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FOREGROUND

This research was supported as part of ZEM Ports NS, an Interreg project supported by t
he North Sea Programme of the European Regional Development Fund of the European Union.

This document has been issued as a deliverable for WP0O05 as part of the Zem Port NS project.
All other use of this document is strictly prohibited and no other person or entity is permitted to
use this report unless it has otherwise been agreed in writing by the Pure Energy Centre. This
document must be read in its entirety and statements made within may be based on
assumptions or the best information available at the time of producing the document and these
may be subject to material change with either actual amounts differing substantially from those
used in this document or other assumptions changing significantly. The Pure Energy Centre
hereby expressly disclaims any and all liability for the consequences of any such changes. The
Pure Energy Centre also accept no liability or responsibility for the consequences of this
document being relied upon or being used for anything other than the specific purpose for
which it is intended, or containing any error or omission which is due to an error or omission in
data used in the document that has been provided by a third party.

This document is protected by copyright and may only be reproduced and circulated in
accordance with the Document Classification and associated conditions stipulated or referred to
in this document and/or in the Pure Energy Centre written agreement with the Customer. A
Document Classification permitting the Customer to redistribute this document shall not
thereby imply that the Pure Energy Centre has any liability to any recipient. Any information
provided by third parties that is included in this report has not been independently verified by
the Pure Energy Centre and as such the Pure Energy Centre accept no responsibility for its
accuracy and completeness. The reader of this document should take appropriate steps to verify
this information before placing any reliance on it.
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1 Introduction to Applications of Hydrogen

Industry has safely used hydrogen for decades in the following applications:

Petroleum refining

Glass purification

Semiconductor manufacturing

Aerospace applications

Fertilizer production

Welding, annealing and heat-treating metals
Pharmaceuticals

As a coolant in power plant generators

For hydrogenation of unsaturated fatty acids in vegetable oil

LWoeONOUL A WNR

New markets are emerging in particular for fuel cell® with stationary, portable and transport
applications.

Stationary applications use hydrogen as an energy storage to convert hydrogen into electricity in case of
requirement. Mobile applications use fuel cells in mobile devices and Transport applications use fuel
cells in a various number of means of transport.

It is possible to store even many tons of hydrogen with will be about 33 GWh/ton.

Hydrogen can come from various sources, natural gas, coal and renewables. The cost of hydrogen
depends on the source. From below the cost is lower if it comes from natural gas and coal.

L A fuel cell is a device that combines hydrogen with oxygen from the air in an electrochemical reaction to create
electricity, which can power an electric motor and propel a vehicle. Fuel cells are twice as energy-efficient as
combustion engines, and the hydrogen used to power them can come from a variety of sources, including
renewable energy resources. A hydrogen fuel cell emits only heat and water, without producing any air pollutants
or greenhouse gases.
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Hydrogen production costs by production source, 2018

Natural gas Natural gas with CCUS Coal Renewables

Figure 1.1 — Hydrogen production cost by source

In the future the cost of hydrogen obtained by renewables (also called green hydrogen) will be even
lower than the one from other sources (called blue hydrogen)

Production of hydrogen comes out mainly from natural gas mainly due to costs but in the future green
hydrogen cost will be much lower making more affordable the usage of fuel cells.

Fuel cell equipment normally require high purity hydrogen even at 99.9% or more to extend life of
equipment and this is easily obtained with green production of hydrogen directly by water splitting, this
is because bule hydrogen obtained for example from natural gas or coal normally contains also CO, CO2
and other gases and need to be purified.

2 Stationary Applications

Stationary fuel cells generate electricity through an electrochemical reaction, not combustion, providing
clean, efficient, and reliable off-grid power to homes, businesses, telecommunications networks,
utilities, and others. Many companies around the country are adopting fuel cells for primary and backup
power including: Adobe, Apple, AT&T, CBS, Coca-Cola, Cox Communications, Delmarva Power, eBay,
Google, Honda, Microsoft, Target and Walmart, among others. According to FCHEA's tracking and
surveys, as of January 2020 there are more than 550 megawatts (MW) of stationary fuel cells installed in
the United States providing clean, reliable, distributed power to customers across the country.

Stationary fuel cells are quiet and have very low emissions, so they can be to be installed nearly
anywhere. These systems provide power on-site directly to customers, without the efficiency losses of
long-range grid transmission.
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Stationary fuel cell systems also take up much less space in proportion to other clean energy
technologies. For instance, a 10 MW fuel cell installation can be sited in a about an acre of land. This is
compared to about 10 acres required per MW of solar power and about 50 acres per MW of wind.

Most stationary fuel cells connect directly to US nation’s natural gas infrastructure, generating resilient
power to critical facilities, even when grid power is unavailable. Recently, when several major natural
disasters battered the Northeast, fuel cells proved their reliability repeatedly in keeping the lights on for
businesses, hospitals, grocery stores and schools, powering emergency shelters for damaged
neighborhoods, and saving hundreds of thousands of dollars of potentially lost revenue.

Fuel cells are highly efficient, typically reaching fuel to electricity efficiency of 60 percent, nearly double
the efficiency of today’s electric grid. Fuel cells also generate heat which, if captured, can increase
overall energy efficiency to more than 90 percent. The heat produced by fuel cells can generate
additional electricity through a turbine, provide heating directly to nearby buildings or facilities, and
even cooling with the addition of an absorption chiller.

Unlike combustion-based power generation, stationary fuel cells provide virtually emission-free power.
Fuel cells do not produce particulate pollutants, unburned hydrocarbons, or the gases that produce acid
rain. They emit less carbon dioxide than other, less efficient technologies, and when using fuel
generated from renewable sources such as biomass, fuel cells are completely carbon neutral.

Because of these environmental benefits, fuel cells are being adopted by federal facility managers in
order to reach mandatory air pollution goals. Utilities and companies also working to meet renewable
energy standards and emission requirements are also increasingly turning to fuel cell technologies.

Hydrogen isn’t just used as a fuel; it’s also used as storage. In the United States with energy transition, it
is increasingly difficult to find the place to use all the excess renewable energy. Solar and wind are good
clean energy sources, as long as the sun is out and the wind is blowing, but these sources lack downtime
capacity. An example of this problem is the “Duck Curve”, which refers to a California study that
highlights how solar energy is very common during the day, a period of relatively low electricity demand,
but sparser in the evenings, when peak electrical demand is reached. A similar problem occurs for other
renewable sources, like wind and hydropower. The question facing policymakers, engineers, and
businesses is how to store that clean energy in a way that can outsmart problems like the Duck Curve.
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Figure 2.1 — The effect of renewable energy sources on the electrical grid.

Electrical batteries are one solution to the problem of intermittent energy supply, but our current
battery system faces difficulties in storing the energy required. Operators need a large amount of stored
clean energy during non-peak production hours to support a modern electrical grid and the U.S.
currently doesn’t have the battery capacity to store and use the clean electricity it is used during the day
to power homes and cities during the night.

One answer to this problem is hydrogen as a storage device for energy. Hydrogen allows vast quantities
of clean energy to be stored for long durations for use in peak demand and seasonal energy balancing.
Hydrogen can be generated from electrolysis using excess renewable electricity during peak production
hours. Once produced, hydrogen can be used in stationary fuel cells for power generation or stored as a
compressed gas, cryogenic liquid or wide variety of loosely bonded hydride compounds for longer-term
use. When the sun sets and the renewable energy stops coming in, grid operators can turn on hydrogen
generators and keep the lights on until the energy supply recovers in the morning.

While liquified hydrogen can be stored in manufactured storage tanks, it is often more economically
efficient to use natural geological formations. Naturally occurring salt caverns are one of the best ways
to store liquified hydrogen. Because of this, many of the early hydrogen storage projects are expected to
occur in regions with favorable geology, such as the southern U.S. or the Midwest U.S.
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Hydrogen also offers the potential for seasonal energy storage, in addition to short term load balancing.
As the world increasingly transitions to renewable energy, winter months will strain electrical grids as
less sunlight will reach the solar farms. To counter this issue, hydrogen can be created via electrolysis
with abundant solar energy in summer months, and then used to fuel the grid during the cold and
cloudy winter months. Hydrogen is the only viable carbon neutral seasonal storage option currently, and
as the world decarbonizes it will become increasingly important in electrical grids.

3 Mobile Applications

The utilization and subsequent modernization of portable electronic devices (PEDs) have seen
tremendous increase in the last decade. This ever-increasing functionality in terms of various application
software as well as assembled hardware has automatically led to the necessity of advancing the
charging and power back-up systems for these devices. The conventional and current battery
technology has been found lacking in increasing the operating times of these advanced devices, thus
leading to frequent charging requirements. This is a serious drawback in modernizing PEDs, especially
for devices used in military operations and other emergency services where frequent charging is not
feasible. Therefore, in order to meet the high demand of present and next-generation portable devices,
development of alternative energy harnessing systems as replacements for batteries is crucial. In this
respect, fuel cells in general and hydrogen fuel cells in particular have evolved as promising candidates.
By definition, a fuel cell is an electrochemical device that converts a fraction of the chemical energy
stored in fuels (hydrogen for hydrogen fuel cell) into useful electrical energy. Certain advantages
enjoyed by hydrogen fuel cells over battery systems include: (a) instant recharging via a replacement or
a refilled fuel cartridge, (b) independence from electricity, (c) longer cell lifetime, (d) low operating
temperature, (e) higher free energy content of the fuel hydrogen (3000-9000 Wh kg- 1), and (f) higher
energy conversion (chemical to electrical) efficiency. Moreover, electrochemical and materials
degradation factors that usually reduce the longevity of batteries is not so critical in the case of fuel
cells. The design of a fuel cell is inherently more complex compared to a battery (such as the presence of
fuel and oxidant delivery systems and water removal systems), which may seem to hinder its
miniaturization and subsequent application in miniature portable devices. However, recent progress
made in microelectromechanical systems technology and its application in fabricating different fuel cell
component parts have given rise to the possibility of miniaturizing the fuel cell devices to make them
compatible with miniature PEDs. Herein, we provide a description of the requirements of present
generation PEDs, failure of current battery technology to fulfill these requirements, advantages of using
hydrogen fuel cells as potential replacements of batteries for charging and as power back-up for these
devices, and finally a discussion on present status and possible future direction regarding
miniaturization of hydrogen fuel cells in order to make them compatible with PEDs.

4 Transport applications
In the following paragraphs will be presented the applications of fuel cells for industrial trucks (e.g.,

forklifts), passenger cars powered by hydrogen fuel cells, buses, trucks, bikes, stationary and also
airplanes. Indoor and outdoor hydrogen fueling stations are being built in support of these vehicles.
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Private companies and government agencies (e.g., Department of Defense) with large
warehouses/distribution centers are starting to adopt fuel cells to power their materials-handling
equipment. Some of the companies that are deploying fuel cell industrial trucks are Walmart, Whole
Foods, Bridgestone, Firestone, Coca Cola, Central Grocers, Nestle Water, Fed Ex, and Genco. The
hydrogen gas is stored outside and the dispensers for refueling the industrial trucks are located indoors.

Nine of the major auto manufacturers are developing fuel cell vehicles (FCVs) powered by gaseous
hydrogen. There are approximately 300 FCVs on the road today, mostly in California, Michigan, Florida,
and New York. There are about 60 outdoor hydrogen fueling stations in the U.S., with the majority of
them located in Southern California.

4.1 Fuel cell forklifts

Fuel cell forklifts are an interesting alternative to conventional drives - CIN study sheds light on the
potential market

More than 25,000 fuel cell-powered trucks are already in commercial use in the US. In Europe, on the
other hand, only around 500 of these environmentally friendly intralogistics devices drive-through
warehouses. But that should change quickly. The reasons for this are shown in the new CIN study, which
explores market potentials and evaluates different drive types with regard to different application
scenarios.

The study "Material Handling - Market Analysis / Market Potential of Fuel Cells in Intralogistics" was
commissioned by CIN by LBST (Ludwig-Bolkow-Systemtechnik) and coordinated by the National
Organization for Hydrogen and Fuel Cell Technology (NOW).

Hydrogen-powered industrial forklifts are in competition with older drive technologies. According to
CIN, around 70,000 internal combustion engine models (class 4/5) are sold annually in Europe in the
segment of counterbalanced trucks. In addition, there are about 60,000 to 80,000 industrial trucks with
traditional lead-acid batteries and an increasing number of devices with lithium-ion batteries. Against
these types, the fuel cell occurs.

A glimpse into the US provides clues as to where the new drive might first find a market. In 2016, about
171,000 class 1 to 3 material handling vehicles were dropped from the ant to the normal forklift,

of which about 4,000 were fuel cells, which corresponds to a share of 2.3 percent. That would
be 8,000 fuel cell trucks per year in Europe.

The automotive industry, which faces the challenge of a switch to e-mobility, offers particular potential
for the introduction of fuel cell industrial trucks. According to their own statements, the medium-term
potential for fuel cells in intralogistics in the production plants is up to 30 percent of the fleet of
industrial trucks. This offers high synergy potential for the use of the required hydrogen

infrastructure also for fuel cell forklifts.

A comparative full-cost calculation shows that fuel cell units are economically advantageous, especially
where larger fleets with high capacity utilization are used. The study shows that some site- and

Application of Hydrogen Page 10 of 32



ure

ENERGY CENTRE

company-dependent parameters have a significant impact on the fuel cell forklift fleet's profitability
over pure battery drives. When calculating economic efficiency, state support for environmentally

friendly technology should not be forgotten.

From a technical point of view, fuel cell forklifts combine the advantages of pure battery vehicles such as
unrestricted use in enclosed spaces with the advantages of internal combustion engine devices, ie
above all high capacity utilization, high performance, continuous performance level, fast refueling.

Hydrogen forklifts are much more environmentally friendly than their competitors with diesel engines.
This helps to protect the climate through decarbonization and the reduction of air pollutants and noise
emissions. Companies can use hydrogen propulsion to prepare for upcoming state regulations, but
also proactively improve their sustainability record and thus maintain their image. The

environmental footprint is about equivalent compared to lead-acid batteries. A comparison with
lithium-ion batteries is still pending.

According to the manufacturers, from the point of view of their potential customers, there are no
fundamental obstacles to the introduction of fuel cell forklift. They are deliverable in most size classes -
only from the 4- to 5-t class, there are still problems. An increasing number of players are working on
establishing a necessary infrastructure for hydrogen supply. The car industry and its customers need
petrol stations, as do the first railway companies. In addition, steel and petroleum industries need more
hydrogen. Thus, the costs of green fuel for intralogistics are likely to decline.

Also interesting are the developments in the field of fuel cell forklifts because users can
experience synergies in the form of a shared infrastructure, for example on the company premises.
One of the first examples is the distribution center Trondheim of the Norwegian trading group
Norgesgruppen with its logistics division Asko. it generates the hydrogen at the site and uses both
forklifts and Scania forklifts there.

The study sees two strong motivations that could boost the number of fuel cell forklifts: higher
productivity and the associated savings in equipment. On the other hand, the necessary replacement of
forklifts with combustion engines for use scenarios in which battery vehicles do not bring the necessary
power or have other disadvantages.

The study calls for increased industrialization of the segment, especially for fuel cell systems, but also
for the entire value chain. This should drive further commercialization and increase profitability.
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An important part of such industrialization must be more competition along the entire value chain.
Further demands: The product range of battery devices, which are prepared as "H2-ready" for fuel
cells, must grow. The technology needs to be more standardized. The hydrogen production costs must
go down.

Figure 4.1 - Fuel cell forklift from Toyota

4.2 Fuel cell cars

The concept of the fuel cell was first demonstrated by Humphry Davy in 1801, but the invention of the
first working fuel cell is credited to William Grove, a chemist, lawyer, and physicist. Grove's experiments
with what he called a "gas voltaic battery" proved in 1842 that an electric current could be produced by
an electrochemical reaction between hydrogen and oxygen over a platinum catalyst. English engineer
Francis Thomas Bacon expanded on Grove's work, creating and demonstrating various Alkaline fuel cells
from 1939 to 1959.

The first modern fuel cell vehicle was a modified Allis-Chalmers farm tractor, fitted with a 15 kilowatt
fuel cell, around 1959. The Cold War Space Race drove further development of fuel cell technology.
Project Gemini tested fuel cells to provide electrical power during crewed space missions. Fuel cell
development continued with the Apollo Program. The electrical power systems in the Apollo capsules
and lunar modules used alkali fuel cells. In 1966, General Motors developed the first fuel cell road
vehicle, the Chevrolet Electrovan. It had a PEM fuel cell, a range of 120 miles and a top speed of 70 mph.
There were only two seats, as the fuel cell stack and large tanks of hydrogen and oxygen took up the
rear portion of the van. Only one was built, as the project was deemed cost-prohibitive.

General Electric and others continued working on PEM fuel cells in the 1970s. Fuel cell stacks were still
limited principally to space applications in the 1980s, including the Space Shuttle. However, the closure
of the Apollo Program sent many industry experts to private companies. By the 1990s, automobile
manufacturers were interested in fuel cell applications, and demonstration vehicles were readied. In
2001, the first 700 Bar (10000 PSI) hydrogen tanks were demonstrated, reducing the size of the fuel
tanks that could be used in vehicles and extending the range. So, at 700 bar, which is 700 times normal
atmospheric pressure, hydrogen has a density of 42 kg/m?3, compared with 0.090 kg/m?3 under normal
pressure and temperature conditions. At this pressure, 5 kg of hydrogen can be stored in a 125-liter
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tank. A state-of-the art technique for storing maximum hydrogen in a restricted volume is to convert
hydrogen gas to liquid hydrogen by cooling it to a very low temperature.

Figure 4.2 — Hyundai Nexo

Hydrogen turns into a liquid when it is cooled to a
temperature below -252,87 °C.

At -252.87°C and 1.013 bar, liquid hydrogen has a
density of close to 71 kg/m?3. At this pressure, 5 kg of
hydrogen can be stored in a 75-liter tank.

In order to maintain liquid hydrogen at this
temperature, tanks must be perfectly isolated. For
automotive application the cost of storing as liquid is
prohibited and most car manufacturers have opted for

the solution
that consists in storing hydrogen in the gaseous
form, at high pressure. This technology enables us
to store enough hydrogen to allow a car that runs on a
fuel cell battery to cover between 500 and 600 km
between fill-ups. The first commercially produced
hydrogen fuel cell automobile, the Hyundai ix35 FCEV,
was introduced in 2013, Toyota Mirai followed in
2015 and then Honda entered the market. From the
table below it is evident that FCEV like Toyota Mirai are
more convenient than BEV and CEV for long travel per
year. Figure 4.3 — Toyota Mirai
Teslamodel 3 | Toyota Mirai BMW serie 3

Initial cost (€) 58.479 66.000 45.500

(kWh) 75

Capacity (kg) 5,6
(1) 59
(€/kWh) 0,79
Cost per km (€/kg) 10,00

(€/1) 2,00
Contained energy (kWh) 87 220 590
Price to fully charge (from 0% to
100%) (€) 59,25 56,00 118,00
Range (km) 349 1360 1054
Effective consumption (kWh/km) 0,25 0,16 0,56
Unit cost (€/km) 0,17 0,04 0,11

Table 4-1 — Comparison of various propulsion systems

Application of Hydrogen
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Figure 4.4 — Car subsystems

As of December 2020, 31,225 passenger FCEVs powered with hydrogen had been sold worldwide. As of
2021, there were only two models of fuel cell cars publicly available in select markets: the Toyota Mirai
(2014-) and the Hyundai Nexo (2018-). The Honda Clarity was produced from 2016 to 2021, when it
was discontinued. As of 2020, there was limited hydrogen infrastructure, with fewer than fifty hydrogen
fueling stations for automobiles publicly available in the U.S. Critics doubt whether hydrogen will be
efficient or cost-effective for automobiles, as compared with other zero emission technologies, and in
2022, The Motley Fool opined: " The cost per kilowatt hour is coming down very rapidly: Over the last 10
ten years, the underlying cost of electricity to produce hydrogen has fallen so fast that making hydrogen
from wind or solar is now starting to make financial sense."

As far as automobiles are concerned, electric power is undoubtedly the future. The source and
repository of said electric power for the future has the house divided. While battery-powered electric
vehicles (BEVs) have managed to gain considerable momentum in most parts of the world, it's hydrogen
fuel cell electrics (FCEVs) that, at least on paper, appear to be the most sustainable form of mobility. So
just what are the key differences between battery electrics (powered using lithium-ion batteries) and
hydrogen electrics (powered using a fuel cell)?

FCEVs are not to be confused with hydrogen combustion cars, which use hydrogen as the agent for
propulsion. With an FCEV and a BEV, the source of power continues to be electricity. However, an FCEV
produces electricity on the run, through the chemical reaction between hydrogen and oxygen, using a
fuel cell.
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Hydrogen is stored on-board much like petrol is stored in an internal combustion car, and the fuel cell
sends the electricity generated through the chemical reaction to the electric motor(s) in the vehicle.
With BEVs, electricity is stored in a lithium-ion battery, much like it is with any consumer electronic
device, and transferred directly to one or multiple electric motors which propel the vehicle.

As things stand, the advantage lies with hydrogen-powered EVs. Hydrogen provides hundreds of times
as much energy per kilogram, which gives a vehicle a much longer range without making it considerably
heavier — a crucial impediment for BEVs which cannot extend their range without adding to the vehicle’s
weight. BMW is also working on development of Fuel cells cars and they expect the cost per km of fuel
cell car will be the same as a battery car recharged at home by 2030.
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Figure 4.5 — Powertrain

1. Fuel Cell Stack

A fuel cell stack of an FCEV is one of the most essential —and the most expensive — compartments because FCEVs need to generate
their own electricity using a fuel cell stack system that uses a chemical reaction between stored hydrogen and atmospheric oxygen.
Fuel cell stacks consist of hundreds of cells, and each cell consists of an electrolyte membrane, separator and catalyst, a fuel
electrode and an air electrode.

2. Fuel Processing System

To generate efficient electrical energy for fuel cell stacks, a certain device is necessary. The fuel processing system is responsible for
transferring hydrogen safely stored in the hydrogen tank from high pressure to low pressure and moving it to the fuel cell stack. It
also improves the efficiency of the hydrogen supply through the recirculation line.

3. Air Processing System

The oxygen necessary to react with hydrogen is drawn from the atmosphere. Such air drawn into the FCEV passes through an air
purification system that cleans it of particulates and other unwanted matter, leaving the air cleaner. This is necessary for keeping
the fuel cell stack from pollutants.

4. Thermal Management System

Fuel cell systems require a thermal management system to manage the temperature of the fuel cell stack. This is to prevent the

Simply put, Li-ion batteries simply aren’t as power dense as a tank full of hydrogen. An incremental
change in the size of a hydrogen tank can add to the range considerably. In comparison, any increase in
the size of a li-ion battery proves to be a self-defeating concept as the extended range must also cater to
the added weight, reducing overall efficiency.
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With solid-state batteries on their way, BEVs are looking at a range of roughly 1000km — a game-changer
when you consider that there’s no breakthrough on the horizon for FCEVs. Not only can solid-state
batteries hold more charge, they take about half as long as a current-generation li-ion battery to be fully
charged.

While this is longer than the refueling time for an FCEV, the added range does put the spotlight back on
li-ion batteries. But the general consensus is that FCEVs are better for long-distance journeys, while BEVs
are preferable for shorter runs. At present the average FCEV can outrun the average BEV by about
160km before running out of juice.

Although the overall range of battery electric vehicles and fuel cells electric vehicles may be relatively
comparable, it’s the refueling time where fuel cells edge ahead. Filling up a tank with hydrogen takes as
much time as filling it up with petrol, thereby saving precious minutes, which can be subtracted from the
overall duration of your journey.

While fast charging a Tesla Model S can give you 80% power in half an hour, a regular AC charger takes
up to 5 hours to fully charge an EV. Take into account that a li-ion battery can only take a limited
number of fast charging cycles, and hydrogen clearly comes out as the winner in terms of sheer
practicality.

It’s power density and refueling times are two of the main reasons hydrogen is revolutionizing the
commercial vehicle industry. Long-haul transport trucks cannot have heavy batteries as it will force
them to reduce their cargo weight. A smaller battery would reduce the range considerably and add to
the overall time required to deliver cargo.

In terms of durability, battery electric vehicles are at a disadvantage. While most BEV manufacturers
offer up to 8 years or 160000km of warranty on their lithium-ion batteries, the batteries themselves can
only take a limited amount of charging cycles before they start to lose their ability to retain electric
charge despite being protected by thermal management systems and battery buffers (which prevent the
battery from being fully charged or depleted, thereby extending its lifespan).

A lithium-ion battery at the end of its life cycle offers considerably less range, and while it is replaceable,
it is always an expensive proposition. Far more expensive than replacing a fuel cell.

A fuel cell on the other hand, has an estimated life span of 5000 hours, or 240000km, giving it the upper
hand. However, research has proven that short-distance driving puts severe stress on a fuel cell’s
membrane and that is what reduces its lifespan.

Continuous driving, wherein a fuel cell isn’t wetted and dried constantly, would allow a fuel cell to last
almost 8 times as long as it does on average. Therefore, it’s far more suited to long-distance journeys
where it isn’t required to make frequent pit stops.

The safety of hydrogen car has been verified in many years of usage, even though a limited number has
been used. After a century of using inflammable fluid as fuel, it’s a wonder why we look at hydrogen as a
dangerous form of propulsion. Hydrogen cars like the Toyota Mirai, the Honda FCX Clarity and the
Hyundai Nexo have all been deemed perfectly safe to drive and have recorded no major incidents. The
same cannot be said for battery electric vehicles over the years.
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However, the storage and transportation of hydrogen, along with the refueling process does pose
certain risks according to a journal published by the International Journal of Hydrogen Energy. In order
to counter the additional costs and risks inherent in transporting hydrogen, refueling stations can use
renewable sources to produce hydrogen on-site.

In reality, the dangers of hydrogen-powered cars remain largely theoretical. Hydrogen has been
transported for industrial use for decades, and there have been no notable incidents with the major
FCEVs on road. However, given that compressed hydrogen poses a greater risk than a lithium-ion
battery, a BEV is a comparatively safer option.

Sustainability point goes to FCEVs. Hydrogen cars actually filter air as they drive, leaving clear air in their
slipstream. With ample production of green hydrogen (that is, hydrogen produced using renewable
energy sources) for commercial and passenger vehicles, FCEVs are clearly the more sustainable EVs.
Unlike BEVs, they don’t leave heaps and heaps of (partially recyclable) battery waste.

The availability of infostructure is a weak point in most countries. In fact, with the exception of Japan
and Germany, most countries are yet to build a proper network of hydrogen stations.

According to a research journal “Compendium of Hydrogen Energy”, published by J. Wind, “About 200
hydrogen refueling stations have been installed worldwide; around 85 of these are located in Europe
and approximately 80 in the US (mainly California)”.

A direct consequence of this is that there are very few passenger car FCEVs being manufactured (Toyota,
Honda and Hyundai are the only key players) and even fewer infrastructure companies across the world
willing to invest in the transport and the setting-up of hydrogen refueling stations. It’s a chicken-and-egg
problem that can be solved partially through government policy.

At the moment, India has no FCEVs on sale and, as a consequence, no hydrogen refueling stations. If a
brand was to introduce FCEVs in the market, there would be few to no takers, given the glaring
infrastructural shortcomings.

With the government’s proposed “National Hydrogen Mission” and Reliance announcing the
construction of two gigafactories dedicated to renewable hydrogen, it’s clear that India wants to be a
global hub for manufacturing and exporting green hydrogen.

However, it is premature to speculate whether that green hydrogen will be channeled to develop its
own hydrogen refueling infrastructure.

India also plans to produce lithium-ion cells on its own, without relying on imports - a move which will
make EVs considerably cheaper, and therefore, easier to adopt.

Brands like Tata Chemicals, Exide Industries, and TDSG are emerging as India’s biggest suppliers of
lithium-ion batteries and battery tech is projected to get much cheaper in the coming years.

At present, BEVs have gained a lot more momentum than FCEVS. All car manufacturers aim to go
completely electric by 2030-2035, but few have talked about taking the hydrogen route.

However, several big players like Toyota, VW, GM, Hyundai and Honda aren’t ruling out hydrogen as the
fuel of the future and will continue to develop FCEV technology parallelly, albeit in a smaller capacity.
Until FCEVs gain greater acceptance and renewable hydrogen becomes cheaper to produce.
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4.3  Fuel cell trucks

The first fuel cell trucks made their first kilometers in Switzerland and the Netherlands. Only Hyundai
and Hyzon now produce hydrogen trucks in series. eMAG TRANSPORT is devoting a dossier to hydrogen
trucks.

The first 10 Hyundai fuel cell trucks were delivered to Switzerland a year ago, also marking the South
Korean's entry into the European market. The Xcient is the world's first mass-produced fuel cell electric
truck. The combination of the 190 kW hydrogen fuel cell system with two 95 kW fuel cell cells and seven
32 kg hydrogen tanks produces a range of approximately 400 kilometres and an average refuelling time
of 15 minutes.

The American Hyzon Motors also did not wait to market its hydrogen heavyweight in Europe. The first
truck crossed the Netherlands 4 months ago for the first time. Hyzon has joined the European
consortium of companies, Hydrogen Europ, which plans to set up 100,000 hydrogen trucks by 2030, and
which already includes Air Liquide, and DATS 24. Hyzon has committed to supplying 1,000 hydrogen
trucks and 25 refueling stations by 2025.

To develop hydrogen in Europe, Hyzon and TotalEnergies have signed a Memorandum of Understanding
that aims to facilitate the transition of fleet owners to hydrogen and accelerate the adoption of the
technology. It also concerns the field of infrastructure and the deployment of hydrogen trucks. By 2023,
Hyzon will supply 80 fuel cell trucks for TotalEnergies' French customers.

Liquid hydrogen

The historical manufacturers are for the moment in the testing and communication phase. Mercedes-
Benz Trucks is preparing its GenH2 Truck, which will offer a range of 1,000 kilometres. It is expected in
2027. The manufacturer has chosen the use of liquid hydrogen, whose energy density is much higher
than that of hydrogen in gaseous form.

After intensive testing of the advanced prototype conducted by Mercedes-Benz Trucks since April, the
first road tests should start before the end of the year. Customer trials are scheduled for 2023 and, from
2027, the first mass-produced GenH2 Trucks will be delivered to customers.

To further develop this technology, Daimler Truck AG created the "cellcentric" joint venture with the
Volvo Group in March. Cellcentric's ambition is to become one of the world's leading manufacturers of
fuel cell systems. The company therefore plans to establish one of the largest mass production
operations of fuel cell systems in Europe.

Production is scheduled to start in 2025. For fuel cell trucks, a collaboration agreement was concluded
by Daimler Truck AG with Shell New Energies NL B.V. (Shell) in May. The two partners plan to set up an
infrastructure of hydrogen stations and launch fuel cell trucks across Europe.
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Figure 4.6 — Fuel cell truck powered by hyzon

4.4 Fuel cell busses

Several companies have conducted hydrogen fuel cell research and practical fuel cell bus trials. These
include:

e Daimler AG, with thirty-six experimental units powered by Ballard Power Systems fuel cells
completing a three-year trial, in eleven cities, in 2007.

e Thor Industries, based on UTC Power fuel cell technology

e Irisbus, based on UTC Power fuel cell technology

e TATA Motors and Indian Qil Corporation (Starbus, fuel cell)

e Van Hool, and Ballard, which have had commercial fleets in passenger service in Aberdeen,
Scotland

e Wrightbus, which has had a fleet in London, England.

e Fuel Cell Buses Program (FCBP), focuses on the expansion and commercialization of fuel cell
buses in the United States.

Thereare many fuel cell powered buses active or in production, such as a fleet of Thor buses with UTC
Power fuel cells in California, operated by SunLine Transit Agency.

Hydrogen-powered fuel-cell buses began operating in Beijing on an experimental basis in 2006. Three
fuel cell buses, made by Daimler in Germany and purchased with a grant from the U.N. Development
Programme, were the first fuel cell buses to enter operation in China. The technology has not gained

broader use in the city because air pollution reduced the efficiency and operating life of fuel cells.
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The first Brazilian hydrogen fuel cell bus prototype began operation in S3o Paulo in 2009. The hydrogen
bus was manufactured in Caxias do Sul. The programme, called "Onibus Brasileiro a Hidrogénio"
(Brazilian Hydrogen Autobus), includes three additional buses.

The town of Whistler in British Columbia, Canada owned and operated the largest fuel-cell bus fleet in
the world, having been put in operation for the 2010 Winter Olympics. However, the costs were too
high, and the program halted in 2015.

In Aberdeen, Scotland, the Aberdeen Hydrogen Bus Project has 10 single-decker hydrogen fuel cell
buses operating, the largest fleet in Europe. In 2020, double-decker buses were also activated on routes

Japan intended to use the 2020 Olympics to boost hydrogen technologies and 100 fuel cell buses had to
be in operation for the event.

Several projects have been started and many will start as cost of fuel cell systems will lower

4.5 Fuel cell train

Hydrail is the generic adjective term describing all forms of rail vehicles, large or small, which use on-
board hydrogen fuel as a source of energy to power the traction motors, or the auxiliaries, or both.
Hydrail vehicles use the chemical energy of hydrogen for propulsion, either by burning hydrogen in a
hydrogen internal combustion engine, or by reacting hydrogen with oxygen in a fuel cell to run electric
motors. Widespread use of hydrogen for fueling rail transportation is a basic element of the proposed
hydrogen economy. The term is used extensively by research scholars and technicians around the world.
The term hydrail was first mentioned on August 22, 2003, in an invited presentation at the US
Department of Transportation's Volpe Transportations Systems Center in Cambridge, MA. There, Stan
Thompson, a former futurist and strategic planner at US telecoms company AT&T gave a presentation
entitled the Mooresville Hydrail Initiative. Railway industrial publication Railway Engineer has theorized
that the expanding prevalence of wind power has led to some countries having surpluses of electrical
energy during nighttime hours, and that this trend could offer a means of low-cost and highly available
energy with which hydrogen could be conveniently produced via electrolysis.[9] In this manner, it is
believed that the production of hydrogen using off-peak electricity available from countries' electrical
grids shall likely be one of the most economic practices available. As of January 2017, hydrogen
produced via electrolysis commonly costs roughly the same as natural gas and almost double that of
diesel fuel; however, unlike either of these fossil-based fuels, hydrogen propulsion produces zero vehicle
emissions.[9] A 2018 European Commission report states that if hydrogen is produced by steam
methane reforming, hydrail emissions are 45% lower than diesel trains.[10]

According to Rail Engineer and Alstom, a 10MW wind farm is capable of comfortably producing 2.5
tonnes of hydrogen per day; enough to power a fleet of 14 iLint trains over a distance of 600 km per day.
Reportedly, as of January 2017, production of hydrogen worldwide has been expanding in quantity and
availability, increasing its attractiveness as a fuel. The need to build up a capable distribution network
for hydrogen, which in turn requires substantial investments to be made, is likely to play a role in
restraining the growth of hydrail at least in the short term.
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It was observed by Railway Technology that the rail industry has been historically slow to adopt new
technologies and relatively conservative in outlook; however, a successful large-scale deployment of this
technology by an early adopter may be decisive in overcoming attitudes of reluctance and
traditionalism. Additionally, there could be significant benefits to transitioning from diesel to hydrail
propulsion. According to the results of a study performed by a consortium of Hitachi Rail Europe, the
University of Birmingham, and Fuel Cell Systems Ltd, hydrail vehicles in the form of re-powered diesel
multiple units could be capable of generating significant energy consumption reductions; reportedly,
their model indicated a saving of up to 52 per cent on the Norwich to Sheringham line over conventional
traction. From 2002 several Hydrail projects started:

e In 2002, the first 3.6 ton, 17 kW, hydrogen-powered mining locomotive powered by Nuvera Fuel
Cells for Placer Dome was demonstrated in Val-d'Or, Quebec.

e |n April 2006, the world's first hydrail railcar, which was developed by East Japan Railway
Company, was developed.[13][9]

e |n October 2006, the Railway Technical Research Institute in Japan conducted tests on a fuel cell
hydrail, a 70-ton intercity train powered by Nuvera Fuel Cells.

e In April 2007, the mini-hydrail from the Taiwan National Science and Technology Museum and
Taiwan Fuel Cell Partnership combination made its first educational ride.

e In 2007, the Railway Technical Research Institute in Japan built two 62 ton passenger cars, each
with a 450 kW PEM fuel cell and a 150 kW battery.

e In 2008, the East Japan Railway Company in Japan tested its experimental "NE Train" hybrid
train fitted with two 65 kW PEM fuel cells and 19 kWh lithium ion batteries for a short period in
the Nagano area.

e In 2009, BNSF Railway unveiled its Vehicle Projects HH20B, a switcher-locomotive powered by
hydrogen fuel cells and developed in conjunction with the US Army Corps of Engineers and
Vehicle Projects Inc. It reportedly performed its first run during 2010.

e In 2010, a 357-kilometre (222 mi) high-speed hydrail line was proposed in Indonesia. The rail
link, now under feasibility study, would connect several cities in Java with a hydrogen-powered
maglev system.

e In 2011, FEVE and the University of Valladolid (CIDAUT) launched the FC Tram H2 Project in
Asturias using a converted FABIOLOS series 3400 from SNCV. It can carry up to 30 passengers
with a maximum speed of 20 km/h.

e During 2012, the Hydrogen Train Project in Denmark commenced its efforts to develop and
build Europe's first hydrogen powered train using hydrogen in an internal combustion engine.

e |n 2012, the mini-hydrail Hydrogen Pioneer Train from the University of Birmingham, a scaled
powertrain for configuration testing.

e Between 2012 and 2014, testing was conducted on the hydrail concept in China. In November
2010, Southwest Jiaotong University demonstrated their first hydrail prototype.

e During 2012, Anglo American Platinum (Amplats) in South Africa and Vehicle Projects Inc.
launched 5 PEMFC Trident new era locomotives at the Dishaba mine with reversible metal-
hydride storage for testing.

e In 2014, the German states of Lower Saxony, North Rhine-Westphalia, Baden-Wirttemberg and
the Public Transportation Authorities of Hesse signed a letter of intent with Alstom Transport for
trials with 2 fuel cell Alstom Coradia trains by 2018.
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e During 2015, the University of Warwick started work on a hydrogen powered
locomotive.[citation needed] That same year, the Downtown Oranjestad streetcar in Aruba
went into service; the Downtown Dubai Trolley Project is intended to go into service around Burj
Khalifa and the Dubai Mall in Dubai. In 2015, CSR Sifang Co Ltd. showed its first 380-passenger
tram in Qingdao, China.

e During September 2016, Alstom revealed their newly developed iLint train, produced at their

factory in Salzgitter. In

November 2017, the

state of Lower Saxony's

local transportation
authority ordered an
initial fleet of 14 iLints.

Testing and approval by

the German Federal

Railway Authority

Eisenbahn-Bundesamt

commenced in late

2016.

e 2016 -CRRC
TRC(Tangshan)
developed the world's
first commercial fuel
cell hybrid tram and
completed its first test
run on Nanhu industrial
tourism demonstration
operation in 2017.

e 2018 - A pair of prototype llint trains are to enter regular revenue service on the Buxtehude—
Bremervorde—Bremerhaven—Cuxhaven region. Schleswig-Holstein intends to electrify the
entirety of its 1,100 km network using a fleet of 60 iLint hydrail vehicles by 2025. As of January
2018, all vehicles are planned to be maintained at a depot in Bremervorde, which will be the
world's first hydrogen train refuelling depot; hydrogen is to be generated on-site using local
wind turbines.

o In September 2017, Alstom proposed a trial of Hydrogen Fuel Cell powered train on the new
Liverpool to Chester line in England, which is scheduled for opening in December 2018. Alstom
have a new facility in Halebank on the edge of Liverpool adjacent to the line, with hydrogen
available from the nearby Stanlow Refinery.

e In March 2018, the Sarawak state government in Malaysia proposed that the Kuching Light Rail
Transit system will be powered using hydrogen fuel cells and is expected to be completed by
2024.[35] However, in September 2018, the Sarawak Chief Minister announced that the project
has been placed on hold, citing that the funds were needed elsewhere.

e InJune 2019, East Japan Railway Company announced that it is investing into developing a two-
car trainset using hydrogen fuel-cell technology from Toyota, hoping to start trials by 2021 and

Figure 4.7 — Alstom Coradia iLint
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have commercially viable technology ready by 2024. Toyota has been using fuel cell technology
in the Mirai cars.

e |In November 2019, the first hydrogen fuel cell train in the United States was ordered from Swiss
manufacturer Stadler Rail for service on the future Arrow rail line between Redlands, California,
and San Bernardino, California.[38]

e On March 17, 2021, French Railway Company announced that 15 Hydrail will be operated on the
Caen-Alengon-Le Mans-Tours line (northwest France) in the 5 years to come. The line is
operated with exclusively Diesel Train (X 72500 and XGC).

e In April 2021, 14 Hydrail (2 of which optional) were ordered by French Railway Company from
Alstom for an amount of 200 million euros. The trains will be operated by 2025 in 4 regions
(Auvergne-Rhone-Alpes, Bourgogne-Franche-Comté, Grand Est et Occitanie). These trains have
600 km of autonomy without direct CO2 emission.

4.6 Fuel cell airplane

The first airplane prototype has been performed from Diamond aircraft industries in 2008 and the small
airplane flew for about 20 min at a speed of 100 km/h. From this first prototype other projects are
recently ongoing.

Australian air carrier Skytrans and startup Stralis Aircraft have announced their intention to launch a
hydrogen fuel cell plane by 2026. The companies plan retrofitting of a 19-seat Beechcraft 1900D airliner
operating in Queensland, northeast Australia. A new hydrogen-electric propulsion system and a liquid
hydrogen storage tank will replace a turbofan engine and a kerosene fuel system.

Skytrans and Stralis Aircraft are also going to upgrade the cabin, and the flight-navigation systems
installed on board. The
upgraded airliner will be
able to reach speed up to
500 km/h, take on board
15 passengers and fly the
distances up to 800 km.
The propulsion system

/ will consist of two 955
kW units. Transformation
of Queensland into
Australia’s largest
hydrogen production hub
can aid the project. For

example, Stanwell
Corporation, a local clean
energy producer, in
partnership with Japan’s
Iwatani Corporation and five other companies, is set to begin commissioning of electrolysis capacity in
2026, which will reach 3 GW by 2031 (which is 15 times higher than their global level last year).

Figure 4.8 — Stralis airplane
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The Beechcraft 1900D conversion will allow Stralis Aircraft to acquire the engineering and technological
competencies required for building two more fuel-cell aircraft. The first one, the SA-1, will be able to
carry 45 people and have a range of up to 3,000 km, with the maximum speed limit of 580 km/h.
Capacity of the second aircraft, the SA-2, will be 90 people, and its maximum speed limit and the flight
range will be 700 km/h and 700 km, respectively.

The SA-1 is to launch in 2030 and the SA-2 —in 2035. At the same time, Stralis Aircraft holds out hope for
cheaper hydrogen production technology. “In 2026, when the upgraded Beechcraft 1900D is to enter
into service, its operating costs will be comparable to a conventional 19-seat turboprop aircraft, but they
would to drop by 25% by 2035,” industry publication Airline Ratings quotes Jonathan Stewartay, Stralis
Aircraft Technical Director.

The Beechcraft 1900D upgrade as well as the SA-1 and the SA-2 aircraft projects are supposed to
contribute to air transport decarbonisation. According to McKinsey’s estimates, air transportation
accounts for 13% of the CO2 global emissions in the transportation sector, while the land and sea
transportation accounts for 75% and 11%, respectively (with all the other subsectors accounting for 1%).
The other projects under implementation in Australia will also help to reduce the air transport carbon
footprint in the coming years. For example, the Aviation H2 company plans to carry out a test flight of a
plane with an ammonia engine by mid-2023. The fuel resulting from the synthesis of hydrogen and
atmospheric nitrogen will be an alternative to fuel cells, introduction of which associates with
abandoning of turbofan engines and costly replacement of the kerosene storage systems.

Also airbus announced the intention of starting Hydrogen airplanes. In fact, Airbus’” ZEROe concept
aircraft is expected to use hydrogen fuel cells to create electrical power that complements the modified
gas-turbine engines, resulting in a highly efficient hybrid-electric propulsion system. To further explore
the possibilities of fuel cell propulsion systems for aviation, Airbus has entered into a strategic
partnership* with ElringKlinger, a company with over 20 years of experience as both a fuel cell system
and component supplier.
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Figure 4.9 — Airbus ZEROe

“This partnership will contribute to growing our in-house expertise in alternative-propulsion systems,”
says Glenn Llewellyn, Airbus VP of Zero-Emission Aircraft. “Today, Airbus has significant know-how in
electric propulsion and fuel cells thanks to work carried out at our E-Aircraft System House and currently
taking place at the ZAL in Hamburg. This partnership will be a phenomenal acceleration in bringing
hydrogen fuel cells to future aircraft.”

The agreement involves co-developing and co-validating aviation-compatible fuel cell stacks. In
particular, testing the power density of fuel cell stacks for aircraft will be a key focus area.

“Battery-powered propulsion to fuel larger aircraft over longer distances is not possible with today’s
technology,” explains Matthieu Thomas, ZEROe Aircraft Lead Architect. “Hydrogen fuel cells could be a
great alternative because they can generate—with zero emissions—significantly more power and
energy for a given weight. This makes fuel cells an extremely interesting technology to achieve our
ambitions.”

While hydrogen fuel cell technology to power alternative-propulsion systems is still new to aviation,
cross-industry collaboration, like the strategic partnership between Airbus and ElringKlinger, will be
essential to maturing the technology’s potential in the years to come.

Technically, hydrogen combustion could be used for longer flights, potentially covering almost 95% of
flights and 55% of fuel consumption, but equipment would be needed to mitigate NOx emissions.18
Sustainable drop-in aviation fuels, including hydrogen-based fuels and biofuels, will be needed to
decarbonise at least longer-haul flights, although means to mitigate non-CO2 climate-warming effects

Application of Hydrogen Page 26 of 32



=pure

ENERGY"CENTRE

may be required. Whether used with fuel cells or directly combusted, using hydrogen will require new
aircraft system designs. Airbus is exploring various

hydrogen aircraft concepts, focused on a capacity of up to 200 passengers and a 3 700-km range, with
the goal of having a commercial aircraft available by 2035. Smaller companies working on hydrogen
aircraft solutions include ZeroAvia, which targets the first commercial offering of a hydrogen plane with
a 900-km range in 2024, and Universal Hydrogen, which aims to develop hydrogen storage solutions and
conversion kits for commercial aircraft. Boeing recently partnered with Australia’s Commonwealth
Scientific and Industrial Research Organisation (CSIRO) to publish a roadmap for hydrogen in the
aviation industry that considers opportunities for hydrogen use in aircrafts and airport applications
(buses, stationary power, ground support equipment, taxis, trains and freight trucks).

Hydrogen potential, by share of flights and fuel use in
commercial passenger aviation

» 100%

S 90% — Flights

T 80%

,S 70% — Awiation fuel

E 60% Fuel cells (fuel)

£ 50%

2 a0% Fuel cells (fights)
30% Combustion (fuel)
20%
10% Combustion (flights)
0%

0 2000 4000 6000 8000 10000 12000
Flight distance (km)

MNote: Shading indicates shares of aviation fuel use (solid) and flights (transparent) that
could theoretically be offset by hydrogen aireraft, given successful technology
development to meet industry targets.

Source: |EA analysis based on OAG flight database.

Figure 4.10 — Hydrogen potential in aviation (Source:IEA)

Remaining technical challenges include light-weighting cryogenic storage tanks (with minimal boil-off)
and developing hydrogen infrastructure for delivery (likely pipelines with near- or on-site liquefaction)
and high-flowrate liquid refuelling.

4.7  Fuel cell ferry

There has been developed fuel cells ferries from Cummins. Their hydrogen fuel cells that are being
integrated into North America’s first commercial hydrogen fuel cell powered, zero emissions ferry (ZEF).
Quiet and emissions free, the vessel, named “Sea Change,” marks another crucial milestone in the
commercialization of zero emissions marine vessel power.

The 70-foot, 75 passenger high-speed ZEF will be the flagship for a planned future fuel-cell powered
fleet, transporting commuters around the bay of San Francisco, California (U.S.). It will also demonstrate
and test the potential of commercialization of fuel-cell powered marine vessels to the global maritime
industry.
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The powertrain has been designed by Golden Gate Zero Emission Marine, the Sea Change is powered by
Cummins’ 360kW fuel cell and can reach speeds up to 22 knots. The fuel cells are supplied with
hydrogen from storage tanks creating electricity to run the electric motors and turn the vessels
propellers, generating the ferry’s movement. With the ZEF only producing water and electricity as a by-
product, it's 100% emissions free.

Cummins fuel cells powering North America’s first commercial zero emissions ferry

Fuel cells are an attractive solution for decarbonization of marine vessels for several reasons. They are
zero emissions, silent and scalable. Plus, they are flexible because the power from the fuel cells is
transported through wires, the fuel cells can be placed almost anywhere on the vessel. In the case of the
Sea Change, the fuel cells are placed in a room at the back of the main cabin, while the hydrogen
storage tanks are up at the top deck.

The Sea Change is owned by SWITCH Maritime, a North American impact investment company working
to create America’s first fleet of zero emission marine vessels. This project is also partially funded by a
$3 million grant from the California Air Resources Board, administered by the Bay Area Air Quality
Management District, that comes from the California Climate Investments initiative. The Sea Change is
in the final phases of construction and set to begin sea trials this year.

With governments around the world developing ambitious goals for carbon emissions and a focus on
the commercial maritime industry, this is an exciting step towards reducing carbon emissions and
meeting the need for cleaner mobility solutions globally.

Cummins is not stopping with zero emission ferries. The company’s alternative power solutions are set
to power applications across the port ecosystem. This includes battery electric terminal tractors and six
Class 8 fuel-cell powered drayage trucks that will transport goods from ships to warehouses in Southern
California. In addition, Cummins is designing and building containerized hydrogen fuel cell generator
systems that will supply both stationary and portable port power.

Figure 4.11 — Cummins Fuel cell boat

Another ambitious project from Norled is the development of Fuel cell Ferry. Ballard Power Systems has
delivered two, 200 kW FCwave modules to Norled, one of Norway’s largest ferry and express boat
operators. The fuel cell modules will power the world’s first liquid hydrogen-powered ferry, the ‘MF
Hydra’, which is to be launched later in 2022.
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Figure 4.12 — MF Hydra

The hydrogen fuel-cell ferry ‘MF Hydra’ will be the first hydrogen-powered ship to be approved by the
Norwegian Maritime Directorate, the Norwegian Directorate for Civil Protection and Emergency
Planning (DSB) and DNV. The vessel has a capacity of up to 300 passengers and 80 cars and will sail on
the triangular route between Hjelmeland-Skipavik-Nesvik in Norway.

Also cruise ship are valuating the use of fuel cells and some projects are under development. For
example Fincantieri is working on implement fuel cell as power supply on hotel operations.

4.8 Fuel cell boat

The world of boat has started to produce electro-hydrogen system, the French company Hynova Yachts
has produced Hynova 40 which is the first-ever production boat to use hydrogen power.

The hydrogen fuel cell is about to splash into recreational boating. Like traditional batteries, hydrogen
fuel cells produce
electricity without any
combustion or emissions.
Unlike batteries,
however, hydrogen cells
do not run down or need
to recharge as long as
there is a constant source
of fuel.

Hynova Yachts, is among
the first builders to

Figure 4.13 — Hynova 40

Application of Hydrogen Page 29 of 32



spure

NERGY ' GENTRE

embrace hydrogen as a source of fuel, and its prototype 40-foot powerboat plans to use Toyota's REXH2
fuel cell for power. With twin 150-kW electric engines, the Hynova 40, an open-design yacht tender,
projects to hit a top speed of 25 knots and cruise at 15 knots.

Toyota is heavily invested in hydrogen fuel cells, using them in buses, trucks and high-speed ferries.
Toyota marinized the Marai’s cell, adding a water-cooling system and filters to keep salt from getting
into the internal workings when engineering the REXH2 cell. It’s a step in the right direction, and Hynova
is not the only builder using the REXH2.

The team behind Energy Observer? collaborated on the Hynova 40, which in addition to its twin electric
engines and battery bank will also carry a 60-kW REXH2 cell and 30-kg hydrogen tanks. The REXH2 uses
hydrogen to create electricity, which flows to a battery bank. The batteries provide a well of energy to
meet momentary demands—acceleration and seafaring—while the cell extends the vessel’s range. The
cell can also power onboard systems while at anchor. The entire system is silent and carbon neutral.

For higher output needs, installers can arrange cells in sequence, and since they are small and modular,
they can be spread through the hull to fit within various designs. That modularity also means that if any
one cell malfunctions, the rest will continue to operate, providing built-in redundancy.

There are durability questions, too, and while more recent cells showed improvements, they have not
yet reached the standards set by industry and governments. As with the solar vs. wind debate, the plug-
in electric vs. hydrogen argument is a bit of a false dichotomy. It’s clear that the world will need multiple
technologies adapted to specific uses to solve its energy problems, which is why the Hynova and its fuel
cell are worth valuating.

4.9 Fuel cell bike

Fuel cells bike have been recently produced by some companies, for example the French company

Pragma industries has made available
electrically assisted bike with a fuel cell (FC-

solar and hydrogen power, has traveled 7,000

10 knots. The energy observer is capable of

boat uses two types of storage (Li-ion batteries for
duces and store hydrogen using seawater thanks to

r a surface of 130 square meters (21 kW peak), 2
ersible electric motors (2x41 kW) of hydrogenation, 1
ompressor, 1 fuel cell (22 kW), and 62 kg of
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Pedelec) Pragma Industries has designed the first commercial-grade fuel cell Pedelec, alpha, integrating
the OCS fuel cell technology. alpha has been developed as a response energy demand and eco-mobility
issues. The fuel cell and hydrogen storage integrated inside an unrivalled range of 150km on a single
charge with 2 liters hydrogen tank compared with the 50 km of a standard ebike with 360 Wh battery it
is a big advantage. Filling time is just 2 min, compared with the 4 hours recharge of a standard ebike, it is
also a big advantage. Another big advantage with standard electric bike is that the distance that can be
covered is independent from temperature. This bike can be used by:

Public services
Territorial staff mobility
Corporate staff mobility
Last mile delivery
Tourists rental

Bike sharing programs

Using a central charging system. There are also projects to convert standard bike into FC bikes3.
Fraunhofer ISE just added fuel cell system and a small engine to a standard bike. Total weight of the
system is 3.3 kg. The total content of energy is 270Wh enough to travel a distance of more than 50 km.

Figure 4.15 — Fraunhofer FC conversion kit

3 The special Drive drives the rear wheel directly via a specially developed transmission roller. Of course it is not
necessary a gearbox.
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5 Conclusion

Fuel cells are simple, environmentally clean, efficient, and low emission device. These factors in itself
makes fuel cell to hold wide range of applications. There is thrust to find the way mankind can generate
as much as electricity in a sustainable way. Fuel cells have real potential to qualify as technology from
which electricity can be generated with harmless by products.

As our demand for electrical power grows, it becomes increasingly urgent to find new ways of meeting it
both responsibly and safely.

In the past, the limiting factors of renewable energy have been the storage and transport of that energy.
With the use of fuel cells and hydrogen technology, electrical power from renewable energy sources can
be delivered where and when required, cleanly, efficiently and sustainably.
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