S

Druid

ESADE

Busi)

BARCELONA 201

Paper to be presented at the

35th DRUID Celebration Conference 2013, Barcelona, Spain, June 17-19

Understanding the Emergence New Industries Building a Hydrogen Fuel

Cell Industry in South Africa

Vitor Hugo Santos Ferreira
Polytechnique Institute of Leiria
School of Technology and Management
vitor.ferreira@ipleiria.pt

Radhika Perrot
Mapungubwe Institute for Strategic Reflection (MISTRA), South Africa

radhikap@mistra.org.za

Abstract
Several prior studies have focused on why and how new industries emerge but there has been no consensual view on
the main processes leading to the emergence of new industries. Theories of industrial evolution and industry life cycle
models have been widely invoked in the past to study industry emergence and evolution. But despite extensive research
little is known about the earliest phases of industry and the processes leading to industry emergence. To fill this gap in
literature and consequently empirical studies, a broad theoretical approach has been used, rooted in the systems of
innovation theory, and builds upon notions of complex network structures and a triple-helix perspective. Such an
approach is expected to validate knowledge and research networks that are critical as processes leading to the
emergence of industries. Patents and bibliometric data has been used to provide empirical evidence of global trends and
research networks and structures, and the case of South Africa has been specifically analysed. South Africa has
strategically placed itself to compete in the global fuel cells market, but its level and capacity to enter international
markets is closely linked to how its research networks are aligned and structured, and the capacity of policy to take
advantage of developments in the emerging global hydrogen fuel cells industry.
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Understanding the Emergence New Industries
Building a Hydrogen Fuel Cell Industry in SoutilagAfr

ABSTRACT

Several prior studies have focused on why and how industries emerge but there he
been no consensual view on the main processes leadinthe emergence of nev
industries. Theories of industrial evolution anduistry life cycle models have been wid
invoked in the past to study industry emergence andlugion. But despite extensivi
research little is known about the earliest phasesndiistry and the processes leading
industry emergence. To fill this gap in literature aswhsequery empirical studiesa
broad theoretical approach has been used, rooted irsjrstems of innovation theory, ar
builds upon notions of complex network structurasd a triple-helix perspective. Such .
approach is expected to validate knowledge and reseastivorks that are critical ac
processes leading to the emergence of industries. Batamd bibliometric data has bee
used to provide empirical evidence of global trends msearch networkand structures,
andthe case of South Africa has been specifically analy®aath Africa has strategical
placed itself to compete in the global fuel cells market,itsulevel and capacity to ente
international markets is closely linked to how its reshanetworks are aligned an
structured,and the capacity of policy to take advantage of developmenthéemerging

global hydrogen fuel cells industry



1. Introduction

An increasingly global economy and rapidly increasingsratgechnological innovation have
guestioned the competitiveness of many countries, patddy in terms of scientific
achievement and the entrepreneurial environment. Industpgalicy makers are therefore, and
to a great extent, seeing the importance of building istlies that are based on innovative
science and engineeringBut fostering new industries is not always feasiblaceaiseveral

interconnected factors impact its success. Sometimes theifaf luck and timing are said to

impact its emergence

Several prior studies liafocusedon why and how do new industries emergefBut so far,
there is no consensual view on the procesdeading to the emergence of new industries
Moreover, there are fewr studies that have focused on understanding the emergeofcene
hydrogen fuel cells industry explored within the caoxitef a developing country. This is partly
because the technology is stif v Awjth fragmented markets, and there hast been an
industrial Z S -I} (( {hus leaving a dearth of empirical evidence for researshBesides, there
are very few developing countries that are pursumgostly and highly risky venture of a

developing a hydrogen economy

Theories of industrial evolution and industry life cyeledels have been widely invoked in the
past to study industry emergence and evolution, but despitéch, little is known about the
earliest phases of an industry emergence, and the praseksading to it. To surpass this gap,
we use a broad theoretical approach, rooted on the systemgnovation theory and build
upon complex network notions and a triple helix perdpex Such a broad approach is
expected to validate knowledge and research networks thatcaitecal as processes leading to

the emergence of industries.

This paper is divided in five sections. The first sac a short background on the nature of
hydrogen technology, including providing a reasoningh™} u82Z ( @EXplofation of the
hydrogen fuel cell technology. The second sectionengs the literature on the factors of new
industry emergence, including the processes leadinthéoemergence of research networks
In the third section, we present the data sources and dbscthe methodology used. In the
fourth section, the main findings are presented. The fgwdtion draws policy conclusions and

recommendations, contextualizing the case of South Afric



2. Theoretical Analysis
2.1. Hydrogen and Fuel Cell Technologies
After an earlier period of hype, hydrogen fuel cellame to be regarded as a promising
technology in the mid-90s. But for others, the hydrodempe had continued and is just over,
or so it seems, as the industry, governments, and theiputslve now turned their eyes to the

electric car in the hopef finding the clean car of the future (Bakker, 2010). Buargue that
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of the former nor serves to explain the pessimism af tatter (Mytelka, 2008). In fact, recent
patent data published by the Clean Energy Patent Growth I{@&PGI), and more recent
announcements of fuel cell commercialisation plans by mlmer of car companies, suggest

that interest in fuel cells has not died off.

Rather there is a need to analyze the process of technltahge taking place along hydrogen
technology trajectories, and understand the broad factorattiare speeding and directing
technical change. It took the international combustion erg{tCE) almost 200 years to reach
from concept (whose principals were discovered byligMi Grove in 1839) to emergence. In
contrast, the modern fuel cell technology and its applicatin the automotive sector have
moved quicker, and it is still early to say whether it @iler emerge as the dominant design in
the transport sector (Mytelka, 2008). For at the core ofablshing a dominant design,
lowering costs and removing technological glitchestlgsinstitutionor the interplay between
government and private companies that is shaping the processydrogen fuel cells
innovation, and determining the technological trajectory lfdrogen-based technologies
(Mytelka 2004; 2008).
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they can potentially transform power and transportation marketgsusing large disarrayd
the systemic level, whether in the market structure, pwatl or consumer behaviour.
Moreover, the technology is evolving along a trajectoryichi is distinct from the old and
conventional fossil fuel trajectory of coal, oil, naturasgand nuclear power. So a transition to
a hydrogen economy will refer to a discontinuous stifa new trajectory (Geels and Kemp,
2007; Mytelka, 2003).

In addition, the development of hydrogen storage and foell technologies are interrelated

such that important innovations in one of these fields havdemmplications on the other.



The co-existence of these two technologies that are atedbfit speed and technological

stagesare increasing the industrial and knowledge complexity

2.2.Hydrogen Economy in South Africa

It has been a specific goal of the Department of Science antiricdagy (DST) of South Africa

to supply 25% of the future global fuel cell market 2920 with locally developed and

fabricated proton exchange membrane (PEM) fuel cellsereitplatinum is used as a key

catalytic element in the fuel cell technology. In fa6ti9 }( $Z A}Eo [+ %0 d@&¢vpu E  E/
concentrated in South Africa, and current national strategy manslahat the country moves

beyond the mining and production of metals and ores, aedelops industries and sectors

that are based on thee products, leveraging on a knowledge-economy that isrea and

engineering skills intensive. TAe (}E& U $§ Bouth African hydrogen (HySA) technology

program has been instrumental in guiding the processeskarch and innovation hydrogen

fuel cells and towards a hydrogen economy in Souttcafri

2.3. Emergence of New Industries

2.3.1. Emergence of networks and systems of innovation

Emergence of Industriesmd Systems of Innovation

Abernathy and Utterback (1978), and Utterback (1994), pde§1997), Klepper and Graddy
(1997) have shown that industrigg through different stages of technological development
called life cycles, where the components that describesgence are identified. However, the
processes leading to industry emergence have been wnghdored, requiring a need to

understanding the conditions leading to the emergencdemhnologies and subsequently a

new industry, in a systemic way, through the inter-ptdiritical systemic actors.

Efforts were therefore made to define the technologidalvelopment in various sectors using
a framework that was integrated and consistent across sewdirabnsions (Nelson, 1994;
Edquist, 1997; Malerba and Orsenigo, 1997; Céoial., 2011). Malerba (2002, 2004)
introduced the concept of sectorial systems of innovati(SSI), emphasizing the multi-
dimensional, integrated, and dynamic view of the innovatmocess. This concept is part of a

wider research field of innovation systems which inelsichational systems of innovatipn
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(Lundvall, 1992; Nelson, 1993). The other is the regjisystem of innovation, where a region
or other sub-national entities are analyzed in terms of weittons (Braczykt al, 1998) anch

technological innovation system (TIS) (Carlsson and $®taicki 1991), where the unit of

analysis is the technology, and not solely the sector.

Pavitt (1984) had previously recognized that diverse stiiess have specific patterns of
technological change that are influenced by the knowlebtigee, innovation processes, and
interactions among heterogeneous agents (Gitadl, 2011). Malerba (2002, 2006) reiterated
that industries did not emerge from void, but rather evaedvfrom other existing industries,
such as the interndsoftwarettelecoms and biotechnologypharmaceuticals, depicting the
integration of knowledge and technology across industniesw interrelations between actors,
and the expansion of boundaries (Chatial., 2011). Malerba (2002, 2004) identified three
main components - knowledge and technologies, actorsratd/orks, and institutions, which

are critical as processes and components leading to thergemee of new industries.

Several studies (Russo, 2003; Giarratana, 2004; MeziaK@metman, 2000; Murthat al,
2001; Sapseet al., 2007; Chokt al. 2011), highlight different and relevant aspects in the
emergence of new industries, such as an institutional remviient and sund technological
base, among others. These aspects are important for thendtive stages of a new

technological industry

Knowledge Networks

Choiet al. (2011) identify knowledge networks as an essential todhe study of emerging
industries The analysis regards a network as not only the resultsigiply-demand
relationships, but of knowledge and institutional factors tha¢ embedded within a system. A
knowledge network is important as it emerges prior tovalue chain, emphasising the
importance of a knowledge-base and institutional factors. ofst focus on linking
heterogeneous actors to diversify their knowledge base

Choiet al. (2011) emphasesthat linkages are common strategic means of acquiring regsurc
and enhancing competitiveness, and actors with limitesbreces are able to use the network
to spread their risks and costs by linking with actors in the network. Actors widen their
knowledge base and internalize external capabilities in adkamihanging environment using
their links to the network (Doset al, 1997). Heterogeneous actors who have different

technological backgrounds and various capabilities can erdasirable solutions to address
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the difficulties in technology development, overcomsegyeral challenges of emerging sectors
(Choiet al, 2011). Further, Chat al. (2011) identify the role of different actors in the
network, such as large firms, entrepreneurial start-ugsd public research organizations
(PROs). For example, government policies that favour owdsv will influence network

formation and industry evolution (Bresctti al., 2009).

Technological Innovation Systems

To understand a new technological field and its associatddsiries, we can frame the above
concept of research networks and actors within a techgalal innovation system (TIS)
approach. The TIS is a network of agents interacting usdecific economic and industrial
conditions and are involved in the generation, diffusiand utilization of technology (Carlsson
and Stankiewicz, 1991k highlights the importance of actors collaborating in netis and
exchanging knowledge, while facilitating the use of p@mentary resources and the impact

of institutions on innovation processes (Musiolik, 2012)

The TIS perspective acknowledges that innovations ardiiteha enacted through networks of
social relations, rather than through a single actor orrgv@Coenen e L6pez, 2009). Thus,
innovation is a fundamentally social, interactive learninggess, and a system of innovation is
a network of organizations and institutions that develogwdie and use innovations (Coenen e
L6pez, 2009)

Actors in TIS include universities and research institutigs diverse competencies, resources
and strategies and firms, governmental and non-governmenteheigs. So a technological
system can be national, regional and international, and, teamplcan cut across various
industrial sectors. Biotechnological techniques, forample, are applied not only by eh

pharmaceutical industry but also in food, textiles, agric@tand even mining.

The TIS approach is a good analytical framewmrkunderstand emergence of new
technologies and industries (Nygaard, 2008; Coenen e4,&®09) as opposed to the sectora
systems innovation, as the latter sets its limits on the $asiexisting products (e.g. in the case
of fuel cells, the technology has applications in thesrgly and transportation industries).
There is substantial technological and market ambiguity infénmation of a new sector and
the ex-ante limit setting of the system may leave out imgnt factors and actors that are

critical in driving innovation in an industry (Coenenapez, 2009).



Therefore, in recent years the TIS concept has receigented attention as an investigative
framework in the study of emerging technologies (e.g. Carlssbial., 2002; Edquist, 2005;
Jacobsson and Johnson, 2000; Markard and Truffer, 20@8bjolik and Markard, 2011). In
the domain of new energy technologies, numerous cases @untries have been analysed
using the TIS approach (Bergek and Jacobsson, 2003sdanamnd Johnson, 2000; Jacobsson,
2008; Markard and Truffer, 2008a; Suurs and Hekkert, 20@8iolik and Markard, 2011).

Musiolik and Markard (2), following from Bergelet al. (2008a) and Hekkest al. (2007)
identify eight main functions or dimensions a TIS, but among which are of relevance to this
analysis are entrepreneurial activities; knowledge develeptnknowledge diffusion through

networks; guidance of technological search and market formation

2.3.2. Market, Institutions and Industry

The Role of the Government

A systemic transition from one socio-technical system totla@r, involves changes not only in
artefacts, cultural habits and organisational behaviour, buto alavolves changes in

infrastructure and institutions (Geels, 2004). For examplhe creation of a gasoline fuel

infrastructure and a road network were critical, althought rsufficient, in establishing the

internal combustion engine as a dominant technology. Reguiaind policies were involved

as the streets became chaotic with all kinds of vehi¢bésycle, trams, cars and horse-drawn

carriages) (Geels, 2004).

To develop and promote a new technology, policy makersd to give extensive policy and
subsidies, and nurture technology-based programs. Ome ob governments is to stimulate
the formation of knowledge networks (Freeman, 1991) amallocating resources and thus
avoiding project duplication (Cheit al, 2011). Government intervention reduces risks and
facilitates the flow of knowledge, arid of significant importance in the emerging stages of an
industry as resources are limited and trajectories towardminant design remain invisible
(Choiet al, 2011). Government policies enable cooperation andwvoeting among firms,

universities, and PROs that are involved in the formattages (Polt, 20QLhoiet al., 2011).

Technological programs may contribute to the creation addedge in a network, allowing
firms and the governments to assign resources more gmpaiely and to decide the right

time and place for entry during the emerging stages ofralustry, when markets are seldom
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formed and competition is non-existent (Callehal, 1992; Callon, 199%hoiet al, 2011).
Actors entering a knowledge network can share infororatand knowledge with each other
thus reducing and sharing investment risks and uncetigsn(Casset al., 2008 Tijssen and
Korevaar, 1997Choiet al, 2011).

Hung and Shu (2006) identify three key mechanism$eeding up the process of industry
emergence and which involves policy intervention, aadonate with previously mentioned
types of government intervention. The first mechanisraludes the promotion of partnership.
Governments may create incentives and regulations to stippnovation and cooperabin in
R&D, partial public funding of privately performed R&RDd setup of effective public/private
partnership mechanisms (Hung and Shu, 2008)e second mechanism is related to the
promotion of entrepreneurship imn innovation system. This can be achieved by fosterieg th
community dynamics of entrepreneurship, creating effex support mechanisms for private
innovation, supplying incentives for entrepreneurshiptiansition, and for the international
corporate entrepreneurship (Hung and Shu, 2006)e third mechanism is related with the
ability to sustain a commercialization process and the bifthew firms. Some of the issues of
concern are the fostering of R&D ventures and entreprer@icapacity, establishing public
support mechanisms targeted for sources of innovation retrailures, mobilizing public
support to enhance the post-entry performance, and designian effective policy for

stimulating technology diffusion and development of thdustry sector (Hung and Shu, 2006).

Most evidently, different types of government approachwil have a different impact on the
programs and strategies. Vasudeva (2009) shows tBaf & (]@Eue<[ |voullding P
strategies can be explained, in part, by the differencetheir national institutional contexts.
In their study on fuel cell innovation across the U.S., é@adapan and Norway, socio-political
institutions (here considered by their levels @&tatism[ and Zorporatism) contribute to
differences in technological policies with regardegels of investment, collaboration, degrees
of internationalization, and technological diversity. Thpséicies are bases of advantages (and
disadvantages) for firms, with consequences for theintdedge-building strategies. Although
the importance of collaboration among private companiesivarsities and government in
stimulating innovation is well recognized across all thegentries, the role of government
tends to be more central and direct in Japan and France, aomapto the U.S. and Norway,

where government plays a more indirect role (Vasude(Ga92



At the same time, the drivers of collaboration and the asseci outcomes vary. In Japan and
Norway alliances are stronger and enduring, leading tosdemetworks, whereas in the U.S.
and France these alliances are cautious and short-termedItigguin more fragmented
networks, with expectations of technological gains (Vasad 2009). This author also shows
that diversity varies across countries. Firms in Japan Madvay may pursue different
technologies, but these technologies fit together as p&of the same innovation. In the U.S.
and France technological diversity originates from pltyaind competitiveness, where

technological capabilities separate winners from losers.

Market Formation

In the case of sustainable energy, Lund (2009) showsethexigy policies can contribute to the
expansion of domestic industrial activities. This mayabhieved through measures that
enhance markets (even when the industrial base is weatyveder, Lund (2009) also notes
that irrespective of the market measures, investmen®R&D support to industries in related
technology areas may be a strong way to help firm difieadion and that genera export
possibilities.To a certain extent it will be important to identify whene the value-chain policy

intervention can assist in creating opportunities

Both demand and supply factors are crucial to understanthiegnnovation process. The pace
of innovation in the private sector heavily influencdge growth of national output and

productivity. Alongside which, the supply side (stotknowledge and R&D laboratories) are
important in the production of knowledge. In reality, andtas theory of innovation systems
proposes, a variety of factors linlp to promote innovation. Governments with sound
innovation policy approaches try to balance the supplesdience and technology policies
with demand-side policies to facilitate the uptake of teclogies by the general public (i.e.,

beyond public procurement).
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recognize the value of new information, assimilate it, apgly it to commercial ends" (Cohen
and Levinthal, 1990). Thus, allowing firms and regionsadoumulate knowledge in this
particular field. Chiaroni and Chiesa (2006) demonstratectimaplexity of a technology cluster
creation (for biotech) and identify two cases: the casege the result of a spontaneous co-
existence of key technology and economic factors, anccgedriven factors that are triggered

by a strong commitment of governmental actors whose vgliess was to set the conditions



for a cluster-creation, either as a response to an indakutrisis or as a deliberate decision to

foster the sector.

Bleischwitz, Raimund; Bader, Nikolas; Dannemand, Per amhasl, Anne (2008) have
observed that the overall functioning innovation systemnigortant in the formative phases
of a hydrogen fuel cell innovation system, even thotigé overall effect of EU public policies
seems to be too weak to enable the deployment of a hgdroand fuel cell strategy. Current
EU policy framework does not set clear long-term sigiaald lacks incentives that are stigp

enough to facilitate high investment in and deploymentt#C technologies.

2.3.3. National versus International Links

Several authors demonstrate that not only are local linksargmt for industry emergence,
but also links or ties between national and international waton systems. When a new
industry is growing, the possibility of a mismatch betwehe needs of the different actors is
very high. Firms may need new knowledge (through R&D human resources) or other
technological inputs that are often absent in the region. yfneust either import or acquire
the technology they need from abroad, or venture abroad aeék to internalise aspects of
other countries innovation systems (though sometimesneobigger firms or clusters may
influence the direction of the national system). In famsearch institutions are known to
benefit from the cross-fertilization of knowledge faeited by inter-country programs and

from the mobility of researchers.

So the creation ofa successful industry is often linked with its capability maintain

international links, whether they are knowledge fluxes tbe simple ability to sell your
products in a larger market or buy the technology thatlisent. Analysing the wind industry,
Lewis and Wiser (2007) demonstrate that policies that supposizable, stable market, in
conjunction with policies that specifically provide inteas for the technology to be
manufactured locally, are most likely to result in the edttbhent of an internationally

competitive industry.

New industries of the future will emerge from colliss of technological innovation and
market opportunity that will assume an increasingly glotizdracter over time (Murthagt al,
2001; Spar, 2001; Vernon, 1971, 1998). Indeed, ¢henmost geographically concentrated

and country-bound entrepreneurial communities generalgmprise a diverse, international
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membership with global ties within and outside their i@gs (Murthaet al,, 2001). Firms must
reach across national borders to assemble the knowledgeptamentary assets, partners,
suppliers, and customers necessary to create new busised3ozet al., 2001). At the same
time, however, the accelerating pace of industry evolutenmd the importance of speed to
competitive advantage (Gomory, 1992; Nelson, 1992) caetito fuel the benefits of

geographic proximity, particularly early in the industryesgence process.

The level and capacity of each country to enter internationalrkets and improve their
respective trade is closely linked to domestic capacitiat@ advantage of new and innovative
technologies. The adoption, absorption, mastering, adaptateond application of these

technologies depend on the strength and efficiencyhaf hational system of innovation.

The benefit of engaging with foreign actors is recoguhiacross all countries studied by
Vasudeva (2009), but the method for attaining this goal wadensiderably. As Vasudeva
(2009) states, in the U.S., a large number of foreigngiparticipate in the national innovation
system. In Japan and France, fewer foreign firms participatee national innovation system,
but firms from these countries offset this limited exqoe to foreign firms, by participating in
other national innovation systems. These differences inthods have important

Jve <p v o (}E (]E u--pdiMing strategies and associated performance outcomes.

Learning for the actors in a global chain can be the tasfupressure to meet international
standards, or the result of the direct involvement of \&luZ ]Jv o E+s AZ VvV *p% % 0] E

competencesre low (Pietrobelli and Rabellot2011).

3. Research and Methodology

Patents and publication analysis is a useful tool to evaluate bo¢hR&D and innovative
landscape of a country. Hydrogen and fuel cell patents arudigations are publicly accessible
data bases and were extracted for a diverse number of coesmtiThis information is
Jvd & «3]vP (}JE& 3Z A op 3]1}v }( JUwS]EoC[v JVViA SRS %dlA-
conclusions to be drawn on the innovative dynamicshef hydrogen and fuel cell industry,

innovative niches including the direction of the HFGetogical trajectory.

For our bibliometric analysis in most cases we dividesl dlata in two groups: Hydrogen

Storage and Fuel Cells. This division allowed us to heatigerstand the research focus in both

11



areas and understand the evolution of both fields around wwld. This analysis main focus

was to understand the evolution of the research an indystrcountries in the past years.

3.1.Data sources

The starting point for thdibliometric analysisvas a data set with papers for the period 1988
to December 2012 The data set was compiled from various databases that arailddt
below. A wide-rang approach used all types of references available on Wbishareturned
only academic journal article¥he time-period for the patents and bibliometric research

covered is from 1988 to 2012

1. Publication Databases
The citation databases used here are based the Web of Scfg¢@8) and is a multidisciplinary
index of the sciences, social Sciences and arts and htiesarand for each discipline it fully

covers the world's leading journals.

2. Databases for patents:

As for the patent research we used the European Patent ©fftPO) Worldwide Patent
Statistical Database, October 2011. The PATSTAT, also kisoitne EPO Worldwide Patent
Statistical Database, is a snapshot of the EPO master docunmntstabase (DOCDB) with
worldwide coverage, and contains more than 20 tabbésbibliographic data, citations and

family links of about 70 million applications coveringrmthan 80 countries

3. Choice of keywords:

Frequently used keywords are selected according toemsevechnological sub-fields
corresponding to the most common types of fuel callitkouet al., 2007): alkaline fuel cells;
direct methanol fuel cells; Molten Carbonate Fuel CdHspsphoric Acid Fuel Cells; Proton
Exchange Membrane Fuel Cells; Solid Oxide Fueb@dlRegenerative (Reversible) Fuel Cells.
Our study used also these keywords, but additionally weetliad wider method following
approach from the Australian Academy of Science (2008)olopatent analysis we focused

on main patent classes, selected by the authors to deedtiese industries.

6. Data Retrieval and Standardization

12



We followed a keyword approach detailed before. Udinig methodology we were able to
retrieve 41274 observations (articles) for Fuel Cells 48858 observations (articles) for
Hydrogen Storage. Data was standardized and cleaned. Data wagnizéel using several

identifiers, such as country, authors, keywords, WoSgmatg etc.

Using patent data from PATSTAT we created networks that bedanowledge flows between
countries. The nodes (vertices) in the network willibeentor countries, whereas the edges

are either based on backward or forward citations betweeatept families.

We focused on backward citations, and citations exist betwegstent publications.
Publications have a mang-zero relationship with applications. In other words, a paten
application can have any number of publications; even zbezause not all applications are
published. In their turn, applications have a mdnysne relationship with patent families. Or,
a family consists of one or more applications. In our ocaeseused the DOCDB family, which
comes predefined with PATSTAT. In this family all patévais protect the same technical
content are grouped together. While not a problem, itsisll worth to mentioning thata

patent can have multiple inventors, and because of whietused fractional counts

4. Findings

This sectionis subdivided into three parts. First, we introduce bas&sdatiptive data on

Hydrogen Storage and Fuel Cells research around thelwihien the data is analyzed through
Triple Helix lenses, wherein we analyze the importanée Government, Industry and

Academia, and finally we explore country linkages thropgtent data.

4.1.Basic Data

As we can state from

Figure 1 the combined number of publications has baeadily rising since 1988. In fact the
annualized growth rate for the period is 23%, thus iatlitg a pronounced growth of research

in this field.
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Figure 1t WoS Combined Number of Publications per year (1983-P0
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If we divide these publications into countries, we itiBn4 main players in total (Figure 4).
USA as the main research center in both area combined, 38&% of all publications and
China, trailing closely with 32% of the total number dblpzations, Japan follows with 19% of
total publications and South Korea with 13% of all publicati@nthe last Country above 5000
publications in our database. These findings are somevexpected, regarding the three
developed nations, but the fast catching up of China inee&eand innovation, as predicted by
Godinho and Ferreira (2012), puts the country in the vamduof Hydrogen technologies

research.

As seen in Figure 5 in the appendix, Germany cloiBlgws South Korea (with 4760
publications), with France as the closest country (38@blipations). Finally in Figure 6 we
observe that countries like India and Brazil are catching $puth Africa with 147 total

publications is still in an embryonic research stage @featified 39 publications in Hydrogen

Storage and 108 in Hydrogen Fuel Cells).

As for the main fields of research, using WoS categoviescan see that Electrochemistry,
Energy Fuels, Chemistry Physical, Material Sciences arentist important ones for Fuels
Cells. For Hydrogen Storage the most important fields @hemistry Physical, Materials
Science, Metallurgy and Electrochemistry. Hydrogemra§e research seems to have a

stronger bond with Nanotechnology/science and matersgi®nce (including metallurgy).
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Chinese organizations seem to be leading part of thffort in this area as they lead all the tableBigure 9 Main
Research Organizations for Fuel Cells (198811 and

Figure 10: Main Research Organizations for Hydrogen Storage (1988L)}20ith the most
prolific organizations (in Fuel Cells and Storage resgabeh also in terms of Funding and

results obtained form that funding (papers per organizaion

Using a VG5 viewer and bibliometric data extracted from WoS we catetl several
exploratory analysis, clustering and mapping several chatiatites of our dataset. We did this
analysis with our datasets combined (Storage and Fuek)Cdlut due to problems of

computational feasibility, we preserved only papers thatilmore than 20 citations.

The results laid out in the Appendix section are preseredo-authoring with organizational
affiliations (above a threshold of 30 publications), maise@ch subjects (provided by text
analysis of titles and abstracts, above a threshold of 4hix)wand authors (for Storage and
Fuel Cells). Regarding organizations, we reaffirm the itapoe of American and Chinese
universities, especially the case of the Chinese acaddirscience. As we can see, and as
previously mentioned in cross-country investigation, #hegganizations seem to cooperate

(as they aggregate in groups).

The text analysis on our combined data set identified s@velusters of research (see Figure
2116 and 17). As for Fuel Cells the main areas regastemd 400 citations are centered
around Solid State research, environmental research, elebgmistry, power sources and
membrane science (as we can infer from the figure ortitation of sources). In the case of
Word analysis provided by the abstracts and weighted byomapce of papers, we identify
clearly 5 different areas of research (production, catalystsmbranes, electrolytes/solid state

and transport) (see Figu22 and 24).

For hydrogen storage, authors with above 50 citations, ithen papers in the analysis are
above or close to 1000 thousand citations. We also cowedueord analysis from abstracts

and the results show 5 main areas of research within bgein storage.

Finally, we emulated the methodology used by Leyde$damfl Persson (2010) to create a
map of distribution patterns and networks of relations amarities and countries, for the top

five hundred cited papers n hydrogen technology. Ascanre see the main findings in this field
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cross the northern hemisphere with very few interactianghe south (exception of Australia,

Brazil and New Zealand).

4.2.TIS in Specific Countries

An extensive country analysis based on the functions t#chnological innovation systems
was performed by the authors, that identifies starting poinfshydrogen fuel cells by several
countries in the 1980s, although some among whicle, Jiapan and Sweden had started basic
R&D efforts starting the 1970s, after which efforts wereaéio, and were closely linked to the
price of oil. Iceland, France, India and China seenetthb exception. Most countries started
their programs for environmental reasons. Neverthelelgpan, China, France, UK, India and
the USA seem to have been also driven by the need to stmpetitive, particularly in the
automotive sector, and for energy security reasons. Mast tell industries have been state-
driven, even though large firms and SMEs clusters seeave a role on several countries. In
fact, in some countries where the automotive players ar¢hea large, the industry
incumbents seem to play a bigger role in research (eirtBupplierst see the case of lItaly),
also big oil and gas firms see engaged in the developwofeseveral country industries. There
seems to be very limited market competition, with eithgovernment or big firms acting as
main influencers, and venture capital playing a verytéithrole. Notably there seems to be a
lot of international integration, especially in respect to @asch more or less linked to
automotive industry. Several countries are interconnected #éme actions of one and other

seem to echo the systemic relations.

4.3.Triple Helix

In triple helix the institutional domains of universiipdustry, and government, in addition to
performing their customary functions, each assume thesobf the others (Leydesdorff and
Etzkowitz, 1998). The institutionally defined Triplei¥ied premised upon separate academic,
industrial, and governmental spheres and the "knowledgevél' among them. Transfer is no
longer considered as a linear process from an origiartcapplication. Historical patterns of

interaction can be reconstructed (Leydesdorff and Etzkod88).

In order to find out how the different Triple Helixeetents were contributing to the

development of the industry, we created an algorithm to sifys every paper from our
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database in specific group (university, government amtlstry). Through this method we

accounted for around 70% of all data points in our database

From the triple helix division of the total publicat®m our database we observe that research
efforts are primarily led by universities. NeverthelegsJapan and USA, the industry seems to
play a significant role in the development of new knadge and technologies. In contrast,
China, which has made tremendous efforts in catchinghgs had an extremely good
performance in terms of university-driven research ¢ag would expect from the analysis of
the data on main Organizations where most were Chineseef@owental or University

entities). But in terms of industry research, China islatjging behind.

The same can be said of South Africa, as the numbemiversity publications (147) is
considerably higher than its industry (2) and the goveenin(1). The USA (10965) and China
(10432) are at par in research efforts made by universifideese two countries are trailed
behind by Japan (4488), South Korea (3280), Taiwan Y28%# Spain (1282) in university-

driven research.

The government and industry are at level-playing in Gegmiancontrast to other countries

where the role of industries have been negligible camga to government or university

efforts. The government has contributed to 1809 puddiicns in total whereas the industry has

ATOX ' EBu vVC[e ]Jv H*SEC ((}ES S@&T{Y : Zjvv SZOAKRCU ~Vvi E 0}
followed by South Korea (438).

4.4, Patent Data

The first part of the analysis was descriptive, describéxgsting trends and patterns in
countries that are active in hydrogen fuel cells. Throtigh WIPO database we drew some

trend lines in hydrogen related patenting activity.

From the Appendix, and observing the number of patentliaation per year, we verify that
Hydrogen Storage, Production and Fuel Cells havegditeeed peaks in 2007-2008, with the
number of applications decreasing subsequently (follgwthe international trend on the
decrease of spending in R&D due to the internationaigyi The decrease is rather striking, in

2012, with all 3 fields registering less than half thelagations of their peak years.
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Looking at the main countries, and although PCT and ERDtpare aggregated, we discern
that South Africa has registered significant activity in hgéroproduction patents (with more
than 11 thousand patent applications) and hydrogen storage (witire than 490 patent

applications). For the case of hydrogen production, ratber strikingas South Africa surges

ahead of Japan.

We verified that the main applicants for Fuel Cells and étyein Storage are Japanese and
South Korean firms. In fuel cells we find companies Rrocter and Gamble and Shell. The
same data, with focus on South Africa, shows us that mostagtigins in South Africa stem

from foreign companies and that the trend for patenting irstfield has been clearly negative

in the past few years.

In order to map the flows of knowledge in this area, veed a data set of patents and created
a network based on backward patent citations. Through Ucamek Netdraw we analysed and
created the following descriptions of this network. Sochéétwork Analysis allows the

construction of a visual presentation fan innovation System (De Nooy et al. 2005).

To characterize the different countries we used diffdreneasures of centrality (Borgatti et al
2008). This mathematical representation of a networkdeful to quantify information that
v e 8§} 1 Vv3](C ZI C % o0 CT@es¢ measures inbluddéXveenness,
NZ PE ityv §E weeigknvector centrality. Also, to analyze the position of South
Africa we separated it from the other players using an Begovork. "Ego" is an individual
"focal" node. A network has as many egos as it has nodggms can be persons, groups

organizations, or in this case countries (Hanneman and &idaD5).

We analyze at the 4-digit level patent data. Circles or nodéseise figures are Countries. Size
of the nodes could be drawn such that they reflect thentoer of patents which have received

such a citation from other country and degree of betwesnand/or Eigenvector.

Our first analysis i©f the whole global network. We definedode sizeby degree of

eigenvector centralitythus finding that the US is the main driver of innowaji This analysis is

2 83A Vv es ]e 3Z vpu E }( *Z}ES 5 % FZA QU 13I8 M JE} E P U }VEE}
Jv(}_vV PGE VEE 0]5C ]°* *Ju%oE]}¥2 ~4(M € 3{ IAVES £ Z + 3} }§Z E A
Eigenvector Centrality is a measure that reflects the fact that all connections are equal, and in fact,

}vv 8]}ve 8} % }%0 3Z 3§ E u}E u%(dpsveéd e ERAuuwE1ifie ~* JvP }vv §
tothewell- }vv § X
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more striking in the following Figure 2, where the wetk is laid-out through its principal
components. The logic behind principal components @fgctanalysis is a method for
combining correlated actors into a smaller number of umgilag dimensions. The algorithm
searches for the most highly correlated set of actorthannetwork and this becomes the first
component. It then searches for a second set of actors thaincorrelated with the first,
which then becomes the second component. Because theyiacerrelated with one another
~]X XU He 3Z C E }ESZ}P}v o0 AV3Z }E AN S AnGesREBNE »

another as the axesofatwo}lu ve]}v o ¢« 88 & ] PE u_ ~" }88 Ti1i1WIifideX

Figure 2- Backward Citation Patent NetwortkPCA Layout

AMUE W pSZ}E-[ KAv

Following the USA, we have Japan and Germany, and theneF(amtada, Great Britain,
Switzerland, Korean, Netherlands, Italy and China. Colorsthan figure represent

communalities between Nodes (k-cores).
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SOUTH AFRICA
Knowledge Networks

"usZ (& ent eitdion network is characterised by a much smallember of countries.
However, the key players in its network are also playétkin the larger global network, and
most of them are countries have been analyzed in this stwdy, (USA, Germany, Canada,
Netherlands, Japan, China, Norway, Swede, South KoreaDamahark). Few outliers in this
network are Brazil, Saudi Arabia, Venezuela, Qatar, Hungdilippines, Indonesia, Czech

Republic and Bulgaria.

&IPUE 1 *Z}A. 2usz (ERe fatediv ¢itdtioh}egd metdvork allows us to discern

§Z § 03Z}uPZ "}us8z (E] [+ v SA}EI }vvuSooB}3do BRVSEGEFPo} ¢
actors. The country both exhibits a high degree of cemyrédicross different measures) and a

high degree of closeness, demonstrating that at least froningention point of view, as we

suspected from the descriptive statistics, South Africenseto be a well-connected player in

these technological fields.

Figure 3- Backward Citation Patent NetwortkEgo South Africa Network
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Technological Development

As observed in this stugdysouth Africa is a minor contributor to R&D in hydrogamergy

technologies. d Z

}MVSEC].

VpBRI€s até directed towards utilisation of coal,

through gasification and liquefaction of coal, and naturas dor hydrogen production with

separation and trapping of carbon dioxide (carbon seqeiésg)).

Patent analysis in this study reflect active technologicakttmment in hydrogen production

as compared to hdyrogen fuel cells and storage in SoutitaAfand shown in Table. 2

Technological development in hydrogen production, foells and storage have been low in

the last couple of years as compared to other countrilse main applicants of the patents

that were filed in South Africa in this category are foredgmpanies and active applicants are

Shell International (Netherlands),

Standard Oil (USA).

Motorola (USA) , B&SHtzerland), Duracell (USA) and

Table 1t Number of patents filed in South Africa between 83 and 2012

Hydrogen Production

Hydrogen Fuel Cells

Hydrogen Storage

Main Applicant No Main Applicant No Main Applicant No

SHELL INTERNATIONALE BV | 10 | BASF 3 | DURACELL INC 4
BASF 10 | SHELL 2 | STANDARD OIL 3
TRESPAPHAN GMBH 9 | MOTOROLA INC 2 | JOHNSON MATTHEY 1
UNILEVER PLC 6 | JOHNSON MATTHEY 2 | FRAMATOME ANP 1
HOECHST 6 | HALDOR TOPSOE A/S | 2 | FORETOP CORP 1
HENKEL 6 | E.IDUPONT 1 | ENECOINC 1
BAYER 6 | DE NORA SPA 1 | CANON 1
HALDOR TOPSOE A/S 4 | CHEVRON INC 1 | CANADIAN HYDROGEN ENERG] 1
EXXONMOBIL 4 | BLACKLIGHT POWER I} 1 | ASEMBLON INC 1
BAYER AG 4 | ASEMBLON INC 1 | ALUMINAL GMBH 1
TOTAL 65 TOTAL 16 TOTAL 15

Source: WIPO, 2012

Industry Competition

In countries where there are automotive players, these stdgincumbents have been playing

a bigger role in research and development of hydrogesi cells. In the absence of which, big

oil and gas firms or energy companies are engaged indéwelopment of several country

industries. In all the countries analysed, there is limitedrket competition, with either

government or big firms acting as main influencers, amtwre capital playing a very limited

role.
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In the case of South Africa, there is no interest showrR&D of hydrogen fuel cells and
storage by its industry and energy incumbents yet. Sasséid to be exploring the option of
hydrogen production, and as an energy and chemicals cogpahas been developing liquid

fuels from coal for many years now, and one of the bydpcts of such a process is hydrogen.

Anglo American, a South African platinum-mining incumbenturrently integrating fuel cells
from suppliers into mining equipment and a locomotivdowever, it is not engaged in
research and development efforts or engaged with R&Dwvoekts, locally nor internationally,

adopting a wait-and-watch strategy rather than a follower-strgteg
Market Demand

In countries where there are automotive players, the demémdfuel cells and in particular
PEM fuel cells, has been driven by them, or rathercpsiin those countries that support the
uptake through clean-fuel vehicles manufacturing. Besidascountries such as Japan,
government subsidy schemes are supporting the installatbfuel cells in residential units
called ENE-FARMwhich has become quite successful, and with over 0 @nits known to

have been sold between 2011 and 2012. ENE-FARM i#t agoiture between Tokyo Gas and

Panasonic

In South Africa, there are no demand-pull policies orkagdriven policies. The much touted
Integrated Resource Planf South Africa launched in 2010 does not mention hgdrofuel
cells as a future energy option. Until recently, SoufiicA was experiencing one of the lowest
costs of electricity in the world, generated from cheapd subsided coal. The country is yet to
explore hydrogen as a future energy option, even the ridreterm, as Eskom, the sole

monopoly announced an annual average electricity hiké6sh

5. Conclusion

A fundamental mechanism in an industry creation procesghe creation of knowledge
networks. Technological programs such as the HydrogethSAfrica (HySA) contribute to the
creation of knowledge within a network, and governmengpically create these programs,
playing a critical role in allocating resources. Such gorent-driven knowledge networks

assist in avoiding project duplication through researchtfiplio diversification, and allocation

® Residential units produce electricity by extracting logi#m from liquefied petroleumL® gas or city
gas for use in a chemical reaction with oxygen in theaau utilizes heat produced during power
generation for hot water supply or space heating

‘1t helps identify various investment options in the ity sector that allows the country to meet
forecasted demand with the minimum cost to the country
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of resources and tasks among the different actors of thevoeek. Germany for example, has
several research networks, both publicly and privatelyegned, which are advancing the
application of hydrogen fuel cells, through well-cooatied R&D activities among actors along
an emerging value-chain. Training and integration of ckfié suppliers are a critical
component that characterizes the German R&D network, wheeeetlis deliberate transfer of
specifications, industry standards and codes, technicalWkedge and licenses to suppliers,

among others.

Similar to Norway, there exists a strong concern antngitess in South Africa to beneficiate
its natural resources and build a national competence baseglatinum-based hydrogen fuel
cells. But such a view can often subjugate the sigmifieaof variety creation, narrowing down

the research focus to platinum catalyst fuel cells reskanuch too early on.

But on the brighter side, platinum-based catalysts in fudls¢ the PEMFC, is a dominant

technology, and its current dominance is indicated byrheber of global research activities,

projects and shipments of PEMFC. Such market optimésiuces technological uncertainty

that often burdens decisiond |JvP Z}] X Z}}e]vP §Z "~E]PZS*€UZWO}PC ]
history has been stricken by many examples of failejegts, including many hydrogen fuel

cell projects. Their failure have been explained bijouss reasons, and among which are lack

of funding, lowered expectations about the relevance af technology in the future, absence

of incentives and subsidies, uncoordinated researchr&ffat the national level.

The failed hydrogen fuel cell projects, in the contekiNorway, have been explained in terms
}( "u EI § ( Mhepelas Kuplication of efforts for there were two prcis (out of three)
that were developing the same type of technology, SOF€dbas natural gas. Instead it was
expected that policy should have encouraged two differeehnological options. Creation of
technological variety is critical, though it is often gar by competition. So a difficult policy
guestion being to what extent one should allow competitidor competition is notorious in
nurturing variety, and provides a ruthless environmenflexigling technologied thus killing
varietyX KE 8} AZ § /£S5 vS «Z}uo %}ol]GRe-AJloy @&E ¥ [v *%o]

The second mechanism that is instrumental in speedinthagrocess of industry formation is
related to the promotion of entrepreneurship. Entrepramship is promoted through effective
support mechanisms for private innovation, providingentves for entrepreneurship in
transition, and for international corporate partners. For exader Canada has commercially-
driven policies that drive development along value chaamsl local clusters that provide

knowledge, distribution, marketing and supply chain riels. And leading from here is a
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third mechanism, which is related with the ability to sustaitommercialization process and

the birth of new firms.

The sustenance of a commercialization process is infudthda lot of issues and concerns, and
only handful countries have arrived at the third mechanisia., Canada, USA, Germany, South
Korea and Japan. Such issues and concerns constitute ifgst&®&D ventures and
entrepreneurial capacity, establishing public support hedsms, mobilizing public support
for post-entry performance of firms, and designing affeetive policy for stimulating
technology diffusion and development of the industry teecJapan is stimulating technology
diffusion by designing effective demand-side policies regulations, supply-side incentives to

support an industry uptake.

South Africa is at a point where the creation of researctwneks and the development of
skills and knowledge and capabilities in hydrogen fatté seem to be high-up on the national
hydrogen program. Promotion of entrepreneurship and #wegagement of the industry are
negligible at this stage, although attempts are being madeetmage various industry
incumbents and some small firms with RD&D work along tied ¢ell value chain - fuel cell

catalysis and

For the country, technological innovation in a new an@entain field such as hydrogen fuel
cells industry requires garnering critical knowledgenir various international sources and
capabilities. As such, and as shown in the bibliometaita dised in this study, South Africa
compares poorly against research and development effortshydrogen fuel cells when
compared to Japan, USA, Germany and Canada. It also compandg @gainst its BASIC
counterparts (Brazil, South Africa, India and China) andnhgmhich, China is leading global
efforts in hydrogen fuel cell RD&D. Therefore, inetional partnerships to advance R&D

efforts in hydrogen fuel cells in South Africa walnain critical.

In countries where the automotive players are large, stdyincumbents have played a bigger
role in research (or their suppliers, as in the caseaf)it Big oil and gas, and energy firms are
vP P Jv §Z A 0}%u v3 }( * A Eoo MIUSEF] PXH dZ E « ue- 3}

limited market competition, with either government orgbfirms acting as main influencers,

and venture capital playing a very limited role. Notabihere seems to be a lot of international
integration, especially in respect to research more orslésked to automotive industry.

Several countries are interconnected, namely the EU-ceaind the actions of one and other

seem to echo the systemic relations that is prevalent in thtustry and which has an

international flair.
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In terms of science and technology policies, althougimes countries exhibit a certain degree
J( "% E]A 511 8]}v_ }( §Z A 0}%u VB }Z §Feupv MeSAEBCAJ}*3 E +35]o

state- driven, indicating the prevalent role of the gow@ent across countries.
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7. Appendix

7.1.Descriptive Statistics

Figure 4 WoS selected publications per country 1988-2011 (above 5000)
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South Korea,
5776, 13%

6RXUFH $XWKRUVYT 2ZQ
Figure 5W0S selected publications per country 1988-2011 (above 1000-5000)

5000 4760

2999 2788 5673

2215 2262

1211 1093 1189 1101

6RXUFH $XWKRUVY 22Q

Figure 6: W0S selected publications per country 1988-2011 ( 450-1000)
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Figure 7: Distr

ibution of articles by fieldt Fuel Cells (1982011)
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Figure 8 Distribution of articles by fieldt Hydrogen Storage (1983011)
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Figure 9 Main Research Organizations for Fuel Cells (1988.1)

6RXUFH $XWKRUVY 22Q

FigurelO: Main Research Organizations for Hydrogen Storage8@.2011)
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Figurell:

Main Funding Organizations by Total number of Pghlions

6RXUFH $XWKRUVY 22Q
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Figurel2: Bibliographic Coupling of Organizatiortd_abel View

Figurel3: Bibliographic Coupling of OrganizatiortDensity View
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Figurel4: Main Research Areas Word Analysist Label View

Figurel5: Main Research Areas Word Analysist Label View Amplified

34



Figurel6: Main Research Areas Word Analysist Density View

Figurel?: Cocitation Authors above 60 citationg Storaget Label View
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Figurel8: Cocitation Authors above 60 citationg Storaget Density View

Figurel9: Cocitation Authors above 30 citationg Fuel Cellst Label View
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Figure20: Cocitation of Sourcest Fuel Cellst Label View

Figure21: Main Research Areas Fuel CélWord Analysist Label View Amplified
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Figure22: Main Research Areas Fuel CéWord Analysist Density View

Figure23: Main Research Areas StorageNord Analysist Label View

Figure24: Main Research Areas Storag&Vord Analysist Density View
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Figure25 t Collaboration Network - Top 500 papers (by citatjoon Hydrogen Fuel Cells

39



7.2.Triple Helix descriptive

Figure26: WoS Government publications per country 1988-2011 (above 500)

6RXUFH $XWKRUVY 22Q

Figure27: WoS Industry publications per country 1988-2011 (above 150)

6RXUFH $XWKRUVY 22Q

Figure28 - WoS university publications per country 1988-2011 (above 450)
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Figure29: Government (G) - Hydrogen Storage
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Figure30: Industry (I) - Hydrogen Storage

6RXUFH $XWKRUVY 2Z2Q

Figure31: University (U) - Hydrogen Storage

6RXUFH $XWKRUVY 22Q
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Figure32: Government (G) - Hydrogen Fuel Cells

6RXUFH $XWKRUVYT 2ZQ
Figure33: Industry (I) - Hydrogen Fuel Cells

Source: Own
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Figure34: University (U)- Hydrogen Fuel Cells

6RXUFH $XWKRUTV 2Z2Q

7.3. Descriptive data Patents

Figure35: Patents per Year for Hydrogen Storage Patents (Nembf Patents)

Source:WIPO(2013)
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Figure36: Patents per Year for Hydrogen Production Pate(ltsimber of Patents)

Source: WIPO (2013)

Figure37: Patents per Year for Fuel Cells Patents (NumbielPatents)

Source: WIPO (2013)
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Figure38: Main Applicants for Hydrogen Storage Patents (Numloé Patents)

Source:WIPO(2013)

Figure39: Main Applicants for Hydrogen Production Patents (Mber of Patents)

SourceWIPO(2013)
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Figure40: Main Applicants for Fuel Cells Patents (Number atéhts)

SourceWIPO(2013)

Figure41: Country Citation Network (weighted by Eigenvectoe@rality )
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