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Introduction  
Fuel cell and hydrogen (FCH) applications both in transport and energy sectors arrive to the market 

today, and it is quite likely that First Responders would deal with possible accidents/incidents in the 

near future. The development of FCH technologies requires a better, in-depth understanding by First 

Responders of the hazards, risks, processes and safety features associated with FCH systems and 

infrastructure. Hydrogen production by electrolysis and natural gas reforming; decentralised 

hydrogen production applications; gaseous and liquefied hydrogen storage; hydrogen transportation 

and materials handling applications; FC vehicles (e.g. cars, buses, forklifts); hydrogen refuelling 

stations; FC stationary applications; hydrogen-based energy storage systems remain largely 

unknown to First Responders. In addition to this, there is a lack of standardized procedures for 

intervention in the event of accidents or incidents on the above mentioned systems and 

infrastructures.  

The purpose of this lecture is to introduce First Responders to a number of FCH applications, to 

familiarise them with the specific risks, and to outline the main approaches of hydrogen safety 

engineering. First Responders should realise that hydrogen is not more or less dangerous than any 

other common fuel. Hydrogen is different and the knowledge of its specific properties will facilitate 

in making appropriate decisions at the scene of an accident. First Responders should be 

professionally educated to deal with hydrogen systems at pressures up to 100 MPa and 

temperatures down to -253 oC (liquefied hydrogen) both outdoors and indoors. The developed 

International Curriculum in Hydrogen Safety Training for First Responders 

(http://www.hyresponse.eu/curriculum.php) was the first step in the establishment of the European 

Hydrogen Safety Training Platform for First Responders.  The trainees are encouraged to use this 

document to assist them in their independent studies and to seek sources for further information.  

Objectives of  the lecture  
By the end of this lecture a First Responder/a trainee will be able to: 

¶ Appreciate a novelty and a wealth of FCH technologies in modern society; 

¶ Understand a role of hydrogen as a new energy carrier; 

¶ Name the main routes  of hydrogen production, transportation, delivery and use;  

¶ Recognise the difficulties of the public perception towards hydrogen and fuel cell 

technologies; 

¶ Define the main stream industrial hydrogen production methods. Although this lecture is not 

designed to provide learners with an in-depth knowledge of all production methods it gives 

a descriptive outline of a reformer, PEM and alkaline electrolysers with an emphasis placed 

on safety features and concepts; 

¶ Describe the working principle of a fuel cell (FC) and a fuel cell stack; 

¶ Explain the operational principles and safety aspects of a range of FCH applications including 

FC vehicles, refuelling stations, stationary hydrogen storage, materials handling and 

hydrogen distribution applications, back-up power generation and FC systems for combined 

production of heat and power; 

¶ Give examples of incidents or accident that might occur on FCH applications;  

¶ Give insight into the hydrogen safety engineering framework.   

http://www.hyresponse.eu/curriculum.php
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Why hydrogen is important?  
The scarcity of fossil fuel reserves (Figure 1), geopolitical fears associated with fossil fuel depletion, 

and issues of environmental pollution and climate change as well as the need to ensure 

independence of energy supply make the low-carbon economy with an essential hydrogen vector 

inevitable in the coming decades [1].  

 

Figure 1. Prediction of the energy reserves for the coming years. 

The role of renewable energy sources is expected to increase in the next decades. Hydrogen as an 

alternative to hydrocarbon-based conventional fuels currently enters the market. Zero emission 

road transport with medium to large size vehicles is a viable solution to negative environmental 

impact (Figure 2). Today first prototypes of FC buses and cars are already on the roads and hydrogen 

refuelling stations are operating in different countries around the world. Similar to electricity 

hydrogen is an energy carrier. Unlike the electricity hydrogen can be stored over long periods of 

times in extremely large quantities.   

 

Source: AirLiquide, 2015 

Figure 2. The emissions associated with transport powered with different energy sources. 

Source: Ecotricity. The End of Fossil Fuels.  Available at:  https://www.ecotricity.co.uk/our-green-energy/energy-independence/the-end-of-fossil-
fuels 
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The expected growth of hydrogen economy has raised many questions with regards to safety of 

hydrogen production, transportation, storage and end-use. Hydrogen safety engineering is defined 

as an application of scientific and engineering principles aimed to protect life, property and 

environment from adverse effects of incidents/accidents involving hydrogen. The use of hydrogen as 

an energy carrier presents several unusual hazards. The following sections will illustrate what we 

already know about hydrogen and what is the public perception of emerging FCH applications.  

Hydrogen usage in industry  
Hydrogen has been used in industry and stored safely as a compressed or liquefied gas for more 

than 100 years. Hydrogen is widely used for a range of applications including: crude oil refining; as a 

coolant in large turbine electrical generators; as a propellant in rocket propulsion and missiles 

applications;  during production of ammonia for fertilizers; in metallurgy for extracting pure metals 

from  their ores; in semiconductor, glass, pharmaceutical, petro-chemical, chemical and food 

industries; etc. The statistics on incidents related to hydrogen indicates that currently incidents 

occurring in laboratories are the most frequent (about 32 %) [2]. The low accident rate can be 

explained by the strict safety measures already in place for the production and end-use of hydrogen. 

However this trend might change in the coming years due to the expansion of FCH applications into 

public domain and more frequent use of FCH technologies by private individuals without a special 

safety training. The incident reporting also shows that from the total number of incidents recorded 

so far only a small proportion results in a loss of human life (4.6 %) [3]. Although hydrogen safety 

issues have been efficiently controlled in the industry until today, additional safety approaches 

especially with regards to emergency response procedures, will be required both in the transport 

sector and in residential fuel markets mainly due to high pressures utilised for storing hydrogen. 

Hydrogen is not more or less dangerous than other flammable fuels including petrol and natural gas. 

In fact, some of its properties such as buoyancy provide safety benefits compared to other fuels. 

However, all flammable fuels must be handled responsibly. Like gasoline and natural gas, hydrogen 

is flammable and can behave dangerously under specific conditions. Hydrogen can be handled safely 

if simple guidelines are adhered to and the user has a good level of knowledge of its unique 

behaviour. Understanding of hydrogen specific properties and knowledge of FCH applications leads 

to safe implementation of hydrogen as a fuel. There is a need to establish a new safety culture in our 

society, to develop innovative safety strategies and breakthrough engineering solutions. It is 

expected that the level of safety at the consumer interface with hydrogen must be similar or higher 

than that present with the fossil fuel usage. Thus, safety parameters of hydrogen and fuel cell 

products will directly define their competitiveness on the market [1]. 

What we already know  about hydrogen  
As a unique gas hydrogen was discovered by Henry Cavendish in 1766.  Seven years later it was given 

ǘƘŜ ƴŀƳŜ άǿŀǘŜǊ ŦƻǊƳƛƴƎέ ōȅ !ƴǘƻƛƴŜ [ŀǾƻƛǎƛŜǊΣ ǿƘƻ ǇǊƻǾŜŘ ǘƘŀǘ ǿŀǘŜǊ ǿŀǎ ŎƻƳǇƻǎŜŘ ƻŦ ƘȅŘǊƻƎŜƴ 

ŀƴŘ ƻȄȅƎŜƴΦ ¢ƘŜ ǿƻǊŘ άƘȅŘǊƻƎŜƴέ ƻǊƛƎƛƴŀǘŜǎ ŦǊƻƳ ǘƘŜ DǊŜŜƪ ǿƻǊŘǎ ƘȅŘǁǊ (water) and gignomai 

(forming). However, it has to be mentioned that hydrogen was observed and collected in 1671 by 

Robert Boyle, who dissolved iron in diluted hydrochloric acid, i.e. long before it was recognized as a 

unique gas by Henry Cavendish. 

Hydrogen (symbol H) is a first element in the periodic table. Its atomic number is 1, and its atomic 

mass is 1.008 g/mol. The hydrogen atom is formed by a nucleus with one unit of positive charge (a 
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proton) and one electron. The electron has a negative charge and is usually described as occupying a 

άǇǊƻōŀōƛƭƛǘȅ ŎƭƻǳŘέ ǿƘƛŎƘ ǎǳǊǊƻǳƴŘǎ ǘƘŜ ƴǳŎƭŜǳǎ ƭƛƪŜ ŀ ŦǳȊȊȅΣ ǎǇƘŜǊƛŎŀƭ ǎƘŜƭƭΦ ¢ƘŜ ŎƘŀǊƎŜǎ ƻŦ ǘƘŜ 

proton and electron of each hydrogen atom cancel each other out, so that individual hydrogen atom 

is electrically neutral. The mass of a hydrogen atom is concentrated in its nucleus. Indeed, the 

proton is more than 1800 times heavier than the electron. ¢ƘŜ ǊŀŘƛǳǎ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ ƻǊōƛǘΣ ǿƘƛŎƘ 

defines the size of the atom, is approximately 100,000 times as large as the radius of the nucleus. 

The size of hydrogen atom in its ground state is 10-10
 m (1 angstrom) [1]. A neutron can be present in 

the nucleus of hydrogen isotopes: deuterium and tritium.  The neutron has almost the same mass as 

proton and does not carry a charge.  

Hydrogen is the lightest element in the periodic table and in the universe. Hydrogen is the most 

abundant element in the universe and constitutes 75 % of its elemental mass. Hydrogen is the third, 

after oxygen and silicon, most abundant element of Earth. It is found, in a free state, in trace 

quantities in the atmosphere. Hydrogen can be found only in compounds such as water, hydrides, 

hydrocarbons and many other organic substances; it does not exist in a pure form and therefore 

should be produced from its compounds.   

Hydrogen forms diatomic molecules with chemical formula H2. At normal conditions it is colourless, 

odourless, tasteless, and nontoxic gas and hence cannot be detected by human senses. It is the 

lightest of all gases (e.g. it is about 14 times lighter than air) that is why it was used to lift air balloons 

and airships. Hydrogen rises and disperses rapidly at a speed of around 20 m/s [4]. Low weight and 

small size of hydrogen molecules contribute to high diffusivity of gaseous hydrogen and propensity 

to leak through fittings, flanges, threads, etc. Hydrogen reacts easily with many substances. It is a 

flammable gas and should be stored away from any sources of heat, open flames and sparks. The 

main physical-chemical properties of hydrogen give rise to a variety of specific risks which will be 

discussed later in the Lecture on ΨIydrogen properties relevant to safetyΩ. 

Public perception towards hydrogen  
In the minds of people, hydrogen is often synonymous with a danger especially since the Hindenburg 

disaster on 6 May 1937. On that day, the Zeppelin inflated with 200,000 m3 of gaseous hydrogen 

ignited and burnt completely in less than a minute resulting in the death of 35 out of the 97 

passengers, who in panic jumped out of the airship. Public perception of hydrogen technologies is 

still affected by this catastrophe and often referred to as ǘƘŜ άIƛƴŘŜƴōǳǊƎ ǎȅƴŘǊƻƳŜέ. The 

catastrophe is often associated with hydrogen as a reason, even though the dominating hypothesis 

explains an ignition by an electric spark due to the electrical potential difference between the 

zeppelin mooring lines and the ground during άŘƻŎƪƛƴƎέΣ ǿƘƛŎƘ ƛƴŦƭŀƳŜŘ the dirigible canopy made 

of extremely combustible material. This was followed by a diffusive combustion of hydrogen in air 

without generation of a significant blast wave able to injure people [1]. Figure 3 shows a photo of 

the Hindenburg dirigible in a fire and demonstrates ǘƘŀǘ ǘƘŜǊŜ ǿŀǎ ƴƻ άŜȄǇƭƻǎƛƻƴέ ώ5].  

Contrary to popular misunderstanding hydrogen helped to save 62 lives in the Hindenburg disaster. 

The NASA research has demonstrated that the disaster would have been essentially unchanged even 

if the airship was lifted by non-combustible helium, and that probably nobody aboard was killed by a 

hydrogen fire [6]. The 35% of those who died were killed by jumping out, or by the burning diesel oil, 

canopy, and debris (the fabric skin was coated with iron oxide and aluminium-impregnated cellulose 

acetate butyrate which nowadays serves as a solid propellant component of a rocket booster). The 
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other 65% survived, riding the flaming dirigible to the earth as the clear hydrogen flames swirled 

harmlessly above them [1]. 

 

Source: Environmental graffiti alpha, 2010 

Figure 3. The Hindenburg dirigible fire [5]. 

Hydrogen safety studies were initiated a few decades ago as a result of accidents in the process 

industries, and were supported by safety research for nuclear power plants and aerospace sector. 

For example, a study of the Three Mile Island nuclear plant (USA) accident in 1979 demonstrated 

that almost homogeneous 8% by volume of hydrogen in air mixture deflagrated [7]. Fortunately, the 

deflagration pressure increases only to about 190 kPa that was considerably below the strength of 

the large concrete containment building. Recent disasters involving hydrogen such as the Challenger 

Space Shuttle explosion (1986) and the Fukushima nuclear tragedy (2011), demonstrated that our 

knowledge and engineering skills to deal safely with hydrogen even within these industries require 

more investment, from both intellectual and financial perspective [1]. 

FCH applications and technologies  
At normal temperatures hydrogen is not a very reactive compound unless it has been activated 

somehow, e.g. by an appropriate catalyst. Hydrogen reaction with oxygen at ambient temperature is 

extraordinarily slow. However, if the reaction is accelerated by a catalyst or a spark, it proceeds with 

a high rate and ŀƴ ΨŜȄǇƭƻǎƛǾŜΩ violence (Equation 1).  This exothermic reaction between hydrogen 

and oxygen is capable to generate a significant amount of energy: 

2H2 (g)    +    O2 (g)     = 2H2O (g)   +   Energy              (1) 

Hence, hydrogen is considered to be a new energy carrier, which does not have a negative 

environmental impact as only water (i.e. steam) is produced during this reaction.  The FCH systems 

and infrastructure are growing and expanding nowadays. Fuel Cell Today [8] mentions three broad 

fuel cell application categories:  
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¶ Portable fuel cells which encompass those designed to be moved, including auxiliary power 

units (APU); 

¶ Stationary power fuel cells are units designed to provide power to a fixed location; 

¶ Transport fuel cells provide either primary propulsion or range-extending capability for 

vehicles. Also an infrastructure related to the production, storage and distribution of 

hydrogen for fuel cells should be considered (Figure 4). The summary of FC applications and 

technologies is given in Table 1.  

Table 1. FC applications and technologies* 

 
Source: The  Fuel Cell  Industry Today Review, 2012 [8]. 

* PEMFC ς proton exchange membrane fuel cells; DMFC ς direct methanol fuel cells; MCFC ς molten 
carbonate fuel cells; PAFC ς phosphoric acid fuel cells ; SOFC ς solid oxide fuel cells.  
 

          

 
 
Source: AirLiquide, 2015 

Figure 4. An example of hydrogen and fuel cell infrastructure. 

          Production                          Storage and Distribution                                    End-Use 
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What is a Fuel Cell? 
A fuel cell (FC) is an electrochemical generator, i.e. electricity is produced by the conversion of 

chemical energy. In the case of a hydrogen-fed FC oxygen and hydrogen are combined to produce 

electricity, heat and water. FC generates electricity but does not store it. FC includes two electrodes, 

positive (cathode) and negative (anode), immersed in an electrolyte solution, which provides a 

transfer of the ions in both directions, while a corresponding flow of electrons in an external circuit 

provides electricity [9]. An electrolyte is a substance that conducts charged ions from one electrode 

to another [10], and an electrode is a conductor, through which electrons enter or leave an 

electrolyte. A single FC is usually made of an electrolyte and two catalyst-coated electrodes: a 

porous anode and cathode. Normally several fuel cells are grouped together to form a fuel cell stack.  

Although there are different types of fuel cells the working principle is similar. Hydrogen is fed to the 

anode where a catalyst separates hydrogen's negatively charged electrons from positively charged 

ions (protons) as shown on Figure 5. At the cathode, oxygen combines with electrons and, in some 

cases, with species such as protons or water, resulting in water or hydroxide ions, respectively. The 

oxygen is usually obtained from the ambient air around the FC. In some cases where hydrogen is 

produced by electrolysis, the pure oxygen co-produced in electrolysis may be used in the FC. The 

half-reactions occurring on both electrodes are shown in equations (2) and (3).  

 At the anode: H2 Ҧ 2H+ + 2 e- , (2) 

 At the cathode:  ½ O2 + 2H+ + 2e- Ҧ H2O. (3) 

Source: Areva, 2015.  

Figure 5. The operating principle of a FC [11]. 

Hydrogen production   
Hydrogen molecules H2 cannot be found in their pure form in nature. Thus, hydrogen must be 

produced from the compounds, in which it contained, for example from water, methane, methanol, 

ammonia, ethanol, biomass, etc. Hydrogen production can be divided into two categories: large-

scale centralised production and decentralised production of a small or medium scale. The 

centralised production refers to established, large scale chemical plants, mass producing hydrogen, 

which is then transported to customers. In this case, hydrogen is transported, sometimes over long 

distances, either via pipelines, by road or by ship.  Examples include large steam reformers owned by 
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the major gas companies such as Linde, Air Products, AirLiquide and others.  There are several 

established technologies currently available on the market for the industrial production of hydrogen. 

There are two commercial routes for the hydrogen production: electrolysis of water (dated back to 

late 1920) and reforming technologies (introduced in 1960).  

Water electrolysis  
Water electrolysis is a process, in which water is split into hydrogen and oxygen using electrical 

energy as shown in the equation (4):  

 H2h Ҧ I2 + ½ O2. (4) 

This process occurs in an electrolyser that converts electrical energy into chemical energy and can be 

seen as a device opposite to a FC.  The electricity can originate from different sources and depending 

on that the electrolysis can either be with or without carbon dioxide CO2 emissions. If the electricity 

is produced from renewable sources (wind, hydroelectric, solar or tidal energy) no CO2 will be 

emitted, if it is produced from fossil fuels then CO2 is emitted (though distantly) as a result of 

hydrogen production. Produced gaseous hydrogen is very pure and can be utilized either 

immediately or stored for a later use. ¢ƘŜ ŜƭŜŎǘǊƻƭȅǎŜǊǎΩ capacities range from less than 500 m3/h to 

more than 20,000 m3/h.  

The electrolyser contains two electrodes (positive and negative), water and an electrolyte, i.e. a 

substance containing free ions that make this substance an electrical conductor. The decomposition 

of water takes place when the electric current passes between two electrodes within the electrolytic 

cell. Hydrogen is produced at the negative electrode (cathode) and oxygen is formed at positive 

electrode (anode).  

PEM electrolysers  

When the electrolysis takes place in two rooms/chambers, which are separated by a Proton 

Exchange Membrane (PEM) we will be dealing with PEM electrolysers. By application of a direct 

current (DC) water dissociates into hydrogen (H2) at the negative electrode and oxygen (O2) at the 

positive electrode (Figure 6). The electrodes and the membrane usually form a Membrane Electrode 

Assembly (MEA) and a stacking similar to a FC stack. The gases are collected in the recovery 

containers. PEM electrolysers operate at low temperatures and PEM serves as the electrolyte.  

As it shown in Figure 7 the PEM electrolyser consists of the following elements: 

- a process cabinet containing all the process components such as valves, piping, gases and 

water, stack, pressurized vessels, pumps, etc. 

- an electrical cabinet containing all electrical components (i.e. instrumentation and control, 

cabling, power conditioning). 

- a cooling system for electrolysis process heat dissipation. 

- a weather proof enclosure. 

The unwanted events that might happen are associated with the formation of an ATEX1 (i.e. H2-O2 

explosive mixtures) either in the process compartment or in the separator (i.e. a device to separate 

gaseous H2 and O2 from water traces) usually installed downflow from a FC stack. To avoid the 

accumulation of hydrogen in the process compartment, the following measures should be taken: 

- control  pressure and pressure difference between hydrogen and oxygen lines; 

                                                           
1 ATEX stands for ATmosphères EXplosibles 
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- control hydrogen concentration in the container (< 0.4 vol. % H2); 

- limit as much as possible the quantity of hydrogen in the gas layer of the separator to avoid 

the formation of a flammable hydrogen-air mixture in the container in case of a catastrophic 

leak [11]. 

 

Source: Areva, 2015.  

Figure 6. A working principle of PEM electrolyser.  

The formation of a hydrogen-oxygen ATEX in the separator may be caused by a malfunctioning of 

the water transfer line or by a membrane perforation. The following safety measures are considered 

to avoid ATEX event in the separator:  

- impose a minimum water level in the gas separator above 55% of its height; 

- control the water level in the H2 and O2 gas separators; 

- control the pressure and pressure difference in-between the H2 and O2 lines; 

- control hydrogen concentration at the exit of the oxygen gas separator. 

 

Figure 7. The scheme of a PEM electrolyser [11]. 
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In the case of the activation of safety devices the electrolyser will shut-off, which involves not only 

closing of the isolation electro-valves connected to the storage tanks but also the depressurization of 

the system through the normally opened electro-valves. 

Alkaline electrolysers  

Alkaline electrolysis is a matured technology for hydrogen production and also the most employed in 

industry. Alkaline electrolysis uses the same principle as the PEM electrolysis that is the conversion 

of electrical energy into chemical energy.  

Alkaline electrolyser has two electrodes immersed in a liquid alkaline electrolyte, potassium 

hydroxide or KOH aqueous solution at a level of 25% at 80°C up to 40% at 160°C. The use of KOH is 

preferable over the use of caustic soda NaOH due to its higher ionic conductivity, its lower chloride 

impurity contents and its lower saturated steam pressure. The electrodes are separated by a 

diaphragm as demonstrated on Figure 8. This diaphragm has two functions: first to keep the product 

gases (namely hydrogen and oxygen) separate and secondly to be permeable to the hydroxide ions 

(OH-) and water molecules. The diaphragm allows ions to pass but not hydrogen. Generally alkaline 

electrolyser is made of a number of electrolytic cells consisting of a membrane with electrodes 

sandwiched between bipolar flow plates as illustrated in Figure 9. 

 

Figure 8. A scheme of an alkaline electrolyser [11]. 

 

Figure 9. A scheme of electrolysis stack [11]. 

The reactions occuring on both electrodes are shown below: 
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At the anode: 

2 OH- Ÿ ½ O2 + H2O + 2 e-  (5) 

At the cathode: 

2 H2O + 2 e- Ÿ H2 + 2 OH- (6) 

Total reaction:  H2O Ÿ H2 + ½ O2   (7) 

A typical alkaline electrolyser is composed of: 

¶ A power supply and a system of control and instrumentation;  

¶ An electrolysis system containing a unit for water purification, a unit for hydrogen 

purification, a gas dryer, and a separator. 

¶ A compressor. 

The figures 10 and 11 show the examples of industrial alkaline electrolysers. 

 

Figure 10.  Alkaline electrolyser, IHT type S-556, 760 m3/h and 30 bars [11]. 

 

Figure 11.  Outdoor and indoor HySTAT from Hydrogenics electrolysers, 10-60m3/h [11]. 

Similar to PEM electrolyser the main risk of alkaline electrolysis system comes from the formation of 

a hydrogen-oxygen mixture, which may lead to an internal explosion within the electrolyser. Several 

sensors are implemented in order to detect an electrolyser malfunction:  

- measurement of hydrogen concentration in the oxygen line; 

- measurement of voltage and current; 
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- measurement of  the temperature at the entry and at the outflow of electrolysis cells; 

- measurement of the ionic concentration of the electrolyte. 

Another type of risk is associated with an exposure to a corrosive solution in the event of an 

electrolyte leak. The specification sheet of potassium hydroxide recommends the use of a leak tank 

in order to avoid the contact of KOH with the surroundings [11]. 

Reforming  technologies  
Currently the most common way of hydrogen production is by steam reforming of natural gas. The 

reaction of natural gas (methane CH4) reforming is given in equation 8: 

CH4         +     2H2O          ­         CO2      +       4H2   (8) 
                                                         natural gas                 steam                                              syn-gas 

This is an endothermic process (i.e. requires high temperatures) of methane and steam conversion 

into hydrogen and carbon dioxide CO2. This is usually a two-step process with the typical by-products 

of reforming being carbon monoxide CO and carbon dioxide CO2. A reformer can be operated on 

24/7 basis at a constant load. The capacity of reformers ranges from 100 to more than 100,000 

m3/h. The efficiency of the reformer rarely exceeds 80%, the disadvantage of this method is that the 

produced hydrogen is not pure (it is contaminated with CO/CO2) and it is at atmospheric pressure. 

To improve the sustainability of the reforming process CO2 capture and sequestration are required. 

An example of steam reforming installation is shown on Figure 12. 

 

Figure 12. AirLiquide steam reformer [11]. 

The steam reforming is a well-established industrial process and will not be treated in more detail in 

this lecture. For further technical details please refer to the papers on safety in the reforming 

industries provided in the International Curriculum on Hydrogen Safety Training for First 

Responders. As noted above the process occurs at high temperature and pressure, thus hydrogen 

safety issues addressed in the coming lectures on leaks, fires, detection, mitigation etc. are of course 

also relevant to steam reforming. 

Other technologies for hydrogen production  
An overview of hydrogen production non-main stream methods is given in this lecture. First 

responders should be aware of a variety of hydrogen production methods as FCH market is 

expanding rapidly. For further information on alternative hydrogen production technologies please 
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use the references from the International Curriculum on Hydrogen Safety Training for First 

Responders. 

Hydrogen can be produced 

-  from water by: 

¶ Nuclear methods (radiolysis or thermolysis); 

¶ Photo-electrolysis (photovoltaic systems coupled with electrolysers); 

¶ Thermo-chemical cycle; 

¶ Ferro-silicon method (water, sodium hydroxide and ferrosilicon); 

¶ Photo-biological water splitting (two steps: photosynthesis and H production catalysed 

by hydrogenases); 

¶ Photo-chemical water splitting;  

¶ Biological  routes (fermentation, enzymatic, microbiological and bio-catalytic) 

- from fossil fuels by: 

¶ Partial oxidation of oil; 

¶ Coal gasification; 

¶ Plasma reforming (light hydrocarbons heated by plasma to 1600oC and produce 

hydrogen and carbon, no CO2 emissions); 

¶ Dry reforming (natural gas reformed in the stream CO2)  

- from complex metal hydrides: 

¶ NaBH4    +    4H2h    Ҧ   bŀhI    Ҍ     I.h3   +    5H2 (36 wt. %) (9) 
Sodium borohydride   

¶ LiBH4    +    4H2h   Ҧ    [ƛhI    Ҍ     I.h3   +    5H2 (46 wt. %)   (10) 
Lithium borohydride  

These complex metal hydrides are currently under intensive research with the view to develop new 

materials suitable for solid storage of hydrogen.  

¢ǊŀŘƛǘƛƻƴŀƭƭȅ ƘȅŘǊƻƎŜƴ ƛǎ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ǊŜŦƻǊƳƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ǿƘƛŎƘ ŀǊŜ ƴƻǘ άƎǊŜŜƴέ ŘǳŜ ǘƻ ǘƘŜ 

fact that carbon dioxide is produced. Although hydrogen produced from natural gas is certainly a 

viable short-term option, it is not viewed as a long-ǘŜǊƳ ǎƻƭǳǘƛƻƴΦ Lǘ ƛǎ ŜƴǾƛǎŀƎŜŘ ǘƘŀǘ άƎǊŜŜƴŜǊέ 

production routes such as electrolysis and nuclear will play an increasingly important role. 

Renewable resources for producing hydrogen include biomass, methanol, ethanol and land-fill gas, 

wind farms, tidal energy, hydroelectric energy, solar and gravitational energy. As renewable energy 

begins to play more significant role in meeting modern society energy demands the issues of grid 

balancing and energy storage are the subject of much investigation and this is where hydrogen as a 

new energy carrier comes in. A number of projects exist whereby wind or solar power is coupled to 

hydrogen production and storage, e.g. the Pure project (Scotland) and MYRTE platform (Corsica, 

France), which will be discusses later in this lecture. 

Overview of hydrogen storage options  
This section provides an overview of hydrogen storage options. Hydrogen leaks, fires and explosions 

as well as the interaction of hydrogen with materials used for storage are extremely relevant and will 

be considered in subsequent lectures. Hydrogen storage is an enabling technology across a range of 

FCH applications from on-board storage in FC vehicles to stationary FC applications. There is no 

universal storage solution that can be installed on all the systems. Hydrogen storage solution must 

be selected to suit the specific application. For example, size and weight are limiting factors for 
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passenger vehicles whereas weight can be a desirable attribute for forklifts. The storage solutions 

are one of the key challenges for the hydrogen economy and these technologies are a subject of 

considerable interest both for scientific and industrial communities. 

The storage of the large quantities of hydrogen for long periods of time is a key step in the build-up 

of FCH infrastructure, which will regulate the hydrogen consumption and production and will ensure 

continuity in its supply to customers. Various underground hydrogen storage schemes are 

investigated. One option includes storage of gaseous hydrogen in geological formations such as 

depleted gas fields, aquifers, or salt caverns. Another option is the underground storage in tanks 

buried underground, and hydrogen is stored either as compressed gas or in a liquid form. Geologic 

storage is usually located close to a hydrogen production site, whilst the buried tanks are closer to 

the point of use, for example to refuelling stations.  

Numerous hydrogen storage technologies are available and could be categorised into the following 

groups:   

¶ Compressed gaseous storage  

¶ Liquefied storage  

¶ Solid storage  

The most common way to store hydrogen as a compressed gas or as a cryogenic liquid is in metal or 

composite cylinders or tanks (Figure 13). Cryo-compressed technology, when gaseous hydrogen 

under high pressure cooled to low temperatures, is another useful alternative. The cylinders can 

have different sizes, capacities (from 20 to 300 L) and pressures (20-70 MPa) and for some 

applications can be connected into a bundle or gathered onto a basket for transportation.  

                            
                                 a                                                      b                                           c 

Figure 13. On-board storage of hydrogen (a), a cylinder bundle (b) and a basket of cylinders for 

transportation (c). 

Hydrogen gas can be compressed to 20-100 MPa. The primary issues with storing hydrogen as a 

compressed gas is the  amount of energy needed for the compression process, the inherent safety 

issues with storing hydrogen at such high pressures and the additional costs and weight of cylinders 

designed to store hydrogen at high pressures. Issues such as permeation and embrittlement are 

proportional to gas pressure therefore at higher pressures these may be a greater issue. In Europe, 

most of transportable cylinders have only a valve as a safety feature. In USA transportable cylinders 

are equipped with pressure relief devices. This prescription is very controversial because they often 

become the sources of leaks. The storage of compressed gaseous hydrogen is usually integrated for 

stationary hydrogen storage systems and for on-board storage of hydrogen in FC vehicles [11]. 



18 
 

 

Cryogenic hydrogen is formed when it is cooled to a temperatures below its boiling point 20K (-

253 oC) is the second major category of hydrogen storage. In this form hydrogen can either be stored 

for some time or transported. This storage option is also very costly due to considerable energy 

required for liquefaction. The cost and weight of suitable materials to store and maintain the 

hydrogen at low temperatures must also be considered. 

Hydrogen can also be stored either within the structure or on the surface of certain solid materials. 

This storage option does require neither high pressures nor low temperatures as in previous two 

methods; this offers advantages regarding the safety of the materials. There are three main 

mechanisms for storing hydrogen in materials: absorption, adsorption (Figure 14a), and chemical 

reactions (Figure 14, b-d). The examples of materials and compounds suitable for solid hydrogen 

storage are shown below on Figure 14.  

 
Figure 14. Materials used as solid storage of hydrogen [12]. 

All these three options have their own advantages and disadvantages, safety issues are also different 

ŀƴŘ ǿƛƭƭ ōŜ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ŘŜǘŀƛƭ ƛƴ ǘƘŜ [ŜŎǘǳǊŜ Ψ{ŀŦŜǘȅ ƻŦ ƘȅŘǊƻƎŜƴ ǎǘƻǊŀƎŜΩΦ  

Hydrogen storage systems can be used for different purposes: as containers for its transportation; as 

on-site (under- or above the ground) stationary storage systems, or as on-board storage tanks in FC 

vehicles. 

Hydrogen transportation/distribution  
As you have learnt hydrogen was used in industry for many decades. After hydrogen is produced at a 

centralized production site it is usually transported to the end-users or to the relevant FC 

applications.  Hydrogen can be transported either as a compressed gas or as a cryogenic liquid. Thus 

there are a number of routes for its bulk transportation: by roads in trucks/trailers and containers or 

via pipes.  

Trucks  

Gaseous trucks 

Truck fleets are currently used by industrial gas companies to transport seamless steel vessels of 

compressed gaseous hydrogen (CGH2) for the distances of 200-300 km from a centralized production 

site. Single cylinder bottles, multi-cylinder bundles or long cylindrical tubes are installed on trailers 

(Figure 15). Storage pressure ranges from 200 to 300 bar and a trailer can carry from 2,000 to 6,200 

Nm3 of CGH2 for trucks, subject to weight limitation of 40 tons. The amount of hydrogen transported 

this way is relatively low (from 180 to 540 kg depending on the number of tubes or bundles), which 

represents approximately 1-2 % of the total mass of the truck. Current trailers utilize Type I storage 

cylinders (i.e. all-metal). To increase their performance, bundles of light-weight composite hoop 
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wrapped cylinders or tubes (Type II) can be used. This mode of delivery is relatively easy but it has to 

be adapted to hydrogen quantities and distances to be cost competitive. The main restrictions in 

compressed gas truck delivery are capital costs, operation and maintenance including drivers' labour 

and fuel costs.  

  

(a)                                                                 (b) 

Source: AirLiquide, 2014.  

Figure 15. Two types of CGH2 trailers operated by AirLiquide in Europe: (a) tube trailer carrying 2,000 

to 3,000 Nm3 of hydrogen and (b) composite cylinder trailers carrying 6,200 Nm3 of hydrogen. 

The transportation by gaseous truck (tube trailer, cylinders) is one of the most mature modes 

selected for transportation on short distances and for small amounts of hydrogen. The major 

limitations are the low weight storage capacity for customers with high consumptions (requiring 

frequent delivery) and the low pressure of hydrogen delivered, which requires additional 

compression, for example at a refuelling station. Thus, alternative technologies with higher pressure, 

higher hydrogen-carrying capacity and lower-cost systems are investigated as described hereafter. 

Lincoln Composites develops composite tubes of higher capacities. The material of a tank is a plastic 

liner fully wrapped with epoxy impregnated carbon fibre for gaseous hydrogen tube trailer delivery. 

For example, the TITANTM tank (1.08 meters in diameter, 11.5 meters in length, 8,400 litres in water 

volume, and 2,087 kg in weight) operates at pressure of 250 bar. It can deliver 2-3 times more 

hydrogen compared to the amount of hydrogen stored/transported in steel tanks of similar masses.   

Figure 16 shows the storage unit holding four composite tanks capable of storing 600 kg hydrogen at 

250 bar. The tanks suitable for higher pressures are currently under development.  

 

Source: Lincoln Composites, 2014.  

Figure 16. A trailer carrying four composite tanks developed by Lincoln Composites. 

Hybrid technologies are explored at the Lawrence Livermore National Laboratory (LLNL) such as 

cryo-compression combining pressure and low temperature to increase the amount of hydrogen 
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that can be stored per unit volume and avoid the energy penalties associated with hydrogen 

liquefaction. Compressed hydrogen gas at cryogenic temperatures is much denser than in regular 

compressed tanks at ambient temperatures. These new vessels would have the potential to store 

hydrogen at temperatures as low as 80 K under pressures of 200-400 bar. This approach requires 

development of insulated pressure composite tanks. Alternatively one could consider using cold 

hydrogen gas tanks that would require less cooling. There may be some optimum combination of 

pressure and temperature over the range of 80-200 K. Recently, LLNL has identified inexpensive 

glass fibre materials for cold hydrogen gas storage (~ 150 K and up to 500 bar), expecting 50% trailer 

cost reduction.  

The main safety devices used in gaseous trucks are manual safety valves.  During transportation all 

hydrogen storage vessels are isolated by a valve. In service, there are different safety devices and 

procedures: 

¶ The semi-trailer changeover procedure takes place as follows: 

o The driver parks the semi-trailer in the location provided,  

o The driver puts chocks in position and deploys the leg stand, 

o The driver unhitches the tractor unit, 

o The driver connects the hose from the full semi-trailer, tests the seal on the draw-off 

hose and disconnects the empty semi-trailer, 

o The driver hitches the empty semi-trailer to the tractor unit and departs. 

¶ A manual leak tightness test when connecting to a semi-trailer. This is done in the following 

stages. The operator connects the semi-trailer hose to the installation's connection post. The 

hose is pressurised. The operator checks for a leak tightness using detection soap and 

stabilisation of the pressure measured locally using a pressure gauge. 

Cryogenic liquid  trucks  

Hydrogen can also be transported by roads in a liquid form (cooled below 20 K or -253 °C) to 

distribute larger quantities (hundreds of m3/h). In terms of weight capacity, super-insulated liquid 

hydrogen (LH2) trucks can transport up to 10 times more hydrogen than the tube trailers used for 

conveying CGH2. LH2 trucks operating at atmospheric pressures have volumetric capacities of about 

50,000 ς 60,000 litres and can transport up to 4,000 kg (Figure 17). It is a preferred distribution 

mode for medium/large amounts of hydrogen on long distances, which explains the LH2 business has 

been developed most extensively in North America (the hydrogen liquefaction capacity in North 

America is about ten times larger than in Europe). The liquid hydrogen transported in the truck is 

then vaporized to a high-pressure product for use at a customer site. 

  

Source: AirLiquide Image Bank, 2015 

Figure 17. A road tanker operated by Air Liquide for conveying LH2 to the end-user. 
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The main issue for this transportation route is a capital-intensive liquefaction process. The 

liquefaction process is costly as well. The energy input for liquefaction accounts for about 35% of the 

lower heating value of hydrogen (compared to 10% required for gas compression). Electricity costs 

account for 50-80% of the liquefaction costs. Distance is the main deciding factor between 

transportation of LH2 and gaseous hydrogen CGH2. The number of LH2 trucks will depend on the 

hydrogen demand and the localization of the liquefaction point. However, the liquid truck capacity 

being much higher than that of a compressed gas truck, this mode of delivery is less dependent upon 

the transport distance. The truck capital cost and operating cost (fuel, labour) are much smaller. As a 

consequence, liquid trucking is more economical than gaseous trucking for long distances (from 

approximately 400 km to thousands of kilometres) and medium amounts of hydrogen. 

However, one has to consider the availability of LH2. Currently the industrial hydrogen market is 

served by four liquefiers in Europe and ten in North America. Larger markets would justify the 

construction of new liquefaction plants. Significant cost reductions due to scaling effects of 

liquefaction equipment are possible. However, this mode of delivery relies on the price of electricity 

and on the decision to install new liquefaction units. Better technologies could offer opportunities to 

reduce capital cost, to improve energy efficiency of liquefaction process and to reduce the amount 

of hydrogen lost due to boil-off during storage and transportation (the evaporation rate which 

depends on the size, shape, insulation of the container and time of storage, is typically of the order 

of 0.2 %/day for a 100 m3 container). A number of studies are underway to improve liquefaction 

technologies and to propose novel approaches (for example, improvement of ortho-para conversion, 

development of magnetic refrigeration, etc.). 

Pipes 
A number of commercial hydrogen pipelines are used today to distribute large quantities (tens of 

thousands of m3/h) of gaseous hydrogen to the industrial market. Their lengths range from less than 

one kilometre to several hundreds. The major actors are the industrial gas companies, namely Air 

Liquide, Air Products, Linde and Praxair. In response to an increased demand for hydrogen by mostly 

refineries, existing networks are expanding and new portions are built. For example, in March 2009 

Air Products have announced 60 km extension to the U.S. Gulf Coast hydrogen pipeline network in 

Louisiana. The hydrogen network is estimated at around 1,600 km in Europe and 1,100 km in North 

America. Most of the pipelines are located where large quantities of hydrogen are consumed in 

refining and chemical sectors. These include systems in the North of Europe, (covering The 

Netherlands, Northern France and Belgium), Germany (Ruhr and Leipzig areas), UK (Teesside) and in 

North America (Gulf of Mexico, Texas-Louisiana, California, Alberta). Smaller systems also exist in 

South Africa, Brazil, Thailand, Korea, Singapore and Indonesia. Overall, the lengths of these pipelines 

are small compared to the worldwide natural gas transport pipeline system, which exceed 2,000,000 

km. 

Figure 18 displays parts of the worldwide hydrogen pipeline network. For example, the 240 km long 

pipeline in the Ruhr area of Germany (Figure 18 a) acquired by Air Liquide in 1998 has been in 

operation since 1938. Within the ά½ŜǊƻ wŜƎƛƻƴέ 9ǳǊƻǇŜŀƴ ǇǊƻƧŜŎǘ Ŧor hydrogen energy applications 

Linde has installed a флл ōŀǊ ƘȅŘǊƻƎŜƴ ǇƛǇŜƭƛƴŜ όмέ ƛƴ ŘƛŀƳŜǘŜǊύ ƻǾŜǊ ŀ ŘƛǎǘŀƴŎŜ ƻŦ мΦт ƪƳ ƛƴ ǘƘŜ 

Frankfurt-Hoechst industrial park to supply fuel cell passenger vehicles. 
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Figure 18. Main hydrogen pipelines in the world: (a) Air Liquide hydrogen pipelines in Benelux, 

France and Germany (Ruhr area); (b) Air Liquide hydrogen pipelines in the Gulf Coast (USA); (c) Linde 

hydrogen pipelines in Germany; (d) Praxair hydrogen pipelines in the Gulf coast (USA); (e) Air 

Product hydrogen pipelines in the Gulf Coast (USA). 

 




























































