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Foreword

SerterNovemhascompiledthis reportat the reques of the Ministry of Econonic Affairs, asaform of
‘hydrogenmap’ (20022003)thatincludesboth nationalandEuropearhydrogenbasedadivities. It
providesanswergo quesionssud as‘which R&D activitiesaretakingplacein which Dutch
organisatonswith respetto hydrogentechnologies,and how do theseactivitiesrelae to thosein
othercountrie® Theauthorshawe split this questioninto a nunber of subsectionsandhaveprovided
answerdasedn a large numberof data sourcese.g.the Senterdvemprojectinventory,datafrom
the ACTS Sugainabk Hydrogen(NWO, the Netherland€rganisabn for Sciertific Research}he
European Commisson’s Fifth andSixth FrameworkProgrammeg¢FP5andFP6),andthe BSIK
(subsidyinvestmenin knowledge infrastructue) progamrme, aswell astheknowledgeand
expeienceavailablewithin SenteNovemand NWO.

Themediaregularlypublishesarticlesconcering the opportunitesfor usinghydrogen Almostall
industridised countries have anactive hydrogenpolicy, including the Ministry of EconomicAff airs
(EZ) in the Netherlanls. This is why theministry recentlyrequesed SenerNovemto conductan
analysisof hydrogenprgects,i.e. to providereaderswith anoverviewof hydrogendewelopmentsn
theNetherlandsThisreport also makesclearwhich areasare still unexploted.

Hydrogenasanenergycarier is a‘hotitem’ in two currert policy initiatives by the Ministry of
EconomicAffairs (E2): i.e. EOS(eneggy reseach strategy) andEnergyTranstion. TheEOS
programmeemphasiseBindamentalreseach, but alsoincludesthe applicationanddemonstraon of
conwertinghydrocarlpnsinto hydrogen,aswell asfuel cell systemsuchasPEMFC(protonexchang
membranefuel cells)andSOFC(solid oxide fuel cels). Energytranstion focuseson a sustaimble
enegy managemergystemthrough systemchangesFive mainrouteshavenow beendefined.Oneof
theseroutes(concerning efficientandgreengas)concentratesn naturalgasandhydrogen. The

enepy transitionprogammeis suppotedthroughsubsidiedor feasiblity anddemonstrabn projects,
e.9.0OTC (supportfor transiton coaltions)andthe UKR (uniqueopportunitesscheme)Both schemes
haverecertly beenintroduced.

Theauthorshopethatthis reportmeetsyour expectationsandthatit will simulate the discussioron
thefuturehydrogenpolicy in the Nethelands.This reportwasoriginally writtenin Dutch.It hasbeen
translatedard reduced.

More information:

FrankDenys MSc
LongTermEnergyReseach
SerterNovem
f.denygdsentenovemnl
+31703735928




Introduction

Ther is considerablénterestin hydrogenasanenergycarrier.This is understadable aseveryone
realiseghathydrogencan play animportantrole in a sustainablenergymangementystemilt also
offersmary commecial opporunities.The interestin hydrogen py thegovernmat, industryand the
generalpublic, hasincreasd significantlyasaresultof the political develgpmentsin the Middle East:
the smallproductioncapacity resenesof crudeoil andtheuncertaintyregardinghe sizeand
availability of theextractable oil resewves.During 20022003 practicallyall the majorcourtries (USA,
Jamnand Canadaplusthe EuropearCommunity havedevelopedactivepoliciesregarding hydrogen
andfuel cells.

In June2003Mr Prodi, formerPresdentof the EC,announcedheinitiative to setup a Techndogy
Platform for hydrogenandfuel cdls. Hydrogenis alsospecifcally includedin the EU's Sixth
FrameworkProgramme(FP6)for which EUR 300million hasbeenreservedEuropeaimsto generae
around 22% of the European el ectricity requrementfrom renewablesourcesrom 2010onwads. In
thelongerterm,the EU hasseta steppedargetfor thetransitionto a hydrogeneconomybasedn
renavable energy(around2090). At naional level manyMemberStatshavealreadydefinedtheir
individual policies. Germanyplaysthe greatestole in Europe.

A step-for-step transition to a hydrogen economy based on renewable
energy (around 2050).

Theintered in hydrogenis alsoincreasingoutsde Europearbordes. In his 2003Stateof the Union’
speectPresidenBushpresenedhis planto investUSD 1.2 billion in researchnto fuel cellsard the
useof hydrogenfor enegy geneation andtranspeot purposesThe Americansreferto it asthe
‘freedomfuel’, becausét would reduceAmericandependencen fossil energyfrom the Middle Eag
andalsocontributeto thereductionof ervironmentallydamagingemissionsJamnalsohashydrogen
asanew enegy carrier high onits agenda. Thegovernnentimplementsanactivepolicy andis well
informedof the latestdevelopment$vehiclesandconsumepplian@s).PrimeMinister Koizumi
statedn 2002that: ‘The fuel cell is the key thatwill openthedoorto a hydrogeneconomyWe planto
be usingfuel cellswithin threeyeas asa powersourcefor vehiclesandhouseholds

In 2002,attherequesf the Ministry of EconomicAffairs (DG InnovationandDG M&E), Senter
conducedaninventory into the Dutch developrentof hydrogentechrology over the period 1997-
2001. The knowledge tha Serer had built up (throughimplementng a largenumberof subsdy
sclemesandprogrammesproveda centralfactor. Thesevariousprogrammegprovided supportto
companiesandorgansationswith respecto innovaton, theenvironmenandenergy In 2003the
ministry requestea follow-up studyfor the period 20022003,plusanoverview of the European
projectsunder FP5(199-2003).This gavetheimpressiorthatthingswithin this areaof technology
haveaccderatedoverthe pastfew years.Questionsareregularlyreceivedirom companiesvith
respecto hydrogentechology. Theserequestdor informationconcernsupport possiblepartners,
technologydevelopmenand interrational oppotunities.

Questions are regularly received from companies with respect to hydrogen
technology. These requests for information concern support, possible partners,
technology development and international opportunities.

In orderto compilethis ovewiew, theauhors havenot only takendatafrom theformer Sente
organisaton, but alsothosefrom theformerNovemand the ACTS SustainablédydrogenProgranme
initiatedby NWO. This report shows the strengthsaandweaknessethat existwithin the Netherbnds.
TheNetherlandshasthe disadvantagthatthereis little or no industryto actas organiserr invest
for theapplicationof hydrogentechnologiedor tractionappicatons(e.g.the automotive industry).
This oveniew will allow the Ministry of Econonic Affairs to focusonthe opportunitieghathydrogen
canprovidefor the Netherlandsand the policiesnecessaryo implementthis strategy



The Netherlands has the disadvantage that there is little or no industry to act as
organiser or investor for the application of hydrogen technologies for traction
applications (e.g. the automotive industry).

This report attemptdo provide an up-to-dateandcomplketeimageof the Dutch activities regarding
hydrogenasanenery carrier.Prevousresearclby Sentershows that(groupsof) industrid
companiearecollabomting closely, andthatcompanésareworking with knowledgeinstitutes.The
latterhavea clearspecialisation in thesesubjecs andthe broad knowledgeevd within the
Netherlandss good.Howeer, the Netherbndshasa real disadvantagen thatthereis little or no
industry willing to ad asorganiseror investorfor the application of hydrogentechologyfor traction
applicdions(e.g.theautomotve industry).Interviewswith a numberof importart stakeholdes show
thatthey have generallycollaboratedwith foreign companie®r knowledgeinsttutes. These
stalehobersview the developmentof hydrogentechnologyasa globalracein which collaboration
with foreign partiesis extranely important.

Hydrogen technology a global race?

A completeimageof this developnentwithin the Netherlandscanonly begivenif we takeinto
consderdion therole thatDutch stakeholderplay in internationalprojects.Following on from the
nationalactivitiesin Pat 1, Part2 oufinestheseinternationakollaboraive projeds. Forinternational
developmentsDutch participation in the EuropeanFrameworkProgranmesandthe Eurela network
hasalsobeencoveredn this report. Theamountof Dutch paricipation,comparedo thatof other
courtries indicateshe Nethetands’internationalpostion. A comparisorbetweenthe Netherlands
andEurope, with respecto technolog inputandthe applicaion orientationof the participation,
providesa pictureof Dutchexpeatise,aswell asthatin other Europearcourtries. Theassumptinis
thatparicipationin nationalandintemationalprogrammesnatchesn deail. Part3 liststhe authors’
condusions,andprovidesa compactimageof currenttrendsandfuture opportunitiefor everyone
involved (eithernow or in thefuture)in hydrogenprojects.

The centralquestionaskedby this reportis:

Which R&D activities are taking place in which Dutch organisations with regard to
hydrogen technology, and how do these relate to such activitiesin other countries?

This questiorhasbeensplit into a numberof subsectins:
* Which Dutch conpanies and knowledge institutes are actively working on hydrogen
technology? Whichindudrial sectorsandcaegoriesareinvolved?
* Whichtechnologiesrethesestakeloldersdeveloping?
*  Whichapplicatiors form the main focusof their R&D efforts?
* How arethe prgectsdivided overtheinnovationchan (from fundamentatesearh to specific
applicaions?
*  Which collaborationsarecurrently usedto implementthe projects?
*  Whichforeign partnersare includedin thecollaborationefforts?
This report providesanswes to thesequestons.

N.B. In orderto avoid misundersardings,pleasenotethefollowing. In orderto indicatethe sizeof the
R&D taking placefor anareaor sub-areaof hydrogentechnologythis repot congstently refersto the
total projectcods of therelevanthydrogenprgects. Therefoe thetermsR&D size,R&D investments
andprojectcods aresynonynous.Subsides or fiscalfundingschenescanonly financepartof these
amaunts.



Summary

Hydrogenis seenamainenerg carier of thefuture:this is increasinglyconfirmedby the policiesof the
Ministry of EconomicAffairs (EZ). This summarycontainsthe currentpolicy developmentsanda brief
descrption of the studyundetakenwith respectto the curent hydrogensituation. This meanghatthere
is certainlygoodnews,but therearealso concernsaboutthe slownessr lack of certaindewvelopnents.

In the Netherlandsthe Ministry of EconomicAffairs aimsto defineanenergypolicy tha cortributesto
asugtainable globalenery managerantsystem This meansgoodsecurty of supply, econonically
efficient andecologi@ly maintairable.At theendof 2000the Direcborate Generalfor Energy(DGE),
setupthe EOS(enery reseach strateq) prgectgroupin orderto developa strategyfor enery
research.

TheNational EnvironmentalPolicy Plan(NEPR4) describeshreepossibé pathsthatcanbetaken in
order to achievea sugainableenegy managemensystem(energytransition). Oneof theseconcens
advancednergytechndogies, e.g.usinghydrogenasanenergycarrierandfossil energy techndogies
with aimostzeroemissiongCleanFossil)

During thesecondhdf of 2002 variousstakeholdergogethemwith the Ministry of Econonic Affairs,
mack anextensivanventoryof goodtransitioninitiative opportunities. Therepat ‘Hydrogen map of the
Netherlands:19972001' formedpatt of thisinventory.At this paoint in time, thefirst projectsto prepare
for transiton experimenthawe beenstartedvia the OTC (suppot for transtion coalitiong.

What ar e these positive developments?

» Hydrogenresearch isincreasing. Since 1997therehasbeena clearupwad curvein
investmets (by companieandknowledyeinstitutes)with regardto hydrogentechnolay.
Duringtheperiod20022003,atotd of EUR 68.2million wasinvegedin suchprojects,
whichwerealsosuppatedby EUR 22.5million in subsidiesThe EuropearFramework
ProgrammegqFP5andthe start of FP6)spentEUR 13.7andEUR 6.6 million respectivelyln
total, dutch companies andresarchinstituteshavespendeUR 83.5milion (202-2003) on
hydrogenandfuel cell researchTakingthe EU FrameworkProgrammessa basis, the
Netherlandsakesfifth place (in absolue terms)within Europe However, whenrelatedto
GDP (grossdomestic prodict), the Netherlandgs actuallyin secondplace.Thisis certanly
partly dueto the prominentrole playedby ECN within Europe.

«  We have our own specialisations. The Netherlandshave certainspecialsatonsthat
differentiatet from therestof Europe e.g.the countryfocusesprimarily on hydrogen
production: (petra) chemi@l industry, andlocal producton for micro-cogeneation. Also
with respecto gastransport and distribution the Netherlandshave gainedconsiderable
expertise.

» Increasing attention to storage. Two yeas agotherewerevery few activitieswithin the
Netherlandsvith regardto hydrogen starage.However via the ACTS Sustainate Hydrogen
(NWO) programmeuniversitiesandcompanietavenow initiated a numberof research
projectsto redres this prodem area.



However, there are a number of concernsrelating to:

1. Thenarrowness of the fuel cell base. Thereareveryfew Dutch partiesfocusingon the use of fuel
cells. ECN andNedstaclarethe only organisationdound. This is cettainly not dueto alack of
experti®, buta production increag is not expectedn the nearfuture

2. The production industry requires more encouragement. Othercountieshavefoundthe
automotiveindustryto beanimportart stimulaton for hydrogentechnologydevelopmers. The
Netherlandsaslittle or no suchindusty therdore the producton secbr (thatcan produceparts
for the hydrogenchain)playstoo smal arolein the developmenbf hydrogentechnology.The
authors'impres#on is thatthe Germanproductionndugry hasmadefar betteruseof this
opportunity.

3. International collaboration isessential. The USA, CanadaandJaparhaveinveded the most
moneyinto hydrogen put Europehaslittle connectiorto this knowledge.The governmenbffers
little asdstancen bringng knowedge from suchcountiesto the Nethetands.



Research method

This sedion of therepot lists the sourceon which theresearchs basedandindicates the criteriathat
were used e.g.regardingechnologyarea andapgications.

Resear ch sour ces

SerterNovemhasa conpletedatalase of al projectsthathavebeensubmittedfor the varioussubsidy
andfiscal fundingschemesA numberof specifickeywordswereusedto retrievetherelevant
hydrogentechnologyprojectsfromthe database.

The CORDIS(Communiy Reseach and DevelopnentinformationService)databaseonsistof
European projectsto which Dutch stakeloldershaveparticipatedandthis too wasconsultedi.e.
projectsfrom 2002and2003 thatwereimplementedunderthe Fifth andSixth Framework
Programms.

Theauthorshavealsoconsideredheinitial flow of funds,i.e. researclunderakenby the Dutch
universiies. Sourcesisedinclude: annualreportsfrom the STW (Technicé Science Foundation)the
Dutch Reseeach Databaseplus our own knowledge of the variousDutchuniversitywebsites.

Four technology areas
Thesdectedprojectshawe beencodedusingthe projecttitle and summarythis sectionprovides
furtherinformationon this coding

Theprojectsaresplit into four technologcal areashydrogenproducton, storage,
transportdistributionand use.Theseareessentiafor a hydrogeneconomy.Theyarealsofurther split
into anumberof spedfic technologes(notto be confusedwith technologyareas)Seethefollowing
tabe.

Table of technology areas for hydrogen projects

Hydrogenproduction Storage Transport anddistribution Use
Fossil source Liquid Mixed Fuel cells
Fromwaste/ residual Compressed Separate hydrogen network (Petro-)chemical
products
Electrolysis Chemical-physical form Small system connectors and Boilers and burners
pipes
Biomass (thermal) Networks, large infrastructure, ~ Combustion engines, turbines

distribution points
Microbiological
Hydrogen purification

Seveal projectsfocusedon nonrtechnicalsubjectan relaion to the hydrogeneconomy.These
projectscoverall typesof questonsconcerninghetransitionto a hydrogeneconomye.g.social
accepance Jegalaspets,legislaion andsakty.

Whereis hydrogen technology used?

Theprojectsarecodedaccoding to the applicationof thetechnology andaredifferentiatednto the
following applicatiors of hydrogentechnologymobile,stationay, transpot/storag, indugrial
procesgsandgeneralpplications.

Mobile applications

Theseinclude all kinds of transporiapgi cationswherebyhydrogenformsthe primaryfuel. Projects
coverfor examplefud cells (theengne), storagesystemdor hydrogen(gaseoudijquid), contol
systens, batterysystemsPC/AC adaptorsandtheentire vehicleconcept.The systemon boardthe
vehicledepend®nthetypeof fuel cell usedand,in theend,onthetype of fuel in thetank If 100%
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pure hydrogenis used, thisrequres a staagesystemfor gaseusor liquid hydrogen.If not, e.g.for
(fossil) fuelssuchaspetrol biodiesel,diesel,LPG, naural gasetc. thenanon-board reformer is
requred to producethe hydrogen. For mobile apgicationstherr is a furthersplit betweerthe
following subapplicatons: cars, (motor) bikes,shipping,aviation,portableequipmentandspace
travel

Stationaryapplications

Fuel cells canbe usedfor thelocal productionof electricity andheat.Pottablecogeneratiosystems
usualy consis of areformer (to producehydrogenjandafuel cel. Fuelcell systemsanbeused
dependingon the scalke size andthe tenperaturdevelsrequired.Varnous sale sizescanbeidertified:
smallscale(residencesand large scde (apartnentbuildings,nonresidental buildings). Another
applicdion consistof thelarge-scalegeneratiorof electricity andheat This can involve large
industrid proceseswherely hydrogenis releasedasresidualproduct.Largescalefuel cdl sysems
are suitablefor contributingto theresene within the frameworkof securityof supply (shortresponse
time). Anotherapplicationis the stand-al one producton of electricityfor nichemarkets(luxury
vehicles andyachtg or for locationswherethereis no electrigty networkavailable.Stationary
applicaionsalsoinclude:smallscak generatiorof electricityandheat(a building or house) large-
scalegeneratiorof electridty andheat(industrial), andgeneationfor spacetravel.

Transportandstorage

This application concensthe storage of hydrogenby theenduser,or thetranspat of hydrogerto the
enduser.This typeof hydrogen storageclearly hasa differentscalelevel. Therearemany
developmentsoncening small-scalestoragesystens (bothlightweightandnewmaterias) aswell as
developmentsvherebyexisting storagetanksaremadesuitablefor higherpressurandbetter
insulation.Both developmentare deployedatafilling station.

Largescalehydrogentranspot occurs usingcylindertanktrucks,but shipsmayalsobe usedin the
future. A largenewnetwak would be anotheipossibiity, butthiswould require huge invegdment,and
the existing naturalgasnetwak (naturl gasmixed with severapercenthydrogen)is alsobeing
consdera. Thefollowing networkappgicationsareconsiderednetworksanddistribution, filling
stations]argescalehydrogentransport storagesmal-scak storagean bottles, packs, anddrums.

Industrialprocesses

Thesearemostlylarge-scaleindustral processsthatallow the prodiwction of hydrogen. Thereisa
differentiation betweerthechemicalindustry andotherindustry.Hydrogenis usedin industryfor a
varietyof applicationsg.g.to remove sulphurfrom crudeoil, crackingheavyoil components,
hardeningfats, hardeningsteel,aswell asin the pharmaceuticadedor. Which projeds are relevantfor
ahydrogeneconomy Relevantprgects arethos thatstudynewhydrogen productionmethods,
improving existingprodudion processesor managinghydrogenflows. Thesearethereforeincludedin
theanalysis.This meandhat projectswherebyhydrogens oneof thereactorsduring achemical
processdo notfall within the scopeof this study. Theseweregenerallyprojectsfrom the
phamacetical sectoror projeds aimedat developinga catalystfor the productionof chemicals.

Gererd applications

There arecertainprojecs wheretheresultscanbe usedfor severalapplicatiors (mobile and
stationary) Someprojeds are nat aimedat a specificapplication.An exampleis the developnentof a
specificpartof afuel cell thatcanbe usedfor both stationaryandmobile applicationslt is therefore
not alwayspossibleto differentiat basedon applicaton alone.Thecodingusedaimsto keepthis
cate@ry assmallaspossible, by taking into consderationthe strategy usedby the projectparticiparts.
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Important stakeholders in the field of hydrogen

This chapterprovidesanoveniew of the mostimportantstakeholdere thefield of hydrogen
technology Sectionl.lincludesalist of the mostimportantcompanesandknowledgeinstitutes.
Sectionl.2 lists the mostimportantcompaniesandknowledgeinstitutesthatspedfically focustheir
researchowardsa hydrogeneconomy Sectionl.3includesthe R&D activities concering hydrogen
technologyascondicted by thevariousDutchuniversties.

Top-10in hydrogen technology

Thefollowing list includes the Top-10 companiesurrentlyconductingresearctinto hydrogen
technology Shellappeardo conductalot of R&D, followedby the GVB (local authoritytransport
companyin Amstercam) andthe smaller organsaions suchasNedstackandJacobsShdl focuseson
reforming liquid hydrocabonsin hydrogen,for which catalystsreactorsandrelatedtechndogiesare
beingdevelped.The GVB conduds practical experiments with fuel cell busesin Amsterdam.
Nedstackdevelopsuel cells,andJacobgocuseson hydrogenpurification(in orderto produceclean
diesel).

Top-10 Companies (amount of R&D)
Top-10 Companies

Shell Nederland

GVB

Nedstack

Jacobs

Hexion

Ballast Nedam

Teesing

Stork
Plug Power Holland

Thefollowing list showsthe Top-10 knowledgeinstitutesthatare currently condictingresearchnto
hydrogentechnology ECN undetakesby far the mostR&D, followed by theVVU (FreeUniversity)in
AmsterdamandTwenteUniversity. ECN studiesanddevelogs fuel cells (SOFC, PEMFC) and
equpmentfor prodwcing greengas(from biomass).

Top-10 Knowledge institutes (amount of R&D)
Top-10 Companies

ECN

VU Amsterdam

Twente University

ATO

TU Eindhoven

RU Groningen (RUG)

RU Leiden

TNO

Wageningen University (WUR)
Utrecht University

13



R&D activities at Dutch universities

General
Dutch universties primarily conductfundamentatesearche.g.into produdion, storageandusage.
Researclinto hydrogentransmrt ard distributionis usualy notincludedin universitystudies.

Thenumberof cross-relaionshigs beweenandwithin universitieds remarkableFacultiesvork
togetheron awholerange of sujects. The commitmentshownby companiegandknowledgeinstitutes
is alsocorsiderableparticularlyby Shdl, GasunieResearh andECN. The projectsanalysedalso
includedalimited role by TNO. ApparentlyTNO doesn’'tusesubsidesto finance their hydrogen
relatedresearch

Technological research

Comparedo the previousHydrogenMap, the TU Eindhovemow cleaty hasawide rangeof projects
focusingon hydrogenproduction, starageanduse(fuel cellsandelectricity usage) However,other
universiiesals featureprominently. TU Delft, Twente University, UtrechtUniversity, RU Leiden
andthe VU Amsterdamwhich primarily conductreseachinto productionandstorageln addiion,
WageningeruJniversily is alsoworking on ‘biological’ hydrogenprojecs aimed,for example at
biomassonverson andmicrobiological shift reactons.RU Groningenplaysa relatively smallpart,
andprimarily workstowardsusag, i.e. specifically the combustionbehaviourof naturalgasto which
hydrogenhasbeenadded(‘greengas)).

Details per university

TU Delft

This universityis theonly oneto study(togetherwith the ColoradoSchoolof Mines)the storageof
hydrogenin gashydratesfor usein motolisedvehicles.Theuniversity alsocondictsconsidegble
researchinto monolithic reaciors for all kindsof reactons. The TU studiesCPO(catalyticpartial
oxidation)from methanespecifially for hydrogenlt is alsoworth mentioningthereseach conduted
into phobcatalysisandhydrogen productionfrom sunlightthroughphotoegctrolysis. The universityis
alsocondcting ‘betagamna’ reseachinto the build-up towardsa hydrogeneconomy

WageningerUniversity (WUR)
Hydrogenproduction from biomassformsthe main focusfor this university, plus desuphuisation of
hydrocarlbns(e.g methaneyia biological routes.

Rijksuniversiteit(RU) Leiden
Researchis conductedinto producing hydrogenby oxidising water and modelling the hydrogen
starage processin metd hydrides.

TU Eindhowen

This universityhasa clea specialgation in electical driving techniquesincluding researchnto power
conwertersandinductionengnesfor PEMfuel cells. A studyis alsobeingundertakennto storagdan
metd hydride systemsplus the possbility to operateSOFCfuel cels atlow temperatureOngoing
researchs alsolooking at reforming fuels suchasmethaneandmethanol Finally, researcherare
studying the social acceptaceof hydrogenasanenergycarter.

14



UtrechtUniversity

Utrechtdoesa lot of researchinto hydrogenstoragefor vehiclesbasedon metalhydrideson carriers
mack of plasticnanofibresTheuniversityalsostudiesceramic membranes$or separéing hydrogenin
a catalyticmembraneeactor.There are alsoa numberof ongoingstudiesinto producinghydrogen
from biomasgqsupercritical waterenvironmentsand ‘steamiron’ process).

Vrije Universteit (VU) Amstedam
Researclprojectsinclude storage(metd-hydridefilms), hydrogensensorand(‘betaganma’)
researchinto strategesfor implementing thetransiion to a (sustainablehydrogeneconomy.

Rijksuniversiteit(RU) Groningen

TheRU focuseson theinfluence of mixing hydrogenon the combustbn behaviourof naturd gas. A
researclproectalsolooks atthe consequencesf a hydrogeneconomyfor the energysupply at
suburbanddistrictlevels.

Twerte University/MESA+ Institute

Twerte studeshydrogen productionfrom biomassgatalytic membraneeactorswith ceramic
membranedfor applicationin fuel cells,andmodellingof lightweightmetalhydridesat microscopic
level.

Spin-off research

Althoughin someprojectsthereseachis not directly relatedto the hydrogenecoromy, thereare
sometimes usefulspin-offs. For example,the TU Eindhovenresearchnto dehydrogenatingeactions
of alkaneswhich aimsto increasehe efficiencyof hydrogenThis researctiocuseson
dehydrogenatingratherthanhydrogenproducton. However, it canproducea spn-off for the
hydrogeneconomyWageningenalso studiesbiological desuphurisationcyclesfor desulphurising
gas,for exanple. Thereailts of thisresearcltanbe usedin hydrogenproductionsystemsge.g.from
biomassLeidenUniversity hascondderableknowledgeof catalytic processedResearchergisualise
this via sanningtunneling microscopy.This techniquecanbe usefulin reseaching catalyic
behaviour in areformeror whenstudyingdegiadaton processesf membraneglatesin afuel cell.

15



Dutch national hydrogen projects

This chapteranalysesthe conten of the nationaly supporédprojects. MostR&D concernsndustrial
researchThereis alsoquitealot of fundamentatesearchakingplace.Thisis not sosurpiising, since
hydrogentechnologyis currentlystill in the devebpmentphaseratherthananagplicationphase.

Innovation path

Thehydragenprojectscanbe spiit according to their placealongtheinnovationpath.Figure2.1
shows howthetotal R& D into hydrogentechnobgy is spread overtheinnovationpath.Most R&D
coneernsindudrial researchAround 25% of thisis fundamenal researchTherewasonly one
demonstratio project,andthatwasatrial projectwith threehydrogenbusesn Amsterdamthe so
called CUTE project(Clean Urban Trarspot for Europe).

50
45
40
35
30
25
20
15

Figure 2.1 Project costs for hydrogen projects over the entire innovation path (min. EUR)

R&D per sector and category size

Theprojectcoststhat Dutch stakehatiersincur regarding hydrogerresearctare split accodingto the
relevantindudrial sectos. Table2.1 showsthe Top-10 sectors.

Most projectcostsareincurredin the researclsector,.e. primarily universitiesandknowledge

institutes. The otherthreelarge sectorsarethe gasextractionsector the machineryandequipmet
industry, andengineeringonsultancis.
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Table 2.1 Top-10 Total project costs per sector (based on SBI categories)

Sector Total project costs (EUR min.)
Research 28.5
Natural gas and oil extraction 10.1
Machinery and equipment industry 9.8
Engineering consultancies 9.0
Land-based transport 5.4
Medical and optical equipment 11
industry

Energy supply companies 0.9
Other electrical equipment industry 0.6
Chemical industry 0.6
Oil and coal industry 0.5

Table 2.2 showstheseprgect caosts sdit accordingto the categorysize of the organisationghat are
implementingtheseprojects.

Table 2.2 Total project costs per category size

Category size of the organisations Total project costs (EUR min.)

1000+ 19.0
500-999 155
250-499 9.8
100-249 45
50-99 4.1
10-49 11.9
0-9 3.3
Final total 68.2

Thistablealsoshowsthatther is relatively little R&D conductedy companieswith 0-9 and50-249
empoyees. However,the categoieswith 10-49 employeesndover 250 staff conducta relatively
largeamount of R&D.

Hydrogen technologies

Thefollowing technobgy areashawe bean analysedhydrogen production,usagestoragefransport
anddistribution, plusstudies into the hydrogeneconony. This lastcakegoryformsagroupthat
includesprgectsresaching a hydrogeneconomyasa systen, or partsthered. The emphasiss then
generallyon nontechnologcal aspeds.

Figures2.2and2.3 showthe amountof R&D per technobgy area,which confirm thatmostR&D
focuseson hydrogenproductiontechndogies(aroundEUR 35 million in 20022003). With regardto
the develgmentof usag technologes(mostlyfuel cells), aroundhalf of this hasbeeninvested There
is far lessinvegedin developingechnobgiesfor storageandtransport/distributiorfapproxmately
EUR 5 million in 20022003).NB: Around half of theR&D investmentgoncerningransportand
distribution do not (directly) corcern the hydrogeneconomy(compare-igures2.2.and2.3).

17



Figure 2.2 Project costs for hydrogen projects per technology area (min. EUR)
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Figure 2.3 Project costs of hydrogen projects per technology area, excl. hydrogen industry projects (min. EUR)
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Figures2.2and2.3 showa differencefor R&D invegmens for production.Thisis dueto the
hydrogenproductionat refineriesandpetrochemiclplants.

Production technologies

Hydrogenproductiontechrologiescanbe split into five categories:

* Productionfrom fossil sourceg(reforming, fuel procesig).
* Productionfrom biomasgthemal gasificaton).

«  Productionfrom wasteandresicud products®

* Microbiological productionvia micro-organisms.

» Purificationof gasflowsthatcontan hydrogen.

* Productionvia electolysis.

! Hydrogenproduction from wasteandresicual produds was barely found (roundedup to 0%), sothattheseare
notincludedin thefigure.
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Figure 2.4 shows the project costsfor productionsplit into thesefive categoriesThe prgect costs
totalledEUR 35 milli onfor the period20022003.

Figure 2.4 Total project costs per production technology (min. EUR)

Total: EUR 35 min.

6%

10%

O Fossil source / reforming
42% .
17% B Biomass (thermal

O Microbiological
O Purifying hydrogen

B Electrolysis

25%

Usage technologies

Thetechndogiesthatusehydrogen canbe splitinto: fuel cels (stacks),turbines/enmesand
boilers/burnersin total the projectcostsfor the period 20022003anountedto aroundEUR 19
million for developinghydrogenusageechnobgies.Figure 2.5 showsthe projectcostsperusage
technology.

Figure 2.5 Total project costs per usage technology (min. EUR)

Total: EUR 19 min.

6% 1%

O Fuel Cells

M Turbines / engines

O Boilers / burners

90%

By far themostR&D into usag technologésconcernghe developmenof fuel cells (90%),athouch
R&D is alsoconductednto boilers(for hydrogencombustior) andhydrogenburnersTheresearch
alsoindicateswhich type of fuel cell wasstudied.Also projectsthatwerenotdirectly focusedon
developingfuel cells,but whichincludedareferenceo a particulr type,wereincludedin the
analysis Figure 2.6 showsthe amountof projectcostsconcernegertype of fuel cell, for the period
20(2-2003.
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Figure 2.6 Total project costs per type of fuel cell (min. EUR)
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It is clearthat mog of the R&D concernghe developmenbr useof PEM fuel cellsthatusehydrogen
directy. Farfewer projed costsrelae to the SO-C type. Thereislittle researh conductednto
developingmethanoffuel cells.

Storage technologies

Hydrogenstorageformsavital link in hydrogensystemsfor thoseoccasionsvhenthe hydrogen
producedis not requredimmediately Therearevariousforms of storagebeingdeweloped:
compressio in gaseous$orm, turning hydrogeninto liquid form, andchemicaland/or physicalbinding
of thehydrogenmoleculesProject coststotaled EUR 7 million for the periad 2002-2003(seeFigure
2.7).

Figure 2.7 Total project costs per storage technology (min. EUR)

Total: EUR 7 min.

6% 2%

O Chemical/physical
m Compression

O Liquid form

92%

Researclgenerallyconcentratesn storagein chemicalphysicalform (92% of the R&D investments)
Thisresearchis primarily conductedwithin the ACTS prgectsfrom NWO. The mostimportart
researcheamsncludethosefromthe TU EindhovenL eidenUniversty, UtrechtUniversity,VU
AmsterdamandTwenteUniversity.

Transport and distribution technologies
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Thetranspeot anddistribution technobgiescanbe split into four categoriesinfrastructure/gtribution
points, mixing/additives small systems/saling,andothers Figure2.8 showsthe R&D investments
(appoximatelyEUR 5 million for 2002-2003)for transpat anddistribution techrologies,split over
theaforementionedategries.

Figure 2.8 Total project costs per transport and distribution technology (min. EUR)

Total: EUR 5 min.
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O Infrastructure /
Distribution points

B Mixing

0O Small systems / valves

0O Other

Approximatelytwo-thirds of the R&D investmentsarespenton infrastucture/dstributionpoints, and
onethird on mixing/addiives. Considerablyessinvestmenis spenton the other categores.

Applying hydrogen technologies

Thevarioushydrogenprgectscanbe categorsedaccordingto applicationareaaswell astechrology
area.Thisreferslessto thecontent of the projects butlooks moreatthe practicalappicationson
which thes projectsfocus.Figure 2.9 showsthetotal divisionof the R&D invesiment overthe
variousapplicationarea, while Figure 2.10showsthe R&D investmers specfically for the hydrogen
economy.

Figure 2.9 Total project costs for hydrogen projects per application area (min. EUR)
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Figure 2.10 Total project costs for hydrogen projects per application area, excl. hydrogen industry projects (min. EUR)
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Pehapscontary to expectabns, mostR&D effortsfocuson staionaryappications.The EDI
(energysaving throudh innovation) programmehasplayedan importantrole here.Mobile apgications
take secondplace.A considealde amountof the R&D conductechasnotledto a specific apgication,
butis possibly importart for avariety of applicatons. Transportandstoragealsoreceivedittle
attertion, particularlyin project thataresuppotedby the ACTS programmeHowever thereis a
fairly evenspreadf researclover the variouscategories.

Stationary applications

Various categorie®f resarch are differentiated:
* Smallscaleproduction of electricity andheat.
» Largescaleproduction of eledricity andheat.
* Spacdravel.

Figure 2.11showshowtheR&D investmens regardingstationay applicationsaredivided over the

aforementionedtategories.
Figure 2.11 Total project costs for stationary applications of hydrogen technology

Total: EUR 18 min.

O Small-scale
Electricity & heat

0,4%

B Large-scale
Production of electricity
& heat
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22



With regad to the stationary applications,two-thirds of the R&D investmend arespenton smadl -scale
electricity andheatsupply. ShellGlobal Soluions, ECN, Inoc, Hexion,PlugPower,Nedstack,
GasunieandGreenVision arethe mostimportantpariesconcened.The other33%of the
invedmentsarespenton large-scaleproductionof electricity andheat. TNO, MEP, NedstackECN,
Exendis,Ecofysandthe RU Groningenarethelargestmplementersof this researchA very small
percentag of theR&D is aimedat stationaryapplcationsfor the spacandustry(on-boardelectricity
generatio.

Mobile applications

Figure 2.12showsthe investrents over the variousmobile applications.

Total: EUR 15,7 min.

Road vehicles
Space travel
Shipping
Portable
(Motor)cycle

HE OO® O

85%

Figure 2.12 Total project costs for mobile applications of hydrogen technology (min. EUR)

By far themostR&D efforts (for mobile applicatiors) focuson aubmotive vehicles.The
organisatonsconcernednclude GVB, ShellNederlandShel Global Solutions,NedstackCCM,
Gaste, Alstom Transpot, andStak ProductEngineering Spaceravd andshippingeachrepresen
6% of theR&D invegmentfor mobile applicaions. Organisationgonductingesearclfor spaetravel
includeStork ProductEngineering AerospacePropulsionProductsandBrunsinteradive.

Transport and storage applications

Figure 2.13showsthe division of R&D transportandstorageinvestmentover five categories:

* Networks/digribution.

* Filling stations

» Storagein bottles packs, and smalldrums.

» Largescaletransporiandstorageof hydrogen.
» Largescaletransporiof hydrogen.
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Figure 2.13 Total project costs for transport and storage applications of hydrogen technology (min. EUR)

Total: EUR 12,5 min.

5% O Storage bottles, packs, etc.
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Half of thetransporiandstorageappicat onsconcernrsmaltscalestorage Almost onethird of the
projectfundsarespert on networkanddistribution asgects,12%focusonfilling stationsand5% of
theR&D investmentsarespenton large-scalehydrogenstorage Only two projeds areresearching
networksanddistribution.

General applications

Projectsaimedat generaapplicatonsinclude:

Resarchinto methodsof producinghydrogenfrom oil derivedfrom biomass
Developingfuel processasfor hydrogenproducton.

Experimentatesearchinto produéng hydrogendirecty from water,usingsunlight.
Experimentatesearchinto conceps for hydrogensensorgor largescaleusein ahydrogen
ecaomy.

Gammaresarchinto the beststrategiesor implementig hydrogen.

Recoery processegoxygenandwatervapour)for fuel cells.
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National collaborations

Thefollowing sectionprovide aninventoryof the collaboratiorat nationallevel. The partiesare
collaboraing in production, usagetranspot anddistribuion respedtely. Appendix2 includesa list
of theacronymgqorganiséion nanmes)usedin thefigure. Theknowledgeinsitutes, universitiesand
companiesreshownin differentcolours:companiegsalmoncolour), knowledgeingitutes(brown)
anduniversties(orange). Thediameters of the circlesindicatethetotal of the projectcods for the
respectivestakehol@rs.Organisatiors that oftenwork togetherareplacedclosertogether. These
diagramswvereproducedoy CWTS, aninstituteunderthe universty of Leiden.

Figure 3.1 shows the organisaibns that have collaboratedn the subsidsedprojectsduring 2002 ard
20@3. Appendix2 includesa list of acronymdor the organisatbnsshownin thefigure. Thefollowing
list also includes the organisationswith which ECN has collabaated in various prgeds. The
knowledgeinstitutes,universities,and companiesare shownin different colours: a salmoncolour for
companiesprown for knowledge institutes, and orangefor universities. The diameterof the circles
represeats the sumof the project costsof the stakeholdersnvolved. The distarce beweenthe circles
represants the extentof the collaboraion (i.e. numberof collaborativerelaionships). The closerthe
circles,the morecollaboratiorbetweerthe organisations.

Figure 3.1 National collaborative organisations

&n.

compr teesi

balla

akzon du. kg

(=

ec.
shell orug

mieme

rul tue

ECN hastakenpart in the higher numberof collaboratve projects,followed by Shell, Nedstack
Agrotechmlogy & Food SciencesTNO, and WageningenJniversty. The stakdnolderswith whom
ECN has collaboratedinclude Shell, Siemens,Gipec, Corus, TU Delft, Wageningen University,
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Nedstack, Agrotechnéogy & Food Scierces, Hexion, Spargle RU Groningen, Technolnvent,
AgromiscanthusGrontmij, Duynie andTechnogow.

Practicalexperimentsvith hydrogenbusesin Amsterdamarenotincluded in Figure3.1becauséhis is
adifferenttype of collabortion, wherebymoneydoesnot changehands EvobusandHoel.oosare
subcontractorsf the GVB Amstercamandtheycollabomate with Nuon, ShellHydrogen,and
Amsterdancouncil’sBuilding SupevisorandEnvironmenidepatment ona‘no money’ basis.

National hydrogen platforms

De Nederlandse Water stof Vereniging (NVW) / Dutch Hydrogen Association

Theassociatioraimsto promotethe useof hydrogenasa cleanenergycarrierin anincreasingdy
sustainald energymanagmentsystem The NWV hopesto achievethis by acing asa central
helpdeskor knowledge ard expertiseegardinghydrogentechnologyin the Netherlandsat
universiies,knowledge institutesand companiesencauragingcollaboratiorbetwveenscientists,
developerandertrepraneus at knowledgeinstitutesandcompaniesgevelopingandimplementinga
strakgicvision of therole thathydrogentechnobgy canplay in the Dutch energysystem.The NWV
thereforeactsasagent/bokerbetweerthe variousstakeholdersandexchange&nowedge and
information betweerall relevanttarget groups,ncludingthe generalpublic (moreinformation:
www.waterstofveremjing.nl).
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Supporting project costs

Thedatabaséncludesatotal of 325relevanthydrogenprojectsfor theresearctperiod20022003,and
doesnotincludethose prgectsfor which companie®r institutesdid not requesggovernmensupport.
This dso appliesto reseach at universitiesthatwasfinancedhroughprimaryfunds.lt is therefore
logicd to expectthatthereis more researchn the Netherlandghanis mentionedn this repot.
Projectsthatwererefused funding arealsothereforenotincludedin this analysispecauset is not
possibleto verify whetheror nottheseprojectswereactuallyimplemented.

Financing: national schemes and programmes

During the resarchperiad (20022003) a total of EUR 68.2 million was spent on project cods,
throughsubsdies ard fiscal advantagesThelastyear(2003)shows a clearincreaseevenwhentaking
into acount the projectsthatwere started underthe ACTS SustainablédydrogenProgramme.

National policy funds

Figure 4.3shows thefundsperphasein theinnovaton path.The majority of the projectscanbe
charactrisedas‘Industrial resarch’. More field testsand demonstrabn projectsareexpedted in the
comingyears.

Figure 4.3 Total policy funds per phase in the innovation path

Total: EUR 22,5 min.
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Part 2 Analysis of European Hydrogen Projects
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European participants in hydrogen projects

Before looking at the contentof Europeanhydrogenprojectsiit is firstworthwhile consideringhe
mostimportantstakeholdes atthe Europearievel. This chapterfocuseson the Europea parties
involved,aswell asthe Dutchcompaniesandknowledgeinstitutesthat are well represerdd. Pleag
noticethat in 2003only a part of FP6subsidiehadbesncontracted.

Top-25 European stakeholders

Tablel.1showsthetop 25 Europeanproject paticipants.Table1.2 showsthetop 25 andther total
projectcostsin Europearprojects.Appendix1 exdainsthe meanng of thetechrology acronyns used
here

Table 1.1 Top-25 European participants (number of project participations)

Number of participations per Technology Total
technology

Organisation WO OC OG PA PB PE PF PO PZ TB TH VB VV

ECN (NL) 3 1 1 5 1 10 21
Centre National de la recherche 1 3 3 3 1 6 17
scientifique (CNRS) (France)

Commissariat a I'Energie 1 1 1 1 1 10 15
Atomique (France)

Fraunhofer Forschungszentrum 3 9 1 13
(Germany)

Johnson Matthey (UK) 1 2 3 1 5 12
Volvo Technology (Sweden) 2 1 1 1 1 5 11
Ansaldo (ltaly) 4 1 5 11
ENEA - Ente per le Nuove 3 4 4 11
Technologie, I'Energia e

I'’Ambiente (Italy)

Daimler Chrysler (Germany) 3 2 1 1 3 11
Norsk Hydro ASA (Norway) 7 1 1 2 11
Instituto Nacional de Tecnica 3 1 1 1 4 10
Aerospacial (Spain)

Shell (NL) 3 2 1 1 2 1 10
Consejo Superior de 1 2 1 1 4 9
Investigaciones Cientificas (Spain)

Centro Richerche Fiat (ltaly) 1 1 1 6 9
Air Liquide (France) 3 1 1 2 1 8
Deutsches Zentrum fur Luft- und 1 6 1 8
Raumfahrt (Germany)

Forschungszentrum Jiilich 1 1 1 1 4 8
(Germany)

Kungl Tekniska Hoegskolan 1 1 1 4 7
(Sweden)

C.R.F. - Societa Consortile per 1 1 1 4 7
Azioni (ltaly)

Consiglio Nazionale delle 1 1 5 7
Ricerche (Italy)

Imperial College of Science, 3 4 7
Technology and Medicine (UK)

Rheinisch - Westfalische 1 5 1 7
Technische Hochschule Aachen

(Germany)

TNO (NL) 2 1 1 3 7
Electricité de France 1 1 4 6
Gaz de France 1 5 6
Total (min. EUR) 249
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Table 1.2 Top-25 European participants (total project costs)

Total project costs per Technology Total
technology (EUR min.)

Organisation WO OC OG PA PB PE PF PO PZ TB TH VB A%

Rolls Royce (UK) X X
ECN (NL) X X X X X X X
Daimler Chrysler (Germany) X X X X X X X
Johnson Matthey (UK) X X X X X X
Commissariat a I'Energie X X X X X X X
Atomique (France)

Ansaldo (Italy) X X X X X
MTU (Germany) X X X X
Centre National de la X X X X X X X
Recherche Scientifique (Fr)

Fraunhofer (Germany) X X X X
Forschungszentrum Jilich X X X X X X
(Germany)

Air Liquide (France) X X X X X X
Volvo Technology (Sweden) X X X X X X X
Nederlandse Gasunie (NL) X X X
BP (UK) X X X X X X
Risoe National Laboratory X X X
(Denmark)

Autobus de la Ville de X X
Luxembourg

GVB Amsterdam (NL) X X
Stuttgartner Strassenbahn X X
(Germany)

Centro Ricerche Fiat (Italy) X X X X X
Empresa Municipal de X X
Transportes (Spain)

London Bus Services (UK) X X
Norsk Hydro (Norway) X X X X X
Transports de Barcelona X X
(Spain)

Energie Baden-Wurttemberg X X
(Germany)

Total (min. EUR)x 143.8

Thesdists consistof a numberof reseach institutes,(urban)trangort companés,carmanufaturers
andenergysuppliersECN s oneof thelargestEuropen stakeholérs.Theaforemenbnedtalles
clearlyshowthatthe mog important Europearstakeholdersoncentatemostof their R&D effortson
developinguel cells.ECN plays animportantrole here.Therearealsomanystudiesconductednto
the (integrationof) hydrogeneconomyasanenergysystem.The atentionpaid to producinghydrogen
is primarily concentrate@n hydrogenproductionfromfossil soucesandbiomassBoth ECN and
JohnsonMattheyplay animportantrole in studying producton from fossi sourcesandDaimler
ChryslerandAnsald are the mainfrontrunnersn productionfrom biomass.

Dutch participation in European projects

Tablel.3shows the Dutchconpanies,knowledgeinstitutesandotherorganisatonsthatparticipatein
oneor more of theFifth or Sixth Framework Programmegsubnitted to date).
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Table 1.3 Dutch participants in European Framework Projects

Total project costs per partner (EUR) Framework programme Total

Organisation FP5 FP6
ECN X
Gasunie X
GVB Amsterdam

Twente University

Plug Power Holland

TNO

TU Delft

Nedstack

BTG

TU Eindhoven

ECO Ceramics

European Commission - DG -Joint Research Centre
Shell X
Hexion

MESA Research Institute
Airborne Development
Continental Engineering
Spargle International
Promikron 3

DAF Trucks X
Innogas
Bekaert X
Denso Europe

Compositeringsbedrijf Zuid-Holland

Milieudienst Amsterdam (environmental services)
KEMA

Netherlands Standardization Institute X
NOVEM

IMTECH Marine & Industry

European Natural Gas Vehicle Association
Innovation Support and Partners

Final total 26.61 11.59 38.20

X X X X X X X X X X

x X X X X X
X X X X

X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X

The Dutch organisationsthatare conductng the mostresearctunderthe EuropearFramework
Projectsinclude: ECN, Gasunie GVB Amsterdam;TwenteUniversity, PlugPower, TNO, TU Delft,
Nedstack,BTG andTU Eindhowen.
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Analysis of European hydrogen projects

This chapteranalysesthe Europearframeworkprojecs with respectto hydrogentechnology Sedion
2.1 providesanovenview of thetotal hydrogerresearctbeingconductedn Europe,again per
technologyandapplicationarea.Sec¢ion 2.2 providesa geographidivision of the hydrogenresearch
over thevariouseU MemberStaes,andSectbn 2.3 givesanoverviav of the Dutchparicipaionin
this Europeanhydrogenreseach. Secton 2.4lists themostimportantEuropearstakeholdersand
condusionsareprovidedin Section2.5

Hydrogen research in Europe

The projectcostsfor the projects approvedunderFP5andFP6for the period19982003totdled EUR
441 million. Thisincludesall the hydrogenprojectssubmittedunderthe Fifth FrameworkProgramme,
andthe projectsthat,to date,havebeensubmited underthe Sixth Framework Progamme.Figure 2.1
shows howthe EurgpeanR&D into hydrogentechrology is distributedoverthevarioustechnology
areas.Pleasenot only a partof the FP6projectshadbeencontractedin 2003.

Figure 2.1 Distribution of project costs for European hydrogen projects per technology area (min. EUR)
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Althoughthe Netherlandsnvestsalmosttwice asmuchinto productionasusagethis situaton is
reversd on a Europea scde. Most prgectsfocuson theuseof hydrogentechnology- almostentirely
onthedevelopmentof fuel cels. Storagereceivegelaively little atentionatthe Europearevel, and
thoseprojectsthatareimplementectoncernstoragein chemicaiphysicalform.

Figure 2.1 also showsthattransportanddistribution receivedrelatively little attertion under FP5,but
thatthis situation is being redeemeadvithin the FP6programmesThe projectcostsfor thefirst FP6
projectsarefive timeshigherthanfor transportanddistribution projectsunderFP5.Thisis primarily
duetotheNATURALHY prgects,with 61 paticipantsfrom 15 counties. Thisincludesl10
organisatonsfrom the Nethellands. This projectconcernsa study into usingthe existinggas
infrastrudurein thetransitiontowardsa hydrogeneconomy.
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Figure 2.2 Distribution of project costs for European hydrogen projects per application area (min. EUR)
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Themain emphasist Europeanlevel concerngnobile appicationsof hydrogentechnology (primarily
in vehicleg, while R&D in the Nethetandsconcentrateson stationaryapplications.This is
understanable,sincethereis no Dutch carindustry.

Geographic division of European hydrogen research

This sedion showsthe geogaphicdivision of the Europearhydrogernreseach, both pertechnology
andpe applicationarea.Theabsolde R&D investmenpercountryis alsorelatedto its GDP,thus
giving a betterideaof the relaive R&D investments.

Figure 2.3shows the project cost of the Europearparticipantsgeograpladly split overthevarious
courtries, andthe brealkdown pertechologyarea.Figure2.4 showsthis sane geographidivision, but
now showingeachcountrys investmentsperapplicationarea.
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Figure 2.3 Geographic division of EU project costs for hydrogen projects per technology area
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Gemanyis mostrepresenedin the EuropearFrameworkProjects,followedby the UK, Frane, Italy,
the Netherlands Swedenand Spain The Netherlandss thereforen fifth placefor EuropearR&D
invegmentsinto hydrogentechnobgy. Germanyconductghe mostresearchnto storagg26%).
Austriaard Francealsoconductrelatively largeamountsof researchinto storage The Netherlands
conduds verylittle researh into storagevia Europearmprojecs (thoughit doesparticipae in the
nationalACTS progmamme)

TheNetherlandsandthe UK are redly the only countriesmplementingR&D into thetransportand
distribution of hydrogen. Studiesinto the nontechnologicafactors of implemering a hydrogen
economyareprimarily being conducte by the UK, France Germary, Norway and the Netherbnds.

It is remarkablahatlrelandhasrelativdy little paricipationin EU prgjects:only aroundEUR 2.4
million in projectcaosts. This maywell presentopportunites.Up to now Irelandhasimplementedts
own hydrogenbusproject(comparablewith CUTE), a study into transportinghydrogenby boat,anda
study into usinghydrogenfor fishing boas. Irelandconductso researclinto hydrogenstaage.



Figure 2.4 Geographic division of European project costs per application area
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Only theNetherlandsGermaly andSwederareconducing researchnto industial hydrogen
applicaions.With regardto R&D into stationaryandmobile appications,t seemshatthe UK,
Franee, Spain,the Netheglandsandltaly inveg aroundthe sameamountof moneyin Europea
projects Forthesecourtries,araund one-third of the fundsarespenton stationaryapplicationsand
two-thirdson mobile applicationsVarious Europeartownsandcitiesareconductingexperimets into
hydrogenbusesge.g.Amsterdam Barcelonal.ondon,Luxemburg,StockholmHamburg Madrid,
StutgartandPortoareall partidpating in the CUTE (CleanUrbanTransporfor Europe)prgect.
Hydrogenbusesarealsobeing usedin Reykjavik,via the ECTOS (Ecdogical City Trarspot System)
project.

In order to give a betterideaof the relaive R&D invesimens in the various Europearcountries the

absolte project costshawe beendivided by the GDP. The valuesshownin Figure 2.5 indicatethis
guaient, multiplied by a factorof 1,000,000in orderto achiese pracical values.
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Figure 2.5 Geographic division of relative project costs in European hydrogen projects, per technology area (related to
GDP: absolute investments/GDP*1,000,000)
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Figure 2.5shows that, with resped to its GDP, the Netherlandsconducs consideableR&D into
hydrogentechnologycompaableto Denmark Norway andSwedenDespitethefact thatthe
Netherlandss asmallcourtry, it is not being left behindthe othercountriesIn absoluteerms,
Gemancompanieandinstitutesconductthe mostR&D via the EU FrameworkProgrammegsee
Figure 2.3). However,whenrelatedto its GDP,Germanyemergesn the middle of thegroup,
comparabldo Portual, GreeceandAustiia.

Dutch participation in European research

Of thetotal budget(EUR 441 million) spenton hydrogenrelatedR&D in Europeancollabaative
projectsunder FP5andFPG EUR 38 million wasspenton fundingprojectcostsfor Dutch
stalehobers(around9%). Dutchorganisationswereinvaved in 47 of the 96 projectsidentified in this
repat as'hydrogernrelated’ underFP5andFP6.These47 projectsreceivedatotal of EUR 249 million
in prgjectcods. Figure 2.6 showshowthe R&D fundsfor Dutchorganisaibns weresplit overthe
varioustechnologyareas.
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Figure 2.6 Distribution of project costs for European hydrogen projects to Dutch organisations per technology area
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Overthe period 19982003Dutch stakeholdesinvestedalmos EUR 18 million in R&D into hydrogen
use.lnvegmentsinto hydragenprodudion anountedto aroundeEUR 11 million, andFP6prgect costs
for transporianddistribution amountedo aroundEUR 6 million. Pleasenotethat in the period2002
20033 only a partof the FP6werecontraded.

The Netherlandscontributes very little to EuropeanstorageresearcifEUR 0.7 million), while all the

otherEU countriescollectively spendEUR 29.5million on this subject. However storageprojectsare
conductedat universities on a national level (EUR 7 million in projectcostsfor the period20022003).
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European collaboration

Thefollowing sectiors provide aninvertory of the collaborationat Europearievel. Sections3.1to0 3.4
includethe partiestha arecollaboratingn prodiction, usage, transportanddistributionrespetively.
Appendix2 includesali st of the acronyms(organisatbn nanes)usedin thefigure. Theknowledge
institutes,universitiesand companieg@reshownin differentcolours:companiegsalmoncolour),
knowledgeingtitutes(brown) anduniversties (orange).The diameterf the circlesindicatethetotal
of the prgject costsfor therespedt/e stakeholdersOrganisationshatoftenwork togetherareplaced
closertogetter. Thesediagramswere producedoy CWTS aningtituteunderthe RU Leiden.CWTS
produceghes diagrams frominformaton takenfrom the EU FrameworkProgramme asupdatedoy
SerterNovem.Seveanl importantstakeholdersarethenhighlighted,andthefootnotesindicatethe FP
programmein which they participate.Furtherinformationconcerninghe conentof theseprojectscan
be obtainedfrom the www.cords.lu webste, whereall FP projects are regigered.

Section3.5 containsa geograplt overviewof the countrieswvherethe stakeholdergollaboraten
cettain areas.

Collaboration regarding production

Figure 3.1 shows the collaborationregarding hydrogenproductionthroughoutEurope,at organisation
level.

Figure 3.1 European stakeholders working on hydrogen production
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ECN is oneof thelargestDutch stalehdderswith respecto hydrogenproductonin the European
collaboraive projects.Twentke Universty alsoplaysarelatively significantrole. Both organisatias
partidpate in the cluste shownin thetop-left areaof Figure 3.1, which primarily concerngprogects
into sustainabléi.e. biological) hydrogen produdion andfuel processindreformers).The bottom
clusteralsoconcerngrojects on sustinable (i.e. biologica) hydrogenproductian aswell asan
electrolysisproject.The clusterto theright is alsoworking on sustainabldéydrogenprodudion
projects

OtherlargeEuropearstakeholdes in this field includeMTU (electrolyss project), Vaxjo (synthess
gasproject,togethemith suroundingstakeholders)Ansaldo,JohnsorMatthey,CentreNational de la
Recherchecientifique(SNRS), andthe Institut fur Mikrotechnik. Chorenindustries Volkswagenand
DaimlerChryslerarecollecively implementng a projectconcerninghe applcationof sustainable
fuelsfor advancedrehiclepropusion.

Collaboration regarding usage
Figure 3.2 shows the Europeancdlaborationregardinghydrogenusageat orgarisationlevel.

Figure 3.2 European stakeholders working on hydrogen usage
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European projectson the useof hydrogenall focuson the developmenandapplicationof fuel cells.
ECN alsoplaysanimportantrolein thisfield. OtherrelativelylargestakeloldersincludeRolls Royce,
RisoeNational Labordory, Commissarat al’E nergieAtomique,Forschungszentruilich, Nuvera
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Fuel Cdls Europe Air Liquide,JohnsorMatthey, FraunhoferDenmarkUniversty, EnergieBaden
Wurttemkberg, Fiat, Daimler Chrysler, Volvo andEdF.

Thecluderto theleft of the figure representdhe CUTE project(hydrogenbusesn Europeartities),
in which the GVB Amsterdam participatesalongwith severalbthertransportcompaniefrom
Europeancities. The otherstakeholdersannotbe assignedo specific clusters astheycollaborate
with eachotherin a multitudeof ways,thereforetheyhavebeengroupednto onecluste (developng
SOFCand/a PEM fuel cels).

Collaboration regarding transport and distribution

Figure 3.3 shows the Europeancdlaborationwith respecto trangortinganddistributinghydrogen, at
organisaton level. Theclusterto theleft concernehe NATURALHY project,which studesthe extent
to which the exiging European natural gasnetworks could be usedascatalystfor theintroduction of
thehydrogeneconomy.The Dutch Gasuniecoordinateghis project andis thelargestparticipantwith
EUR 4.1 million in projed costs Theclusterto theright representshe EIHP (Europearintegated
HydrogenProject).This geneatesinput for definingnewregulationsat both Europearandglobd
level (to facilitatein harmonsingprocedureandstandard$or hydrogenvehicles).The organisations
placedbetweerthe two clustes areinvolvedin bothprojects.

Figure 3.3 European stakeholders working on the transport and distribution of hydrogen
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Collaboration regarding storage
Figure 3.4 providesanoveniew of the Europearcollaboratiornwith respecto hydrogenstorageat
organisaton level.

Figure 3.4 European stakeholders working on hydrogen storage
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Only oneDutchcompanypartidpatesin storageprojects;.e. Airborne DevebpmentBV, in the
projectentitled‘Zero hazard gasstorageby multi-sensingoptical monitoringsystem’.Thelargest
partidpantsin hydrogenstorageprgectsincludeJohnsn Matthey,Cente National dela Recherche
Scientifique, Institute for Enegy Technology Daimler Chrysler,Institut fir Verbundwerksto#,
BMW, MagnaSteyrFahrzugechnk, ContravesSpaceandConsejoSupeior deInvestigadones
Cientificas.Practicallyall theseprgects concernstoragein theform of metalhydrides with only the
bottomclusterworking on a stormagemonitoring project.

Geographic collaboration
Figures3.5and3.6 showthe geogaphicdivision of the project costsfor thoseprojectsin which Dutch
organisatonsparticipate Figure 3.5 showsthetechnologichsplit percountryandFigure 3.6 shows

this per applicationareafor eachcourtry. Thetotd projectcostsof therespectiveEuropanpariners
(in collabaative projectswith Dutch organistions)arealsogivenpercountry.
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Figure 3.5 Geographic division of project costs per technological area for projects in which Dutch organisations
articipate
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Thecountries with which the Netherlandshasthe mostintensivecollaborationin Europearprojects
are Geamany(EUR 65 min.), the UK (EUR 30 min.), Italy (EUR 24 min.), ard SwedenEUR 18
min.). Gemanyis by far the mostimportan partner paricularly for the developmenof fuel cells,but
thereis alsoconsiderale collaboraton with Germanpartnerswith respecto storageThereis
relativelylittle collabaationbetweerthe Netherlandsaand Germanywith respecto hydrogen
production.

Thereis alsoconsideablecollaboraton with the UK, Italy andSwedenwith respecto fuel cells. The
Netherlandsalsoworks with Italy and Swederon hydrogenprodtction, paricularly biomassbased
production. Thereis generdly little collabortionbetweerthe NetherlandsandFrance paticulaly
regardinguel cells.
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Figure 3.6 Geographic division of project costs (per application area) for projects in which Dutch organisations
articipate
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Theris little collabaation betweerthe Netherlandandthe UK, Italy, Spainand Francewith respect
to stationaryapplicationsThe mostimportantpartnersn projectsfocusng on mobile applicatons
includeGermanythe UK andltaly. Thesearethe countries with naional car manufactuing
industries.

European partners

This studyfound 176instanceswhere a Germanpartnerwasinvolvedin progectswith oneor more
Dutch organistions;69 instance®f British paitners;62 Italian; 61 French;40 Swiss;and33 Spanish.
Thelargestcollaboraive paitnersin Germanythe UK, Italy, SwedenFranceand Spainarelistedin
Table3.1.
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Table 3.1 Most important collaborative partners in countries with which the Netherlands collaborates the most

Germany UK Italy Sweden France Spain

Fraunhofer Johnson Matthey Ansaldo Volvo Technology Centre National de | Instituto Nacional
la recherche de Técnica
scientifique Aerospacial

Daimler Chrysler AG | Imperial college of | ENEA - Ente per le | Kungl Tekniska Commissariat a Consejo Superior

Deutsches Zentrum
fir Luft- und
Raumfahrt

Forschungszentrum
Julich

Rheinisch-
Westfalische
Technische
Hochschule Aachen

BMW

MTU

Forschungszentrum
Karlsruhe

L-B-Systemtechnik

Technische
Universitat
Hamburg-Harburg

science,
technology and
medicine

BP

Rolls Royce

Intelligent Energy

University of
Newcastle upon
Tyne

University of
Strathclyde

University of
Warwick

Air Products

Alstom

nuove technologie,

I'energia e
I'ambiente

Centro Ricerche Fiat

C.R.F. - Societa
Consortile per
Azioni

Consiglio Nazionale

delle Ricerche

Politecnico di Torino

Universita degli
studi

Nuvera Fuel Cells
Europe

CESI - Centro
Elettrotecnico
Sperimentale
Italiano Giacinto
Motta

De Nora

Hoegskolan

Sydkraft

Lunds Universitet

Stockholm
Universitet

Uppsala University

Turbec AB

Varnamo

Véaxjo

Alstom

I'energie atomique

Air Liquide

Electricité de
France

Gaz de France

Regienov - Renault
recherche et
innovation

Peugeot Citroén
Automobiles

Institut Francais de
Petrole

Association pour la
recherche et le
developpement des
methodes et
processus
industriels

Ecole Nationale
Superieure des
mines de Paris

de investigaciones
scientificas

Centro de
investigaciones
energeticas
medioambientales
y tecnologicas

Foundation
inasmet

Instalaciones
Inabensa

Chloride Espana

Elcogas

Ruecker Iberica

Universidad
Politecnica de
Madrid

Air Liquide

International hydrogen platforms

I nternational

European TechnologyPlatform HydrogenandFuel Cells (ETP)
TheNetherlandswvasinvolvedin the creation of ETP.This platform aimsto achiee better
harmonisatia of nationalandEuropeanpriorities,andbeter cohesionof researh activities,e.g.by
harmonising the agenda for future strategic reseach e.g.,the 7" Framevork Program Platform
partidpantsincludepuHic, industial andsocialorganisabns.ECN s involvedin the Advisory
Council, andSenterNoemis involvedin the Mirror Group (the connedion betweemationaland
Europeanprogrammes)The ‘Initi ative Groups’includevariousDutch hydrogenandfuel cell

stakehoHers.

Furthermae, variousDutch conpaniespatticipatein the globalnormalisatiorfor hydrogenandfuel
cell equipmentia the NEN (Dutch normalsationinstitute),i.e. NEC 105andISO TC 197.



Internatioral EnergyAgency(IEA)

TheNetherlandsalsoparticipatesin the |EA. Thisis anautcmomousbodythatwas setup by the
OEQD?in 1974asarestt of theenerg crisis. ThelEA aims to monitorthe supplyanddemancbf
enegy, developpoliciesto ensurethe coninuity of theenergysupplyandregulaly publicisetheir
findings.

Within theIEA thereare awholerangeof internationalkollaborativeactivities beingimplemenedon
thebasisof collabordive contractsthe so-called‘ImplementingAgreements{lAs); theseare
maraged by Executive Commitees(ExCo)thatimplementselectedasks.Furtherdetailingand
implementatiortakeplace in the Annexesto theselAs, which reportto the ExCo. Countries
partidpating in thelA mayalsoparticipatein oneor moreAnnexesf theywishto do so.Partidpation
costsareeither fundedcadlectively or arepaidaccording to theefforts involved(i.e. costsharingor
tasksharim).

TheNetherlandsarticipatesin two 1As: ‘HydrogenProducion andUtilisation’ and‘AdvancedFuel
Cells’. Thesearetaskshaing agreenens. SenterNovenandECN respectivelyhaveseaton the
ExCos,andvariousDutchorganisations paticipatein the Annexes.Theseinternationaldivities aim
to increasdhe efficiencyof R&D acivitiesin selecedareasandto continualy evaluatehe most
relevantdeweloprents field test and researclsubjects.

During the springof 2003the IEA initiatedthe ‘HydrogenCoordinaton Group’ (HCG), in which over
25 counties participate,ard where se\eralrelevantl As are repregnied. The HCG aimsto implenent
studies and activities that are of collective and structural importancefor hydrogentechnology.
SerterNovemrepresentshe Netherlandsandis co-chairof this group.

2 Organisationfor EconomicCo-operation andDevelopment
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European policy funds

The EU hassupportedesearctprojects,technobgicaldevelopmenanddemonstratiomprojects(RTD)
for hydrogentechnobgy andfuel cells sincethe 197Gs.

The European Framework Programme (FP5, FP6)

FP2stated by spendig EUR 8 milli on on suchprojects.This subsidyhassince increasedo arourd
EUR 130million for FP5(19992002)

FP5projectsconern:fuel cels (SOFCG MCFC, DMFC, PEMFC), polymer fuel cells (PEMFC),
reformers,fuel cell andhydrogennetworks hydrogen(production sustainal® productionand
accepance)andrelatedmaterialresearch.

Thehydragenrelatedreseach within FP6falls underthe theme'SustainablddevelopmentGlobal
ChangeandEcosystemsSustainale EnergySystems’ The availablebudgetfor this reseach amounts
to EUR 810million. The callsfor tenderare puldishedby DG TransporiandEnegy (shortto medum
term),andDG Reseath (longtermprojects).

Dutch participation in FP5 and FP6

During the period19992003Europeanconpanies,knowledgeinstitutesanduniversitiesspert EUR
441 million in implementiry projectsunderthe Europear-rameverk Progamme. The Dutch
contribution amountedo EUR 38 million (9%). The Netherlandsvasinvolvedin 47 of the 96
projects

Table4.1providesanoverviewof the Europearpolicy fundsfor encouragindiydrogenreseachin the
Netherlands.

Table 4.1 European policy funds from FP5 and FP6

Total policy funds of Dutch Framework

participants (EUR min.) Programme

Year FP5 FP6 Total
1999 3.3 33
2000 3.9 3.9
2001 4.2 4.2
2002 2.3 23
2003 0.03 6.6 6.6

Total 13.7 6.6 20.3

During theperiod19982002atotd of EUR 13.7million wasspen on fundinghydrogenprojects
under FP5. Within FP6,EUR 6.6 million wasallocatedaspolicy fundsduring2003 alore, andthis
programmeis dueto run upto 2007.
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Part 3 Conclusions, Trends and Policy
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Conclusions, trends and policy

Stakeholders, policy funds and investments

In total this study found 325 relevanthydrogenandfuel cell projectsin 2002and2003.Threequartes
of the naional projectsinvolve using hydrogenas an energycarrier. The remainde are hydrogen
industry projects.The total project cods totalled EUR 83.5 milion for this period (20022003) Since
1997 thetotal annualprojectcoss showa clearupwardcurve

Project costs per year (min. EUR)
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Important Dutch stakeholérs, both in the national and Europea researchprojectsinclude: ECN,
Shell, Nedstack,Hexion, Agrotechnolayy & Food sciences, TNO, TU Delft, TU Eindhovenand
Spargle. Thee Dutch staleholdershave increasingamountsof policy funds available that the
governmentallocatedor hydrogen develgment.Previoussectionsof this reportnotedthatthe pdicy
funds for hydrogentechndogy are increasingrapidly. The naional policy funds totalled EUR 22.5
million for the period20022003.The EU’s Fifth FrameworkProgamme mack EUR 13.7 million in
subsidiesto Dutch participans available for the period 19992002.1n 2003thesestakeholdergeceived
EUR 6.6 million from the Sixth FrameworkProgramme.

Investering in applications

Most of thesefunds are investedin hydrogenproducton techndogies (EUR 35 million for 2002
20@), followed by usag techndogies (EUR 19 million in 20022003). Another EUR 7 million was
also spant on storagetechnologes (2002-2003). Producton technologes concentra¢ on production
from fossil sources reforming (42%), purifying hydrogenand electrolsis. Fuel cells are by far the
most important subject in usaye techrologies. Hydrogen starage focuseson storage in chemical
physicalform (metathydrides, narotubes,gas hydraes) Infrastru¢ure with distribution points and
fuel additivesarethe mostimportantpointswithin the transporianddistributiontechnologies.

Sationary hydrogen applications are often studied
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With respecto applicdion aress, it is remarkablehat stationaryapplicationsof hydrogentechnoloy
(EUR 18 million in 20022003) are so often studied.This is in contrastto generalEuropeanopinion.
The mostimportant statonary apgication is smaltscaleproducton of heat ard electricity (arourd
two-thirds of the prgect costs in this area);the remainingonethird is spenton large-scaledectricity
andhea production.Mobile applicatimstake secondplace(EUR 14 million in 2002-2003),the most
important of thesebeing road vehicles, which takesup 85% of the project coss. The rest concerns
mobile applicationsfor the spa@ and shippingindustries.There are also many prgects that do not
specificaly concernany single stationaryor mobile application,but these arerelevant for both types
of appications.

Activities per technology area

Thetota proectcoss for hydrogenprojectsin the Netherlandshavealmostdoubled. Overthe past
two yeasthe upwardcurve hasincreagd considerablyparticularly with respecto hydrogen
production projects.This is parially relaedto theincreasedlemandor industrialhydrogen.Reseach
into micrabiological production of hydrogenis still in its infancy.

Proj ect types

Hydrogen projects can primarily be classedas industrial researchMost R&D concernsindustrial
researchHowever,there areal a constderablenunber of fundamentatesarchproects.Since2001
seveal practicalexpermentsand a few denonstraton projects have also beenconducted Againg
expectaions, the pastfew yeass have seenno experimentsstated into local hydrogen networks.
However,the numberof denonstation projectsis expectedo increaseoverthe nextfew years.These
will be supported by the new Dutch prograns: Energy Transiton scheme(UKR) and the EOS
Demonstratiorscheme.

Industrial research topsthelist of national hydrogen projects

European focus on hydrogen

All previousFP5 (19992002) andthe ongoingFP6 (2003) project havebeen invenried usingthe
EU’'s CORDIS databae (www.cordis.l). This allowed an anaysis of all Europeancompanes,
knowledgeinstitues and universities working on hydrogen.The Netherlandss involved in 47 of the
96 Europearprojects.

Inter national position of Dutch knowledge institutes and companies

TheNetherlandsholdsa strongpositionwith respet to gastransportanddistribution knowledge This
repat hasconfirmedthis advantag throughits analysisof the EU’s FrameworkProgrammes=CN
hasa stronginternationdknowledgeposition;this is shownby theinsitutes participationin the
European FrameworkProgammesThe Nethalandsspend€£UR 11 million on EU prgects (1999
20@3) andtherebytakessecondplacein thelist of EU counties

The Netherlands holds a strong position with respect to gas transport and distribution

Onre-third of theresarch prgects confirm thatmanycompanesareworking togethemwith German
companieslinterviewshawe shownthatthe Germanproductionindustryhasfocusedmoreon
hydrogentechnology andeventhe knowledgeinstitutestakea morepractical approach Analysis of
FP5andFP6shows that Gemanyinvestsmorein hydrogen technologythan anyothercourtry in
Europe.

Technology trends: new and ceased developments

Trendsin maobile applications and fuel cells:
In recentyearsthe core motives to use hydrogenin tracion and stationaryapplicationsgained
importance.Both the concens on environmentalissuesand the avalability of suitablefuels askfor
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trarsition to clea CO2 free use of fossil fuels and increaseddedoyment of renewablesources
Hydrogencan be the linking fuel. Various systemconceptsare now being testedin someredistic
dimensionsSomeconclusionsanprudently bedrawn.

Hydrogenstorage'on-boad’ insteadof ‘on-boad reforming’.

It would appearthat the large car manugcturersno longer choose‘on-boardreforming’. Conwerting
(liquid) hydrocarbosrinto hydrogenis fairly complexandcosty for the carowner, andthe technobgy
is not yet developedfar enoudn tha it can be easily integratedinto a car. This conclusionby car
marufacturers leadsto hawe pure hydrogenonboad and increaseshe needto develop efficient
starage systemsandgivestherelaive temperaturePEM fuel cells adistinctadvantage.

Working towardsefficient loadsratherthan peakloads

Over the pag few years fuel cell developmentfor mobile applicdions has primarily focusel on
achievinga particular(pe&) capacity However the fuel cell does not functionat its mog efficient at
this peakcapacity Systemconstrants howeverwould appreciatédiighertemperaturehan the uswal 80
°C. The car manufactirershawe choseranotherstrategy A lower currentdensityby fuel cellsthanthe
maxmum capacity, e.g. 25% rather than the maximum, increaseshe efficiency and extend the
lif esparof thefuel cell. The greaterthe efficiency,the lessresidualheat This is extremelyfavourable
for mobile applicationsas consegertly lesshydrogenneedsto be storedon board, andthe radiatos
canbemuchsmallersized.

Increasedlemandor additional eledrical powerin roadvehicules.

Carsarerequiringincreasngly moreelectricity on board,dueto the growinguseof computersDVDs
andother(navigatioral) equipmentin the car. This trendhelpstheintroducton of fuel cell systemdor
mobile apgicationsor additioral electrical power(APS).

Sutablefor usein portable consuner electronics

We will probablyfirst widely seeappications of fuel cells in small portable electronics,such as
cellphonesandcomputes. Theseapplicatonsdo notrequireanylargescalesydgemchangs.In Jaman,
researchersare currentyy focusng on portable consumerelectroncs. The first ‘fuel cell batery’

(methanol)hasalreadybeenlaunchedy Toshika.

Trendsin stationary fuel cell applications:

PEM: highworking temperature redsts degadation Jongerlifespan

There arethreedevdopmentswith respecto PEM fuel cells.Firstly, researchersre trying to increag
the working temperatire of thesefuel cells. This would meanthat, in stationaryapplicdions, the fud
cell could med the required heat demand (especiallythe temperaturelevel) without additiond
hydrogenburnes or heatpumpsbeing required.The working tempeatureis currently around80°C.
Higher temperaturesausedegmadationof the polymer. The seconddevebpmentconcens makingthe
PEM fuel cell resistem to toxic components,such as sulphurcompoundsand carbonmonoxide.A
celtain amount of resistancdo thesecomponentss required,particulaly whenafuel cdl is switched
directy to areformer. The third dewvelopmentconcens the lifespanof the PEM fuel cell. Thereare
variousmechanismghat degadea PEM fuel cell. Understandinghesemechamismshouldleadto
improvementsin the polymer, improved processingof the fuel cel sygem, or evenresult in the
developmenof anewpaymer.

Virtual powerplants

It is possble to centally contol and monitor decentrabedstationaryfuel cell systemgin houssor
flats). Thesedecentrased systems togetherform a so called ‘vi rtual power plant’. Dependng on the
scaleand possibilitiesto usethe heatproducedon the spot this could be economicallyviable. In the
future thesevirtual powerplants will alsobeableto run on variousenergysoures.
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Pat-load operationprovides greaterefficiency andopportuntiesfor emegencyelectical powe.

A fuel cdl runningat partial capacity is more efficient than oneworking at full capacity.This is in
contrastto conventional techniquesuchasgasenginesandgasturbines.If more capady is required
the electrical produdion of the fuel cell can be increasedvery quickly. Running at partload is
thereforeenergeticdy favouralde andcanalsoprovidea soluion to sudderdermandsfor morepowe.

SORC: newstackconceptsextendinglif espanjmprovingefficiency.

With respectto the SOFCfuel cell, researchin the Netherlandshas primarily beencarried out by
ECN. This reseach institute hasa good knowledgepasition in Europe on this subed. New stack
coneepts lifespan and efficiency are centralto this researchMore efficiency can be obtained,for
example by reducirg theoperding temperatureof the SOFC.

Due to its high operaing temperatur§600-1000 C) andfuelled by variousgass, the SOFC is fairly
resisant to polluting componentsThe cel is also suitablefor integrationinto certainchemicaland
industrid procesesata high temperture.

Trends regar ding hydrogen stor age:

More deman for hydrogenunderlineghe importanceof hydrogenstorage prodem solved?

Various forms of hydrogenstatesarestrongly underresearchAs previously menticned,the emphasis
on on-boardstorageof pure hydrogen hasincreasedincethe car manufactures have chosenfor this
system However,researcherare still planning to store high-pressurenydrogenin gaseougorm. A
numberof stakehallers hawe indicated that interestin hydrogendevelopmentsre closely monitored
by severalSMEs who dewelop partsfor energysystemsin the built environment.Entrepeerurs are
interested to see whether hydrogen can be given a place in their product portfolio, and therefore
regularly contactthe mainstaleholdersfor information.

Liquid storagehasinteresting propeties as for the storagehowerver thereis a drawbak, the high
enepy costwhenliquifying hydrogen.

Staragein metalhydrides.

Various hydrides,compoumn of metalsand hydrogen,have alwaysbeenseenasthe solutionto the
starage problem. A car with a mefl hydride storage tank will neednew supensiondue to the
incredible weight of the storage tank but there are also applicationswhere this weight does nat
consttute a problem.An exampe is a new Germansubmarinethatis fitted with a 30-50 kW Siemens
fuel cdl. The hydrogenis storedin metal hydride cylinders Another problem of storinghydrogenin
metd hydrdesconcens storageandemissionspeeds

Staragein hydrogerhydrates
A new possibility concens hydrogenstaragein hydrogenhydratesTU Delft hasdevelopeda method
to form hydratesata ceriain temper&ureandpressureThisreseachis still in theearlystages.
Innovdive storagesystems importart for the breakthrougho a hydrogeneconony.
Althoughstoragegeneally forms a prodem, it is not yet deceératingthe developmentof a hydrogen
economy. Under the ACTS SustainableHydrogen progranme, a number of Dutch knowedge
instituteshave begunresearchingnydrogenstorage.
In Europe a lot of attention is being paid to hydrogen storage. This could be an
interesting area for the Netherlands to devel op new activities

Trendsin industrial processing:

Demandfor hydrogenby refineries.
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In order to med the new European noms for die<l, refineries mustnow remove more sulphur than
ewver before. This meansthat the demandfor hydrogenby refineries has increased Conseguertly,
various oil compames ard engneerng firms have recenly extended and optimised largescale
procesgsfor producinghydrogenandreseachingnewpossiblitiesto achievethis.

Industrialhydrogenproduces are lookingat variousnewapplications
Industrialgasmanufactirers suchas Hoek Loos (Linde), Air Prodicts andAir Liquide haverecently
becomeinterestedn hydrogenenegy applicatons. Thesemanufactuers seea clear marketandtend
to partidpatein projects.

Typical Dutch trends:

The extensive natural gas and electricity grids make micro-cogener ation plants
a good opportunity for the Netherlands

Micro-cogeneration

This cancontributeto energyconserationin all homes.lt is extremelysuitable for the Nethetands,
with its manyblocksof flats androws of rental homes(housingassociations)This therefore forms a
good oppatunity, combnedwith the extensiveinfrastructureof natural gasandelectricity grids. The
Netherlandshave consideable knowledgeof gas infrastructure,and engneering companieshave
expeienceof installingindudrial negworks. The Rijnmondareaseemsarticularlysuitabledueto the
availability of largeamountsf hydrogen.Micro-cogeneratioiplantsarecumently being consideredn
seveal regionallocations.

Integratingwith the chemicalindustsy.

Nedstackand Akzo Nobelhaveinitiateda projectto developa 50 MW powerplant(PEM fuel cell), in
which they planto couple a fuel cell power plantto a chlorine manufactiring plant. The Netherlands’
positionon PEM fuel cellsis quite strongandwe havea key playerin Nedgack

The SOFCcan be integated into high-temperatue processes.ECN hasa good positionin Europe
with respectto SOFC technolog. Spin-offs from this researchare currently being developedin
collaboraton with industry.

Producinghydrogenfrom biomass

The Netherlands position concening the productionof hydrogenfrom biomass is strong— there are
seveal knowledgeinstitutescurrenty conduding researchinto this subject. The industriousnessf
theseDutch activities is quite neaing for pyrolysis, but for supecritical hydrolysisand biological
procesgsarestill in its infancystage.

Inland shipgng indudry.

The Dutch inland shippingindusty hasshownan intere$ in limiting emissiors of harmful exhaust
gases. There are a numberof possililities here: reforming gasoil into hydrogen, and running the
propulsionor on-boardelectrical systemsvia a fuel cell. TNO, Stokk Specal Productsthe TU Delft

andthe VNSI (NethelandsShipbulding IndustryAssociation)areall activelyworking on this subed.

The Ministry of Defene is also interestedin convertingshipgng diesel into hydrogenand then
electricity.
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Appendix 1: Coding for hydrogen technology projects

used in this report

Theprojectsdiscoveredduring this studyhavebeenalocated a codeaccordingo the following

factorsitechologyarea,amlication area,applicationscale, companysize,systemdewelopment

phaseandthesector A numberof questonswereusedto providethefollowing qualificaions:focus
on hydrogentechnology knowedge institute,consulaincy, materialdevelopmentsensorsabsorption

andmembrans.

Technology area Application Scale System J-Yes Development Sec- Size
(with sub-areas) N - No phase tor
P* — Hydrogen M* — Mobile C — central Combina- | Focus on hydrogen | H - feasibility SBI- Number of
production tion of : economy (spin off) code employees in
MA — car D — decentral FO - fundamental the following
PA — waste / residual MD — portable P: Knowledge research project categories:
product MF — (motor)bike produc- institute
PB — biomass MR — space travel tion 10 —industrial A: 1-9
(thermal) MS — shipping Consultancy research project
PE - electrolysis MV — aviation O: B: 10-49
PF — fossil source storage Material P — Practical tests
(reforming) development C: 50-99
PM — microbiological T: D — demonstration
PZ — pure hydrogen transport Absorption project D: 100-249
& distrib.
PO - other Sensors T — application E: 250-499
O* — Hydrogen S* — Stationary Type of fuel V: use project
storage cell: Membranes F: 500-999
SG - electricity & heat NO:
OC — chemical buildings / homes / PEM no FT - Fisher G: 1.000-
physical form (solid) small scale system Tropsch 9.999
OG - compressed SR - space travel SOFC
OV - liquid SE — electricity & heat UP — petrochem. H: 10.000-
production (large scale) | METH 24.999
OO - other
T* - H, transport & T*— Transport & MCFC I: >25.000
distribution storage
ONB:
TA — small systems, TC - storing bottles, unknown
valves and pipes packs, barrels (small)
TB — additives TN - networks, NO:
TH — networks, large distribution no fuel cell

infrastructure, distrib.
points

TO — other
V* — Usage

VC - chemical

VB - fuel cells (METH,
PEM, SOFC)

VK - boilers, burners
VV —turbines,
combustion engines

VO - other

WO - hydrogen
economy studies

TT- refuelling stations
TV — transporting
hydrogen (large)

TG - large-scale
transport & storage
U* — Industrial
process

UC - chemical ind.
Ul —ind. process

B - General

WO - hydrogen
economy studies

Thecatgowy ‘Other’ is givento projectsthatdo notfall within aspecifc technologyarea.'Genegl’
refers to projectsto do notfocuson onespecificapplcation,but combne severalapplicdions
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Appendix 2: List of abbreviations used in collaboration
maps

Dutch collabor ative or ganisations

Organisation Abbrev.
Agromiscanthus Agrom
Akzo Nobel AkzoN
Atlas Copco Compressors Nederland B.V. Atlas
ATO ATO
Ballast Nedam Balla
Compressor Systems Holland Compr
Corus Corus
Duynie Duyni
ECN ECN
Ecofys Ecofy
Enertec Entec
Grontmij Water & Reststoffen Gront
Hexion Hexio
LTO Groeiservice LTO
Nedstack Nedst
NUON NUON
Promikron Promi
RU Groningen RUG
Shell Shell
Spargle Sparq
Stork Stork
Techno Invent Techl
Technogrow TechG
Teesing Teesi
TNO TNO
Urschel Int. Ursch
Van Vliet Recycling Vliet
WUR (Wageningen University) WUR
BTG BTG
Cogas Cogas
DuCH4 DuCH4
Gipec Gipec
KUN KUN
RUL RUL
Siemens Sieme
Technical University Delft TUD
Technical University Eindhoven TUE
Twente University Utwen
VU VU




Most important European stakeholders

Organisation Abbrev.
Rolls Royce (UK) Rolls
ECN (NL) ecn
Daimler Chrysler (Germany) daim
Johnson Matthey (UK) jm
Commissariat a I'Energie Atomique (France) cea
Ansaldo (Italy) ansal
MTU (Germany) mtu
Centre National de la Recherche Scientifique cnrs
(France)

Fraunhofer (Germany) fraun
Forschungszentrum Jiilich (Germany) juel
Air Liquide (France) airl
Volvo Technology (Sweden) volvo
Nederlandse Gasunie (NL) gasu
BP (UK) bp
Risoe National Laboratory (Denmark) riso
Autobus de la Ville de Luxembourg avlu
GVB Amsterdam (NL) gvb
Stuttgartner Strassenbahn (Germany) ssag
Centro Ricerche Fiat (Italy) fiat
Empresa Municipal de Transportes (Spain) emt
London Bus Services lonbu
Norsk Hydro (Norway) hydro
Transports de Barcelona tbarq
Energie Baden-Wurttemberg ebwa
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