1. HYDROGEN TECHNOLOGIES

1.2 HYDROGEN TODAY

Hydrogen is widely used today as a chemical prodtuearious industries (petrochemical, food,
electronics, metallurgical processing etc.). Sq flae only significant energy application has
been space programs. Hydrogen is however emerging major component for a future
sustainable energy economy where hydrogen andieigcare foreseen to be complimentary
sustainable energy carriémgith hydrogen especially valid for movable or jadie applications.
Hydrogen offers a unique method of reducing theifdsel dependency while increasing the
usage of renewable energy sources.

The main driving forces to introduce hydrogen asemmergy carrier are based on the limited
fossil fuel resources in general, and the implmtitical dependencies creating a widespread
and high level political need to secure and divgrsational energy suppli&sEnvironmental
concerns on urban pollution and the greenhousetedfe also important drivers. Hydrogen as
an energy carrier is thought to take a key roleambine and to apply different renewable and
sustainable energy sources.

Concerns over environmental impacts of continuadifduel use are leading to development of
decarbonisation technologfes$n the short term, it is believed that such tedbgies will be a
source for low-cost hydrogen production. Curremthout 90 percent of the world’s hydrogen
production is based on fossil fuels and mainly ratgaé. In the long term, the production
needs to be based on the renewable energy soaroeser to reduce the pollution problem in a
sustainable way. In the mean time hydrogen praaluechight be based on fossil fuels (natural
gas reforming, coal gazification) with GGsequestration and ,Hproduction at nuclear
installations.

Hydrogen as an energy carrier is still in its imfgnand will probably not have a significant
market share for 10 to 15 years from now. Howevemrogen production, storage and
conversion technologies have reached a technit& wthich already makes its use as an energy
carrier highly interesting -although many improverseand new discoveries are still possible
and needed. On the other hand, a number of chaeliemave to be overcome to make hydrogen
a commercially viable large-scale actor on the gnenarked. Furthermore, the technology can
be expected to change substantially as a consegoémneore widespread use of hydrogen.

! Strategic Overview including Strategic Researclerfin & Deployment Strategy, The European
Hydrogen & Fuel Cell Technology Platform, May 2005.

2 Hydrogen Energy and Fuel Cells — A vision of autufe. Summary Report. High Level Group For
Hydrogen and Fuel Cells, June 2003.

3 IEA,, 2001, Need for Renewables. Developing a NGemeration of Sustainable Energy Technologies.
Long-term R&D Needs. A Report on a Workshop of Remnewable Energy Working Party (REWP) of
the International Energy Agency (IEA).

“ Hydrogen as the Energy Carrier of the Future, Sangrim English NOU 2004:11 (Published in
Norway, 2004)
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Urban vehicles running on hydrogen are seen asgngpartant application and can contribute to

reduced emissions in city centres. This requiras tltional authorities, industry and research
institutes work closely together to facilitate alhygen refuelling infrastructure and a regulatory
framework allowing safe introduction of commerdigidrogen vehicles and refuelling stations.

The development of an improved understanding armviedge of safety aspects related to

hydrogen are very important to facilitate such acpss. The same aspects are valid for
stationary hydrogen applications, e.g. stationaeyaf hydrogen fuel cells.

In the long term, the vision is the transition téhgdrogen society” where hydrogen, derived
without pollution from renewable energy sourced| iécome a clean energy carrier as widely
used as electricity, with the leading role in glphlcation requiring energy to be stored, for
transport in particular. Hydrogen production pathii include solar, water (tidal energy,
currents), biological and other renewable energyrces, in theory leading to nearly
inexhaustible supplies of hydrogen. Hydrogen canthe utilised in combined heat/power
generation, in industry, and in every form of tyors in ships, vehicles, trains and aeroplanes
It is expected that fuel cells will be the solutioinchoice for implementing hydrogen, as this is
the cleanest and most efficient means to put thaxgy vector to use in the applicatin
Coupling renewable energy resources with hydrogemage will reduce the impact of
low/variable capacity factors and enable energybéo supplied when and where needed.
Efficient and cost-effective hydrogen storage isréifiore a key to the provision of renewable
power on demand.

In the future, refuelling stations for hydrogenifed vehicles might be part of the infrastructure
like conventional gas stations are today. Hydroged its associated technologies therefore
have to reach safety acceptance by the public ppobeal by the relevant authorities. There is
currently a large, well-established delivery sysfemhydrocarbon fuels (gasoline, natural gas,
propane, etc.). A hydrogen-fuelled fleet of vedéclill require duplication of much of the
existing gasoline dominated infrastructure.. Theyviarge investments required will be a
serious hurdle for the market driven introductidingdrogen technologies. However, these may
be reduced by considering the feasibility and yadéutilizing the existing natural gas pipeline
networks for hydrogen transport, as well as oaqsibduction of hydrogen.

All these new means of using hydrogen raise theoitapt question of how to ensure the safe
introduction of this new energy carrier for usetly general public.

1.3 INTRODUCTION TO HYDROGEN PRODUCTION
TECHNIQUES

1.3.1 Introduction

Almost all hydrogen on earth is found in compoundsjnly in combination with oxygen as
water or in combination with carbon as organic sases. Hydrogen is currently primarily
produced from fossil resources, in the first pldeeugh reforming of natural gas (48% of the
world’s production), but also with processes sushpartial oxidation of oil (30%) or the
gasification of coal (18%). Biomass gasificatiorhieh is still in the demonstration phase, is
used on a minor scale to produce a hydrogen ant#tdrane rich fuel gas. The utilization of the
secondary energy carrier “electricity” allows hygea production by water splitting via

® http://europa.eu.int/comm/research/energy/nn/niy2_en.htm
® http://europa.eu.int/comm/research/energy/nn/niyt_en.html
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electrolysis, which accounts for approximately 4%stlee world’s production. This method,
however, strongly depends on the availability aéagh electricity. Largest near-term market for
hydrogen will be the petrochemical industries reqgi massive amounts of ,Hfor the
conversion of heavy oils, tar sands, and otherdoade hydrocarbons.

1.3.2 Hydrogen Production Technologies

1.3.2.1Hydrocarbon Splitting Processes
Steam Reforming of Natural Gas

Steam reforming of natural gas is a technically eoshmercially well established technology
on industrial scale and currently the most econamicute. Reforming technology is mainly
used in the petrochemical and fertilizer industf@sthe production of so-called “on-purpose”
hydrogen. Steam methane reforming (SMR) takes @atgically 850°C in the presence of an
iron or nickel catalyst. The main processes of heatsfer are radiation and convection. The
equilibrium composition of the reformer gas is degestrongly on the fuel characteristics, the
steam-to-carbon ratio, outlet temperature and presswvhich are chosen according to the
desired products. High reforming temperatures, fpogssures and high steam to methane ratio
favour a high methane conversion. Optimum pressamge is 2.5-3 MPa resulting in a
hydrogen yield of 86-90% [Uhde 2003]. A minimum@®CH, ratio of around 2 is necessary to
avoid carbon deposition on the catalyst. If excgeam is injected, typically 300% away from
the stoichiometric mixture, the equilibrium is ¢bd towards more CCat temperatures of 300-
400°C increasing the Hyield and reducing the undesired production ofbear The
conventional process requires additional stagedestilfurization, CO shift conversion, and
purification by pressure swing adsorption (PSA).efall, the different process steps need
considerable amount of energy. The total balancestich a plant is that 1 Nnof methane
allows the production of 2.5 Nhof hydrogen, which corresponds to an overall &ficy of the
process of around 65 %. It is rather difficult & guch higher efficiencies in practice.

Presently large steam reformer units with up touald®00 splitting tubes have a production
capacity of around 130,000 Nfin. Future reformer plants are designed to prodi&&000
Nm*h or more. Modern steam-methane reformers oftenmusre than one catalyst at different
temperatures to optimize the Hutput. Advanced reforming techniques will opetagemeans

of micro-porous ceramic membranes made of Pa-belkdand a Ni-based catalyst, which can
perform steam reforming reaction, shift reactiamd &, separation simultaneously, i.e., without
shift converter and PSA stages. The simultaneowsegses allow to lower the reaction
temperature down to around 550°C posing less siningequirements to the materials. Such
systems are compact and may provide higher effiésn Technical feasibility of the membrane
reforming system was demonstrated by the Tokyo @Gas Japan, with test runs up to 1500 h
achieving a hydrogen production rate of 153mand a 76 % conversion of the natural gas
[Hori 2004]. Tests with a production rate of 40 Mmwere also conducted. Catalysts and the
separation membranes are the key components, wétith have potential for further
improvement and optimization.

Smaller SMR units for local Hproduction have a capacity around 150 *mThey are
presently in the development and demonstrationgphad are becoming increasingly powerful
and efficient. Research in reforming technologgésancentrating on finding the right balance
of fuel, air, and water flows for optimal procegsin



For on-board reforming in Fuel cell vehicles, meihizhas been considered because it operates| Kommentar: New topic? New
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Memebrane) technology.

Steam reforming units ranging from micro/milli seab large scale can be constructed using the
so-called “Printed Circuit Heat Exchangers”, PCHEREese are highly compact, robust, all-metal
blocks composed of stacked metal plates, whichagordlternately channels for the primary
and the secondary fluid. The manufacturing techaiguhich is similar to printing electrical
circuits allows complex flow channel geometrieshett into the metal surface. Pressures of 50
MPa and temperatures of 900°C are possible [HEATRIC

Partial Oxidation and Autothermal Reforming of Hgdarbons

Partial oxidation of heavy oil and other hydrocarbads a large-scale ;Hroduction method,
which is generally applied when generating synthegis from heavy oil fractions, coal, or
coke. By adding oxygen, a part of the feedstoclbusnt in an exothermal reaction. Its
combination with endothermal steam reforming mad|éo reactions without heat input from
the outside (autothermal reforming - ATR) achievimgher efficiencies. Non-catalytic POX
takes place at temperatures of 1200-1450°C andymess of 3-7.5 MPa (Texaco process), the
catalytic POX at around 1000°C. The resulting sgsif gas with a $#CO ratio of ~2
(compared to > 3 for SMR) makes methanol synthasigleal follow-on process. Efficiencies
of about 50% are somewhat less compared to SMRadRéntages are the need of large
amounts of oxygen, catalyst deactivation due tdaardeposition, the byproduct CO, which
requires the shift reaction, the need for gas jatibn stages. It may become competitive,
where cheap primary energy is availalfleason : Cost of oxygen = capital cost + cost of
electricity)

ATR technology was developed since the late 197@sthve goal to have the reforming step in
a single adiabatic reactor. Preheated feedstogkadually mixed and burnt in the combustion
chamber at the top, where partial oxidation takese Steam is added to the feed to allow
premixing of CH and Q. The steam reforming step is done in the lowet phthe reactor.
ATR requires 10-15% less energy and 25-30% les#tatapvestment [Bharadwaj 1995].
Catalytic autothermal reforming is ideal for fuadlicsystems due to its simple design, low
operation temperatures, flexible load, and higiciefficy. It can be conducted in both monolith
reactors and in fluidized bed reactors, but alsdixed bed micro-reactors. Plants usually
include also air decomposition, unit size alsohie brder of 100,000 Nifh. Capacities of
combined autothermal reformers are typically betwd®00-35,000 Nfth, a range where
“normal” steam reforming exhibits high specific @stment. Small-sized units of POX
reforming for mobile applications are presently @indevelopment.

Present methanol reformers are of fixed-bed typawbacks are hot and cold spots and slow
response due to slow heat transfer. Improvemenbias achieved by using washcoated heat
exchangers. A reasonable choice for portable FClicapipns is the employment of
microreactors for methanol reforming. Micro-reactoeans channel sizes with a cross section
of 1000 micron x 230 micron plus a 33 nm thick @yelr as the catalyst.

Coal Gasification



Gasification of coal is the oldest hydrogen proatucttechnology. Because of its abundant
resources on earth, the conversion of coal to diqui gaseous fuels has been worldwide
commercially applied. At present, 20,000 MW of $wtis gas (KH+ CO) are being produced
by coal, mainly for chemicals and power generaf®as Conference 2003]. Various types of
steam-coal gasification processes on a large sgaesuch as Lurgi, Winkler, Koppers-Totzek,
Texaco, which differ by the type of reactor, tengiere and pressure range, grain size of the
coal, and its residence time. Partial oxidationpafverized coal by oxygen and steam in a
fluidized bed takes place at about atmospheric spres where 30-40% of the coal are
transformed to Coto supply splitting energy of water. The reactiate strongly increases with
temperature; typically temperatures up to 2000°€ @messures up to 3 MPa are selected. Main
disadvantages of coal gasification are the handtihgolid material streams and the large
amounts of CQ SQ, and ash requiring a complex cleaning systemhénhtydro-gasification
process, a high degree of gasification can be médaalready with relatively short residence
times of 9-80 min. Of advantage compared with steaal gasification is the 200 K lower pre-
heating temperature which reduces potential coreoaitack. A major drawback, however, is
the large amount of residual coke of up to 40%infiggortance for Hproduction is decreasing.

The Integrated Gasification Combined Cycle (IGCEpriesently considered the cleanest and
most efficient coal-fueled technique. With its garbine step prior to the oxygen/steam process
and its intermediate stage of synthesis gas, ainallthe removal of most carbon components
before combustion. The separated ,Cream is of high purity and therefore suited for
disposal. Thermal efficiency is expected to improyel0% over conventional coal-fired steam
turbine. Partial oxidation of coal is economic fayal countries. Under “normal” conditions,
IGCC is not competitive with SMR. As of 2003, commial IGCC plants in the power range of
250-350 MW and with efficiencies of 37.5-41.5 % heing operated in the USA, Netherlands, | kommentar: Throughout the
Spain, and Japan. paper, it is difficult to compare the

efficiencies with each other. One
should be clear to state what the
efficiency comprises, and whether

Another advanced method is the HYDROCARB coal dragkrocess. The coal is decomposed | Production of heat and direct
electricity are taken into account.

in a thermal cracker to carbon black as a cleahdnd hydrogen as a byproduct fuel. The | this snould be reviewed throughout
commodity carbon black outweighs the poor efficieat17% for this method. . the whole report

Plasma-Arc Process

In the plasma-arc process, methane (or other gasmmi liquid hydrocarbons) splitting takes
place at temperatures around 2500°C yielding s@ithon separated from the gas stream. The
efficiency was reported to be about 45% and is etgukto further improve. Hydrogen purity is
98% prior to the cleaning step, if natural gas fsagsed. SINTEF in Norway is using a 150 kW
laboratory plasma torch with coaxial graphite etedés, but without CQor NOy emissions. In
cooperation with Kvaerner, a 3 MW industrial-scplant was constructed in Canada working
since 1992. In 1999, the Kvaerner group has firgtyted the commercial operation of its first
carbon black plant in Canada, which runs on oihatural gas and is designed for an initial
annual capacity of 20,000 t of carbon black plusrBiion Nm® of H,. The byproduct hydrogen

is recirculated to the plasma burner and used@®ps gas. The energy demand for the plant is
said to be 1.25 kWh/frH, [Bellona 1999]. But also solar furnaces are umtiselopment using
sunlight to provide the dissociation temperaturBesearch efforts are concentrating on
optimized concepts for gas injection, heat transfaotection against undesired carbon
deposition. The search for optimal catalysts taircedthe maximum temperature has led to Ni or
Fe based catalysts to decompose, @Hhe range of 500-700°C (Ni) or somewhat higties).
Activated carbon is seen as an interesting alteen&dr the 900-1000°C range [Muradov 2005].

Biomass Gasification




The gasification of biomass or the microbial?3?%kbduction by converting organic wastes is
attractive for decentralized applications. The clatgpprocess includes drying of the feedstock,
pyrolysis, where the organic substance is deconsh@agothermal or allothermal (outside heat
source) gasification, and finally combustion of foel gas. The autothermal gasification in a
fluidized bed results in a synthesis gas with t@{hyc30% of H, 30% of CO, 30% of CQ and
5-10% of CH plus some higher hydrocarbons. Facilities for wedtment are on the verge of
getting commercial. Demonstration pilot plantshie power range of 1 MW are being operated
in various countries. Some apply an autothermatgs® and use air instead of oxygen. The
product gas, at a certain quality, may be routeda tfuel cell power plant. Still biomass
conversion appears to be less convenient fgpralduction and is rather employed for heat and
electricity or for biofuel production.

1.3.2.2Vater Splitting Processes
Low-Temperature Electrolysis

The oldest and world wide well established techgplof water electrolysis is the alkaline
electrolysis. Approx. 20 billion Nfnof H, are being generated actually as a byproduct of the
chlorine production. Electrical energy requireménin the order of 4 to 4.5 kWh/NitH,
corresponding to an efficiency of >80%. Capacibéslectrolyzer units are ranging between
20-5000 Nrivh. The largest integrated installation is curnerii Assuan, Egypt, with a
production capacity of 33,000 Nifh. First alkaline electrolyzers for hydrogen protiion were
developed by Norsk Hydro in Norway, where cheagtatdty from hydro power could form
the basis for this process. Electrolysis has becmmmature technology at both large (125 MW)
and small scale (1 kW). Today’s units are availableizes up to about 2 MW(e) corresponding
to ~ 470 Nrih of H, production with multiple units being combined #&der capacities. They
typically have an availability of > 98 % and an epyeconsumption of 4.1 kW/Nfoperating at
about atmospheric pressure [Norsk Hydro 2002]. #aittl components like purification of
water and products, rectifier and reprocessinglkdliae solution are necessary. Pressurized
systems operating at 3 MPa help to save compressiergy. Plant operation is simple, highly
flexible and appropriate for off-peak electricitgeu System efficiencies of commercial low-
pressure electrolyzers range from 60-73%, can go 80-85% with improvements made in the
development of better electrodes and diaphragmghémunore electrolyzers have also been
made appropriate for intermitting operation like $olar energy. Purities directly achieved are
> 99.9% for hydrogen and > 99.8 for the oxygen Bkddydro 2002].

The more advanced method is solid polymer eledgotgembrane (PEM) water electrolysis
which can be operated at higher pressures andgaethicurrent densities due to volume
reduction compared to cells with a liquid electtelyTypical operation temperatures are 200-
400°C. This membrane electrolysis is simpler irdiésign and promises a longer lifetime and a
higher efficiency. The requirement of electricitjllle reduced to values below 4 kWh/Rai

H,. High-pressure systems are established in thdempalwer range with pressures of 3 MPa
achieved and efficiencies up to 80%, small-scaliesyB-260 Nnvh) exhibit somewhat lower
efficiencies around 50%. Main disadvantage is thiehggh cost of membrane manufacture.
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High-Temperature Electrolysis
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Thermochemical (Hybrid) Cycles

In a thermochemical cycle where water is dissodiatea series of thermally driven chemical
reactions, all supporting chemical substancesegrenerated and recycled, and remain — ideally
— completely in the system. The only input is waded high temperature heat. Numerous
instances of such cycles have been proposed ipabseand checked against features such as
reaction kinetics, thermodynamics, separation distnces, material stability, processing
scheme, and cost analysis. Thermochemical cyctebeing investigated mainly with respect to
primary heat input from solar or nuclear power. 8oof the most promising cycles include
those based on the sulfur family, which all havecammon the thermal decomposition of
sulfuric acid at high temperatures. One cycle agreid with a high priority is the sulfur-iodine
(S-1) process which was originally developed by t® company General Atomics and later

in continuous operation over one week. The facitibnsisted of more than 10 process units | referenceto 1.3.5
primarily made of glass and quartz with a hydrogesduction rate achieved of 30 NI/h. The

next step which started in 2005 is the design amstcuction of a pilot plant with a production

rate of 30 NriYh of H,. The theoretical limit of efficiency for the totpiocess is assessed to be

51% assuming ideal reversible chemical reactionbegt estimate was found to be around 33-

36% [Goldstein 2005], but it is hoped that 40-50&@chievable. The decomposition of$0,

and HI were found to cause severe corrosion prablem

1.3.3 Liquid Hydrogen Production in the World

A major program of hydrogen liquefaction was st@ite the USA within their Apollo space
project leading to the design and constructionan§ié-scale liquefaction plants. The today’s
purpose of liquefaction has become to a great teatost reduction of Hdistribution. The
liquefaction of hydrogen is a highly energy interesprocess. The minimum work required for
the liquefaction of hydrogen (at ortho-para equilitn) is 3.92 kWh of electricity /kg of Hor
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0.12 kWh /kWh of H. Typical values for the whole process, howeveg,iarthe range of 12.5-
15 kWh/kg, meaning that the liquefaction consumssua 30% of the total energy content of
the hydrogen. The energy requirement is stronggted to the liquefaction plant size. The
above figures refer to capacities of 2-3 t/d andda The energy requirement goes up to ~30
kWh/kg for an LH production of 0.2 t/d and even to 56 kWh/kg fgulant size of as small as
20 kg/d.

The world’s hydrogen liquefaction capacity amountan estimated total of approximately 300
t/d. Most plants (10) are located in the Unitedt&avith capacities of 5.4 t/d upwards and a
total of 252 t/d (as of 1997). In Europe, threenfdan France, the Netherlands, and Germany
are operated with a total capacity of 19 t/d. Latgeant size is currently 68 t/d (New Orleans,
USA), but sizes of 750 t/d are expected to be lidasi he present limitation at approx. 60 t/d is
given by the compression step and could represeneenient modular size.
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1.3.4 Large Scale vs. Small Scale and Centralized vs. Dtralized
Production

At present, most hydrogen is produced on-site mroercial, large-scale SMR units dedicated
to the needs of the chemical and petrochemicalsinigs. On-site production means flexible,
on-purpose production with low or no transportat@st. In contrast, centralized hydrogen
production refers to large-scale systems conndotedhydrogen delivery/distribution network
transporting the KHto the point of use in gaseous or liquid state pigeline or truck.
Centralization allows for a secure and stable suppéntralized large facilities are usually the
result of efforts to decrease specific productiostdy increasing the unit size (economy of
scale).

Also the use of nuclear primary energy as well ydrdrelectric power only makes sense for
centralized H production on a large scale ???1 don’t understdahdre are small hydro-electric
power systems . Renewable energy sources (exaepydoo ???) with their low-density energy
and typically intermittent operation mode will bgically constitue a dispersed system of H
generation plants. They can also be used to genelattricity and provide it to the grid at any
place. The same applies tg flom biomass plants which will be limited in sigenply because
of the difficulty to transport biomass. Natural gesuld be used for both centralized and
decentralized Hproduction. A swift introduction of hydrogen intbe market favors central
production [EHFCP 2005a]. This sentence seems turadict following paragraph "2
sentence.(l agree with Frederic)

Advantages of decentralized distributive generatbi, is the ability to take benefit of the
existing and widely available grids for electriciynd natural gas. For future applications of
hydrogen as part of the energy economy, the iasiafl of a network of small-scale,H
production units appears to be a good short-terpnogeh for the introduction phase. Market
prospects for stationary and mobile fuel cell aggilons have already led to the development of
small-scale KHunits on the prototype level to either be parthefrequired infrastructure for fuel
cell vehicles or for feeding local grids for regidial stationary fuel cell systems. Small SMR or
electrolyzer units, which are competitors at thisls, are attractive for early low-demand
stages. They require less absolute capital invegtnand no transport and delivery
infrastructure. On the other hand, there are drakbm terms of limited efficiency and high H
cost, because they are lacking the advantages eofetonomy-of-scale factor and of the
improved storage efficiency of large plants. Fumi@re operation and control of many small
H, units require a cost effective process control high safety standards [HFP 2005]. If
connected to a pipeline grid, a problem may alssden in the mixing of Hstreams from
different sources ??? this is also the case withbNGis not a problemin areas with lack of
natural gas, reforming of methanol as easily trartaple and storable fuel may represent an
economic way of localized Hproduction. In other small-scale applications,orefing of
methanol may be more cost-effective, so may berelgsis on a very small scale. The market
for small H capacities in the range 50-500 Mmis existing, but limited. On-board reforming
of methanol has been considered an alternativerofdi H storage in an FCV which could take
advantage of the already existing conventionalspartation fuel distribution network. With
respect to the planned network of i¢fueling stations, a comparative cost analysisyshas
shown for consumptions lower than 600 mthe delivery of LH by tank truck represents the
most economic option [Ranke 2004].



1.3.5 Nuclear Hydrogen Production

In principal all methods of hydrogen productionadpfrom the photolytical ones, can be
coupled with a nuclear reactor to provide elediri@nd process heat, respectively. While
conventional light-water reactor can be readily Eypd to deliver electricity for the
electrolysis process (however, at a very low tafiiciency), high-temperature gas-cooled
reactors (HTGR) with their helium coolant outletnfgerature of up to 950°C would allow the
direct utilization of the hot gas which transfersshieat to the chemical process. Nuclear reactor
and hydrogen plant will be separated from each rothyeemploying an intermediate heat
exchanger (IHX) between the primary helium cirafithe reactor and Hproduction system.
The intermediate circuit serves the safety relgieghose of preventing primary coolant to flow
through the (conventionally designed) hydrogen potidn plant and, on the other hand,
product gas to access the nuclear reactor building.

The steam-methane reforming process as the mostywaghplied H production method was
subjected to a long-term R&D program in Germanmhwlite goal to utilize HTGR process heat
required as energy input for the methane splittiflge necessary heat exchanger components
(IHX, reformer, steam generator), with respecttteirt dimensions of the 125 MW(th) power
class, were successfully tested in terms of réiigtzind availability in a 10 MW test loop over
18,400 h. The steam reforming of methane was igasd in the EVA test facilities under
nuclear conditions with dimensions typical for isthial plants. Also EVA’s counterpart,
ADAM, a facility for the re-methanation of the shesis gas generated in EVA, was
constructed and operated, demonstrating successhél closed-cycle energy transportation
system based on,Has the energy vector. A corresponding experimgmi@djram on nuclear
steam reforming was conducted and recently conpleye] AERI, Japan.

Nuclear coal gasification processes were invesgan the German long-term project PNP
(prototype nuclear process heat), which has evintesulted in the construction and operation
of pilot plants for the gasification of brown cddignite) and stone coal, respectively, under
nuclear conditions. Catalytic and non-catalyti@stecoal gasification of hard coal was verified
in a 1.2 MW facility operated for about 23,000 tthvd maximum throughput of 230 kg/h. The
hydro-gasification process was realized in a 1.5 lddht operated for about 27,000 h with a
throughput of 320 kg/h of lignite.

For future large-scale #production, nuclear reactors of the next (forthjgration are expected
to represent a safe, reliable, and economic primemgrgy source. The Generation IV
International Forum“ (GIF) is a joint initiative 3everal countries including the EURATOM to
develop such a nuclear, froduction system by 2030. One of the most pramgisGen-IV”
concepts is the VHTR (Very High Temperature Redatith its characteristic features of direct
cycle gas turbine plant for high efficiency and amlant outlet temperatures of 1000°C. Top
candidate production method is the sulfur-iodirerttochemical cycle, considered presently as
reference method by various countries. Most adwaricethis respect is the Japanese JAEA
which is planning to connect the S-I process tarthd TR (High-Temperature Engineering
Test Reactor) and demonstrate for the first timgear hydrogen production foreseen for 2010.
The United States are currently designing a “Negh&ation Nuclear Plant” (NGNP). This
government-sponsored demo program is based on-&8M®IW(th) full-scale prototype gas-
cooled reactor to provide electricity and procesatfat 900-1000°C. 100 MW are planned to be
consumed for hydrogen production using the I-S gsecas reference method, alternatively
high-temperature electrolysis. But also in China &wrea, ambitious programs have been
started with the goal to bring nuclear hydrogerdpmtion to the energy market. The European
Union does not have a dedicated nuclear hydrogegrgm. The respective engagement by

1-10



research, industry, and policy is mainly given b tparticipation in activities within the

Framework Programmes (FP) of the EU. With CHRISGBS6)REF, HYTHEC, and HI2H2,

projects in FP6 have started related to theprbduction by biomass gasification, steam
reforming, thermochemical cycles, high-temperatiletrolysis. On the nuclear side, there is
the RAPHAEL project, acronym for ,Reactor for PreseHeat Hydrogen and Electricity
Generation®, which began in April 2005. This prdjedl treat the pertinent aspects of material
development, HTGR fuel technology, nuclear wastenagament, coupling to hydrogen

production technologies.

1.3.6 Future Pathways

If hydrogen is to play a major role in a future myyeeconomy, the whole spectrum of primary
energies (fossil, nuclear, renewable) for its pmidm must be considered. The question of
which energy source to be utilized, will be finaiecided by the respective country with
respect to its domestic resources, and methodswridiguarantee energy security.

In the near and medium term, fossil fuels are etgued¢o remain the principal source for
hydrogen. Natural gas as the “cleanest” fuel ambeghydrocarbons has various advantages as
a starting point for the initial hydrogen marketaftsition phase) as a source of hydrogen in
terms of environmental impact (highest H/C rati@vailability, and economy. Also
transportation and distribution is very convenie@bal countries like China, the USA, or
Australia with abundant deposits may use in futher coal representing a reliable long-term
and low cost resource forroduction.

The use of hydrocarbons in hydrogen productionesystwill require a carbon sequestration
functionality in order to realize the benefits oydnogen production in general. Such a
technique, however, can be applied only to largdesplants and is not feasible for
decentralized systems. The sequestration of €@n energy intensive (estimated 5 MJ/kg of
CO,) and costly process with limited sites and stiblegical uncertainties. From a long-term
perspec‘tive, the consumption of fossils for largeles H production will not be a viable

process.

With respect to nuclear primary energy, new reactorcepts of the next generation (Gen 1V)
may offer the chance to deliver besides the clakslectricity also non-electrical products such
as hydrogen or other fuels. Nuclear steam reformapgesents an important near-term option
for both the captive and merchant iMarket, since principal technologies were develogn

the longer term, nuclear may provide the process fug water splitting processes. Technical
and economical feasibility, however, remains todeenonstrated; since production processes
have not yet been tested beyond pilot plant s¢ale. future energy economy, hydrogen as a
storable medium could adjust a variable demandefectricity via fuel cell power plants
(“hydricity”) and also serve as spinning reserverquisites for such systems, however, would
be competitive nuclear hydrogen production, a kaggle (underground) storage at low cost as
well as economic fuel cell plants [Forsberg 2005].

Solar, wind, geothermal are typically providing lintensity energy and are presently not yet
the serious competitor for mainstream base-loadep®upply with few exceptions. However,
renewable energies are increasingly used in alhttims. A new industry is being created with
numerous opportunities. Low-density energy techgiel incl. biomass are more valuable for
electricity production rather than suppliers of aent H. Renewables will contribute to local
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power needs. Direct use of electricity or the puiidun of liquid biofuels (methanol, ethanol, | kommentar: This is also an

biodiesel, pyrolysis oil) appears to be much mdéfecéve. :trnuppo;tant statement. Can you bac|
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1.4 INTRODUCTION TO HYDROGEN TRANSPORT &
DISTRIBUTION TECHNIQUES

1.4.1 Introduction

In the future, when Hydrogen has grown to be aegi@ted part of the energy distribution, it
will (may?) be necessary to transport and distelidydrogen in large scale from a centralized
production site to the consumer. In the long rbe, ltest and safest way may be by Hydrogen
pipelines, which have been operated for many yeaesg. Germany, France, Benelux and the
US. This would need the establishment of a Europeda grid, which is very costly and not a
real option in the short term perspective.

Besides by pipelines, Hydrogen can be transportedréssurized and/or liquid form using
ships, railways or road tankers. This is most jikble short term solution. Here the low energy
density per volume of Hydrogen is a problem makhgytransport and distribution ineffectively
and costly. Therefore, it is likely that Hydrogentiansported under cryogenic conditions or at
very high pressures (current pressure of 200 balddze increased). Finally, hydrogen may be
transported by using the technique of bonded hyiroBridging compounds like ammonia or
methanol are one mean. Other means are metalqnd (complex) hydrides and adsorbed on
carbon compounds. They might be safer methods pdicape, presently. However, storage
pressure is not the only safety risk factor. Fastance metal hydrides are more sensitive to heat
or impact than Hydrogen gas.

As with the natural gas distribution, in the cabeemtralized production and distribution, it will
also be necessary for the Hydrogen system to égtabéntral storage systems for different
reasons. This could be in certain geological undemd formations or in man made storages
using different means (pressure, cryogenic andrethBy that except for the pipeline system a
number of loading and unloading from e.g. the $bip storage, the storage to a road tanker etc.
are needed that are generally regarded critical ftee safety point of view.

Another future option is the decentralized productof hydrogen either by water electrolysis
from renewable energy sources or by local conversimatural gas. Local or remote sources of
electricity or natural gas could be used. In batenarios no physical transport of Hydrogen
over longer distances would be needed.

1.4.2 Transport of hydrogen using pipelines

Even though hydrogen distributed in pipelines desahetter/more tightness for the pipe
material itself and for seals and fittings and sispecific materials compatibility issues, the
procedure is well known and has been safely infaisenany years in industrial aredsr local
distribution, which mean lengths of more than 2000. However, this is still modest as
compared to a complete national or even internatioetwork delivering energy for fuelling
stations, house warming, and industrial needs,ciperelated to a financial comparison with
the current electrical, natural gas or propaneesyst
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Hydrogen’s growing importance and the requiremdrgesving mass will lead to a hydrogen
network of pipelines in order to connect new lasgale production sites with end users and
applications. In the long run hydrogen will be dite delivered via pipelines to filling centres,
fuelling stations, to fuel cells used in small-scdlstributed power generation etc. Prior to this
situation, decentralized hydrogen production wake advantage of the existing natural gas
infrastructure. The pipeline grid will possibly nekse of the existing natural gas infrastructure
which will be adapted to hydrogen.

It must be pointed out that piping hydrogen is peoiatic due to the energy required for
pumping and the low volumetric energy density oflfmgen, demanding higher flow rates
which in turn lead to greater flow resistance. Gouently about 4.6 times more energy is
required to move hydrogen through a pipeline tlmétural gas and 10% of the energy is lost
every 1000Km (O.Sylvester-Bradley, 2003).

The capacity of a given pipeline configuration g energy is somewhat lower when it
carries hydrogen than when it carries natural gasa pipe of a given size and pressure,
hydrogen flows about three times faster, but siheéso contains about three times less energy | kommentar: Rephrase this and |

er cubic foot, a comparable amount of ener h the pipe. make comparisons on the basis of
P P gymg PIp ‘ ***************** energytransport capacity from the
start — the discussion on basis of
| mess or volume is irreleva

The fact that hydrogen may not be compatible wlith turrent piping infrastructure due to
brittleness of material, seals and the incompétjof pump lubrication poses further problems.

If the use of hydrogen pipelines were to be expdngessible embrittlement problems would
have to be considered. Pipes and fittings can bedwittle and crack as hydrogen diffuses into
the metal of which they are made. The severithi problem depends on the type of steel and
weld used and the pressure in the pipeline. Théintdogy is available to prevent
embrittlement, but depending on the configuratiemy considered, distribution costs may be
affected.

Smaller piping can be used for hydrogen than thassl for natural gas, due to the higher

pressure requirements, smaller molecule etc. Fample, the 3/8” tube that is appropriate for

fuelling a bus with hydrogen would only be big egbuo fuel a car with natural gas, not a

natural gas bus (J.Cohen, 2002). However, if cemsig utilizing a single design for both

hydrogen and natural gas, natural gas providedittiigng diameter, but the pressures and

material compatibility for hydrogen must be met.n@wessors would generally have to be | kommentar: 'm not very

refitted with new seals and valves. impressed by this section 1.4.2
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ Please make a critical review of

contents and language

Sources and references:
J. Cohen, Air products and Chemicalghy hydrogen fuelling is different than natural gas
Properties and their effects on fuellingPublished on the website of the Internatignal
Association for Natural Gas Vehicles www.iangv.d902

(http://www.iangv.org/jaytech/files/ngv2002/Techogy/Cohen.pps)

0. Sylvester-BradleyCan the Hydrogen economy provide a sustainabled@;Published on
the website Defactodesign.com. 1 July 2003.

(http://lwww.defactodesign.com/papers/The-hydrogemmemy.doc)
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OCEES Ocean Engineerign & Energy Systefdgdrogen Distribution Published on the
website of OCEES:

(http://lwww.ocees.com/mainpages/Distribution.html)

The European Hydrogen and Fuel Cell Technologydtlat— Steering Panel -Draft Report,
Strategic Research Agend&Vednesday, 08 December 2004.

University of Florida. ASME Codes and Standards for Hydrogeuablished on the website of
The solar touch Hydrogen initiative-University dbfda. Spring 2003.

(http://seecl.mae.ufl.edu/hydrogen/page2.html)

U.S. Department of Energy’s National Renewable §pdraboratory.Fuel Cell / Hydrogen
Infrastructure codes & Standards - Codes & Staddar USA (ASME B31Published on the
website :

(http://lwww.fuelcellstandards.com/2.1.2.htm)

U.S. Department of Energy’s National Renewable §pndraboratory.Fuel Cell / Hydrogen
Infrastructure codes & Standards - Codes & Staddar USA (ASME —H2Rublished on the
website:

(http://www.fuelcellstandards.com/2.1.1.1.htm)

1.4.3 Transport of gaseous hydrogen

Road transport of gaseous hydrogen is presenttiedaout using trucks with steel cylinders of

up to 90 litres at 200 — 250 bar pressure or lagganless cylinders called “tubes” of up to 3000

litres at 200 — 250 bar. For transport in largaales@ressure of up to 500-600 bars or even

higher may be employed. A 40 tons truck deliversual?6 tons gasoline to a conventional

gasoline filling station. One delivery is sufficiefor a busy station. A 40 ton truck carrying - | Kommentar: You have to tell J

compressed hydrogen can deliver only 400 kilogfansecause of the weight of the 200 bar | how often delivery ned to take place
pressure vessels.

Compression of hydrogen is carried out in the samngas for natural gas. It is sometimes even
possible to use the same compressors, as long apfinopriate gaskets (e.g. Teflon) are used
and provided the compressed gas can be guaraotbedifl fre€'!

Depending on the desired use, hydrogen must beraitmpressed or liquefied. In most cases,
however, high-pressure gaseous hydrogen is prdfexer liquid hydrogen.

1.4.4 Transport of liquid hydrogen

In order to reduce the volume required to storseful amount of hydrogen - particularly for
vehicles - liquefaction may be employed. Since bgdn does not liquefy until it reaches - ) )
253°C (20 degrees above absolute zero), the prdeebsth time consuming and energy | Kommentar: Keep togethe J

demanding. Up to 40% of the energy content in §drdgen can be lost (in comparison with ) \
10% energy loss with compressed hydrogen). Theradga of liquid hydrogen is its high ‘ Kommentar: Check consistency
energy/mass ratio, three times that of gasolinis.tlie most energy dense fuel in use (excluding | With previous section

nuclear fuels), which is why it is employed in sflace programmes. However, energy/volume
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ratio remains low (X time less than gasoline). lidghydrogen is difficult to store over a long
period (product loss by vaporisation), and thelated tank required may be large and bulky.

Liquid hydrogen road transport is carried out ugingks which can exceed a capacity of 60

product to stationary vessels depending on thenemtjgquantities.
In the USA there are several pipelines for liqujdiogen with lengths of up to 40 Kin

The intercontinental transport of hydrogen will jpably be carried out in liquid form using
ships. For this purpose, specialized ships withr@pate tanks and port facilities are being
designed. A realization of these ideas will howewvet take place until the trade in hydrogen
reaches an appropriately large scale.

1.4.5 Transport of hydrogen in compound materials
To be included in later version

1.4.6 Gaseous Hydrogen refuelling stations

1.4.6.1Introduction

Several demonstration projects involving hydrogesfuelling stations are in operation.

Examples from Europe are the CUTE and HyFleet:Clgiiciects, ECTOS project and the CEP
Berlin project. In the large European demonstratimject, CUTE, 30 hydrogen operated fuel
cell buses have been test-driven in 9 EuropeaescitHydrogen refueling stations have also
been located in these 9 cities. The following dptons and technology examples from

hydrogen refuelling stations are mainly based ochsdemonstration projects as the CUTE,
ECTOS and the CEP Berlin project.

Today's hydrogen gaseous stations are usually lmsedew main components:
= Hydrogen on site production or supply by pipelimgrack delivery

= Purification/Drying in case of on-site productiaftén included in the production
unit)

= Compression
= Storage and gas distribution

= Hydrogen dispenser, including station/vehicle ifstes

A 3D drawing illustrating the main system composeattthe refuelling station at Iceland in the
ECTOS project is illustrated in figure 1.
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Hydrogeri
dispenset

Hydrogen Purification and High

production | | compression pressure
\ storage

Ancillary systems

Figure 1 lllustration of main blocks of a hydrag#lling station based on onsite hydrogen
production. The 3D drawing is from the hydrogdinfi station ECTOS at Reykjavik,
http://www.islensk-nyorka.is/Hydrogen is produced onsite by water electrslgsid is used to
fuel 3 Daimler Chrysler buses.

Below 2 hydrogen refuelling stations from the CUgigject are described.

1.4.6.ZUTE station in Hamburg

The concept in Hamburg is illustrated below in fg2. At the Hamburg station hydrogen is
produced on-site by electrolysis using electricity

Green Electricity Elekiroiyser Filling Station with Fuel Cell Bus
from renewabie resources on site pressure, tank,
compressar and dispenser

Figure 2 lllustration of hydrogen station conceptHamburg, http://www.fuel-cell-bus-
club.com/index.php?module=pagesetter&func=viewputh&t &pid=2
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The filling station and production facilities akchted at HOCHBAHN's bus depot in Hamburg
Hummelsbdttel. Using electricity from the grid aceimbining this with the production from
certified green electricity for the hydrogen protioie on-site is fulfiling all goals of ecology
and sustainability. A pressurised electrolyser§af) produces high purity hydrogen with high
efficiency which is then compressed to 450 bar stoded in on-site storage tanks. Busses can
be filled up with 40 kg of hydrogen in 10 minutekigh enables them to operate up to a range
of 250 -300 km.

1.4.6.3CUTE station in Madrid

At the station in Madrid there are two options fordrogen supply: on-site production by
natural gas reforming and gaseous hydrogen.detiveyeruck.

The concept is illustrated in figure 3.

W _03-

Madrid

Hydrogen Filling Station with Fuel Cell Bus
road transpart pressure,

compresser and dispense

Filling Station with pressure Fuel Cell Bus
tank, compressor and dispenser

Figure 3 lllustration and picture of hydrogen staticoncept in Madridhttp://www.fuel-cell-
bus-club.com

Hydrogen is delivered by 200 bar by tube trail&ach one of them contains 3960 f\im
composed of 264 small cylinders (85 liters) withdiggen compatible with fuel cell
requirements. Gas compression from these tubersatb the bus is done by a water cooled
membrane compressor. In Madrid Hydrogen is alsalywed on-site by a natural gas steam
reforming process.

An example of a principal sketch of a refuellingt&tn concept downstream the production or
supply unit is shown in figure 4.
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High Pressure Compressor
Distribution Valve Panel
Gas Storage

Gas Dispenser

Figure 4 Principal sketch of a hydrogen statiomdgtream production unit. This illustrates a
hydrogen station with filling procedure based o&-eascade concept.

Sketch taken from http://www.electrolysers.com
Compression

The produced hydrogen, after being dried and jedriis compressed to about 450 bar (typical
for the CUTE stations). The compressor(s) are lisladated within an enclosure.

Buffer storage

Hydrogen is accumulated in high-pressure buffeseissfor fast transfer by pressure difference
to the vehicle tank.. In order to minimize compr@ssnergy, the buffer is made up of multiple
storage banks at different pressures, with thebgagy taken first from the lower pressure bank
(this pressure being sufficient to transfer prodadhe vehicle storage at initially low pressure)
and then successively from pressure banks of istrggressure. This is referred to as cascade
refuelling further described hereafter. Maximumfbuktorage pressure of 440 bar is typically
required to refuell vehicles with 350 bar storage,order to account for the temperature
increase in the vehicle storage due to the fdstdil 700 bar refuelling requires 880 bar buffer
storage

Dispenser/refuelling

The description below for the refuelling systenba@sed on cascade filling and high pressure
storage. There may also be other alternatives.

The Fuel Gas Dispenser is usually a "stand-along; which provides the mechanical interface
between the hydrogen fuel station storage tankstladehicle, together with safety features
and metering equipment. The dispenser consists eihall enclosure where regulation and
control valves are located.
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The principle of cascade filling can be explained & 3 cascades concept as follows: The
vehicles will start to fill from the low pressuratk. When the pressure in storage tank and
vehicle tank is balanced, the filling will autonwatily continue from the next cascade, medium
pressure bank. Finally, the filling will be comigld by topping up the vehicle tanks from the

high pressure bank. This process is usually fullpmatic.

A two stage cascade filling system combined withoaster compressor, or a multiple stage
cascade filling system with more than three presdanks are other options. This is to ensure
that the on-board vehicle storage tank reachesppeopriate fill pressure within the required
time.

The compressed gas hydrogen dispenser usuallyVeas atack line to the atmosphere.

Purging system

Inert gas purging systems, which can be initiatatbmatically or manually are important
ancillary parts of the filling station. Inert gparging systems may be used during start up and
shutdown and in emergency situations.

Manning

Future hydrogen filling stations, including the Hgden production unit, may be fully

automated and can be unattended, with remote Sgjpery In case of deviations from normal
operation conditions, the system is designed so ithwill shut down to safe conditions

automatically. Shutdown can also be initiatedpbgssing emergency buttons at the filling
station area or from a remote location.

In the CUTE project , the stations were designeadréduelling of 3 buses per day, which
corresponds to a production capacity of 60 Nm3Vhast stations in demonstration projects are
only able to refuel a few vehicles (buses or cpes)day, and there is still a long way to go to
achieve the same capacity as for petrol and gasstations. The reasons are challenges related
to storage capacity (available area and volumé@hyséhigh pressures) and the requirement for
short refuelling durations. For overnight refugdli the technical requirements are less
challenging.

Most existing hydrogen refuelling stations are pertlemonstration projects, and, so far, all
require that the users receive proper educationtmcing with regard to the safety related
properties of hydrogen and the vehicle refuellimgcess.  The refuelling technology is new
and not fully mature, very high storage pressuresacessary to obtain the desired autonomy,
and gaseous fuels still are quite uncommon in rooshtries. However, experience from the
demonstration projects will allow improve the teclugy, as well as the public’s “familiarity”
with new types of fuels.

1.4.7 Liquid Hydrogen refuelling stations

Hydrogen used in clean vehicles running with a figdl or an internal combustion engine can
be stored on board in liquid form at — 253°C atespure between one and ten bar. This type of
storage allows a high energy density. It is thessjimle to store about 11 kg of hydrogen in a
total storage of 75 kg and to use free form shépetsonly cylindrical) in the last generations of
tanks made by Air Liquide.
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This storage mode involves a liquid distributionwark from the hydrogen liquefaction plants

to the on board tanks with tube trailers of 45 @i@s capacity (about 3 tons of hydrogen).
Liquid hydrogen is delivered to onsite storage &ksgburied or above ground), and then
distributed to the vehicles at the hydrogen refoglktation, either by pressure difference or by
the mean of a liquid hydrogen circulation pump.

When hydrogen is transferred by pressure differeih@enecessary to pressurize the source
tank without heating in order to put the hydrogeia isubcooled state, allowing to avoid product
vaporization in the transfer lines. Therefore,ase of a large source tank, this transfer mode
involves the consumption of pressurization gasaiethe transfer because the tank has to be
depressurised between each transfer to avoid tertoperincrease of the hydrogen. This
drawback can be managed by installing a buffer thedicated to pressurization between the
source tank and the vehicle. In this case, filbfithis tank is made at low pressure between two
vehicle refillings, and only the buffer tank is pserized to make the transfer.

The other transfer method of cryogenic liquid isinstall a transfer pump, which allows
circulation of liquid and subcooling. This methdtbwas to fill the vehicle tanks without having
to significantly increase the pressure of the setaok. The drawback is that a machine has to
be used. This equipment transfers heat to the 8oimust be periodically inspected.

With the two methods, during transfer, a significaprcentage of liquid hydrogen is used to
cool down (or to compensate the heat losses dirteg) the lines and on board tank. This liquid
hydrogen is therefore evaporated and sent backetstation through the vehicle connection.
This hydrogen can be either reliquefied, ventetheoatmosphere or compressed and sent to a
compressed gaseous storage to be further usezbimgressed gaseous refuelling station.

Those two methods are currently used in liquid tdgeén stations in demonstration projects.
The choice between the two technologies is baseabeofollowing criteria :

= Maintenance cost
= Number of fillings per day
= |nstallation costs

1.4.8 Safety Challenges

The safety challenges result not only from the anmntation of hydrogen technology for use
directly by the public in a non-industrial conteid for a completely new application. It lies
also in the demanding performance and cost tanggtssed by the applications leading to:

= the excursion to new domains of service conditi@g. 700 bar, 85°C.)
= the introduction of new physical processes (e.d@lrid storage, fast filling.)

= the use of new materials (e.g. composite mateyials.

The safety challenge is hence two-fold :

1. Address the known risks (e.g, ak) in a way that is compatible with the openatf a
public fuelling station: the conventional methoded by industry (large clearance
distances, personnel protective equipment...) areasity applicable here;

2. Discover and address all the new risk factors bnbirgby the new elements above and
their combination.
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The fact that multiple actors are involved (cylindend accessory manufacturers,
vehicle manufacturers, refuelling station designersd operators, industrial gas
companies...) further underlines this challenge

More specifically the challenges include:
= the reliability/safety of the 350 - 700 bar vehictanection

= ensuring the user’s safety despite his presenar area normally classified as
hazardous according to industry standards

= perform the filling function well and safely, i#l quickly to 100% exactly inside
the safe operating limits, through correct managemgthe heat generated by the
fast filling process

= secure/safeguard the user( ensure safety despitediknowledge and training and
his/her potential “impatience”)
Prior to generalization/public use of such statidagher work is needed to

= fully validate critical dispenser components, sastthe fuelling nozzles, the hose
and the break-away coupling

= enhance prevention of leaks and potential ignition
= establish qualification protocols of dispensindistes

1.5 | SUGGEST TO INCLUDE ANOTHER SECTION 1.5 ON STORAGE, THERE
ARE SECTIONS IN 17 (COMPONENTS) THAT BELONG HERE.
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INTRODUCTION TO H2 APPLICATIONS

1.5.1 Introduction
Hydrogen applications, or end-use technologies beagrouped by sectors:
=  Transport

= Stationary (industrial and residential)

= Portable

Transport applications, especially cars and busesm to be of highest priority but due to
stringent performance and cost targtes, significaatket penetration is not likely to occur
before two decades. Stationary applications arebetieved to play a relevant role for the
hydrogen energy consumption in Europe before 208her. However there could be
significant development of niche markets in tramgpstationary, and portable applications,
which would positively contribute to further techmgical progress and public acceptance,
despite their marginal impact on the total energg. u

1.5.2 Transport applications

Hydrogen can be used to power vehicles my meamgerhal combustion engines (ICEs), fuel
cells (FC) or gas turbines. FCs have a higheruisgfergy conversion efficiency than simple
ICEs and they are therefore often used in automadipplications. ICEs are, however, well
established technology that is relatively easy eovert from conventional liquid fuels to
hydrogen, so some car manufacturers are also wpdanlCEs specifically for hydrogen. Gas
turbines are today much too large to be used id wehicles, but there are R&D development
in countries including Germany and the USA aimingl@veloping smaller units, which when
used with other energy conversion technologies ybrid cycles, might improve the
effectiveness (Risg Energy report, 2004).

Like any vehicle the driving range of a hydrogehieke depends on the amount of fuel, in this
case hydrogen, that it can carry. Hydrogen hasweerl volumetric energy content, both in

liquid and gas phase, than conventional fuels sschasoline, and storage of hydrogen on the | Kommentar: In contradiction

vehicle is therefore a challenge. The storage syé#tself also includes a considerable weight | With earlier statemer
and volume — thick walled vessels needed for geséigh pressure storage (pressure 250 —
700 bar) or insulation and a boil-off managemersteay for storage of liquefied hydrogen at
cryogenic temperatures. Several large R&D projactsin progress to solve these challenges
and to address alternative solid storage technjqrigs metal hydrides. The low volumetric
energy content and the limited infrastructure fgdrogen refuelling has also encouraged
vehicle manufacturers to study the use of more eotienal liquid fuels (e.g gasoline and
methanol) that can be converted to hydrogen-rich matures by a “fuel processor” in the
vehicle. However, it seems as if most vehicle nfiacturers today focus on direct use of
hydrogen for propulsion, and for most projects gasehydrogen is used instead of liquid
hydrogen. Fuel processing may have a more significole to play as auxiliary power units
(APU) in, for example trucks.

1.5.2.1Cars and light trucks

From 1967 to 2003 about 110 FC powered prototype aad light trucks have been developed
world-wide as well as some 36 ICE cars. Countimg vehicles of which more than one
example has been built, a total of 230 FC and @b i@drogen vehicle prototypes have been
put on the road. Most of these vehicles were laftiér 1995.
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For the propulsion of passenger cars and lightktrucydrogen may be used in internal
combustion engines as well as in fuel cells. Wherneaars driving on urban cycle patterns the
FC seems to be the preferred drive system, ICE fyjtirogen could be competitive for long-

distance motorway-type driving modes in terms dicieihcy and in the transition phase to a
wider use of hydrogen as a vehicle fuel (Hynet,00

Figure 5 shows the power train of a simple FC JehicThe fuel cell generates electricity,
which drives an eclectric motor.

__ Fual Cell] —

System

Figure 5 Power train of simple FC vehicle (Risg Eyereport, 2004)

Examples showing a FC and a ICE vehicle are givdovlh A FC vehicle is illustrated by a
Nissan X-Trail Fuel Cell Vehicle (fig. 6) and anH@ehicle by a BMW 750h (fig. 7).

¥-Trail Fuel Cell ¥ehicle Proves Hydrogen System in the Real
World

Mrvermher 17, 7003

Figure 6 Nissan X-Trail Fuel Cell vehicle. X-TIr&ICV is a high-pressured hydrogen-powered
vehicle that delivers clean power, without noxieuasssions. It employs elements of a variety of
technologies, including electric vehicle (EV), hytelectric vehicle (HEV), and compressed
natural gas vehicle (CNGV) technology. It is eqegmvith a compact, high-performance

lithium-ion battery pack.

At the core of the X-Trail FCV is the Nissan-exdlgsSuper Motor. In an ordinary motor, a
rotor fitted with permanent magnets rotates arceladtromagnets (stator) to generate power
that is output through one shaft. The Super Matooiiporates a new technique of applying
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compound current to the electromagnets and hasatwcs positioned both on the inside and
outside of one stator, allowing power to be debdethrough two shafts.

The Super Motor can achieve improvements in comastand efficiency compared with the
use of two motors. Additionally, it controls thevper of each shaft separately, making it
possible to drive right and left independently, amting dynamic performance and stability.
One motor package also incorporates the dual fumef a motor and a generator. The Super
Motor can be utilized in a wide variety of applicats, including on fuel cell vehicles and
hybrid vehicles, which benefit from the use ofgenerator function.

Powering the Super Motor are high-output lithium-tmatteries that utilize a laminated lithium-
ion cell in place of the conventional cylindrichkbpe. The use of a laminated cell as an
automobile battery, which has a high current naquires larger terminals. The sealing
performance of the cell also becomes an issue beaithe gas produced by repeating
charging and discharging cycles.

BMW focus their development solely on ICE drivenhiodes fuelled by liquid hydrogen.
According to BMW an evolution of the existing ICEchnology offers much better power
density and propulsion efficiency as compared & @ells. One example of a BMW hydrogen
vehicle, the 750h, is shown in figure 2-9.
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The 750h is powered by a 5.4-liter V12,

featuring bi-VANOS variable valve timing, Valvetrionvariable intake runners, and a fully
variable intake manifold. The 750h can use eithgtrégen or premium unleaded gasoline.
Running on hydrogen, the 750h produces 150kW/2Giitp can achieve a top speed of 215
km/h. The cruising range is 300 km. Added to thé & range of the normal fuel tank, the
750h can go 960 km between fill-ups. An Auxilid@gwer Unit (APU) runs the 750h's power-
consuming features. The APU operates on a 5kW RalyErectrolyte Membrane (PEM) fuel
cell that is independent of the engine, thanks direct hydrogen feed from the trunk-mounted

tank. This means power accessories like air camditg can be operated when the engine iS | Kommentar: In this EU

shut off, saving 3.78 | of gas for every 280 kntity driving. ggflg:l‘f;; use Sl units, not miles

BMW has announced that they expect a wide markey ent before 2010. The development of
FC powered cars by other manufacturers such as |&&hrysler, Ford, GM/Opel, Toyota,
Honda and Nissan has also led to a number of gpotehicles on the road in Europe, Japan
and the U.S.

The complexity of hydrogen drive-systems is vievesdmedium for the technologies both for
the FC and ICE. If on-board reforming from hydrogeontaining carbon based fuels is
preferred, the system complexity rises due to tmptex processing hardware involved which
is required for the highly dynamic operating coiuais.

The technical maturity of both ICE and FC (withaum:-board reforming) for cars is judged as
medium by the car industry as prototype vehiclesoar the roads and field tests in the hundreds
are imminent. Technical and economic challengesieno be solved. For FC drive systems
these are cost reduction by e.g. minimization ¢dlgat demand, material development towards
e.g. high temperature membranes, extended dridnge, storage system integration, further
improvement of the onboard fuel reforming technglogold start performance and
reliability/operating life. For ICE vehicles impreg fuel injection systems utilizing the
refrigeration energy of liquid hydrogen and the fogn-mono-fuel performance have to be
optimized.
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1.5.2.2Buses
The market of city buses is highly prioritized fbe following reasons:
= Short daily driving distances (relatively simplglipressure compressed hydrogen
onboard storage, probably in the range of 20-35)MPa

= Fleet operation and centralized refuelling proviltes investment costs and easy
fuel accessibility

= Local emission reduction (pollutants, noise) hahlimpact in inner city traffic

= Good public visibility
These arguments foster the use of hydrogen andfisptg fuel cell operated city buses even
though improvement potentials for high efficienoneentional diesel-engines are within reach.

A number of prototype ICE and FC powered buses e built and demonstrated in field
tests throughout Europe.

|[h’§§“f" g

-.;!ﬁ"', if

Figure 8 “CUTE” bus in Madrid http://www.fuel-cell-bus-
club.com/index.php?module=pagesetter&func=viewpud&t&pid=2

In the large European demonstration project, CUBtEhydrogen operated fuel cell buses are
test-driven in 9 European cities .

A technical drawing showing CUTE fuel cell Citdyoses are shown in figure 9.
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Figure 8 Technical drawing from the Merzedes Beiar@ fuel cell buses used in the CUTE
project.

To store hydrogen on board the CUTE buses, newggoe hydrogen storage vessels are used
operating at a pressure of 350 bar. Experiencésctedl with high pressure storage modules by
Evobus during the design of natural gas buses ibated to the structural layout of the
hydrogen bus. The storage module consists of hdsts each containing 205 litres of
geometrical volume. The carbon fibre-wrapped aliummlined (Type 3) tanks can contain a
total of 44 kg of hydrogen at a nominal pressur85 bar. The quantity of hydrogen fuel that
can be stored in the cylinders at one time is deemdficient for the typical daily range
requirements of city transit buses.

The hydrogen components are located on the rotbfeobus. There are considered to be several
advantages with this localization;

= Improved safety in terms of city transit trafficcatents (seldom roof damages in
such accidents)

= Reducing the probability of intrusion of hydrogemo the passenger compartment
= Easy access to components

The fuel cell stack modules transform the chemécargy contained in the hydrogen fuel into
electrical energy used to power the bus. The doegent from the fuel cells is regulated by an
electrical inverter, which creates the alternatiugrent to power the central traction engine.
This engine is designed for a maximum power of RObwhich is sufficient to give the fuel
cell bus a similar driving and acceleration behavias a diesel bus. All other components
required for the operation of the bus. e.g. 24 svatpply, air condition compressor, air
compressor or steering wheel pump are driven lsydétral engine.

The technical maturity for hydrogen buses is judgeanedium with field tests in the hundreds
in discussion such that — in combination with threpde and cost efficient refueling — a market
entry is possible even before 2010. However, comtsains a significant barrier to deeper
market penetration.
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1.5.2.30ther transport applications
Other transport applications include:

= Heavy trucks & long distance buses - Industry fegs priority on the early
development of drive systems for heavy trucks and distance buses using
hydrogen as an alternative fuel. Main reasonsterdigh efficiency and the
achievable driving range of current diesel trudkd®w costs

= Construction vehicles — so far very limited devetgmnt
= Trains — several potential applications foreseen
= Leisure boats — several demonstration projecthemse of FC on-board suggested

= Small ships and ferries — high interest for tramsfasks close to shore due to the
high pollutants of diesel. Potential European ratglare Scandinavia. Iceland and
Norway have developed some initiatives

= Aircraft — feasibility studies carried out in th€@HBHPP project. Development
depends on price development of kerosene. ExeR&D is necessary. EADS is
investigating an emergency power supply basedPBMFC and local gaseous
storage for aircraft

1.5.3 Stationary applications

The previous chapter was dealing with mobile apgibms for a hydrogen economy including
the necessary stationary applications to build afrastructure to make these mobile
applications feasible like hydrogen refueling fiieis. The application of hydrogen driven fuel
cells are also thought to be valuable in othelicstaty applications e.g. in households. Field
tests are being performed in several countries ia.gcermany and Norway to show the
feasibility of a combined electrical power and haapply for households utilizing e.g. PEM or
SOFC fuel cells. While in mobile systems PEM celterking at low temperatures -e.g. giving
fast start up times - are the most suitable salyti@sently, stationary systems may benefit from
high temperature type fuel cells as e.g. the SOselidcoxide fuel cell) systems. These are
working at about 700 to 98aC and have the advantage of being less sensitivepurities in
the supplied hydrogen and being able to internedigvert natural gas and other fuels. (see
figure 10 and 1%) The higher operating temperature is in the statip application considered
as an advantage as it makes the utilization oivdse heat easier.

Fuel cell (e.g. SOFC) cannot only provide electrimawer, but also can work in an inversed

mode as electrolysers producing hydrogen. Thisrpiadeflexibility would be important for a " Kommentar: Link to previous

future strategy of decentralized electrical powasmy, as this flexibility will help stabilizing |_sections on producti

the demand of electrical power. The role would d®adt as a “power station” for periods with

large demands of electricity and as a “consumeietricity” for periods of excess production

of electricity, e.g. in wind power systems. In suature systems the natural gas supply grid
would be connected with the electrical power ditidlso would make it possible to establishing
private hydrogen refilling stations e.g. for oveymti refilling of the family car.

" Pélsson, J. et. al. “Solid Oxide Fuel Cells — Asseent of the Technology from an Industrial
Perspective”, Risg-R-1405(EN) page 216-227; in gndrechnologies for Post Kyoto Targets in the
Medium Term, Proceedings from the Risg Internati@mergy Conference Risg National Laboratory 19
- 21 May 2003; Edited by Leif Senderberg PetersehHans Larsen
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For economic reasons, a wide hydrogen supply imretire for industrial or residential
applications is not expected to be in place inftreseeable future. Until a suitable hydrogen
supply infrastructure is developed, fuel cells ifwtustrial and residential use will typically be
fuelled through conversion to hydrogen of naturas,gLPG or methanol. According to the
Hynet report this technology has an expected makiey of between 2006 and 2008.
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Stationary applications can be divided in

= Industrial applications (>= 50 kyy — power generation

= Small residential (<=5 kWl) and large (<250 kW) applications — power
generation -> heating, cooking, illumination

and the general design of a fuel cell power systerdescribed in the IEC TC105 draft standard

on stationary fuel cell systems (working groupsBall form an assembly of integrated systems,
as necessary, intended to perform designated éunsstas follows:

= Fuel Processing System -Catalytic or chemical processing equipment plus
associated heat exchangers and controls requirptepare the fuel for utilization
within a fuel cell.

= Oxidant Processing System The system that meters, conditions, processes and
may pressurize the incoming supply for use withi Fuel Cell Power System.

= Thermal Management System Provides cooling and heat rejection to maintain
thermal equilibrium within the Fuel Cell Power Syrsi, and may provide for the
recovery of excess heat and assist in heatingdhemptrain during start-up.

= Water Treatment System -Provides the treatment and purification of recogtere
added water for use within the Fuel Cell Power Syst

= Power Conditioning System -Equipment that is used to adapt the produced
electrical energy produced to the requirementpasified by the manufacturer.

= Automatic Control System -The assembly of sensors, actuators, valves, switche
and logic components that maintains the Fuel GeNd? System parameters within
the manufacturer’s specified limits without maninéérvention.

= Ventilation System - Provides, by mechanical means, air to a Fuel Cellg?
System’s cabinet.

= Fuel Cell Module - The assembly of one or more fuel cell stacks, etadt
connections or the power delivered by the staakd,raeans for monitoring and/or
control

= Fuel Cell Stack -An assembly of cells, separators, cooling plateifalds and a
supporting structure that electrochemically covegigically, hydrogen rich gas and
air reactants to dc power, heat, water and othqarbglucts.

= Onboard Energy Storage -internal energy source intended to aid or complémen
the Fuel Cell Module in providing power to intermalexternal loads

Most of the technologies (electrolysers, fuel ¢allstrumentation, storage, compressors) are
currently available or developed for commercialmatfor operation with i.e. natural gas.
Although several hydrogen specific end-use tectgiefo such as gas turbines, internal
combustion engines and also Stirling engines ekisl cells are believed to have the best
chance for widespread commercialisation in statiphgdrogen energy systems as they provide
highest efficiencies and a number of other strattadvantages. However, the future use of
hydrogen entering the stationary market as a vialdewill be dictated by infrastructure. For
specific tasks such as compression for pipelinespart, gas turbines or during the transition
phase towards a wide hydrogen use, gas internabgsiion engines can become viable
options.
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Figure 10 Principal of NG reforming and usage inFBDapplication (see reference 1)
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Figure 11 Principal of NG reforming utilizing PEMFGSee reference 1)

It is expected that in the longer term, i.e. aR@R0, a hydrogen infrastructure for stationary
applications could develop. The success of thikdejend on a number of factors including the
degree of decentralization in stationary energyketiar energy demand reduction, the need for
load leveling capabilities for renewable energy #mlsuccess of competing technologies such
as combining a hydrogen admixture to the naturaligahe existing grid. Additionally carbon
capture schemes for large-scale centralized poemeergtion could be based in the future on
natural gas reforming or fossil fuel gasificati@chnologies, with large scale production of
hydrogen and its consumption in efficient combisgde gas turbine (CCGT) schemes.

These different options will have to be testedhwighthouse demonstration projects being a
viable way of achieving this. A current limitingegt in these demonstration projects is the lack
of small reformers for fuel cells in the 1 - 10 kMétass. A possible means of bridging this
technology gap could be to use local hydrogenibdigion grids fed with hydrogen from either
commercially available central reformers, electselg or from by-product hydrogen. In this
way, a hydrogen infrastructure for stationary syppbuld evolve from local clusters.

It is not expected that the direct use of hydrogeprovide power for industrial or residential
use will play an important role in the short-meditarm. However, longer term, an increasing
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amount of hydrogen for use as an energy buffer beyequired. The development of the
necessary infrastructure will have to be adaptedh® changing needs of the evolving
decentralized energy markets. It will likely staith local and virtual hydrogen supply islands.

1.5.4 Portable applications

Portable applications are small mobile systeneefls rewrite an application is no a systém
for generating electricity. In general it is digfinshed fother english between battery
replacement systems (<= 500 W) and small mobilemote power supply systems (> 500 W).
Hydrogen has been discussed as a potential effisierable energy carrier extending the range
? by typically replacing?? battery powered systemavoiding the exhaust and noise emissions
of small internal combustion engines.

Developers of fuel cells have realized that it asgble to build much smaller units and for
lower prices per kilowatt than their larger rela8v (use in power plants and vehicles)
[questionable]. Small fuel cells could replacetdr@s in portable electronic equipment (up to
100 W) and internal combustion engines in portg@eerators. The upper limit for portable
generators is about 5 kW, mainly because of thghteif the fuel cell.

| would rather say that price per kW in a batterywéry high compared with the price per kW
produced by an ICE for instance. Therefore, preendt a barrier to replace conventionnal
portable batteries with FC systems. - Lionel

The main applications for low-power?? fuel cells axobile phones, personal digital assistants
(PDASs), laptop and notebook computers, camerasicalezbjuipment, military applications and
other portable electronic devices. In comparisobdatieries, fuel cells can supply much more
power per unit volume or weight, but they have Iowetput voltages and are slower to respond
to transients.

Another advantage with FC is the ability to restapower by changing fuel cartdridges. No
need to wait for power charging.

Applications for fuel cells up to 5 kW include palte generators, uninterruptible power
supplies (UPSs), auxiliary power units, power tpbidht vehicles such as electric trolleys, lawn
mowers and roadside equipment. Fuel cell types d@hatsuitable for portable applications
include:

= proton exchange membrane fuel cells (PEMFCs) ysimg hydrogen (H
PEMFCs);

= PEMFCs using hydrogen-rich gases from hydrocarl@ioohol reforming (Ref-
PEMFCs);

= direct methanol fuel cells (DMFCs); and

= high-temperature fuel cells such as solid oxidé¢ dedls (SOFCs) and molten
carbonate fuel cells (MCFCs) using hydrocarbonsatiy.

Jumping back and foth from micro fuel cells to pbke generators is confusing

1-34



DMFCs are mostly used for small units and devicemiegrated systems because they use a
liquid fuel with a high energy density that is edsydistribute. PEMFCs are better for high-
power systems because of their higher power demspplications of small high-temperature
fuel cells are limited to auxiliary power units tizae in frequent use, and therefore they will not
be dealt with further in this chapter.

PEMFCs for portable generators do not differ muomfthe large PEMFCs used in stationary
and transport applications. However, PEMFCs thattarbe integrated into small electronic
devices, need to be specially designed for ministion.

Fuel cells for portable applications have the athge that the cost per kW is much less
important than for stationary and transport apfgibees. They are usually only required to have
relatively short lifetimes, typically of the ord2r000 hours. This makes them suitable for rapid
market introduction. Fuel cells do not create ngpliaations for portable equipment, but they
can improve the practical value of existing devidks battery replacements, for instance, fuel
cells can increase the operating time of electramd electrical equipment. In portable

generators they eliminate the noise and emissiaracteristics of internal combustion engines.

Again, Jumping back and foth from micro fuel céllportable generators is confusifigese
advantages will only be taken up if the costs d@l feells are comparable with those of the
technologies they replace. According to /Risg Eypdrgport 3/ this is already close to be the
case for portable equipment. In this marked setts therefore only necessary to solve the
remaining problems associated with reliabilityetifne, volume and weight.

lllustrations of portable applications are showrfigures 12 - 13 below (from Risg Energy
Report 3):

| Reformer Cavity Packed Catalyst Bed
Chemical Heater Qutlet Cavity

Chemical Heater {microchannels)

Reformer Fusl Vaporizer Cavity
Chemical Heater Fuel Inlet

Figure 12: Integrated methanol micro-reformer asftemical heater (Motorola)



Fuel cell stack  Switching micro vahle Hydrogen cartridges

'il.‘_.l‘ﬂﬁ‘ .

Fans Electronics/control unit {white area)

Figure 13: A notebook computer (LG CINOTE 7400hwain integrated H2-PEMFC system
(LG; ISE Freiburg).
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1.5.5 Exploiting Synergies between End-use Sectors

When developing an infrastructure to support theggaications, it would make sense to exploit
any synergies between the sectors - transporigrsgay and portable.

One such example is the concept of an energy statombining power generation and

hydrogen refueling at the same location. This cauttlide the means to manage the utilization
rate of refueling sites, particularly in the eastpges of vehicle introduction when demand will
be limited. Such an energy station could help taldish local stationary hydrogen energy
clusters for small industrial or residential use.

Hydrogen can also play a role in managing the mnitéence of renewable power generation
from technologies such as wind and PV (both in gadnected and off-grid schemes). One
example is the demonstration project at the Noraredceland Utsira, where 10 households
receives electricity solely from wind turbines amgbirogen. This is conceptually similar to

energy storage schemes for managing peak and alf-pepply/demand imbalances, using
compressed air plants or pumped-hydro-storage. Memvethese current installations are

insufficient for load-managing large amounts ofufet renewable generation. It has therefore
been proposed to use the surplus electricity teigaga hydrogen via electrolysis and use the
hydrogen as daily and/or seasonal storage. Iniaddthis hydrogen could also be employed as
a vehicle fuel.

One can also envisage that hydrogen fuel cell \ehicould be used to supply electricity (and \
heat) to residential or office buildings, while ked during working hours. Another option ' Kommentar: This does not see
could be the establishment of cylinder-filling pisirat refuelling stations. Such filling points g';egéfcttggfe brli‘('j"é'tggseifi 'r']';'lfef;t
would serve as an infrastructure for portable fiedl applications in industrial, household and | gy there aﬁfe%enaimy pc?ssibilitie;s
recreational use. L in recreational areas

The convergence of the sectors to a common fueliges the opportunity to improve the
economics of hydrogen distribution and supply byed@ping such innovative approaches to
optimise the use of these novel energy converstorcds.

Is this section based on views and outcomes of gtbgiew) projects or is this a “personal”
observation of the authors/editors? Sandra answhis section is mainly bases on the Hynet
report and on the Risg Energy report 3
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1.6 HYDROGEN SYSTEMS MAIN COMPONENTS

Once hydrogen has been produced, several stepasasdly necessary to transport and/or
liquefy/compress the gas before it can be serfigéend-user for storage or use. Below a short
description of main components, which are ofterdeden this process.

1.6.1 Compressors

Raising the hydrogen gas pressure for its storadge ar to 300 bar in industrial applications,
currently up to 700 for vehicle applications) @rtsportation in pipelines (typically 100 bars) is
achieved with volumetric compressors.

Either piston or diaphragm compressors are used.|dtter type is often preferred because it
fully preserves the products purity and requirkelmaintenance.

Figure : Single stage compressor diaphragm compreassing pressure from 200 bar to 700
bar (yes: | noted that a short explanantion of giples of the two types of compressors (and
other components in this section could be helpfblut-it depends on the target group of the
report)

Multi-stage piston compressors are more effectifeerwthe ratio between outlet and inlet
pressure is large. This is typically the case wtheninlet pressure is very low (a few bars or
less). If the piston is oil lubricated, an oil revabsystem is necessary.

For small and intermittent hydrogen flows suchhesé encountered at the end of a vehicle tank
refuelling cycle (when pressure is maximum), corapee air driven reciprocating compressor
are sometimes chosen for reasons of simplicitycammapactness.

In fuelling station applications, a combination @fmpression technologies may be used to
perform the various compression steps necess&ipgtinto account operating time and duty
cycle in order to minimize total ownership costs.

Design safety considerations specific to hydrogenvise in addition to those generally
considered for gas compressing systems are indicatew :

Materials
The compressor must be designed with particulareete to hydrogen service. In particular all
metallic material wetted by pressurized hydrogenstme suitable for hydrogen, i.e. not
susceptible to hydrogen embrittlement unless usémivaenough stress or without consequence

on safety in case of failure.

Prevention of ingress of air at inlet
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To avoid a vacuum in the inlet line and consequmagriess of air in the event hydrogen feed is
closed off , the inlet pressure needs to be madtawith automatic compressor shut-down
before this pressure drops below ambient pressure.

Monitoring of oxygen content at inlet

Where the hydrogen comes from a low-pressure sputcevhere there is a possibility of
oxygen contamination, the oxygen content needsetonbnitored with automatic compressor
shut-down if the oxygen content exceeds 1%.

Discharge temperature control

As they may put at risk vital functions of procesgiipment, situations of excessive compressor
discharge temperature, must be detected with imateedorrective actions such as compressor
shut-down.

Prevention of hydrogen-air mixtures in internal wmoles

Absence of air in internal volumes to which hydnogeay leak, such as the crank-case, needs
to be ensured, for instance by pressurisation (mytirogen or nitrogen).

Over-pressure relief from internal hydrogen leaks

The vents of pressure relief devices protectingséary circuits such as a closed water cooling
circuit or the crank case against overpressuragrfsom a leak from the hydrogen side need to
be arranged so that their discharge will not geeeaalangerous situation.

Regarding compressed, ldurity, contamination risks originating from thengpressor need to
be considered.

With oil lubricated piston compressors, oil contaation can result from malfunction of the oll
removal system. With diaphragm compressors theteipotential of product contamination by
hydraulic oil in case of diaphragm failure. Thigypically prevented by using double or multi-
layer diaphragm constructions with a leak detecsigstem.

The compressor’s cooling water circuit is anotheteptial source of contamination which

needs to be considered closely especially for leliielling application, considering that such
water contamination may have adverse effects orvéhicle’s on-board storage if its liner is

made of a material sensitive to stress corrosidmis Ts often the case for the grades of
aluminium typically used in such applications.

Actually, this is the only section that | think hassuitable format for a review on hydrogen
SAFETY. For the other sections it is just the gehetescription of technologies and
components, with very little attention to the sgfiesues. Though, also here, | would appreciate
a more systematic apporach towards safety of coemienn two levels: 1) determine the main
hazards (e.g. oxygen/hyrdogen mixtures, materiadrég high temperature, low temperature)
and 2) the principles of barriers against thesatiszand consequences that can be applied for
these components. Of course, there would be goiite sepetition (oxygen, brittleness) but this
can be delat with in a hierchical way of describing components:=level: all components:"2
level: calss of components (compressof$)e¥el: diaphragm compressor, etc.
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Thermal compression (move this other componefigddap, parallel to
diapraghm and piston compressors)

Compressing hydrogen to 700 bar by the means pesbeaabove requires application of
mechanical energy representing approximately 10%heofjas’ energy content.

Thermal hydride hydrogen compression is a meansotopress hydrogen by applying only
heat. In the thermal compressor, hydrogen is absarba reversible metal hydride alloy at low
pressure in a water-cooled container. The contamesubsequently heated with hot water,
which releases the hydrogen at higher pressuretitGmus compression is achieved with two
identical containers in a parallel configuratiomeocontainer is cooled by water and absorbs
hydrogen until it is full, while the other contaimis heated with hot water in order to release
hydrogen at the same rate. The cool and hot waamss are periodically switched and simple
check valves keep hydrogen moving through the theroompressor. By employing
successively higher pressure hydride alloy stagessdries, high pressure ratios can be
generated.

Hydride compressors are compact and silent. Whewepml by waste heat, energy
consumption cost is only a fraction of that reggifer mechanical compression. However,
thermal compression of hydrogen using metal hydricduires pure hydrogen streams that
typically have less than 50 ppm of active gas irtj@s; as impurities can react with the hydride
alloy and reduce its hydrogen storage capacityaairichpede the absorption of hydrogen.

Flow rate is limited by heat transfer limitationssaciated with large alloy beds. Indeed, when
metal hydride alloys absorb hydrogen, the chemreglction is exothermic and heat is
generated. This heat must be removed from the alloyder to continue the absorption process
to completion. Likewise, the alloy must be heatedelease hydrogen. The rate of hydrogen
throughput depends upon the speed that heat caramsferred into or away from the alloy.
Improving heat transfer rate increases hydrogesutitrput. Hydride compressors built to date
have flow rates not exceeding a few tens of Nm3/h.

1.6.2 Liquefaction Why subparagraph ? there isn’'t a paragaph
1.6.2.2!
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1.6.2.1LH, Production Processes

Linde-Hampson ProcessThis is a process, not arsystecomponent, maybe
move to earlier section?

The Linde-Hampson method is a thermodynamic proagksre isothermal compreesion and

subsequent isobaric cooling is done in a heat exggra Joule-Thompson expansion connected
with an irreversible change in entropy is usedhasréfrigeration process. Despite its simplicity

and reliability, this method has become less attrmacompared to modern ones, where cooling
is carried out in reversible processes (expandegdaiced energy consumption.

Claude Process

A commonly applied method in large-scale liquefattplants is the Claude process, where the
necessary refrigeration is provided in four maepst

Compression of hydrogen gas, removal of compredwsait;
Precooling with liquid nitrogen (80 K);

Cooling of a part of the hydrogen in an expandérK3}

Expanding of the residual hydrogen in a Joule-Thaonpvalve (20 K)

PR

Joule-Thompson expansion is applied for the fitegh $0 avoid two-phase flow in the expander.
Further improvement in efficiency is expected wthile development of new materials and new
compression/expansion technology.

Magnetic Refrigeration Process

A qualitatively new approach is the magnetic redfragion process takes advantage of the
entropy difference and the adiabatic temperaturangd upon application or removal of
magnetic fields in the working material. It usesnisopic demagnetization of a ferromagnetic
material as cooling process. It is expected thasdparate cooling stages are necessary for
hydrogen o get down to the boiling point. This noeths still on an R&D level, but it appears
promising because of its compact cooling devicé Vang lifetime, low capital investment, and
higher efficiency with an estimated liquefactionrwof 7.3 kWh/kg.

An here | lack the safety considerations again.....

1.6.3 Storage

Storage is a challenging issue that cuts acrosduption, delivery and end-use applications of
hydrogen as energy carrier. Storage constitutesyaekabling technology for the hydrogen
economy, as a main appeal of hydrogen, compardatietcalready established clean energy
vector electricity, is that it is more readily stdrand transferred. Hydrogen storage systems will
thus be present in both stationary and mobile aiapée applications.
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Table 2.2-1: Comparison of volumetric and gravimetric performances of various hydrogen
storage media and tank technologies. Relative progress can be expected by
2015 in hydrogen mass fraction and also in energy density to a lesser extent.
Equivalence: 1 kg H; + 120 MJ (33.3 kWh); 1 kWh = 3,600 kJ

Type of Intrinsic Tank system Intrinsic Usable Usable
hydrogen maximum energy maximum hydrogen hydrogen
storage volumetric density il hydrogen mass fraction mass fraction,
energy 2003 status mass 2003 status 2015
density *° fraction ** perspective
[kWh1) [kWhiT] 5] = [

Liquid Hz 24 12 100 % 6 % 12 %

1 bar, 20 K

Compressed 13 1.1 100 % 4% 9%

gaseous H

700bar, 300K

Activated 0.6 02 25% 1% 2%

nanoporous

??]E)bgzr‘ 19 05 8% 4 % 6 %

300K&T7TK

Interstitial 42 18 25% 15% 2%

metal

hydrides

(AB2, ABs)

Complex 42 07 95% 5% 7%

metal

hydrides

(alanates)

Chemical e 14 108%™ 6% 9%

hydride

(NaBHa)

Fiure 14: .Comparison of volumetric and gravimetperformances of various Hydrogen
storage media and tank technologies [source: wwPéliFope.org SRA]

There are several “storage options” to choose frgaseous, liquid, “solid-state” and other
novel media. Figures 14 and15 illustrate the gnatiic and volumetric densities achieved or
expected for the various storage options in ondaahicle applications. The discussion of
these different storage technologies belongs ieaalier section
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MaNiH, LahigH, H, (liquic) H, (200 bar)

Figure 15: “The volume of 4 kg of hydrogen storedlifferent ways, relative to the size of a
car’, [Risg Energy Report 3]
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1.6.3.1Gaseous hydrogen storage

Compressed gaseous hydrogen (CGH?2) storage is husthdin stationary and in mobile
applications.

Fig. 16: CGH2 Cylinders [source: Air Products] amabe trailer [source:
http://www.fibatech.com]

Examples of storage systems for stationary appicatare conventional 50-liters steel bottle
bundles, tube trailers or fixed tube bundles [Qkset al., Report EUR 21586 EN](fig. 16). The
term “conventional” refers to the fact that thesstlb/tube systems are a proven technology
based on the use of mainly steel as structuralriab#d involving gas pressures up to 230 bar.
These systems are used essentially at industrahiclal/metallurgical plants and distribution
centres, such as fuelling stations or cylindeiinfijl centres, sites along pipelines, hydrogen
production sites associated with offshore wind pankstationary power applications.

As stated in the Strategic Research Agenda of tiiegean Hydrogen & Fuel Cell Technology
Platform, “underground and underwater storage if@sl are considered to be of strategic
importance to match hydrogen production and densamtito ensure energy reliability. Their
deployment depends more on regulatory approval tham further research.”
[www.HFPeurope.org SRA].
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Concerning mobile applications, high-pressure CGtdPage is being actively researched since

® Type I: all metal cylinder

m Type 2: load-beaning metal liner hoop wrapped with
resin-impregnated continuous filament

® Type 3: non-load-beaning metal liner axial and hoop
wrapped with resin-impregnated continuous filament

® Type 4: non-load-beanng non-metal liner axial and
hoop wrapped with resin-impregnated continuous filament

® Type 5 (Other): type of construction not covered by Types | to 4 above.

Source: E an Integrated Hyd

e Boropen Tntegrated Hydogen Progra | Kommentar: If the USDE referes

.~ | to the European EIHP, why not
directly refer to EIHP?

Fig. 17: Hydrogen storage vessels classificatiomitéd States Department of Energy, 2002)

the early nineties. The idea of fuelling road védsavith hydrogen has driven the development
of lightweight and highly resistant tanks made ofmposite materials to store the gas at up to
700 bar. CGH2 tanks for vehicles can be classifiefbur types (see EN ISO 11439:2000) as
showed in figures 17 and 18:

-~

e

Figure 18: Vehicle CGH2 tank types [source: Dai@lmysler — EIHP Il mid-term workshop]
useful picture, include many of these for composient
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Major Components of a CGH, Tank System

A complete, fully functional Venting
tank system consists TAMAatanir y el
of the tank = P
Pressure Tank ’/>/<® n'l;:'s:'r:r_ mmeoc
itself and 185,10 MPal P
Solenoid _ﬂ I To Fuel Gell

additional Shutofi Valve Vehicle

Safety
components. Most of these CheckValve LD
tank system related armatures Fual In-tARKKaixs

. . Fllter
could be integrated in common
Low Pressure

valve units for safety Filling Venting
reasons or cost reduction.

Figure 19 : Typical devices attached to a CGH2 ekehiank [source: DaimlerChrysler —
EIHP 11]

The tanks used in vehicles are type Ill and typeTkle targets set by the Strategic Research
Agenda are (vehicle range of 500 to 600 km): 5 kgtorage at 700 bar (~120 @ 20°C), with
H2 delivery temperatures between -40°C and +85%C alifetime of at least 1,500 cycles.
Vehicle tanks are fitted with various safety andnitaring-related components (figs. 19 and
20).

Brackets,
Protection

Cylinders

High Pressure

Low Pressure H; Filling

Electrical H, Outlet

Connection



Figure 20: Ttwo-cylinders 700 bar type Il car tafsource: Dynetek]

1.6.3.2Liquid hydrogen storage

Hydrogen in liquid form has a considerably higheemrgy density than in its gaseous form,
making it an attractive storage medium (fig. 21).

This hydrogen storage technology is rather effechut has disadvantages, mainly the energy
required to liquefy the gas and the strict contieded on the container temperature stability to
avoid any risk of overpressure. It also requirgggenic vessels and suffers from hydrogen
losses through evaporation from the containerd-(it)i

Figure 21: example of on-board liquid hydrogen tdsdurce: Linde AG]

The cryogenic vessels used to store liquid hydrogerboard vehicles, sometimes also called
cryostats, are metallic double-walled vessels wvatthigh vacuum or material insulation,
sandwiched between the walls (figs. 2-23).

1.6.3.3Storage in metal hydrides

Solid storage of hydrogen is possible with metatrides. Metal hydrides are chemical
compounds of hydrogen and other material such amesum, nickel, copper, iron or titanium.
Basically, hydrogen bonds easily with more thanrB€tallic compounds, forming a weak
attraction that stores hydrogen until heated. Tisesealled metal hydride systems can either be
at low (< 150°C) or high temperature (300°C).

Hydrogen can be stored in the form of hydridesigihér densities than by simple compression.
However they still store little energy per unit glef. On the other hand, since heat is required to
release the hydrogen, this method reduces safetyecas surrounding leakage that can be a
problem with compressed hydrogen and LH2. Howeaermetal hydride material may react
spontaneously when exposed to air or water, othexific safety issues need to be addressed.

Metal hydrides begin as intermetallic compoundsipoed in much the same way as any other
metal alloy. They exhibit one important differend&hen metal hydrides are exposed to
hydrogen at certain pressures and temperaturegbdbsge quantities of the gas and form metal
hydride compounds.
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When molecular hydrogen from the hydrogen gas coimescontact with the surface of a

hydrogen storage metal hydride material, it disstesi into atomic hydrogen and distributes
compactly throughout the metal lattice. Metal hgids literally trap hydrogen within the alloy,

much like a sponge absorbs water. When heat isegphe gas is released.

Absorption process.

Hydrogen gas molecules {Hstick to the metal surface and break down intdrbgen atoms
(H). The hydrogen atoms* then penetrate into therior of the metal crystal to form a new
solid substance called a "metal hydride". The metaims are usually stretched apart to
accommodate the hydrogen atoms. The physical arnaegt (structure) of the metal atoms may
also change as the hydride forms.

Desorption process.

Hydrogen atoms* migrate to the surface of the neydride, combine into hydrogen molecules
(H») and flow away as hydrogen gas. The metal atomsaxt to form the original metal crystal
structure.

*Note: It is not exactly correct to say "hydrogenras migrate”. A hydrogen atom consists of a
proton and an electron. As metallic substancesrbband release hydrogen, protons move
among the metal atoms through a "sea of electrthva"include electrons from the metal and
from hydrogen. If the proton is not closely asstadawith any particular electron it is not,
strictly speaking, a "hydrogen atom".

Metal hydride compounds are thus formed, allowing the absorption of hydrogen in the
materials, while heat is simultaneously releasetiéprocess. Conversely, hydrogen is released
(desorbed) when heat is applied to the materiaysridles can desorb the hydrogen at roughly
the same pressure required for storage. In faetkély to practical use of metal hydrides is their
ability to both absorb and release the same gwantit hydrogen many times without
deterioration.

In chemical shorthand, a typical reaction for stefersible metal hydrides can be expressed as
shown below where M represents the metal, H2 isdgeh and MH is the metal hydride.

M + H, = MH + Heat Out
M + H, € MH + Heat In

This reaction is reversible. By changing conditicgh reaction can be made to go in either the
forward or reverse direction. Its direction is detmed by the pressure of the hydrogen gas. If
the pressure is above a certain level (the equilibrpressure or “plateau pressure”), the
reaction proceeds to the right to form a metal idglfthe metal absorbs hydrogen to form a
metal hydride); if below the equilibrium pressungdrogen is liberated and the metal returns to
its original state. The equilibrium pressure depengon temperature as it increases with
increasing temperature.

The storage in metal hydrides requires an absorptim a desorption step, in which heat must
be taken out from the material or fed to the materom the environment. The heat on the

right-hand side indicates that heat or energyleasz=d when the metal hydride is formed, and
thus, heat must be put in to release hydrogen tfmnmetal hydride phase. The heat is the
enthalpy (heat of formation) of the reaction anduisindication of the strength of the metal-

hydrogen bond in the metal hydride phase.
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The hydrogen absorbing behaviour of metal hydriiteys: is characterized using equilibrium
pressure-temperature-composition (PTC) data. This ds determined by keeping an alloy
sample at constant temperature while precisely angasthe quantity of hydrogen absorbed
and the pressure at which sorption occurs. Thetijyaf hydrogen absorbed is expressed in
terms of alloy composition, either as an atomiwraf hydrogen atoms to the number of atoms
in the base metal alloy, or as the capacity of bgdn in the alloy on a weight percent basis.
Hydride alloys can be engineered to operate akemifit temperatures and pressures by
modifying alloy composition and production techreéqu

Hydride absorption is accompanied by a heat of &ion that is exothermic. In order to
continuously absorb hydrogen to an alloy's maxinuapacity, heat must be removed from an
alloy bed. The rate at which a hydride alloy caracab or release hydrogen is dependent upon
the rate at which heat can be transferred intaubobthe alloy. Increasing the heat transfer rate
allows the processing of higher flow rates.

To improve the performance of the storage systemssdon metal hydrides, researchers must
find ways to increase the proportion of hydrogenthe hydrides, whilst maintaining the
reversibility of the reaction within a reasonabdenperature and pressure range. Many alloys
form hydrides with up to 9% Hydrogen but will redeathe gas only at extreme temperatures.

Today one class of metal hydride material is usgatactical applications, the conventional low
temperature hydrides. Other classes have beenogedklor are being developed: the high
temperature Magnesium hydrides and the medium teaiype Alanates.

Low temperature hydrides release hydrogen at mahiemt temperature and pressure (different
groups of materials exist, based on Ti, Zr, V, Raaeth or other compounds). Their reversible
hydrogen storage density is usually between 1158wt%.

The high temperature metal hydrides are mainly daseMg. These materials need operating
temperatures above 230°C (260-280°C) to release hjfirogen. They are capable of
theoretically storing about 7wt% with about 5-6 wi#ing reached at lab scale today.

A new class of metal hydrides, the so called mediemperature materials and particular the
Alanates (e.g. NaAlH4, or LiAIH4) are currently bgiinvestigated with high expectations.
Based on the use of light metals such as Mg arstokhge densities of 4.5 to 5.0 wt% at 130°C
have been shown with the theoretical maximum b&isgwt% or 4.5 system wt%. However,
reactivity of this medium to air, water or otheuifls is a safety concern that remains to be
addressed.

Source and references

About metal hydridedJniversity of Oslo. Theoretical Activity in Soliitate. Chemistry and
Material Science. URL: http://folk.uio.no/ponniaketivity/hydride/hyd_tutorial.html

Federal Lab and Industry Partnership. GM Joins wiiindia to Advance Hydrogen Storage,
Partnership to Focus on Solid-State Storalgar West Bulletin — Spring 2005 Issue. URL:
http://www.zyn.com/flcfw/fwnews/fwarch/fw051g.htm

Fuel cell busesHydrogen storage. NAVC. URL: http://www.navc.@tmtrage.html
How do metal hydrides work®alcan. URL:

http://www.palcan.com/s/FAQ.asp?ReportiD=81879&_&vprequently-Asked-
Questions&_Title=How-do-metal-hydrides-work
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Hydrogen FAQ Peter Singfiels snkm at BTL.NET Mon Jul 28 180&EDT 2003. URL:
Http://www.listserv.repp.org/pipermail/gasificati@03-July/000276.html

Hydrogen Storage Material3he University of Birmingham. URL:
http://www.aacg.bham.ac.uk/hydrogen/storage.htm

Metal hydridesHyNet-On the Way Towards a European Hydrogen gsnBoadmap.Data
Source Book. URL: http://www.hynet.info/hyactiv/dBChapter-3.pdf

Metal Hydride AlloysLabtech Int. Co. Ltd. Hydrogen Storage Techn@sgURL:
http://labtech.solo.bg/product/product.html

Solid-HTM Metal Hydrides U.S. Patent No.4,600,50RL:
http://www.palcan.com/s/FAQ.asp?ReportiD=81879&_ &yprequently-Asked-
Questions&_Title=How-do-metal-hydrides-work

Storing Hydrogen Safely. Nickel Institute. URL:
http://www.nickelinstitute.org/index.cfm/ci_id/1(@Bkhtm

The technology of hydrides. HERA Hydrogen Storagéeghs. URL:
http://www.herahydrogen.com/en/tech_hydrides.html
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1.6.3.4Storage in porous systems

Porous systems compared to gaseous and liquid mééiathe advantage of lower pressure
hydrogen storage, increased safety, design fléyibé&nd reasonable volumetric storage
efficiency (E. Tzimast al, 2003). However, the technology is not yet matéiso, there are
no imminent solutions for avoiding weight/cost pléea, and tackling thermal management
issues associated with this option. The matendided in this category are:

= Carbon based materials, nanotubes, nanofibresatadi carbons, activated fibres,
carbons from templates, powders, doped carbonsuarid boron nitride alloys;
= Organics, polymers, zeolites, silicas (aerogelsjops silicon.

1.6.3.55torage in other media

There are also other hydrogen storage methods, asithe following ones, (E. Tzimas et al.,
2003):

Glass microspheres

Tiny hollow glass spheres can be used for safelyirgf hydrogen. These glass spheres are
warmed, and their walls permeability is increasifigen, they are filled by immersion in high-
pressure hydrogen gas. Following this, the spharesooled down to room temperature and
the hydrogen is trapped inside the glass ballss&ylent increase in temperature releases the
hydrogen locked in these spheres.

Hydride slurries
These are a pumpable mixture of fine, solid metalride particles and a liquid (usually a

mineral oil). Hydrogen is stored as a metal hydiidslurry with an organic carrier. It can be
released from the metal complex through chemicatiens.

Boron Nitride Nanotubes

These are roughly equivalent to carbon nanotubderms of advantages, but are based on
boron nitride rather than carbon.

Bulk Amorphous Materials (BAMS)

These are promising metallic materials based oricontponent alloy systems, e.g. Ti-Al-Fe
based BAM (maximum 6wt.%). They are loosely packdth porous defects (interstitial holes
for hydrogen storage) of controlled size and disition, in super cooled liquid phase.

Hydrogenated amorphous carbon

These are composed of stressed graphitic “cagewiinlbe sponges able to store 6-7wt.%
hydrogen, are rather stable at 300°C with a patefdr high hydrogen content and alleged
potential to rapidly release hydrogen between 200°G.

Chemical storage media (boron hydrides, amineshametl, ammonia etc.)

The hydrogen is often found in stable chemical commgls and it can then be released by a
reaction the exact nature of which depends onyihe of storage compound.
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Hybrids

The option of combining storage solutions to cresgstems possibly achieving increased
storage capacities and/or reduced improved sadesld is known as ‘hybrids’ (for example:
hydrides/high pressure, porous/hydrides hybridesys).

Sources and references:

Strategic Research Agenda of the European HydrégEunel Cell Technology Platform, July
2005, https://www.hfpeurope.org/hfp/keydocs

Risg Energy Report 3, Risg National Laboratory, &ober 2004,
http://www.risoe.dk/rispubl/energy_report3/ris-réXpdf

P. Castello, E. Tzimas, P. Moretto and S.D. PeteMeshno-economic assessment of hydrog
transmission & distribution systems in Europe ie tmedium and long term, March 2005,
European Commission - Directorate General JointeRed Centre (DG JRC) -Institute for
Energy, Petten-The Netherlands, 2005, Report ELFB&EN.

1%
=}

United States Department of Energy. National Hydrognergy Roadmap. Published on th
website of the U.S. Department of Energy-Energyickefificy and Renewable Energy
www.eere.energy.gov. November 2002.

[¢)

(http://lwww.eere.energy.gov/hydrogenandfuelcellgfthtional_h2_roadmap.pdf)

E. Tzimas, C. Filiou, S.D. Peteves, J.-B.Veyretdidgen Storage: State — Of — The — Art and
Future Perspective’. 2003. European Commissionredirate General Joint Research Centre
(DG JRC) -Institute for Energy, Petten-The Nethsig 2003.

(http://lwww.jrc.nl/publ/P2003-181=EUR20995EN.pdf)

1.6.4 Fuel cells

A fuel cell is an electrochemical device that comelsi hydrogen, which comes from any
hydrocarbon fuel such as natural gas, gasolinsglier methanol, and oxygen, which comes
from air around the fuel cell, to produce electyiciheat, and water, without generation of
combustion emissions. The chemical reactions thke fplace inside the fuel cell are the
following ones:

Anode Reaction: H—>2H +2¢€
Cathode Reaction: %2 2 H + 2 € —> H,0

The design of fuel cell systems is complex andway significantly depending upon fuel cell
type and application. However, most fuel cell syseconsist of the following basic
components:

* Fuel Processor/Reformer;

e Electrodes;

» Electrolyte;

e Oxidant;

* Fuel Cell Stack;

» Power-Conditioning Equipment;
* Heat Recovery System.
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Fuel cells are generally categorized by their eddygte. This material's characteristics determine
the optimal operating temperature and the fuel tsegenerate electricity, and as a result, the
applications for which these cells are most suétgllansport, stationary power and portable
power). Each comes with its particular set of biéseihd shortcomings.

The main types of fuel cells are the following anes
I would like to have more detailed descriptions tbése fuel cell (stacks) understood as
“components”, again this is much like a descriptidtechnology

¢ Molten Carbonate Fuel Cells (MCFCs)

e Phosphoric Acid Fuel Cells (PAFCs)

¢ Proton Exchange Membrane Fuel Cells (PEMFCs)
¢ Solid Oxide Fuel Cells (SOFCs)

¢ Alkaline Fuel Cells (AFCs)

Table 1 shows the comparison of the main fuelteelnologies:

Concerning fuel cells’'s technology challenges, ,cdstrability and reliability are the major
challenges to their commercialization. However, andording to the application, system size,
weight, and thermal and water management are dfitianal barriers to the commercialization
of fuel cell technologies.

Fuel Cell Electrolyte Operating Applications Advantages Disadvantages
Type Temperature
Polymer Solid organic 60-100°C » electric utility |« Solid electrolyte reduces = Low temperature requires
Electrolyte polymer poly- 140-212°F « portable corrosion & management expensive catalysts
membrane perfluorosulfonic power problems « High sensitivity to fuel
(PEM) acid « transportation | « Low temperature impurities
*__Quick start-up
Alkaline Agueous 90-100°C « military « Cathode reaction faster in « Expensive removal of CO;
(AFC) solution of 194-212°F + space alkaline electrolyte so high from fuel and air streams
potassium performance required
hydroxide
soaked in a
matrix
Phosphoric Liquid 175-200°C « electric utility |« Up to 85% efficiency in + Requires platinum catalyst
Acid (PAFC) phosphoric acid | 347-392°F « transportation cogeneration of electricity and | » Low current and power
soaked in a heat « lLarge size/weight
matrix + Can use impure H; as fuel
Molten Liquid solution 600-1000°C « electric utility |« High efficiency « High temperature enhances
Carbonate of lithium, 1112-1832°F »  Fuel flexibility corrosion and breakdown of
(MCFC) sodium, and/or « Can use a variety of catalysts cell components
potassium
carbonates,
soaked in a
matrix
Solid Oxide Solid zirconium | 600-1000°C « electric utility |« High efficency « High temperature enhances
(SOFC) oxide to which a | 1112-1832°F » Fuel flexibility breakdown of cell
small amount of « Can use a variety of catalysts components
yttria is added + Solid electrolyte reduces
corrosion & management
problems
+ Low temperature
s Quick start-up

I don’ think “low temperature” is an advantage @@FC???
PEM'’s need watermanagement (disadvantage, cellddshtways be “wet”)
Something about operating pressure?

Table 1: Comparison of fuel cell technologies (gdiStates Department of Energy, January
2004).

Sources and References
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U.S. Department of Energy - Energy Efficiency arehBwvable EnergyPermitting Stationary
Fuel Cell Installations Module 1 — Version 1[December, 2004. Published on the website of
the Pacific Northwest National Laboratory websitewvpnl.gov:
(http://www.pnl.gov/fuelcells/docs/permit-quides/nubetl _final.pdj

United States Department of Energy- Energy Efficieand Renewable Energilydrogen,
Fuel Cells & Infrastructure Technologies Progradanuary, 2004. Published on the website of
the U.S. Department of Energy-Energy Efficiency an&enewable Energy
wWww.eere.energy.gov

(http://lwww.eere.energy.gov/hydrogenandfuelcelkfalls)

High Level Group, European Commission — Director@eneral for Research — Directorate
General for Energy and Transpdrtydrogen Energy and Fuel Cells — A Vision of outufre,
Final Report of The High Level Grou003. Published on the website of the European
Commission:

(http://europa.eu.int/comm/research/energy/pdfiikjon_report_en.pdf)

1.6.5 Monitoring and control components

Chemical and physical processes involving hydrogdike any hazardous materials - must be
monitored to ensure that they are within specifimtol limits (safe operation window).
Hydrogen production units and applications oftegune a rather complex control system, due
to varying conditions and operation modes includiignificant dynamic operation. Examples
of such conditions are given below

= Variation in pressure and temperature between psogections
= Variation in energy or raw materials supply
= Varying power consumption/needs at application

= Refuelling of vehicles

i. very high temperature and pressure variation amtghme
ii. many cycles
= Atmospheric temperature variation

Hydrogen systems usually involve a considerable bmmof components, such as valves,
pressure relief devices, pressure and temperategelators, check valves, filters and
instrumentation. These components are crucialh®rsafety of the system. The components
in a hydrogen system must be fabricated of maggriatluding soft goods such as seats and
seals, that are compatible with the operating d¢@m, and with each other if more than one
material is involved.

The control system consist of measuring instrunt@ma- monitoring equipment such as flow
meters, pressure and temperature transmittershvimicase of unacceptable process deviations
will give a signal. This signal might give alarimscontrol room, or may initiate the control
system e.g. to close or open valves dependent ersithation. Instrumentation provides a
means to communicate with physical processes tairolffuantitative measurements of the
behaviour or the state of the process. Contralwige a means to maintain or change the
behaviour or state of a process. These are ealsefgments of a hydrogen system both for
operation and safety of the system. It is of outmmportance that adequate instrumentation is
designed so that the operation is within safe axéptable limits
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Usually, when designing a hydrogen system a systeramalysié is carried out, to check out
possible deviations from normal operating condgiohhese deviations are identified by using
keywords (high/low/no/reverse flow/pressure/tempesdignition sources etc.). Causes and
consequences of these deviations are identifiedljranase a hazardous or otherwise unwanted
consequence, systems for detection and controh@fhiazardous deviation are included in
design of the system. Usually redundant system#atuded for deviations that might lead to a
hazardous situation.

Below some examples are given related to controlipmments and situations when they are
necessary. It must be underlined that this isgustry limited number of examples, and are not
at all representative for the whole number of congmts or situations. To what extent do you
pursue completeness?

Examples of control components:

= Regulation valves - for flow regulation and control

= Check valves - e.g. for prevention of reverse ffoam a high pressure side to low
pressure side.

= Emergency shutdown (ESD) valves - to be closegéduiic situations. These
valves can be closed manually, by a push butttimeasite, from a remote control
unit or automatically, for example by gas or fietattion signals. The activation is
dependent on the control system and varies frotaliagon to installation. ESD
valves can for example be used to close the coioneict a storage tank in case of a
gas leak. They can also be used to isolate sgdterm each other. For example in
case of gas detection inside a confined areagibinlie recommended to have
installed an ESD valve between storage and endpsuprevent the stored
hydrogen go flow into the confined area.

= Pressure relief devices - installed in procesd@®eblumes in which hydrogen
(liquid or gas) could be trapped. If the presseszhes above a specific limit, these
systems will open and ventilate the hydrogen tafa bcation .

For these examples, would there be specific rem@rgs on safety, pressure, temperature, size,
etc. for H2 applications?

Remote control of unmanned installations locateal jpublic environment set high requirements
to the control system — to material properties safé and reliable function.

These examples represent situations coupled tootaritthe “internal ” process operation. In
case of a hydrogen leak to atmosphere, additigisééss might be necessary to lead the system
to a safe condition. Examples of components andsores are gas detection, fire detection,
emergency ventilation, deluge and sprinkling, eggo venting etc. These measures are
described in chapter .(mitigation)... Also in sucdtuations a well designed process control
system will bring the process to a so-called “&aife” condition, for example emergency
shutdown of process, ventilation of hydrogen unglessure to a non-hazardous location and
purging of process components with inert gas.

8 Examples of analysis methods are Hazop (hazardpechbility) analyses and FMEA (Failure Mode
and Failure Effect Anlysis)
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" -Iskov, H.; Dansk Gasteknisk Center, Projektrappoig. 2000, J.nr. 1763/98-0019 "Sikkerhedsforhold
og myndighedsgodkendelse ved brintanvendelsertitkger” (Safety aspects and authority approval of
the use of hydrogen in vehicles, in Danish)

-Zalosh, R.G.; Short, T.P.; Compilation and Asédyof Hydrogen Accident Reports, CO0-4442-4
“Factory Mutual Research Study, MA 1978)
" http://planetforlife.com/h2/h2swiss.html
" http://www.hyweb.de/knowledge/w-I-energiew-eng#hht
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