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

Why thisreport ?

The one-way street towards the depletion of thesifosiels (starting with oil), the economic
development of many countries with increasing eypargeds, world competition and volatility of
prices, the strive at ensuring the security of ypmncerns about greenhouse gases emissionsfand o
a too- rapid climate change, the amount of time imwdstment required for fine tuning an energy
policy or developing new technologies, the reluctanf people to change their behaviour, all these
factors put energy as top priority among the mogidrtant and difficult problems facing policy and
decision makers.

Hydrogen has been and is widely mentioned as paénecsolution to these problems.

This report reviews and summarizes in simple tetmsextensive and evolving knowledge available
on the hydrogen economy, with a special emphasiBelgium. Care should be taken that our
universities and companies do not exclude themsdign the scientific and economic future for
supplying the world with sufficient and affordaldean energy.

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

Hydrogen is an environmentally attractive fuel.blirns without producing carbon dioxide. It is
however not a primary source of energy on earthnly occurs in nature in combination with others
elements, mainly with oxygen in water. But likeatieeity it can be used as an energy carrier ohce i
has been unbounded from the other elements. Thisires unfortunately energy from a primary
source.

In the introduction (chapter 1) it is pointed obat electricity is presently the only energy carrie
which does not create an environmental impact wissd. Hydrogen has the same advantage. It is
now of the utmost importance to evaluate if the eligwment of a new infrastructure based on
hydrogen as an energy carrier is possible, usefelven inevitable. Hydrogen is not a source but a
storage medium and an energy carrier. Like anyrotherier it must be produced from a primary
energy source. Currently more than 80 % of thedverlergy supply comes from fossil fuels, resulting
in strong ecological and environmental impacts.idBesthe exhaustion of reserves and resources, air
pollution and modification of the atmospheric corsition, with their impacts on climate and on
human health, are now of primary importance. Greasl gas emissions, especiallyQ@oduced by
the combustion of fossil fuels, are in the centrew environmental concerns. The consequence is
that global warming will most probably occur. Thpsoblem has been intensively presented in a
previous BACAS report entitled Ehergy in Belgium tomorrow : taking in account tpeenhouse
effect’[1].

The structure of the energy sector is describedhapter 2. It emphasizes the large number of
transformation and storage steps required fronpthmeary energy source to the energy carrier and to
the final user. The most important carriers areenily liquid fuels, gaseous fuels and electrichy.
large number of experts think that hydrogen haseatgole to play as an energy carrier in the futur
energy sector.

In chapter 3 the most important reasons to opthigllrogen as a promising energy carrier are
presented.

The first one is the diversification of the enemgpurces and the reduction of dependency on fossil
fuels. Since hydrogen can be produced from anyargiraource, it could improve the reliability of the
energy supply and stabilize the energy market. duld make the utilization of energy more
independent from the production and allow the eoancexploitation of energy sources remote from
the consumers.

The second reason is the reduction of the envirotehénpact of the energy system. Indeed most of
the anthropogenic impacts on the environment coram fthe combustion of fossil fuels in the
industrial, domestic and transport sectors. Usim@reergy carrier that is carbon free -which hydroge
is- would reduce most of the related environmeptablems. The fear of climate change is bound to
make us decrease the emission of greenhouse gases.

The third reason is the control of acceptable caststhe hope of stable prices over time. The suppl
of energy at reasonable and stable prices is raatred at all by the producers of crude oil or retur
gas. Hydrogen facilitates the diversification ok teources and contributes to the reliability and
security of the energy supplies that are needeédare the world economy.

Hydrogen properties are detailed and discussedhapter 4. The advantages and the drawbacks of
hydrogen as an energy carrier clearly derive frdm groperties. Hydrogen shows outstanding
environmental characteristics at the point of saifion. It can be obtained from any primary source,
often without recourse to electricity. It is verffi@ent to use but contains little energy per unit
volume. While hydrogen is generally easier to sthi@n electricity, its storage is in need of much



improvement. No comparison between hydrogen arcdraliy as energy carriers has been performed
as reliable and significant studies and data aeegmtly lacking. Especially a comparison of tramspo
costs, or the full analysis of the energy chainmfrihe primary source to typical end users, was not
made because the cost estimates and their fordtasgie too rapidly.

Chapters 5 to 8 deal with the production, storagansport and distribution, and utilization of
hydrogen. Various methods for producing hydrogem dascribed, from the current processes using
fossil fuels, mainly steam reforming of natural ,gés the most exotic forms of biomass or solar
energies. The present utilizations take place emngbal plants for the mass production of ammonia
and methanol, as well as in refineries for upgradhreir products. The new utilizations in statignar
fuel cells, in internal combustion engines andgpamt applications, etc. are also reviewed.

The introduction of hydrogen as energy carrier iglice a major evolution on the energy sector,
hence initiating a large spectrum of new techn@sghat in turn will induce huge RTD efforts in
order to make them competitive. The whole supplgithfrom production to end-use, through
transport and distribution, is involved. Reducihg production costs at each step and improving the
efficiency are of the utmost importance. Safetytdess are also essential. Technical domains
concerned by these developments are numerous esssksl in chapter 9Need for technical
improvement and R&D programs'They include material science and engineeringplieg
electrochemistry, mechanical-, process- and autosxengineering.

Moving from the fossil fuel economy of today to ydhogen economy will not happen overnight in
one single step. The right phase-in strategy “fs@sterday to tomorrow” must be carefully defined if
we want to achieve the broad introduction of hyeérogDuring the transition, conventional
technologies will be essential, and the existirfgastructures necessary for maintaining prospeaity.
roadmap for the transition towards a hydrogen enewgstem is proposed. It distinguishes three
transition time horizons :

up to 2010 the use of renewable energy sourcesdeantensified for producing mainly heat and
electricity plus some hydrogen. Since such newuess do not cover by far the present demand, and
despite all efforts for savings, many conventioaaergy sources will be kept in operation. It is
therefore essential to improve both the efficieatthe fossil fuel technologies and the purity lnége
fuels as well as the safety and waste disposdleohticlear reactors. During this period, hydrogsh a
fuel cells should also be used in several nicheketsr Important research efforts are needed in
hydrogen production, storing, distribution and #jaort, in fuel cells, etc.

up to 2020 the availability of hydrogen will incesaand enable starting the commercialisation «f car
and trucks that use hydrogen as fuel in suitablgifreml conventional combustion engines and (or)
fuel cell systems. Hydrogen will still be produciedm fossil fuels but increasingly from renewable
energy sources. Large demonstration projects wiltys the CQ capture and storage, and the
efficiency, reliability and environmental impacttbiese processes will keep improving.

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

Conclusions

Although a drastic change of the energy system apgpeevitable, the quantitative prediction of the
role that hydrogen will play is most difficult. ThEompetition between electricity and hydrogen as
energy carriers will increase and debates on dpgtwill be numerous and lively. It is neverthales
plausible that both solutions will coexist.



Taking into account the economic, social and tetdgical interests at stake, it is of primary
importance to further evaluate the prospects ofrdgyein as a new energy carrier and the synergies
which will necessarily develop with electricity. Ftdwydrogen as well as for electricity, major
technological innovations will occur and will letmlthe development of very large markets.

As the USA and Japan are allocating huge funds&D® Rrogrammes on hydrogen and fuel cells

(respectively 12 and 20 % of the total non-nucleaergy R&D budget), Europe and especially

Belgium cannot stay outside this technologicaldfiébo far they are lagging far behind the USA and
Japan for the development of innovative technokgldere is a high risk that the European industry
can end up being excluded from the hydrogen economy

It must be clear that innovations in the field oflaav-carbon energy system go far beyond the
development of the individual technologies which arvolved in the system. Fundamental research,
development, applications and demonstration of sgstems are essential while human and social
aspects cannot be neglected. Understanding thevibehaf the citizens facing the new technologies
Is essential.

Recommendations

1. Our government should promote and support reseand pilot projects at the level of the
European Union for reducing greenhouse gases @mssiOur government must support those
European regulations which will stimulate the udenew technologies intended to reduce the
pollution and make Europe less dependent on thglyop oil and natural gas.

2. A Belgian technology platform on hydrogen & fuells should be created. It should involve all
stakeholders (industry, utilities, government(shjvarsities, research organisations...) who would
provide guidance and support to R&D and key tecirghallenges on the introduction of hydrogen as
an energy carrier. This platform should :

e promote and encourage R&D studies in universitras$ iadustry on the production, storage and
uses of hydrogen ;

» foster inter-university educational clusters ontogegn and its related technologies ;

» organise the direct participation of Belgium in thewly created technology platform in the EC
(DG research)Hydrogen and Fuel cefld3] ;

» organise the direct participation of Belgium in etlinternational R&D programmes such as the
IEA (International Energy Agency) programmes.

3. The hydrogen energy concept should be introduegtiin the curricula of schools and
universities. The scope of existing courses mustdpanded. Specific curricula should be developed
by clusters of universities and engineering schools

4. As coal is likely to remain a permanent sourt@ranary energy for many decades, studies on
carbon dioxide capture and storage (CCS) shouleridenced to the benefit of both electricity
generation and hydrogen production.

5. As nuclear energy is likely to remain a majourse of primary energy, the Belgian nuclear
expertise should be maintained and research fastereew nuclear reactors for hydrogen production
and / or electricity generation.

6. Belgium has an important car assembling induskry design and development centres of which
are located outside the country. There is howestramg local industry for components. They should



prepare themselves to a gradual shift from conwveatifossil fuelled cars to the new generation of
electricity / hydrogen powered cars.

7. As reliable technical and economical data caty dre obtained by practical experience,
demonstration projects should be initiated, suggobdr enhanced in the various fields of hydrogen
production, storage, transport and utilization.t@amother hand, it is well known that successfuicgo
decisions need public acceptance and that unfanhidiaardous materials do raise suspicion. A good
information and sensitization campaign on hydrogarst therefore address the public concerns in
addition to pointing out the intrinsic advantagésh® new products. In order to bring to the gehera
public the demystification and consciousness of ¢bacept of the “hydrogen economy”, these
demonstration projects should be given the greatesgible visibility. Some examples :

* hydrogen fuelled buses and boats related to toacistities ;

* local hydrogen fed heat and electricity generatinits for administrations and hospitals ;

« electrolysers linked to wind turbines could stimeléhe idea of a carbon-free renewable energy
system providing hydrogen to a filling station ;

« small applications such as wheelchairs poweredyblydgen, or fuel cells substituting batteries in
small portable appliances could also be considered

» live shows on hydrogen in the Technology Parks, A8d TECHNOPOLIS, in university and
other laboratories that organize visits and adisipromoting the sciences, should be developed.

8. Government incentives in favour of clean hydrodgeelectricity powered cars should be made
available, by reducing taxes on the car itself andthe energy provided. Such economic driving
forces help changing habits and behaviour towardewa energy system. The increased collective
costs yield their return later.



1. INTRODUCTION

Hydrogen is the simplest and lightest of all chexhelements and the most spread in the universe. It
not a primary source of energy as it occurs onlgdature in combination with other elements, prifyari
with oxygen in water and with carbon, nitrogen amgigen in living materials and fossil fuels. Howeve
when split from these other elements to form mdbachydrogen, a process requiring another source of
energy, it becomes an environmentally attractiva. fli can be burned or combined with oxygen in a
fuel cell without generating COproducing only water. Like electricity it is aryeclean energy at the
point of use, but like natural gas it can form @gpre mixtures with air.

Let us therefore never forget that in an energyesysbased on hydrogen, hydrogen is not an energy
source but an intermediate medium for storing ardyong energy. Like any other energy carrier itstnu
be produced from a primary energy source.

Electricity is today the only energy carrier witlh environmental impact at the point of utilization.
Hydrogen shows the same advantage. It is therefeng important to assess if the development of a
new infrastructure based on hydrogen as an enamiecis possible, feasible, useful or even irai.

Currently about 80 % of the total- and 88 % of teenmercialised- world energy supply comes from
fossil fuels. The distribution of the primary engipnsumption is as follows :

Table 1 : Distribution by source of primary energyconsumption — 2002 (Source : IEA)

_ [ - Others
Oil | Naturalgas Coal Nuclear energy Hydroelectricity renewable

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

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

Table 2 : Distribution by source of commercializedprimary energy consumption — at end 2004 (SourceBP)

Oll Natural gas Coal Nuclear energy Hydroeledyici
World 36.8 % 23.7 % 27.2 % 6.1 % 6.2 %
Belgium 54.2 % 20.9 % 8.7 % 15.5 % 0.7 %

The reserve to production ratio( R/P) is the remngintime before total exhaustion, should the
worldwide consumption stay at its current level amdnew reserves be discovered. The R/P ratio has
been evaluated for each fossil fuel and for theemtorld.

Table 3 : R/P ratio of fossil fuels - at end 200450urce : BP)

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

The world energy consumption is growing, and proreserves of fossil fuels do not increase as &st.
these R/P ratios will probably go down in the fetur

The prospect is a growth of the energy consumoa result of :

- the growth of specific (by inhabitant) energy somption. For example both China and India
contribute to the growing demand for high-gradergnéaster than their growth in GNP ;

- the growth of the world population.
During the last century, the world population haser multiplied by four while the energy
consumption has increased by a factor of twenty.



The current energy systems have strong ecologmthkeavironmental impacts such as an exhaustion of
resources increases and reserves, air pollutiorclaamiges in atmospheric composition, and their anpa
on climate and human health.

From the 70’s to the 90’s concerns for the envirental impacts of energy use were focused on acid
rain and on photochemical ‘smog’ caused by orgaoimbustion residues and nitrogen oxides from
electricity production and from transportation. édcain was reduced by switching to higher-grade; lo
sulphur fuels, in combination with flue-gas desuipbation and better burners. Making catalytic
mufflers compulsory also helped reducing traffidlytton, leaving nevertheless some residual proklem
of particles and nitrogen oxides. Nowadays the rgrease gas emissions, especially,@@m fossil
fuels combustion, are paramount to our environmerdacerns, the effect feared being that a global
warming will most probably occur.

This problem has been intensively presented iresigus BACAS report entitled Energy in Belgium
tomorrow : taking in account the greenhouse effggt’

The long lead-time required for introducing newhigalogies in the energy sector doesn’t allow any
waste of time. We should start immediately and wial determination if we are to achieve a
sustainable energy supply. This is clearly mentidmgthe European Commission [6] :

“Our current specific circumstances require the dgwment and widespread deployment of energy
technologies which do not depend on oil and gasdmaot release significant quantities of £ito

the atmosphere. This implies significant changafeénenergy industry which cannot be made quickly ;
with a turnover of roughly 3,000 billion euros waide, it inevitably has substantial inertia.
Maximum effort to bring about the required changesst therefore be applied as soon as possible

2. STRUCTURE OF THE ENERGY SECTOR

From the primary energy production up to the findlization of the energy, a great number of
transformation and storage steps of the energyearared.

For example, petroleum products undergo many dvepseen extraction and final utilization. First,
crude oil is extracted, e.g. in the Middle Eastisltegassed, stabilized and stored before beipgpesth
by tankers to the refineries. Upon arrival it isretl and then refined. Next, the various fuelsiabthin
the refinery are stored, carried by pipeline obbwgt, stored again, mixed with specific additivesfiore
being distributed by trucks to the consumers dhé&oservice stations.

The general structure of the energy sector catiustrated as follows :

Primary energy production— Transformation — Storage —
Transport — Transformation — Storage —
Distribution — Transformation — Storage —
Utilization

Such a structure is not specific for fuels deriveam petroleum but is valid for any primary energy
source delivering energy to any final energy consymlthough the number of steps may vary. It shows
why energy carriers must offer specific propertielated to their ability of being stored, transpdrt
distributed and used.

Currently the most important energy carriers atglgooal), liquid (gasoline, diesel oll, jet fuethanol,
methanol, liquefied gases, fatty esters,...), gas@umatsiral gas, synthetic gas), and electricity.



Today hydrogen is mainly used as a chemical readtas produced in chemical, gas or petrochemical
plants, or formed in some gaseous streams like coka gas. It is very seldom used as an energy
carrier, except as pure liquid for rocket proputsia the space industry. Many experts consider that
hydrogen has a great future as energy carrier.

3. MOTIVATION FOR AN ADDITIONAL ENERGY CARRIER

Electricity appears to be an energy carrier thdt gain in importance in the near future. This is
obviously not true for the gaseous and liquid fuwetéch are currently produced from fossil resouyess
they have important environmental impacts, espgcigileenhouse gas emissions. That is why in
addition to electricity, which is not easy to stateseems useful to develop another energy cafaied

its related network) that does not present the sdna@backs as the present fuels. Hydrogen is the mo
considered one. The reasons to opt for hydrogemnaadditional energy carrier in the future are the
following.

3.1 Primary sources diversification and reduction 6the dependency on fossil energy

More than eighty percent of our present energy lsuppcoming from fossil resources. This situatien
not sustainable in the long term not only becabhseréserves are finite but also because the known
reserves are geographically not equally distribitedconcentrated in a few areas of the world. As a
example, two thirds of the known reserves of ad lmcated in the Middle East. A major part of tlaes g
used in Europe will be imported from the former @owWnion. This concentration creates actually
geopolitical tensions and problems. They could éi#ally increase when reserves begin to shrink if
alternative solutions are not developed and impigate This energy dependency is extremely high for
countries with insufficient resources, or almosa@such as Belgium. An energy carrier which codd b
produced from any primary energy source - espgciadim renewables - would improve the reliability
of the energy supply. This is the case for hydrodfeis comparable to electricity but probably easd
store. The penetration of hydrogen, produced imgwsr term from a broader range of fossil fuels(ga
coal or unconventional oil such as bituminous sbalasphalted sand) will indeed improve immediately
the availability of energy for any type of utilizat. More importantly, with the progressive inteigra

of renewable energy sources, it will also ensumesof the long term energy supply.

The use of hydrogen as an energy carrier woulditktel the valorisation of energy sources far reanot
from the consumers if hydrogen as a gas could dredstand transported more easily than electricity.
Thus the exploitation of remote energy sourcesccbecome feasible. It was even suggested that solar
panels could be installed in sunny regions, evetieserted areas, and that the produced energgdstor
as hydrogen, could be transported to the consumhbis.would challenge the transport of electriasy
presently contemplated through high voltage diceictent lines.

3.2 Reduction of the environmental impact of the egrgy system

Most of the manmade impacts of energy consumptiothe environment come from combustion of
fossil fuels, in the industrial, domestic and ti@or$ sectors. The use of an energy carrier thaatibon
free or that allows avoiding combustion could siigantly reduce many environmental problems.

The reduction of fossil fuel utilization and thevd®opment of ‘clean’ technologies instead of a ‘@fd

the pipe’ pollution abatement can greatly contrbtd the reduction of anthropogenic environmental
impacts.
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We are compelled to limit the greenhouse gas eamssiinder the threat of a climate change. Experts
from all over the world warn us that, if we donliceeed, we face catastrophic climate changes, vithich
turn will induce migration of people and collapsé tbe economies in the northern hemisphere.
Although Belgium signed the Kyoto protocol, it isw quite obvious that it will not physically meétet
restrictions on emissions. Industry is not the lgrane cause, for transport and households cotriiou
large amounts of emissions. It is very difficult ¢arb the increase in the last two uses without
decreasing our comfort and changing our lifestyle.

In addition we must decrease pollution in urbarasm@nd on the main highways. The real challente is
keep mobility with reduced pollution. The existifigels and engines in our cars, trucks and buse$ mus
therefore be replaced by zero or low emission gystePollution in traffic dense areas will reach an
unbearable level, and drastic restrictions to icaffill affect our mobility. In the near future wean
expect traffic regulations similar to those alreapplied in several cities (Sao Paolo, Mexico City,
London,...). Others may follow soon. The growth inbiity also appears unaffordable.

In this context a carbon-free energy carrier se&nbe an ideal solution. It almost eliminates any
pollution related to energy utilization. In thisspect hydrogen as well as electricity are cartieas both
offer a carbon-free system and exhibit suitablanetogical characteristics.

3.3 Maintain acceptable costs and be sure to staizg the prices for a long time

In competitive and deregulated energy markets, imggbeak demands requires some production
overcapacity. Overcapacity increases the cost addces the competitiveness. An energy carrier that
can be stored and used for peak shaving is thereftiractive. Hydrogen seems easier to store than
electricity with the presently available technoksyi

The supply of primary energy, at reasonable anolesfarices, is not ensured at all by the produoérs
crude oil or natural gas. Hydrogen facilitates theersification of the energy producing sources.
Intended to reduce the dependency on oil and gasakes additionally the energy user less dependent
on any single producer. The excessive increaseioe f one primary energy source would be less
durable as the switch towards another supply wbalgossible. The energy market would become more
stable and reliable.

4. ADVANTAGES AND DRAWBACKS OF HYDROGEN AS AN
ENERGY CARRIER

Hydrogen is a very light odourless and colourleas with very different properties from the other
gaseous fuels. Its main properties as an energyercare presented hereafter and detailed in talte6
in Appendix A.

Water is made of 11.2 % hydrogen by weight. Gaségdsogen density is 0.09 kgirtair is 14.4 times
as dense and methane 8 times). Hydrogen boil$3f Q.

Hydrogen has the highest energy to weisgttio of all fuels. 1 kg of hydrogen contains #aame amount
of energy as 2.1 kg of natural gas or 2.8 kg obtjas.

The energy to volumeatio amounts for the liquid to about 1/4 of cruile and for the gas to about 1/3
of natural gas.

Hydrogen burns in air at volume concentrations febfb to 74.5 % (methane burns at 5.3 to 15 % and
propane at 2.1 to 9.5 % volume concentrations). higkest flame temperature of hydrogen of 2318 °C
is reached at 29 % volume concentration in air,re&® hydrogen in an oxygen atmosphere can reach

11



temperatures up to 3000 °C (the highest temperataehed in air for methane is 2148 °C and for
propane 2385 °C).

The minimum required ignition energy required fastaechiometric fuel/oxygen mixture is 0.02 mJ for
hydrogen, 0.29 mJ for methane and 0.26 mJ for pr@p&ince even the energy of a static electric
discharge from the arching of a spark is sufficienignite natural gas, the lower value for hydmge
ignition (only one tenth) is therefore not a preatidisadvantage. The temperatures for spontaneous
ignition of hydrogen, methane and propane in ars85 °C, 540 °C and 487 °C respectively.

The explosive concentrations in air for hydroged arethane lie (detonation limits) between 18.390 5
% and 6.3 to 14 % respectively. The explosive raiogehydrogen is clearly much greater, whereas
methane is already explosive at a much lower cdreison.

The 0.61 cni¥s diffusion coefficient of hydrogen is 4 times ttloé methane. Hydrogen therefore mixes
with air considerably faster than methane or petrapours. From a safety point of view, it is
advantageous in the open air but presents a distha in badly ventilated indoors. Since both
hydrogen and natural gas are lighter than air tisgyquickly, hydrogen being much the faster. Pn@pa
and petrol vapour on the contrary are heavier tia@and lay on the ground, leading to accumulation
and presenting a greater hazard of major explosions

Historically the main reasons for promoting hydno@e an energy carrier are its outstanding pragserti
for environmental protection.

Burning hydrogen with air under appropriate comehsi in combustion engines or gas turbines results i
very low or negligible emissions. Trace hydrocarlamal carbon monoxide emissions, if any, can only
come from the combustion of lubricating oil in tt@mbustion chamber of internal combustion engines.
Nitrous oxide emissions increase exponentially vilign combustion temperature. They can therefore be
reduced through appropriate process control. Agdgeh offers more flexibility than other fuels, a
lower combustion temperature can be achieved Yg@tg.a high air to fuel ratio) leading to a distinc
reduction in NQ emissions compared to petroleum products and adayias. Particulate and sulphur
emissions are completely avoided but from minimargities of lubricant residues.

The use of hydrogen for propulsion in low tempeamtiwel cells (PEMFC) completely eliminates all
polluting emissions. The single by-product resgltirom the generation of electricity from hydrogen
and air is demineralised water.

The use of hydrogen in fuel cells at higher temjppeea(MCFC and SOFC) causes up to 100 times fewer
emissions than conventional power stations.

Let us remember however that hydrogen originates fa primary source. If it is obtained from
methane, methanol or a fossil fuel, the reforminacpss itself will results in carbon dioxide emiss.
This carbon dioxide from the reforming process ighly concentrated, therefore making it much
cheaper to recover than from diluted exhaust ga$egas turbines. Hydrogen shows therefore an
economical advantage, should the capture and stavbgarbon dioxide become a practical reality.
Several production processes drastically redugeeven avoid emissions, especially of carbon diexid
(COy)- in the whole fuel cycle. This is the case fag thost diverse renewable energies.

Hydrogen has some advantageous properties whichatareast as important as its outstanding
environmental characteristics. They are listedWwedad put in balance with their drawbacks.

Main advantages

- Uncoupling of primary energy sources and utilaa
- Hydrogen is a gas, thus easier to store tharrelieg.
- Hydrogen can be obtained from any primary ensmgyce, including renewable.

- Decentralized production is possible. Hydrogewiewed as capable of providing services where
electricity is not available, in particular as @Iftor vehicles and energy storage in remote areas.

- Very efficient when used in fuel cells.
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- Very good experience of hydrogen as a chemeadtant (ammonia, methanol, oil refining).
- Very good safety records (for a specific ranfjapplications however).

Drawbacks

- Poor overall energy efficiency when producedfrelectricity made with fossil fuels.
- Very low density and poor specific volume enedgysity.
- Need for high pressures and very low temperatifirgtored in the liquid phase.

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

- No existing infrastructures for transport, disition and storage.
- Rather high cost (up to now).

It must be clear that when one compares hydrogemather energy carrier, both the energy efficiency
of the whole chain from the primary energy souroem to the utilization, and a life cycle assessnuént
the environmental impacts must be worked out. \dtgn, hydrogen is compared with electricity in
very general terms and the results show much beffierency for electricity [16].

One should be very careful when making such evalusit One must consider each case separately with
all its features. For example, one study of capplsion was made for comparing electricity stoned i
Li-ion batteries with a PEMFC fed by hydrogen. ttb cases, the primary energy source was assumed
to be natural gas. The goal of the study was tdyaeaach step from the extraction of the gas ¢o th
driving of the car, including materials productioplant construction, distribution, etc. All the
efficiencies employed in the life cycle of this egye application were detailed. The conclusion a$ th
study -only valid for Belgium - was that the caopelled by the fuel cell has a bigger efficiencgrthihe

car propelled by electricity stored in the Li-iomttery. However, should electricity be made from
nuclear energy and hydrogen produced by electsylysiion battery would be a better solution. This
illustrates why global efficiencies comparisons trhesmade carefully for each individual case.

No comparison between hydrogen and electricity reexgy carriers has been performed as reliable
studies and data are presently lacking. Especattgmparison of transport costs (in € / km*kWh), o
the full analysis of the energy chain ‘from crattiegrave”, from the primary source to typical erseis,
was not made because the cost estimates anddhesaét change too rapidly.

5. PRODUCTION

5.1 From fossil fuels

Various hydrogen technologies have to some exteen lbested and used for decades. For example there
is an existing demand for hydrogen in the chemézad petrochemical industries for the synthesis of
basic chemicals (e.g. ammonia, ethylene and mefhalm the same industries hydrogen is also
inevitably produced as by-product (e.g. electralygroduction of chlorine and sodium or potassium
hydroxides). Another and even more important hydrogroducer and consumer is the refining industry
which processes fuels (e.g. hydrogen productionti®rmo-cracking, hydrogen consumption for
desulphurization and hydrogenation of fuels). A®sult of these needs, several large-scale pracesse
have been developed for producing hydrogen maroiy ffossil fuels and to some extent from water.

Steam reforming
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Steam reforming of natural gas is currently thetiexpensive method and is responsible for mone tha
90 % of hydrogen production worldwide. Natural gadrst cleared from sulphur compounds. It is then
mixed with steam and send over a nickel-aluminalgst inside a tubular reactor heated externally,
where carbon monoxide (CO) and hydrogen) (Bfe generated. This step is followed by a catalyt
water-gas shift reaction which converts the CO waater to hydrogen and carbon dioxide (EZQO'he
hydrogen gas is then purified.

The endothermic reforming reaction is :
CH; + H,O + 206 kd/kg => CO + 3 H

It is usually followed by the exothermic shift réaa :
CO + HO =>CQ + Hy+ 41 kJ/kg

The overall reaction is :
CH; + 2 H,O + 165 kJ/kg => CO+ 4 H

The residual stream from the initial purificatiors is part of the fuel gas burned in the reformer
order to supply the required heat. Hence the G@htained in this gas is currently vented with filne
gas. If CO2 were to be captured, an additional regjoa step would be needed.

The technology is suitable for large reformers.(@@D 000 tons per year), where yields higher @@n
% can be achieved. Smaller-scale reformers espededigned for feeding small fuel cells, show lowe
efficiencies.

Partial oxidation

In the partial oxidation process natural gas (dreotliquid / gaseous hydrocarbons) and oxygen are
injected into a high-pressure reactor. The oxygewarbon ratio is optimally set for maximizing the
yield of CO and H and avoiding the formation of soot. Further stapd equipment remove the large
amount of heat generated by the oxidation reacsbift the CO with water to CQand H, remove the
CO, - which can then be captured - and purify the bgdn produced. This process needs oxygen,
which is usually provided by an air distillationapt. Partial oxidation can also be helped by an
oxidation catalyst. It is then called catalytic froxidation.

The partial oxidation reaction for natural gas is:
CH, +»2QG=>CO+2H

After the partial oxidation reaction, the process gs similar to that of the steam reforming preces
Since the reaction is exothermic, a heating syssenot required, which is a major advantage resyilti
in size -and capital cost - reduction. Partial atioh is however typically less energy efficienarh
steam reforming.

Auto-thermal reforming

In the auto-thermal reforming process, naturalggdgjuid hydrocarbons, steam and oxygen are rdacte
in a single vessel with a combustion zone and @mehg zone. The heat from the exothermic partial
oxidation reaction balances that for the endotherstéam reforming reaction. The process gas then
goes to the standard shift reaction and hydrogeifigation steps.

Auto-thermal reforming is as compact and load-tieias partial oxidation while nearly reaching the

higher efficiency of steam reforming. Currently @tihermal reforming is only used in very large sanit
(more than 100 000 ton/yr).
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Coal gasification

Coal is a practical option for making hydrogen arge plants. Worldwide coal reserves are very
important indeed and technologies for convertingl o hydrogen are commercially available. The
major concern is that, due to the high carbon cunt# coal, the corresponding carbon dioxide
emissions are larger than those from any othersteek. Large-scale use of coal gasification implies
that carbon capture and storage technologies cde\mdoped.

Coal can of course produce electricity and therrdyein through the electrolysis process (see below).
The gasification technology however is better foaklmg hydrogen from coal. Coal gasification
involves partial oxidation of the coal with oxygand steam in a high-temperature and high-pressure
reactor. The reaction proceeds in a highly reduanngure that creates mainly CO and Hnixed with
steam and C® This “syngas” undergoes the shift reaction, iasneg the Hyield. The gas can then be
cleaned in conventional ways to recover elemenifdhsir (or make sulphuric acid). Hydrogen and
carbon dioxide can be easily separated.

The use of oxygen at high temperature and highspresminimizes the nitrogen oxides (N(y-
produced. The slag and ashes drawn from the bottbthe reactor contain heavy metals and are
encapsulated in an inert, vitreous material, whgkturrently disposed of as road filler. Part oé th
syngas goes to a gas turbine, which makes elagtfazithe air distillation, and process steam.

The cost of producing hydrogen in a large coalfgadion plant is today slightly higher than thaade
from natural gas. Coal gasification techniques lavevever less mature than the steam reforming of
natural gas. The economics of making hydrogen froal differ somewhat from other fossil fuels : the
unit capital costs are larger for the coal plamsile the unit raw material costs are lower.

Carbon dioxide capture from plants using fossilldu® make hydrogen — as well as those making
electricity from combustion of the same fuels {iksly to become mandatory.

Several technologies are being developed and téststbring carbon dioxide:

- secondary injection in oil-producing wells ;

- injection into depleted oil or gas reservoirs ;

- adsorption in uneconomical coal seams ;

- storage as liquid - or its hydrate the carboxgtiad — in deep ocean sites.

All these technologies need concentrated carboridBo The chemical and petrochemical industries
have substantial experience in achieving this, mahrough absorption and desorption of 46 alkyl
amines. This process is however expensive. Theepses described in this chapter that do not use air
provide the CQ@rather concentrated. They show in this regardegaiit economical advantage over the
old combustion processes still widely used to poedelectricity.

5.2 From biomass

Biomass and biomass-derived fuels are renewableggnsources that can be used to produce
sustainable hydrogen.

Using biomass instead of fossil fuels to producgrbgen reduces the average amount of carbon dioxide
in the atmosphere, since the carbon dioxide reteadeen the biomass is oxidised was previously
absorbed from the atmosphere and fixed by photbegig in the growing biomass.

Hydrogen can be produced from biomass resourcésagie/ood, agricultural residues, consumer waste
or crop specifically grown for energy uses. Currthnologies for converting biomass into molecular
hydrogen include gasification / pyrolysis of bioma®upled to subsequent steam reforming. The main
conversion processes are indirect-heat gasificationygen-blown gasification, and anaerobic
fermentation.
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Biomass-to-hydrogen conversion is presently undbleproduce hydrogen on a large scale at a
competitive price, even when compared with hydrogenerated from distributed natural gas. It could
however contribute to recover energy from domestid agricultural waste in a very clean way. The
environmental impact of growing significant quaiestof biomass as energy crops, including genéfical
engineered, high-yield crops, will most likely pbasignificant strains on natural resources and land
availability in our country.

The cost for collecting and transporting biomasigrently high. It would result in building many
small biomass gasification plants without the econpof scale. The route to biofuels might prove more
attractive.

5.3 From electricity

From any primary energy source converted into ettt (nuclear, wind, solar, hydraulic...) hydrage
can be produced by the electrolysis of water. Wiaiglecules are split into hydrogen and oxygen.

Making electrolytic hydrogen uses considerably mamergy than the hydrocarbon processes.
Nevertheless, electrolysis is of interest for salezasons. First it is seen as a potentially effsttive
way of producing hydrogen locally. Electrolysere aompact and can realistically be located at iexgjst
fuelling stations. Secondly electrolysis offers aywto produce hydrogen with electrical power getegra
from renewable sources. Currently the renewablecssusolar, wind, and hydropower produce only
electricity. Seen literally as a means of converttectricity into fuel, electrolysis is one waylwfking
power from renewable sources to transport marketscourse as already mentioned the electrolytic
hydrogen competes with the more direct route opbipg electricity to electrical batteries for elecal

or hybrid vehicles. It can only be considered irafic cases. Finally, electrolysers operatingaindem
with power-generating devices (including fuel celissplay a new architecture for distributed energy
generation.

From nuclear energy

Hydrogen can be produced from nuclear electricytyelectrolysis. Despite the rather high efficierdy
converting electricity into hydrogen (up to 80 %den pressure), the global efficiency is much reduce
by the rather weak efficiency of the nuclear poplant & 33 % for current reactors). Storing hydrogen
for peak shaving could however justify some eldgtioproduction.

A more efficient hydrogen production would be ob& from high temperature water electrolysis
coupled to new reactors operating at much highéleotemperatures. The efficiency of the high-
temperature electrolysis of steam increases framta®0 % at 350 °C to about 50 % at 950°C[17].

From wind turbines

Of all renewable sources, wind shows possibly tighdst potential for producing pollution-free
hydrogen, using the electricity generated by thedwiurbines for electrolysis. This is particulatiye

for distributed systems. In order to succeed thst b the wind turbines and electrolysers has to
decrease, and the turbine-electrolyser-storageersiysias to be further optimized. Today the cost of
hydrogen produced from wind amounts to 6 to 10 sitfat of large-scale units using natural gas. This
gap could be halved in the near future.
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From photovoltaic cells
At the present time the cost of hydrogen from pholtaic electricity through electrolysis is 25 tie

higher than that of hydrogen produced from coalaiural gas plants. The expected decrease in 8te co
of photovoltaic cells and of electrolysers wouldhbrthis down to a factor of 6.

5.4 From high-temperature heat by thermo-chemical ater splitting
From nuclear energy
Several high-temperature thermo-chemical reactayesunder study, which have high efficiency and

practical applicability with nuclear heat sourc@se of the most promising may be the sulphur-iodine
(S1) cycle, where three chemical reactions achikealissociation of water:

L + SQ +2H0 => 2HI + HSO (120 °C)
H.SO, => SQ + HO +%Q (830-900 °C)
2HI => b + K (300-450 °C)

the overall reaction being LB => H + %L G

The efficiency of the sulphur-iodine process inse=afrom 30 % at 750 °C to 60 % at 1000 °C. Other
thermo-chemical cycles show efficiencies of 40@d6 at typical temperatures of 700 °C.

Several high-temperature nuclear reactors have teegloped that could produce heat at the required
temperature. The high-temperature helium reactdrtha molten-salt reactor appear to offer the best
perspectives for hydrogen production. Other reatyjoes may be used if efficient hydrogen production
processes can be developed at temperatures o500 °

From solar energy

The solar water splitting is similar to the nuclehermo-chemical process. The high temperature is
obtained by concentrating solar energy.

5.5 From photochemical energy
By photo-catalysis

The cleanest way to produce hydrogen is the dspbtting of water into hydrogen and oxygen by
sunlight. Multijunction cell technology developed the photovoltaic industry is being used for photo
electrochemical light harvesting systems that geeesufficient voltage to split water and are stabla
water / electrolyte environment. Regarding productcosts, it seems that a photo-electrochemical
device where all the functions of photon absorptésmd water splitting are combined in the same
equipment may have the best potential for produdigdrogen at reasonable costs. Experimental
systems produce solar-to-hydrogen electricity w&itonversion efficiency of 12 %.
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By bioconversion

Some photosynthetic microbes produce hydrogen fnater in their metabolic use of light. Photo-
biological technology shows great promise. Sincggex is produced together with the hydrogen, the
technology of the hydrogen-making enzyme systemstrmawever overcome the limitation of their
sensitivity to oxygen. Research is addressingittsge by screening for naturally occurring orgarsism
that are more tolerant to oxygen, and by createwg genetic forms of these organisms that can suatai
hydrogen production in the presence of oxygen.

5.6 By-product of chemical production processes
By-product of sodium or potassium chloride electrolsis

Hydrogen is a by-product of sodium or potassiunotie electrolysis that produces chlorine and
caustic soda or potash :

NaCl + HO + electricity => % Gl+ NaOH + 2 H

KCI + H,O + electricity => % Gl+ KOH + 2 B
Chlorine is one of the most common chemicals intbdd. It is produced in huge quantities.
By-product of refinery and petrochemical plants

Hydrogen is a by-product of catalytic reforminggietrol, made to improve the octane number. It is
also a by-product of steam cracking of hydrocarbimnghe production of ethylene. This hydrogen is
used in other refinery operations. Smaller voluroésiydrogen are by-products in coke-ovens and
usually are kept for internal use. All by-produgtirogen requires some purification steps before use

5.7 Conclusion

Currently most of the worldwide hydrogen productigmore than 90 %) originates from the steam
reforming of natural gas. Other technologies shdodd developed such as using electricity from
renewable sources for water splitting, coal gaaifom with CQ capture (CCS), and biomass
gasification with or without CCS. Next to nucleaieegy, these could become very important in the nex
decades.

6. STORAGE

From the primary source to the final consumer,isgpenergy is an essential process at several efeps
the system. This process enables to satisfy peatami@ - when the energy consumption exceeds the
production capacity - and to store energy in theerge situation. It is also essential for all melkahd
portable applications. In this respect any liquidgaseous fuel has a great advantage over elégtrici
Liquid fuels allow storing large amounts of enengya small tank (e.g. a car) while gaseous fuels w
their rather low density require specific storagaditions.

In gaseous form, hydrogen can be stored efficiamtiyer pressure. The volume at atmospheric pressure

of one kilogram of gaseous hydrogen is about 11cameters. The gas must therefore be compressed to
several hundred atmospheres and be stored in 8pegaigned pressure vessels.
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In liquid form, hydrogen can only be stored at ggwic temperatures in well insulated tanks (see
appendix A, table 4).

Compared to gasoline hydrogen has roughly threestithe energy content per unit weight, but one
fourth only per unit volume.

6.1 Physical storage
Compressed hydrogen

Hydrogen can be compressed with a sizeable inpuénefrgy and stored in high-pressure tanks.
Compared to liquid fuels like gasoline which ard pusimilar tanks, hydrogen has a low energy to
volume density. This storage though can fit statigrapplications with no size or weight restricsasr
special demands where weight brings stability, saesh forklifts or wheelchairs. For transport
applications however, the high-pressure tanks @vdarge and too heavy for the energy provided. The
research in this field — mostly industrial researcis developing new fibre-composite high-pressure
vessels, which might in principle compete with otsi®rage technologies.

At 200 bar, steel tanks weigh 70 kg and contairy &0 g hydrogen. Even at 700 bar, 4.6 litres of
hydrogen are needed to produce the same energyeditee of gasoline and, in this case, fibre
reinforced synthetic polymer vessels weights areectly 22 kg for 1200 g hydrogen.

Liquid hydrogen

The cryogenic storage is achieved by cooling hyeinotp 20 K (-253 °C). This transformation of gas
into liquid enables huge amounts of hydrogen tosheped by tanker, truck and rail. But the
liquefaction process requires a large fraction hd hydrogen energy (about 30 %). Moreover very
special material is required for the tanks that tnalso be very well insulated at those extremely lo
temperatures. They are very expensivieerefore improving the liquefying process and ithgulation
properties of the storage vessel are today impborésearch topics.

Sludge hydrogen

Sludge hydrogen is a mixture of solid and liquiddiogen obtained by further decreasing the
temperature below 14 K (-259 °C). It has very leditapplications at the present time. Its use icepa
technology is currently being investigated.

Adsorption on high porosity materials

Carbon-based materials, and recently carbon naestuiave been considered as promising candidates
for high-density storage of hydrogen for more thatecade.

Microscopic tubes of carbon, two nanometers (Z*1f)) across, enable carbon nanotubes to store
hydrogen within the tube structure in microscopacgs. In principle carbon nanotubes could store an
interesting quantity of hydrogen. But up to nowsthas only been proven at rather low temperatufe (7

K).

Several research programmes aiming at understanldégotential of carbon nanotubes for hydrogen
storage are still in progress. Others are devatédd reduction of manufacturing costs.

Glass microspheres

High-pressure hydrogen can be stored in glass spberes. The diameter and the thickness of the glas
microspheres are about one millimetre and seveozkerms micrometers respectively. The stored
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hydrogen is released by heating or breaking thesgl®esearch about this futuristic method is in
progress in France at the CEA.

6.2 Chemical storage
Metal hydrides

Metal hydrides are specific combinations of metadliloys that act on hydrogen as would a sponge
soaking up water. They have the property of absgrldiiydrogen and of releasing it when the
temperature is increased. Usually absorbed hydroggmesents only 1 or 2 % of the total weight & th
tank. Some metal hydrides reach a storage capaichyto 7 %, but in this case high temperatures are
needed to recover the hydrogen.

The volume of gas absorbed is relatively low bt #tvantage of hydrides is their ability to safely
delivering very pure hydrogen at constant pressure.

Other chemicals

As previously mentioned hydrogen is the most aboh@ement in the universe but it only occurs
bounded to other elements in many chemical compouoime of these compounds can be produced by
chemical reaction and used as hydrogen storingsgstWhen the reverse reaction occurs, hydrogen is
released. The reactions involved are linked tactimapound.

Ammonia cracking, methanol cracking, and dehydragjen of cyclohexane into benzene are some
examples. The fact that hydrogen is produced wieexled eliminates the need for a storage unit for th
hydrogen produced.

6.3 Conclusion

The storing of hydrogen is currently under intemsiresearch which makes it difficult to draw
conclusions. There is no best choice as each ckbmes some drawbacks and makes it difficult & thi
time to point out the best compromise. The critarmnumerous and include the following :

0] energy density ;
o] energy overall efficiency for storage and recovery
o] loading conditions (temperature, pressure and fie) ;
o] storage conditions (temperature, pressure) ;
o] utilization conditions (temperature, pressure dad tate) ;
o] safety :
» in usual operation ;
» in abnormal or accidental circumstances (tempegatiremical reactivity...) ;
o] cost and commercial availability ;
o] technical experience ;
o] reliability and life time ;
o] energy payback period, i.e. the time taken by tystesn to deliver energy that exceeds the

energy consumed for building it.
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7.  TRANSPORT AND DISTRIBUTION

The development of a new infrastructure for tramspnd distribution of hydrogen has been analyged i
several reports, in particular those from the 1BA][ A partial summary of this report including tkey
R&D areas is given hereafter.

Whether produced from fossil or non-fossil sour¢bs,widespread use of hydrogen will require a new
and extensive infrastructure to produce, distripstere and dispense it as a vehicular fuel or for
stationary applications, such as electricity geti@na Depending on the source from which hydrogen i
produced and the form in which it is delivered, ymaiternative infrastructures can be envisioned.
Tradeoffs in economies of scale between processdastdbution technologies, and such issues as
operating cost, safety, and materials can alsouiaaibernative forms of infrastructure.

In terms of transport and distribution, a geneaaisensus appears on two broad approaches :

- small-scale local hydrogen production, baseditheeelectrolysis or gas reforming, thus utilising
existing electricity or gas distribution infrastture ;

- large-scale dedicated hydrogen production infuastire, including pipelines and / or road
transport.

The first option has a number of attractive feagurem the point of view of minimising distribution
costs, but it would make it more difficult to achgethe economies of scale associated with largle-sca
hydrogen production, with capture and storage of @®en hydrogen is produced from fossil fuels. It
also requires an increase of both gas and eldgtpcoduction and distribution infrastructures. $ae
investments could add up to that required to irtegrenewable energy into the electricity grid eyst

Current hydrogen delivery infrastructure existsyofdr the limited industrial hydrogen markets for
chemical and refining industries in Europe andha tnited States. Those limited systems lack the
scope or scale needed to deliver hydrogen outdideese few industrial areas to a potential large-
volume of end-user applications. Therefore, iiksly that significant capital investment in a dsated
hydrogen delivery infrastructure will be requiregfdtre a hydrogen economy can be realised.
Alternative approaches include using the existiagural gas delivery infrastructure. These systems
would however require significant modification fase in the delivery and distribution of hydrogear F
example, hydrogen has physical properties that caage embrittiement of some high-strength steel
piping materials and components (e.g. compressurvalves) currently used for natural gas.

The evaluation of the options also includes the afsen alternative liquid fuel as a hydrogen cayrie
such as hydrogen-rich liquid fuels (e.g., coaldetimethanol and Fischer-Tropsch liquids). Analysis
also needed to evaluate the trade-offs that existden the use of existing liquid fuel and natgad
infrastructure to deliver hydrogen-rich fuels anide tmassive capital investments required for
implementing a system with central hydrogen plaassociated pipelines, and distribution centres in
dedicated hydrogen infrastructure. These hydrogamfuels could possibly be economically reformed
at end-use locations instead of central locatidie cost of small-scale, on-site reforming and the
associated benefits should be evaluated againstlatye capital cost of a dedicated hydrogen
infrastructure.

In any case, an efficient transportation and diatron of hydrogen from the production site to émal-
user is needed for the wide-spread use of fuet @givisioned by the hydrogen economy. Key R&D
areas for improving hydrogen transportation anttidistion infrastructure include :

- high-pressure gaseous storage and supportingdksges ;

- hydrogen pipelines based on natural gas pipé&tickenology ;

- hydrogen compressors ;

- compressed gas tube trailers ;

- cryogenic liquid storage, insulation and suppaytiechnologies ;
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- cryogenic tankers for bulk-transport of liquiddnggen ;

- absorbent / adsorbent hydrogen storage solidaradi supporting technologies ;
- hydrogen bulk storage systems and bulk disp&ichinals ;

- fuelling stations and supporting technologies ;

- safety devices for these systems and associ@tedasds and regulations.

It must be emphasized that several hydrogen pipelaiworks have been used for more than 50 years in
Europe and in the United States. In particulare@vork of more than 1000 km connects producers and
consumers of hydrogen in northern France, Belgiach the Netherlands (shown on Figure 1 below).
The transportation of very pure hydrogen in ligsidte by truck is also a common practice in Euiagpe
well as in the United States and in Japan.
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Figure 1 : Air Liquide gas networks in North Europe [Source : Air Liquide - www.airliquide.com]

8. UTILIZATION

8.1 Present utilization

Markets today can be divided in two groups : largemical plants and refineries that consume 95 % of
the total hydrogen market from local productionnpgaon the one hand, and small applications on the
other hand that are essentially chemical non-enapgyications or relate only indirectly to the emer
sector.

Further details are given in Appendix B.
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8.2 Future utilization
Stationary applications
Residential and commercial applications

Mixed with natural gas, hydrogen could be usedxistang natural gas equipment. With no change to
the devices up to 3 % volume ( 5 % as agreed ind&aof hydrogen can be added to the gas. More
hydrogen requires modifications to the burnersathdr equipment of the consumer.

Industry

With proper adjustments all types of industrialunat gas burners can be fed with hydrogen. Hydrogen
could then be used earlier as natural gas for sggamaration. However in order to maximize its egerg
efficiency, hydrogen is better used with fuel celet produce simultaneously heat and electricity
(cogeneration).

Electricity production

For the International Energy Agency [10], deceteal electricity production from primary hydrogen

makes only sense in three instances :

- if hydrogen is used as an energy storage formmteent electricity production ;

- if the efficiency is much higher than for otheefs ;

- if hydrogen is used for decentralized electricigngration, where it is not possible to capture, CO
from small-scale cogeneration units.

Hydrogen can be used in fuel cells which can aehiavhigh electric efficiency. The total energy
efficiency may even exceed 90 % if the waste haathe used. Stationary fuel cells (FC), which often
are Molten Carbonate FC or Solid Oxide FC, cangdlewith natural gas or even heavy fuel. In thiecas

hydrogen has the clear advantage of avoiding €gissions.

Transport applications

Recently hydrogen has been introduced as a cledrirfilseveral vehicles. Basically hydrogen can be
used in Internal Combustion Engines (ICE) simitactistom-produced petrol engines or in a fuel cell
where the electrochemical reaction of hydrogen witigen produces electricity and heat.

Hydrogen and the Internal Combustion Engine

When the engine is basically a custom-produced ligasengine, the use of hydrogen fuel requires
adjusting the mixture process for the accuraterobof the hydrogen intake and of the load cyclee T
use of H generally involves lean combustion. Surplus asagbs heat in the combustion chamber and
keeps the flame temperature below the criticaltlmbiwhich uncontrolled ignition can occur. Nitroge
oxides emissions can still be an issue as thoserelated to the combustion temperature. The
combustion of hydrogen should therefore be kepeas as possible.

Since the lean limit of KHis much higher than for petrol, and since largaatians of lambda are
acceptable, the power output of the engine candoéralled by the fuel fed into the engine (as for
diesel) making a throttle unnecessary. Thus a greatiumetric and total efficiency is achievablada
an optimized hydrogen engine can reach efficiendiese to that of diesel engines. Efficiencies P83
have been reported by Bayerische Motor Werke. fadiencies of 50 % are even mentioned in the
literature. This should be carefully weighed howesiace the ICE efficiency varies with the load Ighi
fuel cells do not. General Motors announces (teldyy2010) a petrol-equivalent fuel consumption of
17 % lower than a petrol car and only 3 % highanth diesel car, i.e. 6.37 litre of petrol equinaleer
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100 km. Bi-fuel engines (based on hydrogen andopetannot integrate all measures for efficiency
optimization, and this may restrict the enginecgdincy of hydrogen operation.

Due to the ultra-lean combustion, the power andueroutput of an atmospheric engine fed with

hydrogen are 40-50 % lower than when the same engiaperated on petrol. The loss of power can be
compensated for by the introduction of a turboceai@nd intercooler), and comparable performance
criteria can thus be met.

The two car manufacturers BMW and Ford are today strongest advocates of this technology.
Prototype vehicles have been produced, even in seras, and field testing is underway.

Despite the relatively moderate extra costs astamtiwith H-ICE, this technology can be seen as a
temporary step in order to boost the use of hydroge fuel and create the demand that justifies
investments in the fuel distribution and refuellimjrastructure. Over the longer term, the fuel ¢l
expected to be the top choice technology due tettefficiency. Should the industry fail to méa
costs or performance targets of fuel cells howeMedCE may remain a valid option with its relatively
low cost-structure. On the other hand, the lowell-teewheel total efficiency it offers may serioysl
jeopardize the whole idea of using hydrogen at all.

The introduction of a hybrid version can incredse éfficiency of a RHICE similarly to the hybrid
vehicles, such as the Toyota Prius existing onntlaeket today. This expensive increase in efficiency
will reduce the cost advantage of-KCE vehicles over fuel-cell vehicles. It neverdsd needs further
practical checking. The US-company Quantum hasldped in 2005 a HICE prototype based on the
Toyota Prius.

A mixture of up to 20 % volume hydrogen with natugas (called hythane) can be burned in an ICE.
Minor changes allow the natural gas engine to muhyithane with similar environmental performances.
The CQ-emissions however are lowered in proportion tottiidrogen content. The overall benefit of
using hythane can be found in the infrastructurghbine can be obtained by injecting hydrogen inéo t
natural gas grid, which is broadly available in mamgions in the EU. This could solve the
infrastructure issue at short notice. For the 2Qd@npic Games in Beijing more than one thousand
diesel buses will be converted to hythane to cheblacal air pollution.

Hydrogen and fuel cells

Prototype fuel-cell vehicles (FCV) are rapidly appeg everywhere. In less than ten years, the dakl-
vehicles have evolved from research novelties teratpng prototypes and to demonstration models.
However their large scale introduction is not expddn the near future. The IPTS study stated ttiet
market introduction of FCV may be subdivided intoee phases: 1) test and demonstration, 2) market
introduction and infrastructure build-up, 3) markenhp implying mass production and development of
refuelling stations infrastructure. Most analystpext that the first phase will last until arour@llQ, the
second phase will last another 5 years and phagseull start around 2015. More pessimistic views
have also stated that the phase 3 may not stasteb2025. They also see the high cost of fuel @sls
most prohibitive. The EU High Level Group and ther@pean Car Manufacturers Association have
2020 as a hypothetical starting point.

Today, Polymer Electrolyte Membrane Fuel Cell oatalled Proton Exchange Membrane Fuel Cell or
Polymer Electrolyte Fuel Cell - is the technolodychboice for transport applications. The main re&so
are a suitable operating temperature (with someél@nas of cold starting), and a high power density.
Engineering for mass-production and integratiorhwite balance-of-plant and associated sub-systems
are two key themes for Research and Technology IDewvent work. Cutting costs is also a major
issue.

The fuel-cell technology has the advantages oktketric drive (no emissions of pollutants, low s®)i
while it avoids the constraints of the battery tembgy. The components of the drive (electric mptor
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are the same as for the battery-powered electiiiche and, therefore do not represent any major
technical or economic problem. Hybrid FC-Batteryhiekes are being considered in present EU R&D
programmes.

Even if the electric drive components for a FCV @ain from the experience of battery-powered
electric vehicles, the fuel-cell technology for ieé propulsion is new. Not so much is known about
their lifespan or other issues of user friendlineEarly experiences from the prototype and
demonstration vehicles of the Original EquipmentnMiacturers suggest that they can be made very
straightforward and as simple to drive as the o#étectrical vehicles. This should be a prerequifite
user acceptance As for any prospective very expemgw technology, all performance characteristics
of a fuel-cell vehicle need to be similar - or eweperior - to the conventional technologies, réigss

of the energy issues.

Fuel-cell vehicles have today one or the other majohitecture : the direct electric drive, simitara
battery-powered electric vehicle in which the fgell replaces the battery, and the hybrid drive, in
which the fuel cell is combined with a battery wagr the electric motor. The latter has the adwgnta
of reducing the dynamic load on the fuel cell réaglin a longer life, as well as recovering thaking
energy, which increases the efficiency of the Mehi€ompared to their non hybridized equivalent,
hybrid drive fuel-cell vehicles will however shoesk gain in efficiency than conventional ICE vedscl
(10 % compared to 25 %). This is due to the bedféciency of the fuel cell at partial load. They
nevertheless will have the flexibility advantagestdctrical grid connection for battery loading.

Since the FCV’s considered here are directly fetth Wwydrogen, the same remark applies as for the ICE
vehicles running on hydrogen i.e. a dedicated ikfigenetwork is missing. The progress in increased
energy density of the on-board fuel tanks howevdlr practically lower the drawback of the scarce
refuelling network.

Today, fuel-cell vehicles are available only astgiypes-demonstrators, but all major OEM car

manufacturers have some kind of FC vehicle devedspimprogramme going on. It is hard to name a
company in the lead. Both Toyota and Honda showhmoaenmitment. They have extensive in-house

programmes, and can also produce their own fuélstatks. So does GM. Others are linked to

specialised FC companies : Daimler-Chrysler andl FoBallard Power Systems, a Canadian company
in the forefront of PEM fuel-cell development, Nissand Hyundai to United Technologies (UTC).

The fuel-cell vehicles are further tested in dent@ti®n projects. In Europe the main public
programmes are CUTE (Clean Urban Transport for pirdor urban buses and ZERO-REGIO for
passenger cars, both sponsored by the European Ssimm In the United States the present
administration offers strong political and publicupport via a “FreedomCar” programme.
Demonstrations are located mainly in the State aif@nia, where a consortium named Californian
Fuel Cell Partnership coordinates the activitiesnodtiple actors. Other US locations with FC adtivi
are Washington DC (District of Columbia), and araemund Detroit (Michigan) and Orlando (Florida).
Also in Japan a major hydrogen / fuel-cell vehidevelopment and demonstration initiative (Japan
Hydrogen Fuel Cell) is government sponsored.

Fuel cells have a higher efficiency than combus#gagines, but their cost is significantly higherisl
expected that these costs will go down with higireduction volumes and lower component costs. The
price of a fuel cell car in 2010 is expected to6be% higher than the former petrol-fuelled vehidlae
development targets set by the European HydrogdnFael Cell Platform are to reduce the costs of
fuel-cell systems down to 100 EUR/KW by 2015, vathfetime above 5000 h. By 2030 this cost would
decrease further to 60 EUR/KW, indicating the stben extensive market.

As to the introduction of fuel-cell vehicles, masgenario analyses have been carried out. Roadreips s

goals for hydrogen-fuel market introduction in sevecountries around the world. For example the
Japanese goals are fifty thousand fuel-cell cadi0, and 5 million in 2020, approximately 9 %ilod
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car fleet. The EU has set the goals for the petmatraf alternative motor fuels to 20 % by 2020tiwi
hydrogen assumed to take 5 %.

Figure 2 shows four scenarios of the fleet penetradf fuel-cell vehicles. The Shell scenario “New
Order” assumes a world-wide collaboration withie tutomotive industry, and a political framework
supporting the introduction of FC vehicles. The IBlseenario “Creative Diversity” assumes that
industry, initially, will not succeed in offering G~ vehicles for sale at attractive economics and
performance in everyday use. After some 10 yea@,vEhicles leave their market niche through
significant technological advances and start emgetiie mass market. The “Rapid introduction” scenar
is an optimistic scenario that follows the typicahrket development curves of innovations in the car
sector. Those scenarios see market introductistirgfan 2010 and gaining a fleet penetration ¢ I/

% in 2020.

There are no specific introduction scenarios fa itydrogen Internal Combustion Engines-18E’s
could enhance the penetration of hydrogen intofldets. The lower costs of the,CE compared to
the FCV makes the “New Order” scenario more raalisthich foresees an accelerated development of
the required hydrogen infrastructure. On the loigen however the market o, HICE will not develop
further due to their worse energy efficiency.

Belgium has a peculiar situation for hydrogen ie tBU. There are large hydrogeipeline and
production infrastructures. This could be the bacidbfor the development of a real hydrogen economy
across the country. In order to tap this resoumeml demonstration projects must be set up. They
would create new knowledge and develop technoldbegscould be exported to other EU-countries and
around the world. They could also bring world leadef the hydrogen technologies into investing here
This would make Belgium a country-wide “Hydrogenileg’ with new suppliers. If and when FCV
become significant the Belgian automotive industuld gain new selling points and avoid the transfe
of production capacities to new developing coustrie

50%

45% —B-[Shell 1999] 'New Order' »
[Shell 1999] 'Creative Diversity' /
40% =4—'Rapid Introduction’
== Dudenhdffer 2001] /
35% © Japan Goal

30% /

S0

25%

20%

15%

10%

05%

00% [=[0=10—1%
2005 2010 2015 2020 2025 2030

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

The introduction of hydrogen as an energy carridrfarce a major evolution on the energy sector. |
will consequently force the development of a laspectrum of new technologies which in turn will
induce huge R&D efforts in order to make them cotitipe. The whole supply chain from production
through transport and distribution to the end-usé@nvolved. Reducing the production costs at esiep
as well as improving the efficiency and the lifespae the most important tasks. Safety featurealace
essential. Numerous technical fields are implicaettiese developments such as:

Material science and engineering

- Materials showing resistance to hydrogen corrasio

- New adsorbent and porous materials for hydrogeifigation and storage.

- Catalysts for hydrogen production.

- Catalysts for hydrogen oxidation in fuel cells.

- Materials with specific electrical properties andltifunctional material for fuel cells.
- Membrane technology for fuel cells and for hydrogpurification.

Applied electrochemistry

- Any types of Fuel Cells : Alkaline (AFC), Polyme&iectrolyte Membrane or Proton Exchange
Membrane (PEMFLor Polymer Electrolyte (PEFC), Phosphoric Acid (RAFMolten Carbonate
(MCFC), Solid Oxide (SOFC), Direct Methanol (DMFC, usingthranol rather than $l.

- Electrolysers.

- New development in battery and super-capacitdnrtelogies for Fuel Cell Vehicles (FCV), for
the hybrids Fuel Cell Battery Vehicles (FCBV) ordiiggen Electrical Vehicles (HEV), as well as
for BatteryElectrical Vehicles (BEV).

Mechanical engineering
- High-pressure engineering for hydrogen transpod storage.
- Cryotechnical engineering for hydrogen storageydcket and aircraft propulsion.

Process engineering

- New processes for hydrogen production.

- CO, capture and storage (CCS).

- Biotechnology : Hfrom algae, biomethanisation, bioconversion intdrbgen.

Automotive engineering
- Power electronics for FCV, as well as for HEV,BACor BEV.
- Power management strategies.

10. ROADMAP FOR IMPLEMENTATION

What must be achieved in order to bring hydrogeéa an economy that has been dominated by fossil
fuels, which now provide nearly 80 % of its energguirements ?

Generally speaking any new technology has to peothé market with competitive advantages such as
lower costs, superior performances, sustainalaliy new outlets. If the benefits of the new tecbgyl

are merely social or environmental, then some eggry} and public investment policies are needed in
order to bring down the costs and make the devetopmafordable.
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For hydrogen, some short-term benefits do not atigrevarrant its higher costs compared to the
conventional technologies. Moving from the fossiéff economy of today to a hydrogen economy will
not happen overnight in one single step. The ndfase-in strategy “from yesterday to tomorrow” must
be carefully defined in the future energy scenaifiege want to achieve the broad scale introducbbn
hydrogen. During the transition, the conventiorehinologies and the existing infrastructures wal b
necessary for keeping the economy prosperous.

“We are facing a ‘chicken and egg’ problem that Ww# difficult to overcome. Who will invest in the
manufacture of fuel cell vehicles if there is ndegipread hydrogen supply? At the same time, who wil
invest in facilities to produce hydrogen if thenee anot enough fuel cell vehicles to create sufficie
income for hydrogen producergb]

In the transportation sector, the use of hydroged fuel cells will create a new concept of car
technology. As long as the fuel-cell technologynad operational however, hydrogen can still betted
slightly modified internal combustion engines ot tlexisting car technologyoual-fuel gasoline /
hydrogen internal combustion engines can then stighe hydrogen demand during the transition.
Hydrogen internal combustion engines and hydrogdmidis can also help during the transition in the
same way.

It is advisable in the meantime to start acquirgxperience with the use of hydrogen, although
hydrogen cannot yet be mass-produced by new teahiesl mainly based on renewable energy sources.
It will come from steam reforming of natural gaas it does today for its use in the chemical ahd oi
industries — with some carbon dioxide capture dachge increasing over time, as well as the otker n
methods of production.

Another important success factor is public acceggaictually it is a decisive factor. In order taimg
public acceptance, programmes that demonstrateetth@ology must be launched. One of these is the
European programme CUTE, created to test hydrogesesb in several European cities, but
unfortunately none of them in Belgium. In the sasp@it Belgium could elaborate a demonstration
programme involving for example a river boat foarism, a drone (pilotless-aircraft), service vedsl
busses, or wind generated hydrogen for peak shaving

It seems essential to develop during the transitienod those applications which are niche markets
such as urban buses, forklift trucks and wheelshdihese vehicles need neither an extensive fuel
supply nor a full infrastructure. They can affotae thigher prices of the hydrogen drive systems.
Although limited in volume these niche market segteecould trigger a substantial reduction of fuel

cell cost and create new industrial activities aratkets.

The transition to hydrogen and fuel cells shouldd®n step by step, along the following broad lines
In the short term (to 2010)

As a first step in the early period, the use okxeable energy sources can be intensified for priaduc
electricity and hydrogen. Since the amount of epergailable in this way does not cover by far the
present demand and despite all efforts for eneagyng, it is still necessary to keep operating many
conventional energy sources for the whole transifp@riod. It appears therefore essential to keep
improving the efficiency of fossil-fuel technologiand decrease their environmental impact.

During this period, hydrogen and fuel cells shaalsb be applied in several niche markets. This doul

stimulate the hydrogen market, generate experiesavell as progress on learning curves, take
advantage of the existing hydrogen pipeline netwetk By the same token, the demonstration preject
can also improve public acceptance.

Important research efforts are needed in sevegtalsfifor hydrogen production, storage, distributol
safety, fuel cells, materials, costs, reliabilibddife span, etc., as sketched in the previouptehna
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In the medium term (from 2011 to 2020)

The increased availability of hydrogen will enattie sale of cars and trucks using hydrogen aslarfue
suitably modified conventional combustion enginewl gor) fuel-cell systems. Hydrogen is still
produced from fossil fuels but increasingly frormewable energy sources. Large demonstration
projects are build for COcapture and storage, and the efficiency and riétiabf these processes are
improved.

In the longer term (beyond 2020)

In the long run hydrogen production will keep grogiwith consumers demand for clean energy supply.
Both electricity and hydrogen will progressivelyplace the outdated carbon energy system. Fos$d fue
will gradually be substituted by renewables andhbglear energy. At that time the hydrogen network
will expand faster than in the past and becomeelgiigterconnected with the electricity grid.

In a previous report [13] the European Commissians presented a skeleton proposal for the main
elements and time lines of a European roadmaghtoptoduction and distribution of hydrogen, as well
as fuel cells and hydrogen systems (Figure 3).
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Figure 3 : European roadmap for hydrogen and fuel ells [13]

Before entering the transition phase, it is verpamant to identify the different hurdles on thack to a
progressive implementation of hydrogen systemssdtabstacles are not only of a technical kind but
also and perhaps more of a legal, administratiweigsal, economical or financial nature. If not pedy
taken into account, these could prevent the newggreg/stems from ever existing.
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11. CONCLUSIONS

Although a drastic change of the energy systemappeevitable, the quantitative prediction of thie
that hydrogen will play is most difficult. Compédih between electricity and hydrogen as energy
carriers will increase and debates on this topit @ numerous and lively. It is nevertheless pilales
that both solutions will coexist.

Taking into account the economic, social and teldgical interests at stake, it is of primary im@onte

to further evaluate the prospects of hydrogen a®wa energy carrier and the synergies which will
necessarily develop with electricity. For hydrogas well as for electricity, major technological
innovations will occur and will lead to the devetognt of very large markets.

As the USA and Japan are allocating huge funds & Rrogrammes on hydrogen and fuel cells
(respectively 12 and 20 % of the total non-nucksargy R&D budget), Europe and especially Belgium
cannot stay outside this technological field. Suotli@y are lagging much behind the USA and Japan fo
the development of innovative technologies. Thera high risk that the European industry will epd u
being excluded from the hydrogen economy.

It must be clear that innovations in the field oflaav-carbon energy system go far beyond the
development of the individual technologies whick arvolved in the system. Fundamental research,
development, applications and demonstration of sgatems are essential while human and social
aspects cannot be neglected. Understanding thevzibeh@f the citizens facing the new technologies i
essential.

12. RECOMMENDATIONS

1. Our government should promote and support reBesrd pilot projects at the level of the European
Union for reducing greenhouse gases emissions. gawernment must support those European
regulations which will stimulate the use of newheglogies intended to reduce pollution and make
Europe less dependent on the supply of oil andralagas.

2. A Belgian technology platform on hydrogen & fwells should be created. It should involve all
stakeholders (industry, utilities, government(spjvarsities, research organisations...) which would
provide guidance and support to R&D and key tedirgballenges on the introduction of hydrogen as
an energy carrier, e.g. This platform should :

* encourage and promote R&D studies in universitiesiadustry on the production, storage and uses
of hydrogen ;

» foster inter-university educational clusters ontogedn and its related technologies ;

» organise the direct participation of Belgium in thewly created technology platform in the EC (DG
research)Mydrogen and Fuel celld3] ;

» organise the direct participation of Belgium in@tinternational R&D programmes such as the IEA
(International Energy Agency) programmes.

3. The hydrogen energy concept should be introdwstidn the curricula of schools and universities.
The scope of existing courses must be extendedif8peurricula should be developed by clusters of
universities and engineering schools.

4. As coal is likely to remain a permanent sourEerimary energy for many decades, studies on

carbon dioxide capture and storage (CCS) shoulcerdganced to the benefit of both electricity
generation and hydrogen production.
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5. As nuclear energy is likely to remain a majaurse of primary energy, the Belgian nuclear experti
should be maintained and research fostered on me¥ear reactors for hydrogen production and / or
electricity generation.

6. Belgium has an important car assembling indusiiey design and development centres of which are
located outside the country. There is however angtrlocal industry for components. They should

prepare themselves to a gradual shift from conwgaatifossil fuelled cars to the new generation of

electricity / hydrogen powered cars.

7. As reliable technical and economical data cary dme obtained by practical experience,
demonstration projects should be initiated, suggbrdr enhanced in the various fields of hydrogen
production, storage, transport and utilization. tBa other hand, it is well known that successfdigyo
decisions need public acceptance and that unfaniizardous materials do raise suspicion. A good
information and sensitization campaign on hydrogrerst therefore address public concerns in addition
to pointing out the intrinsic advantages of the n@aducts. In order to bring to the general pubiie
demystification and consciousness of the concepthef‘hydrogen economy’, these demonstration
projects should be given the greatest possibleilitgi Some examples :

. hydrogen fuelled buses and boats related to toacistities ;

. local hydrogen- fed heat and electricity generatioits for administrations and hospitals ;

. electrolysers linked to wind turbines could stintaléhe idea of a carbon-free renewable energy
system providing hydrogen to a filling station ;

. small applications such as wheelchairs poweredyolydgen, or fuel cells substituting batteries in
small portable appliances could also be considered

. live shows on hydrogen in the Technology Parks, 8A8d TECHNOPOLIS, in university and
other laboratories that organize visits and adisipromoting the sciences, should be developed.

8. Government incentives in favour of clean hydrodeelectricity powered cars should be made
available, by reducing taxes on the car itself andhe energy provided. Such economic driving ferce
help changing habits and behaviour towards a neaggrsystem. The increased collective costs yield
their return later.
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Appendix A : Comparative hydrogen properties

Table 4 : Main properties of hydrogen

Gas density 0.0899 kg/Nim
Liquid density 70.99 kg/m
Boiling point 20.4 K

Melting point 14 K

Lower Heating Value (LHV) 121 MJ/kg

Burning range

4-74.5 % volume

Detonation range

18.3-59 % volume

Stoechiometric ratio (with air)

34.5

A brief comparison with methane and propane appwatable 5 and the weight and volume energy

density compared to some common fuels in tabled@ale 7 (tank included).

Table 5 : Comparison between hydrogen, methane armgfopane

lower heating value:

upper heating value:

lower Wobbe index:

upper Wobbe index:

density

gas constant

ignition temperature in air
ignition limit in air

max. flame velocity

MJ/kg
kWh/kg
MJ/Nm?
KWh/Nm®
kJ/kg
kWh/kg
MJ/Nm?
KWh/Nm®

MJ/Nm®
kWh/Nm®
MJ/Nm®
kWh/Nm®

kg/m

J/kg K
°C
vol-%
cm/s

H> CH,
121 50
33.33 13.90
10.783 35.882
2.995 9.968
141890 | 55530

39.41 15.42
12.745 39.819
3.509 11.061

40.898 48.170
11.361 13.381
48.34 53.454

13.428 14.848
0.08988 0.7175
4124 518.8
530 645
4.1-72.5 | 5.1-13.5
346 43

CsHs

46.4
12.88
93.215
25.893
50 410
14.00
101.242
28.123

74.744
20.762
81.181
22.550

2.011

188.5
510
2.5-9.3
47
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Table 6 : Weight and

Energy carrier

Hydrogen

Natural gas

LPG
(Propane)

Methanol
Gasoline
Diesel

Electricity

Table 7 : Weight and

volume energy density comparis between hydrogen and some common fuels

Form of Storage Energy density by Energy density
(tank not included) weight volume
[kWh/kg] [KWhI]

gas (30 MPa) 33.3 0.75
liquid (-253°C) 33.3 2.36
metal hydride (included) 0.58 3.18
gas (30 MPa) 13.9 3.38
liquid (-162°C) 13.9 5.8
liquid 12.9 7.5
liquid 5.6 4.42
liquid 12.7 8.76
liquid 11.6 9.7
Pb battery (chemical) 0.03 0.09

volume energy density of stotkhydrogen, tank included

P T kg H/m® g Ho/kg
Gaseous hydrogern 70 Mpa 298 K 25 65
Liquid hydrogen 0.1 Mpa 20K 30 70
Hydride (Ti) =35 20
Adsorbed on C 0.1 MPa 77K = 39 100

by
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Appendix B : Present utilization of hydrogen

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

Crude oil refining

The largest use of hydrogen occurs in crude oilkcgssing and refining. Hydrogen enhances the

performance of petroleum products and removes argaphur. Let us mention two processes :

- Hydrocracking improves gasoline yields. Heavymdlecules are cracked (broken) into lighter, easie
to refine, and more marketable products which atsoply with the regulations for lower emissions
and less by-products. The result is a higher gasglield with higher octane.

- Catalytic hydrotreating of several petroleum gotsduces gasoline, diesel oil and other fuels &ith
very low sulphur content that meet the presentlegguns.

The hydrogen quantities needed for these utilingtiare growing strongly on two accounts : the
petroleum products must be cleaner and the ratiydfogen to carbon in fuels is increasing.

Basic chemicals

Large quantities of hydrogen are used to produaa@ma (NH), methanol (CHOH), and key products
such as fertilizers and many others.

Ammonia : ammonia is produced by reacting nitrogen withrbgeén. The overall reaction — which
involves several steps including feedstock desulphtion - is given as :

N, + 3H 2 2NH; (between 100-250 bar and 350-550 °C)

Worldwide capacity, excluding China, approaches fr8llion tons per year. About 85-90 % of all
ammonia produced ends up as fertilizer.

Methanol : methanol is produced by the high-pressure catalgarction of carbon monoxide and
hydrogen, both derived from natural gas, or byghdial oxidation of natural gas hydrocarbons. Low-
cost production lines with new catalysts, and tbealed oxygen, or enriched air, blown twin-stage
reforming of natural gas at low pressure are regaptovements. The gas obtained from the steam
reforming and (or) the oxidation of natural gagprecessed to methanol according to the following
reactions :

CO + 2H => CH;OH

CQ + 3H, => CH;OH + H,0

Recent technology advances have allowed buildingetaplants. The largest operating plant started in
Trinidad with a capacity of 1.7 million tons/yeardaother large plants have been announced in fkea,
Middle-East and the Caribbeans. The next grouplafitp ready to go on stream have a capacity of
about 10.000 tons/day, twice the capacity of theectu world-scale units.

World production was estimated at 31-33 milliongqer year (2002), the main uses being
formaldehyde and MTBE (Methyl-ter-butyl-ether, asgkne additive).
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B 2. Merchant hydrogen for specialties and small@plications represents 5 % of the
total production.

Figure 4 shows the various applications in Northe#icg, in 2001.

Hydrogen : Current Merchant Demand N.A.

Government (Aerospace) Fuel Cells Petroleum
16.6% 0.1% 93 534

Fower Utilites
1.7%

Glass
8.3%

Elzctronics
12.5%

Laboratory
0.9% Speciality Chemical

8.3%

Metallurgy
Hydrogenation of Edible Oil 10.0%
and Fats
Footnote: Based on 1.25 million tonnes 8.3%

Source:interview with Karen Campbell, Air Products and C-219 Hydrogen as a Chemical
Constituent and as a Energy Source, Edward Gobina, Business Communications Company, Inc.

Figure 4 : Current merchant demand for hydrogen inNorth America
[Source : Dynetek Industries - http://www.gov.pe.ca/photos/original/dev_solutiongdf]

Hydrogen is needed in many applications and markets

Food: hydrogen is used to hydrogenate liquid oils (saglsoybean, fish, cottonseed , corn ...oils) that
produce semisolid materials such as margarineetat Hydrogenation increases the oxidative stgbili
of edible fats and oils in order to avoid spoilagel odours.

Sorbitol : produced by hydrogenation of glucose, sorbitaised in food, pharmaceuticals, cosmetics,
etc.

Pharmaceuticals and bio / specialties / intermedias: in addition to sorbitol, hydrogen is needed for
many syntheses. The best known are those of vitafiand C.

Chemicals (specialties) Hydrogen is widely used for synthesising “speagsitj intermediates for
pharmaceuticals and chemically advanced matenals as hydrogen peroxide, many chemicals with a
hydrogenation stepsedfor soaps, insulation or plastics, hydrogen tranaégents,....

Metal production and fabrication : hydrogen acts as a protective processing atmosgdberthe

manufacturing of carbon and stainless steel - \&ion for austenitic stainless steel - , in plasma
welding and cutting operations, etc. Hydrogen camgion in metal production is growing with an
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increased demand in furnaces. In the past, theadesused approximately 6 % hydrogen in their
atmosphere. Now, it's quite common to have 100 %.

Electronics : during the production of semi-conductor and printgduits, hydrogen acts as a controlled
atmosphere to insure the high purity required eséhapplications.

Aerospace :hydrogen is used as fuel for spacecraft and rockatsalso as an energy source that
powers life-support systems while yielding drinlablater as by-product.

Glass polishing and glass / optical fibre manufacting : hydrogen acts as a controlled atmosphere to
ensure an oxygen-free atmosphere.

Power generation :hydrogen is used to cool high-speed generatorssaado used in the cooling water
system of nuclear reactors (to eliminate oxygen).

Another summary is given (Figure 5) by Air Liquifte 2003 world markets.

/ | Hydrogen market segments
"4

REFINING
HT/HDS...

ELECTRONICS

SPACE Epitaxy

GLASS

CHEMICALS

Float Glass CHEMICALS
. Basics
HEAT TREATMENT
Steel
LABORATORY HEAT TREATMENT
Analysis '. 85

& GLASS .
Polishing

10 100 1,000 10,000 100,000

ma3fhr
R

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

This map shows the growth of the market (ordinaté®) size of various markets (the area of circles)
and the size of the typical consumer (the volunezled per hour).
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List of acronyms

. AFC : Akaline Fuel Cell

. BEV : Battery Electrical Vehicle

. CEA : Commissariat a 'Energie Atomique
. CCS : CQ capture and storage

. CUTE : Clean Urban Transport for Europe
. DMFC : Direct Methanol Fuel Cell

. EU : European Union

. FC : Fuel Cell

. FCV : Fuel Cell Vehicle

. FCBV : Fuel Cell Battery Vehicle

. HDS : Hydrodesulphurization

. HEV : Hydrogen Electrical Vehicle

. HT : High Temperature

. ICE : Internal Combustion Engine
. IEA : International Energy Agency
. IPTS : Institute for Prospective Technologies Sgadi

. MCFC : Molten Carbonate Fuel Cell

. MTBE : Methyl ter-butyl ether

. OEM : Original Equipment Manufacturer

. PAFC : Phosphoric Acid Fuel Cell

. PASS : Parc d’Aventures Scientifiques

. PEMFC : Polymer Electrolyte Membrane Fuel Cell
. SOFC : Solid Oxide Fuel Cell
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. Dr. Hugo Vandenborre, Hydrogenics

. Ir. Delphine Wery, ULg
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