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1 REVIEW AND EVALUATION OF MAIN TECHNOLOGICAL OPTIONS 
FOR THE PRODUCTION, DISTRIBUTION, STORAGE AND USE OF 
HYDROGEN AS A FUEL FOR TRANSPORT APPLICATIONS 

Hydrogen technologies are in different stages of commercial development. Some technologies 
are fully commercial in the large scale chemical commodities market, some are commercial in 
the niche market of merchant hydrogen. Other hydrogen technologies are in earlier stages of 
development from first prototypes down to basic research. 

For each component of a hydrogen fuel business, at least one technology is available as a 
first prototype or commercially. 

For hydrogen production, many technologies are available or being developed allowing for the 
use of all primary and secondary energies for hydrogen generation in large centralized plants 
or in small decentralized units. 

Distribution options include road trailer and pipeline delivery of hydrogen, which is commercial 
reality since many decades, or the decentralized generation of hydrogen making use of infra-
structures for electricity, natural gas or biomass transport. The latter is becoming more and 
more common in the merchant hydrogen business. 

Hydrogen conditioning includes compression and liquefaction. Both technologies are applied 
commercially, but have considerable further development potentials. 

Hydrogen storage for transport applications requires major development efforts. Advanced 
conventional storage technologies are compressed gaseous storage and liquid storage in 
vacuum super insulated tanks. Several promising advanced concepts are in the stage of basic 
research. 

PEM fuel cells are the most promising hydrogen application technology for road transport. 
They require further advances in materials and components research and development. Most 
importantly, medium-temperature membranes need to be developed. 

All technological options for hydrogen production, distribution and conditioning, storage and 
use are analyzed with respect to costs, infrastructure requirements, safety risks, applicability 
in the various transport market segments and environmental performance. 

The following table summarizes the aspects dealt with in this chapter. Technologies of hydro-
gen production, distribution, storage and use as well as the possible sources of hydrogen are 
covered. These are analyzed and evaluated concerning their costs, infrastructure require-
ments, risks and their applicability in the various transport market segments including niche 
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markets. Environmental aspects are also covered, especially greenhouse gas emissions over 
the entire fuel path. 

Table 1-1: Analysis matrix of chapter 1. 

Step in H2 pathway Aspects covered 

Production technological options 

 possible sources of H2 

Distribution and conditioning 

Storage 

Use Fuel cells (AFC, PEMFC, 
SOFC, MCFC, PAFC, 
DMFC) 

 Internal combustion en-
gines 

 Gas turbines 

 

 

 

 

⊗ 

Costs 

Infrastructure requirements 

Risks 

Applicability in various transport 
market segments (passenger and 
freight transport, public transport, 
ship, air, railway) 

Environmental performance 
(greenhouse gas emissions etc.) 

The aspects covered are dealt with in general in chapters 1.1, 1.2 and 1.3, while the single 
steps in the hydrogen pathway are analyzed in detail thereafter in chapters 1.4 to 1.8. 

If not specified otherwise, the results presented represent LBST analyses. 

1.1 Costs, infrastructure requirements and environmental performance 

Qualitatively, there is a simple relationship between cost and environmental performance: low 
cost and low environmental performance versus high cost and high environmental perform-
ance. 

Costs of fossil energy based fuels critically depend on the price of the primary energy. Crude 
oil prices have been very volatile during the last three decades with the maximum annual av-
erage price at 69 US dollars per barrel in 1981 (in real terms of 1995). 

Hydrogen production and supply costs depend on various factors, the most important being 
the industrial context. At present, hydrogen is a chemical commodity, not a transport fuel. The 
industrial context of hydrogen fuel does not exist and consequently all cost projections have to 
be based on a future industrial scenario. Assuming niche markets for hydrogen only, produc-
tion and supply costs will not be significantly different from today’s prices of this chemical 
commodity supplied by industrial gas companies to the various small industrial consumers. 
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In a scenario of large scale introduction of hydrogen as transport fuel, costs will be signifi-
cantly lower than today for applications such as passenger cars, as the commercial and logis-
tic structures will be entirely different. For other applications such as air or ship transport infra-
structures will be similar to today’s structures of captive hydrogen production and consump-
tion. Very large amounts of hydrogen will be produced at the point of consumption. Today 
these are refineries or ammonia plants, in the future these may include airports and harbors. 

Cost reductions in a scenario of large scale introduction of hydrogen as transport fuel will oc-
cur through economies of number and economies of scale. In decentralized hydrogen produc-
tion paths, large numbers of identical components will be required (e.g. electrolysers, filling 
nozzles, flow meters etc.), which are technically available or which are being developed at 
present, but which are not series produced so far. Increasing market penetration will allow for 
larger installations (e.g. larger hydrogen filling stations for privately owned cars) inducing 
economies of scale. 

Hydrogen production and supply routes to the consumer can have very different infrastructure 
requirements. Decentralized onsite hydrogen production at the point of consumption makes 
maximum use of existing energy infrastructures, especially those for electricity and natural gas 
(or in the case of biomass of the road infrastructure). This point is well illustrated by the slogan 
“hydrogen by wire” of a North American electrolyser manufacturer.  

Table 1-2: Infrastructure characteristics of onsite versus centralized hydrogen 
production. 

Onsite production Centralized production 

Making maximum use of existing infrastruc-
tures: 

• Electric grid for onsite electrolysis 

• Natural gas grid for onsite reforming 

• Road for onsite biomass gasification 

Hydrogen transport and distribution infrastruc-
tures needed: 

• LH2 road trailers and rail cars/ containers 

• GH2 pipelines 

Not suitable for LH2 Suitable for LH2 and CGH2 

 

Large-scale centralized hydrogen production requires hydrogen transport and distribution in-
frastructures existing to a very limited extent at present. Existing infrastructures for natural gas 
distribution may be used for hydrogen in the future with limited modifications. First studies on 
admixtures of hydrogen to natural gas and on the use of natural gas distribution grids for pure 
hydrogen have been carried out several years ago, and first RD&D projects on an industrial 
level are being started at present. 
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Hydrogen conditioning is another important element of infrastructure. Hydrogen compression 
is required for pipeline transport, and for compressing the hydrogen for refueling of CGH2 cars 
and other consumers. This is usually accomplished at the filling station. Hydrogen liquefaction 
on the other hand, will according to present projections remain a large-scale process for eco-
nomic and practical reasons even though it is technically feasible also at small scale. 

Hydrogen infrastructure technologies are existing to a large extent already, and may rely on 
existing natural gas technologies otherwise. 

The build-up of a basic hydrogen refueling infrastructure is an essential challenge for the short 
to mid-term as it has to be in place at the beginning of the commercial introduction of hydro-
gen fuel cell vehicles. 

Economically, the challenge is not as big as it might appear. In the European Union including 
the new accession states (EU-25) some 100,000 refueling stations supply fuels to road trans-
port. About 20% of these, or 20,000 stations, should be equipped with hydrogen dispensers 
before fuel cell vehicles are brought to the mass market. Assuming investment costs of 1.3 
million Euro per station sums up to 26 billion Euro for a basic refueling infrastructure. 

For the case of Germany as an example, this would require an initial investment of some 3.12 
billion Euro for some 2,400 refueling stations. This one-off investment is slightly higher than 
the amount of money invested in the new installation of wind energy converters in Germany in 
2001 when 2,660 MW wind power have been newly installed. 

Hydrogen and conventional car fuel production and supply cost estimates are presented in 
Figure 1-1 per vehicle kilometer driven. Depending on the crude oil prices on the world mar-
ket, hydrogen produced from natural gas and even renewable hydrogen from biomass can 
become cost competitive. Hydrogen from wind energy can come close to competitiveness at 
high historic prices of crude oil. Chapter 6 “Estimation of costs and future trends” presents 
more details on this subject. 

Greenhouse gas emissions including carbon dioxide, methane and nitrous oxide primarily de-
pend on the primary energy used for hydrogen production. Using renewable energies, the 
greenhouse gas emissions are close to zero. In comparison to conventional fossil car fuels, 
emissions are reduced by around 90% (Figure 1-1). Natural gas derived hydrogen used in fuel 
cell cars presents a certain greenhouse gas emission advantage over conventional car fuels. 
Chapter 5 “Life cycle analysis of the environmental impacts of the shift to hydrogen” presents 
more details on this subject. 
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Figure 1-1: Fuel supply cost projection for 2010 versus greenhouse gas emissions 
Well-to-Wheel. 
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1.2 Safety risks 

Safety risks associated with the production, distribution, storage and use of hydrogen largely 
relate to the fact that it contains large amounts of energy – a very desired feature. 

This simple fact means that risks are mainly proportionate to the amount of hydrogen available 
in a given process or application. Decentralized hydrogen production therefore has a reduced 
risk as hydrogen is produced on demand and storage volumes are small. 

As a gas, hydrogen displays similar safety risks as natural gas with one exception: hydrogen 
air mixtures may detonate (supersonic flame propagation) in certain surroundings (semi-
confined or confined spaces etc.), while natural gas will explode only (subsonic flame propa-
gation – deflagration), which causes less damage. 

Reducing safety risks by detonations in semi-confined areas (tunnels, urban streets with build-
ings on both sides etc.) is a subject of current research. Hydrogen as a chemical feedstock 
has an extraordinary safety record during many decades of experiences in industrial applica-
tions. Establishing hydrogen as transport fuel extends the handling of hydrogen to laymen and 
large numbers of professionals. This means that new safety concepts have to be developed 
on the basis of existing know-how from both industrial handling of hydrogen and private han-
dling of natural gas. Among experts there is no doubt that this can be achieved. 
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1.3 Applicability in various transport market segments 

The applicability of the various hydrogen supply paths to the different types of transport de-
pends to a large extent on the type of hydrogen storage onboard the vehicle. Compressed 
gaseous hydrogen storage is suitable for passenger cars, delivery vans, public buses, tram-
ways and certain types of regional trains as well as for boats and small ships. Liquid hydrogen 
storage is suitable for these applications and additionally for airplanes and possibly large 
ships. It is unclear at present whether hydrogen storage is feasible for long-haul trucks with 
present driving distances of over 1,000 km. Hydrogen fuel is no competitive concept for long-
distance/ high speed electric trains on electrified tracks. 

Compressed gaseous hydrogen storage allows for decentralized onsite production concepts 
and for large centralized concepts alike. In the latter case, the market should be developed to 
a certain extent to allow for short transport distances by pipeline or in liquid form by truck. 

Liquid hydrogen onboard storage requires large liquefaction plants. In the case of small con-
sumers (cars, buses, tramways, small ships etc.) this means that one plant will supply several 
filling stations supporting up to hundreds of consumers each. A small number of large con-
sumers (ships, aircraft) on the other hand may require a large plant entirely for their supply. 

1.4 Hydrogen production 

Hydrogen can be produced by using any primary or secondary energy carrier: natural gas, 
electricity (from renewable energies, from fossil energies, from nuclear power), biomass, coal, 
high temperature heat using thermochemical cycles (from solar concentrators or from nuclear 
power) etc. Hydrogen can also be produced directly from the sun and/or biomass through al-
gae and bacteria, and it can be produced directly from the sun in photo-electrochemical reac-
tions. 

In addition, hydrogen can be a by-product of other production processes such as chlorine al-
kaline electrolysis for the production of chlorine. 

The world-wide hydrogen production at present is roughly 50 million tons per year, which in 
terms of energy, corresponds to about 4% of the global crude oil production of some 75 million 
barrels per day. This hydrogen quantity would be sufficient to supply the entire passenger ve-
hicle fleet of Europe, Japan and the USA in case it consists of “3 liter” fuel cell vehicles 
(0.3 kWh/km fuel consumption). 

The major hydrogen consumers today are ammonia production, refineries, methanol synthe-
sis, chemical industry and merchant hydrogen (fat and oil hydration, float glass, electronics, 
metal treating etc.). 

Most of the technologies discussed here are presented in more detail in [GM-WtW 2002]. 
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Figure 1-2 gives a qualitative assessment of the present status of hydrogen production tech-
nologies. 

Figure 1-2: Status of hydrogen production technologies. 
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1.4.1 Hydrogen from natural gas 

The largest part of current hydrogen production is from natural gas in large scale steam re-
formers up to sizes of 100,000 Nm³/h. This technology is fully commercial and represents the 
most cost effective hydrogen production technology today. The hydrogen production costs are 
dominated by the natural gas prices. From large, centralized plants, hydrogen can be distrib-
uted to car filling stations either by pipeline in gaseous form or by truck as cryogenic liquid. 
Many decades of operation in industrial installations have demonstrated the excellent safety 
record of this technology. 

Small natural gas steam reformers suitable for the onsite hydrogen production at a hydrogen 
filling station are in principle available. These systems are down-scaled large systems which 
are built as single units. Onsite steam reformers for hydrogen filling stations should be pur-
pose-design, compact, series produced units. Some companies are developing such systems 
with first units available. These are either pure steam reformers or autothermal reformers, 
which are more compact, but have a slightly reduced efficiency. Supplying liquid hydrogen by 
onsite steam reforming and liquefaction is in principle technically feasible, but suffers from 
poor economics and a very large footprint. 

The supply costs of compressed gaseous hydrogen to the car (well-to-tank) depend on the 
production and distribution concept. In a well established market, large-scale natural gas re-
forming with pipeline transport to the filling stations is the most cost effective supply path (14 – 
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18 €/GJ). It is assumed that a plant supplying around 400,000 fuel cell cars will deliver hydro-
gen to filling stations within a radius of 50 km of the plant. For larger distances, the costs will 
rise considerably. Onsite hydrogen production is slightly more expensive (19 – 22 €/GJ), and 
delivery of LH2 from a central hydrogen plant costs 24 – 26 €/GJ. Steam reforming of natural 
gas represents the most cost effective hydrogen supply path for passenger cars at present 
natural gas prices in an established hydrogen fuel market. 

The potential of this technology is limited by the availability of natural gas. Problems of supply 
to the European Union are anticipated for the next decade. Current natural gas consumption 
in the EU is very close to the current consumption of road transport fuels. It is generally 
agreed that a replacement of more than 10% of road transport fuels by natural gas will only be 
possible if natural gas will be imported from remote locations as LNG or as methanol. As the 
global availability of mineral oil will be drastically reduced in the 2020 to 2030 time frame com-
pared to today other primary energy sources such as natural gas and renewable energies 
have to replace these quantities and/ or energy consumption has to decrease. It is more than 
doubtful whether natural gas will be able to replace declining crude oil production. 

Hydrogen production from natural gas will be suitable for all types of transport as technologies 
exist for large scale centralized production and because small decentralized technologies are 
being developed. Large and medium scale production plants will be suitable for large fleets of 
road vehicles, for air and ship transport as well as for trains. Decentralized plants will be suit-
able for regular filling stations for passenger cars as well as for fleets of road vehicles, and for 
trains. For applications with a very small hydrogen throughput hydrogen production from natu-
ral gas is not suitable. 

Natural gas reforming installations are limited to locations where natural gas is available. This 
includes natural gas pipelines with sufficient throughput, and locations where LNG could be 
made available in sufficient quantity. 

Well-to-Tank emissions of greenhouse gases (GHG) range from 90 g/MJ (CGH2 from EU NG 
mix in central plant including pipeline delivery to filling station for onboard storage pressure of 
70 MPa) to about 150 g/MJ (LH2 from Russian NG in central plant including truck delivery to 
filling station). 

1.4.2 Hydrogen from electricity 

Hydrogen production from electricity by water electrolysis has many decades of industrial ap-
plication. During the last two decades, large scale water electrolysis has been replaced by 
natural gas steam reforming even in many areas where very cheap electricity is available (e.g. 
Norway). Many decades of operation in industrial installations up to 156 MWe have demon-
strated the excellent safety record of this technology. 
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During the last 10 to 15 years electrolysis has made significant technical progress especially 
with respect to efficiency and the capability to be operated with fluctuating power input. Also a 
trend to higher pressures can be observed. Typically new pressurized electrolysers are oper-
ated at between 1 and 3 MPa in order to save the first compression stage for hydrogen com-
pression. Advanced technologies, although not yet having proven such long operating experi-
ences without replacement of certain components as large-scale technology, have been sim-
plified and improved continuously in order to enable long operating periods at low mainte-
nance efforts. First units for distributed onsite hydrogen generation as replacement of mer-
chant hydrogen trailer delivery are proving steadily increasing reliability since more than half a 
decade (in particular Stuart Energy Systems & Vandenborre Technologies, Norsk Hydro Elec-
trolysers). These units typically are in the 30-60 Nm³/h capacity range (i.e. 130 – 270 kWe 
power range). Gradually also advanced electrolyser MW-units are under development (e.g. by 
GHW for unit sizes of between 1 and 3.5 MWe). Based on these product developments sev-
eral manufacturers (Norsk Hydro/ GHW, Vandenborre Technologies and Stuart Energy Sys-
tems) are conceiving electrolysis based hydrogen refueling stations for the supply of com-
pressed gaseous hydrogen to road vehicles and other mobile applications within the coming 
years. 

The costs of hydrogen production from electricity are dominated by the electricity costs. In the 
case of hydrogen production from off-shore wind power with assumed electricity costs of 6.85 
Euro-cents per kWh 83% of the pure hydrogen generation costs (no compression, delivery 
etc. assumed) are induced by the electricity costs, 17% are induced by the electrolysis equip-
ment. 

Electrolysis has proven to be suitable for both large scale and small scale hydrogen produc-
tion. Therefore, electrolysis is technically suitable for all types of transport on all scales going 
down to very small consumers. 

Well-to-Tank emissions of GHG are spread over a wide range from 0 g/MJ (CGH2 from wind 
power in onsite electrolysis unit for 70 MPa onboard storage pressure) to max. 242 g/MJ (LH2: 
from EU mix electrolysis in central electrolysis plant including truck delivery to filling station). 

1.4.3 Hydrogen from biomass 

Hydrogen from biomass can typically be obtained in two ways: either gasification of biomass 
(all types of lignocellulosic material e.g. wood from residues of from dedicated plantation) or 
steam reforming of biogas. Biogas is obtained via anaerobic digestion of organic waste frac-
tions or biomass from dedicated plantation, e.g. of grass. 

Biomass gasification has been developed for several years. Most of the technologies produce 
low calorific gas containing large shares of nitrogen which is not suitable for the production of 
hydrogen. 
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For medium-scale plants (2.5-20 MWth) able to produce synthesis gas for the production of 
pure hydrogen (or FT-diesel, methanol etc.) some development work on suitable processes is 
underway. So far, no prototype has demonstrated satisfactory production over longer periods. 
Increased development efforts are required. 

In case of biomass gasification hydrogen gas is extracted from biomass via allothermal (indi-
rect heat input) or autothermal gasification (direct external heat and oxygen input), then puri-
fied in a dust removal step, enriched in a CO-shift stage and finally subjected to pressure 
swing absorption for fine-cleaning. 

In case of biogas reforming the methane content of the biogas is converted to hydrogen in a 
steam reforming step comparable to natural gas reforming. 

The cultivation of any biomass has significant influence on the generation of Well-to-Tank 
greenhouse gas emissions. Emissions of nitrous oxide (N2O), a strong greenhouse gas, de-
pend on the level of fertilizer input to the plantation, the climate and several other factors. 
Well-to-Tank emissions of GHG are between 7 g/MJ (CGH2 via onsite gasification of residual 
woody biomass for 70 MPa onboard storage pressure) to 25 g/MJ (CGH2 via onsite gasifica-
tion of woody biomass from plantation of poplar for 70 MPa onboard storage pressure). 

Hydrogen from biomass can be produced in small and medium scale plants and represents 
one of the most cost effective hydrogen production processes directly following chemical by-
product hydrogen and natural gas derived hydrogen, with the benefit of being renewable. 

Biomass gasification has two limitations to process scale: On the one hand, the installation 
should not be too small as chemical processes suffer from reduced efficiency at small scales. 
On the other hand, biomass in general is not available in large quantities on a single spot, but 
has to be transported to the plant from decentralized sources. Transport distances must not 
be too large in order to allow for an energetically sensible concept. Therefore, the process 
scale will be suitable for filling stations for passenger cars, for fleets of road vehicles, for me-
dium size ships or fleets of smaller ships, for small airports, and for trains. 

1.4.4 Hydrogen from coal or from petroleum 

During the last decade, Integrated Gasification Combined Cycle (IGCC) power plants using 
coal or heavy oil fractions have been commercialized. Coal and heavy fuel oil gasification can 
also be used to produce hydrogen. 

Petroleum or coal can be gasified at between 1300 and 1400°C and at pressures between 1-
10 MPa to synthesis gas, which after cooling down and separation of soot and solid particles 
is fed into a CO shift reactor and an H2S/CO2 removal stage. Then either a methanation stage 
or pressure swing absorption follow in order to clean up the hydrogen for use in internal com-
bustion engines (ICEs) or fuel cells (FCs). 
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At present, these processes cannot be downscaled efficiently for distributed onsite use. 

More than 60% of the energy content of the coal can be recovered as energy content in the 
hydrogen product stream of such large scale processes with capacities of larger than 100,000 
Nm³/h. Including auxiliary energy consumption in the process, efficiencies are slightly above 
50%. 

Hydrogen production from coal or petroleum, especially the heavy fractions in a refinery, are 
suitable only for very large scale consumers like airports or harbors. It will also be suitable for 
delivery of hydrogen to passenger car filling stations in a situation where hydrogen has 
reached a large market share. Also, IGCC power plants may export fractions of its syngas 
production for hydrogen generation and delivery, thus making the concept suitable for smaller 
consumers. 

Well-to-Tank emissions of GHG are 252 g/MJ for hydrogen from coal delivered at 70 MPa to 
the vehicle tank at the filling station. 

It is unclear at present in how far world-wide coal production can be extended to replace de-
clining oil production. World-wide coal production is at about 2/3 the level of crude oil produc-
tion. 

Present and future discussions of the reduction of the sulfur level in transport fuels, especially 
in ship fuels, may lead to the availability of large quantities of hydrogen from refineries as 
highly sulfur-containing heavy fuel oil (HSFO) may not be sold as ship fuel any more as is the 
case already in the USA. These heavy fuel oils can be transformed into hydrogen, or they can 
be used in stationary processes such as electricity production whereas the desulfurization of 
heavy fuel oils is technically and economically difficult. 

1.4.5 Hydrogen from fossil energy with CO2 sequestration 

1.4.5.1 CB&H Process 

The development of the Kværner Process (or CB&H process) started in 1990 in Norway as a 
consequence of regulations calling for CO2 taxes on flared by-product gas from off-shore 
crude oil production.  

By pyrolysis of hydrocarbon feedstocks (e.g. natural gas, heavy fuel oil, biomass) two valuable 
products are obtained, hydrogen and carbon black. 

The pyrolysis process uses a plasma torch implemented in a high temperature reactor. The 
plasma torch supplies the necessary energy via radiation and convection from the produced 
plasma gas to pyrolyze the hydrocarbon feedstock. 

The obtained hydrogen purity from the CB&H (carbon black & hydrogen) process without addi-
tional purification steps is 98% when operated on natural gas. The thermal efficiency of the 
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plasma generator is 97%-98%. The specific electricity consumption of the hydrogen produc-
tion process is 1.1 kWh/Nm³H2. The conversion rate of the hydrocarbon feedstock is almost 
100%.  

Compared to other fossil based hydrogen production processes (steam methane reforming, 
partial oxidation etc.) the CB&H process has several advantages: Lower hydrogen production 
costs than CO2 free production processes (if renewable electricity is used for the CB&H proc-
ess), higher feedstock utilization rate, high feedstock flexibility, high modularity of the process. 

The first commercial plant located in Montreal, Québec, Canada, consists of two modules in 
the project’s first phase and has an annual capacity of 20,000 t of carbon black and of 50 mil-
lion Nm³ of hydrogen. The installed electric capacity of the plasma generator is 6 MWe. The 
investment costs are in the order of 65 million $-CDN. The plant is operative since mid-1999. 
Since then, no further developments have taken place and the commercial status of the tech-
nology is unclear. 

The modular concept has been engineered and costed by Kværner for capacities ranging from 
1 to 360 million Nm³/yr. Larger capacities can easily be configured by adding modules. 

Gross hydrogen generation costs (excluding benefits from carbon black and steam sales) of 
0.1247 US$/Nm³H2 (11.5 US$/GJ) or net costs of 0.0661 US$/Nm³H2 (6.1 US$/GJ) can be 
achieved for a large-scale CB&H plant with a capacity of 280,000 Nm³H2/h. According to 
Kværner this would be competitive with a comparable natural gas steam reforming plant which 
would yield hydrogen costs of 0.06711 US$/Nm³H2 plus 0.01793 US$/Nm³H2 for CO2 seques-
tration, thus totaling 0.0851 US$/Nm³H2 (7.9 US$/GJ). 

The very small processes (1 to 10 million Nm³/a) are suitable for onsite hydrogen production 
for filling stations for passenger cars, for fleets of road vehicles, for medium size ships or fleets 
of smaller ships, for small airports, and for trains. The large processes are comparable in size 
with large-scale industrial NG steam reformers. These are suitable for centralized production 
with hydrogen delivery to the smaller consumers mentioned above, and for large consumers 
such as airports and harbors. 

Well-to-Tank greenhouse gases depend heavily on the source of electricity used. For the 
European electricity mix, the emissions are 49 g/MJ for the supply of CGH2 to 70 MPa car 
tanks. For renewable electricity, the emissions go down to practically zero. 

1.4.5.2 CO2 sequestration 

CO2 sequestration is mainly discussed in connection with electric power production with some 
discussion on hydrogen production. 

CO2 sequestration can be performed by chemical solvent scrubbing, physical solvent scrub-
bing, adsorption, membranes, cryogenics, chemical looping combustion and ceramic mem-
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brane separation. The most promising approach is pre-combustion capture e.g. in natural gas 
steam reforming including CO-shift which generates a very hydrogen-rich synthesis gas and a 
quite concentrated CO2 stream. Due to the high pressure and the high partial pressures CO2 
can easily be extracted. Besides established chemical processes advanced concepts with re-
active membranes are under development. Efficient separation works only in large-scale cen-
tralized units providing hydrogen in large amounts. Today’s industrial steam reforming plants 
typically range from 50,000 to 100,000 Nm³H2/h (150-300 MW thermal hydrogen equivalent, 
or about 200 – 400 MW thermal natural gas equivalent). CO2 sequestration rates of up to 85% 
and 97% can be achieved for natural gas and coal, respectively. Additional primary energy re-
quirements for CO2 separation and storage are around 4% for hydrogen production from natu-
ral gas, and around 17% for hydrogen from coal. These values are valid for short CO2 trans-
port distances around 70 km. 

Natural gas reformed hydrogen delivered to the filling station for 70 MPa vehicle tanks is ex-
pected to cost about 14 – 18 €/GJ, hydrogen from coal costs 19 – 21 €/GJ. Studies suggest 
that CO2 sequestered hydrogen from natural gas or coal will cost about 25% or 28%, respec-
tively, more than the equivalent process without sequestration; other studies indicate higher 
additional costs. This results in hydrogen costs at the filling station of 16 – 20 €/GJ for natural 
gas including sequestration, and of 22 – 24 €/GJ for coal including sequestration, which is 
similar to CGH2 supply costs from biomass [CSIC 2002], [Enquête 2002], [DTI 2002]. 

Well-to-Tank GHG emissions for coal are 49 g/MJ (for comparison: 252 g/MJ without seques-
tration), for natural gas the emissions are 29 g/MJ (for comparison: 94 g/MJ without seques-
tration). 

The disadvantage of CO2 sequestered natural gas derived hydrogen is that it is limited to 
large-scale centralized production and cannot be realized in smaller decentralized plants or 
even as onsite compact reformer technology. Thus, it is not attractive for early hydrogen refu-
eling infrastructure build-up scenarios for vehicles between 2010 and 2020.  

Nonetheless, it might be applicable to larger scale supply schemes for ships and aircraft about 
the time they become commercial, possibly between 2015 and 2020. 

CO2 sequestration is limited by the availability of storage capacities. For Europe, large CO2 
storage capacities compared to CO2 emissions are located in Norway, the United Kingdom, 
the Netherlands and Denmark. The other countries for which data are available have only in-
significant storage capacities. Ocean storage of CO2 is being regarded as waste disposal and 
thus violates the UN OSPAR and the London Conventions. Large additional storage capaci-
ties are potentially available in unconfined aquifers, for which the long-term stability (confine-
ment of CO2) is not proven. 

The assessment of technological and economic development risks and obstacles varies con-
siderably in the different literature sources. Based on expert hearings and contracted studies, 
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a German parliamentary commission in July 2002 comes to the following unanimous conclu-
sion: “CO2 separation and storage are a potential option for the mid to long-term perspective 
under reserve of significant technical innovation, of confirmation and extension of knowledge 
about the various storage options, of ecological compatibility and of social acceptance.” [En-
quête 2002]. 

Safety risks of CO2 capture and storage are related to the fact the CO2 is heavier than air. In 
case of leakages CO2 can accumulate in depressions killing human beings and animals by 
asphyxiation. 

1.4.6 Other hydrogen production technologies 

1.4.6.1 High temperature heat using thermochemical cycles (nuclear, direct solar) 

Direct thermal steam dissociation occurs at temperatures above 2,000 K. These temperature 
levels are so high that the resulting materials problems indicate that such processes will not 
be feasible economically. Thermochemical cycles in contrast to direct thermal water dissocia-
tion utilize the coupling of two or more balance reactions which allow separate process steps 
at different temperature levels and thus the separated release of hydrogen and oxygen at 
temperature levels of below 1,200 K. Several process steps mean a complication of the entire 
process technology which for many thermochemical processes often endangers economic 
feasibility. Hybridized cyclic processes in which one of the process steps is realized as an 
electrolysis step overcome this difficulty and can be realized with attractive total thermal yields 
as two step processes/ cycles. High temperature dissociation of sulfur trioxide (H2SO4) to sul-
fur dioxide and oxygen together with an electrolytic process step, consisting of anodic reaction 
of sulfur dioxide and cathodic hydrogen release, may serve as an example: 

 1,000 K 

H2SO4  H2O + SO2 + ½ O2 

 Electrolysis 
SO2 + 2 H2O  H2SO4 + H2 

There are no publicly available data on cost assessments of this hydrogen production method. 
Costs will depend significantly on the supply costs of high temperature heat. In the case of nu-
clear energy the “true” costs are subject to controversial debate. The same holds true for the 
risks associated to the use of nuclear fission for energy supply. Risk is defined as the probabil-
ity of an accident times the damage cause by it. Even if the risk is at acceptable levels, the po-
tential damage of a maximum credible accident (MCA) is not acceptable to many people and 
countries. In addition, the question of the ultimate nuclear waste disposal is still unsolved after 
several decades of commercial nuclear power production. Within EU-15, only four countries 
continue to use and develop nuclear power while four have no plans to extend use of nuclear 
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energy or have made concrete decisions to end its use, and the remaining countries have ei-
ther already ended nuclear power production or have never used it. 

Other risks depend on the chemicals used in different candidate cycles and cannot be evalu-
ated in general. 

The applicability of such processes depends on various factors. One factor is the location of 
the heat source. For direct solar heat as well as for nuclear reactors locations are limited by 
certain factors. In the former case, the level of direct insulation should be high limiting the in-
stallations for the European case to locations in southern Spain, southern Italy, southern 
Greece and North Africa. In the latter case, locations are limited by the acceptance of nuclear 
energy by the population and by further factors. In general, nuclear installations are located as 
far away as possible from urban centers, which are the large consumers of transport fuel. 

This means that this technology is intimately connected to long transport distances of hydro-
gen fuel, which may have a negative effect on commercial viability. 

1.4.6.2 Biological hydrogen production 

In natural photosynthesis occurring in green plants and green and blue algae the oxygen re-
leased results form the splitting of water. Technical utilization of photosynthetic mechanisms 
aims at recovering the hydrogen which is released within this dissociation process. In the an-
oxygenic photosynthesis an organic substrate (glucose = C6H12O6) reacts with water and light 
radiation according to: 

Glucose + 6 H2O +24 hν   6 CO2 + 12 H2 

If this process is combined with the synthesis of glucose from organic matter (e.g. organic 
waste) by algae, both oxygen and hydrogen are produced. Due to the spatial separation of the 
algae from the hydrogen producing bacteria in this compound system hydrogen and oxygen 
can be collected separately in an easy way . 

Fermentation processes follow the two reaction equations: 

Glucose + 2 H2O  Acetate + 2 H+ (=2 CH3COOH) + 2 CO2 + 4 H2 

Glucose + 6 H2O  6 CO2 + 12 H2 

Yields lie typically in the order of 0.5 m³ H2/ kg carbohydrate. Research is under way in order 
to come to sustainable biohydrogen production process optimization ensuring stable long-term 
generation of hydrogen on high strength complex biomass substrates at increased hydrogen 
yields (e.g. sparging with anaerobic digester biogas, operation at thermophilic temperature).  

Biological hydrogen production is still in the phase of basic research not allowing for economic 
assessments. 
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1.4.6.3 Photo-electrochemical hydrogen production 

Photo-electrochemical hydrogen production is similar to photovoltaic power generation in that 
solar radiation is directly converted into the desired secondary energy carrier by semiconduc-
tor materials. The drawback in directly producing hydrogen is that oxygen is produced at the 
same time with both gases mixed at the outlet of the installation. This increases the complexity 
of the installation as the gases have to be separated, and it is an important safety risk as the 
gas mixture is explosive. 

Photo-electrochemical hydrogen production is still in the stage of basic research not allowing 
for economic assessments. 

More than 40 years of publicly funded research and development on hydrogen photosyntesis 
from water have not yet resulted in any photocalytic material with acceptable production costs 
or lifetime or efficiencies. Especially the costs for the separation of the simultaneously pro-
duced H2 and O2 are prohibitive. On the other side, the failure to achieve any set goals cannot 
be traced back to lack of effort or intelligence, rather, it can be linked to the approach of identi-
fying new material systems. Conventional chemical methods of making and testing materials 
one at a time are too slow and not sufficiently systematic. 

1.4.6.4 By-product hydrogen 

In chlorine-alkaline electrolysis which serves for chlorine gas production, hydrogen is gener-
ated as a by-product. Since the late 19th century Chlorine (Cl2) production has increased sig-
nificantly on world-scale and has reached a level of approx. 35 million tons per year. More 
than 10% are produced in Germany. 95% of all chlorine is produced in electrolysis processes. 
The electrolytic Cl2 generation is based on the input of electrical current into a diluted solution 
of metal chloride, e.g. NaCl brine. 

In principle three electrolysis technologies exist: the amalgam process, the diaphragm process 
and the membrane process. The latter two are two chamber cell systems in which the dia-
phragm or the membrane separate the gas exchange from one chamber to the other. Most re-
cent plants are designed according to the membrane electrolysis process. The amalgam 
process involving mercury is not used in new installations anymore. 

By definition, by-product hydrogen is limited in quantity and does not have well-defined pro-
duction costs. Supply prices of by-product hydrogen will depend on the market situation. An 
indicator may be the price of natural gas as today by-product hydrogen is mostly used to sub-
stitute natural gas in thermal processes. Consequently by-product hydrogen is one of the 
cheapest hydrogen supply pathways at present, cheaper than steam reforming of natural gas. 
This favorable economic situation can be maintained if the hydrogen is used close to the 
chemical plant usually located in population centers. 
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The GHG emissions to be allocated to the direct use of by-product hydrogen are those of 
natural gas combustion as it will be balanced by the purchase of additional quantities of natu-
ral gas. This is equivalent to a 25% reduction in GHG emissions compared to hydrogen pro-
duction by steam reforming of natural gas1. 

1.5 Hydrogen distribution and conditioning 

Figure 1-3 gives a qualitative assessment of the present status of hydrogen distribution and 
conditioning technologies. 

Figure 1-3: Status of hydrogen distribution and conditioning technologies. 
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1.5.1 Gaseous hydrogen 

1.5.1.1 Gaseous hydrogen transport 

Gaseous hydrogen can be transported in pressurized bottles (typically 20-30 MPa) in single 
bottles, bundles or bundle trailers, in tube trailers (typically 20 MPa) and in pipelines (final dis-
tribution at pressure levels of between 0.01 and 2 MPa and long distance transport between 
1.1 and 30 MPa). Steel bottles and pipelines have more than half a century of industrial ex-
perience with excellent safety records. Composite materials bottles at 30 MPa are in service 
since about one decade also with excellent safety records. Also transcontinental pipelines 
have been investigated in several design studies for pipelines of 2,000 to 3,300 km length, 
pressures of up to 10 MPa and diameters of up to 1,400 mm (the most recent one by the 
Japanese initiated International Hydrogen Pipeline Forum for a pipeline from Russia via China 
to Japan). 

                                                      
1 83 g/MJ for hydrogen from large scale natural gas steam reforming free plant versus 62 g/MJ for production, delivery and 
combustion of natural gas. 
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Trailer transport of CGH2 can be realized only up to about 6,000 Nm³ and at low energy effi-
ciencies which limits its application to short distances of below 200 km and to small quantities 
(i.e. small volumes and frequencies). In comparison, a 40 m³ LH2 trailer transports about five 
times the hydrogen amount. 

Hydrogen pipeline transport has been performed over distances of up to to 300 km for many 
decades. It is the appropriate transport method for large volumes at high utilization rates. More 
than 1,000 km of industrial hydrogen pipelines are operative worldwide, mainly in the USA and 
Europe (France, Germany and Belgium). 

In comparison to natural gas the pipeline transport costs of hydrogen are up to 1.5 times 
higher. The main reason is that for hydrogen approx. a 3.5 times higher compression energy 
is required for transporting the same energy equivalent.  

A significant improvement in operating efficiency can be achieved by utilization of high input 
pressures as provided by pressure electrolysers or PSA-stages after natural gas reforming 
(typically 2 to 3 MPa). This can reduce the initial hydrogen compression efforts at the begin-
ning of the pipeline by a factor of up to 5. 

1.5.1.2 Hydrogen compression 

Hydrogen compression is achieved by use of piston, diaphragm and hydraulic compressors. 
Typical suction pressures lie between 0.1 and > 3 MPa and discharge pressures can be 
above 120 MPa depending on the type and application (e.g. large scale industrial or small 
scale onsite service station compression). Electric power requirements for five stage com-
pression from a suction pressure of 0.2 MPa to discharge pressures of 45 and 88 MPa lie be-
tween 0.11 and 0.13 kWhe/ kWhCGH2, respectively. At a suction pressure of almost 3 MPa 
these values drop significantly to between 0.05 and 0.07 kWhe/ kWhCGH2, respectively. 

1.5.2 Liquid hydrogen 

1.5.2.1 Hydrogen liquefaction 

Hydrogen liquefaction is an industrial technology since the 1960s when in the US large liquefi-
ers were built for the US space program. Large in this context means liquefaction capacities in 
the order of between 20 and 55 t/d. The total capacity of liquefiers built worldwide since 1957 
reaches some 270 t/d. Not all of these plants are operative anymore. European liquefaction 
capacity in three plants is 19.4 t/d, which could roughly support 58,000 fuel cell cars. 

The major operating cost factors of a state-of-the-art large liquefier are service capital (50-
55%), electric energy requirements (∼ 30%) and maintenance (∼ 8%). The only factor which 
can be influenced for a given plant size/ type is electricity cost. 
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1.5.2.2 Liquid hydrogen transport 

Today, LH2 is transported in cryo-containers or trailers of typically up to 41 m³ or 53 m³ at 
cryogenic temperatures of about 20K (- 253°C). Larger containers of between 300 and 600 m³ 
are only in use for space projects like Ariane and Space Shuttle. Detailed design studies for 
large seagoing containers for capacities of 3,600, 24,000, 50,000 and 100,000 m³ have been 
performed in Europe (EQHHPP, GL/HDW/LGA) and Japan (IHI in WE-NET). The autonomy of 
these transport vessels (i.e. the time before the first evaporated LH2 has to be blown off in 
gaseous form) depending on layout criteria for design is between 30 and 60 days. 

LH2 would be delivered to a refueling station by trailer transport comparable to today’s delivery 
of liquid hydrocarbon vehicle fuels. 

LH2 trailers are sold in single units. The overall number of large LH2 trailers in Europe is cer-
tainly less than 20. Establishing hydrogen fuel with the need for larger numbers of LH2 trucks 
economies of number will certainly allow for cost reductions of 30% to 50%. 
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1.6 Hydrogen storage 

Figure 1-4 gives a qualitative assessment of the present status of hydrogen storage technolo-
gies. 

Figure 1-4: Status of hydrogen storage technologies. 
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1.6.1 Stationary hydrogen storage 

Hydrogen can be stored in small and large quantities using a variety of different storage meth-
ods, such as gaseous or liquid hydrogen storage, or physically or chemically bound to the 
storage material. Small amounts of gaseous hydrogen can be stored in bottles or tubes, larger 
amounts in gasometers and very large amounts in underground aquifers, salt caverns or de-
pleted oil or gas deposits. 

Liquid storage is feasible in small volumes in so-called cryostats, in medium size volumes in 
cylindrical storages of some tens or hundreds of cubic meters or in larger spherical or cylindri-
cal storages with several thousands of cubic meters. Physical storage is possible in metal hy-
drides. Chemical storage in so-called chemical hydrides (e.g. methyl-cyclohexane/ toluene, 
sodium-borohydride) are proven concepts for stationary storage of hydrogen even though they 
are not applied commercially thus far. 

The investment costs of stationary hydrogen storage depend on the size of the tank, as shown 
in Figure 1-5. 
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Figure 1-5: Investment costs of hydrogen storage depending on the storage size. 
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1.6.2 Onboard hydrogen storage 

Technologies for hydrogen storage onboard road vehicles are compressed and liquid hydro-
gen as well as classical and novel metal hydrides and adsorption in carbon structures. 

1.6.2.1 Applicability in various transport market segments 

State-of-the-art technologies for hydrogen storage onboard road vehicles are compressed and 
liquid hydrogen storage. Exotic methods are classical (low temperature titanium or vanadium 
containing) and novel (high temperature aluminum or magnesium containing) metal hydrides, 
and in the future also adsorption in carbon structures. These methods may also be applicable 
to tramways and regional trains as well as boats and small ships. 

A pressure of 35 MPa in CGH2 storage tanks is regarded sufficient for most city bus and urban 
utility vehicle applications whereas 70 MPa are a must for passenger cars (due to their re-
quirements in operating range and consumer space). 
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High temperature hydrides show the best gravimetric storage densities of up to 8% by weight2, 
but due to their high release temperatures of above 200°C they are not suitable for vehicle 
applications. With low temperature hydrides only low gravimetric densities can be achieved 
which are not sufficient for automotive applications either. Medium temperature hydrides with 
release temperatures of around 100°C up to 200°C seem to be the type of hydrides closest to 
fulfilling important automotive requirements. Metal hydrides show very high volumetric storage 
densities. 

For large consumers such as railways, ships and aircraft only liquid hydrogen storage seems 
to be realistic. Otherwise the necessary storage volumes would create serious problems with 
regard to size and cost. For large aircraft, LH2 storage reduces overall weight by up to 30% 
compared to kerosene jets representing an important cost advantage. 

1.6.2.2 Infrastructure requirements 

Compressed hydrogen storage requires refueling stations being able to supply hydrogen at 
pressures above 70 MPa (for high pressure vessels) or above 35 MPa (for 35 MPa onboard 
storage). This in turn requires adequate compressors and storage devices at the station while 
their proper size depends on the demand patterns. The hydrogen might be produced either 
onsite at the station, or transported from central plants in pipelines or in trucks in liquid form. If 
produced onsite, access to water and electricity or to natural gas or to biomass is necessary to 
feed a local electrolyser, a natural gas reformer or a biomass gasifier, respectively. Onsite hy-
drogen production requires at least space for dispenser, storage and hydrogen generator, and 
safety distances comparable to compressed natural gas refueling stations (see chapter 1.7 on 
filling stations). 

Liquid hydrogen usually is supplied to the station by trucks. 

Metal hydride storage devices need low pressure filling (usually below 5 MPa) and cooling ex-
tracting the adsorption heat during refueling. 

Novel materials such as carbon storage devices would require cryogenic temperatures (below 
190 K) and low pressure (below 5 MPa) refueling at the station. 

1.6.2.3 Costs 

Costs are highest when exotic materials or complicated storage structures are involved. This 
is the case for liquid hydrogen storage where complicated production processes with many in-
sulating layers within an evacuated tube are involved. Mass manufacturability (suitable de-
signs, manufacturing technologies) is a key to achieving acceptable costs of LH2 storage sys-

                                                      
2 For all metal hydride systems storage densities have to be differentiated very carefully between the pure metal powder and 
the entire tank system (powder + containment + heat flow and gas in/outlet management + outer tank shell). 
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tems. Low temperature metal hydrides on the other hand include expensive materials such as 
Titanium or Vanadium, which prohibits their use in road vehicles. 

High pressure storage systems are manufactured using composite materials for the storage 
vessel. Several manufacturers (Dynetek, Quantum, Lincoln) have developed first 70 MPa 
storage systems and received approval for vehicle use. Others (Composite Acquitaine, Luxfer, 
SCI and Ullit) are on the way to develop and approve such tank systems. Practically all 
70 MPa tank systems have pressure reduction valves integrated into the tank systems in order 
to avoid high pressure releases of hydrogen in case of accidents. At present it is not yet clear 
which liner system for the inner tank will suit all requirements best, the metallic (low permeabil-
ity, good connection to tank boss) or the plastic (lower weight, no stress-crack corrosion) liner. 

Presently costs of composite materials tanks are extremely high. Due to mass manufacturing 
it is hoped to reduce them to acceptable levels for automotive applications. Commercial appli-
cation will take place when first mass manufactured vehicles enter into the market, which is 
expected around 2010. Then mass manufacturing of these tanks will have started with signifi-
cant economies of number. Cost goals are 200 – 500 € for a single storage tank compared to 
25,000 € today. Prerequisite for such cost reductions are large numbers of units per year in 
the order of several hundreds of thousands per manufacturing line. 

Lowest cost could be achieved with activated carbon materials at moderate cryogenic tem-
peratures and moderate pressure once their acceptable performance for typical uses can be 
shown. 

1.6.2.4 Risks 

The risks of using hydrogen fuel in transport are different than those known for conventional 
fuels such as gasoline, diesel, CNG or LPG, but not necessarily higher in the various aspects. 

Two types of risks are associated with hydrogen storage: The release of large quantities of 
hydrogen within a short timeframe, and the slow release of small quantities of hydrogen within 
confined spaces in which the hydrogen can accumulate. In the former case, after mixture with 
air and ignition, a detonation can occur depending on the geometry of the surrounding area 
causing considerable damage. In the latter case, hydrogen can accumulate over time in cavi-
ties and can detonate at ignition. 

Hydrogen has a high diffusion rate, and it is lighter than air. In case of a spill of hydrogen it di-
lutes rather quickly in the air and vanishes upwards. 

Compressed gaseous storage of natural gas in 20 MPa steel and composite materials storage 
tanks is a worldwide proven technology with more than 1 million cars on the road. Hydrogen, 
due to its much lower volumetric energy density requires higher pressures for achieving ac-
ceptable operating ranges. 70 MPa hydrogen storage contains almost as much energy as 20 
MPa natural gas storage. Presently 35 and 70 MPa H2 storage is in use (35 MPa) or under 
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development (70 MPa). 35 MPa are regarded sufficient for most city bus and urban utility ve-
hicle applications whereas 70 MPa are a must for passenger cars (due to their requirements in 
operating range and consumer space). 

The safety risks of 20 MPa and 70 MPa compressed storage systems are similar to each 
other, even though potential safety risks increase slightly with higher pressures. The probabil-
ity of a destruction of the pressure cylinder with associated high pressure gas release, e.g. in 
a road accident, is rather low. Pressure cylinders are very robust as they have to withstand 
pressures of 2.35 times the design pressure (e.g. 70 MPa). Pressure vessels are intrinsically 
gas tight as any tiny leak would very quickly result in the release of the entire gas content. It is 
more probable that safety valves are cut off the pressure vessels in accidents. In this case, 
only very small amounts of hydrogen are released as the pressure reduction valves integrated 
into the cylinder will shut immediately. Nonetheless, accident scenarios can be envisaged in 
which the full storage pressure may cause an immediate release of the fuel content with major 
consequences for the direct vicinity of the damaged tank. 

The major drawbacks of a compressed storage device beside the high pressure is the non-
conformability together with the relatively low storage density. Storage vessels always have 
cylindrical or elliptical design which requires suitable space on board a vehicle. 

Liquid hydrogen storage vessels will not release hydrogen at high pressures within seconds in 
case of an accident. They will release cold, gaseous hydrogen in most accident scenarios 
within several minutes as the liquid hydrogen is warmed up by the ambient temperatures. For 
this, small damages to the outer shell of the storage vessel are sufficient as they result in an 
immediate loss of the insulating properties of the vacuum super insulation. Only in case of a 
complete destruction of the LH2 tank, cryogenic liquid hydrogen will be spilled within seconds. 

During regular operation heat intrudes into liquid hydrogen tanks during periods when no hy-
drogen is withdrawn from the tank. Gas pressure within the tank builds up and, after a certain 
time, reaches the pressure at which the pressure relieve valve opens. Measures have to be 
taken which avoid the accumulation of hydrogen during a possible boil-off in closed rooms 
such as garages. In the car, boil-off hydrogen will be burnt before release (usually a catalytic 
burner). In addition some venting or other measures might become necessary or at least ad-
visable for garages, under ground parking etc. 

Liquid hydrogen storage is nonconformable as well. However, the advantage of LH2 is the 
high storage density which comes close to one fourth of the volume of a conventional gasoline 
storage system. 

Metal hydride storage avoids both problems due to its low pressure and due to working tem-
peratures close to ambient temperature. 

Also hydrogen adsorption storage in activated carbon or novel materials (comparable to, but 
better than activated carbon) might offer an opportunity to overcome both problems. Reduced 
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pressure and reduced insulation efforts might allow for the construction of rectangular tanks. 
In addition even at cryogenic temperatures of 80 K or above, the boil-off problem might be 
considerably reduced compared to liquid storage. Similar improvements without the need for 
even moderate cryogenic temperatures may be provided by alanates, a special novel form of 
metal hydrides. The main motivation for the development of these advanced hydrogen storage 
concepts is the promise to achieve storage densities similar to liquid hydrogen at reduced 
safety risks. 

Chemical hydrides have the risk of toxicity of the involved materials (e.g. toluene is carcino-
genic), and recycling issues remain unsolved. 

1.6.2.5 Environmental performance 

The environmental aspects of hydrogen storage are the material requirements for tank manu-
facturing and recycling, and the energy consumption for conditioning the hydrogen to the re-
quirements of the storage concept. 

Metal hydrides in general involve metals which consume a lot of energy during mining and re-
fining. 

Liquefaction of hydrogen is the most energy consuming conditioning method. In a Well-to-
Wheel analysis this is partly compensated by low transport energy requirements for LH2 com-
pared to gaseous hydrogen, or compared to the lower efficiency of onsite versus large-scale 
hydrogen generation technologies. The compression energy requirement for 70 MPa CGH2 
storage is lower than the liquefaction energy requirement. 

Boron-based chemical hydrides release 0.35 to 0.5 kWh of heat for the release of 1 kWh of 
hydrogen. In addition to the fact that this heat has to be removed in a car system, which is not 
an easy task, this means that this energy has to be spent during fuel production from hydro-
gen, and it is lost during use. 

Chemical hydrides need to be recycled. This usually is connected with high energy require-
ments and accompanying greenhouse gas emissions. 

Activated carbon storage would have the lowest environmental impact since the basic material 
is simple (carbon) and pressure requirements are moderate. The major impact would arise 
from low temperature processing of hydrogen and from the containment material to stabilize 
the storage device at moderate pressures. 

1.7 Hydrogen filling stations 

In a future well-established hydrogen mass market, typical filling stations having 4-8 hydrogen 
filling nozzles for passenger cars will sell 3 to 6 million Nm³ of hydrogen per year (500 to 1,000 
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Nm³/h onsite production capacity) supporting some 2,500 to 5,000 fuel cell passenger cars 
(180 to 360 filling operations per day)3. 

Of the approximately 70 hydrogen refueling stations operative or in planning worldwide the 
majority of 57 dispenses compressed gaseous hydrogen (CGH2) [h2cars 2003]. In 46 hydro-
gen is produced and dispensed as gas whereas in 11 CGH2 is obtained from LH2 via evapora-
tion and compression (LCGH2). 11 stations dispense LH2 only. The reasons for this distribu-
tion is related to the fact that most prototype vehicles use CGH2 as storage medium and fuel, 
and only very few vehicles (e.g. by BMW, several by GM and one by DaimlerChrysler) use 
LH2. The reason for LCGH2 dispensing are the relatively low investment costs for a low vol-
ume low frequency refueling station (as is the case with many stations at present). 

At present Europe leads in the number of hydrogen refueling stations (27) ahead of the US 
(18), Japan (14) and China (2). The largest single national pool behind the US is Germany 
(15). In these numbers also in-company stations are counted for all regions. 

Figure 1-6 gives a qualitative assessment of the present status of hydrogen filling station tech-
nologies. 

Figure 1-6: Status of hydrogen filling station technologies. 
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The single largest filling station projects are the CUTE project in Europe with 9 stations, the 
JHFC program in Japan with at present 6 stations and the California FC Partnership with in to-
tal 5 refueling station outlets. California as a region has 10 refueling outlets. Beyond these fig-
ures only California, the USA, Japan and Canada have announced more concrete plans for 
the extension of refueling station infrastructure so far. 

                                                      
3 Assumptions: 12,000 km driving distance per year, 0.31 kWh/km hydrogen fuel consumption. 
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Table 1-3: Worldwide Hydrogen Refuelling Station Demonstration Projects; 
numbers in parenthesis include dismantled stations 

Project CGH2 LH2 LCGH2 Total

European Stations in Total 16 5 (8) 6 27 

American Stations in Total 14 (15) 4 (7) 4 (6) 22 

Asian Stations in Total 14 2 1 18 
Australian Stations in Total 1   1 
African Stations in Total 1   1 
Total 46 (47) 11 (17) 11 (13) 68 

 

Hydrogen can be provided to filling stations mainly in four different ways: either via LH2 or 
CGH2 trailers, via onsite generation through natural gas reforming or electrolysis of water, or 
via pipeline delivery. Trailer and pipeline delivery are supply methods comparable to today’s 
supply pathways for liquid fuel or CNG stations. Onsite generation are new variants which 
make use of existing infrastructures such as natural gas and electricity grids. 

LH2 supply basically copies today’s supply structures as it delivers the fuel from a centralized 
production site, the liquefier, usually adjacent to the hydrogen production plant, typically a 
natural gas reformer. Onsite generation of hydrogen fuel allows for a completely new fuel sup-
ply pathway which does not require access to any ‘upstream business’ as today for hydrocar-
bon fuels. Any ‘independent fuel provider’ can purchase natural gas or electricity as basic in-
puts for hydrogen production and dispense hydrogen to its clients. This opens the sector for 
new players and provides new business opportunities. 

1.7.1 Compressed gaseous hydrogen filling stations 

For present pressurized composite materials storage tanks (35 and 70 MPa) as well as for 
presently foreseeable storage alternatives such as alanates and cryo-adsorption, the maxi-
mum delivery pressures are determined by composite materials storage tank pressures lying 
in the order of 45 and 88 MPa, respectively. 

These pressure levels can be achieved by different ways depending on the supply method. In 
the case of LH2 supply the liquid hydrogen can be compressed by a submerged cryogenic 
pump, evaporized and dispensed as cold gas directly at 70 MPa. For all other supply path-
ways (onsite production or pipeline delivery) the gaseous hydrogen has to be compressed by 
compressors. For 35 MPa onboard storage filling by pressure differential from a 45 MPa on-
site storage is possible. For 70 MPa onboard storage from 30 or 45 MPa onsite storage pres-
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sure booster pressurization to 88 MPa for temperature compensation is needed. Refueling 
times in the order of 3 minutes can be achieved also for the 70 MPa case. 

Refueling interfaces for the most common supply pressures are already on the way to be 
standardized, presently first by the US SAE J2600 and in future also as ISO standard. 

The hydrogen specific equipment costs of a refueling station lie in the order of between 0.5 
million Euro up to 1.5 million Euro, depending on the capacity of the station and the technol-
ogy, be it CGH2, LH2, LCGH2 or combined refueling of LCGH2 and LH2. 

1.7.2 Liquid hydrogen filling stations 

LH2 is delivered in trailers/ containers to the filling station and stored onsite either in the trans-
port containers or in cylindrical stationary storages (vertically above ground, horizontally bur-
ied underground). With a submerged cryogenic pump LH2 is transferred to the vehicle tank in 
not more than 3 minutes for a typical passenger car tank of 100-140 l. With so-called clean 
break coupling refueling with minimal to zero losses and subsequent refueling of vehicles 
without interruption has become feasible. The most advanced and most widely used coupling 
design comes from Linde. The only other design has been developed by Messer. 

LH2 refueling can be achieved either by fully robotized refueling interfaces or with manual re-
fueling interfaces which are semi-automatically assisted (e.g. by a pneumatical closing of the 
nozzle to the receptacle of the vehicle). The existing cryogenic ball valve clean break cou-
plings are resdesigned for easier handling, smaller diameter and lower weight. The dimen-
sions and weight will be comparable to today’s most advanced CNG and gasoline refueling 
nozzles. 

The hydrogen specific equipment costs of a refueling station lie in the order of between 0.5 
and 1 million Euro depending on the capacity of the station and the technology, be it with as-
sisted manual or with robotized refueling interface technology. 

1.7.3 LCGH2 filling stations 

In the case of LCGH2, LH2 is supplied and compressed by a submerged cryogenic pump, 
evaporized and dispensed as cold gas directly at the required storage pressure of up to 
70 MPa. As cryogenic gas is being used for refueling a temperature compensation is not re-
quired through over-pressurization as necessary in case of CGH2 refueling. LCGH2 refueling 
for CGH2 vehicles is always the preferred method when LH2 has to be dispensed at a filling 
station and also CGH2 will be requested. 

As high pressure CGH2 refueling processes have been advanced significantly during the last 
years, LCGH2 refueling or even cryogenic cooling of CGH2 at the level of liquid nitrogen (77 K) 
will not be a prerequisite for fast CGH2 refueling anymore. 
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1.8 Hydrogen use in transport 

Table 1-4 gives an overview of the applicability of the different hydrogen use technologies to 
the various transport modes. 

Table 1-4: Overview of applicability of hydrogen use technologies to transport 
modes. 

 CGH2 LH2 PEM SOFC AFC H2-ICE H2-GT H2-SIGT

Car/ van/ bus propul-
sion 

+ + +  Niche + - - 

Long-haul truck - (±) +  - (+) - - 

Car/ van/ bus/ truck 
APU 

(±) (±) + + - - - - 

Small vehicle 
(scooter, bike, NEV 
etc.) 

+ - +  (+) + - - 

Tramway/ regional 
train 

+ + +  - (+) - - 

Boat/ small ship + ± +  + + - - 

Large ship - (+) (+) (+) - + (+) + 

Ship APU (±) + + + (-) (-) (-) - 

Small airplane (+) + (+) - - (+) + - 

Large airplane - + (-) - - - + - 

Airplane APU (-) + + + - - + - 

+ applicable, - not applicable, ± applicable under specific circumstances; 
parenthesis indicate that the assessment is preliminary and requires validation through feasibility studies or pro-
totypes. 
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1.8.1 Fuel cells 

In principle, fuel cells are applicable to all transport modes.  

For road vehicle propulsion, development efforts focus on PEM fuel cells. For use as auxiliary 
power units (APU) for cars and trucks PEMFC and SOFC are under development. AFC are 
suitable for niche applications. 

For tramways and trains, PEMFC are considered in first development activities. 

For boats and small ships, PEMFC and AFC are being considered. It is unclear whether fuel 
cells offer great advantages for large ship propulsion. Conventional ship engines are very effi-
cient; only SOFC in combination with gas turbines promise higher efficiencies. MCFC and 
PEMFC are considered for military ship propulsion applications because of tactical benefits; it 
is unclear why SOFC are not considered here. Fuel cells may become attractive for ship pro-
pulsion through greatly reduced pollutant emissions and by enabling the use of alternative fu-
els not based on mineral oil. 

Figure 1-7: Status of hydrogen fuel cell technologies; MCFC and DMFC are 
included for completeness, PAFC technology has been given up 
commercially. 
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For aircraft propulsion, further advancements in power density by weight are required. None-
theless, there are first development efforts for small PEMFC planes, and studies on large 
PEMFC passenger aircraft. Development is being carried out on fuel cell APUs using PEM 
and possibly SOFC technology. 
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Figure 1-7 gives a qualitative assessment of the present status of hydrogen fuel cell technolo-
gies. 

1.8.1.1 Alkaline fuel cell (AFC) 

Alkaline fuel cells (AFC) have been used in the early space programs. AFCs are low tempera-
ture fuel cells achieving high efficiencies. Because of the alkaline nature of the electrolyte non-
noble metal catalysts are suitable. 

Compared to PEM fuel cells requiring noble metal catalysts AFCs are relatively cheap to pro-
duce already in small series production. On the other hand, they have lower power densities. 
AFCs are very sensitive to CO2 and CO poisoning of the electrolyte. Therefore, CO2 must be 
removed from reaction air increasing the complexity of the system. 

Fixed electrolyte concepts have the disadvantage that CO2 removal from the reaction air must 
be extremely effective as poisoned electrolyte cannot be removed from the system except by 
disassembling. Electrolyte circulation on the other hand causes problems regarding system 
design, complexity and especially electrolyte loop tightness. Most developments favor electro-
lyte circulation at present. 

AFC is developed by only a few companies and research institutions world-wide with limited 
financial resources. 

AFCs are not suitable for the passenger car mass market. On the other hand they are suitable 
for early niche market applications where the performance requirements, especially for power 
density, are not so stringent and where AFCs benefit from low cost small series production. 

AFCs are zero emission appliances emitting only water vapor. 

1.8.1.2 Proton exchange membrane fuel cell (PEMFC) 

Pioneered by Ballard Power Systems of Canada, PEM fuel cells have been developed for ter-
restrial applications starting in the late 1980ies after a major technical breakthrough in the re-
duction of platinum load by Los Alamos National Laboratories, USA. 

PEM fuel cells have been developed by the automotive industry worldwide, and by small start-
up companies receiving significant financing through development contracts from the defense 
sector. 

Because of its intrinsic, structural simplicity PEM fuel cells promise to be cheaper in mass 
manufacturing than internal combustion engines. Present cost goals for entire PEMFC propul-
sion systems for passenger cars are slightly higher than for ICEs. It is the goal of car manufac-
turers to offer PEMFC cars for prices comparable to diesel cars. 

To achieve the cost goals, platinum load has to be reduced significantly from today’s levels. 
Platinum quantities of some grams per car comparable to catalytic converters have to be 
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achieved. If this cannot be achieved, large scale market introduction will not take place in the 
car sector. 

At present, PEM fuel cells are manufactured by hand in very small numbers. Therefore, pre-
sent costs have no relevance for a commercial market with mass manufacturing. 

PEM fuel cells require hydrogen with very low quantities of carbon monoxide (CO). For trans-
port applications, this is ideally achieved by storing pure hydrogen onboard the vehicle. For 
some large applications such as large ships reforming of other fuels (sulfur-free diesel/ synfu-
els, natural gas etc.) may be advantageous.  

There are no major safety risks associated with fuel cells themselves. Risk potentials are the 
presence of small amounts of hydrogen and oxygen in combination with electricity, and the 
combination of electricity with water (for cooling). The major safety risks are associated with 
the fuel storage and supply to the fuel cell. 

Fuel cells are a surface related technology, while ICEs are volume related. This means that 
fuel cell size and costs scale linearly with power (size and costs per kW of power are constant 
independent of rated power), while the power related specific size and costs of ICEs decrease 
with increasing power. The efficiency of fuel cells is ideally independent of rated power, while 
the efficiency of ICEs increases with rated power. 

As a consequence, very large ship engines have efficiencies comparable or even higher than 
fuel cells, and they have reduced space requirements. 

PEM fuel cells are suitable for road vehicles, tramways and regional trains, boats and small 
ships. It is unclear at present in how far they are suitable for large ships, long-distance high 
speed trains and large aircraft. They might demonstrate their suitability for small planes in first 
development projects started recently. Suitability for long-haul trucks depends on a suitable 
fuel storage. 

PEM fuel cell systems have higher efficiencies (hydrogen to electricity to mechanical power) 
than internal combustion engines (hydrocarbon fuel to mechanical power), especially in part 
load operation. In most road vehicle applications this is a major advantage as propulsion sys-
tems are rarely operated at rated power. In other applications (e.g. ships, trains) which mainly 
operate at rated power the efficiency advantage is reduced. Very large ship engines may even 
have higher efficiencies than the fuel cell as thermodynamic machines increase in efficiency 
with increasing size. 

PEM fuel cells fuelled with hydrogen are true zero emission systems emitting only water va-
por. Their environmental performance depends on the pollutant and GHG emissions in fuel 
production and supply. 
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First studies indicate that PEM fuel cell manufacturing requires higher amounts of energy than 
ICE manufacturing being up to double as high for PEMFC cars than for conventional cars. 
These values have to be regarded as preliminary as mass manufacturing techniques are an 
important development of the coming years. In addition, the amount of platinum in a PEMFC 
has a major influence on cumulated energy requirements. For economic and availability rea-
sons the platinum load has to be reduced significantly for mass manufacturing. 

The cumulated GHG emissions for the production of conventional cars is around 10% of the 
overall GHG emissions over the entire lifetime of the car. Studies for future PEMFC cars come 
to different results. Cumulated energy requirements for H2-PEMFC car manufacturing are 10% 
to 60% higher than for diesel ICE cars. GHG emissions are up to 100% higher. Even if cumu-
lated GHG emissions of PEMFC car manufacturing are assumed to be double as high as for 
conventional cars, overall GHG emissions reductions of over 80% can be achieved with fuel 
cell cars operated with renewable hydrogen. 

1.8.1.3 Solid oxide fuel cell (SOFC) 

SOFCs are in the stage of development with a few early commercialization activities including 
the development and implementation of manufacturing technologies. Developments focus on 
stationary applications and on auxiliary power units for cars and trucks. 

SOFCs can be operated on pure hydrogen, on reformate gas (mixture of hydrogen, carbon 
monoxide, carbon dioxide and methane depending on reforming technology and fuel used) 
and on hydrocarbons, which are reformed internally. Fuels have to be essentially sulfur-free. 
At present, SOFC systems are being developed for operation with fossil fuels, especially natu-
ral gas. These systems include components and designs that are not required for operation 
with pure hydrogen, e.g. sulfur removal, reforming etc. 

Cost reductions are attempted to be achieved by reducing operating temperature to 700-
900°C in order to allow for the use of relatively cheap metallic materials for support structures 
instead of ceramics. First promising results have been achieved. 

In basic research, advanced SOFC concepts (IT-SOFC – intermediate temperature SOFC) at-
tempt to achieve operating temperatures down to 400°C requiring the use of new materials for 
electrolyte and electrodes. Further reductions in structural material requirements and costs are 
expected with lower temperatures. 

On the other hand, high operating temperatures allow for the internal reforming of hydrocar-
bons. 

With present technology, SOFC are not able to follow dynamic load changes quickly, and they 
have rather long start-up times. Different materials used and fragile components in the cell 
sensitive to thermal stress require low temperature gradients. Therefore SOFCs are not suit-
able for applications where dynamic load changes are frequent as e.g. in road vehicles.  
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SOFCs are suitable as APUs for passenger cars as start-up times of several minutes are ac-
ceptable. SOFC APUs only partly replace batteries, but fully replace current electricity genera-
tors in cars with very low efficiencies of 18-22%. Current SOFC APU developments have op-
erating temperatures around 800°C using metallic materials; ceramic structural materials 
would not withstand typical accelerations up to 40 g in cars. 

An SOFC fueled with pure hydrogen is a zero emissions appliance emitting only water vapor. 
Fueled with natural gas, SOFCs emit very small amounts of pollutants (CO, NOx, hydrocar-
bons). These quantities are very much smaller than those of natural gas fueled combined cy-
cle power plants, and they are much smaller than the emissions of supplying natural gas to 
the plant. 

1.8.1.4 Molten carbonate fuel cell (MCFC) 

Molten carbonate fuel cells are not able to operate on pure hydrogen and are therefore not 
covered in detail here. They require a carbon containing fuel. MCFCs allow for internal reform-
ing of methane (natural gas, biogas) or other hydrocarbon fuels. 

MCFCs are developed by three industrial groups world-wide: MTU (Germany), the MOLCARE 
initiative (Spain-Italy) and Fuel Cell Energy (USA). First systems are commercially available in 
the 250 kW power range at high prices competitive only in very limited niche markets. Further 
technical improvements and series production are required in order to become competitive in 
larger markets for combined heat and power production. 

1.8.1.5 Phosphoric acid fuel cell (PAFC) 

Development of phosphoric acid fuel cells has been ended world-wide. The only company of-
fering PAFC commercially, UTC fuel cells (USA), has recently decided to focus entirely on 
PEMFC. 

1.8.1.6 Direct methanol fuel cell (DMFC) 

Direct methanol fuel cells operate on methanol and are therefore not covered in detail here. 

DMFCs are similar in concept, technology and materials to PEM fuel cells. Compared to hy-
drogen powered PEM fuel cells they suffer from a penalty in power density in the order of a 
factor three to four. 

DMFCs are mainly developed for small portable applications. 

1.8.2 Internal combustion engines 

The cost goal for hydrogen internal combustion engines (ICE) passenger cars is a maximum 
10% additional costs. At present, cars are hand-crafted prototypes with associated prohibitive 
costs. The hydrogen ICE will have some additional components, especially in the injection 
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system. Overall, the costs of mass manufactured (>50,000 engines per year) hydrogen ICEs 
will be comparable or only slightly higher than those of mass manufactured common rail direct 
injection diesel engines. The fuel storage and supply part will incur more additional costs 
compared to the conventional components for liquid hydrocarbons. The main driver for cost 
reductions will be the economies of number in a mass market introduction. 

Filling station infrastructure requirements of hydrogen ICE cars are reduced as long as they 
have bi-fuel engines additionally running on gasoline. Bi-fuel vehicles are not optimized for ef-
ficiency and emissions, and have higher production costs. Therefore, mass market introduc-
tion will occur with dedicated mono-fuel hydrogen vehicles. An important aspect of mass mar-
ket introduction of hydrogen cars (both ICE and fuel cell) are standardized receptacle-nozzle 
interfaces for CGH2 and LH2.  

The support infrastructure for maintenance and repair of hydrogen cars is another important 
issue requiring dedicated tools and qualified personnel at the workshops. All car companies 
having communicated market introduction strategies for hydrogen ICE or fuel cell vehicles 
(BMW, General Motors, Honda, Toyota) are already dealing with this. 

Safety risks in the use of hydrogen are mainly attributed to the hydrogen storage and supply to 
the engine, not to the engine itself. 

All types of hydrogen storage tank systems have a much higher structural stability than con-
ventional fuel tanks. Therefore, the risk of fuel release in case of accidents is significantly re-
duced. On the other hand, released hydrogen has a higher potential for damage. At open air, 
this results in a reduced risk. In confined and semi-confined surroundings (tunnels, garages, 
street canyons etc.) the resulting risk potential may be higher than for conventional fuels. 
Theoretical and practical experimental work deals with these issues. Results will influence the 
design of hydrogen storage tank technology and safety concepts for hydrogen vehicles. 

Hydrogen ICEs are applicable to road vehicles, trains, and ships. 

NOx emissions of lean-burn hydrogen ICEs for road vehicles are very low. Engine develop-
ment aims at improving the efficiency and performance of ICE engines while maintaining their 
excellent emission characteristics of lowest NOx values and almost avoiding all other emis-
sions completely. Exhaust gas recirculation and operation of the engine with air excess via 
forced aspiration and intercooling are effective means of avoiding internal zones at unac-
ceptably high temperatures, with the associated mechanisms that lead to the formation of ox-
ides of nitrogen. The emission limits of Euro IV can be fulfilled without any after treatment 
measures. ZEV or SuperULEV requirements can be met by exhaust gas recirculation, heated 
NOx storage catalyst or three way catalyst for λ = 1 operation, HC adsorption and only as 
mono-fuel hydrogen vehicle. 
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Hydrogen ICEs may achieve fuel consumptions comparable to diesel engines. Over the New 
European Driving Cycle, fuel cell vehicles consume more than 40% less fuel than advanced 
diesel ICEs. 

1.8.3 Gas turbines 

There have been several attempts to develop gas turbine propulsion systems using conven-
tional fuels for road vehicles, none of which has reached a stage of actual commercialization. 
There is no development of hydrogen powered gas turbines for road vehicles. 

Gas turbines have been developed for gas turbine electric train propulsions. This has been 
given up as diesel ICEs are more energy efficient. 

Kerosene powered gas turbines are used for aircraft propulsion, where they are the standard 
propulsion system for large aircraft increasingly gaining market shares in smaller, regional air-
craft. There have been a few development projects for hydrogen gas turbine powered aircraft. 

Ships are mostly powered by large internal combustion engines, some by steam turbines. 
Only a few ships use gas turbines for propulsion. Gas turbines are less energy efficient than 
ICEs or steam turbines, but require less space. Especially in cruise ships, the reduced space 
requirements allow to include some more cabins, which compensates, at least partly, for the 
higher fuel consumption. As hydrogen storage requires more space than conventional fuel 
bunkers onboard the ship, hydrogen powered gas turbines make no sense in ships. Ships 
could also be powered by steam injection gas turbines (SIGT), which are used in stationary 
applications at present. 

In spite of long development and aircraft utilization cycles in the order of several decades4 no 
major development efforts for hydrogen aircraft have been made so far. Only theoretical work 
on aircraft configurations, systems and components, propulsion, safety, environmental com-
patibility, fuel sources and infrastructure as well as transition scenarios has been carried out in 
the Cryoplane project [Cryoplane 2003]. 

One of the reasons for this is the fact that aircraft fuels for commercial aviation are generally 
exempt of taxes. Hydrogen would increase the fuel costs, which form, at least for interconti-
nental flights, a significant share of the overall costs. 

Also in international shipping fuels are exempt of any taxes. Ships burn the residues of refiner-
ies, which makes heavy fuel oil for ship propulsion the cheapest of all transport fuels. Activities 
for introducing minimal fuel quality standards on an international level are laborious. An inter-

                                                      
4 The development of a large passenger aircraft takes about one decade. This plane is then sold and used for several dec-
ades. There are around 50 years between the first development efforts and the decommissioning of the last plane of one 
type. 
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national convention for limiting the sulfur content of heavy fuel oil to 4.5% (45,000 ppm com-
pared to 50 ppm for car diesel at present in the EU) has been in the process of ratification for 
more than five years. Within the EU, a directive is being developed at present setting more 
stringent sulfur levels. Heavy fuel oil prices are around 100 $/t for an average sulfur content of 
3.5% in the EU. The price premium of 1.5% sulfur heavy fuel oil is estimated to be between 45 
and 80 $/t for a 100% replacement of present heavy fuel oil production in European refineries. 
This shows that setting (minimum) environmental standards enhances the competitiveness of 
hydrogen. 

In addition to sulfur emissions caused by using heavy fuel oil, particulate emissions, NOx 
emissions and emissions of heavy metals are also significant. Especially in the Baltic Sea and 
the North Sea including the English Channel, levels of air pollutants caused by ships are ex-
ceeding acceptable levels requiring legal action by the European Commission as discussed 
above. Emissions associated to hydrogen use in ICEs are NOx emissions, and the emissions 
in the hydrogen production and supply processes. 
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2 ANALYSIS OF CURRENT RESEARCH ACTIVITIES IN THE FIELD OF 
HYDROGEN AND FUEL CELLS 

The industrial interest in hydrogen fuel is mainly triggered by the development of fuel cells, 
especially the development of PEM fuel cells for passenger cars. 

The last decade has seen increasing research and development efforts on PEM fuel cells for 
automotive, stationary and portable applications. Major technical advancements have been 
achieved. 

A major fuel cell development trend is the development of materials, components and designs 
of medium temperature PEMFC. In addition, research and development aims at reducing 
platinum load to commercially viable levels, and at increasing the lifetime of PEMFC stacks. 

These research trends are complemented by an important stride towards commercialization 
and mass manufacturing. 

Hydrogen fuel offering a very large number of possible production and supply routes requires 
commercialization efforts rather than basic research for a number of technologies such as on-
site electrolysis. Some hydrogen production technologies such as decentralized natural gas 
reforming, biomass gasification etc. require further R&D efforts for commercialization, others 
are still in basic research. A major remaining issue of basic research and development is hy-
drogen storage. 

Hydrogen production and supply technologies will mainly improve in economic parameters, 
while technical parameters have already reached rather high levels for many technologies. 
Improvements in hydrogen storage technologies will lead to further gradual increases of stor-
age density and may lead to new storage concepts such as cryo-adsorption to carbon struc-
tures, or alanates. 

Fuel cells will see both major technical and economic advancements. Technical advance-
ments are necessary to achieve technical requirements such as lifetime, and to come to tech-
nical designs that can meet cost goals in mass manufacturing. 

Fuel cell propulsion has the technical and economic potential to replace most of the existing 
propulsion technologies in most transport applications. 
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Fuel cells are ideally suited for using hydrogen, which in turn allows for a diversification of fuel 
supply options in transport, including opening the transport sector to renewable energies. 

Decreasing costs of renewable energies through learning curve effects and through econo-
mies of scale and of number will be complemented by increasing prices of fossil energies due 
to diminishing resources. Policies for climate protection, for local air quality improvements and 
for an increased security of energy supply will additionally support the introduction of hydro-
gen. The combination of these factors will create increasing economic and commercial poten-
tials for hydrogen and fuel cells in transportation. 

Ultimately, hydrogen has the potential to replace all fossil fuels, and fuel cells have the poten-
tial to replace most other propulsion technologies. 

The main trends and recent research results in the field of hydrogen and fuel cells as well as 
the possible improvements and future potentials are analyzed for all applications and for all 
timeframes. 

The following table summarizes the aspects covered in this chapter. Main trends and recent 
research results, possible improvements of the technologies and future technical, economic 
and commercial potentials are analyzed for all applications in transport and for all timeframes. 

Table 2-1: Analysis matrix of chapter 2. 

Main trends 

Recent research results  

Possible improvements 

Projections for potential (technical, 
economic, commercial) 

 

⊗ 
All applications 

All timeframes 

The aspects covered are dealt with in general in chapters 2.1, 2.2, 2.3, while the single steps 
in the hydrogen pathway are analyzed in detail thereafter in chapters 2.4 to 2.8. 

If not specified otherwise, the results presented represent LBST analyses. 

2.1 Main trends and recent research results 

The industrial interest in hydrogen fuel is mainly triggered by the development of fuel cells. 
Especially the development of PEM fuel cells for passenger cars promises large commercial 
potentials. 
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The last decade has seen increasing research and development efforts on PEM fuel cells for 
automotive, stationary and portable applications. Major technical advancements have been 
achieved by small start-up companies and large car manufacturers. Power densities of 
PEMFC stacks have increased by more than a factor of 10, fuel efficiencies of prototype fuel 
cell cars already significantly exceed those of advanced diesel cars. 

A major fuel cell development trend is the development of materials, components and designs 
of medium temperature PEMFC. In addition, research and development aims at reducing 
platinum load to commercially viable levels, and at increasing the lifetime of PEMFC stacks. 

These research trends are complemented by an important stride towards commercialization 
and mass manufacturing. 

Hydrogen fuel offering a very large number of possible production and supply routes requires 
commercialization efforts rather than basic research for a number of technologies such as on-
site electrolysis. Some hydrogen production technologies such as decentralized natural gas 
reforming, biomass gasification etc. require further R&D efforts for commercialization, others 
are still in basic research. A major remaining issue of basic research and development is hy-
drogen storage. For many hydrogen technologies, a technical status has been achieved that 
permits commercialization, which will be accompanied by further technical advancements and 
economic optimization. 

2.2 Possible improvements of H2 and FC technologies 

Hydrogen production and supply technologies will mainly improve in economic parameters, 
while technical parameters have already reached rather high levels for many technologies. 
Biomass gasification to hydrogen in decentralized units requires increased efforts in order to 
develop efficient processes achieving reliable operation and constant product gas quality. 
Compact onsite natural gas steam reformers have the potential of further increases in effi-
ciency and reductions in cost. 

Improvements in hydrogen storage technologies will lead to further gradual increases of stor-
age density and may lead to new storage concepts such as cryo-adsorption to carbon struc-
tures, or alanates. 

Fuel cells on the other hand will see both major technical and economic advancements. Tech-
nical advancements are necessary to achieve technical requirements such as lifetime, and to 
come to technical designs that can meet cost goals in mass manufacturing. 
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2.3 Projections for technical, economic and commercial potential 

Fuel cell propulsion has the technical and economic potential to replace most of the existing 
propulsion technologies. Fuel cells show advantages in efficiency and emissions in most 
transport applications. 

In addition, fuel cells are ideally suited for using hydrogen, which in turn allows for a diversifi-
cation of fuel supply options in transport. This includes opening the transport sector to renew-
able energies, which is required by climate change and by shortages of fossil and nuclear en-
ergy resources. 

Detailed analyses show that hydrogen from renewable sources can become competitive for 
road transport at crude oil prices only slightly higher than prices during longer periods of the 
last 30 years. Decreasing costs of renewable energies through learning curve effects and 
through economies of scale and of number will be complemented by increasing prices of fossil 
energies due to diminishing resources. 

Policies for climate protection and for local air quality improvements will additionally increase 
fossil fuel prices. The combination of these three factors will create increasing economic and 
commercial potentials for hydrogen and fuel cells in transportation. 

Ultimately, hydrogen has the potential to replace all fossil fuels, and fuel cells have the poten-
tial to replace most other propulsion technologies. 

2.4 Hydrogen production 

In general, large-scale hydrogen production technologies (natural gas steam reforming, elec-
trolysis, coal and oil gasification) are well-established technologies without major development 
potentials. In contrast, small-scale, onsite hydrogen generation technologies (compact natural 
gas steam reformers, small pressurized electrolysers, biomass gesification) have been devel-
oped recently and have significant improvement potentials both economically and technically. 

In hydrogen production, the main trends and recent research results are the developments of  

• compact natural gas reformers for onsite hydrogen production: first prototypes are avail-
able, development continues, 

• pressurized electrolysers for onsite hydrogen generation: systems are available, commer-
cialization is on-going, 

• biomass reforming systems of medium scale (2.5 to 20 MWth): first test systems and pro-
totypes are in test operation, 

• large scale hydrogen production from natural gas and coal including CO2 sequestration: 
one first project of CO2 sequestration is in operation in Norway, research on possible con-
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cepts has been carried out both for hydrogen and for electricity production, industrial and 
political interest for RD&D projects is mainly concentrated in Norway, the Netherlands, the 
United Kingdom, Italy and in North America. 

Other hydrogen production methods of limited research efforts have shown the following re-
sults and developments recently: 

• High temperature heat using thermochemical cycles recently receives increased interest 
in countries that favor the use of nuclear energy: several promising cycles using solar or 
nuclear heat have been identified (some of the work goes back to the early 1970ies), the 
basic chemical reactions have been verified, basic nuclear reactor designs are being iden-
tified. 

• Photo-electrochemical hydrogen production: Conventional chemical methods of making 
and testing materials have proven to be inefficient and therefore have to be replaced by 
electrochemical methods of combinatorial library synthesis and screening as known from 
new pharmaceutical discoveries in order to increase the rate of discovery. 

• By-product hydrogen: Activities for the identification of sources and quantities have been 
carried out. 

2.4.1 Hydrogen from natural gas 

The major result achieved recently in natural gas reforming is the development of first com-
pact onsite NG reformers. Large-scale steam reforming of natural gas is a well-established in-
dustrial process without need for development and without significant further development po-
tential. 

Downscaling of existing large-scale natural gas reformers did not result in sufficiently compact 
and cost efficient units. Therefore, several companies (e.g. Hyradix, Hexion, Mahler, Carbo-
tech) based on existing process technology know-how have started the bottom-up design of 
compact reformers (steam reforming or autothermal reforming) which shall result in efficient 
units with small footprint (allowing for containerized integration into refueling stations) which 
can be mass manufactured at competitive costs. Such improved reformers will become avail-
able for both small scale domestic (2-5 kW range) or commercial (10-100 kW) fuel cell com-
bined heat and power installations and for small refueling stations in the 50 – 500 Nm³/h ca-
pacity range. The timeframe for commercial introduction of first units is foreseen for around 
2005 and mass manufacturing in several 10s of thousands and later 100s of thousands of 
units annually by 2010. 
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2.4.2 Hydrogen from electricity 

During recent years, small pressurized electrolysers have been developed and have started to 
enter a commercial market for onsite hydrogen production for industrial applications. 

Several companies (GHW, Norsk Hydro, Vandenborre Hydrogen Systems, Proton Energy) are 
working on 1-3 MPa pressurized electrolyzers with gradually improved efficiencies due to 
minimized auxiliary energy requirements. The advantage of pressurized hydrogen production 
is that the pressurization in the electrolyzer is much more energy efficient than the compres-
sion of hydrogen produced at ambient pressure to a first compression stage level (e.g. 3 MPa, 
compression ratio 1:30) from where it can be compressed further to filling station dispensing 
pressure (e.g. 45 or 88 MPa, compression ratio from 3 MPa 1:15-29). 

Prototypes of these pressurized electrolyzers are already installed in several test applications. 
Commercial introduction for hydrogen fuel production is foreseen for the timeframe of about 
2005 to 2010 latest, though continuous improvements in design and engineering will continue. 
Electrolysers have large cost reduction potentials through mass manufacturing. 

2.4.3 Hydrogen from biomass 

Some suitable process technologies for biomass gasification to hydrogen are under develop-
ment by small companies with limited budgets. They are now in the phase of process devel-
opment and validation. First prototype testing is underway for medium-size plants (2.5-20 
MWth). These have not yet demonstrated satisfactory production over longer periods. In-
creased development efforts are required to develop reliable and efficient process technology. 

Developers are confident to have commercial units available between 2005 and 2010. H2 pro-
duction costs shall be quite low (lowest of any renewable hydrogen production technologies) 
and come close to those of hydrogen reformed from natural gas. 

Most biomass gasification development efforts aim at producing fuel gas for combined heat 
and power production. These process are in general not suitable for pure hydrogen produc-
tion. 

2.4.4 Hydrogen from coal or from petroleum 

Coal gasification processes have been developed many decades ago, but have only been in-
stalled in a few plants world-wide. During the last decade, interest has renewed with the de-
velopment of Integrated Gasification Combines Cycle (IGCC) coal or heavy fuel oil power 
plants. First coal-fired plants in Europe have been installed in the Netherlands in 1993 and in 
Spain in the second half of the 1990ies. With these projects, industrial experience has been 
(re)gained and the gasification technology has been fine-tuned. The main technical step, 
though, was the development of gas turbines for use with syngas. 
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Some gasification units have also been installed at refineries. These transform very heavy oil 
fractions, so-called residues, into hydrogen for use within the refinery, or to syngas for subse-
quent power production (IGCC). 

2.4.5 Hydrogen from fossil energy with CO2 sequestration 

2.4.5.1 CB&H process 

No further developments have taken place since the installation of the first commercial plant 
installed in Montreal, Canada, in mid-1999. The commercial status of the technology is un-
clear. 

2.4.5.2 CO2 sequestration 

CO2 is being stored underground today in two major projects world-wide – one offshore Nor-
way and the other in Canada.  

The Saline Aquifer CO2 Storage (SACS) project in Norway captures CO2 from natural gas 
production at the Sleipner West field and injects it into a saline aquifer. Production from the 
Sleipner West gas and condensate field began in August 1996 [SACS 2000]. 

The Weyburn CO2 Monitoring Project in Canada monitors the sequestration of CO2 in a de-
pleted oil reservoir. CO2 is injected as part of an enhanced oil recovery project. CO2 injection 
started in October 2000. 

Initial results taken in the fall of 2001 show, for the most part, an orderly advance of the CO2 
out into the reservoir, along the line of the horizontal injectors. However, there is some evi-
dence of CO2 fingering along suspected off-pattern fractures, signaling the possibility of early 
CO2 breakthrough in some locations [Weyburn 2000]. 

The concept both for hydrogen and electricity production receives interest from industry and 
politics mainly in Norway, the Netherlands, the United Kingdom and Italy as well as in North 
America. 

2.4.6 Other hydrogen production technologies 

2.4.6.1 High temperature heat using thermochemical cycles (nuclear, direct solar) 

The concepts of thermochemical cycles using high temperature heat are still in the state of 
basic research and early process design. Activities are mainly carried out with the interest to 
use new nuclear reactor designs for these cycles. Main activities are carried out in France, 
Japan and the USA, the latter receiving increased attention lately in the framework of US-
President Bush’s strong increase in hydrogen research funding. A tentative timeframe pro-
posed by General Atomics of USA is to develop the new nuclear reactor design until 2010 and 




