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Foreword

Alstom, a world leader in green and smart mobility, has been developing a portfolio of zero-emission mobility
solutions for several years and has launched an ambitious innovation program to bring new technologies to
market. The first two Coradia iLint™ 100% H, trains powered by a fuel cell system entered commercial service
in Germany in 2018. To date, 41 hydrogen trains have been ordered by two German regions, and successful
trials have taken place in Austria, the Netherlands, Sweden, and France. In Italy, operator FNM confirmed an
order for 14 hydrogen trains at the end of 2020. In 2021, France also joined the circle of participating countries
with an order from SNCF for 12 Coradia Polyvalent dual-mode trains (electric/catenary and hydrogen/fuel cell
traction) for four French regions (Auvergne-Rhéne-Alpes, Bourgogne-Franche-Comté, Grand Est, and
Occitanie).

The use of hydrogen in the rail sector would reduce GHG emissions by 80% to 95% compared to conventional
trains. To achieve this, the hydrogen must be low carbon, such as when produced by water electrolysis, a
process that breaks down water into oxygen and hydrogen gas using an electric current. In addition, local
pollution is also reduced in terms of noise and fine particle emissions, as there is no combustion in a fuel cell.
Hydrogen trains are a relevant solution compared to full or partial electrification of tracks (with the use of
battery-powered trains) on lines with lower traffic and little or no electrification. They are characterized by a
potentially lower investment cost than track electrification, depending on the distance to be electrified, but
by a higher energy cost.

Today, Alstom aims are to accelerate its hydrogen strategy and continue to offer and develop innovative and
clean solutions. The company want to provide public authorities and operators with relevant technical and
economic solutions as part of the energy transition. In doing so, Alstom aim to contribute to the influence of
Québec and Canada in this technology of the future and break into the U.S. market. To this end, Alstom has
launched a demonstration project for a hydrogen-powered passenger train between Québec City and
Charlevoix, operated by Train de Charlevoix. The train arrived from Europe in the spring of 2023 and was in
service during the tourist season (summer 2023). The hydrogen supplier is the Québec-based company
Harnois Energies. It should be noted that this project is in line with the activities of Alstom's innovation center
dedicated to green rail mobility solutions in St-Bruno-de-Montarville, Québec, announced in July 2022.

In order to prepare for its entry into the US market, Alstom has undertaken, with the Hydrogen Research
Institute (IRH) at the University of Québec at Trois-Riviéres (UQTR), Harnois Energies, and Train de Charlevoix,
to study the conditions for the success of the refuelling and operating ecosystem for a hydrogen train in
Québec, based on its implementation in Charlevoix.
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Executive summary

Alstom, a global leader in sustainable and smart mobility, in partnership with the Government of
Québec, Réseau Charlevoix, Train de Charlevoix, Harnois Energies, HTEC, and Accelera by Cummins,
has launched commercial service for its Coradia iLint BR654 hydrogen train, the first commercial
operation in North America located on the Québec City-Charlevoix railway and tourist route in 2023.
The Coradia iLint's first commercial trip took place on June 17. At the end of the demonstration, the
Coradia iLint had carried more than 10,000 passengers on its 117 trips between the Chute-
Montmorency and Baie-Saint-Paul stations. A record number of passengers was recorded for the
summer season by the Train de Charlevoix company, which doubled its ridership commercial
operation known as "the hydrogen experience," which consisted of replacing one of the diesel trains
in its fleet with the Coradia iLint. Manufactured by Alstom in Germany, this demonstration train made
the journey from Europe to be put on the rails, thanks to $3 million in financial support from the
Québec government through its Technoclimat program, with the overall project budget amounting
to $8 million. A fully functional hydrogen ecosystem has thus emerged over the past few months of
activity, with many questions raised and/or answered by the project team and the Hydrogen
Research Institute (IRH) at the University of Québec at Trois-Rivieres (UQTR). The IRH was
commissioned to implement the refuelling module, provide training, and study the refuelling,
operation, and maintenance ecosystem of the Coradia iLint in this context. The study has been
completed and a report has been written on the observations, information, responses, and
prospects.

In summary, passengers showed a genuine interest in the technology; however, their primary focus
was comfort and design of the train that were appreciated. "How does a hydrogen train work? How
is hydrogen produced?" These are not the safety issues that passengers are concerned about. They
consider that these aspects have already been taken into account in the train's design and that it has
already proven itself, having been in service in Europe since 2018.

Hydrogen adoption in the rail sector is generating a lot of interest, but also raises a number of
technical, practical, and regulatory questions. According to this study, the specific characteristics of
hydrogen have little impact on how a train is designed and operated. The hydrogen tanks and fuel
cells that produce electricity are installed on the roof of the train so that hydrogen can be vented and
diluted in the outside air in the event of a leak. This prevents any potential accumulation of hydrogen
in a retention area, thereby mitigating risks. It should be noted, however, that train traffic in a tunnel
would be a special case that must be considered, as tunnel ventilation must be adapted to the
operation of vehicles transporting gas. Therefore, the specific nature of hydrogen train operation lies
in its refuelling and the relevant regulations.

Several solutions are possible for refuelling a train's hydrogen tanks. For this demonstration, the
Canadian company HTEC designed a transfer module in conjunction with Harnois Energies and
Alstom. The commissioning and all refuelling operations took place without any particular problems,
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demonstrating that the technical solution used is functional, simple to implement, and safe for this
application. However, it should be noted that a specific safety analysis must be carried out for any
new system or when connecting several systems in order to mitigate risks as much as possible,
regardless of the technology and energy used.

This study focused on several regulatory aspects. Regarding the requirements for the installation of
hydrogen production, distribution, and storage equipment, the Bureau de Normalisation du Québec
(BNQ) has published the CAN/BNQ 1784-000/2022 standard to be taken into consideration. This is a
revision of the Canadian Hydrogen Installation Code. The latest revision of the standard aims to
harmonize certain requirements with the American NFPA2 code, "Hydrogen Technologies Code," in
order to ensure continuity in practices between Canada and the United States for the safe use of
hydrogen.

The hydrogen used in this demonstration is produced by Harnois Energies through water electrolysis
at its refuelling station on Boulevard Wilfred-Hamel in Québec City. The green hydrogen is
transported by truck to Baie Saint Paul at the Train de Charlevoix maintenance site in an area specially
designated for the hydrogen train. To store and transport the hydrogen, Harnois Energies used PC-
45 hydrogen storage units from HTEC. These storage units consist of five 315-liter tanks that can each
hold 9 kg of hydrogen at a pressure of 450 bar. With four PC-45 units per trailer, 180 kg of hydrogen
can be transported at a pressure of 450 bar. The transfer module is used in accordance with HTEC's
procedures for refuelling the train. This module connects the train's tanks to those transported by
the truck using fluidic hoses (mechanically secured). All equipment and the operator must be at the
same electrical potential. The module monitors pressure changes and has a safety system in case of
problems. Refuelling was carried out by the train technician (Alstom) with the train manager
(Alstom), the truck driver (Harnois Energies), and the train driver (Train de Charlevoix).

Commercial operations of the hydrogen train Refuelling the train
| ! ‘ . . .

3:00 p.m.: Departure of the
train with passengers,
Baie-Saint-Paul station
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The refuelling process relies on a pressure differential. The technician opens the truck's hydrogen
tanks in pairs. The truck contains a total of twenty tanks. When the valves are opened, the hydrogen
gas flows until the tanks reach equilibrium pressure, at which point the technician closes the valves.
He can then open the valves of two other tanks on the truck. This procedure is repeated until the
desired pressure is reached in the train's hydrogen tanks.

The safety measures are relatively standard for refuelling a train: cell phones are prohibited and the
use of antistatic personal protective equipment is mandatory. In addition, the use of gas requires
leak tests to be carried out to ensure the system is airtight before refuelling can begin. The personnel
involved in these operations have received adequate training on the associated risks and on the use
of the systems they operate. Although experience with other fuels may provide some familiarity with
the handling of hazardous materials, remains essential given its unique properties (as with any fuel).
Once the checks and refuelling have been completed, the train is then ready to depart for the Baie-
Saint Paul and Chute-Montmorency stations for a round trip before returning to park overnight in its
maintenance area.

The quantities of hydrogen delivered were monitored throughout the project. Refuelling data was
used to calculate an average hydrogen consumption of 26.8 kg/100 km during this demonstration.
The trips were made under normal operating conditions, with passengers on board and all train
systems running, including air conditioning, and maintaining a cruising speed below 50 km/h.
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In contrast to diesel engines, which emits various greenhouse gases and harmful emissions (NOx, fine
particles, etc.), the Coradia iLint's fuel cells emit only water and are silent. In addition, during normal
operation, a train also emits particulate matter through the use of its mechanical brakes. As
mechanical braking is not the main braking mode of the Coradia iLint, it necessarily produces fewer
emissions in this regard. By conducting an in-depth life cycle analysis of the two systems, it would be
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possible to compare the ecological footprint of each energy ecosystem used to operate these two
trains. The commercial operation of the Coradia iLint is thus the first concrete example of the
implementation of a hydrogen ecosystem to run a passenger train on the continent.

In North America, it should be noted that the rail network covers over 300,000 kilometers, with less
than 1% currently electrified. Diesel is still widely used for passenger travel and freight transport. It
was in this market context that the hydrogen train ran in Québec during the summer of 2023. Various
mature electric technologies (catenary, battery, and hydrogen) are already commercially available
around the world and adapted to multiple railways uses, whether for passenger or freight transport.
The renewal of train fleets that are reaching the end of their life cycle provides an ideal opportunity
to consider the most appropriate technology for the application, considering the economic and
environmental context. The judicious deployment of new energy and rail ecosystems, in a context
adapted to the public transport needs of the population (and freight transport), can ultimately be
considered as an attractive alternative to private cars (and heavy trucks for freight) in terms of cost,
availability, and frequency, while offering a unique experience to users (in terms of comfort and even
tourism) and thus contributing further to the sustainable future of our societies.

For the optimal integration of hydrogen technologies, a comprehensive energy ecosystem is
therefore essential to ensure the production, distribution, storage, and use of energy. The first,
historical method of hydrogen production was based on centralized production. This type of model
supports large-scale production but requires a hydrogen transportation network to serve all
consumers. A company or industry consuming low volumes could be penalized by the cost of
compression, transport, and storage. However, technical advances in new decentralized production
methods suggest that new organizational approaches closer to users will eventually emerge. New
business models would enable stakeholders to control production and transportation costs, use local
resources, and optimize carbon impact. In 2019, Québec's first hydrogen station open to the public
refueled 50 Toyota Mirai vehicles. That number has risen to 75 in 2023, and the station can produce
200 kg oh H; per day, consuming 55 kWh and 10 L of water for every 1 kg of H. The availability of
surplus hydrogen production has made it possible to consider refuelling the Coradia ilLint train in
Québec.

In decentralized production, it may be advantageous to expand the electrolyzer to accomodate new
players to enter the ecosystem and develop the distribution network to serve local customers. A
second advantage could be the ability to benefit from more cost-effective production by maximizing
production when electricity is cheapest. However, it is important to consider the initial purchase cost
of the electrolyzer, taking into account existing subsidies, to ensure a reasonable return on
investment from an economic standpoint. Finally, there is the question of electricity pricing to
promote the installation and sustainability of decentralized production. Whether centralized or
decentralized, each ecosystem is different and must be adapted to the needs!

In addition, regulatory issues associated with the various activities surrounding the refuelling,
operation, and maintenance of hydrogen trains in Québec and Canada raised questions. Through
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close collaboration between Québec's Ministry of Transport and Sustainable Mobility and Alstom,
hydrogen train operations commenced in the summer of 2023. Since the beginning of the project,
the Québec Ministry of Transport and Sustainable Mobility has supported the various stakeholders
to ensure the monitoring and acceptance of the safety file required for any railway product. Working
together, additions and modifications were made to the Coradia iLint to ensure its compliance with
current regulations. Transport Canada is currently working to establish federal regulations to allow
hydrogen trains to operate throughout the country, as is the case in Europe.
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General introduction

Hydrogen for storing renewable energy

Global energy demand grew by 114% between 1978 and 2018 [1], with fossil fuels mainly meeting this growth.
Fossil fuels still account for more than 80% of global energy demand [2] and their widespread use contributes
significantly to greenhouse gas emissions, thereby accelerating climate change. This situation calls for a
profound transformation of our energy systems, transitioning to cleaner, more sustainable energy sources.

Renewable energy, such as wind and solar power, is central to the energy transition. They offer solutions for
producing low-carbon electricity, but their intermittent production is not always aligned with consumption
needs. Periods of overproduction can therefore occur, for example on particularly sunny or windy days, when
the amount of electricity produced can exceed demand.

Various solutions can be implemented to manage the excess energy produced by an electricity grid. First, the
export of electricity to other grids via interconnections should be considered. This solution allows the energy
to be used directly, with losses only related to the transmission of electricity. If the electricity cannot be
consumed directly, storage solutions can then be considered. For example, the use of pumped storage
hydroelectric dams allows energy to be stored seasonally so that it is available during periods of high
consumption. Another solution is to artificially increase consumption, for example by charging electric vehicles
or bringing certain industries, such as hydrogen production, into service. If none of these solutions are
possible, producers may be forced to reduce their production or, as a last resort, dissipate the energy in the
form of heat (in a railway, for example), which results in energy loss.

The development of efficient interconnections and storage systems is therefore essential, as they provide
flexibility and optimize the use of surplus energy. For daily storage, batteries are an excellent storage medium.
Storage in the form of hydrogen or other conversion processes (Power-to-X) has lower energy efficiency but
offers a long-term storage solution that allows energy to be used for specific industrial and residential
purposes, as well as for certain heavy and intensive mobility applications where direct electrification is not
possible.
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Promoting hydrogen for rail transport

In North America, less than 1% of all rail systems run on electricity. Currently, diesel trains are widely used,
particularly for long-distance journeys and in rural areas where electrical infrastructure is lacking or too costly
to install. Although electric trains with overhead lines are a sustainable and effective solution for reducing CO,
emissions, installing electrical infrastructure on railways remains very expensive, which limits their
deployment in certain regions. In this context, trains using hybrid technologies (diesel-overhead power lines,
battery-overhead power lines, hydrogen-battery) are alternatives to consider for freight and passenger
transport.

Hydrogen can be utilized in rail transport in two ways: through internal combustion engine via hydrogen fuel
cells. In the first case, the internal combustion engine burns hydrogen to produce mechanical energy but also
generates polluting particles from the combustion process. In the second case, the fuel cell converts hydrogen
into electricity on board, powering a battery and electric motors, with water vapor as the only emission. These
technologies represent an attractive alternative for journeys requiring long ranges on non-electrified railways.
However, the use of hydrogen in the railway sector requires the establishment of an appropriate infrastructure
for its production and distribution. All of these elements—production, distribution, and use of hydrogen—
together form a hydrogen energy ecosystem.

Québec's hydrogen strategy

Québec has set ambitious climate targets for 2030: to reduce greenhouse gas emissions by 37.5% compared
to 1990 levels and oil consumption by 40% compared to 2013 levels. The ultimate goal is to achieve carbon
neutrality by 2050. To achieve these goals, Québec is pursuing electrification initiatives and energy efficiency
projects and is considering renewable, low-carbon hydrogen as a solution to meet the energy needs of certain
applications. The province is already actively advancing hydrogen technologies and seeks to increase
bioenergy production by 50% by 2030. Québec intends to leverage these strengths to be a leader in the energy
transition [1].

In January 2021, Air Liquide, a French company, completed construction of the world's largest Proton
Exchange Membrane (PEM) electrolyzer in Bécancour®. Completed in less than two years, this project doubled
the site's hydrogen production capacity by installing a 20 MW electrolyzer that can produce 8.2 tons of green
hydrogen per day. Depending on how the hydrogen is transported and used, this production unit can reduce
CO; emissions by nearly 27,000 tons per year (equivalent to the annual emissions of nearly 8,000 gasoline-
powered cars) [1]. This electrolyzer complements the offering of Air Liquide Canada, which also operates
natural gas reformers at this site.

In addition, TES Canada, a Canadian pioneer in advancing projects to accelerate the energy transition, is
preparing a project in Québec. This initiative involves a total investment of $4 billion in the region, including
the commissioning of an electrolyzer and renewable energy production facilities. Once launched in 2028, the
project aims to produce 70,000 tons of renewable hydrogen per year exclusively for end consumers in Québec.

! This record has since been broken in Shanghai, China, with the installation of a plant comprising 52.5 MW alkaline
electrolyzers, with a total capacity of 260 MW and an announced production of 10,000 tons per year [2].
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This is one of the largest decarbonization projects announced in Québec, with a goal of reducing annual CO,
emissions by 800,000 tons [3]. Other projects are also being studied in Baie-Comeau and Sorel-Tracy. It should
be noted that in 2023, the largest producers of hydrogen in Québec for their own consumption were the
Suncor (176 tons/day) and Valero (96 tons/day) refineries, as well as the steelmaker ArcelorMittal (160
tons/day).

In 2023, Québec has only one hydrogen refuelling station, used mainly for private cars. It is operated by
Harnois Energies. The station is capable of producing approximately 200 kg of hydrogen per day through
electrolysis, with electricity supplied by Hydro-Québec [4,5]. This station enabled the government to launch a
test bed for fuel cell electric vehicles (FCEVs) in April 2019 to evaluate the performance of FCEVs and the
associated production and distribution infrastructure in a northern climate, thereby enriching knowledge
about hydrogen-based electric mobility. Until the end of the study period in June 2023, 46 FCEVs (45 Toyota
Mirai and 1 Hyundai Nexo) were operated by staff from various government departments in the greater
Québec City area. The test bench results revealed variable energy efficiency of FCEVs depending on the outside
temperature, with optimal performance in summer and a relative decline in winter ( [6] ), similar to that of
thermal and electric vehicles. The report thus demonstrates the value of these vehicles for northern climatic
conditions by highlighting the challenges associated with the implementation of decentralized hydrogen
production and distribution. Put into perspective with advances in light battery vehicle technologies, these
results support Québec's 2022 Green Hydrogen and Bioenergy Strategy, which confirms the benefits of using
primarily carbon-free hydrogen for industries that already consume it (steel, chemicals, etc.) and validates the
benefits for heavy-duty transport applications as a complement to electrification (trucks, planes, boats, trains,
etc.). It is within this framework that a new demonstration is being carried out in Québec.

In the summer of 2023, a hydrogen train began commercial operation between the stations of Montmorency
Falls, near Québec City, and Baie Saint-Paul. The Harnois station supplied hydrogen for this Coradia ilLint
demonstration train imported from Europe. The main objective was to conduct a concrete demonstration to
showcase the technology and show that it, already proven in Europe, could also work in other geographical
contexts. In 2023, hydrogen trains have also been tested and deployed on a small scale in North America, in
Alberta, Canada (freight transport) and California, United States (passenger transport).

Purpose and scope of the guide

This guide aims to assist rail sector stakeholders in the rail sector (operators, decision-makers, engineers, etc.)
in the integration, management, and operation of hydrogen trains in North America. It draws on field
experience gained during the commercial operation of Alstom's Coradia iLint train in Québec in 2023 to offer
practical and operational recommendations. This guide follows on from the economic and environmental
analyses that must be carried out prior to any project. These analyses include:

- Total cost of ownership (TCO? ): to assess economic viability;
- The cost of CO; reduction, to quantify the environmental impact of a technology compared to
existing alternatives.

2 Total Cost of Ownership.
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The purpose of this report is to document and analyze the experience gained in Québec in 2023, and to use
these findings to support the integration, management, and operation of hydrogen trains in North America.
Integration refers to the process of introducing a hydrogen train into an existing rail system and includes
analyzing the measures necessary to ensure its compatibility with existing rail infrastructure. This involves
addressing technical, logistical, and regulatory challenges to ensure a smooth transition. Management, on the
other hand, concerns the organization and coordination of the resources necessary to operate a hydrogen
train. This includes maintenance activities, hydrogen supply, route planning, and crew training. Finally,
operations cover all practices and procedures related to the daily use of hydrogen trains, including safety,
equipment performance, collaboration between stakeholders, and social acceptability. The comprehensive
approach presented in this guide, based on feedback, offers advice and recommendations for decision-
makers, operators, and engineers involved in current and future hydrogen rail ecosystem projects.
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1. Electrification of railway applications

1.1.Background

Rail transport offers significant economic advantages including superior energy efficiency, and increased
capacity while requiring less land space than road transport. In addition, rail transport is less dependent on
weather conditions and allows for more reliable planning. It plays a crucial role in sustainable development by
reducing greenhouse gas (GHG) emissions [7]. Although it accounts for 9% of global freight transport and 8%
of passenger transport, railways account for only 3% of the total energy used for transport. Trains are
remarkably efficient, eight times more so for freight and twelve times more so for passengers than other
modes of transport. However, in the net-zero emissions scenario, all necessary measures must be taken to
limit GHG emissions [8-10].

Rail freight transport has grown significantly over the past two decades, particularly in North America, China,
Russia, and India, due to the extent of their rail networks and their significant bulk material transport needs.
In regions such as Canada, Mexico, and the United States, freight trains are preferred over passenger trains to
meet long-distance freight transport demands. Conversely, the European Union (EU), Japan, and Korea
prioritize passenger rail services [11]. Rail freight transport is essential to global logistics and the supply chain.
It uses technologies such as diesel-electric and electric catenary-battery locomotives to transport different
types of goods, which are the result of decades of innovation (see Figure 1 ).
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Figure 1 : Chronological emergence of new train technologies, source: IRH-ALSTOM.

The rail traction sector remains largely dependent on diesel, leaving it vulnerable to fluctuating oil supplies
and increasing environmental regulations. Globally, electric locomotives account for only about 30% of the
fleet in service. Electrification of lines eliminates direct emissions during operation, but its high initial
investment cost is a major obstacle, particularly for private operators. The determinants of operating costs
differ from region to region. In Europe, the price of diesel is strongly influenced by taxation, while in the United
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States it mainly reflects the volatility of the crude oil market. Additionally, installing electrification
infrastructure (overhead contact lines/catenaries, substations, control systems) requires significant capital
expenditure and long payback periods, which limits the attractiveness of this option despite its potential long-
term environmental and economic benefits. Globally, only a quarter of the rail network is electrified; however,
these lines account for a significant share of traffic. Electrification rates vary greatly between regions and
countries: 99% in Switzerland, 62% in the European Union, and around 1% in North America [12].

It is in this context that alternative solutions that do not depend on electrification infrastructure, such as
hydrogen-based energy generation systems (internal combustion engines and fuel cells), are being considered.
Depending on how it is produced, hydrogen can contribute to a significant reduction in GHG emissions. An
internal combustion engine (ICE) burns hydrogen to produce heat that directly powers the train's traction
system or generates electricity for a battery using a generator, emitting water, but also NOx and particulates
from combustion. Fuel cells (PACs), on the other hand, produce electricity through the redox reaction of
hydrogen with oxygen, emitting only water and heat, to power an electric motor, making the traction system
more efficient than one based on combustion. However, the higher cost of energy conversion systems and the
challenges associated with storing gas, particularly hydrogen, compared to liquid fuels can be major challenges
depending on the application [7]. In recent years, hydrogen fuel cell trains have been tested around the world
(see Appendix A2: Summary of international trials and progress of hydrogen trains), as illustrated by the map
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Figure 2 : Demonstrations of fuel cell and hydrogen use in the railway environment before 2024 [13].

1.2.Rail traction systems

The hydrogen train (sometimes referred to as "hydrail") is the generic name for trains whose traction motors
are powered by electricity generated from hydrogen. Two technologies can harness the energy contained in
hydrogen: the internal combustion engine and the fuel cell. In both cases, the energy system can incorporate
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a battery to support the train's power demands and recover energy during braking using a power converter.
The energy system is considered hybrid as it utilizes multiple energy sources.

Just as an internal combustion engine requires auxiliary equipment such as a battery (for starting and
operating accessories) or a cooling system, a fuel cell needs a battery, thermal (or water) regulation, and an
energy control and distribution system. All this equipment together makes up the fuel cell system. A
comparison of the traction chains of these four locomotive technologies (electric with catenary, diesel-electric,
hydrogen internal combustion engine, and hydrogen fuel cell) shows that the electric locomotive has the best
energy efficiency. The two technologies involving combustion are the least efficient, while the fuel cell
technology has a slightly higher efficiency (see Figure 3). In this analysis, only the efficiency of energy use from
the tank to the wheel is compared, based on the different equipment that makes up the traction chain.

Hydrogen Internal

Electric

Diesel-Electnc

Combustion Hydrogen Fuel Cell
Locomotive Lecomotive Engine Locomotive®
Locomotive®
Electricity at
Fuel Pantograph Dhesel 100 % Hydrogen 100 % Hydrogen 100 %
100 % m
Diesel Engine Combustion
= Feed Cable 40 % LHﬂg\,f Engine Fuel Cell Power
25 % 37 % HHV % LHY, e
et 34 % HHV (including
Transformer — auxiliaries)
95 % G for 82 % 49 % LHV,
——— — Generator 92 % 41 % HHV
Control Systermn / - — -
Power Electronics Reotifier 98 %
\ e = Rectifier 98 %
- Electric Motors
ehicle Electric Motors EIEC:SS [;gu-turs Electric Motors 92 %
95 % 92 %
Transmission -
Transmissian s Transmisson e
_96% 95 % a5 %
Traction Au F““'";s g Traction Motor Auxiliaries
. Auxiliaries 95 % aRanes 2 9 \ Auxiliaries 95 %
Vehicle Efficiency Vehicle Efficiency Vehicle Efficiency Vehicle Efficiency
) 76 % 30 % LHV, 28 % HHV | | 30 % LHV, 25 % HHV | | 42 % LHV, 35 % HHV
" 30 % LHV 30 % LHV, 42 % LHV,
Fower at rails 76 % LHV and HHWV :
[ ] s 28 % HHV 25 % HHY 35 % HHV
Reference {Steimel, 2006) (Canders, 2007) (AN
Nutzfahrzeuge
AG, 2008)
Notes:
'Canders (2007) does not consider auxiliaries; the auxiliary value from Steimel (2006) of 95 % has been
added.

*The Hydrogen ICE Locomotive does not exist. MAN produced hydrogen internal combustion engines
for buses. In this comparison this engine substituted the diesel engine.

For the fuel cell locomotive, only the fuel cell power-plant efficiency was determined. It is built from a
diesel-electric locomotive, therefore, the efficiency chain from a diesel has been used. Auxiliaries, such
as ventilation and cooling of the fuel cell stack, are already included in the power-plant efficiency, so

the auxiliary value at the end of the chain is motor-specific and accounts, for example, for traction
motor cooling.

Figure 3 : Comparison of efficiencies, from tank to wheel, for an electric locomotive (catenary), diesel with electric motor,
hydrogen combustion engine, hydrogen fuel cell (from [14]).
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1.3.The Coradia iLint Passenger Train

The Coradia iLint is an electric passenger train powered by hydrogen fuel cells, developed by the multinational
rail transport company Alstom. It is designed to offer an environmentally friendly and efficient alternative to
traditional diesel-powered trains. Alstom developed its first hydrogen train in 2016 by adapting the design of
a diesel-powered train. These trains use an electric motor powered by a hydrogen fuel cell, which uses
hydrogen stored on the roof of the train with oxygen from the air to generate electricity. Onboard batteries
also store braking energy and support high power demands.

The main feature of the Coradia iLint is the use of hydrogen fuel cells combined with a battery to generate
electricity for the motor. The commercial version of the Coradia iLint has a range of up to 1,000 kilometers on
a full hydrogen tank, allowing it to operate on non-electrified railways without modifying the track, but
requiring hydrogen production and distribution along its route. It can reach a maximum speed of 140
kilometers per hour, making it suitable for regional and suburban rail services. The Coradia iLint, in its series
version, can carry up to 153 seated passengers and 150 standing passengers. By using renewable or low-
carbon hydrogen, the Coradia iLint is a train that helps reduce greenhouse gas emissions compared to an
equivalent diesel train, while also reducing particulate emissions and noise.

The first tests of the Coradia iLint were carried out in Germany. They began in 2018, when two Coradia ilLint
demonstration trains were put into service in the Lower Saxony region. These tests aimed to demonstrate the
feasibility and technological viability of the hydrogen train, as well as to evaluate its performance and
suitability for commercial use. The Coradia iLint was tested under real operating conditions, carrying
passengers on regular lines. One of these two demonstration trains was deployed in Québec in 2023.

2. Integrating hydrogen into a rail ecosystem.

2.1. What is hydrogen?

Hydrogen is the simplest of all chemical elements. The hydrogen atom consists of a single proton around which
a single electron orbits. It is the lightest and most abundant element in the universe, accounting for
approximately 75% of all baryonic mass in the universe [15]. However, it exists only in very small quantities in
the Earth's atmosphere and is virtually non-existent in its pure form. On Earth, hydrogen is chemically bound
to other elements such as water, biomass, and fossil fuels [15]. However, it is possible to isolate it to obtain
pure molecular hydrogen in the form of a gas whose molecules are composed of two atoms, hence its chemical
formula H,. This is referred to as an energy carrier. Like all gases, hydrogen liquefies when cooled sufficiently
to reach a temperature of -253°C at ambient pressure [16]. Finally, hydrogen is also found in the Earth's crust
as a gas. This natural hydrogen may be generated by water/rock interaction (diagenesis)® and by the natural
radioactivity of the Earth's crust (radiolysis) [17].

3Diagenesis releases hydrogen from water during oxidation processes, which occur in various geological contexts.
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2.2.How is it used?

Hydrogen can be used in many applications. It is used as a raw material in various industrial processes,
including ammonia production for fertilizers, oil refining, and chemical manufacturing. In addition, hydrogen
can be used directly as fuel in a gas turbine or internal combustion engine. It can also be injected in small
quantities into natural gas networks (to reduce the carbon footprint of natural gas). It can also be used as a
reactant in fuel cells for residential applications (electricity and heating) and for transportation.

2.3.How is it produced?

Hydrogen can be produced from various sources, for example by steam reforming natural gas or by using
electricity from renewable energy sources for water electrolysis. Steam reforming of natural gas is currently
the most common method for producing hydrogen. During this process, water vapor reacts with natural gas
at high temperatures (840 to 950°C) and moderate pressure (approximately 20 to 30 bar) in the presence of a
catalyst (usually nickel) to produce hydrogen and carbon dioxide. However, this method has the disadvantage
of releasing carbon dioxide (CO,) into the atmosphere as a b-product. CO, capture and storage (CCUS)
technologies are being studied to minimize this impact, but issues involving methane leaks associated with
these systems have so far prevented any significant improvement in the environmental benefits of producing
hydrogen from natural gas [18].

Water electrolysis breaks down water molecules into hydrogen and oxygen by passing an electric current
between two electrodes immersed in water. This production method does not emit greenhouse gases or
pollutants during operation. However, its impact is directly linked to that of the electricity used and is
therefore minimal when produced from renewable energy sources, such as solar or wind power (see Appendix
Al: GHG emissions from different types of hydrogen production). Finally, there are a multitude of processes
using various raw materials for hydrogen production. An overview of these processes is summarized in the
Table 1.

With the multiplicity of processes and raw materials used to produce hydrogen, a classification of hydrogen
types has emerged. Based on a color code, it attempts to identify the origin of hydrogen according to its
production method [19]. Subject to debate and not standardized, it has many limitations and causes confusion,
particularly regarding the carbon intensity of the hydrogen produced. However, for information purposes, we
present here a color palette that is often used to represent hydrogen according to different production
methods based on their raw materials/inputs and estimated carbon intensity. Among the most common are:
(i) Grey hydrogen, which is produced from fossil fuels and whose carbon dioxide emissions are not captured;
(ii) Blue hydrogen, which is produced in a similar way to gray hydrogen, with the only difference being that
carbon dioxide emissions are captured and stored; and finally (iii) Green hydrogen, which uses renewable
energy sources that minimize emissions. It should also be noted that several sources of native hydrogen (white
hydrogen) have been identified in recent years in various locations around the world, and extraction projects
are under consideration [20]. To date, only one project is commercially active, in Mali. To avoid confusion that
may arise from this classification, hydrogen production methods should be classified according to their carbon
intensity [21]. Thus, hydrogen produced using renewable energies is called renewable hydrogen, and
hydrogen produced with low carbon intensity, regardless of the method, is called low-carbon hydrogen.
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2.1.How should it be stored?

As with any other fuel, the safe and efficient storage of hydrogen is crucial to its use as an energy carrier.
According to the US Department of Energy (DoE), the main technical challenge for hydrogen storage in
transportation has been identified as the ability to store enough hydrogen to meet range requirements
(> 480 km) while meeting cost, safety, and performance requirements [33]. Before hydrogen can be used as
an energy carrier, it must be transported and stored. Various methods are available for storing hydrogen, each
with its own specific advantages and limitations, making them suitable for different applications. Figure 4
illustrates the different methods for storing hydrogen. In this section, we will briefly describe compression
storage, which is the most widely used option today, as well as liquid storage and cryogenic compression
storage. Other methods, based on materials, are still in the research and development stage or are only just
beginning to be commercialized.

Physical-based Material-based

Compressed Cold/Cryo
Gas Compressed

Interstitial Complex Chemical
hydride hydride hydrogen

Ex. MOF-5 Ex. BN-methyl Ex. LaNizHg Ex. NaAlH, Ex. NH;BH,

Ry, | t WLV |
W . ¢ E e "
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Liquid
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Figure 4 : Different methods for hydrogen storage [33].
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Table 1 : Overview of hydrogen production methods, their degree of maturity, their share in production, and their carbon intensity.

Carbon intensity
4
Production method Process Raw material Maturity Share 9f kg'COZ e /kgH: Source
production | (without carbon
capture)
Steam reforming Natural gas, .pe.troleum by- Commercial 78 10-13 [22-24]
products (distillates, etc.)
Thermochemical Gasification Coal Commercial 21 22-26 [22,24]
GaS|f|cat|‘on Biomass Commercial <2% 6-11 [24-26]
Pyrolysis
Raw material: Water Electricity
. . from: . 0
Electrochemical Electrolysis Biomass; Wind; Hydro; Commercial <2% 0-57 [22,24,25,27,28]
Nuclear; Natural gas; Coal; Qil
Raw material: Biomass
. . . Electricity from:

Microbial electrolysis Biomass; Wind; Hydro; R&D - - [29,30]

Biological Nuclear; Natural gas; Coal; Oil
Fermentatlon. Biomass R&D - - [31,32]

Photofermentation

4The co, equivalent (CO.e) of a greenhouse gas emission is the amount of carbon dioxide co,that would cause the same cumulative radiative forcing over a given period, i.e., that would have the same
capacity to retain solar radiation. It depends on the gas and the period considered.
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Compression storage

Hydrogen storage by compression has now established itself as the most mature on-board storage method
due to its high performance and practicality. It involves physically storing hydrogen gas in high-pressure tanks,
which are commonly classified into four standard types: Type |, Il, lll, and IV. These standards depend on the
lightness and cost of the tank material capable of withstanding high pressure requirements, the material's
resistance to hydrogen diffusion, and the damage that may be caused by the stored hydrogen [34]. For
hydrogen storage by compression, it is essential to consider several important factors. First, the tank material
must be lightweight, inexpensive, and strong enough to meet the required stress, deformation, and safety
specifications. In addition to the material composition, the geometry of the tank is also a crucial consideration.

In vehicle applications, hydrogen should be stored in cylindrical tanks, as spherical tanks can be difficult to
integrate on board. Finally, the thermal conductivity of the material must be high enough to handle the
exothermic heat during tank filling (compressed storage offers high rates of hydrogen filling and release) [35].
TheTable 2 : Some properties of tanks for on-board storage of high-pressure hydrogen.illustrates some
properties of hydrogen tanks [36]. Commercially, hydrogen fuel cell vehicles are increasingly using high-
pressure tanks for compressed hydrogen storage. Notably, the Toyota Mirai and Hyundai Nexo vehicles use
compressed hydrogen at a pressure of 700 bar, equipped with three type IV cylinders, and can travel more
than 600 km on a single charge [34].

Table 2 : Some properties of tanks for on-board storage of high-pressure hydrogen.

. Typical pressure | Gravimetric density

Type Materials (bar) %)’

I All-metal construction 300 1.7

" Mc?stly m(?tal, Wrappe_d in .com.p05|te 200 51

in the circumferential direction.
" Metal .coatlng, co.mpletely.wrapped 200 42
in composite material.
v Entirely constructe.d of composite 200 5.7 (Toyota Mirai)
material

*Percentage by weight (weight of H, stored / weight of tank)

Liquid storage

Hydrogen liquefies at -253°C, reaching a density of 70.8 kg/m? 3, which is 68% higher than that of hydrogen
gas compressed to 700 bar (42 kg/m?3) under normal temperature and pressure conditions, hence the interest
in storing hydrogen in liquid form. Liquid hydrogen is currently a common storage method for large quantities
for possible transfer by tanker truck, train, or ship to the place of use. The aerospace and nuclear industries
were among the first to adopt liquid hydrogen because of its high energy density and purity. The development
of liquid hydrogen production and storage systems was accelerated by research and production of liquid
hydrogen-based rocket propulsion during the early decades of the last century. Although liquid hydrogen can
only exist at low temperatures and low pressures, the corresponding tanks can be lighter because they operate
at lower pressures. Nevertheless, to store hydrogen in liquid form, it is essential to keep the temperature of
the hydrogen below its boiling point of -253°C to prevent overpressure in the storage container. This requires
precise temperature control and the installation of cooling systems. Effective insulation of storage tanks is also
crucial to minimize hydrogen loss through evaporation.
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Liquid hydrogen is housed in double-walled cryogenic tanks, which can be cylindrical or spherical double-
walled containers, where the inner and outer walls are separated by several layers of vacuum to ensure
thermal insulation. The construction of these tanks involves the use of specific materials to minimize energy
transfer by conduction or radiation from the environment to the tank. These materials must be able to
withstand the low temperatures of liquid hydrogen, prevent gas permeation, and resist the effects of
hydrogen embrittlement®. However, the greatest energy loss in this form of storage is due to the high costs of
the existing liquefaction process, which consumes between 11.9 and 15 kWh/kg CHECK of H,, corresponding
to 35 to 45% of the lower calorific value of hydrogen © [37].

Cryogenic compression storage

Cryogenic compression storage combines aspects of both compressed hydrogen gas and cryogenic hydrogen.
Hydrogen is stored at cryogenic temperatures and under a minimum hydrogen pressure of 250 to 350 bar and
at temperatures between -150°C and -240°C. Compared to liquefied hydrogen, cryo-compressed hydrogen
offers higher densities of around 80 kg/m? (which is 13% higher than the density of liquefied hydrogen and
90% higher than that of compressed hydrogen gas at 700 bar ( [38,39]). However, this storage method
presents additional challenges related to pressure management, low temperatures, and liquefaction, as with
liquid hydrogen.

2.2.How can it be transported?

Hydrogen can be produced locally (decentralized) or centrally. Decentralized hydrogen production means that
the molecule is produced close to where it is used, while in centralized production, the molecule is produced
in large plants and transported over long distances. Localized production may produce less hydrogen and be
more expensive, but transportation is less costly. On the other hand, centralized production allows more
hydrogen to be produced efficiently and at lower cost, but transportation is more expensive [40]. This process
involves the safe and efficient movement of hydrogen gas or other forms of hydrogen from production
facilities to end users, such as industrial consumers, refuelling stations, or other applications (see Figure 5 and
Table 3). The most common options for hydrogen transport are by truck and pipeline (between two plants, for
example) [42,43].

Transport by pipeline.
Pipelines are commonly used in the chemical industry to transport large quantities of hydrogen in a continuous

flow. Pipelines dedicated to hydrogen are used to transport hydrogen from production sites to distribution
points. These pipelines are designed to minimize the effects of hydrogen embrittlement, which can affect the
integrity of pipeline materials. This means of transport requires the use of compressors.

Transportation of liquid hydrogen.
It can be transported in cryogenic tanks. Liquid hydrogen is stored at extremely low temperatures (-253°C)
and transported in specially designed cryogenic tank trucks or by ship.

5 This phenomenon occurs due to the diffusion and dissolution of hydrogen in the microstructure of pipes or metal infrastructure.
Combined with mechanical stresses, hydrogen creates capillary cracks that gradually grow over time.

6 The lower heating value (LHV) is the amount of heat released by the complete combustion of a unit of fuel, assuming that the water
vapor is not condensed and the heat is not recovered.
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Hydrogen tube trailers.
These are specialized transport vehicles that carry compressed hydrogen in a series of interconnected high-
pressure tubes (delivered by truck).

Bulk transport in compressed gas cylinders.
For smaller quantities of hydrogen, hydrogen can be transported in compressed gas cylinders. These cylinders
are typically made of high-strength materials and are pressurized to safely store and transport hydrogen.

Transport of hydrogen via ammonia.
Since ammonia is easier to transport and store than hydrogen, it can be cracked to release hydrogen at the

destination, either through catalytic processes or other methods.

Transporting hydrogen using liquid organic hydrogen carriers.

Liquid organic hydrogen carriers are chemical compounds capable of absorbing and releasing hydrogen. They
are used to transport and store hydrogen at ambient temperatures and pressures, making them more
convenient for certain applications.

Table 3 : Comparison of different means of transporting hydrogen (source: IRH)

Means of | Pipeline (H2 LH;truck (liquid Tube trailer Ammonia (NHsz) | LOHC (organic
transport gas) hydrogen) (200-500 bar) carrier carrier)
Energy Highest for Medium, with | Good for short Lower chain Similar to NHs,
efficiency continuous losses from distances; efficiency leverages
flows over liguefaction efficient short- | (hydrogenation waste heat ;
long distances and boil-off ; term /dehydrogenati good for
(excluding higher losses on) ; mature ambient
compression) ; | due to cooling for maritime conditions
best relative
efficiency
Impacts Low Footprint tied Road traffic, NH3 toxicity, Ambient
(climate, operational to electricity noise, transfer NOX risks ; conditions ;
environment...) impacts ; source ; fewer | leaks; medium mature solvent risks ;
monitor H; trips per ton; impact logistics ; safer than NHs;
leaks and higher if gray higher risks
material energy used than pure gas
embrittlement
Optimal use Large Medium/high | Small/medium | Long distances | Decentralized
cases volumes, fixed volumes, volumes, short (especially supply via
permanent medium distances, rapid maritime), existing liquid
connections; distances deployment; | direct NH; use; | logistics, waste
ideal for stable without ideal best heat available
industrial pipelines ; local/flexible international
corridors flexible
alternative
Section 1 Page 31/156




Project: ilLint
Date: 2026-02-09
Version: 2.0

DE RECHERCHE

IRH'msmm Guide to the Integration, Management, and Operation of
SUR CHYDROGENE a Hydrogen Train in North America

TR

Selecting a hydrogen transportation method depends on variables such as hydrogen volume, distance,
infrastructure availability, safety considerations, and economic efficiency. For stable corridors and high flow
rates, pipelines are the most efficient and economical in the long term. For low/medium volumes and short
distances, tube trailers are flexible and fast. For higher volumes and medium distances without pipelines,
liguid hydrogen becomes competitive despite the decrease in efficiency due to liquefaction. Over long
international distances, ammonia may be the best carrier, especially if the end use can consume it directly
(otherwise, the user will have to factor in the energy cost of cracking). Finally, liquid organic hydrogen carriers
are attractive for exploiting liquid fuel infrastructure and waste heat, with good solvent management. The
actual environmental footprint depends heavily on electricity and thermal integration; controlling leaks (H.,
NHs solvents, etc.) remains crucial to avoid climate and/or environmental impact.
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Figure 5 : Hydrogen production, storage, transport, and use, adapted from [41].

3. Global overview

3.1.Supply and demand in 2023

Demand for hydrogen in 2023 is primarily driven by traditional applications such as oil refining, which peaked
at 40 Mt of H,in 2018 before falling by around 2 Mt of H, in 2020 due to the economic slowdown caused by
Covid (estimates for 2021 are around 41 Mt of H; in 2020 due to the economic slowdown caused by Covid
(usage estimates for 2021 are around 41 Mt of H;), ammonia synthesis with 34 Mt of H,, and methanol
production with 5 Mt of H, (see Figure 6).

Section 1 Page 32/156



Project: ilLint

o . . .
IRH A Guide to the Integration, I\/.Iar.ragement, am{ Operation of Date:  2026-02-09
SUR LHYDROGENE a Hydrogen Train in North America .

umTR Version: 2.0

50

"Hydrogen gap"
Hydrogen (H2) demand: 74 Mt [2018] ‘
70 H2 from electrolysis: 0.035 Mt [2021]

H2 from gas and CCS: 0.2 Mt [2021]

Demand for pure hydrogen [in Mt / year]

Y

0 M
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

~ @ - Refining Ammonia Other —e—Total demand —e— Green / blue hydrogen

Figure 6 : Global hydrogen demand trends through 2020 for oil refining, ammonia, and other activities (steel, methanol, heat,
chemicals, cement, pulp and paper, glass, aluminum, ceramics, transportation, etc.) compared to renewable and low-carbon
hydrogen production [44].

All hydrogen applications can be classified into four main categories: chemical uses, energy uses, physical uses,
and medical and scientific uses [45]. The penetration of renewable and low-carbon hydrogen remains very
limited in heavy industry applications, reaching only around 40 kt of H, , which represents just 0.04% of total
global hydrogen demand in 2021 [22]. Most of this demand is concentrated in road transport, which has seen
a significant 60% increase due to the accelerated deployment of hydrogen fuel cell electric vehicles,
particularly heavy-duty vehicles, in China [22].

According to the Global Hydrogen Review 2023 report published by the International Energy Agency (IEA),
hydrogen production comes mainly from fossil fuels [22]. In 2022, total global production amounted to 95
million tonnes of hydrogen (Mt of H,), resulting in associated emissions of more than 900 Mt of CO, (Figure 7)
As in 2021, the main production method, accounting for 62% of total production, was the use of natural gas
without carbon capture and storage. Hydrogen produced from coal, mainly in China, accounted for 21%.
Hydrogen obtained as a by-product of catalytic reforming of naphtha’ in oil refineries accounted for 16% of
global production [22]. Meanwhile, the use of ail, in limited quantities, contributed less than 1% [22].

The production of renewable hydrogen by electrolysis (from renewable energy sources) increased between
2021 and 2023. Although this proportion is very low, hydrogen production by water electrolysis increased by
around 20% compared to 2020, reflecting the growing deployment of electrolyzers. China has the largest share
of the renewable hydrogen production market, followed by Australia, Germany, the United States, and finally
Saudi Arabia (see Figure 8).

7 Naphtha is a transparent liquid produced by the distillation of petroleum.
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Figure 8 : Global market share of renewable and low-carbon hydrogen (from [46] )

3.1.1.Hydrogen production in Europe

In 2021, the largest producers of hydrogen were Germany (2:398 million m3), the Netherlands (2:015 million
m3), France (1,163 million m3) and Spain (1:316 million m3), which also have the highest consumption. The
Netherlands is the largest exporter of hydrogen, while Belgium imports the largest quantities of hydrogen [47].

European Union (EU) countries consume around 9.7 million tons of hydrogen per year [47]. Demand for
hydrogen varies across economic sectors. In 2019, the highest demand for hydrogen was in Germany (1.68
million tons), the Netherlands (1.28 million tons), Poland (0.77 million tons), Spain (0.60 million tons), and Italy
(0.55 million tons) (see Figure 9).
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Figure 9 : Demand for hydrogen by sector in tons per year, data as of the end of 20192 (from [47] ).

An interactive map allows users to track the specific deployment of hydrogen infrastructure in Europe at [48],
and a map of renewable and low-carbon hydrogen production projects worldwide is updated annually on the
International Energy Agency website [49].

3.1.2.Hydrogen production in North America

Maps of hydrogen production in Canada and the United States at the end of 2023 are available at Figure 10
and Figure 11, respectively.

8 The "Other" category covers demand from small- and medium-scale hydrogen users, including the food industry, glass
manufacturing, automotive, and transportation.

Section 1 Page 35/156



" ST Guide to the Integration, Management, and Operation of Project: iLint
OF RECHERCHE L. i Date: 2026-02-09
SURLHYDROGENE a Hydrogen Train in North America .
umTR Version: 2.0

Syvmbol and legend

a Hi refueling station - active [Cuannty] E Hydrogen liguetaction [tons per day|

M Productian by gas refarming, [Mm? Hy fhaour]
t Production by electrolysis [Mm® H; fhour)

ALK Alkaline alectrolysis

PERA: Proton axchangs mambrans slectrolysis &Eoimﬁm PrOauCtion [Nm* H, fhour)

Others: Other clecirolysis methods

A 8 37

P i:emma{mx} )

e | 19500
ﬁ :3745(PEM)

= e
o AB ] L &
Y ’ o ¢ =
3 -y
£ 125375 . Qc pet g
ON =3
b L]
126,212 NE -
' { NS
177800 -
=

1481 [PEM)

: 100 [ALK)
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3.2.Example of creating hydrogen ecosystems for transportation

Let's start with an innovative example from across the Atlantic: an airport environment in Toulouse, in
southwestern France, hosted the Hyport project [53]. This project led to the installation of the first electrolyzer
in an airport zone in Europe, inaugurated in December 2023. It was financed to the tune of €5.2 million out of
a total project cost of €7.2 million, including €1.9 million for hydrogen production and distribution alone. With
a capacity of 1 MW, it uses electricity and 9 tons of water to produce 430 kg of hydrogen per day to power
twenty hydrogen buses. These buses operate at very high frequency at all times and require rapid refuelling.
One station is installed in the airport and a second outside (see Figure 12 : Example of the Hyport project,
France [53].Figure 12 ). The surplus hydrogen generated is expected to be used for future applications that
will be implemented at the airport: powering shuttles and trolleys, initially for baggage and eventually for
towing aircraft arriving on the Toulouse runways or leaving the Airbus factories, generators that supply
electricity to aircraft when they are on the runways, and trucks and buses.

The site also includes an export area that allows for the potential surplus of renewable hydrogen to be used
for events (generators), to decarbonize industrial processes and produce e-kerosene. This area can also be
used to import hydrogen during possible consumption peaks.

4 N

Figure 12 : Example of the Hyport project, France [53].

This project is part of a larger project led by the Occitanie region called Corridor H2, which is part of a Europe-
wide initiative to develop a series of hydrogen production and distribution capacities for mobility from the
Iberian Peninsula to northern Europe, coupled with the deployment of numerous heavy-duty vehicles using
hydrogen.

The first building block of this European project has therefore been launched with the aim of deploying the
following in Occitanie by the end of 2023: 2 renewable hydrogen production units representing 6 tons/day of
cumulative production, 7 hydrogen distribution stations (from 600 to 1,200 kg/day), 40 hydrogen-powered
trucks, 62 trailers/refrigeration units, and 15 retrofitted regional intercity coaches. With support from the
European Investment Bank (€40 million) and the European Commission (€14.6 million), and a total budget of
€110 million in investments. In France, the Occitanie region is the first to have launched a hydrogen corridor
project on its territory.
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4. Comparisons of energy ecosystems for railway applications

4.1.Energy comparison

Energy comparisons with other molecules show that hydrogen is the fuel with the highest energy content per
unit mass. The chemical energy in 1 kg of hydrogen, 120 megajoules (MJ), is equivalent to that in 2.6 kg of
natural gas, 2.8 kg of gasoline, or 5.2 kg of coal (see Table 4).

Table 4 : Comparison of the energy properties of H, with other fuels under standard conditions® [54-56].

Density Lower heating value'®

(kg/m?) Specific (MJ/kg) Volumetric (MJ/liter)
Ha (gas) 0.071 120 0.008
Ha (liquid) 70.798 120 8.501
Natural gas®? 0.777 47 0.037
Conventional gasoline 744.701 43 32.356
Gasoline/Diesel*? 846,936 43 36,090
Fuel oil/Heating oil*3 840 42.69 35,850
Methanol 794.101 20 15,956
Propane (gas) 2,009 46 0.0373
Propane (liquid) 507.210 46 23.482

On the other hand, unlike other fuels such as gasoline, which are liquids at ambient conditions, hydrogen is a
very light gas. Although its energy content per unit of mass is high, its energy content per unit of volume is
very low. Thus, its density at 0°C and ambient pressure is only 71 grams per cubic meter (0.071 kg/m3), which
is about eleven times lower than that of natural gas. Therefore, to obtain the same amount of energy, a volume
of hydrogen approximately two and a half times greater than that of natural gas must be burned. Similarly,
the density of one liter of liquid hydrogen is low (70.8 kg/m3). Therefore, the energy content of one liter of
liquid hydrogen corresponds to that of 0.27 L of gasoline, whose density is 10.5 times higher (see Figure 13).
This comparison is valid for an application where the fuel would be burned directly. However, in the case of a
vehicle with an internal combustion engine, all vehicles would have to be compared in order to conclude on
the efficiency of one fuel over another. This is because the systems that make up the engine and fuel tank will
not necessarily be identical, which will have an impact on the vehicle's efficiency and therefore its range.

91.013 bar, 25°C.
10 Does not take into account the condensation energy of the water vapor produced.

11 Natural gas is a gaseous mixture extracted from the ground, composed mainly of methane (generally 85 to 98%), but it also
contains other gases in small quantities, such as ethane, propane, butane, carbon dioxide (CO,), nitrogen (N;), and sometimes traces
of sulfur or other impurities.

12 Low-sulfur diesel.

13 A fossil fuel, fuel oil is a petroleum-derived fuel used mainly in boilers. The only notable difference between fuel oil and diesel is its
lower cetane number.
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Figure 13 : Comparison between the gravimetric (a) and volumetric (b) energy densities of hydrogen, methane, and gasoline at
ambient conditions. Source: IRH-UQTR.

To compare energy storage technologies in electric vehicles, a system-level analysis of the complete
powertrain is essential'* (see Figure 3). Battery electric vehicles store energy directly within the battery pack,
whereas hydrogen fuel cell electric vehicles require an integrated system comprising high-pressure tanks, the
fuel cell stack, and typically a small auxiliary battery. Gravimetric energy density analysis reveals hydrogen's
theoretical superiority by two orders of magnitude over current lithium-ion batteries.

However, complete fuel cell systems achieve substantially higher effective density for light-duty vehicles and
even greater advantages for heavy-duty applications where payload constraints dominate. Considering this
theoretical advantage, manufacturers prioritize batteries for light vehicles due to rapidly declining costs,
mature charging infrastructure, and supportive government policies, whereas fuel cells are better suited for
heavy transport where rapid refueling (15 minutes versus hours for batteries) and superior range without
weight penalties are critical operational requirements.

Battery technology continues rapid evolution, with emerging chemistries progressively closing the
performance gap for light-duty applications while fuel cell vehicles maintain dominance in weight-critical

heavy transport.

4.2.Technical Feasibility

While diesel locomotives have been the industry standard for over a century, mounting environmental
concerns and emission regulations are driving a shift toward cleaner alternatives. Electric locomotives, on the
other hand, transmit approximately 85% of their energy to the wheels (95% considering the efficiency of the
traction motor alone), making them more efficient than diesel-powered trains (efficiency below 30%). The
global market also favors electric locomotives due to lower costs and maintenance expenses. However, the
infrastructure required for catenary electrification poses a problem, particularly on long-distance, low-traffic

14 All of the components of a vehicle that enable it to move are referred to as the "powertrain." Simply put, this
powertrain consists of the engine, clutch, transmission, and wheels.
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transport corridors [9]. In addition, they require additional land for catenaries, substations, and safety
measures, which has an impact on overall project costs [59].

Currently, diesel trains can run on existing non-electrified rail networks and can be refueled by truck at
intersections with road connections, such as train stations. To run on non-electrified sections of track,
batteries and hydrogen trains are viable options for trains. Batteries have a limited range and can only be used
for journeys of around 100 kilometers. The use of dual-mode battery and catenary trains is one solution for
optimizing battery range if the electrical infrastructure to power the catenaries is available [57]. A hydrogen
train's operational range is determined by its onboard storage capacity and the availability of regional
refuelling infrastructure, with refuelling times similar to those of diesel locomotives [58]. This technology may
therefore be of interest for decarbonizing railways that are difficult to electrify over distances of several
hundred kilometers. The production of renewable, low-carbon hydrogen and the development of refuelling
infrastructure are the main challenges that will need to be addressed in the train ecosystem.

4.3.Advantages and disadvantages (hydrogen, battery, and diesel)

From a rail operator's perspective, for short, non-electrified lines, battery trains offer the best efficiency and
lowest operating costs, at the expense of more limited range and network charging planning. For longer
journeys or in areas where electrification or charging is difficult, hydrogen provides a range close to that of
diesel while eliminating local emissions, but with reduced efficiency and higher energy infrastructure costs (in
2023). Diesel remains the simplest solution to implement and offers the most infrastructure flexibility, but it
is penalized by emissions, noise, and operating costs that are sensitive to fuel and regulations. The optimal
selection depends primarily on the distance between energy nodes, the electrical power available at terminals,
the local price of electricity and hydrogen, and climate objectives. Depending on needs and routes, it is
possible to integrate several technologies operating on the same rail network.

From an electrical grid perspective, trains powered by overhead lines and batteries are the most efficient
option in terms of electricity consumption, provided that the grid can absorb peak loads during periods of high
consumption. However, these local peaks can be mitigated by installing stationary energy storage systems, for
example. In contrast, the use of hydrogen decouples rail traction from peak demand: controllable electrolyzers
can operate during off-peak hours and when renewable energy production peaks, playing a seasonal storage
role while providing flexibility to the grid. On the other hand, total electricity consumption will be higher than
with batteries (due to losses from electrolysis, compression, and fuel cell system efficiency), and connection
constraints will shift to the electrolysis site (for example, 2 tons of hydrogen per day require energy
consumption of around 110 MWh per day, or 7 MW of installed power if operated for 16 hours a day). If
hydrogen is imported (LH, trucks/pipes), the local impact on the railway power grid is low but is transferred
to another grid. Diesel, on the other hand, avoids any need for electrical reinforcement but externalizes the
impacts (CO,, NOx, noise) and does not contribute to the flexibility of the electrical system. In summary, when
the network can accommodate moderate peaks and the primary objective is energy efficiency, battery trains
are preferable; when connection constraints are high and/or the use of renewable surpluses is strategic,
hydrogen offers decisive flexibility for the energy system. Hybrid architectures (charging stations for battery-
powered trains, flexible electrolyzers, local storage, etc.) make it possible to optimize both rail operations and
grid integration.
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5. Conclusion of Section 1

This project is in line with major initiatives by the Québec government to accelerate the energy transition,
through support for the development of renewable and low-carbon hydrogen initiatives to decarbonize heavy
transport. It also extends the efforts made under the Québec Strategy on Green Hydrogen and Bioenergy,
which encourages the use of hydrogen mainly for industrial consumer sectors and the validation of its
potential for heavy transport applications, such as rail, as a complement to electrification.

In this context, Alstom's development in Québec appears to be a fundamental strategic lever. Between 2021
and 2023, Alstom consolidated its presence in Québec by acquiring Bombardier's rail division, enabling the
Caisse de dépot et placement du Québec to become its main shareholder. This merger led to the transfer of
the head office to Montreal, the creation of local jobs, and the opening of a mobility innovation center, thereby
strengthening Québec's role in the North American rail sector.

It is in this context that the first commercial operation of a hydrogen train under real operating conditions on
the North American continent was launched, supported by the Government of Québec’s Technoclimat funding
program. This major project was made possible thanks to close collaboration between several key partners:
Alstom, as the manufacturer of the hydrogen train and project leader; Harnois Energies, responsible for
hydrogen production and delivery; and Réseau Charlevoix and Train de Charlevoix, the owner and operator of
the railway line. HTEC also played a key role by supplying the transfer module for refuelling, the transport
truck tanks, and the filling interface at the Harnois Energies hydrogen station. In addition, the electrolyzer and
fuel cells used in this project were supplied by Accelera by Cummins (formerly Hydrogenics).
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1. Legislative framework for the railway sector in North America and Europe in 2023

=>» As auniversity research laboratory focus on technologies, the Hydrogen Research Institute provides this
section for informational purposes only. The information presented and its interpretation date from
2023 and cannot replace the legal texts and their analysis by qualified personnel. We recommend
consulting legal professionals and the competent authorities.

1.1. Legislative framework for the railway sector in North America and Europe

For this section, the sources consulted include information from Canada, the United States, and the European
Union, available exclusively in English and French. This section addresses the legislative and regulatory
framework governing the rail transport sector, identifying the government actors involved and analyzing their
influence on this sector.

1.1.1.Laws and regulations in Canada

In Canada, railway jurisdiction is split between federal and provincial levels. The Government of Canada,
through Transport Canada, regulates and supervises rail transportation on railways under federal jurisdiction.
The main statutes from which the regulations for the railway sector are derived are listed below:

e (Canada Transportation Act (S.C. 1996, c. 10) [63] : This Act is the primary federal legislation governing
transportation in Canada, including rail transportation. It contains provisions on rail rate regulation,
accessibility, safety standards, rolling stock certification, and many other aspects of rail transportation.

e Railway Safety Act (R.S.C. (1985), c. 32 (4th Supp.)) [64] : This Act establishes the regulatory framework
for railway safety in Canada. It grants regulatory powers to the Minister of Transport to ensure this
mission.

e Canadian Environmental Protection Act (S.C. 1999, c. 33) [65] : This Act deals with the management
of hazardous substances, including fuels, and may apply to the storage, handling, and management of
petroleum products used to refuel locomotives.

Under these acts, regulations based on the interpretation of the acts are approved by the government and/or
Transport Canada. The industry may also propose rules for approval by Transport Canada and are designed to
adapt quickly to realities and technological advances. These texts are adopted to ensure various safety
objectives for users, residents, the environment, and others. These laws remain broad and do not prevent the
deployment of new rail technologies, provided they are safe and regulated.

Regulations and rules specify what is required (standards, norms, etc.) to design and operate a train. In the
case of hydrogen, no mention is made of this type of energy for train design in the Railway Locomotive
Inspection and Safety Regulations [66]. In addition to these regulations, other texts may need to be clarified
to consider the specific nature of adopting hydrogen as a motive power source. The Table 5 provides a non-
exhaustive list of regulations that could potentially limit the deployment of hydrogen technologies for rail.
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Table 5 : Regulatory texts that could potentially limit hydrogen trains in Canada (non-exhaustive list).

Text Type Applicability Limitations to be assessed
Rules for the Inspection and For locomotives Inspection adapted to diesel
Safety of Railroad Rule operating on the and steam locomotives.
Locomotives [63] federal network
Rules concerning periods of For locomotives and .
N . Amendment to take into
extreme heat and fire risk infrastructure . .
e . Rule . account the risks associated
mitigation on the rail operating on the with hvdrogen?
network [64] federal network yarogen:
Based on the Environmental
Protection A EPA) [69
Regulations on Locomotive For locomotives r?cheecr(l_oiz nff::zt(ion ch[a b
Emissions (SOR/2017-121) | Regulations operating on the .
method for measuring
[68] federal network

emissions from hydrogen
trains

Regulati ing th
eguations concerning the Possibility of amending this

installation, inspection, and Pressure tanks in .
I . . ) text to extend it to all gases
verification of air tanks Rule stations (fixed or .
used by locomotives that refer
(other than those on transportable) .
. to applicable standards
locomotives) [67]
Regulations respecting the Possibility of amending this
bulk storage of liquefied . Pressure tanks at text to extend it to all gases
Regulations . .
petroleum gases (C.R.C., c. stations used by locomotives that refer
1152) [68] to applicable standards

On railway tracks under provincial jurisdiction, laws and regulations are issued by provincial governments. In
the case of Québec, the Guided Land Transportation Safety Act [72], from the Ministry of Transport and
Sustainable Mobility, applies to railways under provincial jurisdiction. This network is significant, representing
27% of the 6,278 km of rail network in Québec [73] (see Figure 14).

This Act allows Québec legislators to ensure the safety of infrastructure and vehicles by adopting regulations.
The regulation resulting from this Act is the Railway Safety Regulation [74]. This regulation is less specific than
the federal regulation regarding the design of rolling stock, and no direct mention is made of the type of fuel
that can be used, leaving open the possibility of using trains powered by alternative energy sources. However,
according to Appendix V of the regulations (Appendix V - Traffic Report), the unit used for fuel is the liter. This
unit is not compatible with the measurement systems of hydrogen trains such as the Coradia iLint, whose fuel
measurement unit is expressed in kilograms.
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Figure 14 : Map of railway lines in Québec (source: Ministry of Transport and Sustainable Mobility [75]).
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1.1.2.Laws and regulations in the United States

Railway regulations in the United States are mainly governed by the federal government, specifically by the
Federal Railroad Administration (FRA), the rail branch of the U.S. Department of Transportation (DOT). Their
jurisdiction extends to all public and intercity railways. Rail lines disconnected from this network, as well as
metropolitan railways, are excluded. Similar to Canada, there are several laws that govern regulations for the
railway sector.

The main law that defines the regulatory framework for railways in the United States is the Federal Railroad
Safety Act [76]. This law gives the Secretary of Transportation the power to regulate railway safety through
the FRA, including passenger and employee safety, signaling standards, braking systems, etc. These rules are
recorded in the Federal Register and apply throughout the United States. These rules may also be enhanced
at the state level.

The Federal Railroad Administration (FRA), like Transport Canada, is the federal agency responsible for
regulating and supervising railways in the United States. The FRA develops regulations and safety standards
for the entire railroad industry, including track design, train safety, maintenance, signaling, passenger and
employee safety, and more. In the FRA's Federal Register (Title 49, Subtitle B, Chapter Il [77]), Part 229 of the
code contains no provisions regarding hydrogen as a locomotive fuel. However, diesel, steam, and magnetic
levitation locomotives are mentioned in Title 49, Subtitle B, Chapter Il of the FRA Code of Regulations.

Other laws, such as the Clean Air Act [78], which gives regulatory power to the Environmental Protection
Agency (EPA), will have an impact on the introduction of hydrogen trains into the railway landscape. Indeed,
the Code of Federal Regulations, Title 40, Part 1033 [69] regulates atmospheric emissions from locomotives.
As previously seen with the Canadian Locomotive Emissions Regulations (SOR/2017-121) [68], this regulation
is not suitable for hydrogen-powered trains. It should be noted that electric locomotives powered by external
sources of electricity are exempt.

1.1.3.Directives and regulations in the European Union

The rail sector in Europe is regulated at the European Union level, but the legislative structure differs from
that of the United States and Canada. Directives are adopted and then transposed by member states. These
directives therefore have the force of law in member states and may be amended. The directives issued aim
to promote the interoperability of the rail system, open up the market and facilitate access to it, improve
safety, etc. These directives include (non-exhaustive list):

e Interoperability Directive (2008/57/EC) [79] ;
e Railway Safety Directive (2004/49/EC) [80] ;
e Railway Infrastructure Management Directive (2012/34/EU) [81].

European regulations stemming from these directives are also formulated by the European Commission and
the European Parliament and enforced under the auspices of the European Railway Agency (ERA). These
regulations are binding legislative acts issued to govern various aspects of the railway sector within the EU.
Here are some of the main European railway regulations in force:
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e Railway Rolling Stock Regulation (Regulation (EU) No. 1302/2014) [82] : This regulation establishes
specific requirements for the placing on the market and operation of railway vehicles, covering aspects
such as design, construction, approval, certification, maintenance, and operation.

e Railway Safety Regulation (Regulation (EU) No. 2018/545) [83] : This regulation establishes common
rules for railway safety, including the certification of train drivers, investigations into railway accidents,
and railway safety management.

e Regulation on the interoperability of the rail system within the Community (Regulation (EU) No.
1316/2013) [84] : This regulation establishes the principles and objectives of rail interoperability,
including technical specifications for various rail subsystems.

e Regulation on pollutant gas emissions (Regulation (EU) No. 2016/1628) [85] : regulates pollutant gas
and particulate emissions from internal combustion engines for non-road mobile machinery.

National railway regulations supplement these regulations, which may vary from one country to another. It is
also the role of national regulatory bodies to oversee the application of European and national regulations.
Local initiatives by local authorities are reported to improve railway regulations and enable better inclusion of
hydrogen trains. Indeed, the German Federal Railway Authority (Eisenbahn-Bundesamt or EBA) has mandated
TUV Rheinland to prepare regulations and standards specific to railway applications of hydrogen [86].

1.2. Applicable standards and codes for hydrogen trains

As previously noted, there are no regulations specific to hydrogen trains and their ecosystem. The regulatory
framework needs to be adapted in Canada, the United States, and Europe. In this section, we will explore the
maturity level of existing standards for applications in the hydrogen train ecosystem. For clarity, the scope will
be the same as that defined in the NRC study [87], with support from the Metrolinx study [88], and will
summarize the main conclusions of this working group.

In their report "Risk Assessment of Hydrogen and Battery Power in Locomotives — Part 3 — Codes and
Standards," the system under consideration includes six classes of standards:

e general standards (see below);

e standards for ground equipment (storage and refuelling);

e standards for locomotives (train tank, fuel cell module and associated traction system, ventilation,
heat exchangers, water treatment);

e standards for lithium batteries;

e standards for natural gas transport;

e standards for bulk rail transport.

General standards are defined as those applicable to hydrogen and equipment that uses/stores this product.
In particular, they address hydrogen purity standards and equipment construction to ensure the safe use of
this gas. The NRC has identified 20 general standards ranging from the design of pressure vessels containing
hydrogen to risk assessment standards.

While the review primarily focused on Canadian standards, relevant American and international codes were
also evaluated. Their analysis shows that the general standards are well established and suitable for the
implementation of a hydrogen train ecosystem. Even though some standards may only be applicable in one
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country or one field, they are easy to transcribe because they are well defined by the standards development
organization. This can be illustrated for static electricity management with the NFPA 77 standard, which is
used in Canada when no specific American or Canadian standard exists. Nevertheless, for certain specific
standards, applicability checks are necessary for international standards on hydrogen detectors, fire alarm
systems, and mechanical components of compressors. Finally, there are no standards specific to rail
applications for decompression devices and hydrogen compressors.

With regard to equipment specific to hydrogen trains and their refuelling systems, it is reported that standards
exist, but that they are not specific to railway applications. In fact, with the exception of fuel cells and hydrogen
storage systems in stations, whose design is not necessarily linked to their use, the standards for fuel cell
ancillary systems are new for rail applications. IEC (International Electrotechnical Commission) standards are
also being developed for locomotive storage, traction systems, and lithium-ion batteries.

All these changes could subsequently be incorporated into the Association of American Railroads' Manual of
Standards and Recommended Practices, which addresses locomotive design. These standards are widely
applied to locomotives operating in North America and are currently more suited to the design of electric
(catenary), diesel-electric, diesel, and steam locomotives.

1.3. Policy overview to encourage the deployment of hydrogen trains

The adoption of hydrogen for rail applications is a recent development. As noted in the previous sections,
railway legislation and, to a lesser extent, the codes and standards applied to the railway sector are not yet up
to date. Indeed:

e No existing legislation explicitly addresses the operation of hydrogen trains;

e Standards exist for most hydrogen-related components, but are not defined for the railway context.
Adaptations specific to the rail ecosystem may be necessary;

e Extreme cold and heat are not taken into account in current standards.

Nevertheless, as hydrogen trains are still trains, the only new developments to be introduced at the legislative
and code level concern the use of hydrogen in railways.

To address the regulatory gap for hydrogen, policies and plans to support its development have been
introduced. These texts, which are primarily intended to guide investment and economic development, have
no legal value. However, it is expected that recommendations will emerge from these initiatives to legislate
and create or adapt standards in this field.

For example, regulations in Canada (Clean Fuel Regulations - SOR/2022-140) [89] and the United States
(Renewable Fuel Standard - 40 CFR parts 80 and 1090) [90,91] have already been introduced to support
hydrogen production for the decarbonization of mobility applications. The Canadian regulation includes
vehicles using fuel cells, including trains, as technologies that can generate compliance units for hydrogen
producers. In the US regulation, the rail sector is excluded from this regulation. European regulations have
also evolved to take into account the use of alternative fuels, including hydrogen, for mobility applications.
Thus, Regulation (EU) 2023/1804 [92] for the deployment of alternative fuels infrastructure aims to set targets
for Member States for the deployment of hydrogen distribution infrastructure. Furthermore, Article 13 of this
regulation requires action plans to be put in place for the use of hydrogen to power non-electrified trains.
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According to the IEA, 22 governments had adopted hydrogen development strategies by 2023 [93]. In these
strategies, rail is generally mentioned but is not the focus of the project. The Table 6 presents the main
strategies adopted in Canada, the United States, and Europe.

Table 6 : Hydrogen strategies in Canada, the United States, and the European Union (EU).

Geographic Comprehensive . I .
area hydrogen strategy Local hydrogen strategies mentioning rail
United U.S. National Clean Few local strategies specific to hydrogen, even fewer for

Hydrogen Strategy and

Roadmap [94] rail.

States

Specific strategies for member countries alongside the
EU REPowerEU Plan [95] European strategy (e.g., in France, the national strategy
for the development of carbon-free hydrogen (SNH)).
Specific strategies exist in parallel in Québec (Green
Hydrogen and Bioenergy Strategy [1] ), Ontario
Hydrogen strategy (Ontario's Low-Carbon Hydrogen Strategy [97] ), British
[96] Columbia (B.C. Hydrogen Strategy [98] ) and Alberta
(Alberta Hydrogen Roadmap [99] ). There are no specific
hydrogen plans in the other provinces and territories.

Canada

The adoption of these strategies enables the implementation of programs that fund research and
development, demonstration, and deployment of hydrogen-related technologies, including hydrogen-
powered rail applications.

2. Driving cycles (Europe vs. North America)

2.1.Driving cycles for fuel consumption and emissions

Driving cycles are defined as a standardized sequence of maneuvers performed during certification tests on a
type of vehicle, designed to consistently reproduce the driving conditions observed on relevant tracks and
roads. Closely linked to the certification of automobiles, these standardized test procedures are used to
measure fuel consumption, the range of electric vehicles, and greenhouse gas (GHG) and pollutant emissions.
The internationally used standard for automobiles is the Worldwide Harmonized Light Vehicles Test
Procedures (WLTP). This has been applied in Europe since 2019 and in China. In North America, the standards
used for driving cycles are imposed by the U.S. Environmental Protection Agency (EPA) and, generally, Canada
complies with them for the sake of consistency [100].

For example, fuel cell vehicles are subject to EPA certification, particularly for GHGs, in the United States [101]
and Canada, and are subject to Regulation (EU) 2023/851 [102] (on CO, emissions from passenger cars) in
Europe. The aim is to promote the adoption of this technology by taking into account low emissions in the
overall GHG balance of a company, region, or country. With this mechanism, the use of low-emission
technology can then lead to carbon credits.

In the railway sector, there are no driving cycles applied to trains as such. However, as shown in the first part
of this section, trains operating in Europe and North America are required to comply with air quality standards.
These standards are imposed in Canada by the Locomotive Emissions Regulations (SOR/2017-121) [68], in the
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United States by the Code of Federal Regulations, Title 40, Part 1033 [69], and in Europe by the Regulation on
pollutant gas emissions (Regulation (EU) No. 2016/1628) [85].

These regulations are geared toward emissions from internal combustion engines and impose atmospheric
emission limits on carbon monoxide (CO), total hydrocarbons (HC), nitrogen oxides (NOx), total particulate
matter (PM), and fine particulate matter (PN, European Union only).

In the case of a train powered by hydrogen via a fuel cell, such as the Coradia iLint, a potential adaptation,
similar to that for electric trains (catenary or battery), could be evaluated (see 4.3GHG emissions ). For a
locomotive equipped with an internal combustion engine using hydrogen, this type of fuel is not specified in
the regulations specific to trains. Since the combustion of hydrogen in air leads to the production of NO(y
[103], hydrogen-powered trains could be subject to these regulations on atmospheric emissions.

2.2.Rail vehicle certification

Operating locomotives requires compliance with international, regional, and national standards set by
governing railway authorities, as well as those imposed by the line operator.

These norms and standards include provisions concerning various aspects of locomotives, such as
interoperability, safety, reliability, and technical compatibility. It is important to note that these approval
standards cannot be uniform for all networks and may vary depending on the situation. European standards,
for example, take precedence over national standards, but they can be adapted by countries or network
operators.

In order to obtain approval for a locomotive, it is necessary to carry out simulations and dynamic tests on the
rolling stock, which may differ depending on the country or railway operator. These tests and simulations
cover aspects such as braking systems, on-board safety devices, maintenance, reliability, weight, etc. [104].
Their purpose is to ensure the safe operation of trains on the railway tracks.

Numerical simulations can be combined with real-world tests to validate the behavior of the various
components of the locomotive. These dynamic tests on rolling stock are standardized by the standards in force
in the countries listed below (non-exhaustive list):
e EN 14363+A2 [105] : Tests and simulations for the approval of the dynamic characteristics of railway
vehicles — Dynamic behavior and stationary tests (European standard adapted to the French standard);
e EN 15734-2:2013 [106] : Railway applications — Braking systems of high-speed trains — Part 2: Test
methods (European);
e NFEN 16185-2+A1 [107] : Railway applications — Braking systems of multiple unit trains — Part 2: Test
methods (European standard adapted to French standards);
e Standards compiled in the Manual of Standards and Recommended Practices [108] of the Association
of American Railroads for the United States, Mexico, and Canada.

It should be noted that hydrogen trains must meet the same dynamic performance requirements as electric
and diesel vehicles. However, differences in the approval process may also result from technical constraints
related to a country's infrastructure. The example of the approval of Alstom's hydrogen train, the CoradiaiiLint,
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in France is an illustration of this. According to an article in Usine Nouvelle, the model approved in Germany
may not be approved in France due to factors such as signaling incompatibilities®.

2.3.Winter and summer conditions

In North America ambient temperatures can fluctuate by more than 60°C between summer and winter
seasons. For example, in Québec City, the extreme temperatures recorded in the last decade are -36.7°C and
38.6°C. This wide temperature range places considerable constraints on the operating conditions of various
systems. Winter conditions can have a significant impact on transportation in Québec, which faces
snowstorms, freezing rain, and extremely cold temperatures. Equipment may therefore require specific
heating systems for lithium batteries and fuel cell systems, both for storage and operation, in order to operate
these systems within the recommended temperature ranges. Fuel cells are subject to ambient temperature
limits for storage and operation. For example, the Ballard FCmove™-HD fuel cell power module [7] has a
minimum start-up temperature of -25°C, a short-term storage temperature range of -40°C to +80°C, and an
operating temperature range of -30°C to +40°C. The start-up temperature could be an issue (if not controlled),
as the fuel cell system may require pre-purge of the fuel cell stack area to remove hydrogen residues before
certain components are powered up, and ambient air may be drawn into the system for this purpose. The
introduction of very cold air in sub-zero conditions can produce ice during start-up.

The main risks in the event of water freezing inside the fuel cell are the obstruction (partial or complete) of
the fluid distribution and extraction channels (mainly at the cathode), which then leads to a slowdown in
chemical reactions and a loss of power that can lead to the fuel cell shutting down. Repeated freezing and
thawing cycles can accelerate damage to the fuel cell, particularly due to the expansion caused by ice in the
channels. Cold starting of the fuel cell also requires special attention. Various starting strategies have been
studied for light vehicles [110,111], and performance has been monitored on a fleet of light vehicles in the
United States and Québec, Canada, which showed a decrease in efficiency in winter. It should be noted that
this decrease is also observed in thermal and electric vehicles.

Very hot summer temperatures can also be a challenge for fuel cell cooling. A proton exchange membrane
fuel cell (PEMFC) operating at 80°C will require more energy to maintain its temperature through forced
convection as the outside air gets hotter. As the redox reaction in the fuel cell is exothermic (it produces heat),
the operating temperature must be regulated to prevent material degradation. The choice of cooling system
and suitable heat transfer fluid will therefore be influenced by external operating conditions.

2.4.0Offshore

Fuel cells operated offshore face a different environment than those on land. Weather conditions can be more
unpredictable, and the presence of salt in the water and air can lead to greater corrosion [112]. Although there
are many projects underway, more long-term testing in the marine environment is needed to obtain results
on the durability of fuel cells at sea [113].

15 For trains with a cross-border profile (high-speed trains or long-distance locomotives), the European Interoperability Directive
(2008/57/EC) aims to establish a single, interconnected European railway area [79,109]. This directive does not apply to the Coradia
iLint, which is a non-cross-border regional train.
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3. Conclusion of Section 2

The regulatory aspects associated with the various activities surrounding the refuelling, operation, and
maintenance of hydrogen trains in Québec and Canada raise questions. Work to establish federal regulations
is underway by Transport Canada to allow, as in Europe, the circulation of hydrogen trains throughout the
country. Hydrogen trains will then be able to gradually replace those running on diesel.

Thanks to close collaboration between Québec's Ministry of Transport and Sustainable Mobility, Alstom, and
Réseau Charlevoix, the hydrogen train has been approved for use on the Charlevoix railway in the summer of
2023. Since the beginning of the project, the Ministry of Transport and Sustainable Mobility has supported the
various stakeholders, particularly Alstom, to ensure compliance with the safety requirements for all railway
products. Working together, additions and modifications have been made to the Coradia iLint prototype to
ensure its compliance with current regulations.

Regarding the requirements for the installation of hydrogen production, distribution, and storage equipment,
the Bureau de normalisation du Québec (BNQ) has published standard CAN/BNQ 1784-000/2022, which is a
revision of the Canadian Hydrogen Installation Code. The latest revision of the standard aims to harmonize
certain requirements with the American NFPA2 code, "Hydrogen Technologies Code," in order to ensure
continuity in practices between Canada and the United States for the safe use of hydrogen.

Finally, regulations and standards are adapting quickly, and it is expected that most revisions will be completed
by the time the next hydrogen trains, whether passenger or freight trains, are put into service.
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1. Introduction

For decades, before hydrogen’s emergence as a viable energy carrier, industries used hydrogen in large
guantities as a chemical product and developed significant expertise in the production, storage, transport, and
safe use of hydrogen. Space agencies were undoubtedly the first to take an interest in hydrogen as an energy
carrier, recognizing its high potential in terms of energy density. In fact, with the exception of nuclear fuels,
hydrogen is the molecule that can store the greatest amount of energy per unit of mass [114]. Space agencies
have therefore used hydrogen to power shuttles, rockets, and other vehicles for space exploration.

As with any fuel, proper handling is critical to ensure operational safety. Like gasoline and natural gas,
hydrogen is flammable and can behave dangerously under certain conditions. In this regard, several properties
make hydrogen attractive compared to other fuels when it comes to safety. However, in order to successfully
deploy hydrogen technologies, awareness of safety issues and best practices is essential.

Achieving this requires rigorous safety protocols, employee training, and preventive equipment to mitigate
hydrogen-related risks and ensure the protection of people and property. The stakeholders involved must
conduct an individual risk assessment?®, This allows facility and operations managers to plan for safety and
establish best practices for the safe use of hydrogen. There is no standard risk profile, and risks manifest
themselves differently depending on the infrastructure. Therefore, a risk assessment consists first of acquiring
a fundamental understanding of what hydrogen use entails, identifying specific safety issues, defining safety
indicators, quantifying the risk, and reducing it to an acceptable level [115].

This section will present the properties of hydrogen, the associated risks, and best practices. It should be noted
that these properties are inherent to the use of hydrogen in any ecosystem, including the Coradia iLint
demonstration project on the Charlevoix railway. Issues related to regulations, codes, and standards
surrounding hydrogen are addressed and referenced at Section 2: Regulations.

2. The properties and risks associated with the use of hydrogen

2.1.Hydrogen gas

Whether hydrogen is used in stationary or mobile applications, the most critical safety issues under normal
operating conditions relate to leak prevention and detection. Safety considerations therefore vary depending
on the potential effects of a leak and the risks posed to health and safety during operations. The properties of
hydrogen, such as its wide flammability range across a broad concentration range, low minimum ignition
energy, high buoyancy (very low density compared to air under ambient conditions), and propensity for
leakage and permeability, present challenges for its safe use. Hydrogen is an odorless gas and burns with an
almost invisible flame. These unique properties of hydrogen require safety guidelines that are different from
those for conventional gases.

The primary concern with hydrogen utilization is uncontrolled leakage. An accidental leak will generally result
from the failure of a component (e.g., a valve, flange, fitting, pipe, seal, etc.). The resulting jet, which has the

16 The concept of "risk," as commonly defined in a safety analysis of an industrial facility, is a combination of two factors: the
probability of a dangerous event occurring and the severity of that event.
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potential to ignite, could cause harm to personnel, equipment, and property. It is therefore crucial to
understand the dissipation of hydrogen during leaks and the consequences of accidental ignition.

In the event of an outdoor leak, hydrogen rises rapidly due to its high buoyancy and diffuses quickly, allowing
for very rapid dispersion that limits the risk of a flammable cloud forming [116]. The only exception is cryogenic
hydrogen leaks, where the initially formed cloud of very cold vapor can be denser than the surrounding air,
causing it to settle on the ground before warming up, becoming lighter than air, and eventually rising. In the
event of a hydrogen leak in an enclosed environment, such as a garage or warehouse, a gas cloud may
accumulate inside the enclosure, leading to the formation of flammable or explosive air-hydrogen
mixtures [113].

Hydrogen has inherent risks, like any other flammable gas or liquid. These risks are directly related to its
physical and chemical properties, which are summarized in the Table 7. Below, the behavior of gas jets and
the important safety-related properties of hydrogen are detailed.

Buoyancy

The density of hydrogen is considerably lower than that of air. In the event of a leak, it spreads rapidly upwards
at a speed of approximately 20 meters per second, which is twice as fast as helium and six times faster than
natural gas. As a result, it dilutes quickly to reach a non-flammable concentration in a short period of time.
Unlike heavier hydrocarbons, this property gives it the ability to escape quickly into an open atmosphere and
mix with ambient air at concentrations below the flammability threshold.

While buoyancy greatly reduces the undesirable consequences of hydrogen releases into the outside
atmosphere, in the event of accidental release in a confined space, hydrogen can disperse rapidly upward,
potentially forming a flammable mixture and leading to a deflagration [118-121].

Table 7 : Physicochemical properties of hydrogen [118,122,123].

Physicochemical property Value
Chemical formula H,
CAS No 2FY 1333-74-0
Physical state Colorless and.odor.less, compressed or
liguefied gas

Fire Extremely flammable
Explosion Explosive air-gas mixture
Molecular weight 2.016 g/mol
(Sé;)l\clziﬁrr:;mc mixture in air 99.53% vol
Relative density in air® 0.07
Gas density 0.08342 kg/Nm3 (20 °C/1 atm)
Solubility in water 0.019 (vol/vol at 15.6 °C)
Minimum ignition energy 0.017 m i.n air

and 0.0012 mJ in oxygen

17 This is a numerical designation assigned to chemical substances by the American Chemical Society (CAS).
18 The density (or relative density) of a body is the ratio of its mass per unit volume to the mass per unit volume of another body
taken as a reference (air = 1).
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Flammability range in air 4 to75% (ir.1 air at TN )
and 4 to 94% (in oxygen at TPN)

Auto-ignition temperature 585 °C/858 K

Fundamental combustion velocity in air at . 2.65t03.25m/s

Flame temperature in air 2045 °C

Theoretical explosion energy 2.02 kg TNT/m? gas

Diffusion coefficient in air 0.61cm? /s

The effect of hydrogen buoyancy is less significant for gas leaks with high momentum, i.e., when the leak
velocity is high. In this case, the direction of the escaping gas jet is critical, as a flammable cloud forms
downstream of the leak opening, in the direction of the jet. It is important to note here that the extent of the
flammable cloud for these high momentum gas leaks is influenced by the presence of winds and immediate
obstacles around the leak, whether these are contact surfaces or structures that induce turbulence, i.e.,
obstructions [117].

Flammability limits

An air-fuel mixture will only burn if the fuel concentration is between the lower flammability limit (LFL) and
upper flammability limit (UFL). The terms "explosive limits" are also used incorrectly in the literature to
describe flammability limits. These flammability limits in air depend on temperature and pressure. The values
given here are based on standard test conditions at ambient conditions of 25°C and 1 atm.

= Lower flammability limit (LFL)
The percentage by volume of fuel in the air below which combustion is not possible because the mixture is
too lean. The units correspond to the percentage by volume of fuel in the air.

=  Upper flammability limit (UFL)
The volume percentage of fuel in the air above which combustion is not possible because the mixture is too
rich.

Compared to other fuels, hydrogen has a wider flammability range. The Table 8 compares, under standard
conditions, the LEL and UEL of hydrogen with those of methane, gasoline, and propane, which have much
narrower flammability ranges.

Table 8 : Flammability limits (hydrogen, gasoline, propane, and methane) [118].

LEL LEL
Gasoline 1.0 7.6
Methane 5.3 15.0
Hydrogen 4.0 75.0
Propane 2.2 9.6

Flammability limits exhibit a non-linear relationship with pressure. Between 1 and 150 bar, the UFL increases
with pressure from 4.0% to 5.6%. The LEL varies between 71.0% and 76.6% [124].

19 Normal temperature and pressure conditions.
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Turbulent gas jets and plumes

Turbulent jets in a calm environment are generally classified according to the relative importance of the initial
momentum flux compared to the initial specific buoyancy flux. The jet is a regular plume when the momentum
flux is low compared to buoyancy, while it is a pure jet when the initial buoyancy flux is negligible compared
to momentum. It is a floating jet when buoyancy and momentum are of comparable magnitude. As a steady
plume, hydrogen is much lighter than air and dissipates and rises rapidly as explained above. When released,
hydrogen rises rapidly and dilutes to a non-flammable concentration [125].

However, when the jet has a large initial momentum, the hydrogen cloud will spread in the direction of the
leak. Figure 15 gives an example of the three possible types of jets. The top jet represents a plume and is
essentially controlled by buoyancy. The bottom jet represents a pure jet controlled solely by momentum. One
of the peculiarities of a pure jet is that the upward trajectory of the jet occurs beyond the dilution point of the
hydrogen cloud below its LIl. Finally, the middle jet represents the intermediate case where the leak is initially
controlled by momentum, then buoyancy eventually takes over to inflict an upward trajectory on the cloud.

Buoyancy-controlled jet

Buoyant part

- Momentum part

- Momentum-controlled jet

Figure 15 : Example of hydrogen jet behavior as a function of momentum [124].

Sonic and subsonic jets

Gas leaks through an orifice occurs due to a positive pressure difference differential between a container and
its surroundings. Depending on the storage pressure, gas flow or leakage through an outlet hole at
atmospheric pressure can be either critical (or sonic; choked flow) or subsonic for hydrogen. Sonic emissions
occur when the storage pressure is 1.9 times higher than atmospheric pressure, so most hydrogen leaks are
sonic. The flow rate of a critical or sonic flow depends only on the storage pressure, while the flow rate of a
subsonic flow will depend on the difference between the storage pressure and atmospheric pressure. A
flow/leak from a compressed gas storage system into the ambient environment will therefore be sonic as long
as the storage pressure remains above 1.865 atm. For subsonic flows, the exit velocity is less than the speed
of sound, while for sonic flows, the exit velocity becomes locally sonic (Mach 1). It should be noted that the
ultrasound generated by the sonic gas jet has led to the emergence of a new gas leak detection technology
called ultrasonic gas leak detection?.

20 This technology does not use gas concentration as a relevant measure, but rather uses the ultrasonic noise produced by the
escaping gas to detect the leak and generate an alarm. The sensors react to the noise generated by the escaping gas at ultrasonic
frequencies. The rate of gas leakage depends mainly on the size of the leak and the pressure of the gas. In most installations, the
majority of process noises are in the audible range, while normal operation generates only limited ultrasonic noise. High-pressure
gas emissions produce ultrasonic waves (25-100 kHz) that ultrasonic sensors can detect despite the presence of audible noise [126].
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The energy required to ignite hydrogen combustion is significantly lower than that required for other common
fuels such as natural gas or gasoline. The ignition energy varies depending on the composition and reaches a
minimum value when the mixture approaches stoichiometry? (i.e., for a hydrogen-air mixture at 29.59% by
volume). Within the flammability range of hydrogen-air mixtures, the minimum ignition energy varies by
almost three orders of magnitude and can drop to 0.017 mJ, which is much lower than that of hydrocarbon-
air mixtures (0.27 mJ for natural gas). The auto-ignition temperature of hydrogen, i.e., the minimum
temperature of a hot surface that can ignite a flammable mixture, is 585°C.

Typical sources of hydrogen ignition [16,127]

=  Static electricity

Due to hydrogen's exceptionally low minimum ignition energy (0.017 mlJ), flammable mixtures are highly
susceptible to electrostatic ignition by an electrostatic discharge. It is therefore critical that all components of
a hydrogen system be grounded, and the use of antistatic equipment to reduce the risk of electrostatic
discharge is recommended for workers.

= Hot surfaces

Ignition by a hot surface occurs as a result of local heating of the hydrogen-oxidizer mixture until a sufficiently
large volume reaches the auto-ignition temperature and the combustion reaction is triggered. This requires
the surface to be at a temperature above the auto-ignition temperature, which is 585°C for hydrogen.

= Open flame
Flammable hydrogen-air mixtures within the flammability limits will inevitably ignite on contact with open
flames.

= Electric sparks

Hydrogen-air mixtures are known to be sensitive to ignition by electrical sparks. Electrical sparks are defined
as discontinuous electrical discharges across a gap in a complete electrical circuit between at least two
electrodes. This includes sparking from electrical switches, electric motors, generators, or other electrical
equipment.

= Other ignition sources

Friction and mechanical sparks (occurring in cases of excessive friction between metals or extremely hard
substances), mechanical impact, electrostatic discharge by corona effect, ignition by hydrogen diffusion
(adiabatic compression) [124,128,129].

Hydrogen detonation
Hydrogen combustion can occur through two distinct processes: deflagration and detonation.

= Hydrogen deflagration
Hydrogen deflagration represents "normal" combustion. Deflagration can occur in a hydrogen-air mixture
when the mixture ratio is between the lower flammability limit and upper flammability limit of 4% and 75%,

21 |n a stoichiometric composition (here: hydrogen and oxygen present in the air), hydrogen, which is the reactant, is used optimally,
allowing a complete reaction without residues. The hydrogen-air mixture is stoichiometric when it contains twice as much hydrogen
as oxygen by volume.
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respectively. The deflagration of a hydrogen cloud is characterized by a combustion propagation speed of up
to 100 m/s [130].

= Hydrogen detonation

Hydrogen detonation constitutes the worst-case combustion scenario. Detonation of a hydrogen-air mixture
requires that the mixture ratio be between the lower and upper detonation limits of 11% and 59%. This range
is narrower than that allowing hydrogen combustion by deflagration. When a hydrogen-air mixture detonates,
combustion is accompanied by a supersonic shock wave. The propagation speed of combustion, as well as the
propagation speed of the shock wave, is 1,500 to 3,000 m/s during detonation [130].

Specific conditions are normally required to trigger a hydrogen detonation, such as special confinement or
violent ignition from explosives. Thus, hydrogen detonation in open air is unlikely due to its tendency to
disperse rapidly upward (high buoyancy). This contrasts with heavier fuels, such as propane or gasoline vapors,
which tend to remain close to the ground, creating a greater risk of detonation [118,131-133].

It should be noted that a deflagration or detonation cannot occur in a tank or confined space containing only
hydrogen. For such an event to occur, the presence of an oxidizer, such as oxygen, is required at a
concentration of at least 5% [124].

Other properties of hydrogen [16,127,134]

= A greater propensity to leak.

Hydrogen molecules are very small, with a low molecular weight and low viscosity. As a result, hydrogen can
escape at a higher molecular flow rate and easily permeate materials compared to other fuels.

= Hydrogen is odorless, colorless, tasteless, and non-toxic.

It is therefore undetectable by human senses. Industries that produce and use hydrogen have sensors to
detect hydrogen leaks. The addition of odorant gas (such as mercaptan) is generally not possible with
hydrogen given the purity required.

= Risk of asphyxiation.

Hydrogen is a simple asphyxiant, just like helium and argon. In the event of a significant leak in a confined
space, hydrogen can lead to a reduction in the oxygen level in the air by displacement. A decrease in the
oxygen content of the air below 19% is considered dangerous. As hydrogen rises quickly, the risk of
asphyxiation is particularly high for workers at height in confined spaces in the event of a hydrogen leak.

= Absence of flame color.

Hydrogen-oxygen and hydrogen-pure air flames are colorless. (Any visible flame is due to impurities.) This
limits the visual detection of hydrogen flames and thus increases the risk of burns under these conditions.
Specialized cameras that can detect hydrogen flames are often used in high-risk facilities. Hydrogen refuelling
stations are usually equipped with this type of camera, which triggers an emergency shutdown of the station
if a hydrogen flame is detected.

Finally, the Table 9 compares several properties of different fuels with hydrogen.
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Table 9 : Comparison of the properties of several fuels [123,135].

Properties Gasoline Methane | Propane | Hydrogen
Density (kg/m3) 677—798 0.65 1.880 0.084
Diffusion coefficient in air (cm?/s) 0.050 0.160 0.098 0.610
(Slzt;(cll(g.cKr)\)eat capacity, constant pressure 1.20 292 168 14.89
Flammability limits in air (vol%) 1.0—7.6 5.3—15.0 | 2.2—9.6 | 4.0—75.0
Detonation limits in air (vol%) 1.1-3.3 6.3—14.0 --- 13.0—59.0
Flammable energy in air (m)) 0.24 0.29 0.25 0.017
Auto-ignition temperature (°C) 227-470 539 470 585
Flame temperature in air (°C) 2197 1875 1480 2045

2.2.Liquid hydrogen

Liquid hydrogen carries all the hazards of gaseous hydrogen, compounded by rapid evaporation rates.
However, there are additional risks due to the properties of liquid hydrogen itself [136].

Low boiling point
Liquid hydrogen has a normal boiling point of -252.9°C at atmospheric pressure. Any contact of liquid hydrogen
with the skin or eyes can cause severe "burns" due to frostbite.

Therefore, cryogenic storage tanks must be maintained under positive hydrogen pressure to prevent air
infiltration. With the exception of helium, any gas that comes into contact with liquid hydrogen will condense
or solidify. This is true, among other things, for oxygen in the air, which can then accumulate in the liquid
hydrogen to form an explosive mixture that is sensitive to shock. Consequently, liquid hydrogen tanks must
be periodically heated and purged to maintain the oxygen level below 2% (ISO/TR 15916:2004 standard) [124].

Ice formation

Cryogenic vents and valves are susceptible to ice plug formation caused by atmospheric moisture. This can
cause excessive pressure, leading to the rupture of the container and the release of a potentially dangerous
amount of hydrogen.

Trapped liquid

When hydrogen changes from a liquid to a gas at normal temperature and pressure, the expansion coefficient
is 847, which means that one liter of liquid hydrogen will yield 847 liters of hydrogen gas under standard
conditions (NTP). If liquid hydrogen is confined, for example in a pipe between two valves, it will eventually
warm up to ambient temperature, causing a significant increase in pressure. This pressure increase can reach
1,770 bar for a volume of trapped liquid hydrogen going from -253°C to room temperature. The presence of
pressure relief valves is therefore critical when there is a risk of trapping liquid hydrogen in a system.

Continuous evaporation

The continuous evaporation of liquid hydrogen (LH,) in a tank produces hydrogen gas, which must be vented
to a safe location or temporarily confined in a safe manner to prevent a significant increase in tank pressure.
This continuous evaporation of liquid hydrogen is due to the imperfect thermal insulation of cryogenic liquid
hydrogen tanks.
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Cold gas leak

At temperatures above -250°C, hydrogen gas is lighter than air at standard temperature and pressure and
tends to rise. At temperatures reached immediately after the liquid evaporates, the vapor is heavier than air
and will remain close to the ground until the gas temperature rises.

3. Maintenance and repair

In this section, "equipment" refers to the integrated system of piping, instrumentation and control mechanism
of the hydrogen system. Inspection and maintenance of this equipment may consist of repairs to existing
equipment or its replacement. Any changes made to the original installation during maintenance activities
must follow a formal change management process.

Proper and timely inspection and maintenance are essential to ensure the safe operation of the system.
Reactive maintenance is strongly discouraged for equipment that operates with hydrogen. A systematic
approach should be taken to assess the condition of equipment within the facility in order to develop a cost-
effective maintenance strategy aimed at maintaining safe and reliable operation. It is imperative to document
and manage a maintenance plan. A well-planned maintenance program, often referred to as "preventive,"
"routine," or "scheduled," must be implemented to prevent hazardous situations before they occur [137-139].

As part of the hydrogen train operation in Charlevoix, presented in Section 4, maintenance and repair plans
have been put in place by the ecosystem stakeholders.

4. Mitigation, sensors, prevention, and risk reduction

After identifying hazards and assessing risks, a comprehensive plan to mitigate or eliminate high-risk hazards
must be implemented. It is crucial that hydrogen-based systems be planned, designed, built, and operated in
a manner that minimizes risks to a level deemed acceptable. For hazards considered to pose a risk above this
acceptable level, control measures are implemented, including: reducing or eliminating the probability of
occurrence and/or reducing or eliminating the severity of consequences [140-144].

Several approaches can be considered to prevent or reduce risks. Among the measures to be considered are
the following [137]:

- Reducing the probability of a leak to an acceptable level,

- Ensure adequate ventilation to prevent hydrogen accumulation in the event of a leak;

- Install automatic emergency shut-off devices to isolate hydrogen sources as soon as a leak is detected;

- Eliminate all sources of ignition near the hydrogen system;

- Position enclosures away from other structures and areas where people are likely to be present. The
distances to be observed are specified in the codes and standards in force for the installation of
hydrogen systems.

Various examples of risk analysis can be found in the literature:
- The French Environment and Energy Management Agency (ADEME) provides a risk analysis in its
information guide on risks and safety measures related to decentralized hydrogen production [118];
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- Gentilhomme et al. (2020), from INERIS, provide a safety analysis carried out on a hydrogen gas station
[145];

- Gyeetal (2019) present a quantitative risk assessment of a high-pressure hydrogen refuelling station
located in an urban area [143] ;

- Moradi et al. (2019) conduct a literature review on the current state of knowledge regarding risk
analysis and the reliability of hydrogen technologies (mainly hydrogen storage and distribution) [146].

In the Charlevoix ecosystem, hydrogen is stored and distributed in gaseous form. Risk analysis and mitigation
measures for each system are carried out by the various stakeholders:

- For hydrogen production, by Harnois Energies;
- For the hydrogen train, by Alstom;
- For the tanks and refuelling module, by HTEC.

Operators who can use the refuelling interface are identified by the system manufacturer, HTEC, and are
trained in its use by them (more information in Section 5: Employee training). In addition, the EPI4F?? required
to perform refuelling are listed in the GTM (Gas Transfer Module) user manual referenced H079-MAN-002 and
are also recommended during the training given at the IRHF?,

During the first filling, the lines at the station and on the trailer were purged with nitrogen to prevent
hydrogen-air mixing. The lines and trailer were then purged several times with hydrogen up to 3000 PSI in
order to comply with the SAE J2719 standard (see Appendix A3: Required hydrogen purity), which stipulates
less than 300 ppm of nitrogen. During operations, nitrogen is used to activate the pneumatic valves.

Specific measures have been put in place for refuelling the hydrogen train:

- Secure area closed to the public;

- Outdoor operation, no roof or other potential retention area in the event of a hydrogen leak;

- Only authorized personnel may work on the systems;

- Personal protective equipment (PPE) recommended for operators present;

- No electronic devices within a defined perimeter of 5 meters;

- Fire extinguisher available at the refuelling module;

- Manual emergency stop on the refuelling module that isolates the hydrogen tanks in the event of
problems.

Hydrogen refuelling of the Coradia iLint storage system must be carried out from the center of the vehicle,
located at the gangway. This operation can be performed on both sides of the vehicle. The refuelling process
involves the use of special couplings equipped with non-return valves. The tank connections are equipped
with protective valves (Figure 16 for more details), which must be opened during filling. These protective
valves are subject to electrical monitoring. A protective valve that remains open will cause the traction to stop,
preventing the vehicle or multiple unit train from starting [147].

22 personal protective equipment.
23 Hydrogen Research Institute.
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Figure 16 : Tank connections with closed (a) and open (b) protective valve [147].

During train operation with passengers, several hydrogen-specific measures were identified that differ from
standard diesel operations.

- no hydrogen sensors are required in the passenger cabin as on-board storage is located on the roof to
prevent internal leakage?*);

- checks are carried out to validate the proper functioning of the safety features related to the hydrogen
system in accordance with the manufacturer's recommendations during the pre-operation inspection
procedure;

- the hydrogen supply and fuel cell system are shut off (selectively per car if a fire is detected in the
affected system).

Only trained and authorized personnel are authorized to drive the Coradia iLint train. In addition to the general
safety instructions, they must take into account all the specific recommendations for this vehicle listed in the
Coradia iLint user manual [147].

It is essential to strictly comply with accident prevention measures. The external power supply must only be
installed when the vehicle is switched off. It is essential to know the location and use of fire extinguishers in
case of emergency. Leaning out of the driver's cab is strictly prohibited, unless necessary to observe the train,
track, and signals. Before taking any action, the driver must ensure that there are no objects nearby that could
cause a hazard. If the vehicle is stopped to carry out checks or work on the carrying bogies, motor bogies, or
under the vehicle body, it must be immobilized to prevent any unexpected movement. While personnel are
working on or under the vehicle, devices such as brakes, magnetic brakes, and other similar equipment must
not be activated and must be turned off or locked. When the vehicle is running on lines equipped with
overhead power lines, all operations on the vehicle must be carried out at a sufficient distance from the live
parts of the overhead line. Access to the roof under a live catenary is strictly prohibited. Before any work is
carried out on the electrical parts of the vehicle or coupled vehicles, as well as any work in the vicinity, it is
imperative to isolate these parts on all sides and protect them against any risk of unintentional re-energization.
With regard to gas fuel tanks, it is crucial not to fill them beyond the prescribed limits. In addition, tanks and
partitioning devices must be leak-proof to avoid any risk of leakage. When a vehicle is cold-started, it is
necessary to allow for an additional waiting period after the power supply is switched on, as the fuel cell and
traction battery must be preheated to operating temperature. Interrupting the vehicle's power supply causes

24 The management of the risk of leaks in tunnels therefore remains to be mitigated [148].
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it to shut down. The duration of this shutdown depends on the state of charge of the traction batteries, as
they only recharge when their energy level reaches a fixed threshold [147].

5. Emergency Response Assistance Plan (ERAP)

5.1.Road transport

From production to storage, and from distribution to application, accidents can occur even if safe practices
are followed in these hydrogen-related activities. Uncontrolled external events, such as vehicular collisions
with hydrogen transport trailers, must be evaluated. Thus, the road emergency response assistance plan
consists of mobilizing personnel and equipment when an emergency situation arises during the transport of
hydrogen, for example.

Compressed hydrogen is classified with a PIU index of 3000 for the transport of dangerous goods [149]. In
Canada, the transport of certain dangerous goods that exceed the quantities specified in the Transportation
of Dangerous Goods Regulations is carried out by persons who have a PIU [150]. Transport Canada has
published guides on ERAPs, including a guide to determine when an emergency response assistance plan may
be required [151]. At the time of writing, a ERAP is required when a tank larger than 0.125 L is used to transport
hydrogen [152]. For more information, readers are invited to contact Transport Canada and consult the
Transportation of Dangerous Goods Regulations (SOR/2001-286, 1992 Act) on the transportation of dangerous
goods (see Section 5) [153].

5.2.Rail

The railway emergency response assistance plan may also be related to incidents that may occur during the
transport of hydrogen. In this case, it is essential to ensure that emergency responders have an overview of
the physical and chemical properties of hydrogen and therefore can effectively manage incidents involving it.

5.3. Integrated tools for risk assessment

Several methods, including approaches based on data collection and the use of tools, are being developed to
improve hydrogen safety. SANDIA's HYRAM software, for example, establishes a standard methodology for
performing quality assessments and autonomous consequence analyses, enabling the safety of hydrogen
refuelling and storage infrastructure to be evaluated. HyRAM includes a methodology and a software toolkit
that provides a platform for integrating advanced engineering models and hydrogen safety data [154]. Other
integrated tools are available for assessing hydrogen risks [155-157].

There are also accident databases such as:

- European Union's Hydrogen Incident and Accident Database (HIAD) [158] ;
- US DoE, Global Hydrogen Incident Reporting Database (HIRD) [159] ;

- ENergy-related Severe Accident Database (ENSAD) [160] ;

- Japan, High-Pressure Gas Safety Act Database [161].

Section 3 Page 65/156



Project: ilLint
Date: 2026-02-09
Version: 2.0

DE RECHERCHE

IRH'msmm Guide to the Integration, Management, and Operation of
SUR CHYDROGENE a Hydrogen Train in North America

TR

In addition, the h2tools.org portal provides a comprehensive resource for hydrogen safety guidelines and
incident data. The portal's goal is to support the implementation of practices and procedures that will ensure
safety when handling and using hydrogen in various fuel cell applications. The portal collects and enhances
the usefulness of a variety of online tools and content on the safety aspects of hydrogen and fuel cell
technologies to help inform those responsible for designing, approving, or using systems and facilities, as well
as those who respond to incidents.

Finally, we recommend reading the report entitled "Risk Assessment of Hydrogen and Battery Power in
Locomotives" by the National Research Council Canada (NRC) for Transport Canada [162-164] , and in
particular the three sections discussed below:

1. Lessons learned: the study focuses on accidents involving hydrogen and highlights various lessons

learned, for example, related to filling hydrogen tanks.
2. Annotated examples of hydrogen trains: the study focuses here on the five hydrogen train

experiments identified worldwide at the time of the report (2022): the mining vehicle from Vehicle
Projects LLC, the Green Goat from Vehicle Projects LLC, the Coradia iLint from Alstom, the Telligence
Group system, and the East Japan Railway Company.

3. Failure and severity rates: The study focuses on failure rates, modes, causes, consequences, and the

severity of incidents involving locomotives, trains, and switches.

It should be noted that this NRC report (phase 1) was written before the Coradia iLint arrived in Québec.
Finally, a study for Transport Canada on the assessment of risks associated with hydrogen and the analysis of
hazards for railway applications was carried out by Canadian nuclear laboratories and published in December
2024.

6. Conclusion of Section 3

Like any fuel, hydrogen has specific properties that must be understood in order to reduce risks and ensure
safe use in all applications. This section opens up various avenues for reflection, raising awareness of the
importance of conducting specific risk analyses when operating hydrogen systems within new ecosystems,
providing the necessary specific training (see Section 5), and following the reference codes and standards for
the use of the system to be implemented. In addition to understanding the specific issues related to the use
of hydrogen, examining the causes of hydrogen accidents also makes it possible to take appropriate measures
to mitigate risks. Potential hydrogen leaks must be avoided, particularly in confined spaces and in any
retention areas where hydrogen could accumulate. In addition, in the event of a leak, it must be possible to
limit the amount of hydrogen released.

In practice, it is preferable to use hydrogen in ventilated areas (ensuring that there are no areas without air
circulation), to use hydrogen detectors where there is a risk of hydrogen accumulation in the event of a leak,
and to install a safety device to cut off the hydrogen supply in the event of a leak. Checking the tightness of
pipes before commissioning a system and using a neutral gas (e.g., nitrogen) to purge the pipes before
shutdown and startup are also recommended practices to mitigate risks. Finally, on a rail network, it is mainly
passages through tunnels and stations that are affected.
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1. Topography

The Charlevoix Train is a tourist train that runs on the Charlevoix railway, connecting Québec City to La Malbaie
along the St. Lawrence River for 125 km. The train passes through seven coastal towns and villages and offers
various stops, from Baie-Saint-Paul to Saint-Irénée beach and La Malbaie (see Figure 17). The line began
operating in 2011 following an initiative by Le Massif, owner of the Le Massif de Charlevoix tourist resort. The
previous passenger train operating on the Charlevoix railway, the Tortillard du Saint-Laurent, ceased
operations in 1961. The service was suspended until 2015 before returning to operation. Since then, it has
been operated by Train de Charlevoix. The service is provided by only two trains, with a third available in case
of technical problems with one of the two trains.

fa ‘Malbaie
SAINT-IRENEE

LES EBOULEMENTS

Baie-Saint=Paul
AN

PETITE-RIVIERE-SAINT-FRANGOIS

SAINTE-ANNE-DE-BEAUPRE

Figure 17 : Train route proposed by Train de Charlevoix.

The hydrogen train operated over 87 km between the stations of Chute-Montmorency, near Québec City, and
Baie Saint Paul. The topography of the Charlevoix railway is presented in Appendix A4: Channel diagram.

2. Commercial operation of the hydrogen train

During the summer of 2023, the Coradia iLint was deployed in Québec as part of a public demonstration
project. Between June 17 and September 30, five days a week, the Coradia iLint transported passengers
between Montmorency Falls Park in Québec City and the town of Baie-Saint-Paul in the Charlevoix region.
Running along the St. Lawrence River for 87 km, this section of track managed by Réseau Charlevoix?, part of
the Le Massif Group, offers passengers the chance to discover the beauty of the landscapes of this area,
designated a biosphere reserve by UNESCO.

25 Chemin de fer Charlevoix is a private, local railway that has been owned by the Le Massif group since 2009, the environment in
which the experiment took place. Réseau Charlevoix is the public facilities management company whose flagship product is the Train
de Charlevoix.
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In 2021, Alstom launched the exploratory phase of its project in Québec, seeking to establish a framework for
experimentation and identify the necessary stakeholders. After discussions with Réseau Charlevoix and
Harnois Energies, several scenarios were studied to select the demonstration site and the green hydrogen
supplier/distributor. Subsequently, a prototype of the train, the BR654, was imported from Germany by
Alstom for the experimental project in Québec with $3 million in financial support from the Québec
government, with the total cost of the project amounting to S8 million. This BR654 prototype is one of the
first two Coradia iLint demonstration trains manufactured by Alstom. Modifications were made to comply with
provincial and federal regulations (see Section 2).

Alstom also organized training in Germany for Réseau Charlevoix drivers and managers to familiarize them
with the train's technology (see Section 5). Meetings were held with the two municipalities through which the
train passes. In collaboration with the Hydrogen Research Institute at the University of Québec at Trois-
Rivieres, training on green hydrogen safety was developed for operators. A hydrogen-specific emergency plan
was put in place to train Charlevoix emergency services. After reviewing the Coradia iLint safety file, Québec's
Ministry of Transport and Sustainable Mobility authorized the Charlevoix Railway to operate the train on its
private network.

Alstom has partnered with Harnois Energies for its hydrogen supply. In 2018, Harnois Energies set up the very
first hydrogen refuelling station open to the public in Québec. Produced locally by electrolysis of water using
renewable electricity from Hydro-Québec, Harnois Energies supplies hydrogen to power 75 Toyota Mirai cars
in 2023, which have been undergoing tries in the province since 2019. Harnois Energies delivered hydrogen
produced at its Québec City station to Baie-Saint-Paul to refuel the Coradia iLint at a rate of 50 kg of hydrogen
per day, every day the train operates.

Commercial operations of the hydrogen train Refuelling the train

3:00 p.m.: Departure of the
train with passengers,
Baie-Saint-Paul station

Transfer module
Refueling by
pressure
differential
between truck
tanks and train
tanks

ALSTOM TRAIN

fe Charlevoix:

[ ==

9 a.m.: Train departs with
passengers, Montmorency
Falls Station

Renewable hydrogen production Transporting hydrogen by truck

24/7 Distribution at gas
stations for individuals

Gas Tanks

200 kg H2
PEM.electronzer Refuelling the truck in
Price per kg Quebec City

lin Quebec City

.....................................................................

Figure 18 : Hydrogen train operations in the Charlevoix ecosystem.

The Baie-Saint-Paul site was chosen for the train's operation, maintenance, and refuelling (see Figure 19). This
site already hosts the Train de Charlevoix facilities for its diesel trains. The second station on the route between
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Québec City and Baie-Saint-Paul is located in the Chute-Montmorency Nature Park, which is administered by
the Société des établissements de plein air du Québec (Sépaq) and does not belong to the train company. This
imposed choice of site has therefore made it necessary to transport hydrogen by truck from the production
site to the train refuelling site. It should be noted that the fuel used in Train de Charlevoix's diesel trains is also
delivered by truck (50 km round trip from a gasoline station, twice a week), with refuelling taking place in Baie-
Saint-Paul.

Figure 19 : General photo of the site in Baie-Saint-Paul during the hydrogen train operation in the summer of 2023.

3. Hydrogen production and refuelling

3.1.Refuelling during summer 2023 operations

The Coradia iLint's tanks can store 4.3 MWh of energy, corresponding to 130 kg of hydrogen at a pressure of
350 bar. By comparison, this is the same amount of energy contained in 400 liters of diesel?. The Coradia iLint
must be refueled at a pressure of 350 bar. There are two possible methods:

- delivery of hydrogen at a pressure higher than the operating pressure of 350 bar;
- using an on-site compressor to reach the pressure required for refuelling.

When using an on-site compressor, the hydrogen can either be produced directly on site or transported at a
pressure lower than the final pressure required (see Section 1). To avoid the complexity of installing a
hydrogen compressor in Baie-Saint-Paul, the solution chosen by the various stakeholders was to transport the
hydrogen at high pressure and fill the Coradia iLint by pressure transfer.

26 This BR654 demonstration train does not have the same tank capacity as the Coradia iLint marketed by Alstom, which set a range
record of 1,175 km in September 2022 [165].
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To store and transport the hydrogen, Harnois Energies used HTEC PC-45 hydrogen storage units. These storage
units consist of five 315-liter tanks that can each hold 9 kg of hydrogen at a pressure of 450 bar. With four PC-
45 units per trailer, 180 kg of hydrogen can be transported at a pressure of 450 bar.

To interface between the delivery truck and the train, a transfer and control module also manufactured by
HTEC is used to perform refuelling (see Figure 20).

-

Réservoirs Module de
d’hydrogéne transfert
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Figure 20 : Harnois Energies truck and transfer module used to refuel the hydrogen train during the summer of 2023.

The transfer module is used in accordance with HTEC procedures for refuelling the train. The interface allows
the train's tanks to be connected to those transported by the truck to be connected by fluidic hoses
(mechanically secured). All equipment and the operator must be at the same electrical potential. The module
allows pressure changes to be monitored and has a safety system in case of problems (health and safety
aspects are detailed in Section 3). Refuelling is carried out by the train technician (Alstom) with the train
manager (Alstom), the truck driver (Harnois Energies), and the train driver (Train de Charlevoix). It should be
noted that these personnel have undergone specific training, which is detailed in Section 5.

The refuelling principle directly involves the pressure differential. The technician opens the truck's hydrogen
tanks two at a time. The truck has a total of twenty tanks. When the valves are opened, the hydrogen gas will
flow until the tanks reach equilibrium pressure, at which point the technician closes the valves. He can then
open the valves of two other tanks on the truck. This procedure is repeated until the desired pressure is
reached in the train's hydrogen tanks.

It should be noted that throughout the truck's operations, the tanks of the Harnois Energies truck always carry
a certain amount of hydrogen. Once each pair of tanks reaches equilibrium pressure with the train, the
remaining hydrogen is contained in the truck's tanks until refuelling is performed again at the Québec City
station.

When filling the train's tanks, the 400 V external power supply (see Section 4) is connected to a diesel
generator to power the auxiliary equipment, as the Baie-Saint-Paul facility does not allow for direct high-power
electrical recharging (see Figure 21).
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Fluid hose

Figure 21 : The hydrogen filling hose and the cable for the external power supply, connected to the train.

As part of this operation, which will last several months, this simple-to-implement solution was selected. In
the case of train operation over several years, other refuelling scenarios could be considered.

3.2.0ther potential refuelling scenarios

Although hydrogen technologies are mature, the limited number of industry participants presents logistical
and technical challenges within the ecosystem. In addition to the need for reliable hydrogen production,
hydrogen must be delivered at the right pressure, purity level, and in sufficient quantities. For example,
conventional delivery methods for hydrogen gas are carried out at pressures between 150 and 200 bar, while
refuelling hydrogen systems in mobile applications requires pressures ranging from 350 to 700 bar.

As part of the Coradia iLint operations in Charlevoix, hydrogen was delivered directly at high pressure. This
method allows for a minimalist installation in the refuelling area, compared to the more substantial installation
of a compression and storage unit [7,58]. It was this simplicity of on-site installations that was prioritized in
Alstom's Coradia iLint demonstration project. Four main hydrogen supply categories have been identified and
discussed in the following section.

This section compares several options currently available for creating a new hydrogen ecosystem for rail
transport: producing hydrogen on site or delivering it from a production site. There are also other possibilities,
particularly for transport, which have not been considered here to focus on solutions applicable to a rail
ecosystem, with production tailored to demand and as close as possible to the user (see Section 1). It is
therefore possible to create new production or use existing production and only organize transport. In both
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cases, a backup solution can be considered with a second production facility to minimize risks in the event of
a malfunction in the main production facility. Each new ecosystem must then be analyzed according to the
following criteria:

- the complexity of installation;
- initial investment;

- maintenance;

- energy efficiency;

- operating costs;

- carbon footprint.

3.2.1.0n-site gas production, compression, and storage

In this approach, hydrogen is produced directly on site by electrolysis of water. Once produced, the hydrogen
is compressed and stored according to the project's pressure and storage requirements.

For mobile applications, there are two pressure standards: 350 and 700 bar [166]. As these are filling
pressures, hydrogen installations are normally designed to operate at pressures higher than these filling
pressures, typically 400-450 bar and 900-1000 bar respectively. In 700 bar installations, it is common to see
compression and storage in two stages:

- first compression and storage at around 300 bar,
- followed by a second compression phase up to the final pressure of around 900 to 1000 bar.

This two-stage compression increases overall compression efficiency. Long steel tubes (type | tanks, see Figure
22) are generally used for medium and high-pressure storage. Storage capacity depends on the specific
requirements of the facility and typically ranges from a few dozen to several hundred kilograms of hydrogen.

Figure 22 : Stationary hydrogen storage using Type | tubes [167].

The notable advantages of this approach are that it avoids the need to transport hydrogen, thereby saving on
transportation costs. In addition, most hydrogen is currently transported using means of transport that
themselves emit greenhouse gases (trucks, trains, ships, etc.). The carbon emissions resulting from this
transportation will have an impact on the overall balance, which will generally be higher than that of hydrogen
produced and consumed on site.
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However, on-site production requires a large facility, which entails a significant initial investment. In addition,
production capacity is normally sized according to the project's estimated needs. The downside of this sizing
is that it makes it very complex to modify the site in the event of changes in needs.

The typical energy cost of operating an on-site hydrogen production facility (using water electrolysis) is
approximately 55 kWh/kg of hydrogen for production [168] , then approximately 3.3 kWh/kg of hydrogen for
compression to 900 bar [169].

The lack of redundancy is also an issue to consider. In a facility with an electrolyzer, compressor, and storage,
the failure or simple shutdown for maintenance of one of the critical components in the chain paralyses the
final hydrogen supply.

The hydrogen refuelling station operated by Harnois Energies in Québec City is a typical example of on-site
production, compression, and storage [5]. This station, which cost nearly $6 million to build, has a production
capacity of 200 kg of carbon-free hydrogen per day, equivalent to 40 full refills of a Toyota Mirai car (see
Figure 23).

Figure 23 : 1.2 MW electrolyzer manufactured by Hydrogenics (now Accelera by Cummins). Credit: Harnois Energies.

Table 10 : On-site gas production, compression, and storage.

Installation complexity Significant. Due to the need to install an electrolyzer and hydrogen
compressors as well as auxiliary systems (cooling and demineralized
water for the electrolyzer, for example). Note that for every 100 kg of
hydrogen produced per day, the electrolyzer will normally require a
power supply of around 250 kW.

Initial investment Significant. The electrolyzer and hydrogen compressors represent a
significant cost in an installation.

Maintenance Significant. The electrolyzer, hydrogen compressors, and auxiliary
systems require more maintenance than the piping and valves.

Energy efficiency High. By avoiding the transport of hydrogen, overall efficiency
depends mainly on the efficiency of the electrolyzer and compressors.

Operating costs Low. Without taking into account the initial investment, the cost per

kilogram of hydrogen produced depends only on the efficiency of the
electrolyzer and the additional cost of compression.

Carbon footprint Very low. The carbon footprint is minimal for this type of installation,
provided that the hydrogen is produced from a carbon-free energy
source.
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3.2.2.Low-pressure hydrogen delivery, compression, and on-site storage

A more modest solution involves receiving hydrogen in low-pressure trailers (between 150 and 200 bar, see
Figure 24), then using an on-site compressor with high-pressure storage. This approach eliminates the critical
issue of on-site production by electrolysis.

Figure 24 : Low-pressure tube trailer (386 kg of hydrogen at 180 bar) [170].

Reducing the number of critical components (such as the electrolyzer and compressor) normally increases the
resilience of the facility, thereby reducing downtime. In addition, since hydrogen can come from different
producers, this provides partial redundancy to the facility, at least in terms of supply.

However, transporting hydrogen at low pressure increases the carbon footprint. Furthermore, at present in
Québec and elsewhere in the world, there are few low-carbon hydrogen producers, and the risk of having to
resort to carbon-based hydrogen (grey hydrogen, for example) is very real.

Another limitation of this type of facility is the quantities of hydrogen required. Low-pressure transport allows
for the transport of relatively small amounts of hydrogen (typically 100 kg to 500 kg) [170]. This type of facility
is more consistent with smaller-scale projects rather than large-scale projects that require a high number of
hydrogen deliveries.

The Harnois Energies refuelling station in Québec City has this type of facility, which is a small mobile station
powered by a tube trailer supplied by Messer (see Figure 25). This second station provides redundancy in the
event of a breakdown or shutdown of the main station.

Figure 25 : Mobile hydrogen station manufactured by Powertech and supplied by Toyota for the project with Transition
énergétique Québec, the Government of Québec, and NRCAN. Credit: Harnois Energies.
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Table 11 : Low-pressure hydrogen delivery, compression, and on-site storage

Installation complexity Intermediate. Less complex than an installation with electrolyzers,
however, it still requires the installation of hydrogen compressors. A
hydrogen supplier is also required.

Initial investment Intermediate. As the electrolyzer is potentially the most expensive
component, the initial investment is reduced.

Maintenance Intermediate. Although hydrogen compressors require more
maintenance than piping and valves.

Energy efficiency Intermediate. Overall efficiency remains high and depends on the

efficiency of the supplier's facilities, it is nevertheless reduced by the
inefficient transport of low-pressure hydrogen.

Operating costs High. The significant cost associated with the inefficient transport of
low-pressure hydrogen is added to the cost of production and
compression.

Carbon footprint Moderate. Here, the carbon footprint is mainly due to the significant
contribution of low-pressure hydrogen transport. It is assumed that
hydrogen is produced from a carbon-free energy source.

3.3.Delivery of liquid hydrogen, compression, and on-site storage

To compensate for the low quantities of hydrogen that can be delivered at low pressure, it is also possible to
transport hydrogen in liquid form. Liquid hydrogen allows for the transport of considerably higher quantities
than hydrogen in gaseous form, typically around 4,000 kg of hydrogen, making it an economical solution for
long-distance transportation [171]. In such a facility, liquid hydrogen must be stored in a cryogenic tank before
being pumped into a vaporizer and then stored in high-pressure gaseous form.

The main disadvantage of this option is the significant energy cost required to liquefy hydrogen. In fact,
liquefaction alone requires 13 to 15 kWh per kilogram of hydrogen [171]. In comparison, hydrogen production
by water electrolysis requires approximately 55 kWh/kg of hydrogen [168] and 3.3 kWh/kg for compression
to 900 bar [169].

During the 2010 Vancouver Olympic Games, a demonstration project involving twenty hydrogen-powered
buses was implemented (seeFigure 26 ). During this project, the hydrogen required was transported in liquid
form from Bécancour to Whistler by Air Liquide [172]. The Whistler refuelling station, built at a cost of $6
million, had a refuelling capacity of 800 kg per day at a pressure of 350 bar. Reason for the shutdown?
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Figure 26 : Photo (left) and diagram (right) of the Air Liquide refuelling station used in Whistler from 2010 to 2014 [172].

Table 12 : Delivery of liquid hydrogen, compression, and on-site storage

Intermediate-high. Less complex than an installation with
electrolyzers, but requires the installation of a vaporization tower,
cryogenic pumps, high-pressure storage and possibly compressors. A
hydrogen supplier is also required.

Medium-high. The installation saves on the cost of the electrolyzer,
but the addition of storage and cryogenic pumps increases the initial
investment.

Intermediate. Although hydrogen compressors and cryogenic pumps
require more maintenance than piping and valves.

Low. The liquefaction of hydrogen is an energy-intensive step in the
process.

Intermediate. Liquefaction represents a significant additional cost,
but is nevertheless an economical option for long-distance transport
compared to low-pressure transport.

Low to moderate. The carbon footprint of hydrogen transport is
lower than in the case of low-pressure transport, but the carbon
footprint of liquefaction can be significant depending on the carbon
intensity of the electricity used.

Installation complexity

Initial investment

Maintenance

Energy efficiency

Operating costs

Carbon footprint

3.3.1.High-pressure hydrogen delivery without compression or on-site storage

High-pressure hydrogen delivery without compression requires the least amount of installation at the point of
use. When the operating pressure allows, hydrogen can be delivered directly at high pressure and simply
transferred by pressure cascade using a transfer module (see Figure 27).

This versatile option is ideal for short-term operations, pilot projects, or small-scale hydrogen requirements.
Due to the lack of on-site compression, it is not possible to empty the delivery truck's tanks, meaning that only
a fraction of the hydrogen transported can be used. However, when delivery distances are short and hydrogen
volumes allow, this option represents a minimal initial investment compared to a typical installation.

When the Coradia iLint was operated in Québec in the summer of 2023, this option was chosen mainly for its
speed and ease of implementation, considering the short operating time of the train. Harnois Energies and
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HTEC developed a solution to deliver hydrogen at 450 bar. Since the Coradia iLint operates at a filling pressure
of 350 bar, refuelling was carried out directly from the delivery truck to the train using a transfer module

whose function is to control the filling process.

Figure 27 : High-pressure tanks installed on a trailer. Hydrogen capacity of 180 kg at 450 bar. Credit: Harnois Energies.

Table 13 : Delivery of high-pressure hydrogen without compression or on-site storage

Complexity of installation

Low. Only an on-site transfer module is required. A hydrogen supplier
is also needed.

Initial investment

Minimal. Only the transfer module is required, as well as a means of
delivering high-pressure hydrogen.

Maintenance

Low. The transfer module consists simply of piping, valves, and
pressure regulators.

Energy efficiency

Intermediate. Hydrogen compression consumes much less energy
than liquefaction, but transportation

Operating costs

High. The cost of transporting hydrogen is significant, as only a
fraction of the hydrogen transported can be transferred due to the
absence of on-site compressors.

Carbon footprint

Moderate. The carbon footprint due to transportation is significant,
as only a fraction of the hydrogen transported can be transferred due
to the lack of on-site compressors.

Ultimately, each hydrogen facility is unique and must be designed according to the specific needs and

constraints of each project.

4. Hydrogen consumption and energy performance compared to diesel

4 .1.General characteristics of trains in service in Charlevoix

The Table 14 compares the two types of trains in service on the Charlevoix Railway in the summer of 2023. It
should be noted that this BR654 demonstration train does not have the same tank capacity as the Coradia

iLint marketed by Alstom, which achieved a record range of 1,175 km in September 2022 [71].
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Table 14 : Comparison of the hydrogen and diesel trains operated by Train de Charlevoix in 2023.

Train Alstom Coradia iLint Deutsche Bahn
BR654 (Prototype) [147] Class 628 [173]
Class Hydrogen train Diesel train
Year 2016 1981
Number of cars 2 2
Number of seats 148 140
Length (m); Width (m); Height (m) 54;2.75; 4.3 45.4;2.85; 4.3
Total weight on rails (T) 106 76.9
Maximum speed* (km/h) 140 km/h 120 km/h
. . 1x485 kW (650 hp)
Traction power (wheel-rail) 2x272 kW at 2100 rpm
Traction motor Electric 4-stroke,
MTU 12V 183TD 11
Fuel Hydrogen Diesel
Number x tank capacity 2x65 kg 1x960 L

*Note: Train speed is limited to 50 km/h on the Charlevoix railway.

4.1.1.Coradia iLint train BR654

Energy and power in the hydrogen train

The hydrogen equipment consists primarily of two components (hydrogen storage and fuel cells). The
hydrogen is stored at a nominal pressure of 350 bar and made available to the fuel cells during operation. The
hydrogen storage system is mounted on the roof of car A and car B for safety reasons (see Figure 28). The
hydrogen storage system is refueled via pipes with special connections and check valves for each car.
Refuelling can be performed from both sides of the vehicle.

Figure 28 : Overview of the hydrogen tanks (in red).

The fuel cells are mounted on the roofs of both car A and car B and are used to generate electrical energy (see
Figure 29). Each fuel cell system is comprised of eight individual fuel cell modules (see Figure 30).

FASISEY [Win]l SRSl [SEEET: M) EE=I0N

Figure 29 : Overview of fuel cell equipment (in red).
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Figure 30 : Hydrogen train fuel cells.

To operate, a fuel cell requires various pieces of equipment, as shown in the Appendix A5: Functional diagram
of the Coradia iLint fuel cell. In a fuel cell, the available hydrogen is converted into electricity during a chemical
process (an oxidation-reduction reaction involving oxygen in the air, which produces water vapor). The
electrical energy is transmitted to the DC/DC converter. In the DC/DC converter, the electrical energy is used
to charge the traction battery and supplies the intermediate circuit with 700 V to 900 V. The following
components are supplied by the intermediate circuit:

Traction battery system (lithium-ion battery) as an intermediate energy storage device;
e Power converter with:
o DC/DC converter for regulating the output voltage of the fuel cell;
o Traction converter for supplying the traction motors and regenerating electrical energy during
braking.
e Auxiliary converters for charging the supply batteries (24 VDC) and for supplying all power consumers
from 24 VDC, 230 VAC, and 400 VAG;
e Coolant compressor for roof-mounted equipment for cooling the air conditioning system;
e Heating water station for heating the heating water circuit inside the air conditioning system.

The intermediate circuit power supply is isolated for each car and can be connected to the DC-Link circuit in
the event of a failure.

Cold start

When a vehicle has been shut down cold, an additional waiting time must be allowed after the power supply
is turned on, as the fuel cell and traction battery must be preheated to operating temperature. Shutting down
the vehicle's power supply leads to a shutdown. Note that the shutdown time depends on the state of charge
of the batteries.

Traction transmission

Three-phase alternating current is generated in the inverter for the traction motor. For this purpose, electrical
energy from the traction battery or fuel cell of the intermediate circuit is used, converted into three-phase
current, and then fed to the traction motor (see Figure 31 ). The rotary traction motor is directly connected to
the drive shaft of the axle housing?’ of the bogie?® motor.

27 The axle (derived from the word "axis") is a mechanical assembly consisting of two wheels and a transverse axle.
28 A bogie is a carriage located under a rail vehicle, to which the axles are attached.
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Figure 31 : Overview of energy production throughout the vehicle

400V power supply
The 400V three-phase distribution is installed between the following equipment (see Figure 32 ):

e Fuel cells on car A/B;

e Power converter on car A/B;

e Traction batteries on cars A/B;

e Cabin power outlets on cars A/B (230V between phase and neutral);
e Power outlets in the passenger compartments on cars A and B;

e Air compressors on car B;

e Heating in the toilets in car A;

e HVAC: air conditioner (2 per car).

The vehicle is equipped with an external 400 V power supply for each car. The 24 V vehicle batteries are
charged from the external 400 V power supply and the vehicle is protected against freezing (toilets, traction
batteries, and fuel cell).
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Figure 32 : Overview of the 400 V distribution.

Braking
The train uses five braking systems:

- Spring brake (parking);

- Electrodynamic brake (service);

- Automatic indirect-acting pneumatic brake (service brake assist);
- Direct-acting electro-pneumatic brake (emergency braking);

- Electromagnetic rail brake (emergency braking, high speed).

The electrodynamic brake is the vehicle's main brake. It should be noted that, unlike a mechanical brake, it
operates without generating wear. If the required braking power cannot be achieved using the electrodynamic
brake, the missing braking force is automatically applied by the indirect-acting pneumatic brake. In the event
of a failure of the electrodynamic brake, the pneumatic brake can produce the full braking force.

However, in various emergency braking situations, the electrodynamic brake is never applied. If the train is
traveling at a speed greater than 20 km/h, the electromagnetic brake is automatically applied during
emergency braking in combination with the direct-acting electro-pneumatic brake, applied at all speeds.

Regenerative energy
When the electrodynamic brake is used, the electrical energy generated in the traction motor is transmitted
to the DC/DC converter. At the converter, the electrical energy is rectified and the traction battery is charged.

Special features for testing in Québec
Alstom worked closely with Québec's Ministry of Transport and Sustainable Mobility to certify the Coradia
iLint hydrogen train in accordance with the most stringent European standards, thereby ensuring safety and
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regulatory compliance for passenger transport. Two representatives from the Ministry of Transport and
Sustainable Mobility even traveled to Germany to familiarize themselves with the technology.

Significant work was carried out in collaboration with Réseau Charlevoix to enable the train to be tested in
Québec, taking into account the 21 criteria issued by the Association of American Railroads. In particular,
modifications were made to the horn system and lighting to comply with current regulations. Minor
adjustments were also made, such as the addition of a second driver's seat to comply with provincial
regulations.

4.1.2.DB Class 628 train

Power and performance in diesel trains

The DB Class 628 consists of a power car (diesel locomotive, VT) and a control car (VS) (see Figure 33 ). The
units are permanently coupled and cannot be separated during operation. Traction is provided by a 410 kW
(at 2130 rpm) Daimler-Benz OM 424 A direct-injection diesel engine. The engine's lower idle speed is 800 rpm
and its upper idle speed is 2400 rpm. This four-stroke engine has a 12-cylinder V-90° design with a water
cooling system. A cooling water coil passes through the oil to preheat it.

Figure 33 : Diagram of the diesel train.

Fuel system

The diesel and fuel oil tanks are installed under the train floor. The tank capacity is 960 L of diesel and 240 L
of fuel 0il® in two separate chambers. The driver's cab does not have a fuel oil reserve. In low temperatures,
the fuel can be heated with fuel oil (see Figure 34 ).

Figure 34 : Diagram of the fuel system for the diesel train.

29 A fossil fuel, fuel oil or heating oil is a petroleum-derived fuel used in particular in boilers. The only notable difference between
fuel oil and diesel is its cetane number, which is lower than that of diesel.
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Traction

Traction is provided by a diesel engine located under the railcar, which drives the two bogie axles. The entire
engine is located under the train floor and is secured to the chassis by elastic suspension. The traction system
consists of:

- Diesel engine;

- Hydraulic transmission;
- Reversing gear;

- Drive axle®.

Special feature
The diesel engine monitors itself: depending on requirements, it does not start, switches off automatically, or
adjusts the idle speed.

Refuelling (see Figure 35)

Figure 35 : Photograph of the page concerning diesel train refuelling.

30 A drive axle transmits power to the two wheels of the same axle on a motor vehicle.

Section 4 Page 85/156



Project: ilLint
Date: 2026-02-09
Version: 2.0

IRH'msmm Guide to the Integration, Management, and Operation of

DE RECHERCHE
SUR LHYDROGENE a Hydrogen Train in North America

TR

4.1.3.Consumption

During the Coradia iLint's period of operation in the summer of 2023, hydrogen refuelling data was recorded
and used to estimate hydrogen consumption. The refuelling data3! relative to the distance traveled is
presented at Figure 36. Based on this data for a distance of 100 km, for the entire duration of the Coradia
iLint's operation, the average hydrogen consumption obtained is 26.8 kg of H, per 100 km.
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Figure 36 : Hydrogen refuelling data for the Coradia iLint BR654 in kg/100 km.

The variations observed in the refuelling data may be due to various factors:

Operational factors
o Number of passengers (impact on train weight and HVAC system consumption)
o Driving style, number of train stops
o Extraordinary maneuvers (unscheduled train movements for demonstration or testing
purposes)

Operations during refuelling (e.g., purging)

Weather factors (temperature, humidity, winds)

Technical factors
o State of charge of the traction battery at departure
o Fuel cell performance

Although a correlation between the variations and these factors could not be established, the average can be
considered a realistic indicator, given the number of days of operation.

To compare the efficiency of these two trains, we will estimate their energy performance based on refuelling
data for the trip from Québec City to Baie-Saint-Paul. First, the energy contained in 26.8 kg of hydrogen is

31 The amount of hydrogen used is determined based on the pressure in the tanks before and after filling. The Abel-Nobel equation
of state is used to convert pressure into density and then finally into kilograms of hydrogen.
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4075.4 MJ?2, In comparison, the estimated consumption? by Train de Charlevoix for DB Class 628 trains is
100 liters per 128 km on average, or 78.12 liters per 100 km. The energy contained in 78.1 liters of diesel is
4189.8 MJ. Based on this data, the Coradia iLint BR654 thus has 2.8% better energy performance than the DB
Class 628 on the route between Québec City and Baie-Saint-Paul.

Let us now compare energy performance relative to train weight. The hydrogen-powered Coradia iLint BR654
is 38% heavier than DB Class 628 diesel trains. In this calculation, the weight of fuel and passengers is negligible
compared to the weight of the train. In fact, as a more recent design (around forty years old), the Coradia iLint
is heavier due to its higher structural integrity standards (collision safety) and its more advanced heating,
ventilation, and air conditioning systems than the DB Class 628. The Coradia iLint is therefore 42% more energy
efficient when compared to the total mass of the train.

As the purpose of this train is to transport passengers, energy efficiency is ultimately calculated in relation to
the number of passengers carried. With a maximum capacity of 148 seats compared to 140 for the diesel train,
the Coradia iLint is 8% more energy efficient when compared to the maximum number of passengers. It should
be noted that both trains can also accommodate standing passengers, who are not included in these figures.

4.2. Noise emissions

4.2.1.Interior

Interior acoustic tests were carried out on September 4-5, 2023, on the Coradia iLint in accordance with I1SO
3381 [174]. Microphones were positioned in accordance with Figure 37. A photograph taken during the tests
is available at Figure 38. The results were analyzed by the acoustic engineer from the Alstom team responsible
for these tests. The equivalent sound level®* (LAeq) is shown in the Table 15.

Figure 38 : Photograph of microphones 2, 3, and 4 in the train.

32 Taking a mass energy density of 45.6 MJ/kg of hydrogen and a volume energy density of 0.85 MJ/L of diesel.

33 We do not have refueling records for diesel trains. This total is estimated by Train de Charlevoix for the entire route of its diesel
trains, i.e., between Québec City and La Malbaie.

34 This is the data that best characterizes noise that fluctuates over time (another example is traffic noise). It is the average energy
level for a given period.
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Table 15 : Results of static and dynamic interior acoustic tests.

Measurement Average LAeq (dBA)
Coasting 50 km/h 62
Acceleration 0 - 50 km/h 61
Deceleration 50 - 0 km/h 61
Static 60

4.2.2.Exterior

External acoustic tests were carried out on the Coradia iLint in accordance with I1SO 3095 [175]. The results of
the static test are available at Figure 39 and those of the dynamic test at Table 16.
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Figure 39 : Static exterior acoustic measurements

Table 16 : Results of outdoor dynamic acoustic tests

Run LpAFmax
accell 74.7
. accel2 68.2
Acceleration 0-30 km/h ~ccol3 73.0
acceld 76.1
brakingl 77.3
Deceleration 30-0 km/h braking2 81.8
braking3 76.9
50kph1 76.6
Coasting 50 km/h 50kph2 77.1
50kph3 77.6
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Tests on the diesel train could not be carried out to obtain a comparison on the same section of track. An
initial attempt was made, coordinated between Train de Charlevoix and Alstom, but was unsuccessful (Reason:
Alstom/Train de Charlevoix). A second attempt was planned but could not be carried out due to weather
conditions, as snow began to settle on the section where the tests could be performed. Alstom indicated that
the presence of snow could distort the acoustic measurements. This is because snow is less dense than soil,
resulting in higher sound absorption. In order to provide a comparison in the report, Alstom provided the
results of a test carried out in Europe (Figure 40), which shows that the noise level measured outside the
Coradia iLint BR654 train is lower than that of an equivalent diesel train. This result is consistent with the
findings of a report produced by the city of Groningen in Germany, which presents comparative acoustic
measurements of the Coradia iLint BR654 with an equivalent diesel train [176]. It should be noted that a
reduction of 3 dB is equivalent to a halving of emission power.

ILINT accoustic performance comparison

ILINT pre-serial train | Diesel L 54
Exterior Noise at 0 km/h 52 67
Exterior Noise up to 30 km/h 78 82
Exterior Noise up to 40 km/h 78 82

Figure 40 : Data capture from a test conducted by Alstom (TSI NOI; DIN EN ISO 3095:2014, in dB).

4.3. GHG emissions

In Canada, transportation is the second largest source of GHG emissions. In 2021, this sector alone contributes
188 million tons of CO,, which corresponds to 28% of Canada's total GHG emissions. Most of these emissions
are caused by light and heavy-duty road vehicles. Canadian railways (passenger and freight), on the other
hand, account for less than 4% of GHG emissions from the transportation sector. To achieve Canada's goal of
reducing GHG emissions by 40-45% from 2005 levels by 2030 and reaching net-zero emissions by 2050, the
transportation sector will need to make a significant contribution.

In 2021, 82.9% of the fleet met the emission standards set by the Locomotive Emissions Regulations or the
U.S. Environmental Protection Agency (EPA) regulations. However, rail companies invested $2.3 billion in their
Canadian networks in 2021 to further reduce their emissions. These investments were made in fleet
renewal/modernization, fuel-saving technologies, operational efficiency, and the use of low-carbon
fuels®® [177].

Diesel trains and hydrogen trains have different emissions profiles, particularly in terms of greenhouse gas
emissions. Diesel trains emit greenhouse gases directly from their exhaust pipes, mainly in the form of carbon
dioxide CO,, nitrogen oxides (NOx), and particulate matter (see Appendix A6: GHG measurements and air
pollution emissions from a train). In contrast, the fuel cells used to generate electricity on board a hydrogen

35 Railways use renewable fuels such as biodiesel up to 5% (B5) and hydrogenation-derived renewable diesel (HDRD) up to 30%. Most
North American engine manufacturers approve biodiesel blends up to B5. There are a few important caveats to note: (i) biodiesel and
HDRD have a slightly lower energy density than fossil diesel; (ii) fuel suppliers are not always required to disclose exact blend levels,
so railways do not have a clear picture of the fuel they are using; (iii) locomotive performance may be affected by increased renewable
fuel content, and manufacturer warranties may be voided [177].
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train produce only water vapor (H,0). This feature is particularly important in urban areas where rail traffic is
heavy and can pose a health risk to the surrounding community (see Section 3). Therefore, hydrogen trains
may be a promising solution to the problems of pollution around railways and stations, which can be harmful
to people.

It should also be noted that stations contribute to greenhouse gas emissions from rail infrastructure through
their operation, maintenance work on the tracks, and freight operations. For example, diesel locomotives used
for shunting, local service, and freight or passenger rescue operations are also a source of GHG emissions
[178].

Burning one liter of diesel produces 2.68 kg of CO, equivalent [179]. In the case of the Charlevoix train
operation, considering only the train operation®®, for every 100 km served by the Coradia iLint rather than one
of the diesel trains, 268 kg of CO, emissions were avoided locally.

It should be noted that Train de Charlevoix estimates the average fuel consumption of the diesel train at
approximately 78.1 L of diesel per 100 km. Alstom reported traveling 10,660 km in the summer of 2023 with
the Coradia iLint [180]. Assuming that the same distance would have been covered by a diesel train, the
Coradia iLint will have prevented the local emission of 22.21 tons of CO, equivalent®.

4.4. Well-to-wheel life cycle analyses

In the context of the climate crisis, it is crucial to undertake a comprehensive analysis of the entire cycle using
the "well-to-wheels" (WTW) approach. It is essential to consider the total amount of pollution generated by
each method, which can be achieved through a careful assessment of the emissions created throughout the
entire process. WTW analysis is an approach that considers energy consumption and greenhouse gas
emissions associated with production chains and propulsion systems. The analysis considers energy
consumption and greenhouse gas emissions at every stage of the process, from the source of origin to the
delivery of energy to the wheels. It comprises two stages: well-to-tank (WTT), which is the fuel cycle stage,
and tank-to-wheel (TTW), which is the vehicle efficiency stage.

Considering the entire life cycle of diesel fuel (extraction, refining, transportation, and combustion), diesel
trains have relatively high well-to-wheel emissions, contributing to significant greenhouse gas emissions. The
well-to-wheel emissions of hydrogen trains depend mainly on the method of hydrogen production.

The WTW approach allows for the comparison of powertrains powered by the same fuel [60]. High WTW
efficiency can reduce the amount of energy required from the original source, resulting in lower overall
emissions. However, high well-to-wheel efficiency does not necessarily lead to lower emissions (example of
diesel traction).

The use of hydrogen as an energy carrier to power rail vehicles is an efficient and environmentally friendly
solution when using a fuel cell. Compared to diesel traction, the use of hydrogen produced by steam reforming
of methane and used in a fuel cell vehicle can reduce CO, emissions by approximately 19% [60]. If hydrogen is

36 That is, only CO, emissions from the combustion of the train's diesel engine.

37 Alstom's announcements in its press release of October 10, 2023 (22 tons of CO, equivalent for 8,400 liters of diesel consumed)
only take into account the GHGs emitted during the operation of the hydrogen train (compared to the diesel train, without
considering energy transportation or production) [180].
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produced using renewable energy sources (such as electrolysis powered by wind or solar energy), emissions
from well to wheel can be minimal and close to zero.

In order to compare diesel and hydrogen ecosystems, a preliminary well-to-wheel life cycle analysis is provided
in Appendix A7: Analysis of greenhouse gas emissions . The executive summary of this study conducted by
McGill University is presented below.

Hydrogen fuel cell technology is a compelling alternative for the electrification and decarbonization of
passenger trains. Life cycle assessment (LCA) is a tool that can be applied to quantify the environmental
impacts of transportation applications from feedstock extraction through waste disposal. The report takes a
life cycle approach by conducting a well-to-wheel analysis (including the fuel cycle and passenger train
operation) for a hydrogen fuel cell train and comparing it to a diesel multiple unit train operating in Quebec.
The results presented here comprise a preliminary analysis which will be developed into a more complete life
cycle assessment.

The analysis of both trains quantifies greenhouse gas (GHG) emissions in carbon dioxide equivalent [CO2-eq],
including carbon dioxide [CO2], methane [CH4], and nitrous oxide [N20]. Criteria air pollutants such as and
nitrogen oxides [NOx] emissions and particulate matter [PM2.5 and PM10], referred to as PM, are also
considered. The emissions from life stages of the fuel life cycle are estimated, encompassing feedstock
extraction, fuel production, transportation, and train operation. In addition, we analyze the impact of various
fuel transportation modes on greenhouse gas (GHG) emissions and criteria air pollutants for the hydrogen
train.

Primary data were collected by interacting with experts from the hydrogen production facility (Harnois
Energies) and the Alstom train manufacturing company. In addition, secondary data were collected from
previous studies and Ecoinvent LCA database to complete the information gap for model integration.

The study demonstrates a considerable decrease in greenhouse gas (GHG) emissions associated with the
hydrogen train, achieving an approximately 33% reduction in CO2-equivalent emissions. Furthermore,
employing fuel cell trucks and pipelines for fuel transportation, rather than diesel trucks, leads to notable GHG
reductions of 79% and 83%, respectively. An additional strategy to consider is the on-site production of green
hydrogen at the consumption facility, potentially eliminating GHG emissions.

The study delivers insights into the environmental implications of diverse transportation strategies within
hydrogen train rail operations. It also aims to assist decision-makers in understanding the potential of
decarbonizing railway systems renewable energy to fuel passenger trains. Notably, the WTW analysis
presented in this study is a one step towards a more comprehensive LCA of hydrogen rail operations. In this
study, we outline the key and necessary analyses that must be completed to a achieve a state-of-the-art LCA.

5. Interviews and passenger experience results (environmental awareness, noise,
environmental friendliness)

The energy transition is not solely technological. It involves social and political transitions that are just as
complex. The implementation and evaluation of a sustainable mobility project, such as the hydrogen train in
Charlevoix, requires an analysis of social impacts. These impacts are necessarily multiple and varied. For
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example, we can seek to understand the impact of a changing infrastructure on the surrounding community.

We can study the different tensions and synergies that a project generates among different groups of people.

We can also analyze the relationship between industry, researchers, and the community with the aim of

integrating local populations as inclusively as possible. These few non-exhaustive examples demonstrate the

different dynamics at play in the energy transition.

5.1.Qualitative survey on the train

During the hydrogen train activity in Charlevoix, various interviews were conducted. The questions are

presented in Appendix A10: Questions from qualitative interviews with passengers during two trips and

Appendix All: Questions from the quantitative survey with passengers. The initial results presented concern

passengers encountered during two trips on the hydrogen train.

Passengers were impressed by its aesthetics and quality, in particular:

The large windows offering a panoramic view;

Stairways facilitating movement;

The overall cleanliness and lack of odors, including in the restrooms;

However, some found the seats too hard;

They noted that the hydrogen train was quieter than diesel trains on the tracks—possibly due to
better suspension?

Some passengers were bothered by the whistle/horn and the air conditioning defects.

The questions asked of passengers provided an initial insight into their perception of hydrogen. We note the

following points:

Confidence and lack of concern: passengers expressed confidence in hydrogen. The factors that
build this confidence are the fact that the train has been in operation for several years and their
assumption that the train must have been thoroughly tested.

Engine smell and noise: some did not notice any difference between the diesel train and the
hydrogen train in terms of engine smell and noise, while others, who were familiar with hydrogen,
did notice a difference.

Understanding of hydrogen: Some described hydrogen as a source of electrical energy. Others
are already familiar with its use in various contexts. Some questioned the relationship between
hydrogen, electricity, and energy. It was mentioned that hydrogen should be used for specific
purposes such as heavy transport. Many had questions about the more technical details of how
hydrogen works to power trains. Finally, a few people mentioned having questions about safety
and explosion risks.

Environmental awareness and critical questions: Passengers shared their view of hydrogen trains
as a more environmentally friendly solution than diesel trains or other forms of transportation
powered by fossil fuels. Despite their positive impression of the train in terms of the environment,
passengers raised questions about the total environmental footprint of hydrogen trains, including
the manufacture of the train and the production of hydrogen. Some wondered whether it was
really better for the environment and asked questions about the amount of water and energy
used. More generally, passengers described themselves as being more aware than before, but
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recognized the complexity of the systems and felt they were not fully equipped to understand
them.

o End of the oil era: some passengers expressed hope for a future without oil companies. However,
they question the efficiency and reliability of alternative energies.

Finally, the impacts and prospects:

e Positive impact on passengers: the hydrogen train had a positive impact on passengers, showing them
a concrete example of technological innovation.

e Questions about the future: passengers wonder what the next steps will be for Québec in terms of
transportation. They want to know Alstom's plans, the vision for hydrogen, and the direction of the
energy transition for Québec.

5.2.Quantitative online survey

A survey was sent by Enipso to 1,734 email addresses voluntarily provided by passengers on the hydrogen
train in the summer of 2023. The surveys were sent in three groups and there were 304 respondents, giving a
participation rate of 17%. The questions and answers can be found in Appendix All: Questions from the
quantitative survey with passengers and in Appendix Al12: Quantitative online survey of hydrogen train
passengers. A summary of the results is provided below.

It should be noted that of the 304 respondents, 160 were aged 65 and over and 80 were aged 55 to 64. 135
respondents traveled as a couple and 97 with their family. The income categories are evenly distributed.

TRAIN

de Chanlenoin

Enquéte train a hydrogéne. IRH =z, AsToM

Propulsé par ENIPSO.com

Figure 41 : Header of the email sent for the survey.

Very few respondents had ever used a hydrogen system before boarding the hydrogen train. Passengers chose
the hydrogen train (they had the option of the diesel train) mainly because of the novelty of the technology
and the environmental issue. Most of them wanted to try a new experience, as they were already familiar with
diesel trains. Respondents found the train comfortable and greatly appreciated the windows and the overall
atmosphere of the train. Respondents reported that the train was neither noisy nor smelly, both inside and
out. Respondents indicated they partially understood how a hydrogen train works and that the train has an
environmental impact. Most respondents had no concerns about safety.

Respondents were optimistic about the deployment of rail transport as an alternative to private cars. They are
also optimistic about the deployment of hydrogen-powered transportation. Respondents believe that
hydrogen should play a greater role in transportation. Respondents would be willing to pay 10% more for their
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ticket to use zero-emission public transportation compared to conventional public transportation. It should
be noted that 87 respondents would not pay more for their ticket.

5.3.Information for passengers

Coradia iLint hydrogen train

A revolutionary technology
to decarbonize mobility

Welcome to the world’s first
passenger hydrogen train

An innovative, clean and sustainable train

Why a demonstration project in North America?

. G

For more information, please scan the QR code. A LST@‘M

+mobility by nature -

Figure 42 : Poster displayed by Alstom in the hydrogen train.

6. Conclusion of Section 4

During the 2023 summer tourist season, the hydrogen train was used to cover 87km between the stations of
Chute-Montmorency, near Québec City, and Baie-Saint-Paul. During this period, it made 117 trips and carried
more than 10,000 passengers, replacing a conventional diesel train. The average consumption of this hydrogen
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train was calculated at 26.8 kg of H,/100 km based on refuelling data. These trips were made under normal
operating conditions, with passengers on board and all train systems running, including air conditioning, and
maintaining a cruising speed of less than 50 km/h. The 10,660 kilometers traveled by the Coradia iLint train
during the summer of 2023 reduced CO, emissions by 22.24 tons compared to an equivalent diesel train
(excluding energy production and transport).

Preliminary analysis of the life cycle, from well-to-wheel, reveals that the main environmental impact that
could have been avoided is that associated with diesel trucks transporting hydrogen daily between Québec
City and Baie-Saint-Paul. These trucks were not operating at optimal capacity, delivering small quantities of
hydrogen daily, unlike the supplies for the diesel train. It is important to note that Alstom purchased carbon
credits on the Québec carbon market to offset the emissions generated. To ensure more sustainable use of
the hydrogen train (the operation was limited to a few months), it would have been beneficial to produce the
hydrogen close to the refuelling area, which would have significantly reduced emissions. Another option that
could have been considered would have been to use hydrogen-powered trucks, a technical solution that
Harnois Energies will implement for its future deliveries. Finally, these emissions could also have been avoided
if refuelling had been possible, for example, at the Chute-Montmorency station in the Sépaq park.

Compared to a diesel engine, which emits various greenhouse gases and particulates, the fuel cells of the
Coradia iLint train emit only water. In addition, during normal operation, a train also emits particulates during
mechanical braking. Since mechanical braking is not the main braking mode of the Coradia iLint, it necessarily
produces fewer emissions in this regard than diesel trains, which are not equipped with an electric braking
system. An in-depth life cycle analysis of the two systems will allow for a comparison of the ecological footprint
of each energy ecosystem used to operate these two trains. Finally, the Coradia iLint is quieter than an
equivalent diesel train, both when stationary at stations and when in motion.

Finally, in terms of the passenger experience, train attendants were approached by passengers who showed
interest and curiosity. Alstom produced a display in the train, available in French and English. To improve the
passenger experience and take advantage of the train as a technological showcase, quick training could be
given to train attendants, whose privileged position places them at the interface between the ecosystem's
stakeholders and passengers. Another complementary idea could be to provide them with a booklet
containing easily accessible general information to answer the following questions:

- How does a hydrogen train work?

- How is electricity generated in the train?

- Where are the hydrogen tanks located?

- What specific safety features are installed in the train?

- Why a hydrogen train rather than a battery train or electrification of the lines?
- How and where is hydrogen produced?

- How is hydrogen transported?

Section 4 Page 95/156



Project: ilLint

" ST Guide to the Integration, Management, and Operation of
DE RECHERCHE . - -
|RH SURLHYDROGENE a Hydrogen Train in North America Date: 2026-02-09

TR

Version: 2.0

Section 5: Employee training

1.

3.

[ V7o (o =T oI =1 g Vo I T =S USPPRN 97
1.1. Transportation of hazardous materials in Québec, Canada.........cccceeeveiiiiiiiiiie e 97
1.2.  Handling hydrogen in QUEDEC, Canada........ccuviiiiiiiiieeiiiiie et ee ettt e e e ere e e s ae e e e e abe e e e e aaaeeean 102
1.3.  Level of specialization according to tasks and responsibilities ..........ccccoeeeiiiiieiecciieecccee e, 104

Front-line contributors t0 the ProjJeCt..........uuiiiiii i e e e e e e e re e e e e e e 104
2.1.  The project ecosystem and traiNiNg ......ccceeeiiieiiiiiiiieiee e e e e e e e e re e e e e e e e anrrraeeeas 104
2.2.  Hydrogen delivery truCk driVErS ........uee ittt e e e e e bre e e e sab e e s e eabte e e e eanaeas 106
2.3.  Hydrogen filling technician (Harnois ENergies team) .........cccoeeveerueieeeeereseeeseseessesseesessesssssesssnenas 106
P S N - 11 e [ 1Y TP ORO PR PPUSOPPON 106
2.5, ONb0oard tEChNICIANS. ...ccocuiieieecee ettt e sttt e e sbe e e sare e sre e e eneeesree e e 107
2.6, The CONAUCEO/AtEENAANT . .eeeeeeeieeeeee ettt ettt e et e e e e et et eeesesasaetreeesesesasneetreeesesasassreeerees 107
2.7.  Firefighters, emergency services, first r@SPONAErS .......ccccuiiieiiiiiiieeciiee e et 108

CONCIUSION Of SECLION 5 ...ttt sttt et e b et e s ae e st e bt e beesbeesbeesanesanenas 108

Section 5 Page 96/156



Project: ilLint
Date: 2026-02-09
Version: 2.0

DE RECHERCHE

IRH'msmm Guide to the Integration, Management, and Operation of
SUR CHYDROGENE a Hydrogen Train in North America

TR

1. Hydrogen handling

1.1.Transportation of hazardous materials in Québec, Canada

Regulations governing the transportation of dangerous goods apply from the place of manufacture or
distribution to the point of delivery or unloading. The fundamental objective of these regulations is to ensure
the safety of road users, first responders, and the environment during the transportation of potentially
hazardous substances. It is important that anyone responsible for handling or transporting hazardous
materials has undergone appropriate training.

The main goods considered dangerous in relation to hydrogen by the conventions on the transport of
dangerous goods are as follows [181]:

- UN 1049 Compressed hydrogen;

- UN 1966 Refrigerated liquid hydrogen;

- UN 3166 Fuel cell powered vehicle containing flammable gas or liquid;

- UN 3468 Hydrogen in a metal-hydride storage device;

- UN 3478 Fuel cell cartridges or fuel cell cartridges contained in equipment or fuel cell cartridges
packaged with equipment containing hydrogen in a metal hydride.

The consignor must ensure that individuals responsible for handling or transporting dangerous goods have
received adequate training. Similarly, the carrier must ensure that the transport of dangerous goods is
entrusted to employees (including drivers) who have received appropriate training. Both the shipper and the
carrier are required to keep a training record for a period of two years after the expiration date, starting from
the date the training was provided.

As stipulated in paragraph 9 of section 51 of Québec's Occupational Health and Safety Act [182]:

"The employer must take the necessary measures to protect the health and ensure the safety and physical and mental integrity of

the worker. In particular, they must: [...] adequately inform workers about the risks associated with their work and provide them

with appropriate training, instruction, and supervision to ensure that they have the skills and knowledge required to perform the
work assigned to them safely."

It is therefore the employer's responsibility to provide adequate training to employees who handle or
transport hazardous materials. Drivers who transport hazardous materials must carry proof of training with
them.

Furthermore, all transportation of dangerous goods is regulated by Transport Canada under the
Transportation of Dangerous Goods Regulations [153]. We can refer to Part 6 [183]:

"Training.
Training certificate requirements:
6.1 (1) Every person who handles, requests the transportation of, or transports dangerous goods must, as applicable:
(a) have appropriate training and hold a training certificate in accordance with this Part;
(b) perform these operations in the presence and under the direct supervision of a person who has appropriate training and holds a
training certificate in accordance with this part.

[.]
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Appropriate training
6.2 A person is considered to have appropriate training if they have a thorough knowledge of all the subjects listed in paragraphs (a)
to (m) that are directly related to the duties they are required to perform and to the dangerous goods they are required to handle,
request to be transported, or transport:
[...]
Foreign carriers
6.4 (1) Any document issued to a driver of a motor vehicle registered in the United States or to a member of a train crew subject to
the provisions of 49 CFR for the transportation of dangerous goods indicating that they have received training that complies with
sections 172.700 to 172.704 of 49 CFR is recognized as a valid training certificate for the purposes of these Regulations when that
document is valid in the United States.
[...]
Expiration of a training certificate
6.5 The training certificate expires:
[...]
(b) for transportation by road vehicle, rail vehicle, or vessel, 36 months after the date of issue.
SOR/2017-253, s. 52
Retention of proof of training: responsibility of the employer and the self-employed worker
6.6 Every employer or self-employed person shall keep, in electronic or paper form, a training record or statement of experience, as
well as a copy of the training certificate, from the date of its issuance until two years after its expiry date.
Presentation of proof of training: responsibility of the employer and the self-employed worker
6.7 The employer of a person who holds a training certificate or the self-employed worker shall, within 15 days after receiving a
written request from an inspector, provide the inspector with a copy of the training certificate and, where applicable, the training
record or statement of experience, and a description of the teaching materials used for the person's training.
Presentation of proof of training: responsibility of the person being trained
6.8 A person who handles, requests the transportation of, or transports dangerous goods, or who directly supervises another person
performing these operations, shall immediately present his or her training certificate or a copy thereof to an inspector who requests
it.

In addition, according to the Guide to the Transportation of Dangerous Goods in Québec [184]:

"Before authorizing a carrier to take possession of dangerous goods for transport, the shipper must prepare and provide the carrier
with a shipping document. At the time of transport, the carrier must have in its possession a paper document, whether handwritten
or printed.

The shipping document must contain the following information:

e the name and address of the shipper's establishment in Canada;

e the date on which the document was completed or submitted;

e a description of each dangerous substance,
in the following order:

- the UN number,

- the proper shipping name,

- the primary class,

- the letter of the explosives compatibility group, if applicable,

- the subsidiary class(es), if applicable (this information must be enclosed in parentheses),

- the packing group, if applicable,

- in the case of dangerous goods covered by Special Provision 23 of the TDG Regulations, the words "toxic by inhalation";

e the quantity of each substance and the unit of measurement used to express the quantity. It should be noted that any shipping
document prepared in Canada must specify quantities according to the International System of Units (Sl);

e the number of small containers for each dangerous substance, if applicable;

e The words "24-hour number," followed by the number where the shipper can be reached at all times, or the telephone number of a
person other than the shipper who can provide technical information (the CANUTEC number cannot be used without written
authorization from CANUTEC).

* any changes in the quantity of dangerous goods or the number of containers during transport;
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e the reference number of the emergency response assistance plan (ERAP) assigned by Transport Canada and the telephone number
to implement the ERAP, if applicable;
e g certificate from the shipper;
e any additional information required, if applicable.

Here is an example of the shipping document proposed in the Guide to the Transportation of Dangerous Goods
in Québec [184] presented in Figure 43:

Exemple de document d’expédition

EXPEDITEUR | Nom: Date:
Adresse : Lieu de prise en charge:
EXPLOITANT DESTINATAIRE OU CONSIGNATAIRE
Nom : Nom :
NIR : R-00000000 Lieu de la destination :
Numéra UN .imellatm (_Iass_e Classe Groupe Quantitd | Nombre de
Féglementaire | primaire subsidiaire | demballage (kg ou petits
loroupe de | isily alisu) | (=Y aliew) lires) contenants
compatibilisé
des explosifs)
Indiquez tout changement refatif & la quantité de mariéres dangereuses gu au nombre de contenants
pendant ke transpart

. Nmruélg 24 hewres » pour jaindre 'expéditeur en tout temps ou numérn de Canute, avec son
autorisation

Muméro de référence du Plan dintervention d'urgence (PIL), s'il y a liew

Muméro de téléphane pour mettre en ceuvre immédiatement le PIL

Dans le cas des matiéres dangerayses suivantes -

+Classe 4.1 (Solides inflammables) et Classe 5.2 (Peroxydes erganigues)
-la température de régulation et la température critigue

« Clagse 7 (Matiéres radicactives)
- ot s soyLis & Visrtu g Rigl sur Femball
et e transport des substances nucléaires.

= Je déclare que le contenu de ce chargement est dicrit ci-dessus de fagon compiéte et exacte par
[ 11 [ aire adéquate et quil est classifis, erballé e1 muni
dindications de danger — marchandises dangereuses et & tous égards bien conditionng pour &tre
transporte conformément au Riglement sur le transport des marchandises dangereuses. »

Nom de fexpéditeur ou de la personne QUi agit en Son Nom -

le transpait des matieses dangeeuses.
sur bes exigenices spplcables s documents o expécdition, pour le

[ Renssgnaments exigés an ve
[ Renssignements exigis en weru d

Figure 43 : Example of a shipping document for Québec [181].

When accepting a shipment of dangerous goods, the carrier must always ensure that they have the required
shipping document. They must give the shipping document or a copy of it to the person to whom they are
entrusting the dangerous goods. A person may be both the shipper and the carrier of the same shipment (e.g.,
a manufacturer who transports the dangerous goods it produces). The shipper and the carrier must keep a
copy of the shipping document for at least two years, in one form or another. The TDG Regulations do not
prescribe the use of any particular form for the shipping document. It is sufficient that all the required
information be entered, in English or French, in a legible and indelible manner.

Therefore, all companies involved in the transport of dangerous goods are required to provide training to their
employees on the associated risks, in accordance with the provisions of the Labour Code. More specifically,
for employees involved in the transport of hazardous materials, the company must provide training on the
specific risks associated with the transport of these goods, as well as on the measures to be taken to ensure
their safety, the safety of others, and the protection of the environment and property.
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In Canada, there is an exemption for the transport of hydrogen, including compressed hydrogen under UN
code 1049. This exemption allows the transport of hydrogen in limited quantities, in a tank with a maximum
capacity of 0.125 L.

In addition, transportation operations may be carried out without the requirement to undergo training in the
transportation of dangerous goods. Furthermore, it is not necessary to complete the shipping document
normally required for the transportation of dangerous goods.

This exemption is intended to facilitate the safe transport of small quantities of hydrogen, providing a practical
solution without the regular training and documentation requirements associated with the transport of
dangerous goods.

Anyone involved in the handling (shipping, transporting, or receiving) of dangerous goods by road must comply
with the provisions of the Transportation of Dangerous Goods Regulations. Handling is defined in the following
terms in the Transportation of Dangerous Goods Act [185] :

"Any loading, unloading, packing, or unpacking of dangerous goods carried out for the purpose of transport, during transport, or
after transport. Storage operations carried out during transport are included in this definition."

All stages of transportation must be carried out in accordance with the TDG Regulations, including those parts of transportation
carried out within a facility (e.g., loading, unloading, labeling, placarding, etc.). Please note that the TDG Regulations do not generally
apply when dangerous goods are moved only within the premises of the company, its facilities, or property owned by it.

Driver training

Individuals involved in the handling or transportation of dangerous goods (TDG) must complete training that
meet the requirements of Part 6 of the Transportation of Dangerous Goods Regulations. Alternatively, they
may perform these tasks under the direct supervision of a person who has the relevant training and a valid
training certificate.

To be considered adequately trained in the transportation of dangerous goods, employees must demonstrate
a thorough knowledge of all aspects directly related to their duties, in accordance with section 6.2 of the TDG
Regulations. In addition, individuals who have completed appropriate training and are performing tasks
related to that training must hold a valid training certificate that complies with the information specified in
section 6.3 of the Transportation of Dangerous Goods Regulations [153].

Training Standard

Transport Canada has not defined specific prerequisites for course content, either for programs intended for
trainers or for "training of trainers." It is the responsibility of employers to identify their training needs and
approve the relevant program or course. To guide employers when determining the type of training required
for their employees, Transport Canada has issued a TDG Bulletin outlining the training requirements for the
Transportation of Dangerous Goods (TDG) [153].

Places to train employees

The Transportation of Dangerous Goods (TDG) office maintains an up-to-date list of companies offering
dangerous goods training. However, it has not evaluated or validated the courses offered by external training
companies. It is the employer's responsibility to choose a qualified trainer who can meet their training

requirements [153].
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Training requirements

Employees who plan to handle substances that meet the definition of dangerous goods as established by the
Transportation of Dangerous Goods Act (TDG) and its regulations are required to undergo training. It is
imperative for employees to complete this training before they begin handling hazardous materials. This

training is not required if the employee is directly supervised by a TDG-certified employee, or when specific
exemptions apply [185].

Prospects for standards and regulations in Europe

France Hydrogéne has developed a practical guide on the regulations applicable to the hydrogen sector,
specifically the transportation of hydrogen. This document contains a wealth of relevant information. It is an
interesting reference for Québec and Canada, given the growing development of the hydrogen sector in the
transportation industry.

Among other things, section 3 of the fact sheet states:

"Practical guide to regulations applicable to the hydrogen sector
Hydrogen transportation
[...]
3.8.2 Training of vehicle crew
The training of tanker vehicle drivers is divided into two parts.

Basic training, the main objectives of which are to make drivers aware of the risks involved in transporting dangerous goods and to
teach them the basic concepts essential for minimizing the risk of incidents and, if an incident does occur, enabling them to take the
necessary measures for their own safety and that of the public and for the protection of the environment, as well as to limit the
effects of the incident.

Specialized tanker training for drivers of vehicles transporting dangerous goods in fixed or removable tanks with a capacity greater
than 1m3, or in mobile tanks with an individual capacity greater than 3m3.

The training must be assessed by an examination and refreshed at least every 5 years.

Drivers transporting packages are only required to undergo basic training. Drivers transporting goods under the partial exemption of
1.1.3.6 are only required to undergo training 1.3.

[.]
3.9.1 High-risk goods (1.10.3 ADR)
High-risk dangerous goods are those that could be used to cause serious damage to property and people.

Hydrogen transported in tanks larger than 3,000 litres is considered high-risk dangerous goods and, as such, must be covered by a
safety plan including, at a minimum:

- The carrier, consignee, shipper, packer, filler, tank container or portable tank operator, and unloader involved in the transport of
high-risk goods must adopt and implement a security plan that includes at least:

- The specific assignment of security responsibilities to persons with the necessary skills, qualifications, and authority.

- A list of the dangerous goods or types of dangerous goods concerned.
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- An assessment of routine operations and the resulting security risks, including stops required by transport conditions, the storage of
dangerous goods in vehicles, tanks, and containers required by traffic conditions before, during, and after the change of location, and
the temporary intermediate storage of dangerous goods for the purpose of changing the mode or means of transport
(transshipment), as appropriate.

- A clear statement of the measures to be taken to reduce security risks, considering the responsibilities and functions of the operator,
including the following:

-training,

-security policy (e.g., measures in the event of an increased threat, screening when hiring employees or assigning employees
to certain positions, etc.),

-operating practices (e.g., choice and use of routes when already known, access to dangerous goods in temporary
intermediate storage (as defined in paragraph c)), proximity to vulnerable infrastructure facilities, etc.),

- Equipment and resources to be used to reduce security risks.
- Effective and up-to-date procedures for reporting and responding to threats, security breaches, or related incidents;
- Procedures for evaluating and testing security plans and procedures for periodically reviewing and updating plans;
- Measures to ensure the physical security of transportation information contained in the security plan; and

- Measures to ensure that the distribution of information concerning transport operations contained in the security plan is
limited to those who need to have it. However, these measures shall not prevent the communication of information otherwise
required by the ADR. A security plan developed in accordance with the CIFMD interprofessional guide is deemed to comply with the
requirements of the ADR.

1.2.Handling hydrogen in Québec, Canada

The safe deployment of hydrogen technologies in energy applications must be accompanied by the
development of appropriate training for the various players in these new ecosystems. Hydrogen has already
been used extensively in industrial application for decades. The industry has already trained its personnel to
reduce risks to an acceptable level. As these internal training courses have been developed mainly in isolation,
there are currently few training courses specifically focused on hydrogen safety.

Hydrogen safety training must place particular emphasis on the specific risks associated with hydrogen.
Beyond the flammable nature of hydrogen, the physical and chemical properties of this gas mean that the
risks associated with it are sometimes like those of other flammable substances, and sometimes quite distinct
and specific. For example, comparing a leak of propane, a flammable gas heavier than air, with a leak of
hydrogen, which is 14 times lighter than air, will lead to completely different risk mitigation and response
measures. For more information on the properties of hydrogen, we invite readers to consult the Section 3.

According to Québec's Occupational Health and Safety Act, employers have an obligation to ensure the safety
of their employees and to ensure that they have the training and information required to work safely. In fact,
section 62.5 states:

"62.5. In addition to the obligations imposed on him under section 51, an employer must implement a training and information
program concerning dangerous products, the minimum content of which is determined by regulation.
The employer must also ensure that the training and information received by a worker, at the times and in the cases prescribed by
regulation, provide the worker with the skills required to perform the work assigned to him or her safely.
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The training and information program is established by the health and safety committee. The procedure set out in section 79 applies
in the event of disagreement within the committee.

In the absence of a health and safety committee, the training and information program is established by the employer, in
consultation with the accredited association or, failing that, with the workers or their representative, where applicable, within the
establishment.

This program must be updated in accordance with the terms and conditions set out in the regulations.

It shall be integrated into the prevention program when such a program must be implemented in the establishment [182].
1988, c. 61, s. 2; 2015, c. 13, 5. 5."

Section 51 of the same Act states that it is the employer's responsibility to ensure the safety of its employees
and that it is up to the employer to provide the appropriate protective equipment for the tasks to be
performed:

"51. The employer must take the necessary measures to protect the health and ensure the safety and physical and mental integrity of
the worker. In particular, the employer must:
(1) ensure that the establishments under their authority are equipped and arranged in such a way as to ensure the protection of
workers;
[...]
9° adequately inform workers of the risks associated with their work and provide them with appropriate training, instruction, and
supervision to ensure that they have the skills and knowledge required to perform the work assigned to them safely;
[...]
11° provide workers, free of charge, with all personal protective equipment selected by the health and safety committee in
accordance with paragraph 4° of section 78 or, where applicable, the personal or collective protective equipment specified by
regulation, and ensure that workers use such equipment in the course of their work;

Anyone who handles hydrogen in Québec must have completed general training on hazardous products. This
training must include several important pieces of information, as explicitly detailed in Section VI of the Québec
Hazardous Products Information Regulation.

The handling of hydrogen in Québec requires general training on hazardous products, in accordance with
Section VI of the Québec Hazardous Products Information Regulation. This section sets out a training program
applicable to all individuals exposed or likely to be exposed to hazardous products in the workplace.

The training program must cover various elements, including information on the nature of identification,
labeling, container or tank placarding, and safety data sheets. It must also provide training on the hazards
associated with each hazardous product in the workplace, as well as guidelines for the safe use, handling,
storage, and disposal of these products.

The training also covers precautions to take in the event of leaks or spills. It explains the steps to follow in the
event of a reactive mixture between two products that interfere with each other and can cause, among other
things, toxic fumes. In addition, it includes a clear explanation of emergency procedures in the event of an
incident.

The program must be updated annually. In the event of changes affecting work methods, exposure risks, or
emergency procedures, training must be renewed for the workers concerned. Under section 62.1 of the
Québec Occupational Health and Safety Act, employers must ensure that workers receive relevant training on
the hazardous products to which they are exposed in the workplace. This also applies to new workers.
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The training strongly recommended for companies is called the "Workplace Hazardous Materials Information
System," commonly known as WHMIS.

1.3.Level of specialization according to tasks and responsibilities

In its White Paper on skills and professions in the hydrogen sector, France Hydrogene presents a study focused
on France in which the skills and professions required for the hydrogen sector are analyzed. In this study, as
an industrial company, Alstom was surveyed; notably, hydrogen-powered trains are included in the objects
analyzed. This study reveals that in France, only a varying degree of "hydrogen coloration" is necessary. Half
of the skilled occupations identified would require only minimal coloration. In other words, depending on the
tasks and responsibilities related to the hydrogen environment, the level of specialization will require at least
general information and may extend to a more specific qualification.

This document provides information on the following occupations, among others, that are present in the
hydrogen train ecosystem:

1. Truck driver
o High school diploma
o ADR certificate
o H,expertise: basic
o Activity: operation
2. Train driver
o High school diploma
o Expertise Ha: basic
o Activity: operations

Commissioning, operations, and maintenance technicians must be trained in the specific characteristics of
hydrogen and the systems they work on. For example, bus and truck drivers must be familiar with emergency
procedures in the event of an incident, while a commissioning technician must secure the equipment to
perform tests and checks. Similarly, a repairer of explosion-proof equipment (ATEX) must be familiar with the
specific characteristics of hydrogen equipment to apply safety procedures during repairs. Some professions
require a more in-depth knowledge of hydrogen, such as the design of materials, components, or systems that
must consider the specific characteristics of hydrogen in the design and qualification of equipment.

One of the interesting findings of this study is that some of the skills needed to develop this sector are in
professions that are already experiencing staff shortages and/or recruitment difficulties.

2. Front-line contributors to the project

2.1.The project ecosystem and training

The ecosystem set up for the hydrogen train operation and the various stakeholders are presented at
Section 1. The various stages of hydrogen train operation require a varying understanding of the specific
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characteristics of hydrogen. The questions asked of the project stakeholders during the field survey are
presented in Appendix A9: Questions related to training.

When ranked according to their importance in terms of specific hydrogen training:

Hydrogen production,
o for employees responsible for the operation and maintenance of the station, it is the operational
phase requiring the most specialized expertise;
- Refuelling the truck;
- Refuelling the train;
- Starting the train;
- Driving the truck;
- Train operation.
o The fact that the train runs on hydrogen has little impact on day-to-day train operations for train
employees. The only difference for each operation is in the event of a problem or emergency.
This classification must be reviewed for each specific situation. Firefighters or first responders who may be
called upon to intervene must be aware of the risks and must use appropriate means in the event of an
incident involving a hydrogen system.

Training as part of the project
As part of the Coradia iLint operation in Charlevoix, two specific training courses were given to staff:

- Training on the train;
- Training on the characteristics and safety aspects of hydrogen.

It should be noted that other training courses or certifications had already been provided to some of the
participants before the train became operational.

e Specific training on the Coradia iLint train

Alstom offered a week of training in Germany to train drivers and certain members of Train Charlevoix staff,
including train managers. This training covered the general operation of the train, driving, and everything
related to its functioning and operations. There was a classroom session, with the manual, and a session on
the train.

e Hydrogen training

The IRH was commissioned to provide training on hydrogen safety to the main players in the project
ecosystem. During these training sessions on the characteristics, risks, and safety practices related to
hydrogen, around 30 people were trained. Among the personnel trained by the IRH were all the front-line
workers involved in the project's operation. The front-line workers involved in the Charlevoix operation are:

hydrogen delivery truck drivers (Harnois Energies);
train drivers (Train de Charlevoix);
on-board technicians (Alstom Germany);

pwnN PR

train managers (Alstom Canada).
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2.2.Hydrogen delivery truck drivers

Hydrogen delivery truck drivers are responsible for the safe and efficient transport of hydrogen to its
destination sites. Their responsibilities include driving the delivery truck, adhering to established schedules,
and implementing rigorous safety procedures. Hydrogen delivery truck drivers play a key role in the hydrogen
supply chain, contributing to reliable, safe, and regulatory-compliant distribution.

e Additional training for the driver responsible for the project with HTEC and LISOGAZ, in addition to his
work experience and previous training in handling diesel fuel.

e Certification for the transport of hazardous materials. No specific hydrogen certification.

e On-site practical training with specific health and safety requirements for drivers working with
hydrogen.

e Use of specific personal protective equipment such as antistatic clothing and antistatic gloves.

2.3.Hydrogen filling technician (Harnois Energies team)

Hydrogen filling technicians play an essential role in the field of hydrogen transport. Their main responsibility
is to refill hydrogen gas tanks for transport. They also refill hydrogen storage tanks on the trains, following
strict safety and hydrogen handling procedures. These professionals play a crucial role in the logistics of
hydrogen transport, helping to ensure operational safety and compliance with reqgulatory standards.

e Important training for the person responsible for the project with HTEC and LISOGAZ, in addition to
their work experience and previous training in handling diesel fuel.

e Practical on-site training with specific health and safety requirements for drivers working with
hydrogen.

e Use of specific personal protective equipment such as antistatic clothing and antistatic gloves.

2.4.Train drivers

The train driver plays a central role in rail operations, ensuring that the train runs on time and in accordance
with established safety protocols and operating procedures. Before each departure, they carry out checks to
ensure the integrity of the train. Regular communication with the control center, crew, and ground teams is
essential for effective coordination. Strict compliance with railway regulations is a constant priority. In an
emergency, the driver reacts promptly by following established safety protocols, ensuring the safety of
passengers and operations.

Train drivers must have in-depth knowledge of railway networks and diesel train operations, in addition to the
appropriate training for the job. They must also meet the criteria established by Transport Canada under the
Canadian Rail Operating Rules (CROR). As part of the Coradia iLint operation, drivers received specific training
in Germany. This training provided them with knowledge about the specific characteristics of the train they
were to drive. They greatly appreciated receiving training on hydrogen, which does not directly impact their
job, but which answered questions they had about the hydrogen ecosystem.
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2.5.0nboard technicians

The hydrogen train's onboard technician plays an essential role in keeping the train operational. Their
responsibilities include carrying out scheduled maintenance, detecting and repairing faults, and diagnosing
any breakdowns. Whether in the maintenance shop or on the apron, these professionals perform a variety of
repairs, including control systems, brake, fuel systems, hydraulic systems, etc. Their primary mission is to
ensure that all train systems are functioning properly.

As part of Train de Charlevoix's operation of the train, the technicians are employees of Alstom in Germany.
In the case of longer-term commercial operation, Train de Charlevoix's on-board technicians would operate
the train. They would then be trained by Alstom during a training program that could last several months. Two
technicians took turns throughout the summer 2023 project. These technicians have extensive knowledge and
experience with this demonstration train. In addition, as their native language is German, they were able to
more easily read and understand the train's error messages displayed on the interface.

As the train is a demonstrator train designed in Germany, it is operated in German. The on-board technician
undergoes a three-day training course on explosive atmospheres (ATEX), in addition to specific training on
regenerative brakes and the battery system. He supervises the various train system maintenance operations
and notes his observations during the various procedures. He uses a foam-type leak detector to identify leaks
before any work is carried out on the hydrogen system. Minor leaks were detected and corrected.

Every morning, before rail operations begin, the technician performs thorough checks both inside and outside
the train, then issues the departure authorization. Specific checks are carried out, particularly on the
condition of the fuel cells or batteries.

As part of the Train de Charlevoix project, the on-board technician only noted problems related to the
operation of the air conditioning.

2.6.The conductor/attendant

Conductors or train attendants play a crucial role in the passenger experience and the smooth running of rail
operations. They are responsible for assisting passengers during boarding and disembarking. They ensure
that luggage is stowed properly, make rounds in the cars to check that everything is in order, announce the
name of each station where the train will stop, and provide various other general information. They ensure
passenger safety and report any defects that could interfere with the smooth running of operations to the
conductor.

They supervise all operations and maintain direct communication with the train driver, whom they guide in
the performance of various tasks. They are also in contact with the on-board technician, who informs them of
any technical anomalies detected. The conductor is the central point for gathering information and making
decisions.

It should also be noted that operating a hydrogen train does not affect the training of the conductor in terms
of customer service and emergency evacuation procedures.

Section 5 Page 107/156



Project: ilLint
Date: 2026-02-09
Version: 2.0

DE RECHERCHE

IRH'msmm Guide to the Integration, Management, and Operation of
SUR CHYDROGENE a Hydrogen Train in North America

TR

Finally, we note that continuous monitoring of the fuel cells was conducted by a Cummins employee during
passenger operations. As the train was a demonstrator, more in monitoring of the fuel cell system and greater
responsiveness in the event of a problem were required. We did not receive any further information about
this operator or his training.

2.7 Firefighters, emergency services, first responders

Firefighters play a vital role in ensuring a rapid and safe response to incidents involving hydrogen. These
professionals intervene in the event of leaks or other emergencies that may be related to hydrogen. Their
mission includes implementing safety measures, managing evacuations if necessary, and applying specific

procedures to contain and eliminate risks. Firefighters are trained to work in collaboration with other
emergency services and ensure that all actions taken comply with established safety protocols, aimed at to
minimize potential impacts on public and the environment.

As part of the project, the firefighters involved received a briefing on hydrogen from HTEC. In addition, they
were given a presentation on Harnois Energies' hydrogen system. Alstom also presented the hydrogen train
to them and provided training on emergency response in the event of a fire.

It should also be noted that firefighters have expertise in managing situations involving explosive gases. They
have the skills and knowledge to respond safely and effectively in the event of an incident. Their specialized
training and experience give them the skills necessary to manage accident situations and make them key
players in the implementation of the hydrogen ecosystem.

3. Conclusion of Section 5

Hydrogen train operations have revealed that the impact of the energy source is mainly concentrated in the
refuelling process. During these operations, specific measures for hydrogen must be put in place and
personnel must receive adequate training on the associated risks. Although experience with other fuels may
provide some familiarity with the handling of hazardous materials, a fundamental knowledge of hydrogen
remains essential due to its specific characteristics (as with any fuel).

Despite these differences, hydrogen train operations follow broadly the same procedures as those for a diesel-
powered train. The staff assigned to the Coradia iLint have expressed their satisfaction at having gained an in-
depth understanding of how it works and at having been made aware of this promising new energy source.
Finally, it is important to emphasize the importance of the role of the on-board technician. It is necessary for
them to have a comprehensive understanding of the train's system, regardless of the power source.
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General conclusion

For optimal integration of hydrogen technologies, a comprehensive energy ecosystem is essential to ensure
both energy production and distribution. Historically, hydrogen production relied on centralized production,
mainly through steam reforming and gasification of fossil fuels. This type of model allows for large-scale
production and economies of scale; however it remains dependent on transport infrastructure to serve all
consumers and remains vulnerable to failure at the main site. Conversely, the decentralized model promotes
flexibility, proximity to the end user, integration of renewable energies, and local resilience, but entails higher
investment costs per site and more complex and fragmented management.

In 2019, Québec's first hydrogen station open to the public refuelled 46 Mirai vehicles as part of a Québec
government test. Their number has increased to 75 in 2023, and the station has a capacity of 200 kg of H; per
day (consuming 55 kWh of electricity and 10 L of water to produce 1 kg of H,). The availability of surplus
hydrogen production made it possible to consider refuelling the train in Québec. During the 105 days of the
project, Train de Charlevoix sold 9,132 tickets for the Coradia iLint. The train also welcomed project partners,
and 34 delegations from North America traveled on it. As a result, more than 10,000 passengers traveled
aboard the Coradia iLint.

The data presented in the Table 17 was compiled between the first commercial trip on June 17 and September
30, 2023. The Train de Charlevoix tourist season saw its number of passengers doubled. Indeed, the hydrogen
train, presented in commercial form as "the hydrogen experience," attracted more interested travelers.

Table 17 : Coradia iLint performance during the Train de Charlevoix summer season.

Number of days in operation 70
Number of trips between Québec City and Baie-Saint-Paul (round trip) 117
Distance traveled 9,407 km
Maximum speed 50 km/h
Passengers carried 10,000
Mass of hydrogen used 2,514 kg
Number of refills 60
Estimated volume of water produced by fuel cells 11,2201L
Average hydrogen consumption 26.8 kg / 100 km
Average hydrogen consumption per passenger 0.25 kg / passenger
CO; reduction equivalent / diesel (train operations only) 22.21 tons
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Finally, the North American rail network spans more than 300,000 kilometers, less than 1% of which is
electrified. Diesel is still widely used for passenger travel and freight transport. It is in this context that the
hydrogen train ran in Québec during the summer of 2023. Various mature electric technologies (catenary,
battery, and hydrogen) are already commercially available around the world and adapted to different railway
uses, whether for passenger or freight transport. The renewal of train fleets that are reaching the end of their
life should be a prime opportunity to consider the most appropriate technology for the application,
considering economic and ecological realities. The judicious deployment of new ecosystems, in a context
adapted to the public transport needs of populations and freight respectively, can ultimately be considered as
an attractive alternative to private cars and trucks in terms of cost, availability, and frequency, while offering
a unique experience to users (in terms of comfort and even tourism) and thus contributing even more to the
sustainable future of our society.
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A1: GHG emissions from different types of hydrogen production

Thermochemical methods include methane steam reforming, coal gasification, and partial oxidation of
petroleum, which are the most used. These processes are the most intensive, with GHG emission factors
ranging from 10 to 13 kgCO, e/kgH, for steam reforming and 22 to 26 kgCO, e/kgH, for coal gasification
(seeTable 189). These figures consider emissions from drilling to the finished product, including
transportation, and can be significantly reduced by capturing and storing the carbon emitted.

Thermochemical methods using renewable biomass (forestry, agricultural, or municipal) are also possible for
hydrogen production, such as pyrolysis and biomass gasification [66]. For example, the use of renewable
biomass such as wood chips can significantly reduce the carbon intensity of the gasification process from 1 to
6 kgCO, e/kgH, (compared to 22 to 26 kgCO, e/kgH- for coal) [28] , or even be carbon negative with CO,
capture and storage.

Electrochemical methods of hydrogen production are characterized using electrical energy to produce
hydrogen through electrochemical or electromicrobial processes. The most common process for
electrochemical hydrogen production is water electrolysis. This process uses electricity as an energy source to
power electrodes where water is oxidized at the anode and the protons from this reaction are reduced to
hydrogen at the cathode. PEM (Proton Exchange Membrane) electrolyzer technology is used in Québec by
several industrial companies, including Air Liquide [186] and Harnois Energies [5].

Still in the research stage, electromicrobial processes use organic matter as a source of protons and electrons.
The oxidation of organic matter is carried out by microorganisms that have colonized the anode. These
microorganisms use organic matter for their metabolism and release the electrons and protons needed to
produce hydrogen. These products are transferred to the cathode to be reduced [187]. This process reduces
the primary energy input to the system and allows for better tolerance to contaminated water compared to
an electrochemical system [188,189].

The carbon intensity of electrolysis (chemical or biological) is low. For a PEM electrolyzer operating 3,000 hours
per year, it is around 0.1 kgCO,e/kgH, [28]. The most important parameter will be the origin of the electricity
used. According to the US Department of Energy [190] , the carbon intensity of electricity can vary greatly
depending on how it is produced. As shown in theTable 189, the use of electricity from fossil fuels, except for
nuclear power, emits between 486 and 1000 gCO,e/kWh, while electricity from renewable sources emits
between 13 and 52 gCO,e/kWh. Therefore, despite electrolysis production having very low CO, emissions, it
is the chosen energy source that will have the greatest impact on the carbon intensity of the hydrogen
produced.

Finally, the electricity produced in Québec is mainly supplied by renewable energy sources such as
hydroelectricity. Emissions from hydroelectricity are indirect and can result from land flooding and dam
construction, both of which lead to increased biogenic GHG emissions due to biomass degradation. The carbon
footprint of the electricity distributed is therefore comprehensively quantified at 34.5 gCO,e/kWh, considering
the net biogenic GHG emissions of all hydroelectric reservoirs in the province of Québec (see Appendix A7:
Analysis of greenhouse gas emissions ).
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Table 18 : CO, emissions associated with the electricity generation method proposed by the US Department of Energy (adapted

from [190] ).

.. . Median emissions gco,
Electricity Production method e/kWh*
Biomass 52
Photovoltaic 43
Renewable
Hydroelectricity 21
Wind 13
Nuclear 13
Natural gas 486
Non-renewable -
Oil 840
Coal 1001

*scenario without carbon capture

A2: Summary of international trials and progress of hydrogen trains

Today, hydrogen is playing a role in the transition to greener rail transport. Alstom's Coradia iLint hydrogen
train is the first commercially produced train on an international scale. In this summary, we review the testing
and progress of this train from 2018 to 2022. The sources presented in this summary are taken from the
International Energy Agency's Global Hydrogen Review 2022 [22] , which cites a number of press releases
[191-194].

Between 2018 and 2022, trials of the Alstom's Coradia ilLint were carried out in Germany, France, the
Netherlands, Austria, Italy, Sweden, Spain, and Poland.

In August 2022, Germany inaugurated the first fleet of hydrogen trains consisting of 14 Coradia iLint trains,
which will replace diesel locomotives, thereby contributing to the decarbonization of the rail sector [195].
These trains were tested for 18 months on the Buxtehude—Bremervérde—Bremerhaven—Cuxhaven line near
Hamburg in northern Germany [192]. They have already covered more than 200,000 km in regular passenger
service [191]. The project, which cost tens of millions of euros, has created nearly 80 jobs. Ultimately, Alstom
will deliver 41 trains from the Coradia iLint series to Germany [191,194].

France has also formalized agreements and signed the first contracts with Alstom [192]. In 2021, the train
underwent its first tests at the Railway Test Center in Valenciennes, and a test of the Coradia iLint on the
French rail network was planned for 2022 on the Tours-Loches line in the Centre-Val de Loire region [192].

In the Netherlands in 2020, a pilot project agreement was signed with Alstom to test the Coradia iLint for 10
days on the 65 km line between Groningen and Leeuwarden, with tests carried out at 140 km/h without
passengers [176,196]. The tests focused on actual driving, fuel consumption, and refuelling. The trial showed
that hydrogen trains can run efficiently with a constant hydrogen consumption of 0.20-0.21 kg of H, per km
and successful refuelling provided by ENGIE [176,197].

In Japan, East Japan Railway unveiled a hydrogen train called the Hydrogen-Hybrid Advanced Rail Vehicle for
Innovation (HYBARI). Testing began in 2022, with service scheduled to begin in 2030. Tests will be conducted
on the Nanbu Line and other lines connecting Tachikawa to Kawasaki. The train uses hybrid systems powered
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by hydrogen fuel cells and storage batteries. With an estimated investment of $34.7 million, the train will have
a range of 140 km [198].

In 2021, in China, a hydrogen train project was launched jointly by several companies and began testing on a
627 km line. Designed for various tasks without modification of the existing railway line, the locomotive can
produce 700 kW of continuous power for 24.5 hours and reach a speed of 80 km/h. The next goal is to develop
a 2000 kW hydrogen fuel cell hybrid locomotive suitable for wider applications in the railway industry [199].

In addition, other companies such as Siemens Mobility and Stadler have also developed hydrogen trains for
future testing and commissioning. Siemens Mobility has developed a hydrogen train that will be tested in 2023
[200] and Stadler has unveiled a hydrogen train that is expected to enter service in California in 2024 [22].

The Coradia iLint is a breakthrough in green rail transport that represents a significant step forward in reducing
the industry's carbon emissions. The tests conducted prove that hydrogen can be a solution for the sector,
even if there are still challenges and obstacles to overcome, such as the lack of infrastructure (production,
refuelling, storage, transport, maintenance, and safety), limited production of low-carbon hydrogen, and
competition for this fuel versus other industrial sectors.

This is why, in 2022, Alstom and ENGIE signed a partnership agreement whereby the former will supply
hydrogen trains and the latter will supply renewable hydrogen via an innovative and green supply chain. The
long-term strategic plan is to develop 4 GW of renewable hydrogen production capacity by 2030. Alstom
continues to invest in the hydrogen ecosystem, notably through the acquisition of fuel cell manufacturer
Helion Hydrogen Power in 2021 and a €6 million investment in the new fuel cell manufacturing platform at
the Alstom Hydrogen plant in Aix-en-Provence [193].

A3: Required hydrogen purity

Depending on the process used, varying amounts of contaminants may be formed during hydrogen production
[201]. Water electrolysis can be used to produce high-purity hydrogen, greater than 99.8%. However,
hydrogen produced by thermochemical processes (gasification, reforming) is the most contaminated, with
contaminant levels that can represent up to 75% of the hydrogen-containing gas (see Table 19).

This contaminant load requires a purification step to completely or partially remove the contaminants, leaving
only hydrogen. The purification methods commonly used are physicochemical, using adsorption, cryogenic
separation, or membrane processes. The most widely used commercial process is PSA (pressure swing
adsorption) and its variations. This type of process allows hydrogen with a purity of between 96 and 99.999%
to be obtained, with recovery rates of between 71 and 86% [205]. There are also other hydrogen purification
technologies, such as palladium alloy metal membranes and dense metal membranes.

Depending on the intended application for hydrogen use, there are purity standards. In the field of fuel cells,
the purity of the gas to be used will vary depending on the type chosen. There are various fuel cell
technologies, the main ones being: (i) proton exchange membrane fuel cells (PEMFC), (ii) phosphoric acid fuel
cells (PAFC), (iii) solid oxide fuel cells (SOFC), and (iv) molten carbonate fuel cells (MCFC) [206]. Depending on
the type of cell used, the tolerance for contaminants will vary.
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Table 19 : Composition of the gas mixture produced according to the process used to manufacture hydrogen (example: gas
produced by coal gasification will be composed of 25 to 35% H,, 35 to 45% CO, etc.), adapted from [201].

Compound (%) | H, co o, He N | R o | o, | Ref.
sulfur
Natural gas
steam 70-75 | 10-15 | 10-15 1-3 0.1-0.5 - - - 202]
reforming
Coal gasification | 25-35 | 35-45 | 15-25 | 0.1-0.3 | 0.5-1 0.2-1 15-20 - 203]
Biomass
gasification 25-35 | 30-40 | 10-15 | 10-20 1 0.2-1 - 0.3-1 (204]

The most widely used fuel cells are PEMFCs, which are used in Alstom's hydrogen train, among other
applications [207,208]. These fuel cells require very high hydrogen purity to maintain performance and service
life, to prevent cathode poisoning [209] and to avoid damaging the membrane [210]. To guarantee a high-
quality supply for the operation of PEMFC fuel cells, specific hydrogen purity standards have been published
for use in rolling stock and stationary equipment.

Three standards have been identified for these uses, which are becoming increasingly harmonized: the
international ISO standard ( [211] ), the American CGA standard ( [212] ), and the SAE standard ( [201] ). The
quality of hydrogen gas required for use with PEMFCs is presented in the Table 20.

Table 20 : H, specifications for transportation applications (adapted from [201] and [213] ).

Compound I1ISO 14687:2019 CGAG5.3 SAE J2719-202003
H, (molar fraction) 99.970 99.999 99.970
Total gases excluding hydrogen - - 300 ppm
H.0 5 3.5 ppm 5 ppm
Total hydrocarbons (expressed as
! methane u(nitsF; 2 ppm 1ppm )
Non-methane hydrocarbons )
(expressed as C1) i ) ppm
Methane - - 100 ppm
0, 5 ppm 1 ppm 5 ppm
He 300 ppm - 300 ppm
N, 100 ppm 2 ppm 100 ppm
Ar 100 ppm - 300 ppm
CO; 2 ppm 2 ppm 2 ppm
Cco 0.2 ppm 2 ppm 0.2 ppm
Total sulfur (expressed as H,S) 0.004 ppm 0.004 ppm 0.004 ppm
HCHO - - 0.2 ppm
HCOOH - - 0.2 ppm
NHs - - 0.1 ppm
Total halides ((ie())(rr:ls";essed as halide i 1 ppm 0.05 ppm
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AS5: Functional diagram of the Coradia iLint fuel cell
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Figure 45 : Functional structure of fuel cell equipment.

A6: GHG measurements and air pollution emissions from a train

Trains are one of the most environmentally friendly modes of motorized transport for goods and people.
However, certain environmental problems remain. Exhaust emissions from diesel engines are considered the
main source of pollution, particularly nitrogen oxides, particulate matter, and greenhouse gases. Other
sources of pollution include particulate matter from the contact between brakes and wheels and the rails, as
well as soil resuspension, depending on train weight, driving conditions, and weather conditions. The wear
and tear on train components has a definite cost for companies and causes pollution that affects ecosystems
and human health [214,215].

PM10, which refers to particles with an aerodynamic diameter of less than 10 um, is a reliable indicator of the
health effects caused by fine particles in ambient air. Many countries have set limit values for PM10, but in
densely populated areas these values are often exceeded, causing public concern. Traffic is one of the most
discussed sources of fine metal particles [216]. The majority of metals released into the environment come
from friction with iron particles, with only a small proportion being dissolved in water. Hydrocarbon emissions
can be diffuse or point sources, with wooden sleepers being the main source, followed by lubricants from
switches and wheel axles.

In addition to identifying potential emission sources, there is a growing need for information on possible
marker substances, concentration ranges, and their fate in the environment. Heavy metals such as Fe, Mn, Cr,
Ni, V, As, Mn, Ni, Sn, and Ti emitted by abrasion are mainly trapped in the soil and cannot be degraded by
microorganisms. The mobility of heavy metals in the soil is influenced by various properties of the materials
and the soil. Weaker bound particles can dissolve in soil water and penetrate into plants or groundwater
through deeper soil layers. Due to their persistence and bioaccumulation properties, heavy metals can
accumulate from soil and water into the food chain, posing a potential hazard to humans and the environment.
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Emissions are influenced by the spatial and temporal characteristics of exposure. This information is useful to
regulatory authorities for protecting soil and water, as well as to railway companies for determining their level
of protection [214].

To measure train wear particles, it is necessary to assess particle concentration and air flow. There are
different methodologies for measuring particle emissions. The double-disc test bench is a tool used to study
the wear behavior of wheel-rail contact and how it relates to train speed. The study considers the impact of
rolling and sliding on wear behavior in the laboratory. The results show that an increase in train speed has a
significant effect on the rate of wear and particle generation [214]. By comparing the results obtained in wet
and dry conditions, it was observed that there was a significant reduction in particle number concentration in
wet conditions. In addition, differences in size distribution were also observed. While the maximum
concentration of fine particles was observed in dry conditions, ultrafine particles were found to be dominant
in wet conditions [217].

Tunnels are commonly used for road traffic to estimate airflow because they provide a natural volume and
cross-section [216]. Tunnels have established themselves as a reliable method for conducting research in
various fields. Their reliability makes them an attractive choice for a range of applications [216,218]. Tunnels
have been used to measure particle emissions, but they have certain limitations. The main limitation of tunnel
measurements is that they only provide information on the emission factor for a specific location, taking into
account curvature, weather conditions, and the road, as well as a specific driving pattern, which includes speed
and acceleration/deceleration. To supplement these measurements, on-board measurements were taken.
These measurements provide information on how particulate emissions vary along a line and how they are
affected by driving characteristics [215]. In addition, some rail companies do not have suitable tunnels for
measurements due to the unique characteristics of their routes, while tunnels are readily available for other
rail companies.

Fruhwirt et al. used a wheel-rail test bench equipped with a light scattering module to determine particle
distribution [219]. Their study provided valuable insights into the measurement of particle distribution. The
use of advanced equipment such as this can greatly improve our understanding of rail systems and their
associated particle emissions [219]. Previous studies have used a variety of methods, presented in Table 21
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Table 21 : Different methods for measuring particle emissions from trains (adapted from the references indicated).

Parameter
Wheel diameter
Rail profile / slope
Axle load
Shear force
Train speed
Curve radius

Quantity
400 — 1,250 mm
60 E2 / max. 1:40
max. 340 kN
max. 30 kN
max. 300 km/h
min. 300 m

Systemtechnik
GmbH

particle counting, PartisolPlus 2025i sequential
air sampler supplied by ThermoFisher Scientific

Inc.

Test method Locati Country / Set up Equipment Analyzer Test Ref.
on Year duration
Detailed analysis | Onsite | Switzerland / ' Nucleopore Computer-controlled scanning electron 1 month
of indiyidual 2006 !il)m § filters (0.4 mm microscopy (CCSEM), environmental scanning [220]
particles =SS N
pore diameter) electron microscope (ESEM, FEI XL 30 FEG), X-
ray spectrometer (EDX, EDAX) attached to the
Wheel-rail test Lab. Austria / 2023 Wheel-rail test EDM180 particle analyzer supplied by GRIMM Not
bench bench from DB | Aerosol Technik, light scattering technology for mentioned [219]
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Not mentioned Onsite | Switzerland / Quartz fiber Scale, wavelength dispersive X-ray 14 months
120m 36m 10m filters
2007 (Schleicher & (WD-XRF), [221]
Schuell QF20,
diameter 15
cm)
Principal On site Sweden / I Appropriate TSI Fast Mobility Particle Sizer Spectrometer 2 days
component 2013 Kail/l P —p— Plaform tunnel (FMPS Model 3091), Electrical Low Pressure [218]
track: =
analysis (PCA) \ Impactor (ELPI+™), scanning electron
|
microscopy (SEM) and energy
dispersive spectrometer (EDs)
Tunnel On site Sweden / Inlet Tunnel length, L Outle Suitable tunnel Diode lasers/photo detectors, Portable Aerosol Not
Tunnel
measurement 2010 Rirspeed S Co | 755 Spectrometer Grimm, Model 1.108 mentioned 216
_— > * p [216]
Double disc Lab South Korea / Double disc Fast Mobility Particle Size Analyzer (FMPS, TSI Not
device 2018 device 3091, USA), Optical Particle Size Analyzer (OPS, mentioned [222]
TSI 3330, USA)
Onboard On site Sweden / Special Optical instrument, GPS, plasma mass 6 weeks
measurements 2010 equlp_mgnt: spectrometry (ICP-MS) [215]
proximity

brake, Grimm
isokinetic probe
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Mass Onsite | Switzerland / Rotary drum Synchrotron radiation X-ray fluorescence 47 days
concentrations impactor (RDI) .
measured hourly 2007 spectrometry (SR-XRF), gravimetry, and [223]
wavelength dispersive X-ray fluorescence (WD-
XRF)
Remote On site Australia / Expamied Mobile SMPS (TSI 3934) for particle size distribution 7 days
measurement 2013 view laboratory [224]

h=2.5m - >
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Mobile
laboratory

Reservoir

TITIED

(0)
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SO:

O,

SMPS

measurements, condensation particle counter
(TSI 3022 CPC), NOx analyzer (Ecotech
ML9841A), aerosol photometer (TSI DustTrak)
equipped with a PM2.5 impactor and CO,
sensors (Sable Instruments) and an SO,

analyzer (Ecotech 9850).
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A7: Analysis of greenhouse gas emissions

A study of well-to-wheel emissions is being conducted by Zainab Almheiri of McGill University, under the
supervision of Professor Sarah Jordaan3,

B McGill

A comparative well-to-wheel analysis of hydrogen fuel cell vs.

diesel multiple unit trains in Quebec

By

Zainab Almbheiri, PhD
A report completed for a Mitacs internship with Alstom

Results of this report will be considered in an academic article
supervised by Professor Sarah Jordaan

McGill University, Montreal,
Quebec, Canada

June 2024

38 pr. sarah Jordaan, Associate Professor of Civil Engineering at McGill University, participated in the review of a report including a
well-to-wheel analysis prepared by Dr. Zainab Obaid Almheiri as an intern at Alstom. In addition to this review, Dr. Jordaan produced
an evaluation report. The report produced by Dr. Almheiri as an intern at Alstom and the evaluation report produced by Dr. Jordaan
will be available upon request.
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INTRODUCTION

Hydrogen and fuel cell technologies have the potential to play a significant role in reducing energy-related
greenhouse gas (GHG) emissions; however, such environmental benefits can only be achieved if hydrogen is
produced with low climate impact [1],[2]. These technologies are rapidly emerging as promising alternatives
to traditional fossil fuels due to their significant potential in transitioning towards a low-carbon energy system
by providing clean and efficient energy for various applications such as grid storage, passenger vehicles, and
heavy transport.

The main objective of this study is to quantify the GHG and air pollutant emissions of different train
technologies, specifically comparing proton exchange membrane fuel cells (PEMFC) and diesel multiple unit
(DMU) passenger trains. The objective of this study is achieved by conducting a comparative analysis to
quantify the well-to-wheel (WTW) environmental footprint of these passenger train technologies. The model
boundary includes life stages such as fuel extraction, fuel production, transportation, and train operation.

While this study focuses on a WTW approach rather than conducting a complete LCA, it utilizes LCA methods
as a guide. The study has yet to undergo the external review required to be ISO 14040 [3] compliant for public
comparative assertions (i.e., “an environmental claim regarding the superiority or equivalence of one product
versus a competing product which performs the same function”). There are numerous methodological
limitations that we identify and must be addressed for alignment with LCA methods. In addition, life cycle
impact assessment must be completed for a study meant for comparative assertions made to the public. In
this study, impact assessment was completed for global warming potential but not for the other criteria air
pollutants in the inventory analysis.

Multiple scenarios for the hydrogen train were considered to explore sustainable solutions to reduce GHG
emissions from fuel transportation via diesel trucks. The study also depicts the compensation scenario
considered by Alstom for the hydrogen train, where GHG emissions from the diesel trucks have been
compensated, thus assumed to be zero. This compensation can be achieved by using zero-emission transport
systems for fuel transportation and producing green hydrogen. Alternatively, green hydrogen can be produced
at the fueling station. Nonetheless, GHG emissions from the diesel truck are also quantified.

Additionally, the data collection stage is the essence of any life cycle assessment (LCA) based method, and the
data quality contributes significantly to the robustness of the results. The data in this study has been collected
from various sources, mainly from experts in the field, referred to as primary sources throughout the analysis.
Furthermore, data has also been collected from secondary sources such as Ecoinvent [4] (an LCA database),
reports, government databases and scientific literature, as explained in the following section.

The remainder of this report is organized as follows. The first section summarizes the methodology employed
for the WTW analysis and data collection, including the study goal and scope, and model system boundary.
The next section presents the results obtained from the WTW analysis. Following that, the significant findings
of the study and the conclusions are presented in the subsequent section.
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METHODOLOGY AND DATA COLLECTION

STUDY GOAL AND SCOPE. The main goal of this study is to evaluate GHG emissions and criteria air pollutants
from train technologies, including those utilizing PEMFC and diesel propulsion, for passenger trains. The
analysis was conducted for Alstom and authored by Almheiri (et al.), is intended for the development of a full
life cycle assessment that will be published in a peer reviewed article. As such the notable gap between results
presented here and a more complete LCA must be communicated with any public assertions made from the
results of this preliminary work.

The goal is achieved by applying a comprehensive WTW method to both trains to evaluate the environmental
footprint of hydrogen and diesel fuels throughout the WTW portion of their life cycle, from feedstock
extraction for fuel production to their use in trains. In other words, the fuel cycle analysis includes feedstock
extraction, fuel production, transportation, and utilization in the train. The fuel cycle supply chain aims to
assess GHG emissions (GHGs in carbon dioxide equivalent [CO»-eq]: carbon dioxide [CO,], methane [CH,], and
nitrous oxide [N>O]) and criteria air pollutants such as nitrogen oxides [NOx] and particulate matters [PMys,
and PMyo], referred to as PM in this study.

FUNCTIONAL UNIT. The functional unit for this study is a passenger-km travelled (PKM) accounting for the
number of passengers that the hydrogen and diesel trains can accommodate. Although this paper focuses on
the results in terms of PKM, the model results can be easily adjusted to represent results based on other units,
such as per kilometre, by multiplying per PKM values with the number of passengers per train.

MODEL SYSTEM BOUNDARY.The study identifies two main boundaries for the PEMFC and DMU trains, as
illustrated in Figures 1 (a) and (b), respectively. For the PEMFC technology, the system boundary starts with
fuel production and ends with the use of hydrogen fuel for the passenger train. The system includes hydrogen
production via hydropower, hydrogen pumping, fuel transportation, and train operation. It should be
emphasized that the produced gaseous hydrogen in our system is being transported via a diesel truck from
the hydrogen production facility to the fueling station. However, a sensitivity analysis of different
transportation modes for hydrogen fuel is also investigated in this study. In addition, it should be noted that
hydrogen (H2) leakage, specifically when H; is released into the atmosphere, has been observed to have
secondary impacts on global warming [5]. These impacts can influence the results of LCA, necessitating
appropriate measurement when operationalizing the hydrogen train.

Hydrogen has been reported to have a Global Warming Potential (GWP100) of 11.6 + 2.8 [6]. To ensure a
comprehensive analysis, it is essential to examine hydrogen leaks, as research indicates that they can reduce
the climate benefits of green hydrogen by up to 25% [5]. By incorporating these findings, we can estimate the
amount of hydrogen leakage that would offset the climate advantages, thereby enhancing the robustness of
the results.

Future work will include a detailed assessment of hydrogen leaks to refine our analysis further. Additionally,
the embodied emissions from train manufacturing will be included in the next steps of this research.

In our analysis of the diesel train, the system boundary encompasses the extraction and transport of crude oil,
diesel production, and transportation from the pumping station to the train facility. These steps are included
within the well-to-pump (WTP) system boundary of the diesel supply chain, as depicted in Figures 1(a) and
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1(b). Similar to the analysis of the hydrogen train, the train operation is included in the pump-to-wheel (PTW)
phase of the diesel fuel cycle. Additionally, the diesel trucks used for fuel transportation to operate the DMU
train, highlighted in red in Figure 1(b), generate additional emissions beyond those accounted for in the diesel
GHG balance reported by the Ministére de I'Environnement du Québec [7]. Specifically, in our current
application, the red diesel truck operates twice weekly to transport diesel for the DMU. These supplementary
emissions from the red diesel truck are detailed in the Results and Discussion section.

The energy stored in the fuel cell stack is the primary energy source for the hydrogen train and batteries serve
as an auxiliary to provide the necessary power to the traction motors in the hydrogen train. The embodied
emissions of the fuel cell stack and batteries will be considered in future work. The comparative analysis in
this paper will reveal the potential use of hydrogen as an alternative fuel for a passenger train within the
specific system boundary outlined in this study.
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Figure 1. System boundary for the fuel life cycle for the PEMFC (a) and DMU (b) trains. The red diesel truck in
Figure 1(b) generates additional emissions beyond those in the diesel GHG balance reported by the Ministére de
I’'Environnement du Québec.
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DATA COLLECTION. Life cycle inventory (LCI) analysis involves the collection of data from primary and
secondary sources. The data are compiled into a detailed inventory of input and outputs for various unit
processes across life cycle stages. The inputs and outputs include energy balances for all unit processes and
activities within the modelling system boundary. The WTW analysis is then implemented to evaluate the
potential environmental footprint associated with the inventory data and analyze the global warming
potential of the hydrogen and diesel passenger trains.

The primary data related to hydrogen production were collected from Harnois Energies. The data consist of
energy intensity for the hydrogen production (kWh/kg H,), hydrogen consumption per trip (kg Hx/trip), the
distance of hydrogen transportation via a diesel truck (km), and diesel consumption in liter (L) for transporting
hydrogen. Nonetheless, data related to PEMFC and DMU trains, such as distance travelled, number of
passengers that both trains can accommodate, and fuel consumption (kg/km), were collected from the Alstom
train manufacturing company. In addition, secondary data were collected from Ecoinvent LCA database [4]
and the Ministere de I’Environnement du Québec [7] which are mainly related to the diesel fuel cycle. These
processes include fuel production and transportation.

Furthermore, the electricity generated in Quebec is mainly supplied by renewable energy sources known as
hydropower. Emissions related to hydropower are indirect and can result from the flooding of lands and the
construction of the dam, which both lead to an increase in biogenic GHG emissions due to biomass
degradation. The carbon footprint of electricity distributed, equal to 34.5 gCO;-eq/kWh, has been
comprehensively quantified considering the net biogenic GHG emissions of all hydropower reservoirs in the
province of Quebec [8]. Therefore, the authors include this value in the model to quantify emissions related
to electricity generation at the upstream level of the hydrogen train. In addition, emission factors for criteria
air pollutants emitted by the diesel truck used for fuel transportation in the DMU and PEMFC are reported in

[9].

The emission profiles of criteria air pollutants for the DMU train were estimated using fleet emissions data
from Germany in 1994 [10]. The DMU train in this study, built in Germany in the 1980s, lacks certification for
its specific engine, making it challenging to acquire accurate emissions data. Therefore, emissions estimations
were based on a 1994 study of the German Railways [10]. Finally, data necessary for completing the WTW
analysis for hydrogen and diesel were collected from previous studies. This includes data on criteria air
pollutants from diesel production and hydrogen transportation via fuel cell trucks and pipelines, referenced
in studies [4], [11], and [12], respectively.

RESULTS AND DISCUSSION

In this study, the results quantify carbon dioxide equivalent (CO,-eq) emissions—including CO;, CHs, and N,O—
and criteria air pollutants (NOx and PM) for a WTW analysis of the PEMFC and DMU trains. In Figure 2, the
results indicate a significant decrease in GHG emissions for the PEMFC train, showing approximately a 33%
reduction in COz-eq per PKM compared to the DMU train. Moreover, substituting diesel trucks with fuel cell
trucks and using pipelines for fuel transportation results in significant reductions in greenhouse gas emissions,
achieving 79% and 83% decreases, respectively. Another potential strategy to consider is the onsite production
of green hydrogen at the consumption facility, which has the potential to achieve an 84% reduction in GHG
emissions.
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The PEMFC train produces zero GHG emissions during operation when excluding hydrogen leaks. In contrast,
the DMU train significantly contributes to GHG emissions. It is important to note that hydrogen transportation
accounts for approximately 76% of the WTW GHG emissions for the PEMFC train, with the remaining 24%
arising from fuel production.

To address this, the study proposes potential solutions for eliminating GHG emissions through the use of FC
trucks and pipelines for hydrogen transportation. In addition, producing green hydrogen directly at the
consumption facility could reduce GHG emissions by 84%, as illustrated in Figure 2.

DMU vs. PEMFC Trains

25
Train operation
100%
m Fueltransportation
20
m Fuelproduction
15

10

-33%
5 -79%
. . -
0 -—l

DMU train (baseline)  PEMFC train (diesel  PEMFC train (FC truck) PEMFC train (pipeline) PEMFC train (H2
truck) production at the fueling

station)

gC02-eq
per PKM (100% occupancy)

Figure 2. GHG emissions (COz-eq /PKM) comparison of PEMFC and DMU passenger trains in Quebec and different
hydrogen fuel transportation systems.

Furthermore, the results show that the level of air pollutants, including NOx, and PM in g per PKM, is higher
for the diesel train than for the hydrogen train, as can be seen in Figures 3 (a), and 3(b), respectively. Air
pollutants throughout the diesel fuel cycle mainly result from diesel production, transportation and train
operation. On the other hand, the system boundary of WTW analysis for the hydrogen train considers
electricity generation from hydropower, and these air pollutants are the result of hydrogen transportation via
a diesel truck from the hydrogen production facility to the fueling pump station. It is noteworthy that
transporting hydrogen in the context of fuel cell trucks and pipelines can effectively mitigate criteria air
pollutants. Furthermore, the production of green hydrogen at fueling facilities results in zero emissions of NOx
and PM, as depicted in Figures 3(a) and 3(b).
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Figure 3. Criteria air pollutants in g substance per km for PEMFC and DMU for train passengers: (a) NOx; and (b) PM.
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CONCLUSION

This report discovered that:

e Transporting hydrogen via diesel trucks for the PEMFC train operations contributes 76% of the total
GHG emissions.

e The PEMFC train can achieve a substantial reduction in GHG (CO2, CHs, and N,O) emissions compared
to the DMU train when transporting hydrogen via fuel cell trucks and pipelines, approximately 79%
and 83%, respectively.

e The PEMFC train can reach an optimistic reduction in GHG (CO,, CH4, and N>O) emissions as producing
green hydrogen at the consumption facility, achieving nearly an 84% reduction.

e The fuel cycle of PEMFC train emits zero-criteria air pollutants (NOx, and PM) when fuel is transported
via FC trucks and pipelines. Notably, producing green hydrogen at the fueling station also emits zero-
criteria air pollutants.

e The calculations and equations used for estimating the GHG emissions and criteria air pollutants will
be included in the appendix in a future version of this report.

This study identified the following limitations:

e The interpretation stage of the present analysis can be further enhanced by including appropriate
sensitivity analyses and completeness checks. Section 4.5 of ISO 14044 [13] recommends that the
interpretation phase of an LCA should consist of an evaluation that considers completeness,
sensitivity, and consistency checks. Specifically, ISO 14044 [13] emphasizes that the interpretation
should assess the significant inputs, outputs, and methodological choices to understand the
uncertainty of the results. Additionally, section 4.4.4.2 outlines the importance of sensitivity analysis
as a procedure to determine how changes in data affect the results of the Life Cycle Impact
Assessment.

e To ensure our report meets I1ISO 14044 [13] requirements for comparative assertions made to the
public, comprehensive efforts should be placed on addressing identified gaps. Specifically:

o Section 4.4.5 emphasizes the importance of including detailed sensitivity analyses to enhance
the robustness of our results.

o Additionally, section 5.1.1 highlights the necessity of complete and unbiased reporting of LCA
results, with transparent documentation of methods, assumptions, and limitations.

o Section 5.3 provides further guidance on ensuring transparency in comparative assertions,
including justifications for data inclusion, rigorous sensitivity and uncertainty analyses, and
thorough data quality evaluation.

o Moreover, section 6 underscores the value of a critical review process to maintain
consistency, scientific validity, and transparency in our methodologies.
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A8: Environmental costs and positive/negative externalities associated with the
ecosystem

Mitigating the impact of human activities on the environment is one of the greatest challenges facing humanity
today. Several global measures and policies have been implemented to address this challenge, such as the
Kyoto Protocol, the Paris Agreement, and the Montreal Protocol. The goal is to reduce greenhouse gas (GHG)
emissions in the transportation sector by 50% by 2050 [225]. Rail transportation has long been considered
environmentally friendly due to its efficiency, speed, and high load capacity. In the following, several impacts
related to rail transportation are analyzed.

Impact on the environment

Diesel locomotives emit various pollutants, including carbon dioxide (co,), methane (cu,), carbon monoxide
(CO), nitrogen oxides (NOx), nitrous oxide (N, O), sulfur dioxide (SO, ), non-methane volatile organic
compounds (NMVOCs), particulate matter (PM), and hydrocarbons (HC) [226,227]. Railway technology has
undergone significant changes since its inception, mainly driven by the objectives of reducing costs and
improving safety. These changes have been characterized by improved energy efficiency, increased train
speeds, and larger train sizes. According to the International Energy Agency and the International Union of
Railways, between 1975 and 2012, energy consumption per passenger-kilometer and per ton-kilometer for
freight transport fell by a remarkable 62% and 46%, respectively. This improvement in energy efficiency was
accompanied by a substantial 60% decrease in co, emissions for passenger transport and a 41% decrease for
freight transport during the same period [228].

Combined greenhouse gas (GHG) emissions from short-haul trains and freight in all rail operations in Canada
amounted to 6,081 kilotons in 2021. During the same period, emissions of major air contaminants (MACs)
from all rail activities decreased, with total nitrogen oxide (NOx) emissions from locomotives decreasing from
70.70 kilotons in 2020 to 66.50 kilotons in 2021 —which includes major air contaminants [177].

Canadian railways made a significant investment of $2.3 billion in their Canadian networks in 2021. They also
took steps to reduce their emissions, including investing in fleet renewal and modernization, fuel-saving
technologies, operational efficiency, and the use of low-carbon fuels. In addition, the railways and their
partners have made progress in their various partnerships and pilot projects involving alternative propulsion
[177]. Although optimizing existing ecosystems contributes to reducing emissions, this remains limited due to
the impact of diesel combustion. Therefore, in order to achieve the decarbonization targets for the rail sector,
it is necessary to consider new technological solutions. Hydrogen trains, like battery-powered or catenary
trains, offer promising prospects for addressing environmental concerns and justify increased investment in
the coming years, in line with Canada's net-zero emissions policy.

Impact of noise and vibration
Noise pollution has many adverse effects on human and animal well-being. Transportation-related noise
pollution is particularly bothersome in urban areas. The most common effects on humans are sleep

39 Countries such as China, India, and Russia, which have extensive rail networks, are prime examples of these achievements. With
60% of the world's high-speed lines, China can boast the lowest energy consumption per passenger-km. India has the lowest co,
emissions per passenger-km and the lowest energy consumption per ton-km for freight transport. Russia has the lowest co, emissions
per ton-km for freight transport.
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disturbances and stress, which can lead to cardiovascular and mental health problems. Sleep, which is
sensitive to environmental factors, is often disrupted by ambient noise. Noise pollution is also linked to
learning difficulties and reduced work performance, and poses greater problems for students and children,
who are more sensitive to noise. In addition, it contributes to physical disorders such as heart disease, high
blood pressure, and mental health problems, highlighting the wide range of adverse effects on human life
[229,230].

Transportation systems, particularly road traffic, are a major source of noise pollution worldwide. Road traffic
noise has a significant impact on the environment, with other modes of transportation such as air, sea, and
rail also contributing to noise pollution.

In the European Union, railways are considered the second largest source of noise pollution after road traffic.
Railway noise mainly results from the interaction between train wheels and rails, known as rolling noise. This
noise varies according to categories such as straight-line rolling noise, extreme rolling noise due to
discontinuities, and shrill noise in tight curves. In addition, urban railways contribute to noise pollution through
various vehicles and equipment, causing nuisance to residents [229].

Another problem associated with railways is the vibrations emitted when trains are running, which can disturb
nearby residents or interfere with sensitive equipment in buildings. Railway vibrations have adverse effects,
causing tangible disturbances such as ground vibrations in buildings, shaking windows, and moving objects.
Intense train vibrations can cause structural problems such as subsidence and cracking, which can lead to
building collapse. In addition, as studies indicate, these vibrations have a negative impact on sleep,
contributing to disturbances [229,231].

In 2002, the European Parliament and the Council of the European Union approved Directive 2002/49/EC,
which focuses on the assessment and management of environmental noise. The main objectives are to
establish a unified approach to preventing or minimizing the adverse effects of exposure to noise, including
noise pollution, and to standardize methods for assessing noise-related risks. This directive specifically
addresses environmental noise, which includes unwanted sounds from human activities, particularly
transport-related noise and industrial noise. All EU Member States must produce strategic noise maps every
five years for agglomerations with more than 100,000 inhabitants, including major roads with more than 3
million vehicles per year, major railways with more than 30,000 trains per year, and major airports. These
criteria, set in 2011, represent a reduction from 6 million vehicles and 60,000 trains, reflecting an expansion
of EU activities [230]. Using the rail noise data described in the directive, Wronty and Bohatkiewicz examined
its impact and determined that the number of people affected by this negative factor is lower than that of
traffic noise. The noise level depends on factors such as train speed, track type, and noise barriers.

The Federal Transit Authority of the US Department of Transportation has published a guide entitled "Transit
Noise and Vibration Impact Assessment" (FTA-VA-90-1003-06, May 2006). This guide helps to predict and
assess the effects of noise and vibration from public transport projects, particularly those involving railways.
The guide includes three levels of analysis for understanding operational noise and vibration, and also covers
construction noise assessment and presentation of results. It provides guidance on predicting noise levels for
various rail activities. Keep in mind that using the guide involves equations and technical data, so technical
knowledge is required [232].
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The Canadian Transportation Agency, authorized by the Canada Transportation Act (CTA), handles disputes
related to railway noise and vibration. In 2008, the Agency published guidelines describing the collaborative
steps to be taken before investigating a complaint. These guidelines detail the factors taken into account for
compliance by railways, such as facilitation and mediation related to noise, followed by the complaint
procedure and the information required. The guidelines are available online at [233]. The method for
measuring and reporting railway noise, which complements the guidelines, provides guidance to railway
companies, citizens, and municipalities in the event of a noise dispute. It provides procedures for assessing
noise levels from existing and planned railway facilities and assists the Agency in reviewing noise assessment
applications for decision-making purposes at [234].

The noise emitted depends on both the network and the rolling stock. There are three types of noise, the
significance of which varies with the speed of the train:

- Equipment noise: this comes from engines, fans, and air conditioning. It is mainly heard at low speeds
and when the train is stationary.

- Rolling noise: this results from the contact between the wheels and the rail and from microscopic
irregularities on their surfaces. It is most prevalent at normal travel speeds. It is the main source of
noise.

- Aerodynamic noise: this is related to air penetration. It is perceived at speeds of 300 km/h and above,
but never becomes the main source (this would be the case at speeds above 320 km/h).

To reduce rail noise, action must be taken on various fronts, such as rolling stock, infrastructure, tracks, and
operations [235]. In the case of the Coradia iLint, the results of acoustic measurements (see Section 4) indicate
a significant reduction in noise compared to a diesel engine, which may enable compliance with current
regulations“°,

Soil pollution

The increase in human population and vehicles has made transportation a significant source of heavy metal,
polycyclic aromatic hydrocarbon (PAH), and herbicide emissions into the soil. Emissions from fuel combustion,
vehicles, road abrasion, and cargo spills release metal-containing particles that settle in the soil and can persist
for years due to their low biodegradability [236].

Vehicle emissions, which are resistant to biological and chemical degradation, can impact plant growth and
ecosystems. Plants and soil organisms are the main receptors of these pollutants. Ongoing research suggests
that absorption by plants varies from species to species. Some have a high translocation capacity for metals
such as lead and cadmium, but limited movement from the roots to the aerial tissues, while others show the
opposite trend [236,237].

Water pollution

Railway infrastructure has an impact on aquatic ecosystems, particularly due to oil leaks from storage tanks.
Levengood et al. [238] found high concentrations of polycyclic aromatic hydrocarbons (PAHs) and heavy
metals in waterways crossed or bordered by railways, with PAH levels downstream exceeding concentrations

40 Under section 95.1 of the Canada Transportation Act (CTA), railway noise and vibration must remain at reasonable levels.
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upstream. Some sites had PAH concentrations that posed risks to aquatic life, while chromium (Cr) values

remained below levels of concern.

Impact on biodiversity

During operation, railways can impact biodiversity by affecting the variety and number of species [237].
Various emissions such as air, soil, and water pollution, noise, and vibrations are all factors that affect
biodiversity. However, railways take up less space than other forms of transport, with land use being a major
factor contributing to biodiversity loss worldwide. This is not a minor detail; it is already a significant concern
in densely populated areas, and it is becoming a global issue as the human population grows and puts
increased pressure on land available for cultivation. Recently, the protection of habitats crossed by railways
and their wildlife has become a crucial consideration when designing new railways or maintaining existing
ones. This development is linked to increased awareness in society of the importance of biodiversity [239,240].
The impacts of railways on biodiversity can thus be classified into four main categories: mortality, barrier
effects, species invasions, and environmental disturbances (including noise and chemical pollution).

A9: Questions related to training

Topic: icebreaker/opening
1. Canyou describe your role to me?
2. How have operations been going so far?

Topic: Health and safety issues
3. Have you encountered any problems or emergencies?
a. Ifso, how?
4. Have you adjusted/implemented any practices over the summer based on what you have learned in
the field?
5. Have you observed or experienced other health and safety issues?
6. If you had to train someone to do your job, what recommendations would you give them?

Topic: Feedback on the training provided by the Hydrogen Research Institute

7. How has the training helped you in your daily work?

8. How did the training help you manage/prevent emergencies?

9. Had you already used other energy sources (diesel, battery, natural gas, etc.) in your work? What
specific features are associated with the use of hydrogen?

Topic: improving training
10. Based on your experience over the last few months:

a. For which situations were you well prepared?

b. What is missing from the training?

c¢.  What have you learned in the field that would be relevant to include in future training
courses?

d. Are there any elements of the training that contradict your field experience? Any
contradictions?

e. Any other recommendations for future training courses?
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A10: Questions from qualitative interviews with passengers during two trips

Theme: Motivation for taking the train

e  Why are you taking the train today?
e How has your experience been so far?
e How did you decide to take this train?

Theme: Passenger experience
e Did you take the diesel train?
a. Ifso, can you describe the differences from a passenger's perspective?
e Did you notice any salient or unique features of the hydrogen train?
a. E.g., less noise, no diesel smell, color of the train and locomotive, etc.
e Did you experience any difficulties or issues with this train?
e Do you feel safe on this train? Do you feel sufficiently informed about this train?

Topic: Understanding hydrogen

e What do you know about hydrogen?
a. Where did you get this information?
e Do you know how the hydrogen used to power this train is produced?
e How would you explain the impact of trains (and/or hydrogen in general) in the fight against climate
change?
e What is your perspective on the energy transition?
e Has this train had an impact on your perception of hydrogen and/or the energy transition?
e Do you have any questions you would like answered?
a. If noresponse, explore further:
i. Interms of safety
ii. Regarding CO;
iii. Regarding governance and the pilot project

A11: Questions from the quantitative survey with passengers during two trips

Theme: Demographics

o *Age
a. 18-24 g. 59-64
b. 25-31 h. 65-71
c. 32-38 i. 72-77
d. 3945 j. 78
e. 46-51
f. 52-58
e *Do you identify as
a. Male d. Other
b. Female e. Prefer not to answer
c. Non-binary
e *Reason for travel
a. Vacation c. Testing the hydrogen train
b. Business d. Other* Define
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Topic: Motivation for taking the hydrogen train
e *How many times have you taken the hydrogen train?

a. 1 e. 5
b. 2 f. 6
c. 3 g 7
d. 4
e  *Have you explicitly chosen hydrogen trains (now or in the past)?
a. Yes/No
o Ifyes:
a. *What motivated you to choose the hydrogen train? Rank from most important to least
important.

i. Innovative experience
ii. More comfortable experience
iii. Reducing your environmental footprint
iv. Encouraging a new product
b. Is there another factor (or several other factors) that led you to choose the hydrogen train?
i. Open-ended response

a. *Do you know that you are taking a hydrogen train?
i. Yes/No
b. *In general, how do you make a decision to purchase a train ticket like this? (Rank the
answer choices in order of priority)
i. Availability
ii. Limiting your ecological footprint
iii. Trying out an innovative experience
iv. Encouraging a new product
v. Comfort
vi. Price
c. Other factors you consider when purchasing a train ticket like this one
i. Open response

Passenger experience:
e *Have you taken the diesel train on this same route?

a. Yes/No
o |Ifyes:
a. *Do you prefer hydrogen or diesel trains?
i. Hydrogen
ii. Diesel

iii. No preference

Environmental awareness:

e *|s combating climate change an important issue in your life?
a. Scale from 0to 5 (5 very important, 0 not important at all)

e *Do you think this hydrogen train has a positive impact on the fight against climate change?
a. Yes, very positive impact

Yes, small positive impact

No, no impact

No, negative impact

Don't know

m oo o
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e *Do you have any questions about hydrogen trains? Check all that apply:

a.

~0oo0T

| would like more details on how the train works

| would like more details about hydrogen

| would like more details on safety issues

| would like more details on its environmental impact
No questions

Other (please specify here)

A12: Quantitative online survey of hydrogen train passengers

Email

[Subject]: You were the first to board Alstom's hydrogen train—your opinion matters!

This summer, you were among the first passengers to ride Alstom's Coradia iLint hydrogen train, a
first in North America. This innovative project represents a major step forward in the development
of more sustainable and environmentally friendly transportation solutions.

Train de Charlevoix and Alstom are collaborating with the University of Québec at Trois-Rivieres to
analyze the results of this demonstration project. Your opinion matters! We would like to gather your
impressions and feedback in order to understand how to better inform and educate the public about
this technology of the future, but also how to make it more accessible in North America in the coming

years.

We warmly invite you to take our survey. It will only take a few minutes, and your answers will remain
anonymous and confidential.

[Link to survey]

Thank you for your time and your commitment to a greener and more innovative future.

The Train de Charlevoix team

Questions and answers (304 responses by default if no other number is specified)

1. Have you traveled on a hydrogen-powered train? (Yes answer required to continue the
questionnaire)

a.
b.
C.

() Yes =304 respondents
()No
() 1don't know

2. Have you ever used a hydrogen-powered transport system?
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100%

80%
60%
- A
40%
20%
- "

Je ne sais pas

3. Why did you choose to travel on the hydrogen train rather than the diesel train? (Multiple
answers possible, 457 responses to this question)

100%

80%

60%

40%
20%
6%
]

Nouveauté Nouvelle Faire Ie Ira]el le Autre, précisez
envlmﬂnemenml (et:hnuluglque expérience (déja
voyagé dans le mumpunampeu
un plonnleraur train diesel)

- A

4. The atmosphere on the hydrogen train is pleasant. Here we are talking about the atmosphere in
terms of design, color, smell, sound, layout, etc.

100%

80%

60%
52%

40%

26%
) -
o — — -

Pas du tout d'accord Neutre Tout 4 fait d'accord
Pas d'accord D'accord

5. How would you rate the comfort of the hydrogen train? Here we are talking about the seats, the
space between passengers, ease of movement, etc.
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100%
80%
60%
40%

- A
40% 40%
g
20% e
8%
., I

Inconfortable Peu confortable Confortable Trés confortable

6. What do you think of the windows on the hydrogen train? Here we are talking about the views, the
windows, and the configuration of the seats in relation to the outside view.

100%

80%

63%
60%
- A
40%
28%
20%
5% 4%
" —— —

Trés bien Bien Mauvais Trés mauvais

7. Did you have any questions about safety?

100%
80%
60%

- A

40%

20%

5%

Qui Non Je ne sais pas

8. How would you rate the noise level on board the hydrogen train compared to your expectations?

100%
80%
60%
40%

39%
30%
20% 18%
T% 5%
% HE =

Beaucoup plus silencieux que pr... Conforme & mes attentes Beaucoup plus bruyant que prévu
Légérement plus silencieux que... Légérement plus bruyant que pr...

9. How would you rate the noise level outside, near the hydrogen train, compared to your
expectations?
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100%
80%
60%
1% -—ra
o
40% 33%
e 19%
- = -
N —_ .
Beaucoup plus silencieux que pr... Conforme & mes attentes Beaucoup plus bruyant que prévu

Légérement plus silencieux que... Légérement plus bruyant que pr...

10. Did you notice any particular smell outside near the hydrogen train?

100%
80%
60%
43% -
40%
30%
20%
14% 135
- o ki -
% i —
Beaucoup moins odorant Neutre Trés odorant

Moins odorant Odorant Je ne sais pas

11. Please indicate your level of understanding of how the hydrogen train works:

100%
80%
60%
2%
- NA
40%
24%
o
20% 14%
1%
% - -
Comprend parfsitement ~ Comprend en partie Peu clair Ne comprend pas

12. Please indicate your level of understanding of the environmental impact of the hydrogen train.

100%

80%

0% 7%

- NA
40%
2%
20%
8% 6%
. [
Comprend parfaitement  Comprend en partie Peu clair Me comprend pas

13. Regarding the deployment of rail transport as an alternative to private cars, are you more inclined
to:
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100%
80%
60%
- A
40%
20%
o &% 5%
Tres D Moyennement pessimi... Ne souhaite pas répon...

Muyennement optimiste Legeremem pessimiste Trés pessimiste

14. Regarding the deployment of hydrogen-powered transportation, are you more inclined to:

100%

80%

60%

- A

40%

20%

l = -
e EE
Trés optimi Mnyennement pessimi... Ne souhaite pas répon...
Muyennemen( optimiste Legeremenl pessimiste Trés pessimiste
. . .
15. What role do you think hydrogen should play in transportation?

100%

80%

60%

44%
0% 37% -
QH%I
10%
8%
2%
1%

. Bl - > ==
Une place Une place Ni plus, Uneplace  Aucuneplace Ne souhaite
beaucoup plus grande ni moins moins grande pas répondre
plus grande

16. Would you be willing to pay extra to use zero-emission public transportation compared to
conventional public transportation?

100%
80%
60%

[ R
40%

2U%I .
- - — .

Oui, jusqu'a 10% de surplus Oui, jusqu'a 30% de surplus
Oui, jusqu'a 20% de surplus Oui, jusqu'a 0% de surplus

17. When did you travel on the Charlevoix Train? (301 respondents for this optional question)
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100%
80%
60%
40%
32% P
24%
20% 3%
2%
%
Juillet 2023 Aoiit 2023 Septembre 2023 Octobre 2023 Juin 2023
18. What is your age group?
100%
80%
60%
53%
40%
26%
20%
12%
s - - -
%o, —— s
Moins de 18 ans. 25434 ans 45 3 54 ans. 65 ans et +
18424 ans 35a44 ans 55464 ans
19. What was the composition of your group?
100%
80%
60%
449
40%
22%
20% 15%
10%
N § B K
op - e
B £ £ H 282 £ g ;]
E H g - L z
P “ ~ 23 £ £ :
g iz £ :
'“ L
=H 2 [

20. What is your annual household income bracket?

100%
80%
60%
40%

20% 18%

1%
%-

39099 § et moins
4000083599995

6000054799995

19%
16%
13% 13%
. - - -

100000 $ 4119993 § 150 000 S et +
8000054999998 120 000 $ 4149999 §

[

— A

- A
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