model 3 Standard Range, BYD Atto 3, BYD Tang EV.

1 NiMH (Nickel-Metal Hydride): HEVs and PHEVs often use NiMH batteries, and this chemistry is
found in around 101 15% of models sold. Examples: Toyota Yaris Hybrid, Toyota Corolla Hybrid,
Honda CR-V Hybrid, Renault Clio E-Tech Hybrid.

In general, NMC batteries offer a higher energy capacity than LFP batteries and may therefore be
preferred for electric vehicles where range is an important criterion, but they are also more expensive.
The most common type of battery for electric vehicles remains the NMC battery, with a global market
share of 60% at the end of 2022.

Nevertheless, the market share of LFP batteries has increased fivefold, rising from 6% in 2020 to 30%
in 2022. Some predict that LFP batteries will account for 47% of vehicles leaving the factory in 2026.

Despite the various names, NMC, NCA, and LFP cells all contain lithium-ion (in varying percentages).
NiMH batteries (Nickel-Metal Hydride) are free of lithium.

Two main types of battery chemistry compete in the electric vehicle battery market: LFP batteries and
NMC batteries. Both use lithium, LFP and (L)NMC.

BEVs predominantly use NCM batteries, followed by NCA (mainly for Tesla) and LFP (mainly for more
affordable models and certain Chinese vehicles such as those from BYD).

HEVs and PHEVs often use either NiMH or Li-ion batteries, depending on the propulsion technology
and vehicle architecture.

They nevertheless exhibit different behaviours.

Overall, LFP cells require higher temperatures than NMC cells to initiate thermal runaway. Once thermal
runaway has started, the rate of temperature increase is lower for LFP batteries.

From a safety perspective, the LFP battery performs better.

3.2.6 Battery capacities according to the type of electric vehicle
3.2.6.1 Battery electric vehicles (BEVSs):

The energy capacity of battery electric vehicles is generally between 30 kWh and 100 kWh. The average
energy capacity of battery electric vehicles sold in the EU in 2021 is approximately 50 kWh, supplying
the energy required to propel a vehicle. These batteries are most often designed using cells available
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on the market (mainly from Chinese suppliers), although some European car manufacturers are
developing cells for a specific vehicle.

3.2.6.2 Plugin hybrid electric vehicles (PHEV)

The energy capacity of plug-in hybrid electric vehicles is generally between 5 and 25 kWh, with the
average battery pack energy of PHEVs sold in the EU in 2021 being around 12 kWh, providing the
energy required to propel the vehicle either on its own or in cooperation with the smaller internal
combustion engine.

In numerical terms, the share of plug-in hybrid electric vehicles was similar to that of battery electric
vehicles in the EU in 2021. The cell formats and the chemistry used are also similar.

3.2.6.3 Hybridelectric vehicles (HEV)

The energy produced by the battery of a hybrid electric vehicle generally does not exceed 2 kWh and
provides power either to propel a vehicle alone over a distance of 10 km or to assist the internal
combustion engine (unlike micro-hybrids or mild hybrids, which cannot propel a vehicle alone even over
a short distance or assist the internal combustion engine).

In the total number of electric vehicles sold in the EU, the proportion of hybrid electric vehicles is higher
than that of electric vehicles or mild hybrid vehicles. The contribution of this segment to global battery
demand is less than 10% of the demand for batteries for electric vehicles, due to the limited energy
requirement. The design and chemical composition of the cells used are optimised for power, so that

the Asmall 6 battery can absorb energy from regener

3.2.6.4 Mild hybrid and micro hybrid electric vehicles

Derived from hybrid electric vehicles, atrend t owar ds fAdownsi zingo the ba

benefits of hybrid electric vehicles to be achieved at minimal cost. They are mainly distinguished from
hybrid electric vehicles by a smaller battery capacity, a reduced battery voltage of 48 V, and simpler
BMS and thermal management systems. They also use cells optimised for power.

3.2.6.5 Electric buses

The battery system of an electric bus generally exceeds 100 kWh and is typically larger for long-distance
vehicles than for urban buses. These batteries are generally optimised for energy for long-distance
vehicles, and either for energy, or for power, or for a compromise between the two for urban buses. This
latter point depends on the charging strategy. Whether the bus is charged during stops at several points
along its route, or only at the points of arrival or at the bus depot. The BMS is complex, with thermal
management capabilities, particularly for systems that are charged over short periods with high power
during stops along the route. The share of e-buses in the EU fleet remains low, in contrast to the situation
in China. These batteries are dominated by members of the Li-ion family, mainly NMC, NCA and LFP.

3.2.6.6 Starter, lighting and ignition batteries and auxiliary power batteries of electric vehicles

These are standard 12 V batteries (24 V in trucks) in the car, also present in electric vehicles, providing
power to onboard systems, but not for propulsion. In this application, the battery remains fully charged
most of the time, operating through short bursts of high power to start an internal combustion engine
and during long periods of low power to supply energy to the onboard electronics when the car is parked.
The battery is therefore subjected to a relatively high number (1,000 - 2,000) of fairly shallow cycles,
while the number of deep discharges with a depth of discharge exceeding 50% is limited. It is dominated
by lead-acid (Pb-A) chemistry, either in its traditional liquid electrolyte version or in its modernised form
based on a gelled electrolyte. Research and development, aside from cost, durability and safety, also
focuses on the use of secondary raw materials (recycled lead) and on reducing maintenance
requirements during the batteryds operational

Starter batteries provide power to the internal combustion engine in hybrid vehicles.

Regardless of the type of electric vehicle, this battery also supplies power to the BMS for the BMS safety
functions when the vehicle is in parking mode (not charging).
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3.2.6.7 Others (for example, electric bicycles, elestrooters)

Batteries for these mobility applications are generally small in size (400 - 4,000 Wh). Batteries used for
propulsion or propulsion assistance of a light-duty vehicle. These batteries are designed using cells
available on the market and not developed for this specific application. Furthermore, the BMS is
relatively basic and no thermal management system is available. The quality of the batteries (as well as
that of the BMS) is lower than that of electric vehicles. These batteries may be subjected to frequent
deep discharge cycles. These applications have been gaining popularity in recent years and the market
is booming despite lower safety levels.

This type of device must also be taken into account in the risk assessment for a ro-ro passenger vessel.
Bicycles and electric scooters can be stored either outside or inside a passenger vehicle.

Global battery fire (thermal runaway) incidents involving EVs vs PMDs,
Ist January to 30th June 2023
Road Registered Electric Vehicles (EVs) Personal Mobility Devices (PMDs)
55% L.~
44 500+
Battery fires Battery fires  Battery fires Battery fires
15 0 138
lnjuries hljuries lnjuries
4 0 36
Fatalities Fatalities Fatalities
Why the difference?
Electric vehicles have: Personal mobility devices have:
+ Very high quality LiB cells + Often poorly constructed LiB cells & BMS
+ Sophisticated BMS » No standards or regulations on privately
« Rigorous testing & certifications owned PMDs
» Excellent occupant safety + Few safety considerations / rushed to market
« Low wear & tear in daily use « High wear & tear
« Typically outside / open space « Stored & charged indoors
T — —

Indeed, the greatest statistical risk is associated with small mobility vehicles using a lithium-ion electric
battery, even when the latter is not being charged.

3.2.7 Discussion on risk categorisation for hybrid vehicles
3.2.7.1.1 Fuel tanks

From a safety perspective, it is difficult to determine whether hybrid vehicles present risks similar to
those of battery-powered vehicles or internal combustion engine vehicles.

Plug-in hybrid vehicles (PHEVSs) generally have larger fuel tanks than non-rechargeable hybrid vehicles
(HEVSs). Indeed, the average fuel tank capacity among the 30 best-selling vehicles is 32 litres for HEVs
and 38 litres for PHEVs.
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To provide an idea, let us compare the fuel tank volumes of plug-in hybrid vehicles (PHEV), non-
rechargeable hybrids (HEV), and internal combustion engine vehicles.

The average fuel tank capacity of internal combustion engine vehicles varies depending on the size and
type of vehicle. Here are some examples:

1 Small cars: approximately 45 litres
1 Medium-sized cars: approximately 55 litres
1 SUVs and large cars: approximately 65 litres

The average fuel tank capacity of hybrid vehicles is as follows:

1 Non-rechargeable hybrids (HEV): 32 litres
1 Plug-in hybrids (PHEV): 38 litres
1 Internal combustion engine (ICE) vehicles: between 45 and 65 litres

Internal combustion engine vehicles generally have larger fuel tanks than hybrid vehicles, whether they
are rechargeable or not. This is explained by the fact that hybrid vehicles also use a battery to power
the electric motor, which reduces the need for such a large fuel tank.

3.2.7.1.2 The power output of PHEV and HEV battery packs

When comparing the average battery capacities of the 30 best-selling models of plug-in hybrid vehicles
and non-rechargeable hybrids, the following results are obtained:

1 Average battery capacity of PHEVs: 13.6 kWh
1 Average capacity of HEV batteries: 1.4 kWh

On average, the battery capacities of BEVs are 58.4 kWh (top 30 best-selling models).

By way of comparison, the capacities of the 10 best-selling electric scooters are 0.816 kWh, compared
to 4.3 kWh for the 10 best-selling electric mopeds.

If a company decides to limit the boarding of vehicles to 50% or 30% of the load for all electric vehicles,
it can be understood that the consequences of a fire involving a non-rechargeable electric vehicle (HEV)
are similar to those of an internal combustion engine vehicle, with the risk of fire spreading via a pool of
burning fuel.

3.2.7.1.3 Lack of studis on hybrid vehicles

Hybrid electric vehicles, PHEVs and HEVSs, are largely absent from studies, particularly those focused
on full vehicle combustion tests aimed at determining their characteristics. It can be considered that, in
terms of firefighting, this type of vehicle presents both the risks inherent to the presence of a battery
pack and those associated with the fuel tank, which are most often located in the same place.

3.2.7.2 Reduction of SoC for an HEV and a PHEV

Some shipowners require that the SoC of electric vehicles be at 30% or 50% before boarding, but the
reduction of a battery's SoC may differ depending on the type of hybrid vehicle: plug-in hybrid (PHEV)
or non-rechargeable hybrid (HEV).

3.2.7.2.1 For plugin hybrid vehicles (PHEVS)

PHEVs often allow greater flexibility in SoC management, as they are designed to operate in pure
electric mode (EV). The driver may use:

1 The "EV" mode by activating the all-electric mode and driving until the battery reaches its
minimum discharge level (often around 20 to 30%). This mode primarily consumes electricity,
which will gradually discharge the battery.

9 Driving in dynamic mode (frequent accelerations): Frequent acceleration and deceleration in EV
mode place increased demand on the battery, causing it to discharge more rapidly.

1 Or activating the air conditioning or heating in EV mode, which will increase electricity
consumption and therefore more rapidly reduce the SoC,

The other option, the most obvious one, is not to recharge the battery.
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3.2.7.3 For nonrechargeable hybrid velies (HEVS)

HEVs are designed to maintain the SoC within a narrow range (generally between 20% and 80%) and
do not allow deep discharge, but there are ways to reduce the SoC to the lowest level permitted by the
system:

9 by driving in thermal mode only: Maintaining a constant speed on the motorway or during a
prolonged ascent, for example, results in the use of the internal combustion engine with limited
support from the battery. This allows the battery to be gradually discharged to the point where
the system restricts its use.

1 by avoiding regenerative braking: HEV vehicles recover energy during braking, which recharges
the battery. By using engine braking or driving smoothly without heavy braking, you minimise
this regeneration.

1 when driving in "Power" or dynamic mode (if available): In "Power" mode or when driving
aggressively (with rapid acceleration and braking), the battery will be used more intensively to
support the internal combustion engine, which will accelerate its discharge.

1 using air conditioning or heating will increase the energy demand on the battery. The internal
combustion engine can compensate for this demand, but the battery will tend to discharge more
quickly if the SoC is high.

While battery electric vehicle (BEV) sales are stagnating, sales of hybrid vehicles continue to rise.
Unfortunately, there are no studies that address the cumulative hazards posed by hybrid vehicles.

Nevertheless, the average battery capacity of hybrid vehicles is approximately 13.6 kwWh for a PHEV,
1.4 kWh for an HEV, compared to 58.4 kWh for battery electric vehicles (BEVS).

An electric scooter has an average capacity of 4.3 kWh.

It is therefore also necessary to pay attention to small electric mobility devices carried on board ships,
particularly when these are stored inside a vehicle and not visible (such as an electric moped or an
electric scooter in a camper van), or at the rear of a passenger car on a bike rack, or even in a cabin,
within the shipbds accommodati on areas.

It is also appropriate to consider the differentiation between electric vehicles according to battery
capacity and the presence or absence of a fuel tank. HEVs (non-rechargeable hybrids), given the low
power of their batteries, may not require specific measures.

For PHEVSs, the distinction is more problematic, given that they combine two risks (the risk associated
with charging, and the presence of both batteries and a substantial fuel tank, which, in the event of a
fire, could trigger a pool fire). Unfortunately, no study addresses this distinction.

Furthermore, for HEVs, adjusting the SoC may be more challenging than for a PHEV, but in both cases,
achieving an SoC of 30% or 50% requires a thorough understanding of how the PHEV or HEV operates.

A HEV with a SoC of 30% or 50% could be considered as an internal combustion engine vehicle, but as
a precaution, it should be parked on the ro-ro deck close to PHEVs and BEVs to benefit from firefighting
resources dedicated to electric vehicles.
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4 HAZARDS, KEY RISK FACTORS OF THERMAL
RUNAWAY AND ITS CONSEQUENCES

4.1 Thermal runaway of a Li-ion electric battery.

4.1.1 The cell of a lithium-ion battery

Each cell has a positive terminal and a negative terminal. These terminals are connected to a thin metal
sheet coated with an electrochemically active material. The active material on the negative and positive
sides of the battery is referred to as the anode and the cathode, respectively. When the battery
discharges, electricity enters the anode and exits from the cathode (see figure below).

Depending on the geometry of the cell, the current collectors are pressed or rolled together with polymer
separators and immersed in the electrolyte. It is an electrically conductive medium that enables lithium
ions to be transported from one side to the other. The transfer of lithium ions from one side to the other,
through a microporous separator, triggers chemical reactions that generate an electric current. The
direction of the current depends on whether the battery is discharging or charging. In the case of
charging, it flows from the anode to the cathode. The opposite occurs when the battery discharges.

Negative Current Collector
(Copper Foil)

Anode material

/

Microporous
Separator

Positive Current Collector

(Aluminium Foil) Cathode Material

Figure 10 Working principle of a lithium-ion battery when discharged.

4.1.1.1 Packaging

A packaging material is used to protect the electrochemical components of the lithium-ion battery cell.
This packaging can be made from various materials and is available in different forms. Thus, the cells
are sometimes referred to as cylindrical, prismatic or pouch cells. These formats are illustrated in the
figure below:
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Cylindrical Pouch Prismatic

Figure 11 Exterior housing types that are common for lithium-ion battery cells.

Cylindrical cells have very high mechanical stability, as their shape distributes the forces resulting from
increased internal pressure evenly around the circumference. However, their shape makes efficient
packaging more difficult, as they lose a significant amount of space when arranged in a module.
Conversely, air can circulate freely around a group of cylindrical cells, which facilitates the thermal
management of the system.

Une batterie Tesla cell-to-pack avec cellules 4680

Prismatic cells are commonly used for automotive traction batteries. Their prismatic shape makes them
easier to integrate into a battery than cylindrical cells. This can make it more difficult to regulate their
temperature. The contents of prismatic cells follow the same principle as cylindrical cells. Instead of
being wound, several layers of current collectors are stacked. Consequently, prismatic cells tend to be
pressed against one another, resulting in relatively high mechanical stresses on the prismatic housing.

Pouch cells store their contents inside a flexible aluminium pouch rather than in a rigid container. In this
case, the current collector assembly is stacked inside the pouch, rather than rolled. This makes it
possible to use most of the space inside the housing for the electrochemical material, thereby achieving
a high energy density per cell. Their flat shape also enables highly efficient packaging, in the range of
90 to 95%, when integrating them into battery packs. Consequently, temperature management also
becomes more important for this type of cell, as it is more difficult to dissipate heat. Their flexible
construction can also be a disadvantage, as it makes them vulnerable to external mechanical damage.
Furthermore, pouch cells require enhanced support structures as they are not mechanically rigid.
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Packing principle for cylindrical cells

Packing principle for prismatic/pouch cells

Figure 12 The packaging shape of the battery cells influences pack density and heat dissipation.

4.1.1.2 The electrochemical cell

A cell is composed of various electrochemical materials. These are the anode, the cathode, the
separator and the electrolyte. Each of these components plays a role in the properties of batteries with
regard to specific energy, lifespan, safety, and cost.

The type of cathode material is often used to classify lithium-ion batteries into groups. This is mainly due
to the fact that their chemistry is one of the main variables in their construction. There are many different
options available. It should be noted that the types of cathodes presented below are only a selection of
the most common and commercially available types.

Lithium cobalt oxide (LCO), as shown in the table below, is common in a very large number of consumer
devices such as smartphones. It offers a relatively high capacity and voltage compared to other cathode
materials and is relatively easy to manufacture. However, there are significant safety issues, particularly
at high temperatures and under overcharge conditions.

The introduction of new technologies, such as electric vehicles, into a market dominated by conventional
fuel vehicles faces a major obstacle: fear of the unknown. It is therefore not acceptable to compromise
on safety and to accept the risk of electric vehicles catching fire due to cell failure, even in the event of
misuse. This is why the automotive industry generally avoids chemistries known for their low thermal
stability. Instead, it opts for safer cathode materials such as lithium iron phosphate (LFP), lithium nickel
manganese cobalt oxide (NMC), lithium manganese oxide (LMO), or blends of different cathode
materials. Performance is the main influencing factor when manufacturers select certain cathode
materials. To achieve high performance and rapid acceleration, a battery must be able to deliver a large
amount of energy.

When longer range is required, the focus is on achieving high energy density. Normally, high power and
energy density are desirable, and today, NMC chemistry, or lithium nickel cobalt aluminium oxide (NCA),
combined with graphite anodes, is the most common.

According to a 2022 IEA study, lithium nickel manganese cobalt oxide (NMC) remains the dominant
battery chemistry with a 60% market share, followed by lithium iron phosphate (LFP) with a share of just
under 30%, and nickel cobalt aluminium oxide (NCA) with a share of around 8%.

Lithium iron phosphate (LFP) cathodes have reached their highest market share over the past decade.
This trend is mainly explained by the preferences of Chinese equipment manufacturers. Approximately
95% of LFP batteries for electric light-duty vehicles have been used in vehicles manufactured in China,
with BYD alone accounting for 50% of the demand. Tesla accounts for 15%, and the share of LFP
batteries used by Tesla increased from 20% in 2021 to 30% in 2022, but it appears that TESLA is
increasingly moving towards LFP batteries. Approximately 85% of cars equipped with LFP batteries
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manufactured by Tesla were produced in China, with the remainder manufactured in the United States
using cells imported from China.

The characteristics of cathode materials can be modified by mixing different cathode materials. These
materials are referred to as hybrid or blended cathode materials. This technology was developed by
commercial automotive battery suppliers and is based on a combination of two or more different active
materials. The mixture allows different cathode materials to complement each other. It combines the
best properties of the individual active materials and helps to reduce the shortcomings of the base
materials.

Table 6 Overview of the properties of common cathode materials.

Specific Energy [29] | Voltage at 50% SOC [29] | Life [17] | Safety [17] | Cost[17]
LFP 160 Ah/kg 3.4V High High Medium
LMO 100-120 Ah/kg 4V Low Medium Low
LCO 155 Ah/kg 3.9V Medium Low Medium
NCA 180 Ah/kg 3.7V Medium Low High
NMC 160 Ah/kg 3.8V High Medium High

The number of options regarding anode materials is more limited. Two types of anode materials are
commercially available, namely those composed of various carbon configurations and lithium titanate
oxide. The former offers a good balance between cost, availability, energy and power density, as well
as lifespan, while the latter provides better performance in terms of thermal stability, charge/discharge
rate and lifespan, but is less effective in terms of cost, voltage and cell capacity.

4.1.1.3 The electrolyte

The individual components inside the cells are immersed in an electrically conductive solution known as
the electrolyte. This medium enables ions to be transported between the positive and negative
electrodes. It plays a very important role in the safety and overall performance of the cells. There are
many possible and available types of compositions, but not all are compatible with the other components
of the battery or able to retain the charge.

The vast majority of electrolytes for lithium-ion cells are non-agueous solutions. The electrolytes used
for the cells are typically composed of lithium hexafluorophosphate (LiPF6) salts and organic carbonate
solvents such as ethylene carbonate (EC). The composition of the solutions has remained essentially
unchanged over the past decade.

The components of lithium-ion battery electrolytes are sensitive. Their operating temperature is limited
and generally ranges from -20°C to +50°C. When exposed to environments outside this safe operating
range, they may sustain permanent damage. This process begins with decomposition reactions of the
interphase layer between the anode and the electrolyte, known as the solid electrolyte interphase layer
(SEI). It has been observed that the onset of these reactions depends heavily on the salt used. In
electrolyte systems containing lithium tetrafluoroborate (LiBF4) or lithium hexafluorophosphate (LiPF6)
salts, these reactions begin at around 60-80°C and 80-100°C, respectively. For lithium triflate (LiTf) and
lithium bisimide (LiTFSI) systems, decomposition reactions begin at 110-120°C and 125-135°C,
respectively. These reactions may potentially be followed by other exothermic reactions within the cell.

Another major issue associated with the electrolytes currently being considered for cells is their
flammability. Not all components of the electrolyte are equally flammable. The most flammable solvent
is ethyl acetate (EA). This is due, among other factors, to its very low flash point. When exposed to sub-
zero temperatures, ethyl acetate releases enough vapour to sustain combustion if ignited by a spark or
flame. It should nevertheless be noted that, compared to petrol, a conventional fuel that has been in use
for more than a century, this solvent is relatively safe.
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It has been demonstrated that additives and electrolyte components are capable of reducing
flammability and slowing the thermal degradation of the electrolyte. Their main drawback, however, is
that they may also reduce performance. Alternative electrolytes are currently under development. None
of them, with the exception of certain polymer electrolytes, have yet been commercialised on a large
scale. The polymer electrolytes currently available provide better mechanical resistance and a reduced
risk of toxic fluid leakage, but they remain limited to the same safety window as conventional electrolytes.

Table 7 Flammability data for the electrolyte solvent in LIB cells and data for conventional
automotive fuels for comparison.

Boiling Autoignition Flash Fla1.11n:ltab1e

Organic Electrolyte Solvents Temperature | Temperature | Point Lmown;?}
[°cl [°cl °Cl | ypper [%]

Ethyl Acetate (EA) [37] [38] 77 427 -3 2.2/9
Fslg]lethy] Carbonate (DMC) [37] 01 458 16 422 /12.87
F;giyl Methyl Carbonate (EMC) [37] 110 440 24 /-
Diethyl Carbonate (DEC) [37] [38] 126 445 25 1.4/14.3
Ethylene Carbonate (EC) [37] [38] 248 465 143 3.6 /16.1
Propylene Carbonate (PC) [37] [38] 242 455 132 1.8/14.3
Gasoline [39] 30 to 210 > 350 < -40 1.4/7.6
Diesel [40] >180 240 >61.5 0.7/5

4.1.1.4 The SEI (Solid Electrolyte Interphase) film or separator

The separator prevents the positive electrode and the negative electrode from coming into contact with
each other while allowing as many conducting ions as possible to pass through it. In the event of
significant rupture or contraction of the separator, there is a risk of an internal short circuit. Separators
must have high resistance characteristics, negligible thermal expansion and a high melting point.

Cells with organic electrolytes generally use microporous separators. These can be made from materials
such as polyethylene (PE) and polypropylene (PP). These types of separators have a melting point of
around 125-130°C and 155-160°C. If the separator melts, the barrier between the positive and negative
electrodes is breached and an internal short circuit occurs, which can trigger significant heat production
followed by uncontrollable chemical reactions and the generation of a large amount of gas that may
cause the cell casing to explode if it is not ventilated.

4.1.2 Cause of a cell fault
4.1.2.1 Causes of battery failures

The failure of a cell may result from poor design or manufacturing defects, external abuse (thermal,
mechanical, electrical), poor design or manufacture of the battery assembly, poor design or manufacture
of the battery electronics, or poor design or manufacture of the supporting equipment (i.e. the battery
charging/discharging equipment).
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The main risks associated with batteries generally result from external or internal short circuits, high or
low temperatures, overcharging or excessive discharge. These mechanisms can trigger exothermic
reactions within the battery.

When temperatures become sufficiently high or there is an ignition source that ignites the flammable
gases released by the battery, the fire triangle is formed. It does not require an external supply of oxygen
to propagate.

Cathode: LMO, LCO,NMC, NCA, LFP

Figure 40 The fire triangle for lithium-ion batteries.

4.1.2.2 Short circuit of an internal cell

The most hazardous failure cause is the short-circuit of an internal cell. This event can occur very
suddenly and without prior warning. It may result from manufacturing defects or physical damage caused
by dendrite growth or mechanical deformation. When an internal short circuit occurs, the resulting
damage is often severe. The cell discharges its energy through the short circuit. When electric current
passes through a conductive material, it generates heat. This mechanism may be referred to as heat
generation by the Joule effect. In this localised area, rapid heating may trigger further self-heating and
thermal runaway.

It is clear that this situation is particularly concerning when considering that this type of failure occurs in
batteries that meet industrial standards. This is due to manufacturing defects, such as separators
deteriorating over time or the presence of particles within the cell. This was the case for batteries used
by Tesla with cells whose separators deteriorated over time, leading to thermal runaway.

For large-format cells, that is, those used in automotive applications, and their behaviour during an
internal cell short circuit, the mechanism is explained by the creation of a current loop inside an electrode
layer where the short circuit occurs. When the loop is formed, energy is discharged through this
electrode layer, but this also puts all the other layers under strain, which generate a large amount of
current due to the short circuit. This heats the entire battery cell.
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Negative Current Collector
(Copper Foil)

Anode material
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Figure 41 There are four different types of internal short circuit paths possible. Not all of them are
equally hazardous [125].

4.1.2.3 Mechanical deformation and impact

Mechanical deformation, such as an impact, can also trigger an internal short circuit and potentially
cause thermal runaway. Significant deformations of the battery pack must be avoided. Furthermore, the
high-voltage system may be damaged, leading to short circuits and electrical arcing, as well as leaks of
flammable and conductive liquids.

The severity of the consequences of an internal short circuit resulting from an accident, collision or
impact depends on a multitude of factors. It involves the interaction between mechanical contact, heat
generation, and electrical discharge, which may or may not lead to thermal runaway.

Original
: L A
X Mm

,—,—V— Rearrangement of

electrode material
.| Releaseof gas
Transfer of stress Internal short circuit
Thermal runaway
to seperator T T
Rupture of seperator crit
Deformed

Figure 42 Mechanical deformation leading to thermal runaway [126]

There is not much test data available on electric vehicles that have undergone crash tests with their
battery pack. Nevertheless, road accident data for electric vehicles shows that thermal runaway can be
triggered following impacts.
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4.1.2.4 Charging

Lithium batteries are designed to receive and store a specific amount of energy over a set period of
ti me. When these |l imits are exceeded, due to exce
performance may deteriorate.

The battery charge level is normally defined in terms of State of Charge (SoC). Their operational limits
can be defined between 0 and 100%, which means that a battery with a SoC of 100% is considered fully
charged at its nominal capacity. However, the battery's full capacity normally exceeds its nominal
capacity (generally 80%).

Overcharging may occur when the cell voltage is incorrectly detected by the charge control system,
when the charger malfunctions, or when the wrong charger is used. In the event of overcharging, the
anode material may become excessively lithiated. As a result, lithium intercalation ceases and metallic
lithium deposits on the anode. These deposits can develop into dendrites. As they grow, they may reach
the point where they penetrate the separator and cause an internal short circuit. The opposite occurs at
the cathode. Here, overcharging can lead to delithiation to the point where the cathode undergoes
thermal decomposition and generates heat.

It has been demonstrated that cells with an LFP cathode were less resistant to overcharging. When fully
charged and slightly overcharged, at 100% SoC and 105% SoC respectively, self-heating mechanisms
were triggered. Other types of cells, in particular NMC and NCA with carbon anodes, were also tested.
They were more resistant to overcharging, with self-heating occurring at 135% SoC and 130% SoC,
respectively.

When an electric current passes through a conductive material, it generates heat, known as Joule heat.
This means that a high current, which may be associated with faster charging rates, increases the heat
generated inside the battery cell. At a sufficiently high current level, there is a risk that the battery cell
will deteriorate. An excessively high charging voltage can also destabilise the structure of the cathode,
which may lower the temperature at which the cathode begins to decompose.

4.1.2.5 Discharge

When the cell is discharged, lithium ions travel from the negative current collector and the anode to the
positive current collector and the cathode. However, if the level of discharge becomes too great, the
negative current collector, which is made of copper, may dissolve. Consequently, small conductive
copper particles are released into the electrolyte, increasing the risk of an internal short circuit. This can
also result in the release of hydrogen and oxygen, cell venting, and plating on the cathode.

Over-discharge tests on 25 Ah NMC pouch cells have identified the various stages of failure under over-
discharge conditions. At-10% SoC (of full capacity, meaning t he
layer on the anode began to break down, followed by the dissolution of the copper current collector at -

12% SoC. Charge levels below -12% resulted in internal short circuits, the severity of which increased

as charge levels decreased.

Over-discharge can occur when a battery is discharged and the charge levels of the individual cells are
not balanced. Safety systems are usually in place to prevent this. However, it remains possible for this
to occur if these safety systems fail and the battery is misused. If the battery has been stored for
extended periods, so that self-discharge has an effect, charging may cause problems if individual cells
reach an SoC that is too low. However, self-discharge alone cannot cause over-discharge in the sense
of polarity reversal.

4.1.2.6 External short circuit

An external short circuit is another form of electrical abuse that can destabilise the battery. This event
can occur if the battery is exposed, for example, to severe mechanical deformation and impact,
immersion in water, corrosion, or electric shock during maintenance.

Numerous tests have been conducted to determine the behaviour of the cell when subjected to an
external short circuit. High currents are initially recorded. These are followed by a drop in current, an
increase in cell temperature, electrolyte vaporisation, a rise in pressure, and cell venting (ideally through
the designated vent - otherwise, the cell deforms and may explode).
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4.1.2.7 Exposure to high temperatures

Cells face a significant safety limitation due to their thermal stability. Indeed, when these cells are
exposed to high temperatures, internal degradation mechanisms and exothermic reactions may occur.
When the external temperature of the battery exceeds its internal temperature, it is heated rather than
cooled, which can trigger decomposition mechanisms and an increase in the heat generated by each
cell. When the thermal runaway phase is reached, the situation becomes critical.

To assess resistance to high external temperatures, external heating tests in an oven or exposure to an
external fire are carried out. These tests have shown that LIB cells can undergo thermal runaway at
temperatures above 190°C, sometimes resulting in explosions. Certain cases have shown thermal
runaway occurring from 220°C, accompanied by a fire and immediate explosion. LFP pouch cells appear
to be less prone to these phenomena.

In the event of an external fire, heat can quickly spread within the battery pack, causing cell failure and
explosion risks. Fire resistance tests are therefore necessary for electric vehicles in order to assess their
behaviour when exposed to external flames for a specified period.

Manufacturing defects, such as loose connectors, can also cause overheating and short circuits,
jeopardising the safety of battery cells. Finally, an increase in ambient temperature can reduce the safety
margin of the cells, thereby increasing the risks of internal short circuits and self-heating.

It is essential to take these factors into account to ensure the safety of the cells and electric vehicles as
a whole.

Thermal runaway does not require an external supply of oxygen to sustain itself, which limits the
effectiveness of extinguishing agents that reduce oxygen content.

This also means that ventilation can continue to operate.

Among all the abuses that can compromise the stability of a cell, one can note overcharging (which may
occur during the charging of a battery pack or an hour afterwards), exposure to external heat (which
may result from a fire inside the vehicle or the spread of a fire from one vehicle to another, for example
by a pool fire), and external short circuits (which may occur during impacts, electrical faults on board the
vehicle, etc.).

4.1.3 Battery pack safety devices
4.1.3.1 A holistic approach

There are several levels of fire safety to consider in an electric vehicle. In an ideal scenario, the individual
battery cells are designed to prevent short circuits and other malfunctions that could lead to overheating
and thermal runaway. The cells are arranged in modules which, ideally, are designed to prevent the
propagation of thermal runaway between the cells. The modules are placed in a battery pack equipped
with one or more safety systems capable of detecting fire risks and preventing them. The battery
management system (BMS) must be capable of managing all threats to the battery, whether internal or
external, and of interacting effectively with the vehicle's other safety systems as required.

The levels of the safety system are schematically represented in the following figure, where the core of
the concentric circles indicates the most fundamental element of the battery: the cell chemistry. This is
followed by the cell design and packaging, short circuit protection, including current limiters, battery
contactors, the BMS, system design and cell housing, and thermal management. The outer circle
represents the integration of battery fire safety into vehicle design. Most battery and vehicle
manufacturers take all these safety levels into account, which is normally ensured by extensive testing
programmes for vehicle approval.
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4.1.3.2 Battery cell level

Cell-level safety solutions include chemical/physical safety devices for the cell and cell monitoring. The
safety devices designed for cylindrical and prismatic cells include current limiters such as the positive
temperature coefficient CID (Current Interrupt Device - opens at 7 bars) and current breakers such as
the Current Interrupt Device (CID - safety vent - opens at 20 bars). The first varies the resistance
according to the temperature, while the second interrupts the circuit in the event of an increase in the
internal pressure of the cell. This helps to prevent overpressure situations that could lead to the violent
release of gases. In the event of thermal runaway, gases and other materials that may be expelled from
a cell are forced through various devices to dissipate heat and channel the gases in a more controlled
manner in order to protect the surrounding cells. Cells in the pouch format cannot use these devices but
may have intentionally designed weak points in the pouch to allow gases to be released in a more
controlled manner.

Internal fuses are also present in the event of excessive temperature, in the form of a fuse known as a
PTC (Positive Temperature Coefficient).

There are numerous safety systems that involve monitoring the condition of the cells. These systems
generally originate from the cell industry intended for the general public and may not be feasible for
large-format batteries used in vehicles, as they tend to increase the weight, volume, and cost of the
battery system. Nevertheless, it is possible for the BMS to monitor the condition of each module (cell
assembly) and to compensate, to a certain extent, for anomalies such as impedance, temperature,
current, and voltage.

4.1.3.3 Assemblies

Dependi ng on t hetonthda dels myydbe assemiged into aodules. The battery will
consist of one or more modules. The final shape of the pack depends on the intended use of the battery.

The battery is then protected by a sheéimechardchls o

protection for the battery but prevents access by extinguishing agents, and may also temporarily conceal
a rise in temperature and delay detection (heat, gases, etc.).

In the automotive industry, cylindrical cells are mainly used by Tesla (for example, 4,416 cells for the
Model 3), prismatic cells by BMW (and by Tesla for its LFP batteries), while other manufacturers
generally use pouch cells.
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4.1.3.4 Battery Management System (BMS)

The BMS monitors and regulates the cells to optimise their energy output and ensure that the battery
system operates under safe conditions. A relatively sophisticated BMS can be integrated with other
vehicle safety systems, but it can also be relatively simple and operate independently.

As a rule, the BMS monitors at least the overall battery current, the overall battery voltage and the
voltage of individual cells, as well as the temperature at various locations within the module. However,
in vehicles it is common to have only one temperature sensor per module, as the number of sensors in

a module is generally kept to a minimum in order

Consequently, it is possible for an individual cell to overheat and vent without being detected in time if
a temperature sensor is not close enough to the cell. The BMS can take action if necessary to mitigate
certain issues. For example, it can isolate the module or battery pack if a temperature sensor indicates
overheating. The battery management system generally automatically disconnects the battery system
in the following situations:

Excessively high temperature

Undervoltage

Overvoltage

Overcurrent

Battery cooling system failure

Collision sensor damaged and/or falsely triggered

The vehicle began to overturn (as detected by the sensor)
Insulation fault

Current fault, such as an electric arc.

=8 =48 =089 _-9_-9

Failures can unfortunately occur both in the sensors and within the vehicle management system.

Furthermore, under certain conditions, the BMS may not fulfil its protective role:

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
associated with the transport of electric vehicles and other electric mobility devices on roll-on/roll-off FEEFEE)
passenger vessels 4




Si& Cerema

CLIMAT & TERRITOIRES DE DEMAIN

BMS .

Abuse type protection? Protection strategy
External battery pack Yes Disconnect the battery by using fuse or possibly
short circuit contactors
External cell short .+ . | The BMS can protect if the short circuit current is

A Possible . - L
circuit possible to interrupt by a circuit breaker
Internal cell short No**
circuit
Overcharge Yes*** Disconnect the battery by using contactors
Overdischarge Yes*#* Disconnect the battery by using contactors
Mechanical cross/
deformation/ No
penetration
External heating, mild Yes Cooling by using thermal management system
External heating, No
strong
External fire No
* This case refers to a situation with an external short circuit of one or multiple cells inside the
battery pack. Theoretically, many short circuit paths are possible, and if the short circuit
happens to be within a current path involving a fuse or possible contactors then it is possible to
stop the short circuit.
** Spontaneous starting on micrometre scale inside the cell due to, e.g., particle contamination
or dendrite formation.
#*#% The detection and the consequent actions until current shutdown must be rapid enough to
ensure that the battery is not exposed to over/under voltages.

It should be noted that the protective role of the BMS cannot be fulfilled in the following situations:

9 Internal short circuit of a cell due to a manufacturing defect,

1 Mechanical abuse, penetration, etc.

1 Thermal abuse caused by an intense external heat source or an external flame, which may occur
in the event of a pool fire (burning liquid fuel on the deck) or by a fire inside the vehicle spreading
towards the battery pack).

Furthermore, when the vehicle ignition is switched off (vehicle in parking mode on the ro-ro deck), the
electrical circuit connecting the battery to the engine, headlights, radio, etc. is interrupted. This means
that there is no longer any current flowing between the battery and these components, so the battery
neither discharges nor recharges. The BMS therefore no longer needs to regulate the current or protect
the battery against overcurrents or overvoltages. It is believed that the BMS is not in operation, as it no
longer performs its main functions.

However, the BMS is not completely inoperative, as it remains connected to the battery and its cells or
modules. It can therefore continue to measure certain battery parameters, such as the voltage of each
cell or module, the battery temperature, or the state of charge (SoC), which indicates the percentage of
remaining capacity. These parameters are important for determining the state of health (SOH) of the
battery, that is, its capacity to store and deliver energy. The BMS can also perform passive cell
balancing, by diverting part of the current from the most highly charged cells into resistors, in order to
equalise their voltage. The BMS is said to be in standby mode, as it performs secondary functions that
consume little energy and are intended to keep the battery in good condition.

Modern BMS are significantly safer than before thanks to the use of accurate sensors, Al algorithms,
thermal protections, and advanced integration with cooling and power supply systems. These
improvements not only ensure safety for users but also extend the battery life while guaranteeing its
reliability under all conditions.

4.1.3.5 The battery pack cooling systetemperature regulation system

Batteries generate heat when they are charging and discharging. Consequently, the more energy a
battery stores and the faster it charges or discharges, the more likely it is to generate heat.
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Fully electric vehicles are equipped with a cooling system that maintains specific temperature limits in
the power electronics and the vehicle's batteries. The primary role of the cooling system is to ensure
that the battery temperature remains within safe operating limits.

Preventing overheating and thermal runaway is, of course, essential. The majority of cooling systems in
electric vehicles are designed to keep the batteries at their optimal operating temperature most of the
time.

Usually, this means an almost uniform temperature distribution within the range of 15 to 35°C. If
temperatures are allowed to vary significantly throughout the pack or to fall outside this particular range,
charging times and efficiency may be negatively affected, resulting in a reduced battery lifespan.

There are various technologies, controlled by the BMS:

1 Finned cooling

o Principle: This method involves installing fins around the battery components. The fins
increase the surface area in contact with the air, thereby facilitating passive heat
dissipation.

0 Advantages: This system is simple, lightweight, and cost-effective, as it does not require
any additional energy to operate.

o Disadvantages: It has limited effectiveness, particularly in EVs, as it can only handle
moderate levels of heat. In addition, it can add weight to the battery pack.

0 Application: This system is mainly used in low-power power electronics, and is rarely
employed for high-capacity batteries in modern EVs.

91 Air cooling

o Principle: This system circulates air around the battery packs to absorb and dissipate
heat. Air can be injected through ducts surrounding the batteries.

0 Advantages: This technology is relatively simple and affordable. It consumes less energy
than other systems and is suitable for small to medium-capacity batteries.

o Disadvantages: Efficiency decreases in hot climates, as it becomes difficult to maintain
a low temperature. Furthermore, the system may be noisy and energy-intensive if fans
are used.

0 Application: This system was used in models such as the Nissan Leaf (early generations),
but it is less common in recent EVs as it is less efficient compared to liquid cooling.

9 Liguid cooling

o Principle: Liquid cooling uses a heat transfer fluid (such as an antifreeze liquid) that
circulates through or around the battery pack to absorb heat and carry it out of the system.
This fluid then passes through a heat exchanger to cool down before completing the
circuit again.

0 Advantages: This is the most effective method for managing the temperature of high-
capacity batteries. It maintains a uniform temperature, even under high-demand
conditions (e.g. fast charging).

o Disadvantages: This system is expensive and more complex to install. It requires regular
maintenance and precise management of the circuits to prevent leaks.

o0 Application: Many premium electric vehicle manufacturers, such as Tesla and BMW, use
liquid cooling systems for their high-capacity models, as this enables efficient
management of rapid charging and high temperatures.

1 Refrigerant cooling

o Principle: Used primarily in high-end EVs, this system combines liquid cooling with the
vehicle's air conditioning system. The coolant used here is a refrigerant similar to that
used for air conditioning, providing even more accurate thermal management.

0 Advantages: This method provides optimal temperature control, even under conditions
of intense heat or extreme cold. It is particularly useful for fast charging and for high-
performance batteries.

o Disadvantages: This is a very expensive system and even more complex than standard
l iquid cooling. It requires precise integra

o Application: This system is rare and limited to the most advanced electric vehicles, but
its use is growing with the development of high-performance batteries.

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
associated with the transport of electric vehicles and other electric mobility devices on roll-on/roll-off FEZVEE)
passenger vessels 4




B

54& Cerema

CLIMAT & TERRITOIRES DE DEMAIN

Liquid cooling is the most effective method for controlling the temperature of batteries and power supply
systems in electric vehicles.

The circulation of coolant within power systems enables effective heat dissipation and, although it is
relatively costly and complex, provides more accurate temperature control for electronic systems and
batteries in electric vehicles.

As manufacturers move towards installing increasingly higher-capacity batteries in electric vehicles, the
demands that these cooling systems must be able to meet are also increasing.

Liquid cooling systems are becoming increasingly crucial and complex as charging rates and battery
capacity increase. Liquid cooling systems in t
cooling system into several circuits and a heat exchange between the battery coolant and the A/C
system refrigerant.

One of the advantages of liquid cooling (water-glycol, dielectric oil, fluorocarbons or refrigerant used by
the A/C) is that in the event of a leak, it can be detected.

Furthermore, other systems must be cooled in an electric vehicle, such as:

1 The various inverters/rectifiers that convert electricity into AC/DC currents or adjust the voltage
up and down. Electrical losses result in heat (Joule effect). More generally, power electronics
(control units and converters that generate a significant amount of heat). Some, however, are
air-cooled with a small built-in fan, as is the case with computers.

1 The electric motor(s), which naturally generate heat - again due to the Joule effect, producing
heat from the accumulation of electrons 'rubbing' against each other (resulting in increased
resistance in the affected wiring).
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4.1.3.6 Vehicle dashboard

All vehicle dashboards feature visual alarms related to the electro-technical drive system. Depending
on the model, some alarms may also be audible.

6.4.2_3_d'> Témoin d'avertissement du systéme de véhicule électrique

L)

Ce témoin s'allume en cas de dysfonctionnement des systémes suivants. Contactez un spécialiste de la réparation de véhicules
glectrigues, tel gqu'un réparateur agrée NISSAN véhicules électriques.

« Moteur de traction et systéme d'onduleur

« Port de charge ou chargeur de bord

« Systéme de batterie Li-ion

« Circuit de refroidissement

* Systéme de commande de passage des vitesses

« Le systéme de coupure d'urgence est activée. Reportez-vous a Précautions relatives aux accidents de la route.

These are the types of signals that can alert the driver to a potential malfunction before or while boarding
the vehicle onto a vessel.

Finally, certain car manufacturers offer smartphone applications that allow users to monitor the ongoing
health status of the battery pack.

4.1.3.7 Battery module design

One way to prevent thermal runaway from spreading from one cell to another is to design the modules
in such a way that heat transfer between cells is difficult. This can be achieved by leaving an open space
between the cells, using thermal shields or insulators, cooling plates, heat conductors, fire-resistant
barriers, intumescent coatings, and phase change materials. The chosen method depends heavily on
the specific end use of the battery system, the type of cell, the module configuration, and may also
include numerous other measures for preventing thermal propagation. As with individual cells, vents
can be installed in the module to control emitted gases, extinguish flames, and reduce or prevent the
intrusion of oxygen from outside the module.

The wiring inside the module can be designed to reduce the risk of thermal propagation. The tabs
connecting the cells to each other can be positioned at strategic locations and, for example, configured
to break in the event of overheating. For multiple cells in parallel, the configuration of the tab connections
can be either branched or in series. It has been demonstrated that the branched configuration enhances
safety, as an affected cell is better electrically isolated from the other cells.

4.1.3.8 For the battery pack

Most of the safety solutions that apply to the modules can also be applied to the battery packs. Among
these solutions are the installation of heat transfer barriers between the modules, vents positioned in
the battery pack wall, and a dedicated cooling system.

A large battery system can be divided into several smaller blocks that are thermally isolated from each
other, providing a level of safety against large-scale thermal propagation. In addition to these safety
measures, the battery casing can also be structurally designed to improve protection against accidents.

The areas housing the cells in electric vehicles must be designed to prevent direct impact or penetration
of the high-voltage battery modules. For electric passenger cars, severe deformations are currently
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avoided by placing the batteries in reinforced areas, ensuring structural protection, and limiting their
size.

Batteries could be fitted with additional reinforcements to reduce the risk of intrusion under certain
impact conditions. The EU OSTLER study examined two different approaches to achieving this, namely
passive protection and active protection. These techniques involve either reinforcing the physical
strength of the structure or using inflatable structures to distribute the load in the event of an accident,
respectively. These methods have reduced the number of intrusions by 26% with active protection and
by 58% with passive protection.

4.1.3.9 For the vehicle

The results of the European EVERSAFE project indicate that the overall safety level of electric vehicles
is relatively high. They did not identify any critical issues related to lithium batteries. They found that
there is little likelihood of an electric vehicle accident resulting in a fire or the release of toxic gases or
liquids. They have also identified that the main safety requirement for electric vehicles is to assist (land-
based) firefighters in identifying EVs, disconnecting electrical systems, and neutralising batteries after
an accident.

4.1.3.10 Human intervenon in emergencies and training

In general, emergency response for electric vehicles does not differ greatly from that for internal
combustion engine vehicles. Most electric vehicles are designed with cut-off switches or have methods
that allow first responders to isolate the battery and deactivate the electrical system.

High-voltage power cables are generally clearly identified by a specific colour or distinctive markings
(usually orange).

Many manufacturers publish emergency response guides for their vehicles (see an example from the
National Fire Protection Association), and drivers are strongly encouraged to consult these guides.

Nevertheless, theessetobfatbeyemBhasteso requires

very early stage, thereby allowing responders to act without risk. The National Fire Protection
Association also offers training on the website evsafetytraining.org.

Fires involving electric vehicles and their batteries can present unique challenges for firefighters, often

requiring different techniques. First responder s

training resources mentioned above when dealing with a fire, and should also be aware of the risk of
delayed thermal runaway of a damaged vehicle or the reactivation of thermal runaway.

There are several ways to access safety data intended for emergency services, such as the following
website: https://autorescueapp.com/index.html

Numerous systems make it possible to keep the cells, modules and the battery pack within a safety
envelope.

Nevertheless, these numerous systems are not sufficient to guarantee the highest level of safety, as the
BMS may be inoperative in certain situations.

At present, there is no active protection (such as gas detection systems within the pack, external alarms,

or the release of extinguishing agents inside the pack) should the safety barriers be breached.

As a reminder, the BMS of electric vehicles are becoming increasingly sophisticated, unlike those of
light electric mobility vehicles, which remain of poor quality.

nSafety dat ao i s avallabl e, intended not onl
responders.
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4.1.4 Thermal runaway
4.1.4.1 Thermal runaway

The main safety issue associated with battery packs arises from the individual cells that make up the
battery pack itself. The battery cell may release gas in the event of abuse, which can ignite or cause an
explosion. Abuse conditions occur when the safe operating window is not respected.

A

E Vmax-

0] A :

g Optimal Life

S V_ Safety Window
. . r P Temperature [°C]
min Tmax Tcrit

Figure 39 lllustration of the limited window of operation for a LIB cell.

When the voltage or temperature limits of the battery are exceeded, certain chemical reactions may be
initiated inside the cell. This may lead to an internal short circuit or to an increase in internal temperature
through other mechanisms.

Mechanical abuse Electrical abuse
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| Crush Penetration
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Chemical side reaction
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Fig. 1. Schematical diagram of lithium-ion battery thermal runaway mechanism.

Hazardous events occur when certain mechanisms are triggered. This behaviour is due to the
components that make up the cell, as there is a combination of flammable fuels, potential oxidisers, and
heat generation during use.
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When exothermic chemical reactions generate more heat than they dissipate, the cell enters what is
known as thermal runaway. Thermal runaway is triggered by a chain of chemical reactions inside the
battery that leads to a rapid increase in internal temperature. More specifically, the decomposition of the
SEI (Solid Electrolyte Interface) layer and the reactions between the electrolyte and the anode are
followed by the melting of the separator and the decomposition of the cathode material. The result may
be the complete combustion of the cell, accompanied by the release of gases, projectiles, and powerful
jets of flames.

Thermal runaway can be sequenced as follows:

1. First of all, the onset temperature is reached, corresponding to the decomposition of the SEI
layer at the anode. The self-heating rate is still controllable at this stage and is generally defined
as 0.2°C/min. This is the onset stage.

2. However, if this heat is not dissipated, additional reactions will be triggered to accelerate self-
heating. This is known as the acceleration stage.

3. The final stage is thermal runaway. It is characterised by a self-heating rate of 20°C/min or more.

4. 1t should be noted that the trigger point for this event depends heavily on the design, structure
and chemistry of the cell.

160 4

140 4 Thermal runaway

120 +

100 ~ Onset temperature

80 4

Temperature (°C)
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40

20 4

Step (1)

L

Step (2) Step (3)
T Ll

0 5 10 15 20 25 30 35 40 45
Time (hours)

Evolution de la température pendant un test de surchauffe, selon une procédure de Heat-Wait-Seek dans un

calorimétre adiabatique ; source : [PowerUp / CEA-Liten].

The final sequence is the combustion of the cell. The damaged cell can, through the rise in its
temperature (at stage 1 or 2), trigger an increase in the temperature of neighbouring cells (within the
module or the battery) until all the cells in the battery or module in turn enter thermal runaway.

There is therefore no overall behaviour, but rather a sequence of reactions propagating from cell to cell,
which means that the thermal runaway propagation time can be long and unpredictable.
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Table 15 Self-heating and decomposition reactions of LIBs.

Process

Onset
Temperature
[°C]

Notes

Determines the minimum temperature
where chain-like thermal

=
% decompositions are irreversibly triggered
= b . i 80-120 [112] [112] [111].
E Sélc?gsf?ttﬁiﬁe 80-100 [33] Self-heating rate of 0.2°C/min [110].
& > 70 [113] Highly dependent on the electrolyte salt
Z used [33]. The data presented considers
c electrolyte with LiPFg as these are most
common.

Reaction of the

lithiated anode with Temperature rise may be up to 100 °C
E.:] organic solvents in > 1105 [113] [114]
ﬁ the electrolyte after Flammable hydrocarbon gases (ethane,
) dEC(imPDSIUUH of methane and others) are released [115].
'z | SEI layer
E Separator starts to > 125 (PE) This causes an internal short circuit and
é melt [37] [44] > 155 (PP) further increases the self-heating rate.
E Reaction between gnlga(é:?vlil;sh 1{ lt;f]re is anode material left
QO | intercalated lithium > 160 [113] ’ i
< | and binder® Temperature depends on the considered

binder material. [113]
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Onset
Process Temperature Notes
[°C]
LFP >140[26], |« Usually the main source of heat
218 [116], generation and cause of thermal
212, 287 [117], runaway [112].
Decomposition of e The heat of reaction varies greatly. Xiang
2 | the cathode LCO > 168 [116] et al.'recorded a range of 3510458 J/g
% material LMO > 110 [116], for different cathode materials between
?; ' > 190 [113] 50-225°C [116].
S NMC > 212 [117] | * Releases oxygen [115]. Higher charge
< level increases the amount of oxygen
% NCA > 183 [117], released.
139 [118]
&

. ¢ Exothermal reactions. The heat of
Decomposition of > 180 [u3] reaction comprises 258 J/g between 50-
electrolyte solvents > 202 [116] 225°C [116]

¢ The released oxygen facilitates the
Autoienition > required conditions for the combustion
Combustion of i 27 of flammable organic electrolytes [119].
solvent [37] [38] Fl .  Flashpoint ignition requires an ignition
ashpoint > -3 source, e korfl f th
Z , e.g. a spark or flame from the
o LIB.
)
g ¢ Contribution of plastic oxidation in fire
g calorimetry tests was estimated equal to
= that of the electrolyte in terms of heat
o . release [120].
© Sgﬁr&]:s)usnon of Varies e Highly charged LIBs are a big safety
concern due to combustible lithiated
anode materials [119].
¢ Some ignition data of solids may be
found in [121].

4.1.4.2 The propagation of thermal runaway from cell to cell within a module.

The
vehicleso

det ai l s

t wo modes

of ther mal runaway

The first mode is that of discrete propagation as illustrated below:
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First TR source ( Heat transfer Second TR source \
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: t ! Overcharge TR discrete
] t ‘ propagation
N
‘;;‘,’,,'— } e . . dul
Overheat \ Circuit faults New battery module )
(a) (b)
_ -
(©) (d) (e)
[ Electronic components [ Cells [ TR onset M@ TR finished —— Wires

The characteristic of the discrete propagation of thermal runaway is that it moves irregularly within the
battery module.

Battery failure caused by the discrete propagation of thermal runaway has little to do with heat transfer
between cells. During this test, the cells further away from the heating devices undergo thermal runaway
earlier than the batteries closer to the heat source. It is mainly small-scale circuit faults that can primarily
induce it. When the temperature of the heating elements reached 174.2°C, the temperature of the first
cell gradually increased. When it enters thermal runaway, the temperature has reached 359°C. The high
temperature damages the electronic components and circuits located near the heating elements,
resulting in the destruction of the series and parallel structures of certain batteries. These affected
batteries formed a new battery module with a higher voltage, which overloaded other cells. The second
source of thermal runaway was then created in the area further from the external heat source. Ultimately,
the heat transfer causes the entire module to enter a state of thermal runaway.

The battery packs used in these tests were standard-size commercial batteries in good condition.
Numerous electrical components and circuits controlled and connected the cells within the battery pack.
The cells were interconnected. This is undoubtedly the behaviour that most closely resembles reality,
combining thermal runaway events triggered both by thermal propagation and by electrical incidents
(overcurrent, etc.).

The second propagation mode is a widely accepted behaviour for the spread of thermal runaway within
a battery module. A first cell undergoes thermal runaway, which then spreads to the surrounding cells
in the order of their location. This process of thermal runaway propagation is continuous thermal
runaway propagation as illustrated below.

TR source
f“‘
. T TR continmous propagation
:? 7
Overheat Heat transfer

(a) (b)

(c) (d)
Cells I TR onset [ TR finished
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Unfortunately, the authors of the study did not extend their research to module-to-module propagation,
but it is likely that the propagation of thermal runaway phenomena, when modules are present, is similar
to the discrete propagation mode described above.

4.2 Severity factors of thermal runaway

When a battery enters a process of thermal runaway, several different outcomes may result, such as
the release of gases, a fire, or even an explosion.

These various hazards have been classified by the European Council for Automotive Research and
Development (see table below). In this case, explosion is the most serious event. When the cell enters
thermal runaway, its internal pressure increases and the cell eventually ruptures and/or vents, or

explodes.

Table 16 European Council for Automotive Research and Development (EUCAR) hazard levels and

descriptions [152]

Hazard Level Description Classification Criteria and Effect
[} No effect No effect. No loss of functionality.
. No defect; no leakage; no venting, fire, or flame; no
Passive . . .
. rupture; no explosion; no exothermic reaction or thermal
1 protection . . . .
. runaway. Cell irreversibly damaged. Repair of protection
activated ;
device needed.
No leakage; no venting, fire, or flame; no rupture; no
2 Defect/damage explosion; no exothermic reaction or thermal runaway.
Cell irreversibly damaged. Repair needed.
No venting, fire, or flame®; no rupture; no explosion.
Leakage, Weight loss <50% of electrolyte weight (electrolyte =
3 Amass < 50% elght loss <5 of electrolyte weight (electrolyte =
solvent + salt)
Venting, No fire or flame?; no rupture; no explosion. Weight loss =
4 Amass = 50% 50% of electrolyte weight (electrolyte = solvent + salt).
5 Fire or flame No rupture; no explosion (i.e., no flying parts).
6 Rupture No explosion, but flying parts of the active mass.
7 Explosion Explosion (i.e., disintegration of the cell).

Furthermore, if the released gas can accumulate and create an explosive atmosphere that ignites, this
leads to an explosion. This type of explosion is generally not taken into account in battery tests, except
in some recent tests.

Thermal runaway and the development of heat and fire in batteries vary depending on the battery
chemistry. Exothermic reactions between the electrolyte and the cathode material at high temperatures
are the main factors contributing to thermal runaway. Nevertheless, the state of charge and the cause
of the failure remain influential factors.

4.2.1 Thermal stability of cells

The order of thermal stability for the different cell chemistries is as follows: LFP>LMO>NCM>NCA>LCO,
in descending order. It is important to note that thermal stability refers to the amount of heat generated
per unit of time when exothermic reactions have been triggered. It does not reflect the temperature at
which these reactions are triggered.

Abuse tests have shown that thermal runaway (not the onset stage) is triggered when the battery cell
temperature reaches 150-200°C. They also showed that cells with an LFP cathode exhibit less severe
thermal runaway than a cell with an LCO cathode. Moreover, the cathode material can inhibit the
decomposition of the electrolyte and lead to less severe thermal runaway. More specifically, its reaction
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heat was measured at 35 J/g between 20 and 225°C. By comparison, the electrolyte alone or combined
with LCO or LMO cathodes produced 258 J/g, 358 J/g and 308 J/g, respectively.

The onset temperature for the decomposition reactions of cathode materials was highest for LFP,
namely 218°C. The other cathodes tested, such as LCO and LMO, exhibited an onset temperature of
approximately 168°C and 110°C, respectively. At 202°C, the polymer products in the LiPF6-based
electrolyte began to decompose. It should be noted that LMO, which is considered safer than LCO, has
a lower onset temperature. This is because safety is often linked to thermal stability rather than onset
temperature.

From the perspective of fire and heat generation, LFP is the preferred option.

However, it is not as advantageous with regard to the release of toxic gases or the risk of explosion.

This may be a negative side effect of an LFP cell. The mixture of gases emitted by lithium batteries

tends to be more toxic, particularly when it does not burn. Furthermore, gases may accumulate and
experience a Adelayed ignitiono, resulting in a g:
room, building, car park, etc.

Each cell chemistry has different characteristics in terms of thermal stability.

LFP cells appear to be more thermally stable and their onset temperature is higher, but this is also

accompanied by other hazards, such as the level of toxicity of the gases generated during thermal
runaway and the production of explosive gases.

4.2.2 State of charge and cell capacity

The capacity and state of charge (SoC) impact the behaviour of a cell before and during thermal
runaway, among other things. High-capacity battery cells, such as those used in automotive
applications, generate more heat when in use. This is due to the higher current flow within the cell. This
makes them more vulnerable, as self-heating reactions are triggered more quickly, increasing the
likelihood of thermal runaway. At higher charge levels, the extent of lithiation on the anode is much
greater. This material is highly reactive and has been shown to increase the likelihood of thermal
runaway.

Abuse tests conducted on batteries with varying states of charge by exposing them to an external fire

have shown that a high state of charge results in a more rapid total energy release and a higher peak

energy release rate. A lower state of charge results in a lower rate of energy release spread over a
longerperiod. However, the batteryods state of charge did
of energy released.

The release of toxic gases is also affected by the state of charge of a LIB. Indeed, a lower state of
charge resulted in greater amounts of hydrogen fluoride (HF). The measured amount of HF indicates a
dependence on the SoC and that the maximum concentration was reached at zero percent SoC. This
may indicate that a greater proportion of HF is consumed by more severe fires with higher temperatures,
such as those associated with high SoC levels. Furthermore, the volume of gas released is proportional
to the state of charge, regardless of the chemistry, with a lower volume of gas for LFP batteries.
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Figure 4: Released volume of a 18650 LiCoOz-cell [4]

The fire risk associated with lithium-ion batteries in overcharge conditions was studied during abuse
tests on two different types of cells, NMC and LFP. These cells were charged to different levels ranging
from 4.2 V to 5 V. The abuse consisted of slowly heating the cells using an electric heater. Several
safety parameters were analysed, including those related to the onset of thermal runaway (TR) and
radiated heat.

Table 17 Specifications of the battery surface temperature during abuse testing by Ouyang et al. [155].

Cut-Off | Timeto | Temp.at | Timeto | Temp. at Time to | Temp. at Max.
" A Thermal | Thermal
Cell Voltage Cracks Cracks | Ignition | Ignition Runawav | Runawa Temp.
[V] [s] [°C] [s] [°c] o | ey | ec
4.2 197 127 239 158 317 232 553
4.5 196 129 230 162 280 226 606
NMC
4.8 191 133 222 160 273 228 630
5.0 190 132 219 163 262 230 673
4.2 201 115 300 182 358 229 571
LFP 4.5 202 115 266 175 310 218 585
4.8 185 121 259 178 2090 224 630
5.0 181 127 251 181 280 227 647

The results in the table above show the effect of the SoC on the response of the cell subjected to abuse.
This response is presented in terms of the time/temperature ratio required for cell rupture, ignition, and
thermal runaway. The results show that cells with a high SoC progress through the different stages more
rapidly, with thermal runaway and a more violent reaction for high SoC levels. A high SoC led to a rapid
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release of energy, whereas lower SoC levels resulted in less severe thermal runaway and slower battery
combustion.

Studies have also demonstrated the impact of SoC and overcharging on commercial LIB cells with LFP
and NCA cathodes. A minimum state of charge was required for thermal runaway to occur. Heating fully
discharged cells to 250°C did not result in thermal runaway. For the LFP and NCA cells tested, at least
50% and 25% SoC, respectively, were required for this mechanism to be triggered. At 100% SoC,
significant self-heating occurred when both cells reached approximately 140°C. When overcharged to
143% SoC, this temperature drops to 65°C. However, there was a significant difference in the maximum
temperatures recorded subsequently. That is, maximum temperatures of 440°C and 911°C for the LFP
and NCA cells, respectively.

The radiative heat flux also depends on the SoC. This result is presented in the table below. The
information concerns the amount of energy or heat radiated by the battery components in question. The
higher the radiative heat flux, the more rapidly surrounding objects heat up. This also means that the
time before other components of the battery may enter thermal runaway is reduced. The time required
to ignite an object is related to the amount of energy released onto the object per unit of time, i.e., the
heat flux. The higher this value, the shorter the time required to ignite another surface. NMC cells release
more energy than LFP batteries. More importantly, they show that the radiated energy increases
significantly at a higher SoC.

Table 18 Detailed data on heat flux in abusive testing performed by Ouyang et al. [155].

Cell | Cut-Off Voltage [V] | Peak Heat Flux [kW/m2] | Total Radiative Heat [kJ/m?2]
4.2 1.81 25.9
4.5 3.08 26.7
NMC 4.8 6.51 41.4
5.0 7.63 41.9
4.2 1.98 26.7
4.5 4.77 34.7
LFP
4.8 6.72 36.3
5.0 1.99 17.9

Thermal propagation is only one aspect of thermal runaway, which encompasses the exposure of a cell
to heat from an adjacent cell, exposure of a cell to high temperatures (other than the case described
above), and exposure to flames.

These last two cases must also be taken into account in the dynamics of an electric vehicle fire when
the incident occurs inside the cabin (notably the spread of the fire from one vehicle to another), and in
the interaction between the battery fire (the cause of the vehicle fire) and the cabin fire.

The state of charge of a cell, and therefore of the battery pack, is a key factor in the behaviour of the
cells during thermal runaway, regardless of the cell chemistry.

In the event of thermal runaway, a high SoC results in a faster release of energy and a higher energy
peak. Conversely, a lower SoC results in a lower rate of energy release spread over a longer period.
However, according to these studies, the SoC did not have a significant effect on the total amount of
energy released.

The volume of gas released is proportional to the SoC, regardless of the chemistry, with a lower gas

volume for LFP batteries. Nevertheless, HF emissions are lower at higher SoC levels. Moreover, the
presence of flames has an impact on HF emissions.

The radiative heat flux also depends on the SoC. The higher the SoC, the more rapidly thermal runaway
will spread to neighbouring cells.

Therefore, an SoC below 50% or 30% ensures a less severe (in terms of temperature) and slower
thermal runaway, as well as a lower production of gases. That being said, one of the disadvantages is
the production of HF at the start of the process.
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The policy of requiring an SoC of 50 or 30% prior to boarding is therefore justified.

4.2.3 The sequences of thermal runaway and their characteristics.

Numerous studies, although not primarily focused on the sequences of thermal runaway in a battery
pack and its consequences for the vehicle concerned, make it possible to establish a chronological
sequence of events for the incident (from the failure of a cell to the outbreak of a vehicle fire).

Nevertheless, these studies, which require substantial resources (such as monitoring the combustion of
a vehicle, from thermal runaway to the complete combustion of the vehicle), are often linked to a specific
type of electric vehicle - with hybrid vehicles absent from the experiments - and involve varying
experimental conditions. Moreover, there are still many unknowns regarding the dynamics of electric
vehicle fires following thermal runaway.

4.2.3.1 Cell failure stages

STAGE | STAGE I STAGE Il
separator defect| .
| separator melt |, [temperature
ithi te | " lincrease
lithium dendrite |-, '
—)p» | SEldecompose | |cathode —»
cellcrush | / decompose,
| anode exposed || |Oxygen released /
overcharging heat | fuel

Stage 1 is characterised by the occurrence of a critical failure that generates an overcurrent. Lithium
salts decompose and react with the solvent and the solid electrolyte interphase (SEI) layer. If the
temperature resulting from this overcharge cannot be dissipated, the temperature of the cell will continue
to rise, which could trigger a (mainly) exothermic chain reaction. The internal temperature of the cell is
approximately 70°C.

During stage 2, following the exothermic reaction, the SEI is damaged at approximately 90-130°C, which
leads to an exothermic reaction between the electrolyte and the (partially) charged anode. If the heat
cannot be dissipated, the cell temperature increases. At this stage, a Li-electrolyte reaction occurs,
leading to the production of gas. The mechanical failure of the separator at approximately 120-150°C
results in an internal short circuit and a sharp increase in temperature due to significant local currents.
The electrolyte vaporises between 120 and 220°C, causing additional gas production, pressurisation of
the cell, and initial venting. The separator melts between 130°C and 190°C. Above approximately 180°C,
the cathode begins to decompose exothermically and release oxygen.

At stage 3, heat production increases - from self-heating to thermal runaway. Violent emission of gases
and particles (second vent activated). A decomposition of the electrolyte occurs. There is a rapid rise in
temperature, the cathode decomposes to produce oxygen, which leads to the oxidation of the
electrolyte, creating CO2 and H20. The oxygen-containing atmosphere leads to a rapid and largely
exothermic reaction with the electrolyte, causing a swift rise in temperature. The reaction is
accompanied by significant gas production, which may then lead to the formation of a flame and/or an
explosion.
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It appears that only stage 2 produces sufficiently observable effects (gas production, temperature

increase, mechanical rupture), at least at the cell level, for this phenomenon to be detected before

t her mal runaway occurs, which allows for the 0

4.2.3.2 The release of heat and the production of gas during the thermal ryrafvaccell

Ameta-anal ysis comments on 76 scientific publication:
conclusions reveals that the values obtained from tests conducted in these studies are heavily
influenced by the technology of the measuring instruments (calorimeters and smoke and gas analysers),

the differences in the values obtained make it possible to determine average behaviours according to

cell chemistry, geometry, nominal energy and state of charge (SoC).
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characterise the tendency to propagate heat, and therefore the thermal runaway from one cell to
another. Another parameter is the total heat release (THR), which corresponds to the amount of heat
generated by the thermal runaway of a cell over a given period of time (without this being standardised).
The data relating to heat also depends on the rate of active materials in each cell. This rate varies
depending on the geometry of the cell.

In addition to the large amount of heat released during lithium-ion battery fires, there are also risks
associated with the emission of smoke gases by defective cells. In particular, in enclosed spaces where
people are present, the smoke gases emitted by a cell during thermal runaway can pose a serious health
hazard.

In the event of overheating or fire, the cells release, among other things, large quantities of carbon
monoxide (CO) and carbon dioxide (CO2), gases that are toxic at high concentrations. However, gases
that are life-threatening even in small quantities, such as hydrogen fluoride (HF), can also be produced.
In addition to the examples mentioned here, other flammable and toxic gases are released during
thermal runaway events.

The smoke gas emission values indicated in the following paragraphs describe the total quantity of gas
released by the cell or cells throughout the entire duration of a thermal runaway. They therefore depend
on the definition of the start and end times of the test.

4.2.3.2.1 The heat release ta
For the maximum heat release rate, significant variations in values are observed, for example in the
median (the value that divides the studied population into two subsets of equal size) according to the
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cell geometry and its chemistry. The median PHRR of LFP cells, whether prismatic or cylindrical, is
higher than that of NMC cells at a 100% SoC.
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Fig. 2. Peak Heat Release Rate of cell(-bundle)s at SOC = 100 % depending on cathode active material and cell geometry."
Some of the values are not clearly recognizable as a separate entry because they differ only very slightly from the values of other entries and are therefore at the
same level as the associated markers.

Nevertheless, this result should be considered in terms of the energy densities of each cell studied and
their volume. It should therefore be noted that normalising the value relative to the nominal energy of
the batteries tested automatically increases the measured values for LFP cells due to their lower nominal
voltage and lower capacities. Normalisation in terms of the weight of the cells, which can only be
implemented partially due to the frequent lack of data, would lead to a different ranking of the median
values, namely (PHRR LMO)>(PHRR NMC)>(PHRR LFP)>(PHRR LCO). The calculation of this ranking
is largely based on estimated weight values.

Another study, which does not use the grading of normalised mean PHRR values, compares different
types of cells used in the manufacture of electric vehicles, highlighting a very different assessment of
the thermal properties of cathode active materials. The safety assessment in terms of thermal
characteristics is as follows: LFP > NMC = LMO > NCA = LCO.

LFP chemistry should be classified as the safest, and NCA as equivalent to LCO as the most critical.
According to this study, one of the reasons for this classification is that the phosphate in an LFP cell
helps to stabilise the electrode against the effects of overcharging. This provides the cell with greater
thermal tolerance, which limits the thermal degradation of the material and makes it much less
susceptible to thermal runaway. On the contrary, the nickel contained in NMC and NCA cells provides
high specific energy, but is known for its low stability, which is why these types of cells are considered
less safe than LFP cells. NCA cells have higher specific energy and power density and are therefore
considered more hazardous. LCO cells, which are equivalent to NCA cells in terms of safety, are highly
reactive and therefore have poor thermal stability.

This ratio between LFP and NMC chemistries also applies to the total heat release:
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Fig. 3. Total Heat Release of cell(—bundle)s with SOC = 100 % depending on cathode active material and cell geometry.

In the cylindrical cells section, the box plots behind them show a clear gradation in the median THR
values (THR LFP > THR NMC > THR LMO > THR LCO > THR NCA), although this differs from the
gradation in the mean PHRR values shown in Figure 2. As with the maximum heat release rate, it should
again be noted that the normalisation applied here to stored energy gives LFP batteries a high specific
heat release per watt-hour due to their low energy content. Normalising the values by cell weight rather
than by nominal energy would affect the classification of heat release values for the different active
cathode materials in such a way that LFP cells would need to be classified among the safest.

4.2.3.2.2 Gas and smoke

With regard to gas and smoke emissions, due to the high energy density of a cell and the chemical
properties of the electrolyte, the reactions triggered during thermal runaway inside the cell can result in
temperatures exceeding 1,000°C.

In addition to a large amount of heat, the reactions involved in thermal runaway produce significant
volumes of carbon monoxide (CO), hydrogen (H2), and carbon dioxide (COZ2), making the gas
flammable and potentially toxic.

A series of tests carried out on 23 NCA- and LFP-based 18,650 cells demonstrated that the type of
cathode material has a significant influence on the gases released under thermal runaway conditions.
Thus, NCA-based cells exhibited severe behaviour during thermal runaway. During the experiments,
they reached temperatures ranging from 739°C to 1,075°C depending on the SoC, and released up to
317 mmol of gas. Under identical conditions, the LFP-based cells only reached half the temperature and
a gas emission of 61 mmol.

The composition of the gases from these two types of cells depended primarily on the cathode material.
Thus, NCA cells produce more CO and H2 than LFP cells. The SoC also affected the composition of
the gases. Cells with a low state of charge primarily produced CO2, while higher states of charge
generated larger quantities of CO and H2. One possible explanation is the Boudouard reaction, which
states that the CO/CO2 ratio depends on the temperature. According to this reaction, at high
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temperatures, which can be expected during thermal runaway of cells with a high SoC, a reduction of
CO2 by carbon to form 2 mol of CO occurs.

In terms of CO (a substance toxic to the respiratory tract), the following values are obtained depending
on the chemistry and the SoC:
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Fig. 4. CO production of cells depending on their cell geometry, SOC and cathode active material.

The research team concludes that the medians for cylindrical cells are lower than the medians for pouch
cells, regardless of the chemistry of these cells. It is also noted that the median value increases with the
SoC.

With regard to comparisons between the different chemistries, it is difficult, for the reasons mentioned
above (energy density and weight), to reach a conclusion, while the data collected leads us to infer that
LFP cells emit more CO than others. This data helps to reinforce the validity of the average CO
production according to the SoC. The boxes surrounding all the measured values show that the average
CO production values increase with the SoC. This could be explained by the increase in the amount of
combustible gases and oxygen accumulating inside the cell during thermal runaway. Other studies
indicate that large quantities of gas accumulate inside the cell at high charge levels. Furthermore, these
studies state that when the venting devices open or the cell cracks, the escape velocity of these gases
is so high that they do not ignite immediately. This leads to incomplete combustion and therefore a large
guantity of CO.

With regard to the production of toxic and flammable gases, the study focuses on the total volume of
gas emitted.
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Fig. 5. Total amount of gas emitted from cells during TR as a function of cell geometry, cathode active material and SOC, including overcharge (OC) conditions.

Even though several studies cited in this document are unable to determine whether the volume of gas
released depends on the active component of the cathode or the volume of electrolyte, the medians
show that, regardless of the cell's chemistry or geometry, the volume of gas increases with the SoC.

Furthermore, as LFP cells represent 35% of the cells studied (85 out of 243 test data collected), it was
possible to focus more specifically on the characteristics of thermal runaway in LFP cells. It was
therefore possible to produce the diagram in Figure 6, which shows the total heat release from LFP cells
as a function of SoC and the type of calorimeter used for the measurement.

The following diagram clearly shows that the higher the cell's SoC, the greater the heat release.
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Fig. 6. Total Heat Release of LFP cells as a function of cell geometry and SOC.

This trend is the opposite of HF gas emissions from LFP cells. Indeed, the amount of HF gas emitted
decreases as the SoC increases, as illustrated in the following diagram:
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Fig. 7. HF released from LFP cells as a function of cell geometry and SOC.

4.2.3.2.3 Gas composition

The gases released by Li-ion batteries are known to be flammable and toxic, which poses a safety issue
for the use of cells in the rare event of catastrophic failure. The production of residual gases has
therefore been extensively studied, but with contradictory results from one study to another. However,
no study has comprehensively analysed the available data in the literature to determine how chemistry,
SoC and other parameters affect gas production, including volume, toxicity and flammability.

In the cited study, a detailed meta-analysis of 60 articles was conducted to examine the most influential
parameters and the likely characteristics of the gases emitted, to determine which type of battery would
be the least hazardous.

The analysis reveals that LFP and NMC batteries are the most studied, which reflects the industry's
tendency to favour these chemistries. The quantity of gas produced is linearly proportional to the
capacity (expressed in ampere-hours), but the specific gas production (L/kWh) shows no trend
according to capacity. NMC cells produce more gas than other chemistries (LCO 394 L/kWh, LFP 126
L/kWh, NCA 169 L/kwh, NMC 519 L/kwh), while prismatic cells also tend to generate larger gas
volumes (cylindrical 156 L/kWh, pouch 502 L/kWh, prismatic 598 L/kWh).

Furthermore, a higher SoC leads to greater average specific gas volumes, particularly for NMC and
LCO batteries, although the results vary significantly. While NMC cells release more gas than LFP
batteries, the latter are significantly more toxic than NMC batteries in absolute terms.

Toxicity varies depending on the state of charge: for NMC batteries, the contaminated volume doubles
between 0 and 100% SoC, whereas it is halved for LFP batteries.

The composition of gaseous effluents is on average very similar between NMC and LFP batteries, but
LFP batteries have a higher H2 content, while NMC batteries have a higher CO content.

To assess the fire risk, the LFL limit of the gaseous emissions is compared. The LFLs for LFP and NMC
batteries are 6.2% and 7.9% respectively (in an inert atmosphere). Given the LFL and the median
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volumes of gaseous effluents produced, LFP batteries do not reach the LFL in a volume that is 18%
smaller than that of NMC batteries. Consequently, LFP batteries present a higher flammability risk, even
though they exhibit fewer flames during thermal runaway tests.

The authors of the study regret that few tests focus on the gas emissions of modules and packs as a
whole, as the behaviour and composition of gas emissions change with scale, even though tests on
cells should be taken into account. Similarly, many studies focus on LFP cells to the detriment of NMC
cells.

Nevertheless, the conclusions drawn from the observed averages indicate that:

i NMC cells generate larger specific volumes of gas than other chemistries;

I prismatic cells tend to generate higher specific gas volumes than other cell formats;

T in general, a higher SoC leads to a greater generation of specific gas volume;

T LFP batteries are more toxic than NMC batteries;

I LFP batteries are more toxic at a lower SOC, whereas NMC batteries are more toxic at a higher
SOC; and

i the gases generated by an LFP cell present a greater flammability risk than NMC batteries,

I NMC cells are more toxic at a higher SoC than NMC batteries.

4.2.3.2.4 Gas decompression (venting)

Venting occurs before thermal runaway, during the initial decompression of the battery cell, then
increases when thermal runaway occurs and continues thereafter. Cylindrical and prismatic cells have
specially designed venting mechanisms to release overpressure. Pouch cells generally do not have
such pressure relief mechanisms. Instead, the pouch may expand to a certain extent to accommodate
a certain degree of gas release and eventually bursts (often along a seam or a predetermined weak
point) so that the overpressure is released.

This initial release of gas presents an interesting opportunity for early intervention, provided it can be
detected.

4.2.3.2.5 Smoke and particles

When the temperatures generated by a failing cell begin to exceed design limits, the decomposition of
materials produces smoke - specifically formed by decomposition particles carried by thermal airflows
that accompany high temperatures. In certain cases, for example when battery failure is caused by
external heat, smoke may be released before any venting occurs. Early detection of smoke at this stage
can and should be used to initiate intervention measures. Conversely, when heat is generated internally
due to other types of failure, such as overcharging, smoke and high external temperatures are more
likely to occur.

4.2.3.2.6 Fire

At high temperatures, with potentially flammable gas clouds and increasing amounts of smoke, the
transition to a fire situation and the development of flames is almost inevitable 7 particularly when
thermal runaway is not controlled and spreads to adjacent cells due to rising temperatures.

4.2.3.2.7 Spread to the cabin

There is no conclusive study on the spread of battery fires to other parts of the vehicle (cabin, boot,
engine, etc.) as this depends on too many factors (type of vehicle i presence of a fuel tank in a hybrid
vehicle 7 dimensional characteristics), experimental conditions (method used to trigger thermal
runaway, etc.), type of chemistry, SoC. All these factors determine the sequence of events and their
duration.

As previously discussed, the time between the appearance of the first smoke and the onset of a full
vehicle fire can be as short as 7 minutes.

By comparison, a study published a series of photographs documenting the development of a fire in an
internal combustion engine vehicle starting from the engine compartment. In this example, the spread
to the cabin for a fire originating from the vehicle's engine is approximately 9 minutes.

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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Fig. 4a shows the car fire development within 0-9 min recorded by the front camera II. In this test, the ignition time was recorded as
zero time. At 1 min, a large amount of black smoke emerged around the hood after ignition, and the flame pulled out from the right side

13 min 13 min 30s
Fig. 2. Development of automobile fire.
I 1hermal profiles of electric vehicle fires

A study aimed at understanding the thermal behaviour of electric vehicle fires through full-scale fire
testing (in open environments) on recent high-energy capacity electric vehicles.

Six tests were conducted with the aim of distinguishing the thermal behaviour of a battery pack from that
of the vehicle body without a battery, two BEVs, one ICEV and one FCEV (fuel cell vehicle), the models
studied having comparable characteristics as detailed below:

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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Specimen features and test conditions.

Features and  Test 1 Test 2 Test 3 Test 4 Test Test

conditions 5 3]

LIB pack of Body BEV_ 2 BEV_ 3 ICEV FCEV
BEV_1 of
BEV_1

Length N/A 4,180 4,165 4,670
(mm)

Width (mm) N/A 1,800 1,800 1,860

Height (mm) N/A 1,570 1,550 1,630

Weight (kg) 449 1,206 1,540 1,685 1,320 1,820

Nominal 64.092 N/A 39.240 64.092 N/A 1.560
total
Energy
capacity
of LIB
(kWh)

State of 100 N/A 100 100 N/A 20
charge of
LIB (%)

Thermal Heating a Heating the Heating a Heating
runaway surface of vehicles® bottom surface of combustible
initiation single cell boundaries using single cell contents of
or flaming using a a propane burner using a vehicles using a
ignition heating heating pan of heptane

sheet sheet

The thermal profiles of the combustion tests are as follows:

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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The average combustion duration (without intervention) of a passenger vehicle is approximately 70
minutes.

At the very start of the fires (approximately 1 to 2 minutes), rapid increases in HRR were observed in
the BEV (car body), BEV_2, and ICEV tests. These rapid increases were caused by the activation of
devices triggering thermal runaway (that is, the propane burner or heptane containers, as indicated in
the table above), rather than by rapid combustion of the samples (battery packs or vehicles).

During the fire growth phase, the burning vehicles generated progressively increasing heat and reached
maximum values (i.e., PHRR for Peak Heat Release Rate) in approximately 11 to 17 minutes. The fully
developed fire phases during the tests were not sustained for an extended period, except in the case of
the FCEV.

The fires then entered the decay stage with gradual decreases in the HRR. During this phase,
fluctuations in the HRR were observed in the BEV_2 and BEV_3 tests due to a series of thermal runaway
events.

The HRR and THR of the battery pack were lower than those of the vehicles, and fluctuations were also
observed due to thermal runaway phenomena.

The THR of the BEV_3 fire was comparable to the sum of the individual THRs of the battery pack and
the vehicle body (8.83 GJ). This observation led to the conclusion that the body of the BEV contributed
more to BEV fires than the battery pack in terms of PHRR and THR. Consequently, the combustion that
occurred in the cabin governed both measurements in BEV fires, despite the vigorous thermal runaway
generated by the battery packs. This is based on the assumption that larger quantities of combustible
materials are present in the bodywork, particularly in the cabin, than in the battery pack

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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Measures of thermal hazards of vehicle fires.
MMeasures Test 1 Test 2 Test 3 Test 4 Test Test
5 3]
LIB pad{ BDd}' of BEV 2 BEV 3 ICEWV FCEV
of BEV_1 BEV_1
Peak hear release 1.24 7.81 6.51 7.25 7.60 5.90
rate, pHRR
(MW)
Total heat 1.30 7.03 8.42 9.03 8.08 10.82
released, THR
(GJ)

There was a discrepancy between the THR values for BEV_2 and BEV_3 fires due to the difference in
the energy capacities of the two vehicles. The THR of BEV fires was higher than that of internal
combustion engine vehicles, but lower than that of FCEVs. This trend parallels their weight.

When comparing the two tests carried out with the two BEVs (Test 3 - BEV2 and Test 4 - BEV3), the
first test was conducted using a burner placed beneath the vehicle, while the second involved thermal
abuse of a single cell, which would correspond to a scenario where thermal runaway starts from a
single cell, whereas the first test would be more indicative of propagation to a vehicle via a pool fire or
the spread of fire caused by tyre ignition.

In the first case, it is the fire in the vehicle body that triggers thermal runaway, while in the second
case, it is thermal runaway that starts the fire in the vehicle body. In both cases, thermal runaway of
the cells occurs throughout the vehicle combustion process.

Temperature (°C)

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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(a) BEV 2in Test 3
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1. A burner switched on {00°00™)

2. Rear tyres ignited (02'30")

3. Aflame observed in the trunk (05'13")

4, Aflame observed in the cabin (05'36")

5. Front tyres ignited (06°40")

6. Aflame observed in the motor room
(06'48”)

7. An explosion observed at the rear (10°41")

8. The burner switched off (11'06”)

9. An explosion observed at the rear (11°09”)

10. An explosion observed at the front (11'19")

11. The onset of thermal runaway (22°22")

12, An explosion observed in the cabin
(23'29")

13. A thermal runaway around the rear
(25'207)

14. A thermal runaway around the rear
(27'217)

15. A thermal runaway around the rear
(27'57")

16. A thermal runaway around the rear
(30°427)

17. The end of thermal runaway (39'00™)
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(b) BEV_3 in Test 4

The observation of the measurements has led to the following conclusions

1
1

The jet of flames emitted by the battery pack led to the rapid growth of the BEV fire.

Although the jet of flame from the battery pack accelerated the ignition and combustion of other
components of the battery electric vehicle (BEV), the jet of flame was not the main factor
contributing to the HRR and the THR. On the contrary, the majority of the heat released at any
given moment (i.e. the HRR) was governed by the flames generated by the conventional
combustion of dpdiymer compodests (plastcs).n i c

The fire in the battery electric vehicle originating from the battery pack developed more rapidly
than those originating from other sources, as well as those in ICEVs and FCEVSs.

Under these conditions, BEYV fires continued for up to 70 minutes. Their peak heat release rate
(PHRR) ranged from 6.51 to 7.25 MW, which was slightly lower than that of internal
combustion engine vehicles (7.66 MW) but higher than that of the FCEV (5.99 MW). The total
heat released (THR) by BEYV fires ranged from 8.45 to 9.03 GJ, which was also intermediate
between small internal combustion engine vehicles (8.08 GJ) and large internal combustion
engine vehicles (10.82 GJ).

In BEV fires, the main contribution to the total heat released was determined by the
combustion of conventional materials in the BEV bodywork (PHRR: 7.81 MW, THR: 7.53 GJ),
rather than by that of the LIB pack (PHRR: 1.54 MW, THR: 1.30 GJ). However, as an intense
jet of fire was discharged from the LIB pack, it accelerated the spread of flames to adjacent
combustible components, resulting in rapid growth of the car fire as a whole.

For first responders, BEV fires resulting from the thermal runaway of LIB packs would be more
hazardous than those originating from other sources, due to the delayed detection of flames
and their rapid development once ignited.

To reassess safety, an average effective combustion heat of approximately 30 MJ/kg can be
used to quantify BEV fires. In this context, an LIB pack has a high property (approximately 45.9
MJ/kg), which is comparable to that of fuels (for example, n-pentane with 45.69 MJ/KkQ).

For this study, the characteristics of electric vehicle fires are comparable to those of internal combustion
engine vehicles.

The
involving battery electric vehicles (BEVS).

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks
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Jets of flames, caused by thermal runaway, accelerate the spread of fire to the other combustible
components within BEVSs.

The uncertainties associated with thermal runaway and unexpected re-ignition represent a major risk
for responders.

The vehicle fire continuously fuels thermal runaway of the cells as it develops. Thermal runaway of the
cells occurs throughout the entire combustion process. There is therefore a self-sustaining effect of
thermal runaway during a fire involving the cabin and the engine.

The first 10 minutes are crucial, as heat peaks occur within 10 to 20 minutes.

First responders should exercise caution when approaching the scene of a BEV accident. Indeed,
damage to the cells inside the battery pack cannot be observed from outside the vehicle, and the onset
of thermal runaway is unpredictable. Furthermore, once triggered, the fire develops rapidly.

One of the questions is whet her fHermal dumaway is tohfiemed
might be beneficial, even if the resulting short circuits could accelerate thermal runaway events. This
option would undoubtedly be beneficial if the battery pack had previously been disconnected, which
should be the case.

Furthermore, it is highly likely that by flooding the cabin, the supply of fuel (such as the plastic of the
seats) to the fire is also reduced, while at the same time cooling the battery pack through the floor of the
compartment.

I c spread to a neighbouringhicle

The following study draws lessons from a full-scale (outdoor) fire experiment to examine the fire
development process and the characteristics of two electric vehicles positioned side by side. One of the
vehicles is a battery electric vehicle (BEV) and the other is a plug-in hybrid electric vehicle (PHEV). This
vehicle configuration is representative of a typical scenario in which BEVs and PHEVs are parked
together. The starting point of the fire is the battery pack of the BEV. The heating sequence of the battery
pack up until the onset of thermal runaway lasts almost 92 minutes.

The behaviour of the fire, the process of high-temperature smoke propagation, and the spatial
distributions of temperature and thermal radiation from the fire involving both vehicles are analysed in
detail. The space separating the vehicles is that typically found in outdoor or underground car parks and
is greater than the space found on the deck of a ro-ro vessel.

The spread of the fire from the BEV to the PHEV is summarised in the following diagram.

BEV A (Left) + PHEV A (Right)
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Fire spread between the cars
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Phase 1: BEV A

= =

= =

T
1

From T-91 min, 58 s to TO: Two electric ovens (radiant type) are placed under BEV A to simulate
an EV fire caused by external sources of ignition. They are stopped at the appearance of smoke,
at TO.

TO: Appearance of white smoke beneath BEV A (vaporisation of battery electrolytes).

T + 7 s: first explosion (caused by the sudden ignition of the smoke plume). The explosion
deforms the lower part of the vehicle at the chassis level, allowing flames to spread from the
centre of the vehicle towards the rear. The battery, electrical wiring, bodywork components, and
other polymers now on fire, start to produce brown and black smoke four seconds after the
explosion

T + 47 s: two successive jets of flame (2 m) appear for a total duration of 11 seconds.

T + 2 min 23 s: fire spreads to the rear of the vehicle (rear passenger and boot). Appearance of
more intense jets of flame (2.5 m) lasting for 26 seconds up to 94.49.

T + 4 min 18 s: the fire has spread to the front of the vehicle, reaching the engine. Jets of flames
appear again.

T + 6 min 33 s: the fire has engulfed the entire BEV A.

Between the appearance of the first smoke and the complete burning of the vehicle, 6 minutes and 35
seconds elapsed.

Phase 2: spread to PHEV A.

During this phase, the thermal energy from the BEV A fire is transferred to the PHEV A through
convection and radiation. The PHEV absorbed heat through the thermal radiation of the flames, as well
as through thermal convection and radiation from the high-temperature smoke.

1
T

Transporting electric vehicles on roll-on/roll-off passenger vessels - Study on the inherent risks

At T+ 2 min 18 s, flames from the BEV A fire come into contact with the PHEV. Smoke begins
to escape from the left side of the PHEV.

At T+ 3 min 16, new flames from the BEV reach the PHEV, and the left doors of the PHEV catch
fire. When the flames reach the hybrid electric vehicle, the convection of heat from the flames is
incorporated into the heat transfer process and accelerates the development of the fire.

At T + 4 min 8 s, the same process occurs again and the combustion area of the PHEV expands
to engulf the entire left side of the PHEV.

At T + 12 min 43 s, the flames from the BEV and the PHEV (left side) merge. The fire in the
PHEYV spreads from left to right.

At T + 15 min 44 s, the maximum temperature around the rear cabin of the BEV was 1,054.6°C,
while the seat cushion, car carpet and interior plastic panels acted as sources of fire.

At T + 18 min 36 s the fire reached the right side of the PHEV

associated with the transport of electric vehicles and other electric mobility devices on roll-on/roll-off FE=rFEE)
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