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This article uses the systems of innovation apgrdacthis case using the technological system
framework and analysis of system functions) to mlewnsights for understanding the challenges
that latecomer countries have to face in the deveémt of an emerging technology like fuel
cells. It shows that the development of systemtions in fuel cells in Singapore is higher than
in Malaysia, and this is shaped by four key fact@t$ Diversity of actors and the alignment of
their activities; (2) synergy between energy, emwinent and industrial policies; (3) openness to
internationalisation; and (4) responsiveness toatetnation activities. In Singapore the stronger
presence of such factors in its policy environméas had a positive influence on the
development of fuel cell technology — while the ealie or weaknesses of these factors might
have contributed to the weaker and more unbaladegdlopment in Malaysia. It is argued that
this is because such factors were effective inessiing specific characteristics of the ‘emerging
phase’ of fuel cell technology.
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1. Introduction

Fuel cell technology is popularly considered asaabling technology to achieve the so called
greener, more sustainable and low-carbon visiotheffuture due to its increased image as an
environmentally friendly and efficient system fdretproduction of electricity (Cacciola et al.,
2001: 67). Arguments on the environmental advarstafi¢his technology are abundant, and this
includes the advantages to mitigate problems as®atiwith air pollution, climate change and
depletion of fossil fuel. Also rapid progress ineffucell technology, its impact for future
economic, environmental and social issues andnitreasing involvement of various actors and
countries in its development (OECD, 2006), are rclsignals for its possible impact in
worldwide technological development and industiriahsformation.

However, there are also concerns expressed by siawelopment analysts on the potential
impact of fuel cell technology to increase the tedbgy gap between the advanced and less-
advanced countries (Mytelka, 2003; Mytelka and BpY006; ICCEPT, 2002). They call for a
clear need to understand how less-advanced orolatc countries can be included in the
development of this technology without wideningdualities in reaping the environmental,
social and economic benefits of technical changés an be essential since technology transfer
in low-carbon technology from the advanced to teesladvanced countries is increasingly
becoming an important and difficult issue to deahwespecially within the context of climate
change negotiations. This was clearly observed vinelevelopment and technology transfer of
low-carbon technologies became a very importanttopthe recent United Nations Framework
Convention on Climate Change meeting in Bali (UNBZQ007a) and the influential UK
government’s Stern Review on the Economics of Gim@hange (UK HM Treasury, 2006:
516).

For this reasons, fuel cell technology providesesti and interesting case for addressing the
objective of this paper, which is to understand ¢hallenges for less-advanced or latecdmer
countries to enter early in the development of meehnologies, within the context of modern
concerns for climate change, sustainable developarahcontemporary technological chahge
The paper is divided into six sections. After thigroduction, section two describes the
characteristics of the emerging phase of fuel taglhnology, followed by section three, which
describes the methodology that has been used byubier to analyse the challenges for
latecomer countries to participate in the develapnoeé this technology. Section four is the most
important part of the paper, where the specificlymms on the development of fuel cell
technology in Malaysia and Singapore is used asthgirical contexts to identify the factors

Yn this article, latecomer or less advanced céesefers to those countries that arrive lateherindustrial scene.
In this thesis, it is interested in latecomer caestfrom the mid 20th century that has less depedlandustrial
infrastructure than the early-industrialized coigastr

2 Nevertheless, it is important to note that fudl iehnology was chosen as the subject for thislaron the basis
of it being a feasible and comparable empiricakexinfor the research. The author of this artideginot stand on a
particular belief on the expected success or ovenaironmental merits of fuel cell technology, atwks not seek
to evaluate the prospects for developing fuelteglhnology in the countries studied. How succedbiitechnology
will be is highly uncertain, and could also diffeased on a wide range of applications (Powell.e2804). In fact,
this state of flux and uncertainty is precisely kieg characteristic of any emerging technology, tnug becomes an
unavoidable challenge for latecomer countries wieng early participation in the development oeamerging
technology like fuel cells as a part of their deypehent strategy.
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that may promote or hinder the development of &l technology in latecomer countries, and
how this is associated with the specific charasties of fuel cell technology as an emerging
technology. The paper will end with its overallalission in section five and a short conclusion
in section six.

2. Fuel Cells as an emerging technology

The emergence of new technologies are charactemsadrious ways in the literature on
innovation theory. However, perspectives have cldngver time. In the early years, the
emergence of new technology focused on the radisalof the process, and was characterised
by new and revolutionary ideas, technical variagod intense competition between new players
(Utterback, 1994 Anderson and Tushman, 1990). Mais in line with the early Schumpeterian
notion of creative destruction. However, from 1&880s, the systems perspective began to take
shape. Thus, rather than being a destructive aswbuliinuous process, the emergence of new
technologies was seen as more continuous, andotbasad by the relationship with other
technologies and speciation from older technologierez, 1988; Freeman and Perez, 1988;
Adner and Levinthal, 2002; Bergek and Jacobssod4 R0Finally, the increased environmental
and global consciousness of the late 20th centasy lbd to the development of the socio-
technical perspective, which explicitly recognises co-evolution of new technologies and the
wider socio-technical environment (Kemp et al989Geels, 2004; Berkhout et al., 2004).

The literature also demonstrates that the chaiatitsrof emerging technologies are not static.
As argued by Mytelka (2003, 2004), the new techgiet® of the 2% century (or what she terms
the ‘new wave technologies’) have features thatumique compared to emerging technologies
of the past. Taking empirical examples from theali@ment of biotechnology and fuel cell
technology, Mytelka (2004) identifies three distirghing features:
* Broad science knowledge base: new wave technolageeanchored by a scientific base
Challenges to latecomers: Insights from the expedef
» Intensity of appropriation: new wave technologiesdrelatively high R&D costs which
are usually amortised through patenting
» Systems embeddedness: new wave technologies réugiréevels of system integration
with different types of technologies.

Therefore the conditions that Germany and UnitedeSthad to deal with to catch-up with the
United Kingdom during the f9century in entering into the development of thernftal and
steel industries (Freeman and Soete, 2000: 85nt8) be very different from what current
latecomer countries have to deal with when enteiitig emerging technologies of the 21
century.

This section describes such how these new andfgpemnditions characterises the development
of fuel cells as a type of emerging technology. Wégin by understanding fuel cells as a
complex technical system (Section 3.1) before mdrg to the specific characteristics of its
emerging phase (Section 3.2) and the entry ofdatecs during this phase (Section 3.3).



2.1 Fuel cells a complex technical system

Fuel cell technologlis based on the electrochemfagatocess in which hydrogen and oxygen are
combined to produce electricity, heat and watee @bre of this technology is a single cell that
consists of two electrodes (anode and cathode)l an electrolyt® sandwiched between two
interconnectord. Low-temperature fuel cells tend to require a nabletal catalys, typically
platinum, to encourage the electrode reactions! Eakls has been claimed to represent a
relatively cleaner technology for the productionetéctricity in which the only emission at the
point of use is water (Larminie and Dicks, 2003:8}ypical fuel cell is not a single cell but is a
‘stack’ of fuel cell units. The number of units the stack determines total voltage, and the
surface area of each cell determines total curflesttl electrical power generated is the product
of multiplying the voltage by the current. A fuedlcstack can be built, module by module, and
scaled to suit any power requirements (see Figure 1

Figure 1: Fud cell technology: A singlefuel cell and construction of afud cell stack
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As shown in Table 1, severgipes of fuel cell technology are currently beirgyeloped and at
the moment they are mainly classified accordingthte types of electrolytes, and grouped
according to their operating temperature. The lemgerature group includes proton exchange
membrane fuel cells (PEMFC), direct methanol fugdlsc(DMFC), alkaline fuel cells (AFC) and
phosphoric acid fuel cells (PAFC). The high tempeea group includes molten carbonate fuel
cells (MCFC) and solid oxide fuel cells (SOFC), ahioperate at temperatures of over 600°C.
High temperature fuel cells do not require catalyst

3 Biological fuel cells and metal fuel cells cancate considered as fuel cells, but not within tafnition used here.

4 A branch of chemistry concerned with the relatfopdetween electrical and chemical phenomena.

5 The anode is the terminal point of the fuel ceflene electric current enters, the cathode is timeinal point where electric
current leaves. Collectively, they are referredd¢an electrode.

® Electrolyte is a material that contains ions. liuel cell, the electrolyte is the material thdbaks electricity to flow from anode
to cathode.

" In PEMFC, DMFC and PAFC the interconnector are akiled flow field plates or bipolar plates.

8 A catalyst is a substance that increases thefatehemical reaction, but is left unchanged keyrémction.
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Table 1. Features of six main types of fuel cells

Low Temperature Fuel cells High Temperature Fuel cells
(requiring catalyst) (not requiring catalyst)

AFC DMFC PEMFC PAFC SOFC MCFC

Electrolyte Potassium Polymer lon exchange | Phosphoric acid Ceramic Molten
Hydroxide membrane polymer Carbonate

membrane
Operating 60-90°C 60-130C 60-90C 190-210C 800 - 1000C 650°C
temperature
Power range | Up to 20 kW <10 kW Up to 250 kW > 50 kW > 200 kW >1 MW

Source: Adapted from Fuel Cell Today, 2004b

The core and most novel part of a fuel cell tecbgglis the fuel cell stack, but the stack needs to
be supported by other technologies, collectivelgrred to as the balance of system or BOS. The
BOS includes the fuel system, fuel delivery systamsystem, cooling system, humidification
system, electrical system, hydraulic system, cordystem, etc. The combination of fuel cell
stack and BOS comprises the entire ‘fuel cell tetbgy’. The extent to which the BOS is
required, may change for different types of fudlscand their eventual application. The BOS
frequently constitutes a large proportion of thgieeering within a fuel cell system (Larminie
and Dicks, 2003:19-21). However, a fully operaticin| cell technology includes the fuel cell
stack and the BOS, and also its connection toint fpplication and hydrogen source. As an
energy conversion technology, fuel cell technolegydemonstrating increasing potential for
providing cleaner and quieter means of producirgtdtity for a broad range of applications.
There are currently three main commercial areagherapplication of fuel cells, namely, for
stationary powet,for transport? and for portable equipmeht.Applications for the space and
military sector represent much smaller and vergsised markets (Fuel Cell Today, 2004c).

Despite promising advances in fuel cell stacks, B&8 applications, the hydrogen source
remains a major barrier to the deployment of fugl 2chnology worldwide. Pilkington (2004:
763) points out that there are no infrastructurgsable of supporting the supply of hydrogen
required for the mass introduction of fuel cellsod¥l of the actors involved in developing the
technology, however, are sourcing hydrogen by meilog hydrogen rich fossil fuels, such as
gasoline and natural gas (Fuel Cell Today 2004¢)re8aining dependence on fossil fuel, this
‘reforming technology’ has the advantage of sowgdiydrogen without the need to radically
transform existing infrastructures and industriatworks. It has been argued that this provides
little or no benefit in terms of emissions redunicand may result in lock-in to an inferior

® This includes power for residential and non-resfid applications (such as schools, office bloddanking facilities, factories)
for different power ranges from small (1-10kW), rued (10-300kW) and large (250kW-10MW) (CacciolaP2068).

10 This includes cars, buses, trains and variousenieticles (e.g. aircraft, scooters, forklifts, oraycles, wheelchairs, human
transporters)

1 Fuel cell technology is seen as an important sofoc mobile electronic devices. It has severalaatizges over conventional
batteries, such as increased operating times, eddueight and ease of recharging (Fuel Today, 2004c
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technology, which could prevent a radical transitiowards a low carbon economy (Hart, 2000).
Nonetheless, there is active development orienteghroducing more sustainable forms of
hydrogen through electrolysis of water using rertde/aenergy sources (such as solar,
geothermal, biofuel and wind energy) and biologpaicesses. Compared to the reform of fossil
fuel, the development of more sustainable formeyalfrogen source are still at the experimental
stage and prospects are uncertain.

From this description, one could conclude that ftedl technology is not a clear-cut emerging
technology, especially when it is viewed within therspective of a functional and workable
technical system. It is very important to take ribig the most novel parts of the fuel cell system
is the fuel cell stacks and the use of pure hydidgem sustainable sources. Other parts of the
fuel cell system, such as the BOS, fuel cell agpibms and the use of hydrogen from fossil fuel,
are relatively much more established, and innowatiothese more established areas are closely
associated to developments in the more novel péttse technology. In this case, capabilities in
system integration is very important for advancthg technology and, therefore, it is not
surprising that its development is replete withtpanrships between new and incumbent actors
with combinations of different expertise, resouraad experience — as will be highlighted in the
next sub-section.

2.2 The emerging phase of fuel cell technology

The history of fuel cells goes back to 1839, wheBr#ish judge and scientist, Sir William
Robert Grove, discovered he could generate elé@gtiy combining oxygen and hydrogen.
Grove built a device called a ‘gas battery’ usintpburic acid as the electrolyte and platinum as
the catalyst. His invention was enhanced 50 yeatey lby the scientists Ludwig Mond and
Charles Langer, when they used Grove’s inventiontlie development of a practical device
which they called a ‘fuel cell. Commercial devetopnt of Mond’s and Langer’'s device was
hindered by the exorbitant cost of platinum. In 23hother British scientist, Francis Bacon,
managed to construct a cell that used an alkaleetrelyte (now known as the AFC), which
used nickel as the catalyst (Koppel, 1999: citeHall and Kerr, 2003: 464). Since then, several
modifications have been made to these original ritiwas. This includes basic research
fundamental to the design of various types of foels currently being developed: SOFC,
MCFC, DMFC, PAFC and PEMFC (Crawley, 2006a,b; 200,c.

However since its invention more than 100 years, dgel cells technology is still at the
emerging phase of development as there continbe teep uncertainties about whether it will
gain wide-scale market acceptance (Hellman and démnHoed, 2007: 306). As Hart (2000: 2)
points out: “The fuel cell is one of the oldest myetechnologies known to man, yet its
development has lagged behind that of its lessaategnd often less efficient cousins, such as
the internal combustion engine and the gas turbi@atrently, the fuel cell market is dominated
by prototypes and demonstrations in niche appboati with the total number of installed fuel
cell units reaching less than 25,000 in 2006 (). For this reason, whether the technology
will ever progress from this stage is still an oggrestion. However, the fuel cell market has
experienced an impressive growth rate since theoétite 1990s (Adamson and Crawley, 2007:
2).



Figure 2: Cumulative fuel cell unitsinstalled worldwide (1991-2006)
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Fuel cell technology also experience fluctuatingiqus of success and failure throughout the
history of its emergence. The clearest fluctuationslude the shifting dominance from
AFC/PEMFC and military/space applications in thelye@eriods, to PAFC/MCFC and large
stationary application in the middle period andalin to PEMFC/DMFC/SOFC and
portable/medium-small stationary/transport appicatn the current period. Also during this
long introduction phase, various activities by eliéfint types of actors have taken place. From the
beginning of its development in the early advanoaantries (particularly the US, UK, Germany
and Japan), the technology has received high-Rygbort from governments and involved early
involvement of the private sector in R&D activitigsarticularly by large firms from well-
entrenched industries. Therefore, much of the t@dygy has been appropriated by large
companies and public organisations in the earlystidalised world for over many years
(Schaeffer, 1998)

Presently, development of the technology is charas&td by intense research, development and
demonstration activities, with only minimal succassommercialisation. This is because as a
type of energy technology, the development of faell technology is very costly and
complicated due to the high level of system integrarequired. As a result, public-private
partnerships have been used rather extensivelyrechanism to deal with this challenge. These
partnerships have not been limited to the localatronal level, but also occur extensively at the
regional and international levels. This includesgrtammes such as the European Union (EU)
framework Fuel Cell Programme, the PACo networkrmance, the Hydrogen and Fuel Cell
Committee in Canada, the Freedom Car Programmeeitv§, the Transport Energy Strategy in
Germany and various fuel cell specific projectslapan’ (OECD, 2006: 9, 100, 115-117, 266,
171-172).

2 This includes the Project for Development of Platfd echnologies for Highly Efficient Fuel Cell Sgets and the Project for
Development of Technologies for the Commercialsatf Highly Efficient Fuel Cell Systems withineldapanese
government’s 2000 Millennium Project.
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Finally, fuel cell technology is highly influencéxy three policy areas i.e. environmental policy,
energy policy and industrial policy OECD (2006: 2T7). Environmental policy is associated
with the global issue of climate change and transdary air pollution, while energy policy is
associated with dwindling sources of global soufefossil fuel. At present, industrial policy,
the third arena, is perceived as less of a gldsald, but some policy makers are expressing their
concerns about how the development of this teclgyolhall increase the industrial gap between
the advanced countries and the rest of the worlgt€dMa and Boyle, 2006). Hence, it has the
potential to become politically more global.

2.3 Participation by latecomers

Interest in the potential of fuel cell technologgrticularly during this later stage of its emeggin
phase, is not only confined to the advanced caes({OECD, 2006); it is also attracting interest
in some latecomer countries. This includes largentrées with massive market potential such as
Brazil, China and India, smaller countries suctKasea, Malaysia, Thailand and Taiwan, and
even the small island nation of Singapore. Howevke participation of other latecomer
countries is less evident; in fact most lateconmméries, particularly those from most parts of
the developing world, are still unprepared to deigh the rapid development of this technology
(Mytelka and Boyle, 2006: 2). This has led to aamn that the development of fuel cell
technology will create yet another area of ineduain terms of global technological
development (Mytelka and Boyle, 2006: 8), where traesveloping countries will be merely
passive users rather than active generators, peosland decision makers in this new emerging
industry.

It is interesting that the latecomer countries @rat actively involved in the development of fuel
cell technology are also those that have undergapiel industrialisation and economic growth
in the past few decades. They are the types oftdearthat Perez and Soete (1988) describe as
having achieved the ability to exploit windows obportunity in new technologies due to
decades of successful entry into mature techndogidis is in line with the findings in
Albuquerque (1999). Based on statistical analy$ibasic science and technology indicators,
Albuquerque categorised these countries as catelprgational systems of innovation (referring
to Korea, Taiwan and Singapore) or non-mature natieystems of innovation (referring to
Brazil, India, Malaysia, Thailand and South Africdhis categorisation clearly differentiates
these countries from more backward countries wheraational system of innovation is
practically non-existent. The label national systeminnovation refers to the presence of
adequate actors, networks, institutions and infuatires at the national level to enable
innovative activity to take place.

There are clear indicators of the participatiortto$ small group of latecomer countries in the
scientific papers in the Institute for Scientifiddrmation’s Web of Science (ISI WoS) database.
Analysis of these papers shows that the publicatédes of some latecomer countries in the
Asian region have increased rapidly since the 1996e Figure 3), with China, South Korea,
India, Taiwan and Singapore ranked in order atttipeof the list of the 20 countries with the
highest number of publications in 2005 worldwida. dddition, organisations from China,
Taiwan and South Korea have also shown impres@venmance in patenting (Butler, 2007: 3)
In addition, reports by Fuel Cell Today (Geiger028,b) and presentations at a international



conference organised by UNU-MERIT on “Hydrogen F@&lls and Alternatives in the

Transport Sector: Issues for Developing Countrigsivide some evidence that countries like
China (Pingwen, 2005), India (Chopra, 2005), Saitica (Mehlomakulu, 2005) and Malaysia

(Wan Daud, 2005a) are involved in several actigitielated to the development of fuel cell
technology. The Fuel Cell Today database also gesvspecific information on the involvement
of various types of organisations within these d¢oes working on various aspects of the
technology.

Figure 3: Total publication in four periods by selected latecomer countriesin Asia
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However, systematic and comparable investigatitm time development of fuel cell technology
even in this relatively more advanced group ofdateers is lacking. The currently available
information is only sufficient to indicate that tkeare some promising activities occurring in
these countries, but it is difficult to ascertainwhat extent their fuel cell innovation systems
have been developed, and whether the progress daheymaking is comparable between
themselves and with those in the advanced countries

3. Methodology

The challenge of this article is to explore howcsfie characteristics of an emerging technology
like fuel cells (as described in Sub-section 3. &h2) can affect the challenges and
opportunities for latecomer countries (as descrilme&ub-section 3.3) to enter early into its
development at the current period. In order to gl@wnsights on this issue, this article employs
the technological system framework and its funlcanalysis as its analytical tool to conduct
an empirical investigation on the experience of t®&outh-East Asian latecomer countries,
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Malaysia and Singapore, in their attempt to entarlyein the development of fuel cell
technology. Description of the analytical framewaskdescribed in Section 4.1 and the use of
Malaysia and Singapore as the latecomer contexsli®rated in Section 4.2.

3.1 Analytical framework: The technological system approach and its functional
analysis

More than thirty years of empirical research hasl&@ed the views of an increasing number of
researchers in the science and technology polétg that innovation cannot be understood as an
isolated phenomenon undertaken by a single aabbiiskpart of a larger ‘system of innovation’.
This system of innovation approach recognisesititavation as an economic activity does not
only rely on firms’ activities alone, but includesnetwork of actors in the public and private
sectors whose activities and interactions initiatgort, modify and diffuse new technologies. In
essence, it is a framework of innovation as arréctése process in which firms interacting with
each other and supported by other types of orgémisa play the key role in bringing new
products, new processes and new forms of orgamisdt economic use (Freeman, 1987;
Lundvall, 1992; Nelson, 1993).

Since the introduction of the popular national egst of innovation approach by Freeman,
Lundvall and Nelson in the late 80s/early 90s, mlper of systems of innovation frameworks or
perspectives have emerged since, the main oneg thersectoral system of innovation (Breschi,
and Malerba, 1997, Malerba, 2002, 2004), regiagyatem of innovation framework (Cooke,
2004; lammarino, 2005), the technological systeam&work (Carlsson and Stankiewicz, 1991,
Carlsson et. al.,, 2002) and the socio-technicalesysramework (Kemp et al., 1998; Geels,
2002, 2004; Berkhout et. al, 2004). Their differemidie in their empirical boundaries, and how
these boundaries affect the ways in which their igsogh investigation has been undertaken.
Methodologically, these different system of innowatframeworks are necessary in dealing with
the inherent difficulties involved in analysing timmovation system as a generic system, with its
broad and multifaceted possibilities.

In the analysing issues related to the emergencewftechnologies, the technological system
framework seems the most relevant. A technologigsiem can be defined as:

network(s) of agents interacting in the economatstrial area under a particular institutional
infrastructure for the purpose of generating, diffig and utilising technology. (Carlsson and
Stankiewicz, 1991: 94)

Why is this? There are several reasons. One, adkmical system is not necessarily confined
to domestic and regional entities, but may be 4 phtarger international system; two, the
characteristics of a technological system may veoysiderably among various areas of
technology. These characteristics of the technoddgsystem take into consideration the high
level of internationalisation in current developrhehemerging technologies while recognising
the specific characteristics of individual techrgpés (as described in earlier in Section 2). In
addition, the technological system framework hasnbemployed much more frequently to
investigate the emerging phase of a technology&ldpment and, as a result, this framework

13 Some authors also use the term ‘Technology spenifiovation system’ and ‘Technological innovat&ystem’
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gives more emphasis to the dynamic nature of inmvaystem development compared to other
innovation systems frameworks. As Jacobson (2002) States:

The (technological system) approach thus assunagsttie emergence [own emphasis] of new
technologies, and the subsequent transformatiamdofstry, does not take place in a vacuum but
rather through aynamic [own emphasis] interplay between firms and othganizations, such
as universities, industrial associations and gavemnt bodies; and the nature of the institutional
framework heavily influences the process.

This move within the technological system framewtnmwards a more a dynamic analysis is
understandable if we consider the volatile andabistnature of emerging technology. Also, as
Hekkert et al. (2007b, 417) mention, the technolsggcific focus of the technological system
framework reduces the number of actors, networkd, r@levant institutions that need to be
analysed, making dynamic analysis more feasibleacklethis framework enables us to go
beyond the more established practice of concengrath the static analysis of current structures
of innovation systems. Literature on socio-technggstem also tend to concentrate on the
development of emerging technologies — but sineeliterature is relatively new and has an
extremely broad scope; its work is currently mudbrentheoretical, and its analytical framework
has less consensus between different authors.

In order to apply the technological system framdyat is important to appreciate its key
elements. These elements have been characteriseatious ways and new dimensions have
been added over time. Initially, the framework vwmracterised solely by its three-pronged
structural components: actors and their competenoetworks, and institutions. However, in
recent years, the framework has also included tfans’ as another key element of its analysis.

Functions constitute the intermediate level betweba structural components and the
performance of an innovation system. The ideangphi that the appropriate fulfillment of the
functions by the structural components would cbute to the final aim of the technological
system - which is the successful generation, ado@nd diffusion of new technologies. Thus,
function tackles the ‘process’ part of the framekyare. what the structural components actually
do and eventually achieve. According to Jacobs2004: 348), there are two main reasons for
analysing a technological system in functional t&erm

First, there is no reason to expect a particularfigoration of a technological system, or
structure, to be related to the performance ofsystem in a clear and unambiguous way. By
arranging our empirical material in terms of funos, we can trace the way in which a
particular entry/exit pattern, actor combination aspecific institutional set-up shapes the
generation, diffusion and utilisation of new tecloyy. Second, we can define the border of
the system, an inherently very difficult task...byabsing what promotes or hinders the
development of these functions.

Furthermore, the use of functions is considerediquaarly useful in the case of emerging
technologies, where typical measures of econonmimpeance are difficult due to their volatile
and experimental nature. Initially, existing indms* were recommended for analysing

1 In their review of the technological system apptoén 2002, Bo Carlsson and co-authors (p.243) @dothe approach
suggested by Rickne (2001); which used a combinaifoconventional indicators (e.g. patent indicatarumber of scientists
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functions (Carlsson et al., 2002: 244); howeve2D@1 paper by Anna Johnson had a significant
influence on this issue. Johnson carefully idestifa set of basic functions that are fulfilled in
different types of research on innovation systems, national systems of innovation,
technological system, the network approach andiéwvelopment block approach. She identified
eight types of basic functions involved in theskedént approaches. Based on Johnson’s work,
several listings of key functions of a technologisgstem have been and continue to be
developed by various scholars. To my knowledge, niwst integrated and comprehensive
attempt at defining and describing these functivpas made in Bergek et al. in 2088yhich is

an article recently published in Research Policyerehseveral key scholdfshave tried to
consolidate their ideas. An adaptation of thisiigtrovided in Table 2.

Table 2:
Summary of definition and suggested indicators of the functions of a technological system
framework
Functions Description Suggested indicators
1. Knowledge This function captures the breadth and depth &fublications, R&D projects: (number,
development and the knowledge base of the technological size and orientation); patents:
diffusion system, and how the knowledge is diffused anghumber, orientation); assessment by
combined in the system actors (of types of knowledge, sourcges
of knowledge and how knowledge has
been used); assessment by managers.
2. Entrepreneurial A technological system evolves under Number of entrepreneurial
Experimentation uncertainties. The way to handle this experimentation (no. of entrants;
uncertainty is to ensure that much diversification of established firms);

entrepreneurial experimentation takes place| variety of entrepreneurial

Some will fail and some will succeed, but an| experimentation; (no. of different
innovation system without vibrant applications, breadth of technologies
entrepreneurial experimentation will stagnate.used; character of complementary
technology employed)

3. Direction of search | For a technological system to develop there | Visions, expectations and belief in
must be sufficient incentives and/or pressureg growth potential (e.g. incentives fron
for a whole range of actors to enter into it. Thiactor/product prices, growth in othe
function covers the mechanisms influencing| countries, changes in the policy

the direction of search within the technologicgalandscape); actors perception of the
system. relevance of different types and
sources of knowledge; actor’s
assessment of technologies;
opportunities; regulation and policy;
articulation of demand from leading
customers; technical bottleneck; cris
in current business.

7]

compliance with relevant institutions i.e. the | technological system; what (or who)
new technology and its proponents need to banfluences legitimacy; how legitimacy
considered appropriate and desirable by influences demand, legislation and
relevant actors in order for resources to be | firm behaviour.

4. Legitimation Legitimacy is a matter of social acceptance In‘fhe strength of the legitimacy for the

and engineers) and unconventional indicators (ritpluf professionals; technological or scientifiwetsity; closeness to market
exploitation through regulatory acceptance and rermbpartners).

15 This is based on an earlier manual they preséntéte DRUID Tenth Anniversary Summer Conferenc2005 (Bergek et

al., 2005).

16 This refers to Anna Bergek, Staffan JacobssorC&tsson, Sven Lindmarki and Annika Rickne
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mobilised, for the demand to form and for
actors in the technological system to acquire
political strength.

5. Market formation For an emerging technological system, marketdarket size; customer groups, actors’
may be greatly underdeveloped or non- strategies, roles of standards,
existent. Thus, three phases of market purchasing processes, lead users

formation are required: nursing market
(learning space is opened up, in which the
technological system can find a place to be
formed), bridging market (volumes start to
increase and enlargement of technological
system in terms of number of actors) and mass
market (large and stable markets after severjal
decades of arket formation

6. Resource As an innovation system evolve, a range of | Volume of capital; volume of venture
Mobilisation different resources needs to be mobilised. Keyapital; volume and quality of humar

resources include finance, human capital and resources; complementary assets

complementary assets.

7. Development of As markets go beyond the first niche, there is Political power; legitimacy; resolutio
Positive an enlarged space in which the emerging of uncertainties; pooled labour market
Externalities system can evolve through different functions ; specialised intermediates;

influencing and strengthening each other. information and knowledge flows;
Entry of firms is central to this process. combinatorial opportunities.

Source: Adapted from Bergek al. (2008)

The investigation has used the analytical frameworkompare the development of fuel cell
technology within two Southeast Asian latecomerntoes (Malaysia and Singapore) from the
beginning of developments to February 2007, the parebd of its research fieldwork. Insights
gained from the empirical work on each of these latecomer countries will then be compared
with each other, particularly in identifying saltefactors that has enabled or hindered the
development of system functions of fuel cell tedbgg in the respective countries. Type of data
employed is mainly qualitative, with some suppedni quantitative data. Some international
and historical dimension is included in the analyse allow the findings (and ultimately its
generalization) to be contextualized appropriateithin the emergence of fuel cell technology
worldwide.

3.2 Malaysia and Singapore latecomer contexts

Malaysia and Singapore have similar geographidatpihcal, cultural and economic contexts.
Both countries are located in the equatorial bethe South East Asian region and have similar
climatic condition i.e. characterised by unifornrmfgerature and pressure, high humidity and
abundant rainfall. They also have some common beigits, both being in close proximity to
Indonesia, the Philippines, Brunei and Thailanchg8pore and Malaysia are open economies
with high levels of foreign direct investment (FDBoth countries are also known to be leading
world production centres for electronic productd aomponents.
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Figure4: Maps of Malaysia and Singapore
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Historically, their similarity goes back to thedal8th and 19th centuries. During this period,
Britain established colonies and protectoratesha dreas of current Malaysia and Singapore,
known then as the ‘straits settlement’. After broetupation by Japan from 1942 to 1945, the
British-ruled territories on the Malay Peninsulal®48 became the Federation of Malaya, which
received independence in 1957. Malaysia was formd®63 when the former British colonies
of Singapore and the East Malaysian states of SabdhSarawak on the northern coast of
Borneo, joined the Federation. Two years laterg&wore separated from Malaysia and became
independent through diplomatic means. However etlaee distinct differences between the two
countries. Singapore is a small and densely pogdileity state with a land area smaller than the
smallest state in Malaysia. Other than fish andpdeater ports, it has no significant natural
resources. Malaysia, on the other hand, is endowitdabundant natural resources, including
land, minerals (petroleum and natural gas) andcalural produce. Singapore is significantly
richer than Malaysia with a GDP per capita andrivdeusers per capita nearly equivalent to the
early-industrialised countries. In addition, Singegs energy consumption is among the highest
in the world.

The economic development of both Malaysia and $iaga increased rapidly after
independence (when they were considered third waarlohtries), with an average annual growth
rate of about 8% over recent decades (Koh and Wa0@5: 15; Tidd and Brocklehurst, 1999:
10). However, Singapore has progressed much fd#séer Malaysia. By the end of the 20th
century, Singapore was classified by various litees as a first tier newly industrialising
country alongside Taiwan, Hong Kong and South Korehile Malaysia was classified
alongside Thailand and Indonesia as a secondnirstrialising country. By 2003, the World

7 CIA Worldfactbook (2006) Malaysia. [Online] Avaiilte from: http://www.cia.gov/cia/publications/facitk/geos/my.html,
accessed 20.05.06 and CIA Worldfactbook (2006)
Singapore, available at: https://www.cia.gov/lilg¥aublications/the-world-factbook/geos/sn.html, egsed on 20.05.06.
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Bank had reclassified the former as newly induls¢ed economies and the latter as rapidly
industrialising countries.

In the literature, the economic growth of both does is explained through Malaysia’s and
Singapore’s rapid industrialisation process. Théswnabled by their comparative advantage in
providing cheap and relatively skilled human resesr for attracting FDI in high-tech
manufacturing sectors. Thus, both countries depeoc on multinationals than local firms to
lead their industrialisation process. This diffdéragies Malaysia and Singapore from other
latecomer economies such as Korea, Taiwan and Kong where local enterprises have played
a more dominant role (Jomo, 2003: 1-9; Hobday, 2080netheless, as the economies of the
two countries became more sophisticated and warges Malaysia and Singapore both realised
that they were no longer competitive with the lowesge economies. This forced them to
develop more sophisticated industries and incre#iseid interest in the so called knowledge-
based economy — which eventually pushed them ttcypeate in the development of new
emerging technologies such as biotechnology, nahnt#ogy and fuel cell technology. This is
quite different from their previous industrial déygment or catching-up strategy, where the
focus was more on developing technologies thatalready well-established in the advanced
countries.

4. Challenges to latecomers: Insights from the experience of
Singapore and Malaysia

In the case of fuel cell technology, Singapore’pesior economic performance is somehow
reflected in the higher development of system fiamst of its fuel cell innovation system. Even
though active participation by Singaporean actorghis technology started a bit later than
Malaysia, it has managed to develop various sydtemtions in the technology much more
rapidly than the lattéf. This is an intriguing situation. What are the Kagtors that have
promoted the development fuel cell system function§ingapore but have hindered similar
development in Malaysia? How can such insights defull for increasing our understanding of
the challenges that latecomer countries have te factheir attempt to participate in the
development of an emerging technology like fuelséel

This section will try to answer these questionstEp-wise way. It begins by describing more
explicitly the ways in which the development of tgys functions in fuel cells is considered

higher in Singapore compared to Malaysia by udmegeight system functions already described
in Section 3 (Sub-section 4.1). It will then prodee the most important part of the article,

where salient factors that be used to explain ilgben development of system functions in

Singapore is explained (Sub-section 4.2). The seand with a short discussion on how such
insights can provide lessons to latecomer countnetheir attempt to enter early into the

development of fuel cell technology (Sub-sectids) 4.

18 Malaysia started the development of fuel cell tedbgy in the early 1990s, while Singapore staitetthe late
1990s.
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4.1. Higher development of system functions in fuel cells in Singapore compared
to Malaysia

This section compares the development of the sy#itections of fuel cell technology between
Malaysia and Singapore. Relative comparison of stege of system function development
between the two countries is summarised in Tal@lBwed by a brief description of how the
assessment was made. It is evident from this aseesghat the overall development of system
functions in fuel cells is higher in Singapore thiaiMalaysia.

Table 3: The state of system function development in fuel cell technology:
Relative comparison between Singapore and M alaysia

HIGHER LOWER
Knowledge development
Knowledge diffusion
Direction of Search
Singapore | Legitimation
Resource mobilisation
(Financial and human resourceg)
Entrepreneurial experimentation
Market formatiol

Knowledge development
Knowledge diffusion

Direction of Search

Malaysia Legitimation

Resource mobilisation
(Financial and human resource
Entrepreneurial experimentation
Market formatior

Note: The function ‘positive externalities’ is riatluded in this analysis due to the lack of data.

Knowledge development: The level of knowledge development in Singapore kngker
than in Malaysia for all the relevant outputs — t@mand types of journal publications,
commercialized patents and research projects. Ketiyel development in Singapore had
higher technological coverage through active ingotent in three types of fuel cells (i.e.
PEMFC, DMFC and SOFC) at various levels of systertegration. In Malaysia,
activities were predominantly focused on PEMFC.

Entrepreneurial experimentation: By the end of 2007, Singapore had more entries in
fuel cell businesses than Malaysia, with highettipigiation by foreign firms and new
start-ups. Also, entrepreneurial experimentation Simgapore had attracted higher
involvement by leading firms in fuel technology Wwisubstantial support from the
government. However, it should be noted that engregurial activity in both countries is
still in the early stages.

Direction of search: Direction of search in Singapore is more developechpared to
Malaysia, not only in terms of the number of stakdhrs involved in these activities, but
also in terms of its positive evolution. In Singegpoactivities were conducted via the
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national technology foresight initiative for enengyglustry and a public/private Fuel Cell

Programme. Both platforms were tightly managed @wyegnment agencies and involved
the participation of a wide range of local and in&ional stakeholders. The

recommendations from these initiatives were obsktgebe in line with current progress

at the wider system level. In Malaysia the develeptmof this function was based

university-based fuel cell research programme anthe establishment of a roadmap for
solar, fuel cells and hydrogen by a national leaghmittee elected by government. But
unlike Singapore, stakeholder participation in ¢éhastivities in Malaysia has been more
limited and there is little indication that the uds of the roadmap have been influential
at the system level.

Legitimation: The level of legitimation in fuel cell technology Singapore was clearly
much higher than in Malaysia. This was based on dbetinuous support for the
technology from key players in the country, naméiyee influential government
agencies and Rolls Royce, a foreign multinatiomahgany with a long standing business
relationship with the Singaporean government. Inlaysia, legitimation for the
technology was more evident at the beginning, paerly through interest expressed by
a few key public and private actors in the energyustry. However, in later years, the
interest of these key actors in the technology dieith due to changed priorities.

Market formation: In both countries, the formation of local markietsfuel cells is very
much in its infancy. However, efforts to harnesgpak markets have shown more
progress. In Singapore, this can be seen: (i) eninterest of the global company Rolls
Royce to set-up its R&D and manufacturing facisitfer the development and production
of its SOFC products in Singapore; (ii) the flohigy test-bedding projects by powerful
multinationals to tap into South-east Asian marfet fuel cell related products; (iii)
current exploitation of export markets by localrstgps. Similar efforts to form export
markets in Malaysia can be seen from the activitiea local company, ETI Tech and
multinational company, Agni Sdn Bhd. However, tleniation of export markets in
Singapore involved more participation by severabm@cin the system, while in Malaysia
it was much more confined to individual businessiglens. However, it is still very early
to determine how far this targeting of export maésleduld progress in the future.

Resour ce M obilisation:

- Finance: In Malaysia, system level financial mobilizatioor ffuel cell technology
was very dependent on public research funding fthen government, and some
public/private funding from the energy sector. dtat, the amount of funds mobilized
at system level was less than £6 million. In congoer, financial mobilization in
Singapore was much higher and was available ngttonsupport research activities,
but also for other purposes. Initially, fuel cettigities in Singapore were dependent
on research funding from two government agencispamsible for the funding of
education and the development of science & teclgyoldout over time, funding for
various demonstration activities was made availdyleother types of government
agencies, including those responsible for industdievelopment, environmental
protection and the military. In addition, Rolls Rey together with a consortium
public/private local actors injected million doBaventure capital for R&D and
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manufacturing of SOFC products in the country. dtalt system level financial
mobilization in Singapore reached more than £50anil

- Human resource: Again, the development of this function was muchrenactive in
Singapore than in Malaysia. In Singapore, trainechén resources in fuel cells are
used to support the activities in universities &mhl PRIs, and to assist local and
foreign firms. This was especially evident aftez #stablishment of the national level
public/private fuel cell programme - where humasoreces from the universities and
local PRIs collaborated with Rolls Royce to meed dbjectives of a national level
industrial project. In Malaysia, there is no clegidence that trained human resources
in fuel cells were being mobilized in other partghe system other than amongst the
universities.

Knowledge diffusion: Similar to knowledge development, knowledge diffasin
Singapore is more active than in Malaysia — botlally and internationally. There was a
bigger range of actors involved, the activities lsdnuch more diverse platform and
more specifically catered to different areas ofl faells than in Malaysia. Another
important distinction is in the higher level of a®aess amongst actors in Singapore
about the activities being conducted by differertbes in the system.

4.2. Factors influencing higher development of system functions in Singapore
compared to Malaysia

What is the explanation behind the higher developgned system functions in Singapore
compared to Malaysia? This section described a eurkby factors that the research have
identified to be relevant in explaining this sitioat which includes (i) Diversity of actors and the
alignment of their activities; (ii) Synergy betweenergy, environment and industrial policies;
(iif) Openness to internationalisation policies) (Responsiveness to demand-side policies. These
are discussed accordingly in the following.

4.2.1. Diversity of actors and the alignment of their activities

One of the most obvious differences between thgeiarean and Malaysian fuel cell innovation
system is the diversity of actors that are involaed the alignment of their activities. At least it
can be said that the bigger contributions of thngees of actors, in particular (government
agencies, firms, local public research instituteRI§) have resulted in higher development of
system functions in Singapore compared to Malafgsa Table 5). It has also been observed that
the development of fuel cell technology in Malaysamore university-led, with less active
participation by other actors.

There are clear differences in the roles of govemnin Malaysia and Singapore and the latter
appears to be more hands-on than the former. Tigaforean government, particularly through
the role of EDB and A*STAR, has provided extensa@ministrative, infrastructural and
political support for various actors in almost ateas of system function — while in Malaysia,
government’s role has been confined mainly to stipgpuniversity activities. The differences
in the contributions of these two governments ek dnclear impact on the overall development
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of system functions in these countries. It shoukb &e noted that the types of government
agencies that are actively involved in the develephof fuel cells in Singapore are more diverse
than in Malaysia. This includes those agencies #matin-charge of industrial development
(Economic Development Board or EDB), energy efficke and environmental protection
(Ministry of Environment and Water Resources or ME) development of science and
technology (A*STAR), housing (Housing Developmerdaled or HDB) and defence (Ministry
of Defence). Furthermore, close cooperation betw@&8TAR and EDB has been very
important in integrating the activities of diffeteactors in almost all areas of system function. In
the future, closer integration between differentegament agencies under the newly established
Clean Energy Programme led by influential figureshsas the ex-prime minister of Singapore,
has the potential to further enhance this coordinatn Malaysia, only one government agency
involved in energy policy i.e. the Ministry of Emgr Water and Communications (MEWC)
played an active role in the development of théwnnetgy, and this provides fewer contact
points for actors in the system to obtain admiatste and political support from the
government.

Another important difference between the Malayséamd Singaporean cases is the level of
involvement by local PRIs in the development oftsgsfunctions. In Singapore, four PRIs were
actively conducting activities in fuel cells: Irnge of of Materials Research and Engineering
(IMRE) in the area of membrane development; Insitaf High Performance Computing (IHPC)
in computational modeling; Singapore Institute o&rMfacturing Technology (SIMTech) in
industrial manufacturing and Institute of Chemiaatl Engineering Sciences (ICES) in the area
of catalyst. These institutes are not only conahgctiesearch in the technology, but are also
producing publications, patents, conducting reseasapervision and providing industrial
assistance. In Malaysia only two local PRIs havenbievolved in developing the technology,
but their involvement has not been as active asdhgheir counterparts in Singapore. This is
primarily because the involvement in fuel cell teclogy by both PRIs have been mostly
oriented towards supporting university’'s researahd they have been less interested in
conducting research activities for the wider inrtarasystem. The management of R&D is also
an important differentiating factor between Malayand Singapore. In Singapore, fuel cell R&D
is under the management of a specific governmeah@g A*STAR. In the area of physical
sciences, A*STAR has a specific role in supporgouplic sector R&D in fields essential to
Singapore’s manufacturing industry. The countrypedfic focus at the moment is on four
industrial clusters: electronics, chemical, infocosnand engineering. Under this strategic
direction, activities among the universities andidP&an be easily coordinated to complement
each other. In fact, it can be seen that the ftusters are actually in line with the research srea
that are critical for fuel cells i.e. electroniapplication for DMFC and PEMFC), chemical
(development of membrane and catalyst), infocomomnplex modeling) and engineering
(systems integration). Not surprisingly, these su@gntually have become the key elements of
the country’s national Fuel Cell Programme. In Mala, however the PRIs that are involved in
fuel cell technology belong to two different agesciwith different strategic directions: one
under Ministry of Science, Technology and Innovat{®OSTI) and one under the Ministry of
Energy, Water and Communications. Even though MQ#®Bs support R&D activities that are
essential for other ministries, its orientationmsich more general (i.e. developing energy or
environmental technology) and it is less able tordmate activities that are more specific to fuel
cells.
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Firms, particularly large energy-related firms, @awade an important contribution to functional
development in both countries, but their roles hdgeeloped in different ways. In Malaysia,
Petronas and TNB, two of the country’s biggest llgmvernment-linked corporations (GLCs)
have been particularly important in creating initexposure of the technology (particularly
through their business networks) and this was usedncourage fuel cell research in the
universities. However, TNB’s and Petronas’s intehes declined considerably and this seems to
coincide with weak system function developments Nfalaysia. Even the universities’
contribution has been affected. Currently, botmé&irhave mixed views about the role of the
universities in the technology: on the one hanaythgree that government should support
university fuel cell research as a creative acadeuiivity, but on the other hand, they do not
think fuel cell is the priority technology for ddaement in Malaysia. In fact, Petronas and TNB,
together with the government agency, MEWC are efdpinion that the development of other
technologies, such as biofuel and nuclear, is mi@igle. The situation in Singapore is quite the
opposite. The universities’ early involvement wast mnduced by firms, and was mainly
dependent on the activities of the university redears themselves. In fact, interest from firms
and government agencies in universities’ activities totally lacking to begin with. However,
the situation started to changed dramatically waeBritish multinational firm, Rolls Royce,
established its fuel cell manufacturing and R&Dtoeim Singapore. From then on, attention and
support for university contributions to various @ss of system functions increased hugely. It is
important to highlight that even governmen’s sigmifit role via EDB in the development of
fuel cells is closely connected to their interestsupporting firms. EDB is Singapore’s lead
agency responsible for sustaining Singapore’s joosies a global hub for business and
investment. In order to achieve this goal, theyehavcore mission to build linkages between
firms, especially foreign multinationals, and redat actors in the local innovation system to
develop promising industries for the country. le tase of Rolls Royce, this is relatively easy
due to EDB’s close relationship with Rolls Royce hearly 50 years, particularly in the marine
and aerospace industries.

4.2.2 Synergy between energy, environment and industrial policies

In Malaysia, the development of system functionduel cells was deeply influenced by the

renewable energy policy, while in Singapore, indaktdevelopment and environmental

protection policies were much more influential. thermore, both countries have different

endowments: Malaysia is a medium sized country inahmatural resources, while Singapore is a
small city state that has extremely limited natwedource but has established itself as an
efficient location for regional business headquart&€his has provided different policy priorities

for different actors to manoeuvre their activitids.is argued here that the broad policy

conditions in Singapore compared to Malaysia, aoeencompatible and timely for the various

actors to enhance their contribution to the devalaqt of fuel cell technology.

In Singapore, the interest of key players in thdustrial policy arena, such as EDB, A*STAR
and private actors, to transform Singapore intogirtess hub for clean energy technologies, and
the interest of the environmental policy communégt by MEWR in increasing the country’s
image as a clean city (both in terms of increasirizan air quality and energy efficiency) have
been progressing positively for some time. In titerl period, both industrial and environmental
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policies in Singapore have been mutually enhandhgs is not only because of similar interests
in supporting demonstration projects for clean gwetechnologies, but also because of
heightened global commitment to the mitigation lihate change. Climate change issues have
provided the necessary platforms for both policynowinities to use the environmental and
economic merits of fuels cells to align global eowmental concerns with the country’s interests
in marketing Singapore as a clean city and a basiheb for clean energy technologies. With
the powerful presence of Rolls Royce, positive sgpein the policy environment has
dramatically increased the interest of various @cto support the development of fuel cells in
the country.

The interests of the Malaysian energy policy comityum promoting the development of
renewable energy has been progressing very slavdytacontinues to lag behind the dominance
of natural gas. Also, popular alternative energyians in Malaysia, such as biomass, nuclear
and hydroelectric power, are the technology optitias could be used directly without the need
for a conversion technology such as fuel cellas a result, although the community’s interest in
fuel cell technology has been encouraging, acteéity commitment to support the specific
development of the technology has been rather gerarbest, and has actually decreased
overtime. This is evident in the declining interekkey players within the Malaysian renewable
energy arena such as MEWC, TNB and Petronas. Hayweven with decreasing commitment
from the renewable energy policy community, rende/@mergy policy has been the sole policy
driver of the technology. It is clear, thereforbatt the policy environment in Malaysia is
relatively weaker than in Singapore and thus it barconcluded that the policy arenas that are
being associated to fuel cells in this country pated space for different actors to manoeuvre and
grow, compared to those in Singapore.

Indeed, the importance of the policy context favidg the development of fuel cell technology
can also be observed internationally. As highlighte OECD (2006) countries involved in the
development of fuel cell technology are more inetino benefit from a variety of policy drivers,
depending on their local endowments, capabilities @riorities. This is clear if we examine the
geographical and historical contexts of Malaysiad @ingapore. In Malaysia, from the
beginning, the interest in cleaner energy technemguch as fuel cells, was closely embedded
within the country’s interest in increasing the w$eenewable energy, particularly in relation to
the country’s rich natural resources in hydropovesiar energy and biomass. In Singapore,
interest in clean energy technology was associai#dits acute need as a small country with
among the highest energy consumption in the wdddincrease its performance in energy
efficiency. Also to maintain its image as a cle@y and business hub, Singapore has a strong
interest to use the development of clean enerdntdogies, like fuel cells, as a future economic
driver.

4.2.3 Openness to internationalisation policies

Another key policy difference between the Malaysaawl Singaporean universities is their level
of internationalisation. In comparison to Malaystngapore has had an extremely open policy
for encouraging active and tight foreign participatin the development of its economy, in both

¥ This is because bio-fuel, hydropower and nucleavgy can be used either directly to generate ébégtor as a
fuel to generate hydrogen to be used in fuel cells.
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the private and public sector. This high level mternationalisation translates into policies and
practices in the universities and PRIs. For ingamme of the main funding sources for
universities’ research activities in Singapore ianaged by a special committee chaired by
renowned researchers from international univesseied research institutes including MIT from
the USA, Oxford University from the UK, the Max Rtk Institute from Germany and the
National Natural Science Foundation from China. oAlsearly half of the researchers in
Singapore’s universities and PRIs are foreignehs meceive high salaries for holding important
research positions in these organisations, and lefécient freedom to make active
contributions to the development of the fuel cellavation system in Singapore. For instance,
there is a researcher from China, Mr Han Ming, wgha PhD student in a local university and a
part time researcher both in a PRI and a local,fand also one of the founders of the Singapore
Fuel Cell Community based in local polytechnic. Eamobservation were also observed in the
case of a number of other researchers as well. dlaydia, even though internationalisation is
considered important for the universities, its iempentation has been more cautious due to
perhaps, Malaysia’s overarching social priorityeimsuring the welfare of Bumiputra staff and
students in higher education (Lim, 1995). As a ligsioreign researchers receive fewer
incentives and have fewer opportunities to extehemiselves within Malaysian fuel cell
innovation system, which might explain why theint@utions are smaller than those of their
Singaporean counterparts.

In addition to the international composition of ithstaff, students and advisors, Singaporean
universities are expected and explicitly instrudbgdthe Singaporean government to undertake
various types of collaborative activities with imtational actors. This strong pressure to
internationalise research is not apparent in Maaysniversities. This is especially evident in
relation to the universities’ fuel cell researchogmamme. Since the beginning, Malaysian
universities’ activities have been oriented towardsveloping the country’s indigenous
technologies, exploiting local markets and attragtthe participation of local firms. The
activities of Singaporean universities are not dase a nationalistic orientation. In fact, in all
areas of system function, the activities of Singapn universities have a much more outward
priority, i.e. to develop the technology for RoR®yce, to exploit export markets and to attract
the participation of foreign firms. The universgienationalistic orientation (i.e. in developing
made-in Singapore fuel cell product) has only besecouraged by government after the
country’s main objective of exploiting internatidrmgoportunities was achieved.

4.2.4 Responsiveness to demand-side policies

One of the key strategies of the industrial andrenmental policy communities in Singapore
has been to support the development of demonsiratidest bedding projects for clean energy
technology. Demonstration projects play an intémgspart in the development of fuel cell
technology — not only are they essential for unt@d@ding how the technology can be developed,
but they also show how it can be effectively difdsand used in a particular locality. Therefore,
they bring multiple benefits to system function elepment, both in the obvious area of
knowledge development and diffusion, and also bygreasing legitimation, attracting
entrepreneurial experimentation and seeding mdoketation. Thus, demonstration projects are
essential for enhancing both the supply and demsates of the innovation process.
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Based on these benefits, the relevant governmeartcags in Singapore, such as EDB, MEWR
and HDB have played an active role in bringing iigmefirms such as Daimler Chrysler, Segway
and ldatech, to conduct demonstration projectsingapore (for different types of transport
application and a stationary application), and hentuded local universities, local firms and
polytechnics in these initiatives. They have algteeded demonstration projects to a higher
level of system integration by attracting Britisatf®leum (BP) to test fuel cell applications with
a hydrogen refuelling system. It is important tdenbowever that demonstration projects in
Singapore is also related to the country’s higlesell policy to market itself as a global clean
energy business hub in Asia. The Singaporean gomeathuses energy, environmental and
technological rationale to attract foreign play&sinvest and establish their operations in the
city state. By early 2007, Singapore has instindlsed this process through the establishment
of the multi-agency Clean Energy Programme OfficeC&PO — with its objective in making
Singapore a global test-bed for early adoptionl@dr energy products and solutions.

In Malaysia, no clear demand side policies for feells were detected. Demonstration projects
are scarce, and mostly implemented by the univessivith little support from other actors.
Furthermore, unlike Singapore, the developmentuef €ells in Malaysia has been much more
related to R&D policy with no clear connection taustrial policy. Even the involvement of
government agencies has been focused more on @googiR&D rather than on the diffusion or
adoption of the technology. As a result, the dgwaelent of fuel cells in Malaysia has been rather
unbalanced — with lot of activities on the supghles but with no sufficient demand to progress
the innovation process forward.

5. Discussion: Lessons for latecomer countries

Fuel cell technology, as an emerging technology, $@ecific characteristics that need to be
carefully considered by latecomers in their attetogte involved in its development. In view of
its specific characteristics, fuel cell technolagycurrently at the later stage of the emerging
phase, a phase that interestingly, has persistednfre than 100 years. In a context of
fluctuating periods of success and failure throughis history, whether the technology will ever
progress from this stage is still an open questiBuel cell technology is also a highly dynamic
technology, with shifting dominance in differentpgs of fuel cells and application within
different periods. Also during its long introductiphase, various activities by different types of
actors have taken place, with high involvement byegnments and private sector, including
those involved in well-entrenched industries. Ims teense much of the technology has been
appropriated by large companies or public-privaigties in the advanced world. This might
have a significant implication for latecomers, &g tvailability of accessing and exploting
technological knowledge is quiet limit®d In addition, when fuel cells is viewed within the
perspective of a functional and workable techniegdtem, participation in this technology
requires a mastery on various areas of expertise the most novel (fuel cell stacks and the use
of pure hydrogen from sustainable sources) the nestablished parts (BOS, fuel cell
applications and the use of hydrogen from fos®l)fof the technology. Therefore in this case,
capability in system integration is an essentigurement for handling the development of the

2 perhaps such windows of opportunity are more peevan the field of biotechnology where public R&Ms a
much bigger and stronger role in generating inwastifor commercial exploitation and in laying terfidation for
firms’ innovative efforts QECD, 2006: 2k
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technology in an effective way. This is the reasdty public-private partnerships, particularly
theough demonstration activities, are being coretliektensively at various levels, be it locally,
regionally and internationally, to address thisliegmge. Finally, because of its complexity and
relevance in addressing the global issue of clinctange, fuel cell technology is highly
influenced by three policy areas i.e. environmeptdicy, energy policy and industrial policy.

Connecting these characteristics to the situatin8ingapore, one could instantly deduce why
the development of fuel cell technology in this ooy was able to fluorish much more
effectively than in Malaysia. As discussed in Sat#: Sub-ssection 4.2, the four factors that are
stronger in Singapore are clearly conducive to eskithese key characteristics of the emerging
phase of fuel cell technology:

e Higher diversity of actors and the alignment ofitlaetivities provides more integrated
capabilities to address the dynamic nature of éclrtology, and to handle various areas
of its technical system, from the most novel toriest established.

e Higher synergy between energy, environment andsin@dl policies in Singapore allows
the country to simultanously handle key policy arebat are currently shaping the
progress of this technology. Such policy integratidso provides the country with higher
awareness and flexibility to exploit or overcomey ann-going opportunities and
challenges in the policy environment (particulatythe international level).

* Higher openness to internationalisation policieseganore opening for Singapore to
establish strong and stable relationship with magonal partners — particularly
influential private actors in the advanced coustrtbat has more experience in the
development of this technology like Rolls Royce.

» Higher responsiveness to demand-side policiesicp&atly in the area of demonstration,
provides strategic space for actors in Singapoletmvolved in activities that are also of
interest to advanced players in the technology@agnler Chrysler, Segway and BP.

In this regard, the main lesson that one can gam this observation is that latecomer countries
need to understand the game that they play whditipating in the development of emerging
technologies - which can be very specific to aipaldr technology area that they are involved
in. The main characteristics of fuel cells as aremyimg technology, for instance, is its long
history of emergence, high level of system intagratind its embeddedness within a range of
established sectors. The development of this tdoggas also very political, as it is related to
two very globalised and politically charged poliayenas: energy policy and environmental
protection. As shown in the case of Singapore amdhisia, the game of participating in this
technology needs strong capabilities in coordimgtintegration, internationalisation and
demonstration. Without such capabilities, the clkano be involved in this technology can be
very limited.

6. Conclusion

This article has demonstrated that the systemswadviation approach (in this case using the
technological system framework and analysis of esysfunctions) can provide insights for

understanding the challenges that latecomer casntrave to face in the development of an
emerging technology like fuel cells. It shows ttieg higher development of system functions in
fuel cells in Singapore is shaped by four posdiateors: diversity of actors and the alignment of
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their activities; synergy between energy, environinand industrial policies; openness to
internationalisation policies; and responsivenessdémand-side policies. In Singapore the
stronger presence of such factors in its policyirenvnent has had a positive influence on the
development of system functions. In contrast, theeace or weaknesses of these features might
have contributed to the weaker and more unbalam=aelopment of system functions in
Malaysia. It is argued that this is mainly becatisese factors were effective in addressing
specific characteristics of the emerging phaseieff ¢ell technology.
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