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Hydrogen is already produced and used in industry;
however, there is an increased interest in hydrogen
from a different perspective, in the framework of
alternative, clean energies. It is important that society
is aware of the advantages of using hydrogen, in order
to be prepared to receive and implement hydrogen
technologies in a smooth manner.
The information provided in this book is a compilation
of different sources adapted to the general public,
including the results obtained in the H2TRUST project, funded by the Fuel Cells
and Hydrogen Joint Undertaking (FCH JU) in the 7th Framework Programme. As
highlighted in the recommendations provided in chapter 13, one of the main
learnings of this project is the need, at the European level, of a permanent
infrastructure for gathering and analysing data, together with a group of
experts for safety assessment.
First of all, I would like to thank the FCH JU on behalf of all the partners of the
H2TRUST consortium. The project could not have been carried out without the
FCH JU help and the provided funding. Particularly, I would like to express our
sincere appreciation to Guillaume Leduc, Nikos Lymberopoulos, Vasco Ferreira
and Jean Luc Delplancke for monitoring the project, their constant support
and suggestions through these years. And to James Cogan from Ciaotech-PNO
for embarquing us in this adventure.
I extend my gratitude to each of the nine institutions that are part of the
consortium. Their work focused on achieving the specific targets proposed in
every task have been key to successfully complete the project. Special thanks
to all the Work Package leaders for their professionalism and savoir-fair. In
addition to the partners involved, I want to thank all the institutions that have
participated in the data gathering study.
Finally, and more personally, we would like to express our wholehearted thanks
to every person that participated with their work, comments, contributions,
concerns and thoughts, helping to generate scientific and technical knowledge
in understanding the safety aspects related with hydrogen. In short, many
thanks to the team that made it possible for this project to be a success, and
to the experts and non-experts that work for hydrogen to be a reality in our
sustainable energy scenario.
Dr. Lourdes F. Vega - MATGAS Director
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1
INTRODUCTION
Hydrogen is already widely produced and used in industry today, for
example, for ammonia synthesis and oil refinery; it has been NASA’s shuttle
fuel since the sixties. However, there is an increasing interest in hydrogen in
recent years due to its use as an energy carrier* for stationary power and
transportation markets, as an alternative to replace fossil fuels. In fact, it is
expected that the hydrogen based energy infrastructure will soon become
a mainstream solution for society’s needs to transition to clean, renewable
and widely available energy sources.

Figure 1.1. Wright Pulsar Hydrogen Bus in London, UK.

Applications such as forklifts, back-up power and portable power are at an
advanced stage of industrial test. Markets that may be expected to reach
commercial scale by 2020 are residential Combined Heat and Power (CHP)
systems, auxiliary power units, fleet vehicles, public buses and private cars.
Table 1. 1. shows a summary of the deployment phases targets and main
actions for hydrogen technologies.
*Words in bold are defined in the Glossary.
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Table 1.1. Summary of the deployment phases targets and main actions outlined in the
Roadmap and Action Plan for hydrogen technologies [Adapted from1].

One of the main difficulties for this transition is the acceptance of hydrogen
technology by the society, mainly because of a lack of educated knowledge.
For this reason, before regulations are in place and the market drives hydrogen
to the fuel of choice, the safety issues must be systematically addressed for
each application in order to assure that related products and systems are safe
and perform as designed.
This book aims at providing society with information about hydrogen
properties and safety measures in order to aid the deployment of the
hydrogen technologies by improving its public perception. For this purpose
we took into account the results obtained in the H2TRUST project, presented
in Chapter 2, as well as general technical information on hydrogen, gathered
from experts in the field. After the explanation of the H2TRUST project, we give
an overview about what is hydrogen, its applications and safety implications.

-14-

1. Introduction

Afterwards, each step of the hydrogen value chain (production, storage,
distribution, mobility applications, and non-mobility and residential power
generation) is explained, making emphasis on the safety aspects. The last
chapters provide information about what to do in case of emergency, the
gaps detected in H2TRUST and the recommendations for the future.
Additional information provided in the annexes includes hydrogen
properties, regulations, codes and standards, and a list of European funded
projects related to hydrogen as a way to speed up the deployment of these
technologies in the market and the society.
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2.
THE H2TRUST PROJECT
2.1. Objectives
H2TRUST was a project designed by a team of European Fuel Cell and Hydrogen
(FCH) industry leaders to foster a smooth and well managed transition to full
scale commercialization of FCH applications in Europe and, from a safety
perspective, to aid the process by which all industry stakeholders are informed,
prepared and confident.
The specific objectives were:
•

Support industry in researching and creating a pre-emptive safety culture
by uncovering potential safety issues in all the areas of the hydrogen
value chain (see Figure 2.1.), and communicating recommendations for
mitigating actions and best practices.

•

Help to ensure that the needed standards and appropriate regulatory
framework are in place in time for commercialization (Regulations, Codes
and Standards harmonization).

•

Develop a good understanding of the conditions of societal acceptance as
basis for the creation of the most appropriate public communication and
educational measures (societal acceptance).

In order to achieve these objectives, the H2TRUST project was structured in
five Work Packages (WPs), according to the chart in Figure 2.1.
All the H2TRUST public deliverables are available at the project website
(http://h2trust.eu).
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Figure 2.1. WPs corresponding to the H2TRUST. The WP leader organizations
are indicated in parenthesis.
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2. The H2TRUST project

2.2. H2TRUST deliverables
The following deliverables resulting from the H2TRUST project are available*
at the project website2:
D2.1. Framework and methodology.
D2.2. Reference benchmark for H2 production-storage-distribution
technologies.
D2.3. Literature and knowledge base.
D2.4. Mirror groups organisation chart and data gathering procedures.
D3.1. State of play H2 issues.
Chapter 1: Hydrogen production.
Chapter 2: Storage and distribution.
Chapter 3: Mobility and vehicles.
Chapter 4: Non-vehicles and residential power generation.
Chapter 5: Regulators, first responders, consumers.
D4.1. FCH safety issues, industry best practices, and recommendations
D4.2. Safety risk assessment.
D4.3. Public safety assessment.
D5.1. Online portal.
D5.2. Assessment and due-diligence tool.
D5.3. Demo, conference and trade fair kit.
This deliverable, for example, includes a video, a brochure and
this book.
D5.4. Dissemination implementation measures checklist.
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2.3. The Consortium
The H2TRUST consortium consisted of 10 members (one of them as third
party) from 7 different European countries (see Figure 2.2). The information
of all theses institutions can be found in the next pages. The consortium
was designed to build on the complementary expertise in hydrogen of the
different partners.

Figure 2. 2. Partners and geographical distribution of the H2TRUST consortium.

Figure 2.3. Picture from the kick off meeting of the H2TRUST project in the
hydrogen production plant of Carburos Metálicos, Tarragona (Spain).
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2. The H2TRUST project

MATGAS 2000 AIE, Spain

MATGAS 2000 A.I.E. is a research centre located in Barcelona (Spain),
legally registered as a non-profit economic interest group, born as a
joint venture between Carburos Metálicos (Air Products Group), the
Spanish National Research Council (Consejo Superior de Investigaciones
Científicas, CSIC) and the Autonomus University of Barcelona (Universitat
Autònoma de Barcelona, UAB) in 2001. MATGAS is dedicated to research,
development and demonstration projects in the field of materials and
gases from a broad perspective, being focused on sustainable processes
and products. At MATGAS, we bring together basic research projects,
technological development and business management models.
In 2014, MATGAS was awarded by the Government of Catalonia with
the National Award for the Public-Private partnership in R&D.
Related with hydrogen, MATGAS has participated in several EU projects.
Currently, MATGAS actively collaborates in: (1) H2TRUST, focused on
hydrogen safety (coordinator); (2) HyTEC, based on the Hydrogen
Transport in European Cities (London and Copenhagen); (3) SOFCOM,
focused on energy systems based on Solid Oxide Fuel Cells; and (4) a COST
ACTION based on nanostructured materials for solid-state hydrogen
storage. Moreover, MATGAS participated in the LOLIPEM project based
on long-life PEMFC and CHP systems at temperatures higher than 100°C,
and in the Marie Curie Research Training Network project focused on
solid state reactions for hydrogen storage (COSY).
More info at: www.matgas.org
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SE de Carburos Metálicos S.A, Spain

Carburos Metálicos, Air Products’ Spanish subsidiary since 1995, is a market
leader in Spain. The company produces and delivers gases, equipment
and services, for a variety of industrial, energy, technology and healthcare
applications.
Founded in 1897, Carburos Metálicos has been serving the Spanish industry
and society for more than 117 years. The company has 600 employees and
160 agents, a liquified gas production capacity of more than 1,200 mtpd, 13
production facilities, 12 refilling plants, 2 high purity labs, and is the main
partner of the MATGAS R&D center.
Carburos Metálicos inaugurated in 2002, after an investment of 58 million
Euro, the hydrogen production center (HyCO) in Tarragona area. It is one
of the biggest of its kind in Spain and the only one located in the Catalonia
region. It supplies hydrogen by pipeline to the Repsol refinery and trucked
to other industries. The installation is highly automated, employing only 10
people, and takes up to 10,000 m2.
The company has a total safety philosophy. Extensive protocols ensure the
greatest protection of both the employees and the population in and around
our facilities. The company has a team of experts ready to act immediately
if needed throughout the Country. The team is regularly consulted by the
emergency authorities (police, firemen). Carburos Metálicos has one of
the lowest accident rates in the Spanish chemical sector. This effort was
recognized with the safety award of the Spanish chemical industry trade
association (FEIQUE) in 2012, and with the European Industrial Gases
Association (EIGA) awards to three of our facilities.
As part of the Air Products group, Carburos Metálicos is at the forefront
of the development of hydrogen energy technologies and hydrogen fuel
infrastructure, and is committed to supporting the global automotive
industry in their research and transition into hydrogen mobility. Carburos
Metálicos has designed and built two of the four Hydrogen Refueling Stations
(HRS) currently available in Spain.
More info at: www.carburos.com
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2. The H2TRUST project

Air Products PLC, United Kindgdom

Air Products Plc is the UK subsidiary of Air Products and Chemicals Inc. The
group serves customers in industrial, energy, technology and healthcare
markets worldwide with a unique portfolio of atmospheric gases, process
and specialty gases, performance materials, and equipment and services.
Founded in 1940, Air Products has built leading positions in key growth
markets such as semiconductor materials, refinery hydrogen, home
healthcare services, natural gas liquefaction, and the developing hydrogen
energy market. The company is recognised for its innovative culture,
operational excellence and commitment to safety and the environment. Air
Products has annual revenues of $10.4 billion, operations in more than 50
countries and 21,200 employees around the globe.
Air Products initiated worldwide supply of hydrogen in 1956, and since
then has continuously developed hydrogen production and distribution
related capabilities. Today, with more than 5 million kg per day of hydrogen
production, Air Products’ market share exceeds 50%, and the company is
unquestionably the leader in on-site merchant hydrogen production and
supply worldwide, and the industry leader in hydrogen safety engineering.
Air Products has an unsurpassed safety record in the production, storage,
handling, and distribution of hydrogen and other gases. The company has
taken a leadership role in supporting the market in the safe use of hydrogen
fuel.
To date Air Products has built over 170 hydrogen fuelling stations in 20
countries, currently undertaking more than 1 million safe fuellings per year,
to regularly refuel hydrogen powered cars, buses, forklifts and submarines.
The company participates in many US DoE and European funded projects.
Current projects include CHIC, HyTEC and HyFIVE. Air Products is a member
of several European country associations and standardisation committees
for hydrogen energy technologies (including EIGA and the BCGA).
More info at: www.airproducts.com
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The Italian Federation of Scientific and Technical
Associations (FAST), Italy
European Hydrogen Association (EHA), Italy

FAST – the Italian Federation of Scientific and Technical Associations,
which was established in 1897 as an independent non-profit association.
It represents 34 national scientific and technical associations with around
50.000 members from industry, research and technology sectors. Over the
years, FAST has acquired significant expertise in facilitating the establishment
and management of new associations in emerging technology fields, that
have become recognized points of reference in their sector. Recent examples
include the Natural Gas Vehicles System Italy (www.ngvsystem.com) and
the Italian Hydrogen and Fuel Cell Association, H2IT (www.h2it.org) that
has been hosted by FAST in Milan since its launch in 2002. FAST’s office in
Brussels manages the office of the European Hydrogen Association, EHA. The
EHA currently represents 22 national hydrogen and fuel cell organisations
and the main European developers of hydrogen infrastructure. Its unique
membership structure enables the EHA to maintain close connections with
local developments and to communicate members’ industrial and regulatory
concerns to key decision makers at EU level. Since 2008, the EHA has hosted
the European Association for Hydrogen, Fuel Cells and Electro-mobility in
European Regions, HyER (formerly HyRaMP) which represents 40 regions
active in clean electric power and vehicles deployment. FAST over the last
decades has developed a broad expertise in the dissemination of hydrogen
and fuel cell technology progress in Europe. In addition, FAST has a long
tradition in engaging younger generations in science and technology activities
through its involvement in the EU’s Youth and Science programs.
More info at: www.fast.mi.it; http://www.h2euro.org

-24-

2. The H2TRUST project

Solvay Specialty Polymers, Italy S.p.A. POLYMERS

Solvay Specialty Polymers manufactures over 1500 products across 35
brands of high-performance polymers offering, as a leading global producer
of innovative materials which consistently surpass the highest standards for
sustainability, durability, chemical and temperature resistance, weatherability
and transparency, the widest range of specialty polymers in the world which
fulfils critical requirements of global customers involved in industries such as
the Automotive, Aerospace, Chemical, Healthcare, Membranes, Plumbing,
Semiconductor, Oil & Gas, Wire & Cable and Alternative Energy ones.
In the field of Alternative Energy Solvay Specialty Polymers has, among
others, R&I activities on PEM water electrolyzers for hydrogen production
and PEM fuel cells for hydrogen conversion in electric power.
The over 1500 products portfolio derives from four technologies in which
Solvay Specialty Polymers boasts tremendous expertise: aromatic polymers
covering the full spectrum of high-performance polymer applications - highmoisture barrier polymers, fluoropolymers and high-performance crosslinkable compounds.
More info at: www.solvayspecialtypolymers.com
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McPhy Energy , France

McPhy Energy, a leading developer of hydrogen-based solutions, was
founded at La Motte Fanjas (Drôme) in France in 2008. The company draws
on its exclusive technique for storing hydrogen in solid form and its years of
experience in producing hydrogen through water electrolysis to design and
manufacture flexible storage and production equipment.
McPhy Energy offers easy-to-use, environmental-friendly solutions combining
unique safety features and energy independence to its clients in the renewable
energy, mobility and industry sectors. The Group has three production sites in
France, Germany and Italy and a R&D laboratory in France.
McPhy ‘s technology is modular by definition – a module of 1 to 400 Nm3/h
delivering hydrogen at low and high pressure and modular storage of hydrogen
for industry and energy - allows us to meet any type of hydrogen requirement,
especially large installations where hundreds and thousands of Nm3/h (or
multi-MW solutions) are needed for new energy markets and large industrial
consumers.
More info at: www.mcphy.com
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2. The H2TRUST project

Politecnico di Milano, Italy

The Politecnico di Milano was established in 1863 and is nowadays organised
in 17 departments among the Schools of Engineering, Architecture and
Industrial Design. With about 1300 professors, 6000 graduated students per
year and a total number of students enrolled in all campuses of approximately
40000, the Politecnico di Milano is the largest institution in Italy for Engineering
and Architecture.
Activity within the H2TRUST project has been developed at the Department
of Energy of Politecnico di Milano (www.energia.polimi.it). The Department
of Energy enrolls more than 350 people (including over 120 professors, the
technical and administration staff, contract researchers and PhD students).
The research activity pursued at the Department of Energy spans the whole
range of thermo-fluid-dynamic, electrical and chemical processes required
to convert primary energy sources into useful forms of energy, as well as
to the rational and environmentally friendly use of energy in stationary and
mobile plants. This includes the study of renewable energy sources and clean
utilization of a variety of fuels, optimisation of complex energy systems to
generate or co-generate mechanical and electrical energy, heat, refrigeration,
synthetic fuels, the design of relevant components like steam, gas and
hydraulic turbines, compressors, pumps, engines, heat exchangers, energy
storage devices etc.
More info at: www.polimi.it

-27-

SOL S.p.A., Italy

The SOL Group is engaged in production, applied research and distribution
activities pertaining to industrial, pure and medicinal gases, in home-care
medical business, as well as in the sector for related medical equipment in
Italy, presently active in 20 other European countries, in Turkey and in India.
The products and services of companies belonging to the Group are used in
the chemical, electronics, iron and steel, engineering and foodstuff industries,
as well as in sectors such as environmental protection, research and health.
The company is involved in several EU and Italian projects regarding H2, O2,
CO2 production, purification, storage and innovative technologies, focused on
industrial applications, fuel cells systems and sustainable mobility.
More info at: http://www.sol.it/copertina/index.htm
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2. The H2TRUST project

Ciaotech s.r.l. (100% PNO Group B.V.), Italy

CiaoTech S.r.l. is a private company, part of PNO Group, Europe’s largest
independent intermediary providing support services to private and public
organizations in Innovation processes, Technology Transfer, IT solutions and
funding for R&D&I. Each year PNO provides end-to-end coaching of hundreds
of innovation organisations in order to achieve funding and exploit results.
PNO’s service is technology based and its people are mainly from scientific/
technology backgrounds. PNO supports over 2 000 clients throughout Europe,
annually developing over 120 European consortia and funding proposals,
and fostering their successful implementation in many technology domains,
involving both small and medium sized and multinational industries, as
well as Universities and Research institutes, amongst which European and
international leaders.
PNO co-managed the process of developing a Public Private Partnership and
the SPIRE 2030 Innovation Roadmap (www.spire2030.eu) for the sustainable
process industry, as input to HORIZON 2020. Moreover, PNO is key advisor to
the European Technology Platform (ETP) SusChem and the European Council
for the Chemical Industry (CEFIC) to support the development of medium to
long term research and innovation agenda for resource efficiency.
More info at: www.pnoconsultants.com
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Eindhoven University of Technology (TU/e),
The Netherlands

Eindhoven University of Technology (TU/e) is a research university
specializing in engineering science & technology. Our education, research
and knowledge valorization contribute to:
•

Science for society: solving the major societal issues and
boosting prosperity and welfare by focusing on the Strategic
Areas of Energy, Health and Smart Mobility.

•

Science for industry: the development of technological
innovation in cooperation with industry.

•

Science for science: progress in engineering sciences through
excellence in key research cores and innovation in education.

The mission of the process intensification group is to become a world-leading
group in the education, research, development and implementation of novel
integrated multi-phase reactor concepts for energy, bio-based and chemical
applications with the objective to reduce the environmental impact and
improve the resource and energy efficiency of industrial processes by using
our strong, unique and continuously developing combination of modeling,
experimental and technological competences.
More info at: www.tue.nl
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3
WHAT IS HYDROGEN?
Hydrogen is the first element in the periodic table, with
chemical symbol H. It consists of one proton (a core unit
of positive charge) and one electron (negative charge). It
has atomic number 1 and atomic weight of 1.00794.u,
being the lightest element on the periodic table.
At standard temperature and pressure (taking into
account the International Standard Metric Conditions3
15°C and 1 atm), hydrogen is colorless, odorless,
tasteless, non-toxic, non-metallic, highly combustible,
and forms a diatomic gas with the molecular formula H2.

Figure 3.1. Two hydrogen molecules.

Since hydrogen readily forms covalent compounds with most non-metallic
elements, most of the hydrogen on Earth exists in molecular forms such as
water or organic compounds (see Figure 3.2.). Hydrogen plays a particularly
important role in acid–base reactions. In ionic compounds, hydrogen can take
the form of a negative charge (anion) known as a hydride, or as a positively
charged (cation) denoted by the symbol H+.
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Figure 3.2. Liquids and gases where hydrogen is present as part of their molecular
structure.

Hydrogen is found in different states depending on temperature and pressure.
The phase diagram shows three main points:
•

The Triple Point: where solid, liquid and gaseous phase coexist (-259 °C,
0.0695 atm).

•

The Boiling Point: where hydrogen passes from liquid to gaseous phase
or viceversa (-253 °C, 1 atm).

•

The Critical Point: where no phase boundaries exist (-240.15 °C, 13.3
atm).

However, the most common states of hydrogen are gaseous and liquid, which
are also the most frequently used.
Annex I provides a summary of the main properties of hydrogen.
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4.
HYDROGEN APPLICATIONS
Hydrogen is currently used in multiple applications. They range from
large scale applications, such as in the chemical and oil industry, to small
quantities, as in portable devices or in laboratories (in gas chromatography)
and others (see for instance the video in Youtube4). In refineries, the demand
for hydrogen will increase due to a more strict legislation, but also to a more
extensive processing of residues and higher diesel demand compared with
gasoline.
Due to the growing world energy requirements, the search for alternative
fuels is increasing over the years, being hydrogen a clear candidate. Hydrogen
is a clean energy vector which can be used as a substitutive fuel, since it
supplies more energy per unit of mass than the current fuels (see Chapter 10
for details). For this reason, most of the current research and development
projects are focused on the development of fuel cells for different applications
in a technical, economical and environmental sustainable manner.
This chapter deals with some current applications of hydrogen. Special
attention is given to fuel cells, types, uses and challenges for further
development.

4.1. General uses of hydrogen
Nowadays, hydrogen is used in several industrial processes. Among other
applications, it is important to point its use as raw material in the chemical
industry, and also as a reductor agent in the metalurgic industry. Hydrogen
is a fundamental building block for the manufacture of ammonia, and hence
fertilizers, and of methanol, used in the manufacture of many polymers.
Some of the hydrogen uses are briefly described next.
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Figure 4.1. Pie chart of the uses of hydrogen5.

Ammonia Synthesis
Hydrogen reacts with nitrogen to form ammonia. The reaction (see equation
4.1) is exothermic and needs a catalyzer at a temperature range of 470-530
°C and a pressure of 150-250 bar. It is known as the ammonia synthesis loop
(also referred to as the Haber-Bosch process). Since relatively low single pass
conversion rates are achieved (typically less than 20%), a large recycle stream
is required6.
3H2 + N2 → 2NH3

(4.1)

Although equation 4.1 shows the main reaction for the ammonia formation,
it is important to consider that other reactions are also involved, such as the
methane combustion, reaching temperatures higher than 1000 °C.

Figure 4.2. Scheme of the Haber Bosch Process7.
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Oil refining
Hydrogen is used to process crude oil into refined fuels, such as gasoline and
diesel, and also for removing contaminants, such as sulphur, from these fuels.
Hydrogen use in refineries has increased in recent years for different reasons:
(i) the strict regulations that require low sulphur in diesel, (ii) the increased
consumption of low quality ‘heavy’ crude oil, which requires more hydrogen
to refine and (iii) the increased oil consumption in developing economies such
as China and India.
Approximately 75% of the hydrogen currently consumed worldwide by oil
refineries is supplied by large hydrogen plants that generate hydrogen from
natural gas or other hydrocarbon fuels8.

Figure 4.3. Repsol refinery in Tarragona9 (Spain).
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4.2.

Hydrogen and fuel cells

In the energy field, most hydrogen is used through Fuel Cells (FCs). A fuel
cell is an electrochemical device that combines hydrogen and oxygen to
produce electricity, with water and heat as by-products. In its simplest
form, a single fuel cell consists of two electrodes - an anode and a cathode
- with an electrolyte between them. At the anode, hydrogen reacts with a
catalyst, creating a positively charged ion and a negatively charged electron.
The proton then passes through the electrolyte, while the electron travels
through a circuit, creating a current. At the cathode, oxygen reacts with
the ion and electron, forming water and useful heat10.
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e-

H2

H+

e- H+

e-

H+

Air In
H2O

e-

eO2
e- H O
2

Excess fuel

Unused gases out
Anode

Cathode
Electrolyte

Anode: H22H+ +2eCathode: O2+ 4H+ +4e- 2H2O
Overall reaction: O2+ 2H2 2H2O

Figure 4.4. Fuel Cell basic operation11.
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Although there are different fuel cell types12, all of them work similarly (see
Figure 4.4). In this section those using hydrogen are introduced.

4.2.1. Types of fuel cells
The main types of FCs differ on their electrolyte or ion conduction material
and operating temperature. They are indicated in the Table 4.1, and will be
briefly described next.

Table 4.1. Data from different types of fuel cells depending on their mobile ion and
operating temperature12.

Fuel Cell
Type

Mobile
ion

Operating
temperature

Applications

Alkaline
(AFC)
Proton
Exchange
Membrane
(PEMFC)
Direct Methanol
(DMFC)

OH-

50-200°C

H+

20-90°C

Used in space vehicles,
e.g. Apollo, Shuttle.
Vehicles and mobile
applications, and for lower
power CHP systems

H+

20-90°C

Phosphoric acid
(PAFC)
Molten
Carbonate
(MCFC)
Solid oxide
(SOFC)

H+

~220°C

CO32-

~650°C

O2-

500-1000°C
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Suitable for portable
electronic systems of low
power, running for long
times
Large number of 200-kW
CHP systems in use
Suitable for medium –to
large scale- CHP systems,
up to MW capacity
Suitable for all sizes of
CHP systems, 2kW to
multi-MW

Alkaline Fuel Cells (AFC)
Alkaline Fuel Cells (AFCs) were one of the first developed FC technologies,
and they were the first type widely used in the U.S. space program to produce
electrical energy and water on-board spacecrafts13. These FCs use a solution
of potassium hydroxide in water as the electrolyte, and can use a variety of
non-precious metals as a catalyst at the anode and cathode. High-temperature
AFCs operate at temperatures between 100°C and 250°C. However, newer AFC
designs operate at lower temperatures of roughly 23°C to 70°C. The efficiency of
an alkaline FC operating on pure hydrogen is 60%11.

Oxygen in

Hydrogen In
H2

e-

e-

e-

Water out
Heat out

H2O

OH-

O2

e-

e-

e-

Anode

Cathode
Electrolyte

Figure 4.5. Alkaline Fuel Cell operation.

One of their advantages is that the water produced is drinkable and currently
are the cheapest fuel cells to manufacture14. The reason lies in the relatively
inexpensive materials used as catalyst on their electrodes, compared to the
catalysts such as platinum required for other types of FCs.
One of the limitations of AFCs, is that they are sensitive to carbon dioxide (CO2)
which may be present in the fuel or air. The CO2 reacts with the electrolyte to
form a carbonate which can decrease the conductivity.
Currently, this type of FC are being tested for stationary power applications.
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Proton Exchange Membrane Fuel Cells (PEMFC)
Proton Exchange Membrane Fuel Cells, also known as Polymer Electrolyte
Fuel Cells or PEMFC, provide high-power density and have several advantages
related to its low weight and volume, compared to other FCs15. PEMFCs use a
polymeric membrane as an electrolyte, and porous carbon electrodes containing
a platinum catalyst. These type of FCs only need hydrogen, oxygen from the air,
and water to operate, and their operation do not involve corrosive fluids like
some other FCs. They are typically fuelled with pure hydrogen supplied from
storage tanks.

Figure 4.6. High Efficiency PEMFC16.

They operate at low temperatures, about 80°C, and they are suitable for
mobility applications and other uses that require an initial high demand of
power, which is of high density.
As of today, PEMFCs do not operate at high temperatures due to the
deterioration of the current membranes, being a limitation for some FC
applications. Their operation at low temperatures have an important
advantage but also has some inconvenients. The main advantage is that
the FC can quickly reach the operation temperature starting from ambient
temperature. The main problem is the fact that they need the presence of a
platinum catalyzer to be able to operate, adding costs. Moreover, the platinum
catalyst is also very sensitive to CO poisoning, making it compulsory to use an
additional reactor to reduce CO in the fuel gas if the hydrogen comes from an
alcohol or hydrocarbon fuel. This step makes this type of FCs more expensive.
Most automobile producers are developing vehicles based on this type of FC
such as Hyundai or Toyota17.
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Direct Methanol Fuel Cells (DMFC)
DMFCs are powered by pure methanol, which is mixed with steam and fed
directly to the fuel cell anode. Their novelty is the fuel used. The anode can be
fed with liquid methanol or methanol vapours, whereas the cathode receives
air.

Figure 4.7. Portable DMFC used as a battery charger18.

DMFCs belong to the family of low temperature FCs. They can be considered
an evolution of the PEMFC, as they use a polymer membrane as an electrolyte.
However, the platinum-ruthenium catalyst on the DMFC anode is able to draw
the hydrogen from liquid methanol, eliminating the need for a fuel reformer.
Therefore, pure methanol can be used as a fuel.
DMFCs have operating temperature ranges between 60°C and 130°C and tend
to be used in applications with modest power requirements, such as mobile
electronic devices or chargers and portable power packs19.
DMFCs could also be an alternative to PEMFCs and the H2 onboard storage
tanks in vehicles. In this line, recent projects aim to demonstrate the use
of methanol driven fuel cells as possible range extenders for small battery
electric city cars.
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Phosphoric Acid Fuel Cells (PAFC)
Phosphoric acid fuel cells (PAFC) use liquid phosphoric acid as an electrolyte
(the acid is contained in a teflon-bonded silicon carbide matrix) and porous
carbon electrodes that contain a platinum catalyst.
PAFCs were developed in the mid 60s and tested since the 70s. Since then,
features such as instability, performance and cost have been enhanced. These
characteristics have made PAFCs good candidates for stationary applications.
They operate at a range between 150°C and 200 °C, the water resulting
from the operation can be converted to steam for air and water heating
(Combined Heat and Power, CHP). This feature allows efficiency increases of
up to 70%. At lower temperatures phosphoric acid is a poor ionic conductor,
and CO poisoning of the platinum catalyst in the anode becomes significant.
However, they have the advantage that they are much less sensitive to CO
than PEMFCs and AFCs. PAFCs admit fuels that contain CO and even can
tolerate a CO concentration of about 1.5%, which increases the range of fuels
that can be used (note: if gasoline is used, the sulfur must be removed first).
Molten Carbonate Fuel Cells (MCFC)
Molten Carbonate Fuel Cells (MCFCs) are being developed for Natural Gas
(NG) and coal-based power plants for electrical utility, industrial, and military
applications. MCFCs operate at high-temperature and use an electrolyte
composed of a molten carbonate salt mixture suspended in a porous,
chemically inert ceramic lithium aluminum oxide (LiAlO2) matrix. Because
MCFCs operate at extremely high temperatures (650°C and above), catalysts
do not need to be precious metals such as platinum, making MCFC more
affordable20.
They have an efficiency of 60% when producing electricity and 85% if they
are used in cogeneration. The advantages of high temperature operation is
that there is an increment of efficiencies and allows the use of catalyzers that
are less expensive; however, such high temperatures shorten the useful life
of the FC and promote corrosion. MCFCs can operate on fuels such as natural
gas, biogas, syngas, methane and propane.
Disadvantages include a low power density and the agressiveness of the
electrolyte.
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Solid Oxide Fuel Cells (SOFC)
SOFCs use a hard, non-porous ceramic compound as the electrolyte. Since
the electrolyte is solid, the cells do not have to be constructed in the platelike configuration typical of other fuel cell types. SOFCs are expected to be
around 50%–60% efficient at converting fuel to electricity15.
They operate at very high temperatures, typically between 500 and 1 000
°C. At these temperatures, SOFCs do not require expensive platinum catalyst
material, as is currently necessary for lower-temperature fuel cells such as
PEMFCs, and are not vulnerable to carbon monoxide catalyst poisoning
(deactivation by impurities). However, vulnerability to sulfur has been widely
observed and the sulfur must be removed before entering the cell through
the use of adsorbent beds or other means.
SOFCs have a wide variety of applications ranging from auxiliary power units
in vehicles to stationary power generation, with outputs from 100 W to 2
MW. The higher operating temperature make SOFCs suitable candidates for
uses with heat engine energy recovery devices or combined heat and power,
which further increases the overall fuel efficiency.
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4.3. Advantages associated with fuel cells
FCs have several benefits over conventional combustion-based technologies
currently used in many power plants and passenger vehicles. They do not
emit at the point of operation any greenhouse gas, neither smog creating
substances, which cause health problems. On a well-to-wheel basis, if
renewable hydrogen is used as a fuel, FCs produce only heat and water as
by-products.
Among the technological advantages we distinguish the following:
•

FCs operate at low temperatures and pressures. Depending on the type
of FC they can work from 80°C on, and in case of high temperature FCs,
the temperature is around 1000 °C, always lower than usual in Internal
Combustion Engines (ICEs).

•

There are different FCs that can operate with different types of fuels (not
only hydrogen, as it has been explained in section 4.2).

•

FCs react very fast to load changes, providing more power when the fuel
flow is increased.

•

It is possible to enhance, even more, their high efficiency through
a cogeneration process. When the waste heat generated by the
electrochemical reaction of the fuel cell is captured, it can be used for
heating water. The efficiency of a FC, thus, can reach between 85% and
90%.

•

The FC modules are independent and allow an increase in the supplied
power by interconnecting successive modules in parallel.

•

FCs have no moving components avoiding all the problems of normal
wear and erosion in other types of generators or motors.

•

The absence of noise and emissions permit their use even indoors and in
sensitive inhabited environments.

•

FCs offer a reduction in size and weight compared to conventional
batteries, for the same power output.
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Among the environmental advantages, aspects that stand out are:
•

Zero Emission of pollutants. The electrochemical cell reaction between
hydrogen fuel and oxygen produces water, heat and electricity. No gases
such as carbon dioxide, nitrogen oxides are produced in the FC.

•

The direct conversion of FC by electrochemical reaction allows the FC to
produce more power for the same amount of fuel compared to traditional
combustion. The direct process could reach efficiencies between 30% and
90% depending on FC type and the possibility of introducing a cogeneration
system. Therefore, comparing the FC with traditional systems, they offer
greater energy efficiency.

•

FCs do not produce environmental degradation associated with the
extraction and use of fossil fuels, if the hydrogen is produced from
renewable sources.

•

FCs do not produce noise pollution, usually very high in the traditional
motors and generators.

Although there several advantages, there are some remaining challenges to be
faced such as the operation of PEMFC without the deterioration of membranes
or their sensity to CO2 and CO. Moreover, nowadays, their high cost is still a
limitation, which can be overcome with large productions.
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4.4.

Applications of hydrogen in fuel cells

As stated earlier in this chapter, a FC uses the chemical energy of hydrogen to
clean and efficiently produce electricity, with water and heat as byproducts.
Fuel cells are unique in terms of the variety of their potential applications;
they can provide energy for systems as large as a utility power station and as
small as a laptop computer.
FCs were developed and have been used for a long time in space programs
to provide electricity and clean water to astronauts. Their use is widespread
today into many other applications, classified into three main categories:
(i) mobility applications, (ii) stationary applications, and (iii) portable
applications.

Figure 4.8. Artist’s rendering of the 70 mt variant of Space Lauch System launching
Orion16.
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Figure 4.9. Hydrogen FC vehicles refuelling at the hydrogen station at Heathrow (UK)
from the HyTEC project [Courtesy of Air Products].

4.4.1. Mobility applications
Although the idea of hydrogen as an alternative to gasoline dates back to the oil
crisis in 1973, the first hydrogen fuel products were developed in the early 19th
century. In September 2009 the EU and G8 leaders agreed that CO2 emissions
must be cut by 80% by 2050, if atmospheric CO2 is to stabilise at 450 parts per
million and global warming stay below 2°C. But 80% overall decarbonisation
by 2050 may require 95% decarbonisation of the road transport sector.
Conventional vehicles alone may not achieve EU CO2 reduction goal for 2050,
as reported in 2012 in the study entitled “A portfolio of power-trains for
Europe: a fact based analysis”. The use of FC is an alternative to meet these
requirements. At present, although developments cover all kind of vehicles,
the ones closer to its full scale commercialization are FC cars, buses and
materials handling systems.
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The requirement of fuel cells propelling vehicles are:
(i) they must be able to reach fast operating temperature,
(ii) the fuel must be used efficiently and provide the appropriate
response capabilities,
(iii) the vehicle must provide a reasonable range (autonomy)
compared to the conventional one.
PEMFC are the most suitable FCs for mobility applications. With a low
operation temperature, around 80°C, these FCs can reach it fast. These type
of FCs accept well power variations and have an efficiency of 60%. Moreover,
the solid electrolyte minimize the corrosion risks and safety problems. A
potential obstacle is the hydrogen quality. In order to avoid the poisoning of
the catalysts (deactivation by impurities), these type of FC need to use high
purity hydrogen.
Major automobile manufacturers have already put in the market, or are
developing, FC vehicles for demonstration purposes. The difficulties that
must be overcome before manufacturers can begin mass production are
the high manufacturing costs, the fuel quality and the size of the FC units.
Another barrier for spreading the use of FCs in mobility applications is the
scarce deployment of hydrogen refueling stations (HRS).
But it is worth highlighting the progress made in the last decade by the
Original Equipment Manufacturers (OEMs) to provide FC vehicles with similar
range to the ICE ones, by the enlargement of the onboard H2 storage capacity,
preserving the safety under all circumstances.
FC vehicles have various advantages over battery cars, such as compressed
hydrogen storage tanks taking up much less space than batteries, fuelling time
being much faster (less than 5 min) and range being much higher, around 500
km. Nowadays, FC cars offer convenience on a par with conventional gasoline
vehicles. Moreover, the increasing commercialisation of FC cars will decrease
their final price.
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4.4.2. Stationary applications
The stationary fuel cells can be used for distributed power generation, for
example, in the following situations:
- To provide supplementary power (connected to the grid).
- As a security backup for critical applications.
- As independent generators in network in inaccessible areas.

Figure 4.10. Stationary application of a fuell cell22.

The sector is striving to provide the technical and economic specifications that
will make the stationary FC systems capable of competing with existing and
future energy conversion technologies. It is aimed at providing heat and power
to more than 50,000 households using stationary fuel cell systems by 202021.

4.4.3. Portable applications
FCs can be a source of energy for a growing number of portable electronic
and electrical devices, such as mobile phones, computers, video cameras,
etc. These small FCs offer significant advantages over conventional ones such
as a greater autonomy, reduction in weight, volume, and ease of recharging.
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Figure 4.11. Portable FC23.

When fed with hydrogen, methanol or liquid fuel, recharging would be
significantly faster than a battery connected to the electric network.
The portable FC in Figure 4.11. is designed for portable re-charging of
smartphones or other small electronic devices. It uses a powder, sodium
silicide, plus water, to generate hydrogen on the fly. The hydrogen is mixed
with air in the FC itself, creating electricity and water23.
In practice, micro-piles remain a challenge, since the electronic components
are generally very sensitive to temperature variation and require a fast
switch on. Hence, most of the current research in this area is focused on the
temperature variation in FC such as PEMFC.
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5.
PUBLIC PERCEPTION OF
HYDROGEN
The societal acceptance of any new technology is always essential for its
implementation. The success of the transition to full scale commercialization
of FCH applications in Europe depends to a large extent on the perception of
hydrogen safety of society and experts. Isolated negative opinions can hinder
or even stop the development and consolidation of the hydrogen economy,
e.g., people may decide not to use a hydrogen technology if perceived as
hazardous, or might protest against refuelling stations that are planned near
their living area. Figure 5. 1. describes the pyramid of Armano showing how
the influences can change our perception.

Figure 5.1. Perception pyramid of Armano24.
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History has shown that the public perception can be long-term negatively
influenced by hydrogen related incidents. A clear example is the Hindenburg
disaster, a fatality occurred in 1937 wrongly attributted to hydrogen, that is
still in the mind of the society.

Figure 5.2. Hindenburg zeppelin over Manhattan on May 6, 193725.

What happened was that an electrical discharge from the clouds while docking
during an electrical storm ignited the skin of the airship. Then, the hydrogen
burned quickly, safely, above the occupants, but the diesel fuel burned for up
to ten hours after the ignition.
The Hindenburg would have burned the same if it had been filled with inert
helium gas, because the main cause of the Hindenburg accident were not
the bags of hydrogen that provided the lifting force for the zeppelin, but
a combination of dark iron oxide and reflective aluminum paint that were
coating the surface of the ship. These components are extremely flammable
and burn at a very high energetic rate once ignited.
This is a clear example of how the wrong incomplete information can
negatively influence the perception of people for years.
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5.1. Perception in the scientific community
In the last 25 years, interest for the usage of hydrogen in the fuel cell sector has
progressively increased. Hydrogen applications, and technologies associated
to them, are also a hot topic in the scientific community. As an example, we
show in Figure 5.3. the number of publications from 1988 to 2013, where this
tendency is clearly appreciated.
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Figure 5.3. Chart showing the number of publications per year in the last 25 years
[data from Scifinder Scholar by searching “Fuel cells”].

As a consequence of the interest of industry and governments, public
accessible information about hydrogen and alternative fuel technologies
has also increased. Up to now, most of the knowledge on hydrogen fuel
technology has been spread by specialized journals or websites. Although
the media coverage on hydrogen has increased, the mass media still does not
cover hydrogen as an alternative fuel technology. In fact, there is relatively
limited information available on the public opinion about hydrogen fuel
technology, since it is perceived as futuristic and not close to the market yet.
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5.2. Perception from experts
This section shows the methodology followed by the H2TRUST project to gather
information about the perception on hydrogen safety from stakeholders and
experts, as well as the main results extracted from them. Figure 5.4 depicts
the different procedures to gather information.

Figure 5.4. Data gathering methods in the H2TRUST project.

-58-

5. Public perception of hydrogen

The results obtained through questionnaires, surveys, etc. were divided into
the following categories: (i) hydrogen production (ii) storage and distribution,
(iii) mobility (iv) non-mobility applications, and (v) regulations, codes and
standards (RCS). All the detailed information is included in the deliverable 2.4
of the H2TRUST project.
The experts interviewed were professionals directly or indirectly involved
with activities related to hydrogen and mobility applications, mainly fuel cell
powered vehicles and others. Respondents agree that current technologies
have appropriate safety solutions that reduce the risk of fire onboard,
reducing the ignition sources and the risk of reaching high temperatures.
The general consensus from experts is that hydrogen is safe if the appropriate
safety measures are followed. Most of the participants in the interviews
agree that oxygen and methane are more dangerous than hydrogen.
Altogether, no truly relevant incidents were observed in the filling stations
and in the related storage places, in addition to those commonly associated
to locations where pressurized, dangerous or flammable gases (e.g. natural
gas) are stored; none of the issues noticed was directly caused by hydrogen or
by a wrong design of the components.
The initial conclusion extracted from the answers in the interviews and
questionnaires is that safety is not the first priority among the respondents. It
is important to note that “this does not mean that safety is not considered,
it is a fundamental aspect for the success of hydrogen vehicles, but not the
limiting factor for a widespread use” they said.
With regard to the industry opinion, due to the early stage of the hydrogen
market in most applications, they are much more concerned about reduction
of costs; safety is important, but they assume that issues related to this aspect
will be solved meanwhile, and that safety perception will be positive after
demonstration in the field.
Despite the increasing number of FCH applications around the world, the
research activities highlight a lack of documentation concerning safety
issues.
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Related to the societal acceptance of hydrogen, some of the experts consulted
by the H2TRUST consortium recommended to explain the project before
implementing it, together with its safety measures, to the workers unions,
in order to avoid technology rejection, particularly for the hydrogen plants.
One of the respondents noted that “there is not awareness-raising program
in place to demonstrate safety with experiments and videos”, and this may
result in some reluctance towards hydrogen technologies.
Taking into account the opinion from professionals that regularly work with
hydrogen, they are not particularly afraid of it, treating it like other flammable
gases. In addition, most experts consulted agreed on the fact that most
people seem not to have preconceptions against hydrogen and they are open
to accept it, especially after explaining hydrogen properties and making a
comparison with gasoline and natural gas risks.
The challenge remains on disseminating the valuable contribution that
hydrogen technologies bring in order to solve issues as global warming, local
pollution and security of supply.
“Each safety issue can be faced with the current technology”, said an expert.
The main drawback of being a new technology is that the lack of knowledge
sometimes implies a higher perception of risk and, therefore, oversizing the
safety measures, implying additional costs or even worst, stopping the project
due to the amount of excessive barriers.
Another drawback of being a new and quite unknown technology is the wrong
misconception that has led to consider hydrogen more dangerous that other
technologies commonly used. For example, the difference in safety perceived
between lithium ion battery and solid state hydrogen; in fact, the first, since
it is well defined and regulated, is considered safer despite the accidents
occurred, in contrast to the second that is considered more dangerous even
not having significant accidents occurred.
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Figure 5.5. Hydrogen26 (left) and lithium (right) batteries.

Authorization procedures and lack of specific technical codes of practice are
the most relevant barrier that some respondents have found, since there are
cases of refuelling stations that have not been built due to discussions about
safety issues and consequent lack of authorizations.
An important point that experts have put forward is that an “European
normative about hydrogen distribution and transport is mandatory”. One
of the points that the H2TRUST project has evidenced is the importance of
an harmonization of the legislation regarding the civil use of hydrogen across
Europe; otherwise, the technology and the safety measures are developed
more according to the behaviour of single authorities than to real technical
basis. Moreover, this normative will help the society to be educated and well
informed, enhancing the deployment of FCH technologies.
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5.3. Public perception of hydrogen: literature review
To date, public’s opinion towards new fuel technologies has been studied
under different initiatives, also investigating the public opinion about the
safety of hydrogen FCs. Here we provide a review of the findings of the recent
literature on acceptance, attitudes and preferences for (safety of) hydrogen
and FC technologies, as part of the results of the H2TRUST project.
Most of the studies performed on the public opinion about hydrogen fuel
have been conducted in the United States and Canada, including the work
carried out by the Pacific Northwest National Laboratory (PNNL)27-28 under
the funding of the Department of Energy (DoE)29-31. This work includes some
databases about best practices and lessons learned.
In Europe, the Hydrogen Incident and Accident Database (HIAD)32,
conceptually developed by the Joint Research Center (JRC) and DNV with
the assistance of HySafe33 project partners, was launched in July 2006. It was
developed as a tool for an open communication platform for safety lessons
learned and risk communication, as well as a potential data source for risk
assessment, acting as a repository of any accidental event related to hydrogen
technologies34. Moreover, some documents based on studies performed in
European countries, such as Germany, Iceland, The United Kingdom and
The Netherlands35-38, are available. The main results of the European studies
are reflected in five different contexts, generally indicating that the public
is unconcerned and positive about hydrogen fuel technology as a potential
alternative for current fossil fuel systems. More details, including the literature
consulted for this study are available in the Deliverable 4.3 of the H2TRUST
project entitled “Public Safety Assessment”.
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General perception
•

Interviewed participants to these studies articulated that more
demonstration projects might inspire and encourage future developments.
Moreover, the lack of demonstration projects (and information about
these demonstrations and outcomes to the general public) is generally
seen as detrimental to their development and public acceptance.
Participants express that costs might inhibit development and restrict
the commercial viability of potential product applications. This supports
the findings of the European High Level Group39, where it is pointed out
that hydrogen and fuel cells do not currently offer sufficient short-term
end-user benefits to justify their high costs compared to conventional
technologies.

•

FCH technology is still regarded as being a relatively ‘young’ technology
and, therefore, still having much to prove as an alternative mean of
energy generation.

Environment
•

The overall opinion from the participants was that stationary fuel cells
offer a significant step forward towards sustainable energy. However, the
lack of evidence that fuel cells are environmentally more friendly than
conventional power sources when fuelled by hydrogen produced from
fossil fuels, remains a key concern for several participants.

•

The potential economic and environmental benefit of hydrogen
technology is foreseen as a potential important piece of a sustainable
transportation system in Europe.

•

Participants in other studies recognise that the production of hydrogen
from natural gas is currently the most economically viable method,
although it is not produced from renewable sources, and that fuel cells
may need to go through a transition phase of using hydrogen coming from
natural gas.

-63-

Risks and safety
•

A report specifically mentioned safety on national and regional level40.
This report was in line with other studies on hydrogen safety and reflects
that although hydrogen projects have so far been perceived as safe, the
safety of hydrogen is still a topic of concern.

•

History has shown that the public perception on the risks and safety of
hydrogen can be long-term negatively influenced by hydrogen related
incidents. This is not unique to hydrogen technology, but is applicable to
most emerging technologies.

•

Studies show that the perception of risk of the public is influenced by
several factors, such as the related available information.

Knowledge levels and education
•

Outreach activities have generally only informed the public in the vicinity
of demonstration projects, leaving the larger public uninformed. This
means that the only available information are reports in the specialized
literature, not for the general public.

•

More recent studies reflect that the knowledge and awareness of
hydrogen has increased in the general public. Also, the results show
that the public has a positive attitude towards hydrogen fuel technology,
supports large scale introduction of hydrogen transportation and are
willing to pay for its introduction. It has appreciated a willingness to gain
more information about hydrogen, especially among young people.

Policy
•

It was widely felt that the Government has not shown sufficient support
for hydrogen applications to date and that further backing will be
necessary to enable hydrogen technology to reach the market. For most
of the participants ‘government support’ includes financial support,
through some form of subsidy or taxation.
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6.
HYDROGEN SAFETY AND
ASSOCIATED RISKS
The aim of this chapter is to provide a general overview related to the
associated risks to hydrogen in each step of its value chain (production,
storage and distribution, and applications). We first introduce the properties
of hydrogen related to safety, in gas and liquid states, then the respective
associated risks and safety measures.

6.1.

Hydrogen gas properties

The most important properties of hydrogen to be taken into account from a
safety perspective are (see Annex 1 for more details):
- Hydrogen is odorless, tasteless, non-toxic, and non-corrosive.
- It is highly diffusive.
- It presents high buoyancy (proportional to the diffusion coefficient
and changes with temperature).
- Small size.
- Small molecular weight.
- Low viscosity.
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6.2. Hydrogen liquid properties
Hydrogen becomes liquid below -253 °C at atmospheric pressure and, as a
cryogenic liquid, it can cause severe freeze burns if the liquid is in contact
with the skin. To keep hydrogen ultra-cold, liquid hydrogen containers are
double-walled, vacuum-jacketed, appropriately insulated and designed to
vent hydrogen safely in gaseous form if a breach of either the outer or inner
wall is detected. The robust construction and redundant safety features
dramatically reduce the probability for human contact.
The most remarkable properties, related to safety of liquid hydrogen are:
•

Liquid hydrogen evaporates at -253°C causing two types of vapor clouds
(both of them create a fog that reduces visibility, but is harmless):
- Exposed surfaces at liquid hydrogen temperature can condense
moisture in the surrounding air (see Figure 6.1).
- A discharge of liquid hydrogen can produce a vapor cloud that is
both a flame and visibility hazard.

Figure 6.1. Liquid hydrogen tank with a condensed moisture.
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•

Very low density.

•

Liquid hydrogen has an thermal expansion coefficient 23 times higher
than water, making the hydrogen to expand more than water when heat
is applied.

•

At elevated temperatures and pressures (called cold hydrogen) it is less
volatile in comparison with ambient gas, being cleaner, and having a
more economic storage. However, it severely attacks mild steels causing
decarburization and embrittlement.

The specific heat for liquid hydrogen at constant pressure is 9.688 kJ/(kg·K),
which is twice higher than water (4.844 kJ/(kg·K) and five times higher than
oxygen (1.938 kJ/(kg·K).

6.3.

Safety implications

When working with hydrogen, as happens with all gases, it is essential to
learn about its physico-chemical properties in order to know its behaviour
and, therefore, possible associated risks. However, it is important to note that
the detailed conditions in each step of the value chain (see Figure 6. 2) has to
be considered for a risk assessment (see Figure 6.3 and Deliverable 4.2 of the
H2TRUST project for examples of complete risks assessment).

Figure 6.2. Areas of the hydrogen value chain studied by the H2TRUST project and
safety issues [H2TRUST, Deliverable 4.1].
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Figure 6.3. Safety Risk Assessment methodology schematic description [H2TRUST,
Deliverable 4.2].

6.3.1. Hydrogen main hazards
Fire
As an intrinsic property, hydrogen is very flammable requiring only a
small amount of energy to ignite. In fact, if leaking from a pipe at a high
pressure, hydrogen gas can self ignite without the aid of an external
energy source. As it can be seen in Figure 6.4, hydrogen has a wide
flammability range, and can form an explosive mixture with air (in
contact with O2). In fact, the range of hydrogen/air mixtures that will
explode is wide: mixtures containing from as little as 4% v/v hydrogen,
which is the Lower Explosive Limit (LEL), up to as much as 75% v/v,
which is the Upper Explosive Limit (UEL), may propagate a flame.
The wide range of flammability of hydrogen-air mixtures compared
to methane-air mixtures is, in principle, a disadvantage. However, if
attention is focused on the low limit of ignition, hydrogen is safer (see
Figure 6.4).
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Explosion
Hydrogen can be explosive at concentrations of 18.3%-59%41. Although
the range is wide, it is worth highlighting that gasoline can be a potentially
higher hazard since it can explode at much lower concentrations, 1.13.3%. Furthermore, due to the tendency of hydrogen to rise quickly,
the probability to explode in open air is very low. This is the opposite
of what we find for heavier gases such as propane or gasoline fumes,
which hover near the ground creating a greater danger for explosion.
Explosion is manifested by rapid energy release which involves pressure
waves. However, it is important to note that an explosion cannot occur
in a tank that contains only hydrogen, since an oxidizer, such as oxygen,
must be present in a concentration of at least 10% pure oxygen or 41%
air.

Figure 6.4. Flammability limits and ignition energy of H2, CH4 (or NG)
and gasoline42.
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Moreover, it is important to take into account that gaseous hydrogen cannot
be detected by the human senses, and its flame is also invisible. For this
reason, safety equipment need to include additional detection systems.

Figure 6.5. Hydrogen and propane flames in the daylight27.

Evaporation
Handling liquid hydrogen can bring evaporation problems that require
adopting certain measures. Evaporation problems may cause mild steels
decarburization and this, in turn, can lead to dangerous release of vapors that
can reach explosive atmospheres.
Liquid hydrogen tanks of different sizes can be purchased individually and
require of cryogenic storage technology at very low temperatures. Containers
thermally insulated are mandatory to prevent evaporation (boil-off); however,
this boil-off cannot be totally prevented due to the low temperatures required,
and evaporation rates are of the order of 1% per day. The evaporated hydrogen
is then removed through a valve. A way of minimising vent losses is capturing
it in buffer tanks, to recicle this gas into the process.
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Leaks
Leaks have to be controlled. The main safety matter is the release of hydrogen
in a place where it is not supposed to be. When a leak in an area is expected,
safety systems there are put in place (see section 7.2 for detection devices). A
leak in this area will not be a problem until there is an accumulation.
If hydrogen accumulates in a confined space in sufficient concentrations, like
any other gas, it is asphyxiant as it deplaces oxygen from air.

Embrittlement and cracking
Due to its small size, hydrogen can cause embrittlement of high strength
steels, titanium and aluminum alloys, with cracking and catastrophic failure
of the metals.
At high temperatures, the elevated solubility of hydrogen allows it to diffuse
into the metal (or the hydrogen can diffuse in at a low temperature, assisted
by a concentration gradient). The mechanism starts with lone hydrogen atoms
(H+) diffusing through the metal. When these hydrogen atoms re-combine in
minuscule voids of the metal matrix to form hydrogen molecules they create
pressure from inside, where the metal has reduced ductility and tensile
strength, up to the point where it cracks open, diffuses out of the metal, and
collects in the leaching process. This is known as hydrogen attack (or high
temperature hydrogen attack), that leads to decarburization of the steel,
associated with a strength and ductility loses. It is important to note that if the
metal has not yet started to crack, the condition can be reversed by removing
the hydrogen source.
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Figure 6.6. Hydrogen embrittlement diagram. Cracking appears.

Figure 6.7. Hydrogen induced cracks [from wikipedia].
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Cracking is an associated risk of materials in contact with hydrogen. There are
two types of cracking: (i) thermal fatigue cracking, and (ii) stress corrosion
cracking.
•

Thermal Fatigue Cracking (TFC) can occur when exposing a
metal to extreme temperatures on two sides of a mixing point of
fluids. It can be caused by piping changing its temperature over
time, due to the change of the temperatures of fluids inside the
pipe, or by fluids joining in a pipe that have a large temperature
difference between them (>50 ∆T). Therefore, this cracking is
mainly attributed to the repeated expansion and contraction,
which induce cyclic stresses in the metal and cause them to fail.

•

Stress Corrosion Cracking (SCC), is the cracking induced
on “susceptible” metal, from the combined influence of
tensile stress in the metal, and its exposure to a corrosive
environment. SCC is highly chemically specific, since only
certain alloys are susceptible to the exposure to a specific
chemical environment, and in a well defined temperature range.

Figure 6.8. Cracked tube [Courtesy of Air Products].
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7.
HYDROGEN PRODUCTION
The two main methods for hydrogen production are explained in this chapter,
as well as safety-related issues with the intention of answering the following
questions:
-What are the hazards associated to production?
-How can hazards be prevented?
The safety-related issues and best practices are adapted from the H2TRUST
deliverables (3.1, 4.1, 4.2 and 4.3).

7.1.

Methods for hydrogen production

The hydrogen production methods are mainly classified according to the origin
of the raw materials used. The main feedstocks for hydrogen production today
are:
- Natural gas (NG) and hydrocarbons: including Liquid Petroleum
Gas (LPG), ethanol, biogas, etc. by using reforming-based processes
(either using steam reforming, auto thermal reforming or through
partial oxidation).
- Solid or heavy fuels: coal, biomass, refinery residues, etc. through
gasification or pyrolysis processes.
- Water or other chemicals, e.g. sodium chloride solutions, through
electrolysis.
Nowadays around 96% of the hydrogen production comes from fossil fuels,
being the most used process the steam reforming of NG or Steam Methane
Reforming (SMR) (see Figure 7.1). The main reason is that this process is very
well optimized. However, research from academia and industry is recently
focused on improving the electrolysis process (water splitting) as it could
be a greener method for its production, if the electrical energy to do the
dissociation is obtained from renewable sources.
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In this section we focus on two of the most representative production
processes:
• Steam reforming of natural gas.
• Alkaline electrolysis of water.

Figure 7.1. Ratio of sources used for hydrogen production today11.

7.1.1. Steam reforming of natural gas
Nearly half of the worldwide production of hydrogen is via large-scale steam
reforming of NG, where the chemical reactions that take place in the reactor
are the following:
CH4 +H2O —> CO + 3H2						
CO + H2O —> CO2 + H2					
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(7.1)
(7.2)

7. Hydrogen production

Figure 7.2. Process corresponding to the Steam Reforming of NG11.

Both reactions are carried out with proper catalysts to enhance the hydrogen
production rate.
The process of steam reforming for hydrogen production sometimes is also
performed with light hydrocarbons different than NG, such as naphtha, LPG,
ethanol or diesel, though in much lesser cases.

Figure 7.3. Hydrogen production plant in Tarragona (Spain) from Carburos
Metálicos, Air Products Group [courtesy of Carburos Metálicos].
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In order to reduce the environmental impact, it can be complemented with
the capture for industrial uses or for permanent storage of the CO2 released
in the process.

7.1.2. Electrolysis of water
Hydrogen production from water, based on the electrolysis process (water
can also be dissociated by thermolysis), requires a direct current electrical
input, according to the water splitting reaction (7.3).
H2O (l) —> H2 (g) + ½ O2 (g)					

(7.3)

This reaction can be separated in two steps: water reduction (7.4) and
oxidation (7.5) of the intermediate ions that take place separately on two
metallic electrodes, where the two gases (hydrogen and oxygen) are
generated.
2 H2O (l) + 2 e- —> H2 (g) + 2 OH- (aq)				

(7.4)

2 H2O (l) —> 4 H+(aq) + O2(g) + 4e-					

(7.5)

The electrodes materials are usually studied in order to catalyse the reactions
and improve the efficiency of the process. The anode and cathode materials
are typically nickel-plated steel and steel, respectively.
Usually, an additional membrane (diaphragm) is interposed in the gap
between the electrodes, in order to avoid dangerous mixing of the gas
products in this narrow space, separating the gases evolving at the electrodes.
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Figure 7.4. Electrolysis scheme (adapted from11).

The nature of the electrolyte used to allow the intermediate ions to flow and
of the ions, distinguishes and classifies the different electrolysis technologies:
•Alkaline electrolyser in which the electrolyte is an aqueous solution
of an alkali (usually potassium or sodium); the electrolyte is liquid and
circulates in the system with the feeding water.
• Polymer Electrolyte Membrane or Proton Exchange Membrane
(PEM) electrolyser in which the electrodes are separated by a solid
polymeric electrolytic layer.
In both cases the system is essentially composed by a stack of cells,
where the reaction takes place, and by some auxiliary devices. Today,
alkaline electrolysers are more developed than PEM electrolysers and
are the technology used at commercial scale.
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7.2.

Safety-related issues and best practices

For the process of hydrogen production via NG reforming, the main risk is
fire. Although fires can occur for various reasons, the materials’ cracking is
one of them since it will be a source for hydrogen leaks, which can eventually
lead to fire. In the case of the electrolysis process, explosion is the most
important one. These risks are considered below, making emphasis on how
to prevent them.
Best practices are used to maintain quality as an alternative to mandatory
legislated standards and can be based on self-assessment or benchmarking.
Best practices are a common feature of industries dealing with harzardous
and non-harzardous materials and, therefore, are not only related to
hydrogen industry.
We explain here how to prevent hydrogen production related hazards from a
general perspective and, in particular, for fire, explosions and leaks.

7.2.1. General safety practices
Hydrogen plants are subject to Process Safety Management (PSM)
regulations, covering the release or potential release of highly hazardous
chemicals. PSM requirements include regular operator training, management
of change, contractor safety, hot-work permits, accident-incident investigation
and emergency planning and response. A Risk Management Program (RMP)
must also be in place describing the “worst case” effects on the surrounding
community of a product or other hazardous material release or spill.
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These are all elements that are addressed in a variety of ways through safety
practices, adequate maintenance and inspection procedures in industrial
hydrogen plants.

7.2.2. Warning signs
This is a general safety practice when working under extreme temperatures
and pressures, which is the case of hydrogen plants, but not only related to
hydrogen production. Caution should be used and all posted warning signs
must be followed. The areas with these signs should not be entered by nonauthorized personnel.

Figure 7.5. Example of warning sign to prevent ignition.

7.2.3. Auto-start equipment
Hydrogen plants are often equipped with dual pumps, fans and compressors.
This equipment may start automatically with no prior warning; extreme
caution is required in the plant when working near any machinery.
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7.2.4. How to prevent fire
The most common device used to prevent fire are monitoring systems. This
equipment is used as a safety protection in order to detect hydrogen, or its
invisible flame.
Some examples of monitoring systems are:
•

Ultraviolet (UV) flame detectors to sense the presence of UV radiation
from unseen flames.

Figure 7.6. Flame detector [Courtesy of MATGAS 2000 AIE].

•

Flare systems that expel flammable gases to the flare header, to be
burned off or “flared”.

•

LEL detection system monitors for combustible gases.

•

CO monitors (including portable CO monitors).

•

In some cases, H2S monitors.
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Figure 7.7. CO portable monitor [Courtesy of MATGAS 2000 AIE]

Precautions to prevent ignition of hydrogen are:
•

Purge equipment with an inert gas before introducing hydrogen.
If the air in a system is not eliminated, a flammable mixture
may form. The effectiveness of the purge should be verified in
compliance with applicable codes and regulations.

•

Provide adequate natural or mechanical ventilation, where
hydrogen is issued to reduce the risk of forcing flammable mixtures
in the event of a hydrogen leak.

•

Vent Pressure-Relief Devices (PRD) to a safe area outside, away
from ignition sources and personnel.
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•

Use flammable-gas detectors indoors, where hydrogen gas may be
released or accumulated.

•

Use a portable gas detector when performing maintenance on a
hydrogen system.

•

Eliminate sources of ignition, such as sparks, open flames, smoking (e.g.
cigarettes), and extremely hot objects from areas where hydrogen is
processed, stored, or used. For this purpose, it is important to put a
warning sign indicating it.

•

Exercise caution when using or installing electrical equipment near
hydrogen systems. Electrical equipment must meet the appropriate
classification by the US National Fire Protection Association (NFPA) in the
70 National Electrical Code, as well as by the European ATEX directive.

•

Prescribe safety zones for ATEX areas. For a particular system it is
needed to have predefined how big the ATEX area is to avoid flammable
atmosphere. In Europe each entity has to perform a Risk Assessment
(see chapter 12) of what to do under each circumstance.

Figure 7.8. Sign for ATEX certified electrical equipment for explosive
atmospheres.
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•

Properly site hydrogen systems at appropriate distances from exposures
(e.g., buildings, vehicle parking areas, sidewalks, air intakes, power lines,
etc.) and other hazardous materials in accordance with national codes and
local regulations. The “NFPA 2: Hydrogen Technologies”43 is an example of
one such standards that provides direction on the proper installation of
hydrogen systems. In Europe, EIGA provides recommendations on safety
distances.

7.2.5. How to prevent explosions
In order to prevent explosions in processes of water electrolysis, the following
considerations must be taken into account:
•

Continuous gas analyzer test of oxygen and hydrogen product purity.
The continuous analyzer should be interlocked to shut the electrolyser
down when product purity falls below some nominally critical values.

Figure 7.9. Oxygen sensor [Courtesy of MATGAS 2000 AIE].
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•

Adequate maintenance: check on a routine basis the individual cell
purity levels to monitor the deterioration of performance of individual
cells and supply supervision alarming.

One of the main safety issues in hydrogen production via electrolysis is the
presence of a large amount of caustic electrolytic solution circulating in
the system. Even more in the case of pressurized electrolysers, a particular
attention must be paid to the presence of a large inventory of pressurized
caustic solution.

7.2.6. How to prevent cracking and associated leaks
One main potential source of leaks in hydrogen plants is the cracking of
the materials. Cracking can be prevented from happening by applying the
following best practices:
For TFC prevention:
•

Fin-fan coolers, aerial coolers used at hydrogen plants to cool with air
the fluid that passes through the tubes, should be run so that the same
number of fans is running per unit. A temporary loss of a fan in one bank
will not lead to a fatigue problem, assuming the fan imbalance problem
is quickly addressed. However running fin-fan banks unbalanced for
more than 2 days will lead to fatigue damage.

Figure 7.10. Dual fan44.
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•

If there is a cold or hot mixing point, where the difference in temperature
between the combining water streams is >50 ∆T, the material of
construction should be changed to Inconel 625 or duplex SS.

For SCC prevention:
•

Ensure an adequate Post Weld Heat Treatment (PWHT) to improve the
chemical / mechanical properties of welded / machined surfaces.
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8.
HYDROGEN STORAGE
Once hydrogen has been produced, the best way to store it depends on its
future application. Choosing from the different types of storage is a key step,
since it has a direct influence on both costs and energy losses, two important
factors to be minimized for a widespread use of the technology.
This chapter is devoted to different types of hydrogen storage, as well as
safety related issues, indicating what are the hazards and how to prevent
them (all this chapter is based on the H2TRUST deliverables -3.1, 4.1, 4.2 and
4.3).
The hydrogen requirement for the final application, usually measured in
Nm3/h or kg/day, and its frecuency (continuously, etc.), will determine the
storage needs, the most adequate state to store it (liquid, gaseous, solid) and
the storage type.

Figure 8.1. Metallic cylinder bundle for gaseous H2 storage [Courtesy of Carburos
Metálicos, Air Products Group].
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8.1.

Types of hydrogen storage

There are three means to store hydrogen:
(i) compressed gas in metallic or composite vessels,
(ii) liquid in cryogenic tanks, and
(iii) adsorbed in solid porous systems.
As stated before, the main factors influencing the choice of one or another
are the requirements of the specific hydrogen application.
Table 8.1 provides a summary of the type of hydrogen tanks with the
corresponding materials and associated pressures.

Table 8.1. Types of hydrogen tanks [adapted from wikipedia].
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Figure 8.2. Quantity of hydrogen in each type of storage [Courtesy of McPhy, France].

8.1.1. Compressed gas vessels
Compressed hydrogen is commonly stored in metallic cylinders (type I, see
Figure 8.1), similar to those used for other gases (e.g. NG, nitrogen and
oxygen).
The main advantages of this type of storage are that it requires an easy storage
infrastructure and, therefore, the material required as well the fabrication is
cheaper than others. Type I cylinders are suitable for up to 500 bar if only
required for stationary applications.
One kilogram of hydrogen occupies around 11 m3 of volume at atmospheric
pressure and room temperature. To increase the quantity of hydrogen stored
per volume unit, compression at high pressure is required (e.g. 700 bar). High
strength steel or other metals are an option for this type of storage; however,
weight of the steel is an important issue for transportable applications. Lighter
materials like aluminium reinforced with carbon fibers are used as alternatives
(storage vessels of types II, III and IV).

-93-

8.1.2. Liquid in cryogenic tanks
This type of storage was developed by the spacecraft industry. These tanks
are thermally insulated at -253 °C at atmospheric pressure.
The energy required to liquefy the hydrogen is higher than the one required
to compress it, about 30% of H2 energetic value.
In order to bring the losses due to the evaporation to a minimum:
•

The vessel is designed to reduce the conductive, convective and radiant
heat flow to the liquid hydrogen.

•

The tanks are made of two layers with an empty space (or an insulating
material in).

•

Tanks are spherical (less surface per volume unit) or cylindrical (less cost).

Figure 8.3. At Launch Pad 39B at NASA’s Kennedy Space Center, liquid hydrogen tank
that supported space shuttle16.
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Hydrogen liquid storage is expensive and prone to product loses due to
evaporation, which makes this process inefficient. The application of liquid
hydrogen is generally confined to high-purity applications in the chemical
industry and high consumptions for a short period of time, e.g. for aerospace
applications. For instance, the external tank on the space shuttle has an
aluminum liquid hydrogen tank.

8.1.3. Solid in porous systems
Although hydrogen is more commonly stored in liquid or gas state, the storage
in a solid state by using porous systems is another option. Depending on the
adsorption mechanism, the storage can be classified as physical or chemical.
The physical storage is carried out through the use of special composites that
feature weak links between the gas and the elements of the composite. The
storage and extraction of hydrogen is controlled by the heat released and
absorbed, respectively.

Figure 8.4. Solid hydrogen storage facility (left) and solid hydrogen adsorbent disc
(right) [Courtesy of McPhy, France].

The chemical storage is based on chemical adsorption procedures, through
the formation of alkaline or alkaline earth metals hydrides. However, this type
of storage has the disadvantage that the energy required for the hydrides
production is even higher than the hydrogen supplied. For this reason, this
method is not commonly used today.
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Figure 8.5. Scheme showing the difference between chemical and physical
adsorption of hydrogen.

8.1.4. Hydrogen storage at a hydrogen refueling station
A Hydrogen Refueling Station (HRS) is an infrastructure designed for filling a
vehicle with hydrogen fuel. It can be part of a station for fossil fuel refueling
or an independent infrastructure.
A HRS is composed of a basic unit, or of a basic unit plus a production unit,
if the hydrogen is produced on site.
The basic unit includes as minimum a high pressure storage system and one
or more dispensers.
If the H2 is produced on site or is delivered to the station at an intermediary
pressure or in liquid state, the basic unit also requires an intermediary
storage (based on gaseous or liquid hydrogen technology) and a compression
system (see Figure 8.6).
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Figure 8.6. HRS designed for FCH bus refueling, that includes all four elements
of a basic unit: an intermediary storage, a compressor, a high pressure storage
and a dispenser [Courtesy of HyCologne].

Figure 8.7. HRS in the technological park of Walqa in Huesca, Spain
[Courtesy of McPhy]
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Figure 8.8. Hydrogen refueling stations worldwide45, where the stations in operation
(green), planned (yellow), or out of operation (grey) are indicated.

Figure 8.9. Hydrogen refueling stations in Europe45, where the stations in operation
(green), planned (yellow), or out of operation (grey) are indicated.
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The hydrogen refueling station at Heathrow airport
As an example on how the support of the institutions can move forward the
hydrogen economy, we highlight here the public hydrogen refueling station
recently installed at the Heathrow airport. This station began operation in
2012 for the HyTEC project. In 2014, an upgrade was carried out under the
LHNE project so that the refueling station now offers refueling service at two
pressures: 350 and 700 bar.
A fleet of hydrogen vehicles using the refuelling station have been deployed
as part of the HyTEC and LHNE projects and include fuel cell taxis, hydrogenpowered vans and Hyundai ix35 fuel cell passenger cars. The refuelling station
is also part of the London hydrogen refuelling network in the HyFIVE project.
This station is a publicly accessible hydrogen station; there is no requirement
for an appointment to use the station once the required training has been
completed.
This new station at Heathrow airport connects up with the fuelling station
already in operation in the city, supporting London’s hydrogen bus fleet and
adding to the infrastructure refuelling hydrogen fuel cell electric vehicles
across the UK. The vehicles and refuelling site are part of the London
Mayor’s commitment to promote innovative zero and low emission
technologies in the capital to clean London’s air and tackle pollution.

Figure 8.10. Heathrow hydrogen refueling station, UK 46.
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8.2.

Safety-related issues and best practices

Taking into account the hydrogen properties in the storage conditions, there
are some aspects related to safety that need to be considered, as highlighted
in this section.
The low density of hydrogen, in conjunction with its small particle size, allows
the penetration of hydrogen molecules in some metals and alloys such as cast
iron and high carbon steel. This penetration may end in small hydrogen leaks,
or in the presence of cracks within the wall and, therefore, it can contribute to
the cracks spread, the decrease of the material strength, and the subsequent
fracture.
Moreover, it should be reminded that the hydrogen gas forms combustible or
explosive mixtures with the atmospheric oxygen; for this reason it is important
to be conscious about the importance of working carefully with hydrogen (as
it happens with all flammable gases).
The main hazards in storage are penetration in metals and alloys that can
lead to embrittlement and explosion of H2 containers when exposed to high
temperature or thermal radiation. These two risks are considered in this
section, also giving recommendations on how to prevent them.

8.2.1. How to prevent embrittlement
The good selection of materials is of paramount importance. The industry
standard for components in hydrogen service is grade 316 stainless steel.
Cupro-nickel is also suitable for hydrogen service and copper can be used for
low-pressure applications.
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Figure 8.11. Grade 316 Stainless Steel composition.

8.2.2. How to prevent explosions
The most common equipment to prevent explosions in hydrogen storage are:
•

Pressure Release Device

Pressure Release Devices (PRDs) are used to prevent the over-pressurization
of gas storage vessels and distribution equipment, except in the application of
certain toxic gases, and this is often required by code. The PRD is intended for
H2 gas operation, where the two pressure and temperature triggers activate
the PRD and releases the system (see Figure 8.12).
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Figure 8.12. PRD used in laboratory equipments [courtesy of MATGAS 2000
AIE].

The PRD will be activated allowing the gas to scape to a safe location in the
event of an over-pressure situation induced by, for example, overfilling,
exposure to excessive heat, or a liquid to gas phase change.
The PRD must be set to release the hydrogen over the maximum allowable
working pressure of the system. Local normative define at which percentage
of the maximum allowable working pressure the PRD must be set. The PRD
must be sized to evacuate all the gas flow, which creates the overpressure.
Another function of PRDs is to prevent damage to any sensitive system
elements that might result from exposure to excessively high pressures for
which they are not rated.
•

Flammable-gas detectors

Flammable gas detectors can be used to trigger alarms if a specified
concentration of the gas or vapor is exceeded. This can provide an early
warning of a problem and help to ensure people’s safety. However, a detector
does not prevent leaks occurring, neither indicates what action should be
taken. It is important to note that is not a substitute for safe working practices
and maintenance.
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Figure 8.13. H2 sensor [Courtesy of MATGAS 2000 AIE].

The following options can be considered for selecting a suitable gas
detection system:
- Fixed or portable.
- Point or open-path.
- Type of sensor.
- Sampling method.
- Alarm.
- Response time.
•

Eliminate sources of ignition

The elimination of sources of ignition from areas where H2 is stored is very
important to avoid explosion.
•

Respect minimum safety distances from exposures

Minimum safety distances from buildings, vehicle parking areas,
sidewalks, air intakes, power lines, etc. should be respected, as well
as other hazardous materials in accordance with national codes and
local regulations (such as the “NFPA 2: Hydrogen Technologies”43 or the
recommendations given by EIGA).
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9.
HYDROGEN DISTRIBUTION
As some applications for hydrogen are still under development, safe, costeffective and energy efficient distribution technologies are required in order
to promote its widespread use. However, the main delivery barriers are those
related to economical and safety strategies, more than technical barriers.
Hydrogen distribution can be classified as follows:
- According to its state: compressed gas, liquid or solid.
- According to its mode of transportation: by truck, train, ship, or
pipeline.

Figure 9.1. High pressure hydrogen tube trailer with vertical tubes [Courtesy of
Air Products].

The low density of hydrogen makes its distribution more difficult than other
fuels, resulting in a higher cost and a significant energy loss. For this reason,
the best option for large customers is to avoid the distribution stage by
building production facilities at the point of consumption. Nowadays, 80%
of hydrogen production is for local use, and only a percentage below 20% is
sold and distributed.
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The application, the amount of gas required, the distance to the point of use
and the different hydrogen transport modes will influence the choice for the
most appropriate and economical distribution system.

9.1.

Types of hydrogen distribution

The most common hydrogen transportation means, covering the needs of
the different hydrogen markets, are:
•

Compressed gas cylinders (individually or in bundles) used for small
demands, or compressed gas tube trailers for higher demands (especially
if not continuosly required), avoiding the evaporation of liquid systems.

•

Cryogenic liquid tankers: to handle larger quantities, in particular if
required in a short period of time or continuosly.

•

Pipeline: transport of hydrogen to high demand areas such as refineries
or chemical plants, from nearby production facilities.

Figure 9.2. Compressed hydrogen tube trailer with
horizontal tubes in Luxembourg47.
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The following chart gives an idea of the hydrogen consumption associated
with each transportation mean.

Figure 9.3. Hydrogen distribution chart [Courtesy of Air Products].

9.1.1. Compressed gas cylinders
This type of systems involve a lower initial investment and they are a good
solution when a low quantity of hydrogen is required. Gaseous hydrogen
can be transported by road in single cylinders, bundles or trailers after being
compressed to a high pressure in order to maximize the capacity of the
recipient.
Cylinders are built in steel, aluminum, light alloys and composites depending
on the type (see section 8.1.1).
High pressure tube trailers can carry from about 400 kg hydrogen if compressed
at 200 bar, up to aprox 1000 kg if hydrogen is compressed at 500 bar.
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9.1.2. Cryogenic liquid hydrogen
Transporting hydrogen in its liquid state is more economical than transporting
gaseous hydrogen when the quantities to distribute are large. This is due to
the higher density of the liquid, compared to the gas state, which implies a
lower volume for the same quantity. A cryogenic tanker can hold about 3500
kg H2; therefore the lower number of trucks required for transporting liquid
hydrogen will compensate the liquefaction costs.
Liquid hydrogen is transported using twin shell tanks, which enhance the
insulation, minimizing its evaporation, rated at 0.3 to 0.6% per day.

Figure 9.4. Hydrogen tanker [Courtesy of Air Products].
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9.1.3. Pipelines
Pipelines are the most effective system to handle large flows of hydrogen.
They are indicated for short distances because, although they involve a high
initial investment (0.4-1.2 M€/km), the operative costs are relatively low.
Hydrogen gas pipelines currently in usage have diameters of 250-300 mm,
and operate at pressures between 10 and 20 bar, with flows of 310-8900
kg/h.
Hydrogen pipeline networks are limited to industrial areas, amounting about
1500 km in Europe and 1400 km in the US. In order to extend the hydrogen
infrastructures for a public use, some studies have taken the NG pipeline
networks as a reference for the deployment of similar hydrogen networks.
Other studies consider the use of the NG network itself to transport mixtures
of NG and hydrogen. The concept is not new: before switching to NG in the
sixties of last century, the European gas grid was operated using towngas,
which 50-60% consisted of hydrogen.

Figure 9.5. Hydrogen pipeline
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The Power to Gas concept
The interest of using the current NG grid has been renewed in recent years due
to the ambitious targets of many European countries regarding the share of
sustainable generated electricity in their energy mix. However, the electricity
production from renewable sources, especially wind and solar power, is more
unreliable by nature than the conventional power generators. The match
between electricity production and demand is a challenge. Additionally,
electricity transmission companies are facing grid capacity problems on
several tracks, i.e. insufficient capacity to transmit the sustainable electricity
from production to consumption regions.
The concept called “Power to Gas” (P2G)48-49 could be an adequate and
probably cost-effective solution to both the matching of production &
demand and the need for additional transmission capacity, relying on the local
conversion of electricity surpluses into hydrogen via the electrolysis process,
and its injection into the natural gas grid (or its use in industry or for vehicle
refueling).
But before using the current NG networks for hydrogen, embrittlement
problems will need to be considered, depending on the type of steel, the
welding used, and the pipeline pressure. To avoid these problems, a version
of P2G combine the hydrogen produced via electrolysis with CO2, converting
the two gases to methane using a methanation reaction. The methane may
then be fed into the natural gas grid without compatibility problems. A third
method mixes the produced hydrogen from the electrolyser with a biogas
source conveniently cleaned from impurities, to upgrade the quality of the
biogas before injecting it in the NG grid.
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9.2.

Safety-related issues and best practices

9.2.1. Safety practices during startup and maintenance
Since natural gas flammability range is very narrow compared to the hydrogen
one, it is a common practice in the NG industry to change directly from
natural gas to air, i.e. a system or pipeline that has NG will be released to the
environment and left open to be filled with air, and vice versa. This may result
in NG-air mixtures generated intermediately, which is generally acceptable.
NG pipelines are generally not purged with inert gas. However, hydrogen and
air should not be permitted to mix within piping or equipment. Inert gas, e.g.
nitrogen, should be used first to drive out the air before introducing H2, or vice
versa. Natural gas practices, if carried over to hydrogen, could be unsafe. H2
must be vented to a safe outdoor location, e.g. using a temporary vent pipe.

9.2.2. Leak detection
Natural gas and LPG industries generally rely upon odorants to identify leaks.
Most hydrogen applications do not / cannot utilize odorants. Hence, for
hydrogen, a flammable gas monitor must be used.

9.2.3. How to prevent evaporation
The consequences of liquid hydrogen evaporation are dangerous due to its
associated risk, because the release of flammable vapours and the hydrogen
losses.
Evaporation can rapidly occur in a liquid hydrogen spill, resulting in a
flammable mixture spreading over a considerable distance. Moreover,
hydrogen gas rapidly diffuses with air turbulence increasing the dispersion
rate. It is important to note that, although ignition sources may not be present
at the leak or spill location, fire could occur if the movement of the flammable
mixture reaches an ignition source.
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The following measures can be adopted to minimize the evaporation:
•

Liquid hydrogen vessels should be designed to include thermal protection
systems. The thermal protection is important since the increase on
temperature will promote the evaporation of the liquid.

•

The type of insulation systems used to prevent evaporation can be a
vacuum system equal to that required under operating conditions, high
vacuum plus powders such as perlite, silica aerogel, diatomaceous earth,
fused alumina, and phenolic spheres, multiple layers of highly reflecting
radiation shields separated by spacers or insulators plus a high vacuum
or materials with low thermal conductivity (e.g. titanium).

Figure 9.6. Nitrogen spill resulting in its evaporation. Liquid hydrogen behaves in
a similar way in evaporation than nitrogen27.
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9.2.4. How to prevent embrittlement
Generally, the prevention methods for embrittlement in the hydrogen supply
area are the same than in the area of storage (see section 8.2.1). Nelson curves
(see Figure 9.7) are commonly used to select the various grades of steels and
the safe operating limits of temperature and hydrogen practical pressure.
The measures to avoid embrittlement in gas storage are:
•

Coat or surface treat the storage material to minimize the penetration
into metal materials.

•

Choose the right material, mechanical loading and pressure. For example,
avoid high carbon steel, instead use higher alloyed steels using the Nelson
curves.

Figure 9.7. Nelson curves: operating limits for steel in hydrogen service to avoid
decarburization and fissuring50.
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10.
MOBILITY APPLICATIONS
As stated in section 4.4.1, hydrogen fuel is considered a good candidate
to contribute to the decarbonisation of the road transport sector. Main
advantages of fuel cell electric vehicles are the zero emission of CO2 and
pollutants (the emission at the tailpipe is only water), and the higher efficiency
of fuel cells compared with internal combustion engines. Passenger cars and
urban buses, among other vehicles, as material handling equipment, etc., are
good examples of the new technology ready for mass commercialization in
the coming years

10.1. Hydrogen in vehicles
Hydrogen works through a fuel cell to feed a internal combustion engine, in a
similar way as the power of electrical cars. This internal combustion engine,
derived from that used for gasoline or natural gas, is adapted to properly
work with hydrogen as a fuel.

Figure 10. 1. Honda car, as part of the HyFive project51.
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Figure 10.2. Operation of a hydrogen fuel cell electric car.

Figure 10.3. Main components of a hydrogen fuell cell electric bus.

Hydrogen is also a good alternative fuel due to its high energy density per
mass unit, about three times higher than gasoline or diesel (see Table 10.
1), but it becomes less advantageous when considered per volume unit at
ambient pressure and temperature (see Table 10. 2). For this reason hydrogen
must be stored onboard at high pressure.
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Table 10.1. Quantity of fuel equivalent to 1 kg of H2 energy content52.

Table 10.2. Quantity of fuel equivalent to 1 liter of H2 energy content52.

To provide hydrogen fuel cell to cars with similar range of the gasoline or
diesel, they are equipped with onboard storage of 5-7 kg hydrogen at 700 bar.
For buses, 30-40 kg onboard storage at 350 bar has been proven to be enough
to supply them with similar range of the conventional buses, whereas for
material handling equipment 1-2 kg hydrogen stored at 350 bar gives enough
autonomy for a daily duty.
The fuel cell technology used in mobility applications is PEM, working around
70-90°C and low pressure, generally between atmospheric and 3 bar. The
vehicles also include energy storage devices (such as a battery or ultracapacitor) to improve performance and fuel efficiency, i.e. they can buffer
peak load, boost acceleration and allow energy recovery from braking. For
this reason fuel cell electric vehicles are also called fuel cell hybrid vehicles, in
the understanding that the technology is always 100% electric.
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Figure 10.4. Hydrogen powered engine53 (left) and components of the fuel cell system
of the Hyundai ix35 FCEV [Courtesy of Hyundai] (right).

Comparison between ignited fires on hydrogen and gasoline leaking cars
Some people show concerns about the possibility of explosion when
considering the use of hydrogen. This is only a perception with no educated
information. Figure 10.5, provides results from a simulation of a fire in case of
fuel leak from the tank by using hydrogen and gasoline as a fuel respectively.
As it can be seen, in case of hydrogen the flame rose and burnt, similarly to
a lighter, until all hydrogen is vented from the vessel; in case of gasoline, the
fuel puddle beneath the vehicle and the entire car were burnt.
The main differences between the fire of the two fuels are:
•

The maximum height of the hydrogen flames was higher than the
produced by the gasoline-fuelled vehicle.

•

The gasoline-fuelled flames were wider and persisted longer (from
growing to diminishing flames). Likewise, the radiated heat levels around
the vehicle were also higher for the gasoline-fuelled fire, resulting in a
higher total damage of the vehicle.

As a conclusion, the use of hydrogen in vehicles could be safer than other
fuels in terms of fire. It is important to note that this is always considering the
car is in open areas since if the car is in a confined space, it could cause similar
damage than leaks in storage (see chapter 8).
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Figure 10.5. Direct comparison of ignited fire on hydrogen (left) and gasoline
(right) leaking cars54.
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10.2. Safety-related issues and best practices
As it happens with all fuels, during the design of vehicles the risks coming from
hydrogen properties must be considered. If best practices are applied in the
design, building and service phases of the vehicle, the risk can be managed
and reduced properly.
The main risks related to hydrogen are the possibility of ignition in case of leak
and the explosion of the highly pressurized tank. Currently, the technology
has reached a good grade of maturity and the residual risk is considered low
and acceptable. In this section, best practices to prevent these hazards are
given.

10.2.1. How to prevent explosions
As normally happens, the best way to prevent an effect is to prevent the cause
of it. In the case of explosion, the possible causes are the overpressure, the
leaks producing a flammable atmosphere, and the ignition.
The equipment required to prevent a tank burst in case of overpressure are
the Pressure Release Devices (PRDs):
•

Pressure Release Devices

A pressure activated PRD will open to rapidly release hydrogen, usually within
a few minutes. The PRD is integrated into one end of the tank assembly and
is sometimes routed through a vent stack. In vehicles with multiple tanks,
each tank has its own PRD. If a PRD activates, you will usually hear an alarm
followed by a loud hissing sound, similar to the sound of a high pressure air
hose. The tank will be empty in 2-3 minutes.
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The formation of a flammable atmosphere could be prevented by ventilation:
•

Ventilation

The ventilation should be dimensioned to minimize the additional fuel
supplied to the fire, taking into account that the ventilation direction should
minimize the contact with people and avoid hydrogen accumulation. The
cylinder opening can also be equipped with an excess flow control valve,
which limits the maximum flow in case the hydrogen line is broken.
In order to prevent ignition, the next practices have to be considered:
•

Chassis and design aspects: separating electric parts from the H2 circuit.

The design for preventing hydrogen related accidents in the vehicle are
essential. It is important to minimize all the possibilities of hydrogen leaking
into the passenger compartment, trunk, cargo space, wheel wells, and
other enclosed spaces. This is done through careful placement of the fuel
tanks, lines and connections. It may also be advisable to provide ventilation
openings in locations that might not otherwise require them, specifically to
vent any leaked hydrogen.
•

Crash tests

The tank and the high pressure line should be installed into the vehicle in
a place with the minimum risk of rupture in case of collision. Protections
installed around the tank and lines should also be considered. Particular
attention should be posed on the cylinder input port, which is the weakest
point of the tank.
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10.2.2. How to prevent leaks
As explained, leaks should be prevented to avoid fires and explosions.
Hydrogen vehicles must be equipped with a variety of measures to stop light
hydrogen to leak, also in case of vehicle crash. The measures are described
below.
•

H2 sensors

Another important device for risk reduction in case of hydrogen usage is a
sensor able to detect the presence of hydrogen gas in the air. Hydrogen is
odorless and sensors are needed to warn the occupant of the vehicle or people
around it. In case of leak, H2 sensors should also activate countermeasures like
ventilation, FC system shut-down or valves shut-off.
•

Debris shield

A debris shield can be designed to protect against rocks and materials with
specified velocities.
•

Computational Fluid Dynamics model

When designing vehicles, a good approach to perform studies about the
risk of ignition of an air-hydrogen mixture caused by a localized leak is the
utilization of Computational Fluid Dynamics (CFD). This tool allows to study
the evolution over time of an air-hydrogen mixture caused by a fixed leak.
The results can show where the hydrogen concentration reaches the ignition
level and also the timescale of the diffusion. The main advantage compared
to the experimental approach is that, once the model has been validated, it is
possible to study leaks and different types of environments with relative low
effort.
•

Software controls

The software enables a quick and easy understanding of data logged during
car runs: power consumption, energy delivered by the fuel cell and battery,
(pressure and temperature monitoring) and power distribution related to
accelerations and speeds.
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Figure 10.6. Common location of H2 sensors in the hydrogen car HydroGen455.
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11.
NON-VEHICLES AND
RESIDENTIAL POWER
GENERATION
There are a wide range of applications for non-vehicles and stationary
technologies of hydrogen and fuel cells: from small systems, to charge
mobile equipment, to utility power plants. In 2012, more than 45 700 fuel
cell systems were shipped all over the word: in residential homes, hospitals,
nursing homes, hotels, office buildings, schools and utility power plants,
among others.
This chapter is focused on stationary FC applications that are either connected
to the electric grid (distributed generation) to provide supplemental power
and as emergency power system for critical areas, or installed as a gridindependent generator for on-site service.

11.1. Stationary applications
Stationary FCs generate electricity through an electrochemical reaction
providing clean, efficient, and reliable off-grid power to homes, businesses,
telecommunications networks, utilities and others. Several companies around
the world 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.
The main advantages of stationary FCs are that they are quiet (not noisy)
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.
FCs are highly efficient, typically reaching fuel to electricity efficiencies of
60%, nearly doubling the efficiency of today’s electrical grid56.
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Figure 11.1. Some company logos adopting fuel cells for primary and back-up power.

FCs also generate heat which, if captured, can increase the overall energy
efficiency to more than 90%. The heat produced by fuel cells can generate
additional electricity through a turbine; providing heat directly to nearby
buildings or facilities, and even cooling with the addition of an absorption
chiller. For this reason they are called Combined Heat and Power (CHP)
applications.

Figure 11.2. Combined Heat and Power operation scheme.
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Figure 11.3. Fuel cell energy power plant in operation at Gills in Oxnard, California,
US46.

11.2. Safety-related issues and best practices
Domestic cogeneration is nearest to the market than FCs vehicles, which is a
clear competitor of NG.
In this type of installations hydrogen leaks can be produced by diffusion
phenomena through walls and containment walls and materials damaging
at environment and high temperature (cracking and embrittlement). Due to
the hydrogen properties, the main hazards that this type of installations face
are explosions and leaks, that are common with NG installations. Therefore,
safety issues and best practices are similar to those of NG installations.

11.2.1. How to prevent explosions
For industrial installations Dangerous Substances and Explosive Atmospheres
Regulations (DSEAR) and the Equipment and Protection Systems (EPS)
regulation apply, which require a hierarchical approach to explosion
prevention and protection. DSEAR requires the identification of the explosion
hazards and the prevention or protection measures to be employed. The
measures taken should be appropriate to the nature of the operation being
undertaken.
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The first line of defense in preventing an explosion is to ensure that an explosive
atmosphere never exists. Hence, ventilation and the avoidance of ignition
sources are the most important measures to be considered.
Ventilation can be used to prevent small leaks generating an explosive
atmosphere by ensuring the gas cannot accumulate to concentrations above
the LEL. Other measures to prevent the formation of explosive atmospheres
related to improve ventilation can be:
- Wherever possible locate hydrogen storage/handling equipment
outside.
- Estimate the maximum foreseeable release rate and put adequate
high and low ventilation.
- Beware of low ceilings, canopies, cover and roofs. Ensure the dilution
is drawn from a safe place.
- Ensure vents and purges discharge to a safe place.
-Use CFD for complex ventilation requirements to put them in the
right locations.
Two main types of ventilation are recognized:
a) Passive or natural ventilation: the flow of air or gases is created by
the difference in the pressures or densities between the outside and
inside of a room or enclosed space.
b) Active or forced (mechanical) ventilation: the flow of air or gas is
created by artificial means such as a fan, blower, or other mechanical
means that will push or induce an air flow through the system.
It is essential to avoid ignition sources where an explosive atmosphere could
exist. The hazardous areas where explosive atmospheres could be formed have
to be identified and classified according to the likehood of its formation.
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Figure 11.4. Hydrogen - Flammable gas sign.

Electrical and non-electrical equipment appropriate for use in the different
areas of the workplace should be determined once the hazardous areas have
been identified and classified.

11.2.2. How to prevent leaks
Measures to prevent the release of hydrogen and dangerous substances
in general, should be given the highest priority. The probability of a leak
occurring can be minimized by using high quality engineering.
Particular attention should be paid to the design, installation, operation and
maintenance of hydrogen handling equipment in order to reduce the likehood
and size of any leak. The following points should be taken into account:
•
•
•
•

Ensure that the storage equipment, pipe work and connections conform
to an approved standard for hydrogen equipment.
Ensure that maintenance work is effectively controlled and is only
carried out by authorized competent personnel.
Minimise the frequency with which connections are made and broken.
For gaseous supply, use appropriate refillable stationary storage in
preference to regularly replacing large numbers of separately connected
cylinders.
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•

Use the minimum amount of storage that is practical without
disproportionally increasing other hazards, such as those associated
with moving gas cylinders.

•

For gaseous supply, use appropriate refillable stationary storage versus
to regularly replacing large numbers of separately connected cylinders.

•

Use the minimum length and size of pipe work that is appropriate.

•

Use the length of high pressure pipe work, from the pressure source to
the high pressure regulator.

•

Where possible, use a small diameter and operating pressure; flow
restriction may also be used on high pressure pipe work, in order to
minimize mass flow of hydrogen and hence the consequences of any
unintended releases.

•

Use a high pressure relief valve downstream from the high pressure
regulator that is able to vent into a ‘safe’ place where hydrogen gas
cannot accumulate but can freely disperse.

•

Ensure that the system is leak tested before use in an appropriate
manner to hydrogen systems.
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12. IN CASE OF EMERGENCY
Previous chapters were focused on to how to prevent hazards in the
different scenarios where hydrogen is produced, transported, stored or used.
Unfortunately, sometimes accidents happen. In the following section, some
advices on how to deal with hydrogen-related emergencies are provided.

12.1. The basics of hydrogen emergency response
When dealing with a hydrogen related emergency, it is important to always
follow the standard response protocol and remembering these basic steps,
according to the U.S. Department of Energy “Hydrogen Safety Tips for First
Responders”29:
•

Look for recognizable signage (e.g. H2 sensor alarm, for example), listen
for escaping gas, or watch for thermal waves that indicate the presence
of flame.

•

Let a hydrogen fire burn, if safe to do so. Moreover, it is important to
spray water on adjacent equipment to cool them.

Figure 12.1. Fire-fighter measuring hydrogen with an air monitor equipped to detect
hydrogen [Courtesy of Pacific Northwest National Laboratory].
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•

Never cut through stainless steel hydrogen lines or high voltage cables.

•

In case of vehicles, avoid cutting through the floorline because hydrogen
lines and high-voltage electrical cables and devices are commonly located
there.

Figure 12.2. Hyundai Fuel Cell stack together with the high voltage junction
box57.

Other basic precautions:
•

Keep unauthorised personnel away.

•

Stay upwind.

•

Eliminate ignition sources (electrical, mechanical, or thermal).

•

Do not touch or walk through the product.

•

Do not spray water into the PRD, since ice formation could make then
inoperable.
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12.2. Emergency planning
In order to know what to do in case of emergency, it is important to have an
emergency plan taking into account the conditions where hydrogen is found.
This emergency plan should include the following:
•

The type of emergency equipment available and its location.

•

A brief description of any testing or maintenance programs for the
emergency equipment.

•

An indication that hazards identification labelling is provided for each
area.

•

The location of posted emergency procedures.

•

A facility site plan including the following information:
- Storage and use areas.
- Maximum amount of each material stored or used in each area.
- Range of containers size.
- The location of gas and liquid conveying pipes.
- Locations of emergency isolation and mitigation valves and devices.
- On and off positions of valves for those that are not self-indicated.
-A storage and distribution plan that is legible and drawn
approximately to scale showing the intended storage arrangement,
including the location and dimensions of walkways.

•

A list, including quantities, of compressed gases and cryogenic liquids
and their Materials Safety Data Sheet (MSDS) or equivalent.

•

A list of personnel who are designated and trained to act as a liaison
with the emergency services, and who are responsible for: aiding the
emergency services in pre-emergency planning, accessing MSDS,
knowing the emergency procedures, and identifying the location of
compressed gases and cryogenic fluids stored or used.
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Figure 12. 3. Compressed hydrogen MSDS [Courtesy of Air Products].
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12.3. Emergency operators training and handbooks
A point of primary importance for safety in hydrogen devices and stationary
applications is the training of the emergency first responders. The availability
of specific information related to the situation would limit the damages to
property and people or avoid excessive measures.
In general, theoretical and practical courses are organized to train first
emergency responders, where demonstrative projects involving fuel cell
vehicles are carried out.
An example is the course “Introduction to Hydrogen Safety for First
Responders” organized by the U.S. Department of Energy (DoE)30. It is
developed to help first responders to:
•

Understand the properties of hydrogen in comparison with other fuels
and safety mechanisms.

•

Recognize and identify hydrogen vehicles, stationary power generators,
storage containers and refuelling equipment.

•

Identify typical ignition sources and other potential hazards.

•

Execute initial “awareness-level” response actions.

With similar objective, there is an European ongoing project entitled
“HyResponse”, that started in April 2013 funded by the FCH JU within the
7th Framework Programme (FP7). The main objective is to create a European
Hydrogen Safety Training Platform (EHSTP), that will develop a tool box for
First Responders in order to assess them not only for the implementation of a
new hydrogen projects but also for emergencies (see Annex 3).
Private companies have also developed their own training courses. An
example is the demonstrative project “Project Driveway” developed by
General Motors (GM), in which more than one hundred hydrogen cars were
delivered to drivers and companies for a period of time. GM trained over 300
drivers for fueling and over 1,500 first responders58.
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Figure 12.4. First responder Training Session59.

In the field of hydrogen vehicles, manufacturers provide guides and handbooks
in order to clarify the structure of their own vehicles. Since hydrogen cars deal
with both pressurized gaseous fuel and high voltage lines, these guides make
emphasis on features and specifications that are not familiar to the emergency
responders. In general, the main topics addressed are:
•

Identification of a fuel cell vehicle (exterior scheme, under-hood structure,
etc.)

•

Location of the main components (fuel cell, electric motor, tanks, battery,
etc.) and related hazards (high-voltage, hydrogen content, and others).

•

Propulsion system and power disabling procedure.

•

Hydrogen sensors and related icons on the instrument panel.

•

Position of the vent system of the tanks.

•

Identification of “no-cut” zones, due to high voltage and fuel lines (See
Figure 12.5).
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Figure 12.5. Example of “no-cut” zones in a fuel cell car60.

Some examples of emergency response guides area available for different
companies such as HYUNDAI, HONDA, TOYOTA, CHEVROLET, etc.

Figure 12.6. Toyota Mirai car fuelled by hydrogen.
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12.4. How to identify a hydrogen-carrying vehicle, a
fuel cell vehicle or a hydrogen facility
First of all, it is important to note that hydrogen handling facilities and devices
have to be indicated with placards, identifying the presence of hydrogen in
order to properly respond to any accident. The best way to identify them is
to know the signals.
The signals that indicate the transport of flammable gas are shown in Figure
12. 7, where the number indicates the type of material (being 2 for gases and
3 for liquids). In the case of hydrogen FC vehicles, they usually have a blue
diamond sign on the rear (see Figure 12. 8.).

Figure 12.7. Placards for hydrogen gas (left) and liquid (right).

Figure 12. 8. Placard indicating compressed hydrogen tank in a FC car.
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In the case of stationary facilities (e.g., stationary fuel cell installations and
fuelling stations), NFPA 704 hazards Placards have to be posted on stationary
hydrogen facilities; Figure 12.9 depicts those corresponding to gaseous and
liquid hydrogen, respectively.

Figure 12.9. NFPA 704 hazard placards for gaseous and liquid H2.

These signals are composed by 3 numbers in 3 colours, as well as a symbol
when required, as described in Figure 12.10.

Figure 12. 10. NFPA 704 hazard placards explanation61.
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13.
GAP Analysis and
Recommendations for tHE
future
In the last years Europe has deployed several efforts from a technological,
policy and public awareness perspectives in order to increase the deployment
of FCH.
As most recent development, the EU Directive on the deployment of alternative
fuels infrastructure (among them hydrogen), approved on 29/09/2014, aims
at addressing the missing links of the single transport market, namely by:
•
•
•

The build-up of an EU-wide network of recharging and refuelling points.
The development of harmonized EU-wide standards and common
technical specifications.
The provision of relevant, consistent and clear consumer information.

In the next sections we provide a gap analysis of what it is needed and the
corresponding recommendations.

13.1. Gap Analysis
The recommendations presented in this chapter have been prepared by taking
into consideration a gap analysis in the framework of the H2TRUST project,
with additional information from the authors of the book.
Research priorities in hydrogen safety were considered in a relevant gap
analysis performed by JRC and HySafe network, and results were presented
in several reports and in the HIAD database32,62-63. The H2TRUST partners
looked at complementing these already existing efforts and information, with
H2TRUST documents (mostly Deliverables 3.1, 4.2 and 4.3) and desk research
from different sources, coming up with the following statements related both
to safety and general public awareness:
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•

•

•

•

•

•

•

Technological safety has been proved at small-to-medium level for
production, but more efforts are needed at larger scale and on a large
number of applications and case studies.
There is extensive production of technical guidelines, specifications,
standards, etc. already developed at industrial level in the past years.
However, more efforts are needed in translating the technology safety to
a more public domain.
There is a considerable lack of data and information available at European
level on safety-related aspects, including accidents/incidents databases
(e.g. HIAD32), updated monitoring reports, etc. Moreover there is a lack
structured organizations/bodies in charge of monitoring and promoting
safety aspects at European level, as happens, for instance, on the
U.S27,28,31,64-67. Europe should consider having a permanent infrastructure
or body institution for this purpose.
There is a need of more demo projects68-71, including actions devoted to
safety aspects (technological and non-technological), in order to collect
also a critical mass of data to create statistical evidence on accidents/
incidents-related issues and best practices.
There is a lack of infrastructure of HRS, due to the high investment
required. Moreover, people are reticent to change to the hydrogen
technology in vehicles because there are not enough HRS with hydrogen
to drive without restrictions, thus feeding a vicious circle.
Thinking of a wide-spread hydrogen distribution grid, such as the one
for NG, is still considered a futuristic vision for dreamers. However, if we
compare the development and deployment of NG with the one of H2,
and the higher environmental benefit that the latter brings, it becomes
reasonable to think that in the mid-term, hydrogen will become a
mass-spread gas and energy carrier used at all levels, from industry to
households, from vehicles to plants.
Crisis management planning (especially in public domain areas): up to
date the crisis planning of FCH plants is mainly left to industrial partners,
and it follows consolidated industrial rules and procedures.
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•

No specific and homogeneous body of RCS is yet present at European
level for FCH, while the wide range of technologies, applications sectors
and stakeholders involved make it more difficult to come up with a
comprehensive framework. Europe has made a very important recent
step to solve this gap. The Directive of the European Parliament and of
the Council on the deployment of alternative fuels infrastructure (among
them hydrogen), approved on 29/09/2014, aims to the development of
harmonized EU-wide standards and common technical specifications. The
above-mentioned main standards related to H2 should be ready by the
end of 2016.

•

For what it concerns Training, Education and Public Communication,
main gaps identified are related to the main categories involved, i.e.:
i) up-to-date knowledge on safety/risk handling, rules and obligations
by professionals; ii) Scattered RCS at EU/National/Regional level for
Regulators and Public Safety Officials; iii) persistent fear of unknown
product/gas and safety perception of H2 for general public.

13.2. Recommendations
The recommendations presented in this chapter have been drawn taking into
account the data gathering carried out in the H2TRUST project and consultation
with experts. A Roadmap and an Action Plan on hydrogen technology in Europe
(from the HyWays project, as reported in Table 1.2 in Chapter 1) were taken
as a starting point, to be able to reflect in this task what is already initiated in
Europe and what future initiatives are being or should be carried out.
In line with the above-mentioned overall approach at the European level, the
recommendations are classified in three categories, related to:
•
•
•

Technology and infrastructures.
Regulations, Codes and Standards.
Training, education and public communication.

All of them has been classified in short, mid and long term, respectively,
and are represented in tables 13.1, 13.2 and 13.3. Furthermore, a general
recommendation for all the categories is to have a permanent group of
experts checking and approving safety related issues, validating given
recommendations, etc, and also a permanent infrastructure in Europe for a
continuous data gathering and analysis.
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Table 13.1. Recommendations related to technology and research [from deliverable
4.1. of H2TRUST].
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Table 13.2. Recommendations related to RCS [from deliverable 4.1. of H2TRUST].
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Table 13.3. Recommendations related to training, education and public communication
[from deliverable 4.1. of H2TRUST].
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Annex 1: Hydrogen Properties
Table A1.1. Hydrogen properties
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Annex 2: Regulations, Codes and
Standards
RCS-1 Agreement concerning the International Carriage of Dangerous Goods
by Road (ADR). Nations Economic Commission for Europe (UNECE). 1968.
RCS-2 ATEX Directive.
RCS-3 Basic Considerations for the Safety of Hydrogen Systems (ISO/TC 197).
2014.
RCS-4 Classification, packaging and labelling of dangerous substances 67/548/
EEC.
RCS-5 Dangerous Substances Directive 67/548/EEC.
RCS-6 Electromagnetic Compatibility Directive (EMC) 2004/108/EC.
RCS-7 Equipment and protective systems intended for use in potentially
explosive atmospheres (ATEX) 94/9/EC.
RCS-8 European Agreement concerning the International Carriage of
Dangerous Goods by Inland Waterways (ADN) . UNECE. 2000.
RCS-9 Gas Appliances Directive (GAD) 2009/142/EC.
RCS-10 HSE. A Guide to the Equipment and Protective Systems Intended for
Use in Potentially Explosive Atmospheres Regulations 1996.
RCS-11 HSE. The Dangerous Substances and Explosive Atmospheres
Regulations 2002.
RCS-12 International Code for the Construction and Equipment of Ships
Carrying Liquefied Gases in Bulk (IGC Code). IMO International Code. 1986.
RCS-13 Low Voltage Directive (LVD) 2006/95/EC. Directive on electrical
equipment design for use within certain voltage limits.
RCS-14 Machinery Directive (MD) 2006/42/EC.
RCS-15 Measures to encourage improvements in the safety and health of
workers (92/85/EEC).
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RCS-16 Minimum requirements for improving the safety and health protection
of workers potentially at risk from explosive atmospheres (ATEX) 1999/92/EC.
RCS-17 NFPA 70 National Electrical Code.
RCS-18 Personal protective equipment Directive (PPE) 89/686/EEC.
RCS-19 Pressure Equipment Directive (PED) 97/23/EC.
RCS-20 Recommendations on the Transport of Dangerous Goods. 17th revised
version. United Nations, 2011.
RCS-21 REGULATION (EC) No 79/2009 OF THE EUROPEAN PARLIAMENT AND
OF THE COUNCIL – January 2009.
RCS-22 Regulation concerning the International Carriage of Dangerous Goods
by Rail (RID) 96/49/EC.
RCS-23 SAFETY STANDARD FOR HYDROGEN AND HYDROGEN SYSTEMS.
National Aeronautics and Space Administration (NASA), 2006.
RCS-24 Seveso III Directive 2012/18/UE.
RCS-25 Simple Pressure Vessels Directive (SPVD) 2009/105/EC.
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Annex 3: European funded
projects related to hydrogen
Europe continues to promote hydrogen technologies and their
implementation. Under the 2013, call the following 25 projects, that are just
starting, are funded:
Table A3.1. Funded projects by the FCH JU under the 2013 call.

Tables A3.2-5 list the projects funded by the FCH JU under the 7th Framework
Programme, classified in: (i) production, distribution and storage, (ii) mobility applications, (iii) non-mobility applications, (iv) cross-cutting and (v) early
markets. Data from http://www.fch-ju.eu/
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Annex 3. European projects related to hydrogen

Table A3.2. Funded projects by the FCH JU related to production, distribution
and storage.

Short Title
HYDROSOLPLANT

Title

Call for
proposals

Thermochemical HYDROgen production in SOLar
monolithic reactor: construction and operation of
a 750kWth PLANT
Biogas robust processing with combined catalytic
reformer and trap
Solar To Hydrogen Hybrid Cycles
Pre-Normative Research for Thermodynamic
Optimization of Fast Hydrogen Transfer
Material Testing and Design Recommendations for
Components exposed to HYdrogen enhanCed
fatiguE
UNIQUE gasifier for hydrogen Production
High energy density mg-based metal hydrides
storage system

2012

ELECTROHYPEM Enhanced performance and cost-effective
materials for long-term operation of pem water
electrolysers coupled to renewable power sources
BOR4STORE
Fast, reliable and cost effective boron hydride
based high capacity solid state hydrogen storage
materials
Don Quichote Demonstration of new qualitative innovative
concept of hydrogen out of wind turbine
electricity
NOVEL
Novel materials and system designs for low cost,
efficient and durable PEM electrolysers
ARTIPHYCTION Fully artificial photo-electrochemical device for
low temperature hydrogen production

2011

HyTIME

2010

BIOROBUR
SOL2HY2
HYTRANSFER
MATHRYCE
UNIfHY
EDEN

Hy2Seps-2
IDEALHY

Low temperature hydrogen production from 2nd
generation biomass
Hybrid Membrane - Pressure Swing Adsorption
(PSA) Hydrogen Purification Systems
Integrated Design for Efficient Advanced
Liquefaction of Hydrogen
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2012
2012
2012
2011
2011
2011

2011
2011
2011
2011

2010
2010

Short Title
(cont.)

Title
(cont.)

Call for
proposals
(cont.)
2010

RESelyser

Hydrogen from RES: pressurised alkaline
electrolyser with high efficiency and wide
operating range

ELYGRID

Improvements to Integrate High Pressure Alkaline
electrolyzers for Electricity/H2 production from
Renewable Energies to Balance the GRID
New Method for Superior Integrated Hydrogen
Generation System 2+

2010

Optimisation of Transport Solutions for
Compressed Hydrogen
Compact Multifuel-Energy to Hydrogen converter
Enhanced Design Requirements and Testing
Procedures for Composite Cylinders intended for
the Safe Storage of Hydrogen
ADvanced ELectrolyser for Hydrogen Production
with Renewable Energy Sources
FUEL CELL COUPLED SOLID STATE HYDROGEN
STORAGE TANK

2010

SCALE UP OF THERMOCHEMICAL HYDROGEN
PRODUCTION IN A SOLAR MONOLITHIC REACTOR:
A 3RD GENERATION DESIGN STUDY
Next-Generation PEM Electrolyser for Sustainable
Hydrogen Production

2008

Pressurised PEM Electrolyzer stack

2008

NEMESIS2+
DeliverHy
CoMETHy
HyCOMP
ADEL
SSH2S
HYDROSOL-3D
NEXPEL
PrimoLyzer
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2010

2010
2009
2009
2009

2008

Annex . European projects related to hydrogen

Table A3.3. Funded projects by the FCH JU related to mobility applications.
Short Title
CATAPULT
HYAC
HYCARUS
AUTO-STACK
CORE
COPERNIC
SMARTCAT
NANO-CAT
HyTransit
ARTEMIS
STAMPEM
PUMA MIND
IMPACT
IMMEDIATE
CATHCAT
Phaedrus
SWARM

Title
Novel CATAlyst structures employing Pt at Ultra Low
and zero loadings for auTomotive MEAs
HyAC: high measurement accuracy of hydrogen
refueling
HYdrogen cells for AiRborne Usage
Automotive Fuel Cell Stack Cluster Initiative for Europ
II
COst & PERformaNces Improvement for Cgh2
composite tanks
Systematic, Material-oriented Approach using
Rational design to develop break-Through Catalyst s
for commercial automotive PEMFC stacks
Development of advanced catalysts for PEMFC
automotive applications
European Hydrogen Transit Buses in Scotland
Automotive pemfc Range extender with high
TEMperature Improved meas and Stacks
STAble and low cost Manufactured bipolar plates for
PEM Fuel Cells
Physical bottom Up Multiscale Modelling for
Automotive PEMFC Innovative performance and
Durability optimization
Improved lifetime of automotive application fuel cells
with ultra-low pt-loading
Innovative autoMotive MEa Development –
implementation of Iphe-genie Achievements Targeted
at Excellence
Novel catalyst materials for the cathode side of meas
suitable for transportation applications
High Pressure Hydrogen All Electrochemical
Decentralized RefUeling Station
Demonstration of Small 4-Wheel fuel cell passenger
vehicle Applications in Regional and Municipal
transport
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Call for
proposals
2012
2012
2012
2012
2012
2012
2012
2011
2011
2011
2011
2011
2011
2011
2011
2011

Short Title
(cont.)
IMPALA
High V. LOCity
DESTA
HyTEC
FCGEN
PEMICAN
AUTOSTACK
HyQ
CHIC
NextHyLights
H2moves

Title
(cont.)
IMprove Pemfc with Advanced water management
and gas diffusion Layers for Automotive application
Cities speeding up the integration of hydrogen buses
in public fleets
Demonstration of 1st European SOFC Truck APU
Hydrogen Transport in European Cities
Fuel Cell Based On-board Power Generation
PEM with Innovative low cost Core for Automotive
applicatioN
AUTOSTACK
Hydrogen fuel Quality for transportation and other
energy applications
Clean Hydrogen In European Cities
Supporting action to prepare large-scale hydrogen
vehicle demonstration in Europe
H2moves Scandinavia
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Call for
proposals
(cont.)
2011
2010
2010
2010
2010
2009
2009
2009
2009
2008
2008

Annex 3. European projects related to hydrogen

Table A3.4. Funded projects by the FCH JU related to non-mobility applications.
Short Title
DEMSTACK

Title

Call for
proposals

Understanding the Degradation Mechanisms of a High
Temperature PEMFC Stack and Optimization of the
Individual Components

2012

Demonstration of 750 kWe alkaline fuel cell system
with heat capture
ALKAMMONIA ALKAMMONIA: Ammonia-fuelled alkaline fuel cells for
remote power applications

2012

SCORED 2.0

Re-Inspecting Steel Coatings For Reducing Degradation

2012

ONSITE

Operation of a Novel Sofc-battery Integrated hybrid for
Telecommunication Energy systems
Production and Reliability Oriented SOFC Cell and Stack
Design
System Automation of PEMFCs with Prognostics and
Health management for Improved Reliability and
Economy
Construction of Improved HT-PEM MEAs and Stacks for
Long Term Stable Modular CHP Units
Innovative SOFC Architecture based on Triode
Operation
Fluid management component improvement for back
up fuel cell systems
European-wide field trials for residential fuel cell
micro-CHP
Durable Solid Oxide Fuel Cell Tri-generation system for
low carbon Buildings
Efficient use of resources in energy converting
applications
Evolved materials and innovative design for highperformance, durable and reliable SOFC cell and stack
The Integration and Demonstration of Large Stationary
Fuel Cell Systems for Distributed Generation
Solid Oxide Fuel Cell micro-CHP Field Trials
Metal supported SOFC technology for stationary and
mobile applications

2012

POWER-UP

PROSOFC
SAPPHIRE
CISTEM
T-CELL
FluMaBack
ene.field
TriSOFC
EURECA
EVOLVE
CLEARgen
Demo
SOFT-PACT
METSAPP
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2012

2012
2012
2012
2011
2011
2011
2011
2011
2011
2011
2010
2010

Short Title
(cont.)

Title
(cont.)

METPROCELL

Innovative fabrication routes and materials for METal
and anode supported PROton conducting fuel CELLs
MMLCR=SOFC Working towards Mass Manufactured, Low Cost and
Robust SOFC stacks
LASER-CELL
Innovative cell and stack design for stationary
industrial applications using novel laser processing
techniques
TOWERPOWER Demonstration of Fuel cell based integrated generator
systems to power off-grid cell phone towers, using
ammonia fuel
SOFCOM
SOFC CCHP with poly-fuel: operation and management
ReforCELL
Advanced multi-fuel Reformer for CHP-fuel CELL
systems
Asterix3
ASsessment of SOFC CHP systems build on the
TEchnology of htceRamIX 3
GEneric diagNosis InstrUment for SOFC Systems
GENIUS
DeSIgn
Degradation Signatures identification for stack
operation diagnostics
D-CODE
DC/DC COnverter-based Diagnostics for PEM systems
SCOTAS-SOFC

Sulphur, Carbon, and re-Oxidation Tolerant Anodes
and Anode Supports for Solid Oxide Fuel Cells
CATION
Cathode Subsystem Development and Optimisation
STAYERS
STAYERS Stationary PEM fuel cells with lifetimes
beyond five years
SOFC-Life
Solid Oxide Fuel Cells – Integrating Degradation Effects
into Lifetime Prediction Models
RAMSES
Robust Advanced Materials for Metal Supported SOFC
NH34PWR
NH34PWR
LOTUS
Low temperature Solid Oxide Fuel Cells for micro-CHP
applications
PREMIUM ACT PREdictive Modelling for Innovative Unit Management
and ACcelerated Testing procedures of PEFC
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Call for
proposals
(cont.)
2010
2010
2010
2010
2010
2010
2009
2008
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Annex 3. European projects related to hydrogen

Short Title
(cont.)

Title
(cont.)

FC-EuroGrid

Evaluating the Performance of Fuel Cells in European
Energy Supply Grids
MAESTRO
MAESTRO
ASSENT
Anode Sub-System Development & Optimisation for
SOFC systems
KEEPEMALIVE Knowledge to Enhance the Endurance of PEM fuel cells
by Accelerated LIfetime Verification Experiments
MCFC-CONTEX Molten Carbonate Fuel Cell catalyst and stack
component degradation and lifetime: Fuel Gas
CONTaminant effects and EXtraction strategies
DEMMEA
UNDERSTANDING THE DEGRADATION MECHANISMS
OF MEMBRANE-ELECTRODE-ASSEMBLY FOR HIGH
TEMPERATURE PEMFCS AND OPTIMIZATION OF THE
INDIVIDUAL COMPONENTS
LOLIPEM
Long-life PEM-FCH &CHP systems at temperatures
≥100°C
ROBANODE
Understanding and minimizing anode degradation in
hydrogen and natural gas fuelled SOFCs
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Call for
proposals
(cont.)
2008
2009
2008
2008
2008
2008

2008
2008

Table A3.5. Funded projects by the FCH JU related to cross-cutting issues.
Short Title
SUSANA

Call for
proposals

Title
SUpport to SAfety ANalysis of Hydrogen and Fuel Cell
Technologies
Development of H2 Safety Expert Groups and due diligence
tools for public awareness and trust in hydrogen
technologies and applications
European Hydrogen Emergency Response training
programme for First Responders

2012

Modelling the thermo-mechanical behaviour of high
pressure vessel in composite materials when exposed to fire
conditions
Cost-effective and reliable hydrogen sensors for facilitating
the safe use of hydrogen

2012

Assessment of the potential, the actors and relevant
business cases for large scale and seasonal storage of
renewable electricity by hydrogen underground storage in
Europe
Development of PEM Fuel Cell Stack Reference Test
Procedures for Industry

2011

Temonas
Prepar-H2

TEchnology MONitoring and Assessment
Preparing socio and economic evaluations of future H2
lighthouse projects

2010
2009

HyFacts

Identification, Preparation and Dissemination of Hydrogen
Safety Facts to Regulators and Public Safety Officials

2009

TrainHy

Building Training Programmes for Young Professionals in the
Hydrogen and Fuel Cell Field

2009

Hyprofessionals Development of educational programmes and training
initiatives related to hydrogen technologies and fuel cells in
Europe
FC-HYGUIDE
Guidance document for performing LCAs on hydrogen and
fuel cell technologies

2009

H2TRUST
HYRESPONSE
FIRECOMP
H2SENSE
HyUnder

Stack-Test
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2012
2012

2012

2011

2009

Annex 3. European projects related to hydrogen

Table A3.6. Funded projects by the FCH JU related to early markets.
Short Title

Title

Call for
proposals

HAWL

Large scale demonstration of substitution of battery
electric forklifts by hydrogen fuel cell forklifts in
logistics warehouses

2012

IRMFC

Development of a Portable Internal Reforming
Methanol High Temperature PEM Fuel Cell System
Sofc Apu For Auxiliary Road-truck Installations
Development of Auxiliary Power Unit for Recreational
yachts

2012

SAPIENS

Integrated low temperature methanol steam
reforming and high temperature polymer electrolyte
membrane fuel cell

2011

BeingEnergy
LiquidPower

LiquidPower
Integrated hydrogen power packs for portable and
other autonomous applications
EUROPE – Large scale demonstration of fuel cell
powered material handling vehicles
Demonstration Project for Power Supply to Telecom
Stations through FC technology

2011
2011

SAFARI
PURE

HYPER
HyLIFT

2012
2011

2011
2010

FCpoweredRBS Pre Normative Research on the in-door use of fuel cells
and hydrogen systems

2010
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Glossary
Active or forced (mechanical) Ventilation: intentional movement of air using
fans, blowers or other mechanical devices.
Absorption: the process in which a fluid is dissolved by a liquid or a solid
(absorbent).
Adsorption: adhesion of atoms, ions, or molecules from a gas, liquid, or
dissolved solid to a surface (adsorbent).
Anion: a negatively charged ion; an ion that is attracted to the anode during
electrolysis.
Ammonia: A chemical compound formed from hydrogen with formula NH3.
Anode: An anode is an electrode through which positive electric charge flows
into a polarized electrical device. It is the negative terminal of a cell or battery.
Atmospheric pressure: the pressure exerted by the atmosphere at the Earth’s
surface. It has an average value of 1 atmosphere.
Atomic weight: the average weight of an atom of an element.
Atomic number: the number of positive charges or protons in the nucleus of
an atom of an element.
Back-up power: An additional power source that can be used in the event of
power failure.
Best Practice: technique or methodology that has reliably led to a desired
result.
Boiling point: the temperature at which a boiling liquid begins to turn into a
gas.
Building block: A basic element or part of something.
Buoyancy: the power to float or rise in a fluid.
By-product: a secondary product.

-179-

Carbon dioxide: a colorless, odorless, incombustible gas, that is formed
during respiration, combustion, and organic decomposition, is an essential
component in photosynthesis, and is used in food refrigeration, carbonated
beverages, inert atmospheres, fire extinguishers, and aerosols. Also called
carbonic acid gas. Its chemical formula is CO2.
Carbon monoxide: A colorless, odorless, highly poisonous gas, CO, formed
by the incomplete combustion of carbon or a carbonaceous material, such as
gasoline. Its chemical formula is CO.
Catalyst: a substance that causes or speeds up a chemical reaction without
itself being affected.
Cation: a positively charged ion; an ion that is attracted to the cathode during
electrolysis.
Cathode: the electrode by which current leaves a battery, etc., or the negative
terminal of such a cell.
Combustion: the act or process of burning.
Computational Fluid Dynamic Model: a branch of fluid mechanics that
uses numerical methods and algorithms to solve and analyze problems that
involve fluid flows. Computers are used to perform the calculations required
to simulate the interaction of liquids and gases with surfaces defined by
boundary conditions.
Conductive: having the property or capability of conducting.
Conductivity: the property or power of conducting heat, electricity, or sound.
Convective: the transfer of heat by the circulation of heated liquid or gas.
Corrosion: a process in which a solid, especially a metal, is eaten away and
changed by a chemical action, as in the oxidation of iron in the presence of
water by an electrolytic process.
Covalent Bonds: a chemical link between two atoms in which electrons are
shared between them.
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Covalent compound: a molecule formed by covalent bonds, in which the
atoms share one or more pairs of valence electrons.
Cracking: the process of breaking down certain hydrocarbons into simpler
ones of lower boiling points by means of excess heat, distillation under
pressure, etc., in order to give a greater yield of low-boiling products than
could be obtained by simple distillation.
Critical point: the point at which a substance in one phase, as the liquid, has
the same density, pressure, and temperature as in another phase, as the
gaseous.
Cryogenic Liquid: a liquid with a boiling point below -150 °C.
Debris Shield: shield used as a defense against blows.
Diffuse: to spread or scatter widely.
Diffusive: tending to diffuse.
Ductile: capable of being hammered out thin, as certain metals; malleable.
Electrode: a point, or terminal, through which an electric current enters or
leaves a battery or another electrical device.
Electron: a fundamental particle that has a negative charge and exists outside
the nucleus of an atom.
Electrochemical reaction: reactions which take place at the interface of an
electrode, usually a solid metal or a semiconductor, and an ionic conductor,
the electrolyte. These reactions involve electric charges moving between
the electrodes and the electrolyte (or ionic species in a solution). Thus
electrochemistry deals with the interaction between electrical energy and
chemical change.
Electrolysis: the passage of an electric current through a substance, in order
to change it chemically.
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Electrolyte: a substance, usually a liquid, that allows electricity to pass or be
passed through it.
Embrittlement: significant deterioration in the mechanical properties of
metal.
Energy carrier: a substance (energy form) or sometimes a phenomenon
(energy system) that contains energy that can be later converted to other
forms such as mechanical work or heat or to operate chemical or physical
processes.
Exothermic reaction: occurring with the evolution of heat.
Explosive: a chemical substance that undergoes a rapid chemical change
(with the production of gas) on being heated or struck.
Flame detector: sensor designed to detect and respond to the presence of a
flame or fire.
Greenhouse effect: a phenomenon in which the atmosphere of a planet
traps radiation emitted by its sun, caused by gases such as carbon dioxide,
water vapor, and methane that allow incoming sunlight to pass through but
retain heat radiated back from the planet’s surface.
Greenhouse gas: any of the atmospheric gases that contribute to the
greenhouse effect.
Haber-Bosch process: method for the mass synthesis of ammonia.
Hazard: object or situation that is potentially dangerous (i.e., an unsecured
electrical cord might be a tripping hazard, or a finger-tight connection that
is not in a properly vented area might start to leak into an enclosed space,
leading to a flammable accumulation of hydrogen).
Hydrocarbon: organic compound consisting entirely of hydrogen and carbon.
Incident: a minor event leading to serious consequences.
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Inconel Alloy 625: a nickel-chromium-molybdenum alloy with an addition
of niobium that acts with the molybdenum to stiffen the alloy’s matrix and
thereby provide high strength without a strengthening heat treatment. The
alloy resists a wide range of severely corrosive environments and is especially
resistant to pitting and crevice corrosion. Used in chemical processing,
aerospace and marine engineering, pollution-control equipment, and nuclear
reactors.
Internal Combustion Engine: heat engine where the combustion of a fuel
occurs with an oxidizer (usually air) in a combustion chamber that is an integral
part of the working fluid flow circuit..
Ion: an atom or atom group that is electrically charged by the loss or gain of
electrons, represented by a plus or a minus sign, as Na+, Ca++, or Cl-.
Ionic bonds: type of chemical bond that involves the electrostatic attraction
between oppositely charged ions.
Ionic compound: chemical compound in which ions are held together in a
structure by electrostatic forces termed ionic bonds.
Leaking: an unintended hole, crack, or the like, through which liquid, gas,
light, etc., enters or escapes:
Lessons Learned: a generalization based on an experience.
Lower Explosive Limit (LEL): lowest concentration (percentage) of a gas or
vapor in air capable of producing a flash of fire in presence of an ignition
source (arc, flame, heat). Concentrations lower than LEL are ‘too lean’ to burn.
Also called lower flammable limit (LFL).
Membrane: A thin sheet of natural or synthetic material that is permeable to
substances in solution.
Methane: a colourless odourless flammable gas, the simplest alkane and the
main constituent of natural gas: used as a fuel. Formula: CH4.
Methanol: a colourless volatile poisonous liquid compound used as a solvent
and fuel. Formula: CH3OH.
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Molecular formula: an expression which states the number and type of atoms
present in a molecule of a substance.
Molecular weight: the sum of the atomic weights of the atoms in a molecule.
Naphta: is a general term that has been used for over 2000 years to refer
to flammable liquid hydrocarbon mixtures. Mixtures labelled naphtha have
been produced from natural gas condensates, petroleum distillates, and the
distillation of coal tar and peat. It is used differently in different industries and
regions to refer to gross products like crude oil or refined products such as
kerosene.
Natural gas: a gaseous mixture consisting mainly of methane trapped below
ground; used extensively as a fuel.
Nm3: common unit used in industry to refer to gas emissions or
exchange. It stands for Normal cubic meter.
Overpressure: pressure caused by a shock wave over and above normal
atmospheric pressure.
Passive or natural ventilation: process by which the air in a room or building
is supplied or removed by natural means (no mechanical devices). Passive (or
natural) ventilation is effective because it takes advantage of buoyancy effects
due to temperature or composition differences.
Periodic table: the tabular arrangement of the elements according to their
atomic numbers so that elements with similar properties are in the same
column.
Phosphoric acid: also known as orthophosphoric acid or phosphoric(V) acid;
is a mineral (inorganic) acid having the chemical formula H3PO4.
Poisoning: a substance that retards a chemical reaction or destroys or inhibits
the activity of a catalyst
Polymer: a chemical compound formed by the addition of many smaller
molecules, called monomer.
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Potassium hydroxide: inorganic compound with the formula KOH, commonly
called caustic potash.
Power-pack: a device for converting the current from a supply into direct
or alternating current at the voltage required by a particular electrical or
electronic device.
Pressure-Relief Device: a safety device installed on tanks, pipes, and
component systems to prevent damage due to overpressure.
Process Safety Management: a regulation, promulgated by the U.S.
Occupational Safety and Health Administration (OSHA). A process is any
activity or combination of activities including any use, storage, manufacturing,
handling or the on-site movement of highly hazardous chemicals (HHCs) as
defined by OSHA and the Environmental Protection Agency.
Proton: a positively charged particle found in all atomic nuclei.
Radiant: given off or sent out by radiation.
Reformer: apparatus for cracking oils or gases to form specialized products.
Reforming: process of cracking low-octane petroleum fractions in order to
increase the octane number.
Risk: the statistical chance of danger from an event; an evaluation of the
severity and likelihood of an event.
Risk assessment: process of determining the likelihood that a specified
negative event will occur.
Risk management program: identification, assessment, and prioritization
of risks (defined in ISO 31000 as the effect of uncertainty on objectives)
followed by coordinated and economical application of resources to minimize,
monitor, and control the probability and/or impact of unfortunate events or
to maximize the realization of opportunities.
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Safety Authority: person or group of people recognized as safety experts
in a particular field. The safety authority may be personnel appointed by
your institution (e.g., a hydrogen safety committee) or they may be external
consultants hired to review your safety plans.
Silicide: a binary compound consisting of silicon and a more electropositive
element.
Stationary: not able to be moved.
Thermal expansion coefficient: coefficient that describes how the size of an
object changes with a change in temperature. Specifically, it measures the
fractional change in size per degree change in temperature at a constant
pressure. Several types of coefficients have been developed: volumetric,
area, and linear. Which is used depends on the particular application and
which dimensions are considered important. For solids, one might only be
concerned with the change along a length, or over some area.
Triple point: the particular temperature and pressure at which the solid,
liquid, and gaseous phases of a given substance are all at equilibrium with
one another.
Viscosity: the property of a fluid that resists the force tending to cause the
fluid to flow.
Volatile: evaporating rapidly; passing off quickly in the form of vapor.
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Abbreviations
aq 			Aquous
AFC			
Alkaline Fuel Cell
ATEX			
EXplosive Atmosphere
◦C			
Celsius degree
CCHP			
Combined Cooling Heating and Power
CFD			
Computational Fluid Dynamics
CHP			
Combined Heat and Power
CH4			Methane
CO			
Carbon Monoxide
CO2			Carbon Dioxide
DMFC			
Direct Methanol Fuel Cell
DoE			
Department of Energy
DSEAR			
Dangerous Substances and Explosive 		
			
Athmospheres Regulations
EC			European Commission
EHSTP			
European Hydrogen Safety Training Platform
EIGA			
European Industrial Gases Association
EPS			
Equipment Protection System
EU			European Union
FC			Fuel Cell
FCH			
Fuel Cell and Hydrogen
FCH JU			
Fuel Cells and Hydrogen Joint Undertaking
FP7			7th Framework Programme
g			Gas
GM			General Motors
H2			Hydrogen
H2O			
Water
H2S			
Hydrogen Sulfide
HAZOP			
HAZard and OPerability
HIAD			
Hydrogen Incident and Accident Database
HRS			
Hydrogen Refueling Station
ICE 			
Internal combustion engine
JRC			
Joint Research Centre
K			Kelvin degree
LEL			
Lower Explosive Limit
LFL			
Lower Flammability Limit
LPG			
Liquefied Petroleum Gas
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MCFC			
Molten Carbonate Fuel Cell
Mn			Manganese
MSDS			
Material Safety Data Sheet		
N			
Nitrogen (element)
N2			
Nitrogen (molecular)
NH3			Ammonia
NREL			
National Renewable Energy Laboratory
NFPA			
National Fire Protection Association
NG			Natural Gas
Ni			
Nickel
O2			
Oxygen
OEM			
Original Equipment Manufacturer
P2G 			
Power to Gas
PAFC			
Phosphoric Acid Fuel Cell
PED			
Pressure Equipment Directive
PEM			
Polymer Electrolyte Membrane
PEMFC			
Polymer Electrolyte Membrane Fuel Cell
PWHT 			
Post Weld Heat Treatment
PRD			
Pressure Release Device
PSM			
Process Safety Management
RCS			
Regulations, Codes and Standards
RMP 			
Risk Management Program
SCC			
Stress Corrosion Cracking
Si			Silicon
SMR			
Steam Methane Reforming
SOFC			
Solid Oxide Fuel Cell
TFC			
Thermal Fatigue Cracking
UEL			
Upper Explosive Limit
UV			
Ultraviolet
WP			
Work Package
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