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The Belgian Academy Council of Applied Science (BACAS) consists of CAWET (a committee of the 
Koninklijke Vlaamse Academie van België voor Wetenschappen en Kunsten) and CAPAS (a 
committee of the Académie royale des Sciences, des Lettres & des Beaux-Arts de Belgique). Its 
members come from academia and from industry. 

 

 

Why this report ? 
 

The one-way street towards the depletion of the fossil fuels (starting with oil), the economic 
development of many countries with increasing energy needs, world competition and volatility of 
prices, the strive at ensuring the security of supply, concerns about greenhouse gases emissions and of 
a too- rapid climate change, the amount of time and investment required for fine tuning an energy 
policy or developing new technologies, the reluctance of people to change their behaviour, all these 
factors put energy as top priority among the most important and difficult problems facing policy and 
decision makers. 

Hydrogen has been and is widely mentioned as part of the solution to these problems.  

This report reviews and summarizes in simple terms the extensive and evolving knowledge available 
on the hydrogen economy, with a special emphasis on Belgium. Care should be taken that our 
universities and companies do not exclude themselves from the scientific and economic future for 
supplying the world with sufficient and affordable clean energy. 

The goal is to make useful and practical recommendations to the authorities in terms of research & 
development, demonstration projects and applications. 
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EXECUTIVE SUMMARY  

 

Hydrogen is an environmentally attractive fuel. It burns without producing carbon dioxide. It is 
however not a primary source of energy on earth. It only occurs in nature in combination with others 
elements, mainly with oxygen in water. But like electricity it can be used as an energy carrier once it 
has been unbounded from the other elements. This requires unfortunately energy from a primary 
source. 
 
In the introduction (chapter 1) it is pointed out that electricity is presently the only energy carrier 
which does not create an environmental impact when used. Hydrogen has the same advantage. It is 
now of the utmost importance to evaluate if the development of a new infrastructure based on 
hydrogen as an energy carrier is possible, useful or even inevitable. Hydrogen is not a source but a 
storage medium and an energy carrier. Like any other carrier it must be produced from a primary 
energy source. Currently more than 80 % of the world energy supply comes from fossil fuels, resulting 
in strong ecological and environmental impacts. Besides the exhaustion of reserves and resources, air 
pollution and modification of the atmospheric composition, with their impacts on climate and on 
human health, are now of primary importance. Greenhouse gas emissions, especially CO2 produced by 
the combustion of fossil fuels, are in the centre of our environmental concerns. The consequence is 
that global warming will most probably occur. This problem has been intensively presented in a 
previous BACAS report entitled : “Energy in Belgium tomorrow : taking in account the greenhouse 
effect”[1]. 
 
The structure of the energy sector is described in chapter 2. It emphasizes the large number of 
transformation and storage steps required from the primary energy source to the energy carrier and to 
the final user. The most important carriers are currently liquid fuels, gaseous fuels and electricity. A 
large number of experts think that hydrogen has a great role to play as an energy carrier in the future 
energy sector. 
 
In chapter 3 the most important reasons to opt for hydrogen as a promising energy carrier are 
presented.  
The first one is the diversification of the energy sources and the reduction of dependency on fossil 
fuels. Since hydrogen can be produced from any primary source, it could improve the reliability of the 
energy supply and stabilize the energy market. It would make the utilization of energy more 
independent from the production and allow the economic exploitation of energy sources remote from 
the consumers.  
The second reason is the reduction of the environmental impact of the energy system. Indeed most of 
the anthropogenic impacts on the environment come from the combustion of fossil fuels in the 
industrial, domestic and transport sectors. Using an energy carrier that is carbon free -which hydrogen 
is- would reduce most of the related environmental problems. The fear of climate change is bound to 
make us decrease the emission of greenhouse gases.  
The third reason is the control of acceptable costs and the hope of stable prices over time. The supply 
of energy at reasonable and stable prices is not ensured at all by the producers of crude oil or natural 
gas. Hydrogen facilitates the diversification of the sources and contributes to the reliability and 
security of the energy supplies that are needed to secure the world economy.  
 
Hydrogen properties are detailed and discussed in chapter 4. The advantages and the drawbacks of 
hydrogen as an energy carrier clearly derive from its properties. Hydrogen shows outstanding 
environmental characteristics at the point of utilisation. It can be obtained from any primary source, 
often without recourse to electricity. It is very efficient to use but contains little energy per unit 
volume. While hydrogen is generally easier to store than electricity, its storage is in need of much 
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improvement. No comparison between hydrogen and electricity as energy carriers has been performed 
as reliable and significant studies and data are presently lacking. Especially a comparison of transport 
costs, or the full analysis of the energy chain from the primary source to typical end users, was not 
made because the cost estimates and their forecast change too rapidly. 
 
Chapters 5 to 8 deal with the production, storage, transport and distribution, and utilization of 
hydrogen. Various methods for producing hydrogen are described, from the current processes using 
fossil fuels, mainly steam reforming of natural gas, to the most exotic forms of biomass or solar 
energies. The present utilizations take place in chemical plants for the mass production of ammonia 
and methanol, as well as in refineries for upgrading their products. The new utilizations in stationary 
fuel cells, in internal combustion engines and transport applications, etc. are also reviewed.  
 
The introduction of hydrogen as energy carrier will force a major evolution on the energy sector, 
hence initiating a large spectrum of new technologies that in turn will induce huge RTD efforts in 
order to make them competitive. The whole supply chain from production to end-use, through 
transport and distribution, is involved. Reducing the production costs at each step and improving the 
efficiency are of the utmost importance. Safety features are also essential. Technical domains 
concerned by these developments are numerous as discussed in chapter 9 ‘Need for technical 
improvement and R&D programs’. They include material science and engineering, applied 
electrochemistry, mechanical-, process- and automotive-engineering. 
 
Moving from the fossil fuel economy of today to a hydrogen economy will not happen overnight in 
one single step. The right phase-in strategy “from yesterday to tomorrow” must be carefully defined if 
we want to achieve the broad introduction of hydrogen. During the transition, conventional 
technologies will be essential, and the existing infrastructures necessary for maintaining prosperity. A 
roadmap for the transition towards a hydrogen energy system is proposed. It distinguishes three 
transition time horizons :  

up to 2010 the use of renewable energy sources can be intensified for producing mainly heat and 
electricity plus some hydrogen. Since such new resources do not cover by far the present demand, and 
despite all efforts for savings, many conventional energy sources will be kept in operation. It is 
therefore essential to improve both the efficiency of the fossil fuel technologies and the purity of these 
fuels as well as the safety and waste disposal of the nuclear reactors. During this period, hydrogen and 
fuel cells should also be used in several niche markets. Important research efforts are needed in 
hydrogen production, storing, distribution and transport, in fuel cells, etc.  

up to 2020 the availability of hydrogen will increase and enable starting the commercialisation of cars 
and trucks that use hydrogen as fuel in suitably modified conventional combustion engines and (or) 
fuel cell systems. Hydrogen will still be produced from fossil fuels but increasingly from renewable 
energy sources. Large demonstration projects will study the CO2 capture and storage, and the 
efficiency, reliability and environmental impact of these processes will keep improving.  

beyond 2020 the hydrogen production will keep growing with the consumers demand for clean energy 
supplies. Both electricity and hydrogen will progressively replace the previous carbon based energy 
system. Fossil fuels will progressively be substituted by renewables and by nuclear energy. At that 
time the hydrogen network will expand faster than in the past and largely be interconnected with the 
electrical grid.  

Conclusions 
 
Although a drastic change of the energy system appears inevitable, the quantitative prediction of the 
role that hydrogen will play is most difficult. The competition between electricity and hydrogen as 
energy carriers will increase and debates on this topic will be numerous and lively. It is nevertheless 
plausible that both solutions will coexist. 
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Taking into account the economic, social and technological interests at stake, it is of primary 
importance to further evaluate the prospects of hydrogen as a new energy carrier and the synergies 
which will necessarily develop with electricity. For hydrogen as well as for electricity, major 
technological innovations will occur and will lead to the development of very large markets. 
 
As the USA and Japan are allocating huge funds to R&D programmes on hydrogen and fuel cells 
(respectively 12 and 20 % of the total non-nuclear energy R&D budget), Europe and especially 
Belgium cannot stay outside this technological field. So far they are lagging far behind the USA and 
Japan for the development of innovative technologies. There is a high risk that the European industry 
can end up being excluded from the hydrogen economy.  
 
It must be clear that innovations in the field of a low-carbon energy system go far beyond the 
development of the individual technologies which are involved in the system. Fundamental research, 
development, applications and demonstration of new systems are essential while human and social 
aspects cannot be neglected. Understanding the behaviour of the citizens facing the new technologies 
is essential. 

Recommendations  
 
1. Our government should promote and support research and pilot projects at the level of the 
European Union for reducing greenhouse gases emissions. Our government must support those 
European regulations which will stimulate the use of new technologies intended to reduce the 
pollution and make Europe less dependent on the supply of oil and natural gas.  
 
2. A Belgian technology platform on hydrogen & fuel-cells should be created. It should involve all 
stakeholders (industry, utilities, government(s), universities, research organisations…) who would 
provide guidance and support to R&D and key technical challenges on the introduction of hydrogen as 
an energy carrier. This platform should : 
 
• promote and encourage R&D studies in universities and industry on the production, storage and 

uses of hydrogen ; 
• foster inter-university educational clusters on hydrogen and its related technologies ; 
• organise the direct participation of Belgium in the newly created technology platform in the EC 

(DG research) ‘Hydrogen and Fuel cells’[13] ; 
• organise the direct participation of Belgium in other international R&D programmes such as the 

IEA (International Energy Agency) programmes. 
 
3. The hydrogen energy concept should be introduced within the curricula of schools and 
universities. The scope of existing courses must be expanded. Specific curricula should be developed 
by clusters of universities and engineering schools. 
 
4. As coal is likely to remain a permanent source of primary energy for many decades, studies on 
carbon dioxide capture and storage (CCS) should be enhanced to the benefit of both electricity 
generation and hydrogen production. 
 
5. As nuclear energy is likely to remain a major source of primary energy, the Belgian nuclear 
expertise should be maintained and research fostered on new nuclear reactors for hydrogen production 
and / or electricity generation. 
 
6. Belgium has an important car assembling industry, the design and development centres of which 
are located outside the country. There is however a strong local industry for components. They should 
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prepare themselves to a gradual shift from conventional fossil fuelled cars to the new generation of 
electricity / hydrogen powered cars. 
 
7. As reliable technical and economical data can only be obtained by practical experience, 
demonstration projects should be initiated, supported or enhanced in the various fields of hydrogen 
production, storage, transport and utilization. On the other hand, it is well known that successful policy 
decisions need public acceptance and that unfamiliar hazardous materials do raise suspicion. A good 
information and sensitization campaign on hydrogen must therefore address the public concerns in 
addition to pointing out the intrinsic advantages of the new products. In order to bring to the general 
public the demystification and consciousness of the concept of the “hydrogen economy”, these 
demonstration projects should be given the greatest possible visibility. Some examples : 
 
• hydrogen fuelled buses and boats related to tourist activities ; 
• local hydrogen fed heat and electricity generation units for administrations and hospitals ;  
• electrolysers linked to wind turbines could stimulate the idea of a carbon-free renewable energy 

system providing hydrogen to a filling station ; 
• small applications such as wheelchairs powered by hydrogen, or fuel cells substituting batteries in 

small portable appliances could also be considered ; 
• live shows on hydrogen in the Technology Parks, PASS and TECHNOPOLIS, in university and 

other laboratories that organize visits and activities promoting the sciences, should be developed. 
 
8. Government incentives in favour of clean hydrogen / electricity powered cars should be made 
available, by reducing taxes on the car itself and on the energy provided. Such economic driving 
forces help changing habits and behaviour towards a new energy system. The increased collective 
costs yield their return later. 
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1. INTRODUCTION 

Hydrogen is the simplest and lightest of all chemical elements and the most spread in the universe. It is 
not a primary source of energy as it occurs only in nature in combination with other elements, primarily 
with oxygen in water and with carbon, nitrogen and oxygen in living materials and fossil fuels. However 
when split from these other elements to form molecular hydrogen, a process requiring another source of 
energy, it becomes an environmentally attractive fuel. It can be burned or combined with oxygen in a 
fuel cell without generating CO2, producing only water. Like electricity it is a very clean energy at the 
point of use, but like natural gas it can form explosive mixtures with air.  
 
Let us therefore never forget that in an energy system based on hydrogen, hydrogen is not an energy 
source but an intermediate medium for storing and carrying energy. Like any other energy carrier it must 
be produced from a primary energy source. 
 
Electricity is today the only energy carrier with no environmental impact at the point of utilization. 
Hydrogen shows the same advantage. It is therefore very important to assess if the development of a 
new infrastructure based on hydrogen as an energy carrier is possible, feasible, useful or even inevitable. 
 
Currently about 80 % of the total- and 88 % of the commercialised- world energy supply comes from 
fossil fuels. The distribution of the primary energy consumption is as follows : 
 

Table 1 : Distribution by source of primary energy consumption –  2002 (Source : IEA) 

 Oil Natural gas Coal Nuclear energy Hydroelectricity 
Others 

renewable 
World 35.8 % 20.9 % 23.1 % 6.7 % 2.2 % 11.3 % 

Belgium 40.7 % 23.8 % 11.9 % 21.9 % 0.1 % 1.6 % 

 

Table 2 : Distribution by source of commercialized primary energy consumption – at end 2004 (Source : BP) 

 Oil Natural gas Coal Nuclear energy Hydroelectricity 
World 36.8 % 23.7 % 27.2 % 6.1 % 6.2 % 

Belgium 54.2 % 20.9 % 8.7 % 15.5 % 0.7 % 

 

The reserve to production ratio( R/P) is the remaining time before total exhaustion, should the 
worldwide consumption stay at its current level and no new reserves be discovered. The R/P ratio has 
been evaluated for each fossil fuel and for the entire world. 
 

Table 3 : R/P ratio of fossil fuels - at end 2004 (Source : BP) 

 Oil Natural gas Coal 
R/P ratio (years) 40.5 66.4 164 

 
The world energy consumption is growing, and proven reserves of fossil fuels do not increase as fast. So 
these R/P ratios will probably go down in the future. 
 
The prospect is a growth of the energy consumption as a result of : 
- the growth of specific (by inhabitant) energy consumption. For example both China and India 

contribute to the growing demand for high-grade energy faster than their growth in GNP ; 
- the growth of the world population.  

During the last century, the world population has been multiplied by four while the energy 
consumption has increased by a factor of twenty. 
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The current energy systems have strong ecological and environmental impacts such as an exhaustion of 
resources increases and reserves, air pollution and changes in atmospheric composition, and their impact 
on climate and human health. 
 
From the 70’s to the 90’s concerns for the environmental impacts of energy use were focused on acid 
rain and on photochemical ‘smog’ caused by organic combustion residues and nitrogen oxides from 
electricity production and from transportation. Acid rain was reduced by switching to higher-grade, low-
sulphur fuels, in combination with flue-gas desulphurization and better burners. Making catalytic 
mufflers compulsory also helped reducing traffic pollution, leaving nevertheless some residual problems 
of particles and nitrogen oxides. Nowadays the greenhouse gas emissions, especially CO2 from fossil 
fuels combustion, are paramount to our environmental concerns, the effect feared being that a global 
warming will most probably occur.  

This problem has been intensively presented in a previous BACAS report entitled : ‘Energy in Belgium 
tomorrow : taking in account the greenhouse effect’ [1]. 
 
The long lead-time required for introducing new technologies in the energy sector doesn’t allow any 
waste of time. We should start immediately and with real determination if we are to achieve a 
sustainable energy supply. This is clearly mentioned by the European Commission [6] : 
“Our current specific circumstances require the development and widespread deployment of energy 
technologies which do not depend on oil and gas and do not release significant quantities of CO2 into 
the atmosphere. This implies significant changes in the energy industry which cannot be made quickly ; 
with a turnover of roughly 3,000 billion euros world-wide, it inevitably has substantial inertia. 
Maximum effort to bring about the required changes must therefore be applied as soon as possible.”  
 

2. STRUCTURE OF THE ENERGY SECTOR 

From the primary energy production up to the final utilization of the energy, a great number of 
transformation and storage steps of the energy are required.  
 
For example, petroleum products undergo many steps between extraction and final utilization. First, 
crude oil is extracted, e.g. in the Middle East. It is degassed, stabilized and stored before being shipped 
by tankers to the refineries. Upon arrival it is stored and then refined. Next, the various fuels obtained in 
the refinery are stored, carried by pipeline or by boat, stored again, mixed with specific additives, before 
being distributed by trucks to the consumers or to the service stations. 
 
The general structure of the energy sector can be illustrated as follows : 
 
 Primary energy production →  Transformation  →  Storage  →   
 Transport   → Transformation  →  Storage →   
 Distribution    →  Transformation  →  Storage →   
 Utilization  
 
Such a structure is not specific for fuels derived from petroleum but is valid for any primary energy 
source delivering energy to any final energy consumer, although the number of steps may vary. It shows 
why energy carriers must offer specific properties related to their ability of being stored, transported, 
distributed and used. 
 
Currently the most important energy carriers are solid (coal), liquid (gasoline, diesel oil, jet fuel, ethanol, 
methanol, liquefied gases, fatty esters,…), gaseous (natural gas, synthetic gas), and electricity. 
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Today hydrogen is mainly used as a chemical reactant. It is produced in chemical, gas or petrochemical 
plants, or formed in some gaseous streams like coke oven gas. It is very seldom used as an energy 
carrier, except as pure liquid for rocket propulsion in the space industry. Many experts consider that 
hydrogen has a great future as energy carrier. 
 

3. MOTIVATION FOR AN ADDITIONAL ENERGY CARRIER 

Electricity appears to be an energy carrier that will gain in importance in the near future. This is 
obviously not true for the gaseous and liquid fuels which are currently produced from fossil resources, as 
they have important environmental impacts, especially greenhouse gas emissions. That is why in 
addition to electricity, which is not easy to store, it seems useful to develop another energy carrier (and 
its related network) that does not present the same drawbacks as the present fuels. Hydrogen is the most 
considered one. The reasons to opt for hydrogen as an additional energy carrier in the future are the 
following. 

3.1 Primary sources diversification and reduction of the dependency on fossil energy  
 
More than eighty percent of our present energy supply is coming from fossil resources. This situation is 
not sustainable in the long term not only because the reserves are finite but also because the known 
reserves are geographically not equally distributed but concentrated in a few areas of the world. As an 
example, two thirds of the known reserves of oil are located in the Middle East. A major part of the gas 
used in Europe will be imported from the former Soviet Union. This concentration creates actually 
geopolitical tensions and problems. They could dramatically increase when reserves begin to shrink if 
alternative solutions are not developed and implemented. This energy dependency is extremely high for 
countries with insufficient resources, or almost none such as Belgium. An energy carrier which could be 
produced from any primary energy source - especially from renewables - would improve the reliability 
of the energy supply. This is the case for hydrogen. It is comparable to electricity but probably easier to 
store. The penetration of hydrogen, produced in the near term from a broader range of fossil fuels (gas, 
coal or unconventional oil such as bituminous shale or asphalted sand) will indeed improve immediately 
the availability of energy for any type of utilization. More importantly, with the progressive integration 
of renewable energy sources, it will also ensure some of the long term energy supply. 
 
The use of hydrogen as an energy carrier would facilitate the valorisation of energy sources far remote 
from the consumers if hydrogen as a gas could be stored and transported more easily than electricity. 
Thus the exploitation of remote energy sources could become feasible. It was even suggested that solar 
panels could be installed in sunny regions, even in deserted areas, and that the produced energy, stored 
as hydrogen, could be transported to the consumers. This would challenge the transport of electricity as 
presently contemplated through high voltage direct current lines. 

3.2 Reduction of the environmental impact of the energy system  
 
Most of the manmade impacts of energy consumption on the environment come from combustion of 
fossil fuels, in the industrial, domestic and transport sectors. The use of an energy carrier that is carbon 
free or that allows avoiding combustion could significantly reduce many environmental problems. 
 
The reduction of fossil fuel utilization and the development of ‘clean’ technologies instead of a ‘end of 
the pipe’ pollution abatement can greatly contribute to the reduction of anthropogenic environmental 
impacts. 
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We are compelled to limit the greenhouse gas emissions under the threat of a climate change. Experts 
from all over the world warn us that, if we don’t succeed, we face catastrophic climate changes, which in 
turn will induce migration of people and collapse of the economies in the northern hemisphere. 
Although Belgium signed the Kyoto protocol, it is now quite obvious that it will not physically meet the 
restrictions on emissions. Industry is not the single one cause, for transport and households contribute to 
large amounts of emissions. It is very difficult to curb the increase in the last two uses without 
decreasing our comfort and changing our lifestyle. 
 
In addition we must decrease pollution in urban areas and on the main highways. The real challenge is to 
keep mobility with reduced pollution. The existing fuels and engines in our cars, trucks and buses must 
therefore be replaced by zero or low emission systems. Pollution in traffic dense areas will reach an 
unbearable level, and drastic restrictions to traffic will affect our mobility. In the near future we can 
expect traffic regulations similar to those already applied in several cities (Sao Paolo, Mexico City, 
London,…). Others may follow soon. The growth in mobility also appears unaffordable. 
 
In this context a carbon-free energy carrier seems to be an ideal solution. It almost eliminates any 
pollution related to energy utilization. In this respect hydrogen as well as electricity are carriers that both 
offer a carbon-free system and exhibit suitable technological characteristics. 

3.3 Maintain acceptable costs and be sure to stabilize the prices for a long time 
 
In competitive and deregulated energy markets, meeting peak demands requires some production 
overcapacity. Overcapacity increases the cost and reduces the competitiveness. An energy carrier that 
can be stored and used for peak shaving is therefore attractive. Hydrogen seems easier to store than 
electricity with the presently available technologies. 
 
The supply of primary energy, at reasonable and stable prices, is not ensured at all by the producers of 
crude oil or natural gas. Hydrogen facilitates the diversification of the energy producing sources. 
Intended to reduce the dependency on oil and gas, it makes additionally the energy user less dependent 
on any single producer. The excessive increase in price of one primary energy source would be less 
durable as the switch towards another supply would be possible. The energy market would become more 
stable and reliable. 
 

4. ADVANTAGES AND DRAWBACKS OF HYDROGEN AS AN 
ENERGY CARRIER 

Hydrogen is a very light odourless and colourless gas with very different properties from the other 
gaseous fuels. Its main properties as an energy carrier are presented hereafter and detailed in table 4 to 6 
in Appendix A. 
 
Water is made of 11.2 % hydrogen by weight. Gaseous hydrogen density is 0.09 kg/m3 (air is 14.4 times 
as dense and methane 8 times). Hydrogen boils at -253° C.  

Hydrogen has the highest energy to weight ratio of all fuels. 1 kg of hydrogen contains the same amount 
of energy as 2.1 kg of natural gas or 2.8 kg of gasoline.  
The energy to volume ratio amounts for the liquid to about 1/4 of crude oil, and for the gas to about 1/3 
of natural gas.  

Hydrogen burns in air at volume concentrations from 4 % to 74.5 % (methane burns at 5.3 to 15 % and 
propane at 2.1 to 9.5 % volume concentrations). The highest flame temperature of hydrogen of 2318 °C 
is reached at 29 % volume concentration in air, whereas hydrogen in an oxygen atmosphere can reach 
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temperatures up to 3000 °C (the highest temperature reached in air for methane is 2148 °C and for 
propane 2385 °C).  

The minimum required ignition energy required for a stoechiometric fuel/oxygen mixture is 0.02 mJ for 
hydrogen, 0.29 mJ for methane and 0.26 mJ for propane. Since even the energy of a static electric 
discharge from the arching of a spark is sufficient to ignite natural gas, the lower value for hydrogen 
ignition (only one tenth) is therefore not a practical disadvantage. The temperatures for spontaneous 
ignition of hydrogen, methane and propane in air are 585 °C, 540 °C and 487 °C respectively.   

The explosive concentrations in air for hydrogen and methane lie (detonation limits) between 18.3 to 59 
% and 6.3 to 14 % respectively. The explosive range for hydrogen is clearly much greater, whereas 
methane is already explosive at a much lower concentration.  

The 0.61 cm3/s diffusion coefficient of hydrogen is 4 times that of methane. Hydrogen therefore mixes 
with air considerably faster than methane or petrol vapours. From a safety point of view, it is 
advantageous in the open air but presents a disadvantage in badly ventilated indoors. Since both 
hydrogen and natural gas are lighter than air they rise quickly, hydrogen being much the faster. Propane 
and petrol vapour on the contrary are heavier than air and lay on the ground, leading to accumulation 
and presenting a greater hazard of major explosions. 

Historically the main reasons for promoting hydrogen as an energy carrier are its outstanding properties 
for environmental protection. 

Burning hydrogen with air under appropriate conditions in combustion engines or gas turbines results in 
very low or negligible emissions. Trace hydrocarbon and carbon monoxide emissions, if any, can only 
come from the combustion of lubricating oil in the combustion chamber of internal combustion engines. 
Nitrous oxide emissions increase exponentially with the combustion temperature. They can therefore be 
reduced through appropriate process control. As hydrogen offers more flexibility than other fuels, a 
lower combustion temperature can be achieved (e.g. with a high air to fuel ratio) leading to a distinct 
reduction in NOx emissions compared to petroleum products and natural gas. Particulate and sulphur 
emissions are completely avoided but from minimal quantities of lubricant residues. 

The use of hydrogen for propulsion in low temperature fuel cells (PEMFC) completely eliminates all 
polluting emissions. The single by-product resulting from the generation of electricity from hydrogen 
and air is demineralised water.  
The use of hydrogen in fuel cells at higher temperature (MCFC and SOFC) causes up to 100 times fewer 
emissions than conventional power stations.  

Let us remember however that hydrogen originates from a primary source. If it is obtained from 
methane, methanol or a fossil fuel, the reforming process itself will results in carbon dioxide emissions. 
This carbon dioxide from the reforming process is highly concentrated, therefore making it much 
cheaper to recover than from diluted exhaust gases of gas turbines. Hydrogen shows therefore an 
economical advantage, should the capture and storage of carbon dioxide become a practical reality. 
Several production processes drastically reduce - or even avoid emissions, especially of carbon dioxide 
(CO2)- in the whole fuel cycle. This is the case for the most diverse renewable energies.  
 
Hydrogen has some advantageous properties which are at least as important as its outstanding 
environmental characteristics. They are listed below and put in balance with their drawbacks. 
 
Main advantages 
 
-  Uncoupling of primary energy sources and utilization. 

- Hydrogen is a gas, thus easier to store than electricity. 

-  Hydrogen can be obtained from any primary energy source, including renewable. 

-  Decentralized production is possible. Hydrogen is viewed as capable of providing services where 
electricity is not available, in particular as a fuel for vehicles and energy storage in remote areas. 

-  Very efficient when used in fuel cells. 
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-  Very good experience of hydrogen as a chemical reactant (ammonia, methanol, oil refining). 

-  Very good safety records (for a specific range of applications however). 

Drawbacks 
 
-  Poor overall energy efficiency when produced from electricity made with fossil fuels. 

-  Very low density and poor specific volume energy density. 

-  Need for high pressures and very low temperatures if stored in the liquid phase. 

-  Specific safety problems and poor public acceptance (Hindenburg syndrome, Apollo 16, 
Challenger space shuttle). 

-  No existing infrastructures for transport, distribution and storage. 

-  Rather high cost (up to now). 

 
It must be clear that when one compares hydrogen to another energy carrier, both the energy efficiency 
of the whole chain from the primary energy source down to the utilization, and a life cycle assessment of 
the environmental impacts must be worked out. Very often, hydrogen is compared with electricity in 
very general terms and the results show much better efficiency for electricity [16]. 

One should be very careful when making such evaluations. One must consider each case separately with 
all its features. For example, one study of car propulsion was made for comparing electricity stored in 
Li-ion batteries with a PEMFC fed by hydrogen. In both cases, the primary energy source was assumed 
to be natural gas. The goal of the study was to analyse each step from the extraction of the gas to the 
driving of the car, including materials production, plant construction, distribution, etc. All the 
efficiencies employed in the life cycle of this energy application were detailed. The conclusion of this 
study -only valid for Belgium - was that the car propelled by the fuel cell has a bigger efficiency than the 
car propelled by electricity stored in the Li-ion battery. However, should electricity be made from 
nuclear energy and hydrogen produced by electrolysis, Li-ion battery would be a better solution. This 
illustrates why global efficiencies comparisons must be made carefully for each individual case. 
 
No comparison between hydrogen and electricity as energy carriers has been performed as reliable 
studies and data are presently lacking. Especially a comparison of transport costs (in  € / km*kWh), or 
the full analysis of the energy chain ‘from cradle to grave”, from the primary source to typical end users, 
was not made because the cost estimates and their forecast change too rapidly. 
 

5. PRODUCTION 

5.1 From fossil fuels  
 
Various hydrogen technologies have to some extent been tested and used for decades. For example there 
is an existing demand for hydrogen in the chemical and petrochemical industries for the synthesis of 
basic chemicals (e.g. ammonia, ethylene and methanol). In the same industries hydrogen is also 
inevitably produced as by-product (e.g. electrolytic production of chlorine and sodium or potassium 
hydroxides). Another and even more important hydrogen producer and consumer is the refining industry 
which processes fuels (e.g. hydrogen production by thermo-cracking, hydrogen consumption for 
desulphurization and hydrogenation of fuels). As a result of these needs, several large-scale processes 
have been developed for producing hydrogen mainly from fossil fuels and to some extent from water. 
 
Steam reforming  
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Steam reforming of natural gas is currently the least expensive method and is responsible for more than 
90 % of hydrogen production worldwide. Natural gas is first cleared from sulphur compounds. It is then 
mixed with steam and send over a nickel-alumina catalyst inside a tubular reactor heated externally, 
where carbon monoxide (CO) and hydrogen (H2) are generated. This step is followed by a catalytic 
water-gas shift reaction which converts the CO and water to hydrogen and carbon dioxide (CO2). The 
hydrogen gas is then purified. 
 
The endothermic reforming reaction is :  

 CH4 + H2O + 206 kJ/kg => CO + 3 H2.  

It is usually followed by the exothermic shift reaction :  

 CO + H2O => CO2 + H2 + 41 kJ/kg 

The overall reaction is :  

 CH4 + 2 H2O + 165 kJ/kg => CO2 + 4 H2  

The residual stream from the initial purification step is part of the fuel gas burned in the reformer in 
order to supply the required heat. Hence the CO2 contained in this gas is currently vented with the flue 
gas. If CO2 were to be captured, an additional separation step would be needed. 
 
The technology is suitable for large reformers (e.g. 100 000 tons per year), where yields higher than 80 
% can be achieved. Smaller-scale reformers especially designed for feeding small fuel cells, show lower 
efficiencies. 
 
 
Partial oxidation  
 
In the partial oxidation process natural gas (or other liquid / gaseous hydrocarbons) and oxygen are 
injected into a high-pressure reactor. The oxygen to carbon ratio is optimally set for maximizing the 
yield of CO and H2 and avoiding the formation of soot. Further steps and equipment remove the large 
amount of heat generated by the oxidation reaction, shift the CO with water to CO2 and H2, remove the 
CO2 - which can then be captured - and purify the hydrogen produced. This process needs oxygen, 
which is usually provided by an air distillation plant. Partial oxidation can also be helped by an 
oxidation catalyst. It is then called catalytic partial oxidation. 
 
The partial oxidation reaction for natural gas is: 

  CH4  + ½ O2 => CO + 2 H2 

After the partial oxidation reaction, the process gas is similar to that of the steam reforming process. 
Since the reaction is exothermic, a heating system is not required, which is a major advantage resulting 
in size -and capital cost - reduction. Partial oxidation is however typically less energy efficient than 
steam reforming. 
 
Auto-thermal reforming  
 
In the auto-thermal reforming process, natural gas or liquid hydrocarbons, steam and oxygen are reacted 
in a single vessel with a combustion zone and a reforming zone. The heat from the exothermic partial 
oxidation reaction balances that for the endothermic steam reforming reaction. The process gas then 
goes to the standard shift reaction and hydrogen purification steps. 
 
Auto-thermal reforming is as compact and load-flexible as partial oxidation while nearly reaching the 
higher efficiency of steam reforming. Currently auto-thermal reforming is only used in very large units 
(more than 100 000 ton/yr). 
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Coal gasification 
 
Coal is a practical option for making hydrogen in large plants. Worldwide coal reserves are very 
important indeed and technologies for converting coal to hydrogen are commercially available. The 
major concern is that, due to the high carbon content of coal, the corresponding carbon dioxide 
emissions are larger than those from any other feedstock. Large-scale use of coal gasification implies 
that carbon capture and storage technologies can be developed. 
 
Coal can of course produce electricity and then hydrogen through the electrolysis process (see below). 
The gasification technology however is better for making hydrogen from coal. Coal gasification 
involves partial oxidation of the coal with oxygen and steam in a high-temperature and high-pressure 
reactor. The reaction proceeds in a highly reducing mixture that creates mainly CO and H2 , mixed with 
steam and CO2. This “syngas” undergoes the shift reaction, increasing the H2 yield. The gas can then be 
cleaned in conventional ways to recover elemental sulphur (or make sulphuric acid). Hydrogen and 
carbon dioxide can be easily separated. 
 
The use of oxygen at high temperature and high pressure minimizes the nitrogen oxides (NOx) by-
produced. The slag and ashes drawn from the bottom of the reactor contain heavy metals and are 
encapsulated in an inert, vitreous material, which is currently disposed of as road filler. Part of the 
syngas goes to a gas turbine, which makes electricity for the air distillation, and process steam. 
 
The cost of producing hydrogen in a large coal gasification plant is today slightly higher than that made 
from natural gas. Coal gasification techniques are however less mature than the steam reforming of 
natural gas. The economics of making hydrogen from coal differ somewhat from other fossil fuels : the 
unit capital costs are larger for the coal plants, while the unit raw material costs are lower. 
 
Carbon dioxide capture from plants using fossil fuels to make hydrogen – as well as those making 
electricity from combustion of the same fuels – is likely to become mandatory.  
Several technologies are being developed and tested for storing carbon dioxide: 
- secondary injection in oil-producing wells ; 
- injection into depleted oil or gas reservoirs ; 
- adsorption in uneconomical coal seams ; 
- storage as liquid - or its hydrate the carboxylic acid – in deep ocean sites. 
All these technologies need concentrated carbon dioxide. The chemical and petrochemical industries 
have substantial experience in achieving this, mainly through absorption and desorption of CO2 in alkyl 
amines. This process is however expensive. The processes described in this chapter that do not use air 
provide the CO2 rather concentrated. They show in this regard quite an economical advantage over the 
old combustion processes still widely used to produce electricity. 

5.2 From biomass 
 
Biomass and biomass-derived fuels are renewable energy sources that can be used to produce 
sustainable hydrogen. 
 
Using biomass instead of fossil fuels to produce hydrogen reduces the average amount of carbon dioxide 
in the atmosphere, since the carbon dioxide released when the biomass is oxidised was previously 
absorbed from the atmosphere and fixed by photosynthesis in the growing biomass. 
 
Hydrogen can be produced from biomass resources such as wood, agricultural residues, consumer waste 
or crop specifically grown for energy uses. Current technologies for converting biomass into molecular 
hydrogen include gasification / pyrolysis of biomass coupled to subsequent steam reforming. The main 
conversion processes are indirect-heat gasification, oxygen-blown gasification, and anaerobic 
fermentation. 
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Biomass-to-hydrogen conversion is presently unable to produce hydrogen on a large scale at a 
competitive price, even when compared with hydrogen generated from distributed natural gas. It could 
however contribute to recover energy from domestic and agricultural waste in a very clean way. The 
environmental impact of growing significant quantities of biomass as energy crops, including genetically 
engineered, high-yield crops, will most likely place significant strains on natural resources and land 
availability in our country. 
 
The cost for collecting and transporting biomass is inherently high. It would result in building many 
small biomass gasification plants without the economy of scale. The route to biofuels might prove more 
attractive. 
 

5.3 From electricity  
 
From any primary energy source converted into electricity (nuclear, wind, solar, hydraulic...) hydrogen 
can be produced by the electrolysis of water. Water molecules are split into hydrogen and oxygen.  
 
Making electrolytic hydrogen uses considerably more energy than the hydrocarbon processes. 
Nevertheless, electrolysis is of interest for several reasons. First it is seen as a potentially cost-effective 
way of producing hydrogen locally. Electrolysers are compact and can realistically be located at existing 
fuelling stations. Secondly electrolysis offers a way to produce hydrogen with electrical power generated 
from renewable sources. Currently the renewable sources solar, wind, and hydropower produce only 
electricity. Seen literally as a means of converting electricity into fuel, electrolysis is one way of linking 
power from renewable sources to transport markets. Of course as already mentioned the electrolytic 
hydrogen competes with the more direct route of supplying electricity to electrical batteries for electrical 
or hybrid vehicles. It can only be considered in specific cases. Finally, electrolysers operating in tandem 
with power-generating devices (including fuel cells) display a new architecture for distributed energy 
generation. 
  
From nuclear energy 
 
Hydrogen can be produced from nuclear electricity by electrolysis. Despite the rather high efficiency of 
converting electricity into hydrogen (up to 80 % under pressure), the global efficiency is much reduced 
by the rather weak efficiency of the nuclear power plant (± 33 % for current reactors). Storing hydrogen 
for peak shaving could however justify some electrolytic production. 
  
A more efficient hydrogen production would be obtained from high temperature water electrolysis 
coupled to new reactors operating at much higher outlet temperatures. The efficiency of the high-
temperature electrolysis of steam increases from about 20 % at 350 °C to about 50 % at 950°C[17]. 
 
From wind turbines 
 
Of all renewable sources, wind shows possibly the highest potential for producing pollution-free 
hydrogen, using the electricity generated by the wind turbines for electrolysis. This is particularly true 
for distributed systems. In order to succeed the cost of the wind turbines and electrolysers has to 
decrease, and the turbine-electrolyser-storage system has to be further optimized. Today the cost of 
hydrogen produced from wind amounts to 6 to 10 times that of large-scale units using natural gas. This 
gap could be halved in the near future. 
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From photovoltaic cells 
 
At the present time the cost of hydrogen from photovoltaic electricity through electrolysis is 25 times 
higher than that of hydrogen produced from coal or natural gas plants. The expected decrease in the cost 
of photovoltaic cells and of electrolysers would bring this down to a factor of 6. 
 

5.4 From high-temperature heat by thermo-chemical water splitting 
 
From nuclear energy  
 
Several high-temperature thermo-chemical reactions are under study, which have high efficiency and 
practical applicability with nuclear heat sources. One of the most promising may be the sulphur-iodine 
(SI) cycle, where three chemical reactions achieve the dissociation of water: 
 
 I2  +  SO2  + 2 H2O  =>  2 HI  +  H2SO4                 (120 °C)  
  
 H2SO4   =>   SO2  +  H2O   + ½ O2            (830-900 °C) 
 

 2 HI  =>  I2  +   H2              (300-450 °C) 
 

the overall reaction being : H2O  =>   H2  +  ½ O2  
 
The efficiency of the sulphur-iodine process increases from 30 % at 750 °C to 60 % at 1000 °C. Other 
thermo-chemical cycles show efficiencies of 40 to 50 % at typical temperatures of 700 °C. 
 
Several high-temperature nuclear reactors have been developed that could produce heat at the required 
temperature. The high-temperature helium reactor and the molten-salt reactor appear to offer the best 
perspectives for hydrogen production. Other reactor types may be used if efficient hydrogen production 
processes can be developed at temperatures of 500 °C. 
 
From solar energy 
 
The solar water splitting is similar to the nuclear thermo-chemical process. The high temperature is 
obtained by concentrating solar energy. 

5.5 From photochemical energy 
 
By photo-catalysis 
 
The cleanest way to produce hydrogen is the direct splitting of water into hydrogen and oxygen by 
sunlight. Multijunction cell technology developed by the photovoltaic industry is being used for photo-
electrochemical light harvesting systems that generate sufficient voltage to split water and are stable in a 
water / electrolyte environment. Regarding production costs, it seems that a photo-electrochemical 
device where all the functions of photon absorption and water splitting are combined in the same 
equipment may have the best potential for producing hydrogen at reasonable costs. Experimental 
systems produce solar-to-hydrogen electricity with a conversion efficiency of 12 %. 
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By bioconversion 
 
Some photosynthetic microbes produce hydrogen from water in their metabolic use of light. Photo-
biological technology shows great promise. Since oxygen is produced together with the hydrogen, the 
technology of the hydrogen-making enzyme systems must however overcome the limitation of their 
sensitivity to oxygen. Research is addressing this issue by screening for naturally occurring organisms 
that are more tolerant to oxygen, and by creating new genetic forms of these organisms that can sustain a 
hydrogen production in the presence of oxygen. 

5.6 By-product of chemical production processes 
 
By-product of sodium or potassium chloride electrolysis 
 
Hydrogen is a by-product of sodium or potassium chloride electrolysis that produces chlorine and 
caustic soda or potash : 
 
 NaCl + H2O + electricity => ½ Cl2 + NaOH + ½ H2 

 
 KCl + H2O + electricity => ½ Cl2 + KOH + ½ H2 
 
Chlorine is one of the most common chemicals in the world. It is produced in huge quantities. 
 
By-product of refinery and petrochemical plants 
 
Hydrogen is a by-product of catalytic reforming of gpetrol, made to improve the octane number. It is 
also a by-product of steam cracking of hydrocarbons for the production of ethylene. This hydrogen is 
used in other refinery operations. Smaller volumes of hydrogen are by-products in coke-ovens and 
usually are kept for internal use. All by-product hydrogen requires some purification steps before use. 

5.7 Conclusion 
 
Currently most of the worldwide hydrogen production (more than 90 %) originates from the steam 
reforming of natural gas. Other technologies should be developed such as using electricity from 
renewable sources for water splitting, coal gasification with CO2 capture (CCS), and biomass 
gasification with or without CCS. Next to nuclear energy, these could become very important in the next 
decades.  
 

6. STORAGE 

From the primary source to the final consumer, storing energy is an essential process at several steps of 
the system. This process enables to satisfy peak demand - when the energy consumption exceeds the 
production capacity - and to store energy in the reverse situation. It is also essential for all mobile and 
portable applications. In this respect any liquid or gaseous fuel has a great advantage over electricity. 
Liquid fuels allow storing large amounts of energy in a small tank (e.g. a car) while  gaseous fuels with 
their rather low density require specific storage conditions.  
 
In gaseous form, hydrogen can be stored efficiently under pressure. The volume at atmospheric pressure 
of one kilogram of gaseous hydrogen is about 11 cubic meters. The gas must therefore be compressed to 
several hundred atmospheres and be stored in specially designed pressure vessels. 
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In liquid form, hydrogen can only be stored at cryogenic temperatures in well insulated tanks (see 
appendix A, table 4).  
Compared to gasoline hydrogen has roughly three times the energy content per unit weight, but one 
fourth only per unit volume. 

6.1 Physical storage 
 
Compressed hydrogen  
 
Hydrogen can be compressed with a sizeable input of energy and stored in high-pressure tanks. 
Compared to liquid fuels like gasoline which are put in similar tanks, hydrogen has a low energy to 
volume density. This storage though can fit stationary applications with no size or weight restrictions or 
special demands where weight brings stability, such as forklifts or wheelchairs. For transport 
applications however, the high-pressure tanks are too large and too heavy for the energy provided. The 
research in this field – mostly industrial research – is developing new fibre-composite high-pressure 
vessels, which might in principle compete with other storage technologies.  
 
At 200 bar, steel tanks weigh 70 kg and contain only 900 g hydrogen. Even at 700 bar, 4.6 litres of 
hydrogen are needed to produce the same energy as one litre of gasoline and, in this case, fibre 
reinforced synthetic polymer vessels weights are currently 22 kg for 1200 g hydrogen. 
 
Liquid hydrogen  
 
The cryogenic storage is achieved by cooling hydrogen to 20 K (-253 °C). This transformation of gas 
into liquid enables huge amounts of hydrogen to be shipped by tanker, truck and rail. But the 
liquefaction process requires a large fraction of the hydrogen energy (about 30 %). Moreover very 
special material is required for the tanks that must also be very well insulated at those extremely low 
temperatures. They are very expensive. Therefore improving the liquefying process and the insulation 
properties of the storage vessel are today important research topics. 
 
Sludge hydrogen  
 
Sludge hydrogen is a mixture of solid and liquid hydrogen obtained by further decreasing the 
temperature below 14 K (-259 °C). It has very limited applications at the present time. Its use in space 
technology is currently being investigated. 
 
Adsorption on high porosity materials  
 
Carbon-based materials, and recently carbon nanotubes, have been considered as promising candidates 
for high-density storage of hydrogen for more than a decade. 
 
Microscopic tubes of carbon, two nanometers (2*10-9 m) across, enable carbon nanotubes to store 
hydrogen within the tube structure in microscopic pores. In principle carbon nanotubes could store an 
interesting quantity of hydrogen. But up to now this has only been proven at rather low temperature (77 
K). 
 
Several research programmes aiming at understanding the potential of carbon nanotubes for hydrogen 
storage are still in progress. Others are devoted to the reduction of manufacturing costs. 
 
Glass microspheres 
 
High-pressure hydrogen can be stored in glass microspheres. The diameter and the thickness of the glass 
microspheres are about one millimetre and several dozens micrometers respectively. The stored 
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hydrogen is released by heating or breaking the glass. Research about this futuristic method is in 
progress in France at the CEA. 

6.2 Chemical storage 
 
Metal hydrides  
 
Metal hydrides are specific combinations of metallic alloys that act on hydrogen as would a sponge 
soaking up water. They have the property of absorbing hydrogen and of releasing it when the 
temperature is increased. Usually absorbed hydrogen represents only 1 or 2 % of the total weight of the 
tank. Some metal hydrides reach a storage capacity of 5 to 7 %, but in this case high temperatures are 
needed to recover the hydrogen. 
 
The volume of gas absorbed is relatively low but the advantage of hydrides is their ability to safely 
delivering very pure hydrogen at constant pressure. 
 
Other chemicals 
 
As previously mentioned hydrogen is the most abundant element in the universe but it only occurs 
bounded to other elements in many chemical compounds. Some of these compounds can be produced by 
chemical reaction and used as hydrogen storing systems. When the reverse reaction occurs, hydrogen is 
released. The reactions involved are linked to the compound. 
 
Ammonia cracking, methanol cracking, and dehydrogenation of cyclohexane into benzene are some 
examples. The fact that hydrogen is produced when needed eliminates the need for a storage unit for the 
hydrogen produced.  

6.3 Conclusion 
 
The storing of hydrogen is currently under intensive research which makes it difficult to draw 
conclusions. There is no best choice as each choice shows some drawbacks and makes it difficult at this 
time to point out the best compromise. The criteria are numerous and include the following : 
 
o energy density ; 
o energy overall efficiency for storage and recovery ; 
o loading conditions (temperature, pressure and flow rate) ; 
o storage conditions (temperature, pressure) ; 
o utilization conditions (temperature, pressure and flow rate) ; 
o safety : 

� in usual operation ; 
� in abnormal or accidental circumstances (temperature, chemical reactivity…) ; 

o cost and commercial availability ; 
o technical experience ; 
o reliability and life time ; 
o energy payback period, i.e. the time taken by the system to deliver energy that exceeds the 

energy consumed for building it. 
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7. TRANSPORT  AND  DISTRIBUTION 

The development of a new infrastructure for transport and distribution of hydrogen has been analysed in 
several reports, in particular those from the IEA [11]. A partial summary of this report including the key 
R&D areas is given hereafter. 
 
Whether produced from fossil or non-fossil sources, the widespread use of hydrogen will require a new 
and extensive infrastructure to produce, distribute, store and dispense it as a vehicular fuel or for 
stationary applications, such as electricity generation. Depending on the source from which hydrogen is 
produced and the form in which it is delivered, many alternative infrastructures can be envisioned. 
Tradeoffs in economies of scale between process and distribution technologies, and such issues as 
operating cost, safety, and materials can also favour alternative forms of infrastructure. 
 
In terms of transport and distribution, a general consensus appears on two broad approaches : 
- small-scale local hydrogen production, based on either electrolysis or gas reforming, thus utilising 

existing electricity or gas distribution infrastructure ; 
- large-scale dedicated hydrogen production infrastructure, including pipelines and / or road 

transport. 
 
The first option has a number of attractive features from the point of view of minimising distribution 
costs, but it would make it more difficult to achieve the economies of scale associated with large-scale 
hydrogen production, with capture and storage of CO2 when hydrogen is produced from fossil fuels. It 
also requires an increase of both gas and electricity production and distribution infrastructures. These 
investments could add up to that required to integrate renewable energy into the electricity grid system. 
 
Current hydrogen delivery infrastructure exists only for the limited industrial hydrogen markets for 
chemical and refining industries in Europe and in the United States. Those limited systems lack the 
scope or scale needed to deliver hydrogen outside of these few industrial areas to a potential large-
volume of end-user applications. Therefore, it is likely that significant capital investment in a dedicated 
hydrogen delivery infrastructure will be required before a hydrogen economy can be realised. 
Alternative approaches include using the existing natural gas delivery infrastructure. These systems 
would however require significant modification for use in the delivery and distribution of hydrogen. For 
example, hydrogen has physical properties that may cause embrittlement of some high-strength steel 
piping materials and components (e.g. compressors and valves) currently used for natural gas. 
 
The evaluation of the options also includes the use of an alternative liquid fuel as a hydrogen carrier, 
such as hydrogen-rich liquid fuels (e.g., coal-derived methanol and Fischer-Tropsch liquids). Analysis is 
also needed to evaluate the trade-offs that exist between the use of existing liquid fuel and natural gas 
infrastructure to deliver hydrogen-rich fuels and the massive capital investments required for 
implementing a system with central hydrogen plants, associated pipelines, and distribution centres in a 
dedicated hydrogen infrastructure. These hydrogen-rich fuels could possibly be economically reformed 
at end-use locations instead of central locations. The cost of small-scale, on-site reforming and the 
associated benefits should be evaluated against the large capital cost of a dedicated hydrogen 
infrastructure. 
 
In any case, an efficient transportation and distribution of hydrogen from the production site to the end-
user is needed for the wide-spread use of fuel cells envisioned by the hydrogen economy. Key R&D 
areas for improving hydrogen transportation and distribution infrastructure include : 
- high-pressure gaseous storage and supporting technologies ; 
- hydrogen pipelines based on natural gas pipeline technology ; 
- hydrogen compressors ;  
- compressed gas tube trailers ; 
- cryogenic liquid storage, insulation and supporting technologies ; 
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- cryogenic tankers for bulk-transport of liquid hydrogen ; 
- absorbent / adsorbent hydrogen storage solid media and supporting technologies ; 
- hydrogen bulk storage systems and bulk dispatch terminals ; 
- fuelling stations and supporting technologies ; 
- safety devices for these systems and associated standards and regulations. 
 
It must be emphasized that several hydrogen pipeline networks have been used for more than 50 years in 
Europe and in the United States. In particular, a network of more than 1000 km connects producers and 
consumers of hydrogen in northern France, Belgium and the Netherlands (shown on Figure 1 below). 
The transportation of very pure hydrogen in liquid state by truck is also a common practice in Europe as 
well as in the United States and in Japan. 
 
 

 
Figure 1 : Air Liquide gas networks in North Europe [Source : Air Liquide - www.airliquide.com] 

 

8. UTILIZATION 

8.1 Present utilization  
 
Markets today can be divided in two groups : large chemical plants and refineries that consume 95 % of 
the total hydrogen market from local production plants on the one hand, and small applications on the 
other hand that are essentially chemical non-energy applications or relate only indirectly to the energy 
sector. 
Further details are given in Appendix B. 
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8.2 Future utilization 
 
Stationary applications  
 
Residential and commercial applications 
 
Mixed with natural gas, hydrogen could be used in existing natural gas equipment. With no change to 
the devices up to 3 % volume ( 5 % as agreed in France) of hydrogen can be added to the gas. More 
hydrogen requires modifications to the burners and other equipment of the consumer. 
 
Industry 
 
With proper adjustments all types of industrial natural gas burners can be fed with hydrogen. Hydrogen 
could then be used earlier as natural gas for steam generation. However in order to maximize its energy 
efficiency, hydrogen is better used with fuel cells that produce simultaneously heat and electricity 
(cogeneration). 
 
 
Electricity production  
 
For the International Energy Agency [10], decentralized electricity production from primary hydrogen 
makes only sense in three instances : 
- if hydrogen is used as an energy storage for intermittent electricity production ; 
- if the efficiency is much higher than for other fuels ; 
- if hydrogen is used for decentralized electricity generation, where it is not possible to capture CO2 

from small-scale cogeneration units. 
 
Hydrogen can be used in fuel cells which can achieve a high electric efficiency. The total energy 
efficiency may even exceed 90 % if the waste heat can be used. Stationary fuel cells (FC), which often 
are Molten Carbonate FC or Solid Oxide FC, can be fed with natural gas or even heavy fuel. In this case, 
hydrogen has the clear advantage of avoiding CO2 emissions. 
 
Transport applications  
 
Recently hydrogen has been introduced as a clean fuel in several vehicles. Basically hydrogen can be 
used in Internal Combustion Engines (ICE) similar to custom-produced petrol engines or in a fuel cell 
where the electrochemical reaction of hydrogen with oxygen produces electricity and heat.  
 
Hydrogen and the Internal Combustion Engine 
 
When the engine is basically a custom-produced gasoline engine, the use of hydrogen fuel requires 
adjusting the mixture process for the accurate control of the hydrogen intake and of the load cycle. The 
use of H2 generally involves lean combustion. Surplus air absorbs heat in the combustion chamber and 
keeps the flame temperature below the critical limit at which uncontrolled ignition can occur. Nitrogen 
oxides emissions can still be an issue as those are related to the combustion temperature. The 
combustion of hydrogen should therefore be kept as lean as possible.  
 
Since the lean limit of H2 is much higher than for petrol, and since large variations of lambda are 
acceptable, the power output of the engine can be controlled by the fuel fed into the engine (as for 
diesel) making a throttle unnecessary. Thus a greater volumetric and total efficiency is achievable, and 
an optimized hydrogen engine can reach efficiencies close to that of diesel engines. Efficiencies of 35 % 
have been reported by Bayerische Motor Werke. Peak efficiencies of 50 % are even mentioned in the 
literature. This should be carefully weighed however since the ICE efficiency varies with the load while 
fuel cells do not. General Motors announces (technology 2010) a petrol-equivalent fuel consumption of 
17 % lower than a petrol car and only 3 % higher than a diesel car, i.e. 6.37 litre of petrol equivalent per 
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100 km. Bi-fuel engines (based on hydrogen and petrol) cannot integrate all measures for efficiency 
optimization, and this may restrict the engine efficiency of hydrogen operation. 
 
Due to the ultra-lean combustion, the power and torque output of an atmospheric engine fed with 
hydrogen are 40-50 % lower than when the same engine is operated on petrol. The loss of power can be 
compensated for by the introduction of a turbocharger (and intercooler), and comparable performance 
criteria can thus be met.  
 
The two car manufacturers BMW and Ford are today the strongest advocates of this technology. 
Prototype vehicles have been produced, even in small series, and field testing is underway.  
 
Despite the relatively moderate extra costs associated with H2-ICE, this technology can be seen as a 
temporary step in order to boost the use of hydrogen as fuel and create the demand that justifies 
investments in the fuel distribution and refuelling infrastructure. Over the longer term, the fuel cell is 
expected to be the top choice technology due to a better efficiency. Should the industry fail to meet the 
costs or performance targets of fuel cells however, H2-ICE may remain a valid option with its relatively 
low cost-structure. On the other hand, the lower well-to-wheel total efficiency it offers may seriously 
jeopardize the whole idea of using hydrogen at all. 
 
The introduction of a hybrid version can increase the efficiency of a H2-ICE similarly to the hybrid 
vehicles, such as the Toyota Prius existing on the market today. This expensive increase in efficiency 
will reduce the cost advantage of H2-ICE vehicles over fuel-cell vehicles. It nevertheless needs further 
practical checking. The US-company Quantum has developed in 2005 a H2-ICE prototype based on the 
Toyota Prius.  
 
A mixture of up to 20 % volume hydrogen with natural gas (called hythane) can be burned in an ICE. 
Minor changes allow the natural gas engine to run on hythane with similar environmental performances. 
The CO2-emissions however are lowered in proportion to the hydrogen content. The overall benefit of 
using hythane can be found in the infrastructure. Hythane can be obtained by injecting hydrogen into the 
natural gas grid, which is broadly available in many regions in the EU. This could solve the 
infrastructure issue at short notice. For the 2008 Olympic Games in Beijing more than one thousand 
diesel buses will be converted to hythane to curb the local air pollution. 
 
Hydrogen and fuel cells 
 
Prototype fuel-cell vehicles (FCV) are rapidly appearing everywhere. In less than ten years, the fuel-cell 
vehicles have evolved from research novelties to operating prototypes and to demonstration models. 
However their large scale introduction is not expected in the near future. The IPTS study stated that the 
market introduction of FCV may be subdivided into three phases: 1) test and demonstration, 2) market 
introduction and infrastructure build-up, 3) market jump implying mass production and development of 
refuelling stations infrastructure. Most analysts expect that the first phase will last until around 2010, the 
second phase will last another 5 years and phase 3 would start around 2015. More pessimistic views 
have also stated that the phase 3 may not start before 2025. They also see the high cost of fuel cells as 
most prohibitive. The EU High Level Group and the European Car Manufacturers Association have 
2020 as a hypothetical starting point. 
 
Today, Polymer Electrolyte Membrane Fuel Cell - also called Proton Exchange Membrane Fuel Cell or 
Polymer Electrolyte Fuel Cell - is the technology of choice for transport applications. The main reasons 
are a suitable operating temperature (with some problems of cold starting), and a high power density. 
Engineering for mass-production and integration with the balance-of-plant and associated sub-systems 
are two key themes for Research and Technology Development work. Cutting costs is also a major 
issue. 
 
The fuel-cell technology has the advantages of the electric drive (no emissions of pollutants, low noise) 
while it avoids the constraints of the battery technology. The components of the drive (electric motor) 
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are the same as for the battery-powered electric vehicle and, therefore do not represent any major 
technical or economic problem. Hybrid FC-Battery vehicles are being considered in present EU R&D 
programmes. 
 
Even if the electric drive components for a FCV can gain from the experience of battery-powered 
electric vehicles, the fuel-cell technology for vehicle propulsion is new. Not so much is known about 
their lifespan or other issues of user friendliness. Early experiences from the prototype and 
demonstration vehicles of the Original Equipment Manufacturers suggest that they can be made very 
straightforward and as simple to drive as the other electrical vehicles. This should be a prerequisite for 
user acceptance As for any prospective very expensive new technology, all performance characteristics 
of a fuel-cell vehicle need to be similar - or even superior - to the conventional technologies, regardless 
of the energy issues.  
 
Fuel-cell vehicles have today one or the other major architecture : the direct electric drive, similar to a 
battery-powered electric vehicle in which the fuel cell replaces the battery, and the hybrid drive, in 
which the fuel cell is combined with a battery to power the electric motor. The latter has the advantage 
of reducing the dynamic load on the fuel cell resulting in a longer life, as well as recovering the braking 
energy, which increases the efficiency of the vehicle. Compared to their non hybridized equivalent, 
hybrid drive fuel-cell vehicles will however show less gain in efficiency than conventional ICE vehicles 
(10 % compared to 25 %). This is due to the better efficiency of the fuel cell at partial load. They 
nevertheless will have the flexibility advantage of electrical grid connection for battery loading. 
 
Since the FCV’s considered here are directly fed with hydrogen, the same remark applies as for the ICE 
vehicles running on hydrogen i.e. a dedicated refuelling network is missing. The progress in increased 
energy density of the on-board fuel tanks however will practically lower the drawback of the scarce 
refuelling network. 
 
Today, fuel-cell vehicles are available only as prototypes-demonstrators, but all major OEM car 
manufacturers have some kind of FC vehicle development programme going on. It is hard to name a 
company in the lead. Both Toyota and Honda show much commitment. They have extensive in-house 
programmes, and can also produce their own fuel-cell stacks. So does GM. Others are linked to 
specialised FC companies : Daimler-Chrysler and Ford to Ballard Power Systems, a Canadian company 
in the forefront of PEM fuel-cell development, Nissan and Hyundai to United Technologies (UTC). 
 
The fuel-cell vehicles are further tested in demonstration projects. In Europe the main public 
programmes are CUTE (Clean Urban Transport for Europe) for urban buses and ZERO-REGIO for 
passenger cars, both sponsored by the European Commission. In the United States the present 
administration offers strong political and public support via a “FreedomCar” programme. 
Demonstrations are located mainly in the State of California, where a consortium named Californian 
Fuel Cell Partnership coordinates the activities of multiple actors. Other US locations with FC activity 
are Washington DC (District of Columbia), and areas around Detroit (Michigan) and Orlando (Florida). 
Also in Japan a major hydrogen / fuel-cell vehicle development and demonstration initiative (Japan 
Hydrogen Fuel Cell) is government sponsored. 
 
Fuel cells have a higher efficiency than combustion engines, but their cost is significantly higher. It is 
expected that these costs will go down with higher production volumes and lower component costs. The 
price of a fuel cell car in 2010 is expected to be 60 % higher than the former petrol-fuelled vehicle. The 
development targets set by the European Hydrogen and Fuel Cell Platform are to reduce the costs of 
fuel-cell systems down to 100 EUR/kW by 2015, with a lifetime above 5000 h. By 2030 this cost would 
decrease further to 60 EUR/kW, indicating the start of an extensive market. 
 
As to the introduction of fuel-cell vehicles, many scenario analyses have been carried out. Roadmaps set 
goals for hydrogen-fuel market introduction in several countries around the world. For example the 
Japanese goals are fifty thousand fuel-cell cars in 2010, and 5 million in 2020, approximately 9 % of the 
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car fleet. The EU has set the goals for the penetration of alternative motor fuels to 20 % by 2020, with 
hydrogen assumed to take 5 %.  
Figure 2 shows four scenarios of the fleet penetration of fuel-cell vehicles. The Shell scenario “New 
Order” assumes a world-wide collaboration within the automotive industry, and a political framework 
supporting the introduction of FC vehicles. The Shell scenario “Creative Diversity” assumes that 
industry, initially, will not succeed in offering FC vehicles for sale at attractive economics and 
performance in everyday use. After some 10 years, FC vehicles leave their market niche through 
significant technological advances and start entering the mass market. The “Rapid introduction” scenario 
is an optimistic scenario that follows the typical market development curves of innovations in the car 
sector. Those scenarios see market introduction starting in 2010 and gaining a fleet penetration of 1 to 7 
% in 2020. 
 
There are no specific introduction scenarios for the Hydrogen Internal Combustion Engines. H2-ICE’s 
could enhance the penetration of hydrogen into the fleets. The lower costs of the H2-ICE compared to 
the FCV makes the “New Order” scenario more realistic, which foresees an accelerated development of 
the required hydrogen infrastructure. On the longer term however the market of H2-ICE will not develop 
further due to their worse energy efficiency. 
 
Belgium has a peculiar situation for hydrogen in the EU. There are large hydrogen pipeline and 
production infrastructures. This could be the backbone for the development of a real hydrogen economy 
across the country. In order to tap this resource several demonstration projects must be set up. They 
would create new knowledge and develop technologies that could be exported to other EU-countries and 
around the world. They could also bring world leaders of the hydrogen technologies into investing here. 
This would make Belgium a country-wide “Hydrogen Valley” with new suppliers. If and when FCV 
become significant the Belgian automotive industry could gain new selling points and avoid the transfer 
of production capacities to new developing countries. 
 

 

Figure 2 : Scenarios for fleet penetration of fuel cell vehicles (IPTS) 
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  9. NEED FOR TECHNICAL IMPROVEMENT AND R&D 
PROGRAMMES 

The introduction of hydrogen as an energy carrier will force a major evolution on the energy sector. It 
will consequently force the development of a large spectrum of new technologies which in turn will 
induce huge R&D efforts in order to make them competitive. The whole supply chain from production 
through transport and distribution to the end-user is involved. Reducing the production costs at each step 
as well as improving the efficiency and the lifespan are the most important tasks. Safety features are also 
essential. Numerous technical fields are implicated in these developments such as: 
 
 Material science and engineering 
- Materials showing resistance to hydrogen corrosion. 
- New adsorbent and porous materials for hydrogen purification and storage. 
- Catalysts for hydrogen production. 
- Catalysts for hydrogen oxidation in fuel cells. 
- Materials with specific electrical properties and multifunctional material for fuel cells. 
- Membrane technology for fuel cells and for hydrogen purification. 
 
Applied electrochemistry 
- Any types of Fuel Cells : Alkaline (AFC), Polymer Electrolyte Membrane or Proton Exchange 

Membrane (PEMFC) or Polymer Electrolyte (PEFC), Phosphoric Acid (PAFC), Molten Carbonate 
(MCFC), Solid Oxide (SOFC), Direct Methanol (DMFC, using methanol rather than H2). 

- Electrolysers. 
- New development in battery and super-capacitor technologies for Fuel Cell Vehicles (FCV), for 

the hybrids Fuel Cell Battery Vehicles (FCBV) or Hydrogen Electrical Vehicles (HEV), as well as 
for Battery Electrical Vehicles (BEV). 

 
Mechanical engineering 
- High-pressure engineering for hydrogen transport and storage. 
- Cryotechnical engineering for hydrogen storage, for rocket and aircraft propulsion. 
 
Process engineering 
- New processes for hydrogen production. 
- CO2 capture and storage (CCS). 
- Biotechnology : H2 from algae, biomethanisation, bioconversion into hydrogen. 
 
Automotive engineering 
- Power electronics for FCV, as well as for HEV, FCBV or BEV. 
- Power management strategies. 
 

10. ROADMAP FOR IMPLEMENTATION 

What must be achieved in order to bring hydrogen into an economy that has been dominated by fossil 
fuels, which now provide nearly 80 % of its energy requirements ? 
 
Generally speaking any new technology has to provide the market with competitive advantages such as 
lower costs, superior performances, sustainability and new outlets. If the benefits of the new technology 
are merely social or environmental, then some regulatory and public investment policies are needed in 
order to bring down the costs and make the development affordable. 
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For hydrogen, some short-term benefits do not currently warrant its higher costs compared to the 
conventional technologies. Moving from the fossil-fuel economy of today to a hydrogen economy will 
not happen overnight in one single step. The right phase-in strategy “from yesterday to tomorrow” must 
be carefully defined in the future energy scenarios if we want to achieve the broad scale introduction of 
hydrogen. During the transition, the conventional technologies and the existing infrastructures will be 
necessary for keeping the economy prosperous. 
 
“We are facing a ‘chicken and egg’ problem that will be difficult to overcome. Who will invest in the 
manufacture of fuel cell vehicles if there is no widespread hydrogen supply? At the same time, who will 
invest in facilities to produce hydrogen if there are not enough fuel cell vehicles to create sufficient 
income for hydrogen producers?” [5] 
 
In the transportation sector, the use of hydrogen and fuel cells will create a new concept of car 
technology. As long as the fuel-cell technology is not operational however, hydrogen can still be fed to 
slightly modified internal combustion engines of the existing car technology. Dual-fuel gasoline / 
hydrogen internal combustion engines can then support the hydrogen demand during the transition. 
Hydrogen internal combustion engines and hydrogen hybrids can also help during the transition in the 
same way. 
 
It is advisable in the meantime to start acquiring experience with the use of hydrogen, although 
hydrogen cannot yet be mass-produced by new technologies mainly based on renewable energy sources. 
It will come from steam reforming of natural gas - as it does today for its use in the chemical and oil 
industries – with some carbon dioxide capture and storage increasing over time, as well as the other new 
methods of production. 
 
Another important success factor is public acceptance. Actually it is a decisive factor. In order to gain 
public acceptance, programmes that demonstrate the technology must be launched. One of these is the 
European programme CUTE, created to test hydrogen buses in several European cities, but 
unfortunately none of them in Belgium. In the same spirit Belgium could elaborate a demonstration 
programme involving for example a river boat for tourism, a drone (pilotless-aircraft), service vehicles, 
busses, or wind generated hydrogen for peak shaving. 
 
It seems essential to develop during the transition period those applications which are niche markets 
such as urban buses, forklift trucks and wheelchairs. These vehicles need neither an extensive fuel 
supply nor a full infrastructure. They can afford the higher prices of the hydrogen drive systems. 
Although limited in volume these niche market segments could trigger a substantial reduction of fuel 
cell cost and create new industrial activities and markets. 
 
The transition to hydrogen and fuel cells should happen step by step, along the following broad lines : 
 
In the short term (to 2010) 
 
As a first step in the early period, the use of renewable energy sources can be intensified for producing 
electricity and hydrogen. Since the amount of energy available in this way does not cover by far the 
present demand and despite all efforts for energy saving, it is still necessary to keep operating many 
conventional energy sources for the whole transition period. It appears therefore essential to keep 
improving the efficiency of fossil-fuel technologies and decrease their environmental impact. 
 
During this period, hydrogen and fuel cells should also be applied in several niche markets. This would 
stimulate the hydrogen market, generate experience as well as progress on learning curves, take 
advantage of the existing hydrogen pipeline network, etc. By the same token, the demonstration projects 
can also improve public acceptance. 
 
Important research efforts are needed in several fields for hydrogen production, storage, distribution and 
safety, fuel cells, materials, costs, reliability and life span, etc., as sketched in the previous chapter. 
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In the medium term (from 2011 to 2020) 
 
The increased availability of hydrogen will enable the sale of cars and trucks using hydrogen as a fuel in 
suitably modified conventional combustion engines and (or) fuel-cell systems. Hydrogen is still 
produced from fossil fuels but increasingly from renewable energy sources. Large demonstration 
projects are build for CO2 capture and storage, and the efficiency and reliability of these processes are 
improved. 
 
In the longer term (beyond 2020) 
 
In the long run hydrogen production will keep growing with consumers demand for clean energy supply. 
Both electricity and hydrogen will progressively replace the outdated carbon energy system. Fossil fuels 
will gradually be substituted by renewables and by nuclear energy. At that time the hydrogen network 
will expand faster than in the past and become largely interconnected with the electricity grid. 
 
In a previous report [13] the European Commission has presented a skeleton proposal for the main 
elements and time lines of a European roadmap for the production and distribution of hydrogen, as well 
as fuel cells and hydrogen systems (Figure 3). 
 

 
Figure 3 : European roadmap for hydrogen and fuel cells [13] 

 
 
Before entering the transition phase, it is very important to identify the different hurdles on the track to a 
progressive implementation of hydrogen systems. These obstacles are not only of a technical kind but 
also and perhaps more of a legal, administrative, societal, economical or financial nature. If not properly 
taken into account, these could prevent the new energy systems from ever existing. 
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11. CONCLUSIONS 

Although a drastic change of the energy system appears inevitable, the quantitative prediction of the role 
that hydrogen will play is most difficult. Competition between electricity and hydrogen as energy 
carriers will increase and debates on this topic will be numerous and lively. It is nevertheless plausible 
that both solutions will coexist. 
 
Taking into account the economic, social and technological interests at stake, it is of primary importance 
to further evaluate the prospects of hydrogen as a new energy carrier and the synergies which will 
necessarily develop with electricity. For hydrogen as well as for electricity, major technological 
innovations will occur and will lead to the development of very large markets. 
 
As the USA and Japan are allocating huge funds to R&D programmes on hydrogen and fuel cells 
(respectively 12 and 20 % of the total non-nuclear energy R&D budget), Europe and especially Belgium 
cannot stay outside this technological field. So far they are lagging much behind the USA and Japan for 
the development of innovative technologies. There is a high risk that the European industry will end up 
being excluded from the hydrogen economy.  
 
It must be clear that innovations in the field of a low-carbon energy system go far beyond the 
development of the individual technologies which are involved in the system. Fundamental research, 
development, applications and demonstration of new systems are essential while human and social 
aspects cannot be neglected. Understanding the behaviour of the citizens facing the new technologies is 
essential. 

12. RECOMMENDATIONS 

1. Our government should promote and support research and pilot projects at the level of the European 
Union for reducing greenhouse gases emissions. Our government must support those European 
regulations which will stimulate the use of new technologies intended to reduce pollution and make 
Europe less dependent on the supply of oil and natural gas.  
 
2. A Belgian technology platform on hydrogen & fuel-cells should be created. It should involve all 
stakeholders (industry, utilities, government(s), universities, research organisations…) which would 
provide guidance and support to R&D and key technical challenges on the introduction of hydrogen as 
an energy carrier, e.g. This platform should : 
 
• encourage and promote R&D studies in universities and industry on the production, storage and uses 

of hydrogen ; 
• foster inter-university educational clusters on hydrogen and its related technologies ; 
• organise the direct participation of Belgium in the newly created technology platform in the EC (DG 

research) ‘Hydrogen and Fuel cells’[13] ; 
• organise the direct participation of Belgium in other international R&D programmes such as the IEA 

(International Energy Agency) programmes. 
 
3. The hydrogen energy concept should be introduced within the curricula of schools and universities. 
The scope of existing courses must be extended. Specific curricula should be developed by clusters of 
universities and engineering schools. 
 
4. As coal is likely to remain a permanent source of primary energy for many decades, studies on 
carbon dioxide capture and storage (CCS) should be enhanced to the benefit of both electricity 
generation and hydrogen production. 
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5. As nuclear energy is likely to remain a major source of primary energy, the Belgian nuclear expertise 
should be maintained and research fostered on new nuclear reactors for hydrogen production and / or 
electricity generation. 
 
6. Belgium has an important car assembling industry, the design and development centres of which are 
located outside the country. There is however a strong local industry for components. They should 
prepare themselves to a gradual shift from conventional fossil fuelled cars to the new generation of 
electricity / hydrogen powered cars. 
 
7. As reliable technical and economical data can only be obtained by practical experience, 
demonstration projects should be initiated, supported or enhanced in the various fields of hydrogen 
production, storage, transport and utilization. On the other hand, it is well known that successful policy 
decisions need public acceptance and that unfamiliar hazardous materials do raise suspicion. A good 
information and sensitization campaign on hydrogen must therefore address public concerns in addition 
to pointing out the intrinsic advantages of the new products. In order to bring to the general public the 
demystification and consciousness of the concept of the ‘hydrogen economy’, these demonstration 
projects should be given the greatest possible visibility. Some examples : 
 
• hydrogen fuelled buses and boats related to tourist activities ; 
• local hydrogen- fed heat and electricity generation units for administrations and hospitals ;  
• electrolysers linked to wind turbines could stimulate the idea of a carbon-free renewable energy 

system providing hydrogen to a filling station ; 
• small applications such as wheelchairs powered by hydrogen, or fuel cells substituting batteries in 

small portable appliances could also be considered ; 
• live shows on hydrogen in the Technology Parks, PASS and TECHNOPOLIS, in university and 

other laboratories that organize visits and activities promoting the sciences, should be developed. 
 
8. Government incentives in favour of clean hydrogen / electricity powered cars should be made 
available, by reducing taxes on the car itself and on the energy provided. Such economic driving forces 
help changing habits and behaviour towards a new energy system. The increased collective costs yield 
their return later. 
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Appendix A : Comparative hydrogen properties 

Table 4 : Main properties of hydrogen 

Gas density 0.0899 kg/Nm3  
Liquid density 70.99 kg/m3 
Boiling point 20.4 K 
Melting point 14 K 
Lower Heating Value (LHV) 121 MJ/kg 
Burning range 4–74.5 % volume 
Detonation range 18.3–59 % volume 
Stoechiometric ratio (with air) 34.5 

 
 
A brief comparison with methane and propane appears in table 5 and the weight and volume energy 
density compared to some common fuels in table 6 and table 7 (tank included). 
 

Table 5 : Comparison between hydrogen, methane and propane 

  H2 CH4 C3H8 

lower heating value:  
  
  
  
upper heating value:  

MJ/kg  
kWh/kg 
MJ/Nm3 
kWh/Nm3 
kJ/kg 
kWh/kg 
MJ/Nm3 
kWh/Nm3  

121  
33.33 
10.783 
2.995 
141 890 
39.41 
12.745 
3.509 

50  
13.90 
35.882 
9.968 
55 530 
15.42 
39.819 
11.061 

46.4  
12.88 
93.215 
25.893 
50 410 
14.00 
101.242 
28.123 

lower Wobbe index:  
  
upper Wobbe index: 

MJ/Nm3  
kWh/Nm3 
MJ/Nm3 
kWh/Nm3  

40.898  
11.361 
48.34 
13.428 

48.170  
13.381 
53.454 
14.848 

74.744  
20.762 
81.181 
22.550 

density  kg/m3  0.08988 0.7175 2.011 

gas constant  
ignition temperature in air  
ignition limit in air 
max. flame velocity 

J/kg K  
°C 
vol-% 
cm/s  

4124  
530 
4.1-72.5 
346 

518.8  
645 
5.1-13.5 
43 

188.5  
510 
2.5-9.3 
47 

 



 
34

 

Table 6 : Weight and volume energy density comparison between hydrogen and some common fuels  

Energy carrier Form of Storage 
(tank not included) 

Energy density by 
weight  
[kWh/kg] 

Energy density by 
volume  
[kWh/l] 

gas (30 MPa) 33.3 0.75 

liquid (-253°C) 33.3 2.36 

Hydrogen 

metal hydride (included) 0.58 3.18 

gas (30 MPa) 13.9 3.38 Natural gas 

liquid (-162°C) 13.9 5.8 

LPG 
(Propane) 

liquid 12.9 7.5 

Methanol liquid 5.6 4.42 

Gasoline liquid 12.7 8.76 

Diesel liquid 11.6 9.7 

Electricity Pb battery (chemical) 0.03 0.09 

 

Table 7 : Weight and volume energy density of stored hydrogen, tank included 

 

 P T kg H2/m
3 g H2/kg 

Gaseous hydrogen 70 Mpa 298 K 25 65 

Liquid hydrogen 0.1 Mpa 20 K 30 70 

Hydride (Ti)   ≈ 35 20 

Adsorbed on C 0.1 MPa 77 K ≈ 39 100 
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Appendix B : Present utilization of hydrogen 

B 1. Large chemical plants and refineries produce and consume locally 95 % of the 
total hydrogen market. 

 
Crude oil refining  
 
The largest use of hydrogen occurs in crude oil processing and refining. Hydrogen enhances the 
performance of petroleum products and removes organic sulphur. Let us mention two processes : 
- Hydrocracking improves gasoline yields. Heavy oil molecules are cracked (broken) into lighter, easier 

to refine, and more marketable products which also comply with the regulations for lower emissions 
and less by-products. The result is a higher gasoline yield with higher octane. 

- Catalytic hydrotreating of several petroleum cuts produces gasoline, diesel oil and other fuels with a 
very low sulphur content that meet the present regulations. 

 
The hydrogen quantities needed for these utilizations are growing strongly on two accounts : the 
petroleum products must be cleaner and the ratio of hydrogen to carbon in fuels is increasing. 
 
 
Basic chemicals  
 
Large quantities of hydrogen are used to produce ammonia (NH3), methanol (CH3OH), and key products 
such as fertilizers and many others. 
 
Ammonia : ammonia is produced by reacting nitrogen with hydrogen. The overall reaction – which 
involves several steps including feedstock desulphurization - is given as : 
  
 N2  +  3 H2  �  2 NH3        (between 100-250 bar and  350-550 °C)  
  
Worldwide capacity, excluding China, approaches 130 million tons per year. About 85-90 % of all 
ammonia produced ends up as fertilizer. 
 
Methanol : methanol is produced by the high-pressure catalytic reaction of carbon monoxide and 
hydrogen, both derived from natural gas, or by the partial oxidation of natural gas hydrocarbons. Low-
cost production lines with new catalysts, and the so-called oxygen, or enriched air, blown twin-stage 
reforming of natural gas at low pressure are recent improvements. The gas obtained from the steam 
reforming and (or) the oxidation of natural gas is processed to methanol according to the following 
reactions : 
     CO + 2H2 => CH3OH 
     CO2 + 3H2 => CH3OH + H2O 
 
Recent technology advances have allowed building larger plants. The largest operating plant started in 
Trinidad with a capacity of 1.7 million tons/year and other large plants have been announced in Asia, the 
Middle-East and the Caribbeans. The next group of plants ready to go on stream have a capacity of 
about 10.000 tons/day, twice the capacity of the current world-scale units.  
 
World production was estimated at 31-33 million tons per year (2002), the main uses being 
formaldehyde and MTBE (Methyl-ter-butyl-ether, a gasoline additive). 
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B 2.  Merchant hydrogen for specialties and small applications represents 5 % of the 
total production. 

 
Figure 4 shows the various applications in North America, in 2001. 
 

 

 
Figure 4 : Current merchant demand for hydrogen in North America  

[Source : Dynetek Industries -  http://www.gov.pe.ca/photos/original/dev_solutions.pdf] 

 
Hydrogen is needed in many applications and markets : 
 
Food : hydrogen is used to hydrogenate liquid oils (such as soybean, fish, cottonseed , corn …oils) that 
produce semisolid materials such as margarine, fat, etc. Hydrogenation increases the oxidative stability 
of edible fats and oils in order to avoid spoilage and odours. 
 
Sorbitol : produced by hydrogenation of glucose, sorbitol is used in food, pharmaceuticals, cosmetics, 
etc. 
 
Pharmaceuticals and bio / specialties / intermediates : in addition to sorbitol, hydrogen is needed for 
many syntheses. The best known are those of vitamins A and C. 
 
Chemicals (specialties) : Hydrogen is widely used for synthesising “specialties”, intermediates for 
pharmaceuticals and chemically advanced materials such as hydrogen peroxide, many chemicals with a 
hydrogenation step used for soaps, insulation or plastics, hydrogen transfer agents,.... 
 
Metal production and fabrication : hydrogen acts as a protective processing atmosphere for the 
manufacturing of carbon and stainless steel - with argon for austenitic stainless steel - , in plasma 
welding and cutting operations, etc. Hydrogen consumption in metal production is growing with an 
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increased demand in furnaces. In the past, the furnaces used approximately 6 % hydrogen in their 
atmosphere. Now, it’s quite common to have 100 %. 
 
Electronics : during the production of semi-conductor and printed circuits, hydrogen acts as a controlled 
atmosphere to insure the high purity required in these applications. 
 
Aerospace : hydrogen is used as fuel for spacecraft and rockets, but also as an energy source that 
powers life-support systems while yielding drinkable water as by-product. 
 
Glass polishing and glass / optical fibre manufacturing : hydrogen acts as a controlled atmosphere to 
ensure an oxygen-free atmosphere. 
 
Power generation : hydrogen is used to cool high-speed generators and is also used in the cooling water 
system of nuclear reactors (to eliminate oxygen). 
 
Another summary is given (Figure 5) by Air Liquide for 2003 world markets. 
 

 
Figure 5 : Hydrogen market segments in 2003 [Source : Air Liquide - www.airliquide.com] 

 
 
This map shows the growth of the market (ordinates), the size of various markets (the area of circles) 
and the size of the typical consumer (the volume needed per hour). 

Range for the “ specialty markets” 
(relatedtont 
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