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Abstract

This study provides insight into the development of hydrogen aatéli technologies in the
Netherlands (1980-2007). This is done by applying a Technological Innovgstens(TIS)
approach. This approach takes the perspective that a techiokiggped by a surrounding
network of actors, institutions and technologies. When a technidagyn early stage of
development, a TIS has yet to be built up in order to propehtdagical progress. This paper
focuses on the historical build-up of the hydrogen and fuelrmsbvation system in the
Netherlands. The research focuses on processes that aeckterstowed down the
developments of hydrogen and fuel cell technologies. We suggettithitamework is

helpful for actors who intend to accelerate the development@pidyment of hydrogen and
fuel cells in other countries.

Keywords: fuel cell; technological innovation system; system functionsjulative
causation.



1 Introduction

The fuel cell in combination with hydrogen is widely considdreglay an important role in
future sustainable energy systems [1-4]. According to thisryisiydrogen (based on
renewables) is the energy currency of the future to regtetrol, diesel, natural gas and
electricity as dominant energy carriers. However, recutéastnological, economic and
societal barriers have held back the large scale diffusi Hydrogen and Fuel cell (HyF)
technologies.

The purpose of this study is to provide insight into the mechartisat drive or hamper the
development of HyF technologies over time. The central ideaa@etlin this article is
based on the Technological Innovation System (TIS) literafuiidS is the network of
actors, institutions (norms, regulations) and technologiesrifiaénces the development and
diffusion of emerging technologies [5-7]. For HyF technologies susystem o$tructures
needs to be built up in order to make large scale diffusiosildes The TIS literature
provides insights in the dynamics of this build-up process. Thisng by studying a set of
seven key activities or ‘system functions’ [8]. Exampleskaowledge development,
entrepreneurial activities and market formation.

Central to this study is the notion of cumulative causatoi [9, 10]. Cumulative causation
is the phenomenon that the build-up of a TIS accelerates dysteon functions interacting
and reinforcing each other over time. For example, knowledgel@jawent is likely to
benefit from entrepreneurial activities and entrepreneurtaliges, in turn, will be induced
by market formation. Various empirical studies have focusati@identification of forms of
cumulative causation, also calletbtors of innovationin the development of new energy
technologies [7, 11-13]. This literature consistently shows haapid IS build-up benefits
from cumulative causation. This study adds to this literdtyrproviding a detailed analysis
of TIS dynamics underlying the historical development of HglRnelogy in the Netherlands.
The following research question is central to this study:

What motors of innovation constituted the development of thdripivation System (HyFIS)
in the Netherlands between 1980 and 20077

The Dutch HyFIS is an interesting research topic sincastdeveloped for more than 50
years and Dutch government actors and industries have urefepgawerful attempts at
commercialisation ever since the 1980s. Yet, HyF technolageestill in a pre-market
development stage. It will be interesting to find out how Hydhhologies could remain
immature for so long without losing support.

It is known from the literature that HyF technologies hawentsibject to various waves of
development [14]. Therefore, a part of the answer obviouslyri#ei fact that a lot has been
achieved in those 50 years and, in fact, as will becoess @i this study, the HyFIS, as well
as HyF technologies, have changed (and improved) in multipis.wa

In general, the research focuses on the processes thatraeckbte slowed down the
developments of hydrogen and fuel cell technologies. More partigutacontributes to a
better understanding of drivers and barriers that causedydartmotors of innovation to
emerge. We suggest that a good understanding of these dndebaraiers is helpful for
actors who intend to (further) accelerate the developmentepldyment of hydrogen and
fuel cell technologies, not only in the Netherlands but in otbenties as well.



The outline of this article is as follows: Section 2 providesxplanation of the theoretical
concepts and indicates how these concepts are measuredtitm Sea technological
background is provided. Section 4 contains the results from ttogibéd analysis and Section
5 concludes by answering the research question.

2 The Technological Innovation Systems approach

Technological innovation has long been considered the result afaa levelopment, starting
with basic research, followed by applied R&D, and ending with ol and diffusion; see
Godin [15] for a discussion on this topic. The different stageshef linear model of
innovation were considered as separate, both in terms of timendedns of the actors and
institutions involved. The TIS approach, and the broader innovatioatiiterfrom which it
stems [16], rejects this model and, instead, stresseisniortance of a continued interaction
between numerous processes, with R&D, production and market formaticomaing in
parallel and reinforcing each other through positive feedback mischs. If such feedbacks
are neglected, whether by policy makers or entrepreneurss tikely to result in the failure
of innovation processes across the system. This means thopegat of undesirable
technologies or the absence of technological development altofEThE9].

For example, firms looking to exploit the benefits of fuell ¢ethnologies will need to
cooperate with other firms and research institutes in order telajga product. Moreover,
they typically require support from governments, e.g. subsidiesotber stimuli.
Governments, in turn, require a legitimate reason for spendingcpoiadiney. For this, it
helps, for instance, that the technology has already provédnritsecontrolled environment.

In general, the successful development and diffusion of an ergeeghnology is determined
by the interplay of TIS structures: actors, institutions andnelogies [6-9, 20, 21]. A TIS
analysis may then focus on these structures, but it is also gossibbnsider the processes
that occur within a TIS. Both perspectives will be discussddw.

TIS structures

Structural factors represent the static aspect of atfé&y;involve elements that are relatively
stable over time. Three categories are distinguished: attstisutions and technologies.

» Actors involve organisations contributing to the emerging technology iosfoas a
developer or adopter, or indirectly as a regulator, financer|rethis study a distinction is
made between so-called enactors and selectors [22]. Enaataastars that are directly
involved in the development of a particular technology and fundamenligbigndent on
its success, whereas selectors are actors that are dnghge distance, for example
because they have the possibility to choose between multipbaept

» Institutions, not to be confused with firms or organisations, &e rtiles of the game’
[23], such as laws, regulations and technology standards. Theynatdve cognitive
rules, such as problem-solving routines and dominant visions and&bpes [24, 25].



» Technological factors consist of artefacts and the technolomgifraktructures in which
they are integrated. They also involve the techno-economic mgwlof such artefacts,
including costs, safety and reliability [6].

Structural factors are merely the building blocks of the TIS&nractual TIS, they are linked
to each other. If they form dense configurations they dledcaetworks [6].

TIS processes and cumulative causation

As stated earlier, for an emerging technology, a TIS hae tiouilt up. This build-up process
may be analysed by focussing on the fulfilment of a set of syfstections [26]. All activities
that contribute to the development, diffusion, and use of innovatienscasidered system
functions [26]. An overview of the system functions, based dkkéte et al. [8], is provided
in Table 1. Each system function can be fulfilled in variousswdlyis also possible to
consider activities that contribute negatively as the lfoént of a system function. These
imply a (partial) breakdown of the TIS.

The notion of cumulative causation suggests that system functiapgeinforce each other
over time, thereby resulting in a virtuous cycle. For example,successful realisation of a
research project, contributing tonowledge Developmentnay result in high expectations,
contributing toGuidance of the Searclamong policy makers, which may, subsequently,
trigger the start-up of a subsidy programme, contributingRésource Mobilisatignwhich
induces even more research activitiéapwledge DevelopmerGuidance of the Searcktc.
Figure 1 provides a graphical representation of the feedbacknwolved. System functions
may also reinforce each other ‘downwards’. In that case a segjueay result in conflicting
developments or a vicious cycle.

&
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Figure 1: A positive feedback loop of system functions.
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A key topic of this study is to find out under what conditions motors of gwmmv are shaped.

In this light it should be noted that motors are not independent aflghstructures. On the

contrary, motors emerge from a configuration of structurabfacand in turn rearrange that
configuration. This mutual relation will be highlighted in the emopl analysis. Obviously,

motors are coupled to developments external to the resp&ct8vas well.

Method

For the identification of structures and system functionseteat history analysis, as
developed by Van de Ven and colleagues [27-29], was applikis. method offers the
possibility to operationalise and measure system functionddingethem to events. In
Table 1, an overview is provided of types of events thaespond to each system function.

The interaction between system functions was measureddiyniga(causal) sequences of
events, like in the example of a virtuous cycle given abbkiese sequences were interpreted
as elements of a narrative. This narrative was valitlaygemeans of interviews with ‘field
experts’. The narrative provided the basis for further araly$ie method also allowed for
the identification of structures, internal and external tolit& that relate to the motors, either
as underlying causes of change (drivers and barriers), argetgs of change (impact).

The data for this study was gathered from historical reponige(ag especially the period
1980-1995) newspapers and professional journals (covering especialigdkerecent time
period 1995-2007) and expert interviews (covering the whole pétiod).

The history of the Dutch HyFIS goes back to the early 1950s éuartalysis in this section is
limited to the period from 1980 to 2007. This is because afiped limitations of time and
availability of data. Moreover, it was considered sensibf@tus on the most ‘recent’
history, as results will then be more applicable to pracigrs active today.

### INSERT Table 1 around here.

3 Technology outline

A fuel cell is a device that produces power from an elebgmical reaction. It is a battery
albeit one that works with a continuous supply of fuel. In most debigh®gen is used as a
fuel but it is also possible to use methanol or naturaf gasingle fuel cell provides a small
amount of power. To meet a realistic demand multiple fuld need to be combined in a
stack, a connected series of fuel cells. Such a fuedteek needs to be integrated into a so-
called fuel cell unit, consisting of multiple stacks, gity, compressors, sensors, etc. [30].

There are five types of fuel cells, named after thetelgte used; AFC, PAFC, PEMFC,
MCFC and SOFC. The characteristics of these desigres ehfth respect to the materials
used for the various components. Different fuel cell typedased on different knowledge
bases and connected to different applications; see Tabl&e: variable related to both
factors is the operating temperature. High-temperatureckisl are mostly used in CHP
applications whereas low-temperature fuel cells are mosttyindeCVs.

t## INSERT Table 2 around here



During the history of fuel cell development, a typology has beed tst characterises the
different fuel cell types, according to a development persgedti terms of technology
generation$.Initially, first-generation (1G) fuel cells, the AFC atie PAFC, were
distinguished from a second-generation (2G) fuel cell, the MQBL The 1G fuel cells were
considered near-commercial but less promising than the M@Fen the SOFC and PEMFC
were developed, later in time, they were labelledithigneration (3G) technologies. The
influence of these technological features will be discuasquhrt of the historical analysis in
Section 4.

The HyF Technology value chain

ﬁ_‘ ﬁ_‘
w Q
L] w w = =
] Q = 2 wi = =
Q o
™ E | e o E 3 d [ % o
| el ] T 2 & £ - | w o
2 g - & [« s = m W a5 u © i o 5
™ o ) MR - © = -8 0 = ) i & <| =
= v (N = | B o X 5 L1 =
=] = o | = E O
= 3 = o
= m T [#]
=) ]
& h = i
Production Distribution Storage Conversion Use

Figure 2: The HyF technology value chain; sour ce: Bakker et al. [31].

On a system level the fuel cell technology makes out # paréa - the conversion part - of a
HyF value chain. Other parts of the chain are productiotrjlmision, storage and use; see
Figure 2. From the history of the HyFIS will becomeaclthat the organisation of this value
chain has become more complex in recent years when 3G teclesdi@giame dominant.

4 The event history of the HyFIS

This section is structured as a chronological narrative stngiof four episodes. For each
episode, the shifts in the external environment of the HaF¢Sketched in the first
paragraph. Then a narrative is presented in terms of®gentributing to the system
functions. At the end of each episode, a reflection isngifeeusing on the motors that
occurred, the structural drivers and barriers that enabdedl the impact it had on the HyFIS
structure.

4.1 Rebirth (1980-1991)

The HyFIS emerges in the 1950s and 1960s when Dutch researchgiisute to the
development of the AFC and the MCFC. The work consists ofcbs@ad development that
fits within NASA'’s space programme in the USA. The 1970s werectdrésad by a global
decline of fuel cell activities due to disappointing research outsoiiee exception was the
USA, where developments were sustained through NASA’s Space@ogtdenme and
through government support for fuel cell CHP systems [14, 30]r8#}e 1980s three
external factors lead to a rebirth of fuel cell developmantsurope. First of all, with the
second oil crisis fresh in mind, alternative energy soureesive political priority. Secondly,
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the environmental movement manages to put air pollution and climate chiamlyeon the
political agenda. The third factor consists of a positive sexfetevelopments in the USA with
energy companies announcing the commercialisation of CHP applicdtigis

In the Netherlands, the political pressure for clean enexgynologies leads to a renewed
interest in fuel cells [14, 30, 33]. This is because fuks eee characterised as efficient, clean
and compatible with the Dutch gas-centred energy syStericles begin to appear in
professional journals boasting about foreign successes in lthefiiel cell research [14, 30,
32]8 Urged by researchers and technology developers, the MinisEgonomic Affairs
(MinEZ)® makes plans to support fuel cell research. The fuelscatithis time mainly
considered as a means to make the conversion of natural @a¢eictricity as clean and
efficli(?nt as possible; the use of hydrogen as an energyrdaraémarginal importance [33,
34].

To determine the economic potential of the fuel cell, MingSues feasibility studies. The
results are not too positive. But scientists, inspired byldpueents in the USA, keep
drawing positive attention to fuel cells. By the end of 1983)Bi consults representatives
from industry and academia, with delegates from DSM (cta&lneingineering), Gasunie
(chemical engineering), Stork (assembly), the Technical UsityeDelft (TUd). The
organisations PEO and NEOM are involved as intermediriBise outcome is a proposal for
a government support programme, the National Fuel Cell Reseagtamme (NOBY?

large enough to induce industry building [14, 30].

The NOB will be directed by ECN, an energy researchtutst{14, 30]. It is decided that of
the technologies available - AFC, PAFC and MCFC - the MCRXG &uel cell technology, is
the best candidate. The NOB dedicates a small share pfdgeamme to support the PAFC
as well'® Since the PAFC project is far less influential thanNt@FC, its development will
not be discussed further.

For the MCFC demonstration, a first step is to bring inifpr&nowledge. An agreement is
arranged with IGT, an American engineering company {30he second step is to find
project partners. On the supply-side there are actors foastemia (TUd) and from the
assembly industry (Stork, De Schelde). The commitmentuoiclaing customers, however, is
limited. A number of large firms shows interest but,ha €nd, they decline because the
payback time is considered too long. Another, more genesak is that the MCFC seems to
offer limited economic opportunities [14, 30]. Natural gas prigee low and an important
alternative technology, the gas turbine, is rapidly gainiogiggl in terms of costs and
environmental performance [34].

The promise of these firms participating neverthelesssléa high expectations among
MinEZ and ECN. The optimism is again supported by developmetie iUSA, where IGT
has announced commercialisation plans for the M3 As a result budgets are upgraded
[14, 30]° The critical issue, however, remains to find launchingarusts. From 1988 to
1992 various energy companies are approached to consider paditipatiwithout success.

It is through dedicated support by ECN and MIinEZ that the NSO mtinued anyway.
Eventually they manage to draw in two energy companiesstad in acquiring knowledge
on clean energy technologies. By this time, in 1992, EGab&shes a joint venture with
Stork and De Schelde, known as the Dutch Fuel Cell Corpor&ioN)*°



Motors

The most developed system functions in this perioamvledge Developmer{nowledge
Diffusion, Guidance of the Seara@ndResource MobilisatiarThe build-up of the TIS is
mostly driven by scientists and policy makers contributingriowledge Diffusiorand
Guidance of the SearcBased on developments in the USA, they manage to inflysolioy
makers, thereby leading to contributions3uidance of the SearadndResource
Mobilisationas embodied in the NOB programme. Within the framewotkisfNOB,
technology developers and policy makers embark on joint effodsnonercialise MCFC
technology, as reflected in contributionskinowledge Developmen{nowledge Diffusion
Guidance of the Seardnd to a lesser exteBhtrepreneurial ActivitiesDepending on the
outcome oKnowledge Developmerthis affectsGuidance of the Searcthereby leading to
shifts inResource Mobilisatianin the form of budgetary adjustments, and, againgdance
of the Searchin the form of adjustments to the programme.

Given the central position ¢fnowledge Developmern€nowledge DiffusionGuidance of the
SearchandResource Mobilisatignt seems fit to label this dynamicSgience and
Technology Push (STP) Motor

Structural drivers and barriers

The main driver of th&TP Motoris a group of enactors: the researchers and technology
developers that initiate the setting up of the NOB. This gfoels its dynamics with positive
expectations. The enactors manage to convince policy makéne oational level (the most
important selectors during this period) to support the HyFIS asdtafegative research
outcomes with future promises based on experiences inShe They were successful even
to such an extent that policy makers became like enactrs#ives. The NOB programme
itself is an important institutional driver. It gives a strargl lasting impulse tGuidance of
the SearclandResource Mobilisatian

Feasibility studies recurrently point out that the marketgeaisve for the MCFC is poor,
with the effect that potential selectors from industry eesgly launching customers, are
unwilling to participate in the NOB, resulting in a poor cdmition toEntrepreneurial
Activities A related barrier is the sudden emergence of the gaiméuas a low-cost
competitor in the market for clean and efficient CHP syste

Impact on TIS structures

The most important impact of ti8I'P Motoris the establishment of a knowledge base in 2G
fuel cell technologies. Another key outcome is that HyF technokgy the related industry
building ambitions, have become a spearhead of Dutch energy.pbtiis should be
considered as an important contribution to the build-up of ingristin the sense of both
formal rules and cognitive/normative rules.

An overview of the drivers, barriers and impacts is presemntd able 3.

### INSERT Table 3 around here.
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4.2 A technology push (1992-1998)

The 1990s are characterised by general government cutbacks whidio ldeddownsizing of
funds available. A second factor is an international shift in kgdhnology development. For
1G as well as 2G fuel cells it turns out that despite long-teamkeh support programmes (in
Japan and the USA), production costs remain high compared with otiotegies on the
CHP market [14]. At the same time, 3G fuel cells are undaggrpid improvements and
cost reductions.

The joint venture BCN commences with the MCFC demonstratid®92. The project -
labelled BCN-1 - turns out to be technologically feasilvlé a prototype stack of 2 kW is
constructed in the same year [38, 39]. But scaling up to cocmhsize at reasonable costs is
problematic [-F4] [39, 40]. The consequence is that BCN-1 stopsayal

The MCFC project is continued anyway but the strategy is ndwy the required stacks.
Moreover, BCN increases international cooperation and tgtEagopean funding [14]. In
1996 a second project, BCN-2, is started with the aim to wanst 40 kW CHP system to be
applied in hospitals. A search for partners leads to thecypation of British Gas, Gaz de
France and Sydkraft [30]. Unfortunately, feasibility studies stamain, that such a system
will be uncompetitive, even if mass produced. In 1998, B@Nssthe project [32, 39].

The declining support for the MCFC and 2G HyF technologies in dergeia line with
international trends [30]. Anticipating on this development, EC&dradually been shifting
research efforts to the next generation of technologeisgmow emerging, the SOFC and
the PEMFC. Fortunately, the SOFC fits well with the MG&©wledge base developed,
because both fuel cell technologies are based on ceramic camg{8® 39]. The research is
carried out in cooperation with firms and research ittt [14, 39, 41}’ The research is co-
financed through the EU Joule programme [30, 41]. In 1994-1995, thetpymtdls

important outcomes as two customers, Sulzer (Swiss) and Sig@ermany), are willing to
commercialise SOFCs for their CHP systems [14].

Interest in SOFC technology does not just originate from ECN batfedm energy firms not
involved in the NOB. In 1993 the energy companies that welieriavolved in BCN-1
develop plans for an SOFC field test as well [30]. The pragewo-financed by Novem, the
government’s energy agency. The unit (eventually) works welliskept in operation for
three years [42}

By the end of 1998 the NOB is subjected to an evaluation. @dbpi commercial success of
the SOFC trajectory, most projects have encountered severempsyldspecially in the light
of industry building ambitions [32]. This urges MIinEZ to stop the @wogne [30, 32]. The
NOB is considered a success with respect to R&Da failure where industry building and
emission reduction are concerned [30, 32].

Motors

The dominant system functions during this episode areKstiliviedge Development
Knowledge DiffusionGuidance of the SearcResource Mobilisatioand, now becoming
more importantEntrepreneurial Activitiesin terms of interaction, th8TP Motoridentified

in the previous period remains active. After all, it i €uidance of the Seara@ndResource
Mobilisation, fulfilled through the NOB programme, that provides continuitgegelopments
within the HyFIS. A notable change, however, is the abandonme@nojetcts related to 1G
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and 2G fuel cells after a series of negative outcomes tegbsology developers to recognise
the poor market perspective of these technologies. This isvgelacomparison to

dynamics in the previous period when technology developers mat@agadh policy support
by neglecting negative research outcomes and by refeaingw international successes.

Structural drivers and barriers

The HyFIS is still heavily affected by external developteéan the international HyF field,
mostly concerning the rise of 3G technologies. Internal to tHd$jythe key driver is the
NOB, which - with ECN and various technology developers as dorhignactors - continues
to feed theSTP Motor A positive development set in motion by the same enaisttos

rapidly pick up on this technological shift. The promise of 3G deés triggers a renewed
interest among various selectors to participate in thimgetp of demonstration projects. The
demonstration projects result in important contributionStadance of the Search

Despite some launching customers playing a crucial rolesrp#nod as technology
selectors, demand for HyF technology remains practicallynabghis is due to the fact that
research outcomes consequently point out that fuel cells canarpbeted to compete with
alternative technologies on the CHP market.

Impact on TIS structures

The main outcome of tf8TP Motorin this period is the development of a knowledge base,
not so much based on feasibility studies and market exjglosabut increasingly on pilots
and practical demonstrations. Unfortunately, most of these dératmss show that
commercialisation attempts are bound to fail. This refmtesother important outcome, the
termination of the NOB, and with it the core of ®&P Motor Despite the termination of the
programme, there remains a strong supply-side and knowledgstinétare with powerful
enactors at its basis.

An overview of structural drivers, barriers and impacts esented in Table 4.

### INSERT Table 4 around here.

4.3 Reorganisation (1999-2003)

In the new millennium, environmental issues become more ungeolitical arenas and the
fuel cell is increasingly considered as the basis of a sustaiealelgy system, now especially
including the mobility domaif. A key event is the Californian ZEV policy that startedhén t
early 1990s and is now beginning to affect fuel cell developrffefissa result of this policy,
Daimler buys the Canadian company Ballard Power Systems, the waultilser one

PEMFC producer, and starts developing fuel cell vehicles. dreates an incentive for large
car manufacturers to enter the field as well. The money iedatvfuel cell research
increases internationally [14, 32].

High expectations for the PEMFC and the SOFC have built up amaicy Becientists and

policy makers [42-46]. The NOB has been terminated but b@séuke positive outlook for
3G fuel cell technologies, ECN manages to convince MinEZ2Naiveém to reallocate
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financial resources to various generic subsidy progranihiBsis way, ECN continues to
diversify away from the MCFC [30, 33, 34, 42]. The SOFGCetiigry is particularly
successful as ECN manages to start a successful sgiarmffany (INDEC) that specialises in
the supply of SOFC stacks [3%3]For the PEMFC, the necessary adaptations are more
fundamental but a PEMFC research track is neverthelessyramitifited >

ECN’s research activities are largely included in genemergy research programmes such as
EOS. These subsidy programmes are also open to proposals lfremfiirots. Thereby a
framework is created that facilitates other organisatiorsart HyF research projeétsAn
important implication is that support is now no longer exclusidaicted by MinEZ but also
by other government ministries, most notably the MinistrjhefEnvironment (MinVrom§?
More importantly, the support is no longer directed, via E©@Natds particular technologies.
Instead, various projects are proposed and legitimatedrbyg themselves [39, 47-49].

The policy framework combined with the promising outlook of PEM&ghihology results in
the involvement of numerous firms. For instance, DSM introdudes @alled Solupor to
improve Ballard’s stack desidB0].%° In co-operation with ECN and Novem, DSM manages
to set up a plant for the production of the Solupor which will exadlyt be adopted by Ballard
[30, 50]. A second example is AKZO Nobel, a chemical compargived in the

development of membrane separation techniques.

The focus within the HyFIS has so far been on the fuehse centralised energy conversion
device for the natural-gas based energy supply system. A&méaion is set in motion by the
promise of PEMFC technology and its (decentralised) applicatiahe mobility domain. As
a result, more attention is given, often by firms previousiypart of the HyFIS, to other
parts of the HyF value chain, including production, distributionstachge of hydrogen [34,
48, 51]. An important example is Shell, an oil company, ventuntgyfuel processing
technology and in the development of PEMFC refuelling infrasitrac[34, 49, 52§’ This

fuel processing technology is supposed to enable the decentraliseztsion of

hydrocarbons into hydrogéf.

The increasing importance of HyF technology in the mobility donsaimderlined by the
CUTE project [54]. CUTE is directed by DaimlerChryslaedaBallard and supported by the
EU [36]. The project, which already started in 1998, involhesdemonstration of PEMFC
buses in nine European cities with the purpose of developing dimdg) tesrious well-to-
wheel chains, including the production and distribution of hydrogearmisterdam the key
actor is GVB, the city’s public transport company, which rdgdnydrogen as a welcome
opportunity to develop a clean transport system {36].

The initiative for these projects comes primarily from firdepending on subsidies. To
acquire these, they rely on their lobbying power, which is thteto local and national
governments but also the E.

Motors

At the outset of this episode tBdP Motoris still present, aknowledge Development
Guidance of the Sear@ndResource Mobilisatioactivities continue to shape the HyFIS.
However, the pattern of events is gradually changing as fitart taking the initiative to
developEntrepreneurial ActivitiesDriven by a renewe@uidance of the Searctelated to
3G technologies, technology developers lobby the government for fihaopjgort, thereby
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inducingSupport from Advocacy CoalitioasidResource Mobilisatianf successful in
acquiring funding, the firms embark #&mowledge Developmeint the form of studies and
prototype development ariehtrepreneurial Activitiesn the form of technology
demonstrations. The outcomes afféetidance of the Searcthereby feeding back on
Entrepreneurial Activitieagain,in the form of new firms entering the TIS.

TheEntrepreneurial Activitieiave a pivotal position in this virtuous cycle. Therefore this
motor will be called afEntrepreneurial Motorlt differs from theSTP Motorwhere the
Entrepreneurial Activitieare an important outcome but not so much a driver of further
developments.

Structural drivers and barriers

An important external driver of this period is the rise of EMFC as a promising new
technology. The promise is especially powerful since it iké@ap by car manufacturers
(abroad) making large investments. The enactors within théSHyge commercial
opportunities for developing PEMFC technology. They make use of thedogenent by
fuelling expectations, thereby contributingGaidance of the Searchmong selector groups,
most importantly the national government. A key institutionadedris formed by government
policies that result in a variety of companies enterimggHyFIS, thereby boosting
Entrepreneurial ActivitiesThe reorientation towards 3G technologies is also drivehdy t
strategy of ECN, which manages to diversify away fromMi@C to the SOFC and the
PEMFC technologies.

A severe barrier of thEntrepreneurial Motoiis still the absence of a strong a demand for the
fuel cell. Launching customers are still lacking. Another kaisg the increased complexity of
the HyFIS as, from a technological, institutional and actasygeative, the HyFIS structure is
rapidly expanding. With more firms involved across the valuengiprpomoting various
technologies and tapping into support schemes directed by diftgreetnment ministries,
co-ordination becomes more difficult.

Impact on TIS structures

This period is characterised by a phase-out ofStiié Motorand the (gradual) build-up of the
Entrepreneurial Motar Government policies are no longer based on support for specific
technologies but on generic funding. Partly as a result of b@lyFIS develops into a
larger system, more varied in terms of firms (supply-gidactors) as well as government
structures. Another outcome is the technological and industnakentation towards 3G HyF
technologies and, related to this, a broad hydrogen infrasteuct

An overview of structural drivers, barriers and impacts eésented in Table 5.

## INSERT Table 5 around here.
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4.4 A proto-market (2004-2007)

The EU massively increases its support for HyF technology {HBhate change is the main
driver, though security of supply is becoming important as well ggioés are rapidly
increasing. The EU’s main strategy is to establish a publicape partnership network,
leading to a joint undertaking (Joint Technology Initiative) teedirlarge demonstration
projects®* Another driver is the increasing regulatory pressure withpect to air quality. EU
emission norms have been implemented in Dutch law in 2001 [6@hapdire exceeded in
many areas [61] thereby providing local governments with stronghthaes to support
alternative fuels.

Demonstrations are increasingly abundant in this period anddesmdreater visibility of HyF
technology [34, 47]. A key example is GVB’s work as parhef CUTE project. By 2004,
two PEMFC buses are in service in Amsterdam and theCfusth hydrogen refuelling
station is built [36]. Also, Nedstack, a spin-off from AKZ®@bel, builds the first PEMFC
power plant in Delfzij®? On the international level, Shell is involved in the consimncof
the world’s first hydrogen refuelling stations in Reykjavika$tington and Tokyo [62]. The
projects are executed in cooperation with GM, which suppliegtdid=CVs.

Local governments support the demonstration trend as wellsEhied already with the
municipality of Amsterdam financing GVB'’s activitiesthin CUTE [36], but now also
Arnhem and Rotterdam make plans for supporting PEMFC applica8hd.jocal
governments are particularly driven by the urgency of thpaiution problem but also by
the opportunity of local economic development [36,%9].

Generally, these projects are partly funded by the finmaspartly through government
subsidies connected to the generic subsidy programmes merdiooes [35, 64].

The HyFIS is expanding as all kinds of actors and firms aggiag. This expansion is also
visible in research communities, as underlined by the lauhitfe SH programmé® The
SH; is a research programme set up as a public-private pelipeThe focus is on catalytic
processes and especially on hydrogen production and storage [34, &®bjleNwztrtners are
the energy production companies Shell (fuels), Nuon (power) anch@agas).

With the expansion of the HyFIS in terms of actors, astins and activities, there is an
increasing need for co-ordination. SenterNovem (previously NoeeihECN are therefore
becoming more important as mediators. Also, formal networkestadblished through which
knowledge is exchanged. A key event is the formation of the DHydnogen Association
(NWV) by SenterNovem and a variety of firms. The NWV playsimportant role in

knowledge exchange [35, 39, 66]. The,$hEntioned above also contributes to the exchange
of knowledge in the field, especially within the researeimmunity [34, 39].

Larger fuel cell applications are manufactured by multometis, especially car
manufacturers. In the Netherlands such system integateiacking. This poses a problem
as the choices that such companies make with regard t@apipdications are crucial in
determining the value of particular HyF technologies. Depaeyden foreign system
integrators is illustrated by Shell’s exploration of refornemhnology. In 2001 the oil
company established a joint venture with UTC Fuel CellmyathHydrogensource. When, a
few years later, car manufacturers massively turnehtboard hydrogen storage options, the
prospects for on-board reforming turned bleak and Hydrogensourcdissasved [39, 67].

As a result, Shell stops pursuing on-board reforming, and turhg tetvelopment of
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infrastructure in co-operation with car manufacturers abraadtiategy is to strengthen its
rolegas a lobbyist by taking a role in important platforms ipast the EU level [34, 52, 64,
68].%°

So far the generic government support schemes have been syfésien to expand the level
of activities built up in the past [69, 78]Nevertheless firms and policy makers now
increasingly call for technology-specific policies that couldseéo co-ordinate and bundle
the large variety of activities and eventually stimellatarket development [58, 69, 71]. This
awareness is associated with the emergence of alsd-talnsition approach among policy
makers. In a way, transition policies imply a return toittwistry building strategy developed
in the 1980s [48, 66, 72]. The idea is to equip public-private @@itips, so-called transition
platforms, with the task to develop strategies for the sugbagecific technological
trajectories. For HyF technology this is done by the Platformv Sas (PNG) [71, 73] which,
in 2006, advises the national government to provide directidretblyFIS by focusing
support on three regional clusters: Rotterdam, Arnhem and the moptfeinces [73].

The government follows the recommendations of the PNG and theralkgs a step in the
direction of a technology-specific policy approach based onisihemhat HyF technologies
are to play a role in a future energy system. At the ofmeriting, by 2008, it is not clear to
what extent this approach will be successful. In any caseins reasonable that the HyFIS
will continue to develop progressively since the rise in éedllactivities is part of an
international trend of growing positive expectations. Thistigyment is accompanied by
large cost reductions of PEMFC fuel cells and the firstroengial fuel cell applications [39,
49, 52, 64" As production gradually increases, further cost reductions mayieeted,
bringing the PEMFC ever closer to the commercial energkaehar

Motors

The dominant system functions in this period are Btitlrepreneurial ActivitiesKnowledge
Developmentknowledge DiffusionGuidance of the SearcResource Mobilisatioand
Support from Advocacy Coalitionwith the latter becoming more important. A system
function that starts to developMarket Formation In terms of interaction, the progression of
events follows the logic of thentrepreneurial Motorbut its dynamic has become stronger.
The Entrepreneurial Activitiesre increasingly fulfilled by large firms formerly noivolved

in the HyFIS. AlsoKnowledge Diffusioims strengthened by actors forming networks and the
nature ofResource Mobilisatioshanges as support comes increasingly from large firms and
EU programmes. Most importantly, the HyFIS changes with ctsp&uidance of the
Searchas a number of demonstration projects results in PEMFGcapphs which are

visible to the public. In short, the system functions thakerup the&Entrepreneurial Motor

are strengthened through parallel improvements to various pdhs blyFIS.

Structural drivers and barriers

Important external drivers in this period are the HyF spepificcies of the EU on one hand,
and the air quality regulations as maintained by local goventsron the other. On top of
this, there is important progress in bringing down the costs ofiREMchnology. These
factors provide incentives for local governments and firms ta émeHyFIS, thereby
effectively becoming enactors of HyF technology. The air quedgulation induceMarket
Formation as it sets conditions that strongly favour zero-emissibicles. The enactors
manage to strengthen the HyFIS in important ways, conetitttto more drivers. Firstly, the
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enactors start to connect more to each other and also ttsgl¢ise most important ones
being the national government, the EU and foreign car manufextwiside the HyFIS,
thereby contributing strongly ténowledge Diffusiomnd also t&Gupport from Advocacy
Coalitions The second driver is the setting up and successfulagahsin a joint effort of
enactors and selectors, of PEMFC demonstrations visible futiiee. Obviously, these
provide important contributions ®ntrepreneurial ActivitiesKnowledge Developmeand
Knowledge DiffusionThrough their visibility, they especially contributeGoidance of the
Search thereby making the entry of new enactors and selectors ikeke |

The international dimension is a driver of the HyFIS but @$® a threat in the sense that the
HyFIS becomes increasingly dependent on foreign industries. Tinigeifor the demand-
side, which increasingly depends on car manufacturers andsygtem integrators, but also
for the government structure which becomes increasinglyntedia policies originally
designed by the EU government. This relates to another weakmesfsence of co-
ordination. The larger part of HyF activities in this episaglinitiated by firms, enactors and
selectors, each with its own vision and goal. This vahatyso far stimulated HyF
developments but enactors and selectors increasingly urgetibieahgovernment to co-
ordinate and bundle the great variety of activities. Natipoaties provideGuidance of the
Searchin the form of support for research trajectories pursued Qy.But with the
increasing number and variety of enactors and selectorsrentee HyFIS, the government
should also provid&uidance of the Seardbr the more market-oriented projects.

Impact on TIS structures

The Entrepreneurial Motohas resulted in the entry of a variety of actors, mosthctors
supplying fuel cells, infrastructure and system componentkidmdspect the dynamic
continues along similar lines as in the previous period. Térerehowever, two structural
impacts that have not been observed before. The first teddiathe rise of successful
PEMFC applications in the form of visible demonstration mtsjeThis gives a renewed
boost to a belief in HyF technology among potential technologyteedetndeed, with
ongoing cost reductions of PEMFC technologies, the promise of aingaiike credibility. A
second impact is that networks are established from whicticabkctivities are developed.
These networks are, so far, rather weak in terms kfante, but they may become an
important driver because their aim is to build a system-wiftastructure and to set up
technology-specific policies. Such a strategy may providera iwo-ordinated direction to the
HyFIS, thereby bringing it closer to a take-off.

An overview of drivers, barriers and impacts is presemelhble 6.

### INSERT Table 6 around here.
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5 Conclusion

The aim of this article was to analyse the developmetiteoDutch HyFIS, with as a general
goal, to provide insights into the dynamics of TISs in the ftkaatage. In order to fulfil
this aim, we attempted (i) to identify motors of innovatiai) t¢ point out their underlying
structural drivers and barriers, and (iii) to assess thgpact in turn on TIS structures. This
section provides a summary of the results from this study.

5.1 The STP Motor

Two motors of innovation were identified. The first motor, 8wence and Technology Push
(STP) Motorinvolved expectations and research outcomes, communicatelg inos

scientists and technology developers contributinGuadance of the Searckventually this

led to the setting up of a government-supported R&D programitmieh reinforcedsuidance

of the Searcland, directly linked to itResource Mobilisatigrin the form of R&D subsidies.
This resulted irkKnowledge Developmert the form of basic research, feasibility studies and
pilots with, depending on the outcomes, a reinforceme@Guadance of the Searcfihis led

to the expansion of the R&D programme, thereby closing a virtagels. Eventually,
developments also led to a number of firms participating irigoaent initiated
Entrepreneurial Activities

The following structural drivers, barriers and impacts weeatified:

» TheSTP Motorwas largely driven by a small group of enactors, includinglsnos
scientists and technology developers. Their key strategyonask up to policy makers
(the selectors) and set up a government-supported R&D programmntefatised on a
single technology. The enactors managed to do this by continuaisshgrpositive
expectations of the future of HyF technology. They did this grrief to a vision of a
long-term future but also by referring to external developmengs,so-called
technological breakthroughs in the USA.

» A structural weakness was the lack of launching customdlisgiio support the TIS.
Partly as a result of this, the development of commeagiplications did not succeed.
This weakness was heavily reinforced by external developnfenesxample, the
development of the gas turbine as an alternative for etffi€G&lP applications.

* The strategies underlying ti8TP Motorwere based on the idea that a large concentrated
infusion of resources into R&D would eventually result in thstceductions necessary
for commercialisation of the technology. Not surprisingly, ami@ipact of this motor
was the build-up of a strong knowledge base. Another impact &ftReMotorwas the
development of institutions, both formal and informal, in suppokydt technologies.

5.2 The Entrepreneurial Motor

The second motor observed was Hrgrepreneurial MotarAt the core of this motor’s
dynamics weré&ntrepreneurial ActivitiesDriven byGuidance of the Searctechnology
developers and demand-side firms lobbied the government for fihanpjaort, thereby
contributing toSupport from Advocacy CoalitioandResource Mobilisatianf successful in
acquiring funding, the firms embarked Knowledge Developmerh the form of studies and
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prototype development, artthtrepreneurial Activitiesn the form of technology
demonstrations. The outcomes affed@&ddance of the Searchnd thereby fed back into
Entrepreneurial Activitiesn the form of new businesses entering the TIS.

» Characteristic of thigntrepreneurial Motomwas that projects were initiated by a variety
of firms. Support schemes from the government were still présgnin the form of
generic subsidy programmes and not as targeted R&D schAmasesult, firms
operated as enactors; they promoted their own projects and texdjuesources from the
government (the main selector) instead of the other waynal External influences, in
the form of technological and institutional developments abroagieglan important role
as well, for example, the setting up of EU policies andebknological breakthrough of
PEMFC technologies provided an important window of opportunity flaraevithin the
TIS to exploit.

* A key weakness was the lack of coordinated action on befhatfaztors. As a result of
this, the enactors were unable to draw in support from impa&@ttors external to the
TIS. This especially hampered tBaiidance of the Seardhnction.

* The main impact was an increasing variety of enactorseledtors. This corresponded
with a steady development of network structures. The technologigaty of the system
also increased. Various HyF technologies were developearafigl and were
increasingly integrated into practical applications.

Despite the fact that motors primarily involve internal TI®alyics, it should be stressed that
dynamics were strongly coupled to external influences. For exathpl8TP Motorwas

driven by scientists and technology developers ‘importing’ technoloigicaviedge from
abroad or collaborating with foreign companies. Also, wherktiiteepreneurial Motor
emerged, national policy and firms were increasingly preocdugpith car industries and EU
level policies.

5.3 Concluding remarks

At the outset of this article it was mentioned that th&lI8yhas remained in the formative
stage for a long period of time without having been subjeztieakdown. The analysis has
pointed out that this development could be ascribed to the contidagekmpment of two
motors of innovation, aBTP Motorand arEntrepreneurial Motor

Both motors were driven by enactors which continued to feedymsitpectations to a group
of selectors, in spite of evidence suggesting that commieetiah was still far away. These
enactors managed to frame the disappointing outcomes of R&D iasgdpss possible,
either by referring to (new) future visions or by opportunisticedhgrring to shifting external
developments.

All the time, enactors managed to expand their networks digdiiailding up more
developed institutions and more reliable technologies. Through builgisgructures, the
STP Motorwas followed up by a more powerfightrepreneurial Motor This way the Dutch
HyFIS gradually developed into a more complete TIS over tihgarted out with a rather
one-sided structural configuration, able to contribute to neerti@n a narrow sub-set of
system functions. Eventually, the enactors (and supportigetees) managed to realise a
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TIS, consisting of a variety of structures, which was c¢buting to a broad range of system
functions.

The analysis has shown that the build-up of a TIS is a traubkeprocess, characterised by
uncertainty and adversity but also by luck and opportunity. Homvéwe results also
indicated that once a motor emerged, this process was ateglekssmall but dedicated
group of actors was able to succeed in inducing a ‘primitivetor of innovation with the
power to reshape existing institutions. Once this wasselinducing a more advanced
motor became possible as a new set of actors became moamdbidling to follow up on
earlier achievements, benefiting from the initial outcomes.

Policy makers, and other practitioners, may use the kintsa@fhts developed here to develop
strategies that target the dynamics of TIS build-up aroundisable energy technologies.
This could be done by monitoring TIS dynamics, by supporting the conditiandrive

motors of innovation and by overcoming the barriers that hathper.
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Table 1: Functions of technological innovation systems.

System Function Description Event types associated

F1.Entrepreneurial Activities The role of the entrepreneur is to translate Kedge into business Projects with a commercial aim, demonstrations,
opportunities, and eventually innovations. The @orieneur does this by portfolio expansions
performing market-oriented experiments that essabthange, both to
the emerging technology and to the institutions sharound it.

F2.Knowledge Development This function involves learning activities, mostiy the emerging Studies, laboratory trials, pilots
technology, but also on markets, networks, usersLearning activities
relate to both learning-by-searching and learniggibing. The former
concerns R&D activities, whereas the latter invellearning in a
practical context.

F3.Knowledge Diffusion Innovations occur most where actors of differeathgrounds interact. Conferences, workshops, alliances
A special form of interactive learning is learnibg-using, which
involves learning activities based on the expemesfcusers.

F4.Guidance of the Search This function refers to the activities that sh#ipe needs, requirements Expectations, promises, policy targets, standards,
and expectations of actors with respect to theitlier) support of the  research outcomes
emerging technology.

F5.Market Formation Emerging technologies cannot be expected to canpith incumbent  Market regulations, tax exemptions
technologies. To support innovation, it is usuakcessary to create
artificial markets. This involves activities thairdribute to the creation
of a demand for the emerging technology.

F6.Resource Mobilisation This function refers to the allocation of finardcimaterial and human Subsidies, investments
capital. The access to such capital factors issszeg for all TIS
developments.

F7.Support from Advocacy Coalitions The rise of an emerging technology often leadgststance from actors Lobbies, advice
with interests in the incumbent energy system.rifeofor a TIS to
develop, other actors must counteract this inefifies can be done by
urging authorities to reorganise the institutiooahfiguration of the TIS.
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Table 2: Fivefuel cell types. Source: FCW [74].

Fuel cell type

Temperaturerange ('C) Typical

Technology generation

application
domain
AFC Alkaline Fuel Cell 25-250 FCVs 1G
PAFC Phosphoric Acid Fuel Cell 150-200 CHP 2G
MCFC Molten Carbonate Fuel Cell 600-1000 CHP 2G
SOFC Solid Oxide Fuel Cell 600-1000 CHP 3G
PEMFC Proton Exchange Membrane Fuel Cell 60-100 FCVs 3G
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Table 3: HyFISdriversand barriersand impacts underlying an STP Motor in the period 1980-1991.

Actors

Institutions

Technologies

Drivers

Barriers

I mpacts

Scientists and technology developers occupy

the enactor role.

The national government is the main selector.e

The enactor group manages to persuade the
national government to support HyF

technologies. The strategy of the enactors is to

make powerful promises by referring to a

combination of environmental issues, economic
issues and technological breakthroughs abroad.

The group of enactors and selectors is very
small.
Limited involvement of launching customers.

A small network is formed consisting mostly of

scientists, technology developers.

Oil crisis (external).
Environmental pressure (external).
Government ambitions of industry building

(external).

The perspective of lagging behind

internationally.

The NOB programme.

Government rules for public financing hampere

international cooperation (external).
The positive expectations of the fuel cell are

not widely shared among industries (external).

The construction of a shared vision among a ¢

small group of enactors.
The setting up of government support
programmes as the spearhead of Dutch energy

policy.

The fuel cell's possible role in clean efficient
CHP systems (external).

Technological breakthroughs in the USA
(external).

Competition from the gas turbine (external).
The fuel cell is technologically immature and
costly.

The establishment of a knowledge base on 2G
fuel cells.
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1 Table4: HyFISdrivers, barriersand impacts underlying an STP Motor in the period 1992-1998.

Actors Ingtitutions Technologies
Drivers  «  Technical universities, ECN and other e Persistent high expectations of HyF * Rise of 3G fuel cell technologies (external).
technology developers still occupy the enactor  technologies among enactors.
role. e The NOB programme is broadened to include a
* The most important selectors are governments  variety of technologies (2G and 3G).
and (a small number of) launching customers.e  The development of a broad R&D portfolio
* Enactors and selectors are well connected ina  within the NOB.
network.
» Selectors are increasingly from abroad, e.g., the
EU government and foreign energy companies.
* The strategy taken by enactors and selectors is
to persuade launching customers to participate
in subsidised demonstration projects.
* Another strategy is to diversify support by
allocating resources to a broad variety of
technologies including 3G technologies.
Barriers ¢  Launching customers are still barely involved.«  General government cutbacks in energy « Decline of 1G and 2G fuel cell technologies
research (external) (external).
« Demonstrations recurrently point out that coste  Competition from the gas turbine (external).
reductions are difficult to realise. * The fuel cell is still technologically immature
and costly.
« Progress is made in the development of 2G
technologies but results are disappointing.
Impacts « The knowledge infrastructure is strengthened.»  The NOB programme is terminated. *  The knowledgebase on 2G technologies is

The belief in the promise of the fuel cell is
compromised by a series of negative results.

strengthened.
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Table5: HyFISdrivers, barriers and impacts underlying an Entrepreneurial Motor in the period 1999-2003.

Actors

Institutions

Technologies

Drivers

Barriers

I mpacts

The enactor group consists of a variety of .
actors, particularly research institutes and
technology developers. .
Important selectors are governments and an
increasing number of companies, especially car
manufacturers and fuel cell developers.

The enactors support a variety of fuel cells ane
fuel cell-related infrastructure technologies.
The enactors make renewed promises, based
on the 3G technologies and large investments
made by car companies abroad.

Launching customers are still lacking. .
Dependence on foreign development.
Lack of networks.

A variety of firms enters the TIS (technology
developers and launching customers) thereby
strengthening the enactor and selector group.

Sustainable mobility becomes an important
policy issue (external)

The vision of a sustainable hydrogen energy
system becomes dominant (external).

The broad research portfolio of ECN facilitates
a quick reorientation towards 3G technologies.
Subsidy programmes like EOS provide generic
funding for new HyF projects.

The TIS is becoming more complex due to the
increasing number of actors, technologies and
institutions involved. There is a lack of .
institutions that provide coordination.

Energy policy is becoming more generic and ¢
less focused on specific projects.

The 3G technologies, especially the PEMFC,
become the dominant technologies (external).
Mobility becomes the dominant application
domain (external).

The 3G technologies happen to match with the
knowledge base already built up around 2G
technologies.

Further decline of 1G and 2G fuel cell
technologies (external).

The fuel cell (also 3G) is still technologically
immature and costly.

The focus on decentralised applications of fuel
cells means that the limitations of
infrastructure become more pressing.

The knowledge base is adapted to 3G
technologies.
Refuelling infrastructure is developed.
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N

Table 6: HyFISdrivers, barriersand impacts underlying an Entrepreneurial Motor in the period 2004-2008.

Actors Ingtitutions Technologies
Drivers « Research institutes and an increasing number  EU-level policies and public-private * The 3G technologies, especially the PEMFC,
of technology developers are still the most partnerships (external). become the dominant technologies (external).
important enactors. Local governments are also Local air quality regulations (external). *  Mobility becomes the dominant application
taking on the enactor role as the urgency of the  Local economic development issues (external). domain (external).
air quality issue increases. «  Generic subsidy programmes provide fundings  The costs of 3G technologies are going down
* The main selectors are a large number of » Rise of public-private partnerships. rapidly (mostly external).
governments (local, national, EU) and some . The level of coordination increases. * The technologies become visible to the public
utilities. due to abundant technology demonstrations in
* The strategy taken by enactors and selectors is the public sphere.
to form networks. These involve knowledge
networks but also more policy-industry related
networks.
» Another strategy is to develop visible
demonstrations and involve the general public.
Barriers ¢ Launching customer and system integrators are ¢ There is still a lack of institutions that * The fuel cell (also 3G) is still technologically
lacking. provide coordination. immature and costly (external).
* Increasing dependence on selectors abroad. * There is a lack of systemic policies. * The focus on decentralised applications of fuel
* Lack of networks. cells means that the limitations of
infrastructure become more pressing.
Impacts ¢ Numerous networks are established. Especially ¢ There is the promise of a market for 3G ¢ The costs of 3G technologies are rapidly

the more politically oriented organisations aim
for the development of a system wide
infrastructure and technology specific policies.

technologies.

decreasing. A multitude of applications show
that the technology is reliable.
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Footnotes

! Also the whole point of a hydrogen-based energy systerdescalled into question. We do not take a stance on this amttés not the
g)urpose of the analysis to evaluate the desirability dBa T

An elaborate account on event history analysis is providedibss $6].
3 For the analysis of the early years (1980-1995) we made ushaéfer [14] and Van der Hoeven [30]. These studies congtailet
information on the history of the Dutch HyFIS although withoutalty applying the innovation system concept.
* Initially, twelve interviews were conducted with varicesperts of the Dutch HyF field, including policy makers antlepreneurs. After the
analysis was done, a smaller number of additional interweagsconducted, during which the first results were checkestifors.
® During the reaction energy is released, partly in the fofrelectricity and partly in the form of heat. Inrtes of materials, the reaction
consumes hydrogen and oxygen and releases water. Some fuatedksigned to convert fossil fuels such as methanol omhgas; these
work similar but they produce G@s well. A fuel cell consists of two electrodes (an arardka cathode) separated by an electrolyte. The
electrolyte is a carrier of charged patrticles; it seras a medium for the products of the electro-chemical readt@nelectrodes carry the
electric current released by the reaction. The reactseilf is made possible by a catalyst material which a&dhterthe electrodes.
® Schaeffer [14] reflects in detail on the establishmadt@nsequences of this division, pointing out how a prevailing tfg@chnology
generations promotes promising but less mature technologiescatsthef holding back those closest to the market.
" The use of natural gas for production of heat and powenapidly expanded ever since a gas field was discovere iprovince of
Groningen in 1959.
8 The general impression among researchers and policy niskkes the Netherlands, and Europe in general, lag behind.
° Dutch:Ministerie van Economische ZakévinEZz).
Y The idea is to use natural gas as an energy carrignaply reformer technology for the production of hydrogen ‘on-site’
1 PEO is the office for Energy Research Projects (DWRebjectbureau EnergieonderzoeksprojedtMEOM is the Dutch Energy Research
Company (DutchNederlandse Energieontwikkelingsmaatschdppgter PEO is merged with NEOM to form Novem/Senterhave
12 butch: Nationaal Onderzoeksprogramma Brandstofcellen
13 The AFC is at this time being developed by Elenco, a janture of DSM and the Belgian Study Centre for Nucleardgynend Bekaert
[14]. Elenco is supported by Novem through the EUREKA programnaeproject which aims to construct an AFC fuel cell 3@ B5-37].
“|GT has been developing the technology that TNO, a Dutelarefs institute, has abandoned in 1969.
15 Budgets (for five years) are increased to FI 60 millie4s million of which is government money) of which Fl 4dlimn is allocated to the
MCFC project [14].
16 Dutch: Brandstofcel Nederlan(BCN).
" The participants are TNO, Technical University Delft¢lj, Technical University Twente (TUt) and, later, Siemens.
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18 The technology is bought from Westinghouse (from Pittsburgh, US®) [

19 Until 1995 fuel cell research was focused on power produbtibmow mobility becomes the main driver.

20 California’s ZEV (Zero Emission Vehicles) policy was issire 1990. It consists of a directive to make 10% of the @ailién car market
completely emission free by 2003.

21 Most notably the EOS energy research subsidy programme.

%2 The downside to this story is that the original plan waswolve incumbent industries but the ceramics sector is noesta due to the
limited size of the market [33].

23 In fact, ECN had already started a small basic rebeeack on the PEMFC, in co-operation with TNO, in1880s [30, 42].

24 Such project proposals are subjected to tender proceduresnmésati projects - including non-HyF related projects - hampete with
each other in terms of criteria of innovativeness and imadi#ity.

% Dutch: Ministerie van Volkshuisvesting, Ruimtelijke Ordening eneMilehee{MinVROM).

%% This foil is useful as a matrix to hold the electrolytéhe fuel cell.

27 Shell Hydrogen, a business unit within Shell, specialiséseinlevelopment of refuelling infrastructure and in reforteehnology for
mobility applications [53]. Other examples are Gastec, thetDdivvision of Plug Power, and Hexion (later Hygear).

28 Reformer systems convert natural gas, or another hydro-cdrborydrogen.

29 Other partners are Hoek Loos (pressured storage), Shedistinfcture) and Nuon (supplier of green electricity).

30 For example, GVB acquires 30% of the necessary finanogstfre EU and, with the aid of Novem, it manages to pesilinVROM, the
municipality of Amsterdam and various firms to provide fundasgwvell [55-58].

31 The EU plans to contribute 500 million € over six years gtonfatched by the industries involved [59].

%2 The 50 kW PEMFC power plant is constructed by a consortiurhiah also Nedstack and AKZO Nobel are part.

3 In Arnhem as well as in Amsterdam, the initiators acall@ntrepreneurs pressing for government support. For examyi: Mgedstack,
Hexion, Gastec, Nuon.

3 ACTS Sustainable Hydrogeet up by the Dutch Research Council (NWO).

% ECN also experiences troubles with commercialising theMPE technology [33]. To solve this, ECN decides to developbckil vehicle
itself. The result, in 2007, is the HydroGEM, a PEMFC vehideleeloped partly with technology from DaimlerChrysler. ThyelldGEM is the
first Dutch-made hydrogen powered vehicle.

% Indeed public funding is high compared with other European couriftiesannual budget for hydrogen and fuel cell projects hasedrd 30
million €; about 10 million € is of public origin [42, 69, 70].

37 Most notably back-up systems for ICT services and forklifts.
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