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ABSTRACT

In an era of climate change, the process of and time frame for fostering new industries with
the capacity of being innovative and able to diffuse a wide range of renewable energy
technologies on a large scale has become a pressing issue. In the midst of the creation of
such industries are the system builders—without such actors, new technologies and
industries would not emerge. In this thesis, a novel conceptualisation of system builders is
presented from a technological innovation system (TIS) perspective. The focus is on system
builders with the intention of realising the potential of biomass gasification for the
production of second-generation transportation fuels and other chemicals. The empirical
work covers the historical development of biomass gasification in four countries—Austria,
Germany, Sweden, and Finland—leading up to the nine most prominent technology
development projects currently in Europe. This thesis analyses: a) who act as system builders
in the different national contexts; b) how they learn and enable the emergence of the new
system; and c) the limits to their capacity in creating the new and embryonic industry
structures. With these insights, policymakers may d) set more realistic goals with respect to
future targets and design policy interventions that address the actual system weaknesses of
the emerging TIS. It is suggested that second-generation fuels from biomass can only play a
very limited role in the fuel market until 2020 at the earliest. For realising the large but long-
term potential of the technology, actions must now be taken to shift some of the risks for
investors to society at large by funding demonstrations and forming initial markets for fuels
that are significantly more expensive than conventional alternatives. Without such markets,
the system builders will have great difficulties attracting further actors with complementary
competencies, as well as the additional resources necessary to resolve the remaining

technical uncertainties and take the required steps towards commercial-scale plants.

Keywords: biomass gasification, second-generation transportation fuels, technical change,
system builders, technological innovation systems, technology policy.
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Partl

Setting the scene






Chapterl

Introduction

Innovations, in terms of new products and services, have been identified as a key factor in
the creation of new firms and industries, the re-vitalisation of existing industry structures,
and as the main driver behind economic growth, at least since the time of Smith (1776),
Marx (1887) and Schumpeter (1934; 1942). Entrepreneur(s), acting as system builder(s),
have often (and rightfully) been placed at the heart of the innovation process, where they
are forced to address many non-technical challenges (Hughes, 1987; Law, 1987b). Some of
these challenges are associated with the creation of new organisations and institutions that
can support the emergence of a capital goods industry with a capacity to produce innovative

new products and services (Rosenberg, 1976; Nelson, 1994).

Over the past few decades or so, innovation and economic development have been
increasingly associated with achieving sustainable growth in the face of climate change and
other environmental threats. The contemporary climate challenge has been defined as
limiting the Earth’s temperature increase to two degrees Celsius over the long-term.
According to the best available knowledge today, this would require reducing green house
gas emissions in the developed world by 30-40 percent from 1990 levels by 2020, and by 80
percent from 1990 levels by 2050 (IPCC, 2007; Stern, 2007).*

“Limiting temperature rise to 2°C requires a low carbon revolution”
(IEA, 20089, p. 45)

Such a radical change in emission levels would have a significant impact on all fossil-based,

energy-intensive activities, and require profound socio-technical changes to current energy

! Current policies and the pace of economic development will lead to CO, concentrations in the atmosphere of
1,000 ppm. The risk that human activities result in an increase of the global average temperature of more than six
degrees Celsius is, in such a scenario, significant and would result in irreversible damage to the environment
(IEA, 2009).

1



systems and consumption patterns. In this transformation, the mainly fossil-based energy
system must be replaced by a wide range of carbon-neutral technologies. These

technologies only exist on a very small scale today when compared to the global energy

supply.

Hence, in order to create a sustainable global economy in the face of climate change, we not
only need to develop the most environmentally friendly technologies possible, but also take
actions to diffuse them widely on a global scale within the given time frame of less than four
decades. This requires the formation of a wide range of capital goods industries capable of

developing and delivering carbon-neutral technologies on a large scale.

This thesis sets out to analyse the role of the system builder in the emergence of an industry
with the capacity to develop and diffuse such a technology: biomass gasification for the
production of renewable transportation fuels and other chemicals. In addition, the thesis is
concerned with identifying the challenges for policymakers and system builders interested in

commercialising the process and, eventually, diffusing it widely.

The process of gasification refers to the thermal conversion of any carbon-based fuel to a
gas with a usable heating value (Higman and van der Burgt, 2003). It has previously been
developed as a technology almost exclusively based on fossil resources, and an industry with
the capacity to build and operate gasification plants for electricity production, various
chemicals, nitrogenous fertilisers and transportation fuels already exists. However, the
technology is still immature with regard to using biomass as the feed-stock for advanced

applications such as the production of transportation fuels and other chemicals.?

In total, 24 biomass gasification plants have been commissioned by European-based
companies since the early-1980s.> The plants have been made operational for less complex
applications such as lime kilns, boilers, gas engines and when the biomass is co-fired with

coal. On the other hand, actors pursuing the technology have, so far, failed to deliver

? These fuels are distinctly different from first-generation fuels from food crops, produced through mechanical or
biological processes. At times, the process of turning biomass to a liquid is referred to as BtL (biomass-to-
liquid), and the fuels are commonly referred to as second-generation renewable transportation fuels or,
alternatively, simply second-generation fuels.

3 The plants refer to large demonstration and commercially operating plants. Hence, small-scale pilots and fixed-
bed gasifiers are not included in the count.

2



biomass gasification systems for power generation through integrated gasification combined
cycle (IGCC) technology, as well as for the production of second-generation renewable
transportation fuels and other chemicals—all of which are more advanced applications. The

market success of biomass gasification has, thus, so far been limited.

The rest of this chapter is structured as follows. The empirical and analytical points of
departure for the thesis will be explained in Sections 1.1 and 1.2, respectively. The purpose

and the structure of the thesis will be outlined in Section 1.3.

1.1 Empirical points of departure

The time frame for fostering new industries with the capacity to be innovative and diffuse a
wide range of renewable energy technologies has, in recent years, gained an importance
beyond achieving just long-term growth and economic development. For the first time, a
relatively well-defined time frame has been established for when a wide range of renewable
technologies must be able to make a significant contribution to the world’s energy supply,
instead of being marginally used as it is today. This thesis will illustrate that not only has it
taken many decades to develop second-generation renewable transportation fuels, but also

that the remaining challenges will be with us for many years to come.

In an ideal world, targets and policies would reflect the challenges ahead in limiting global
warming to two degrees Celsius in order to avoid the risk of severe and irreversible impacts
on the environment (IPCC, 2007). While it is encouraging that many influential political
leaders recognise that climate change is caused by human activity and that it is one of the
most important challenges for national and international policymaking (G8, 2009;
Meinshausen et al., 2009), so far there is no binding, overall agreement on how this target

should be reached.

For the European Union, green house gas (GHG) mitigation is mainly about limiting the
emissions associated with energy use, which in 2008 accounted for approximately 80
percent of all GHG emissions (Eurostat, 2010b). Although the overall amount of GHG

emissions has decreased by 11 percent between 1990 and 2008, emissions related to modes



of transport have increased by approximately 24 percent since 1990," and contributed to
approximately 20 percent of total GHG emissions within the EU-27 in 2008 (Eurostat,
2010b). Hence, without reducing emissions from the transport sector, stringent GHG

emissions targets in Europe will be difficult to meet.”

When prescribing policies for targets as ambitious as limiting climate change to two degrees
Celsius, there are also other societal goals and interests that must be taken into
consideration and balanced against each other. It is thus important to consider energy
policies in Europe not only in relation to the climate change debate, but also in relation to

I”

the increasing focus on energy and job security, “peak oil”, as well as the associated and

expected increase in the price of liquid fuels in the future.®

With regard to energy security, oil consumption in the USA, EU, China and Japan accounted
for more than 56 percent of the global total, although the same countries only accounted for
15 percent of the production of oil in 2008 (BP, 2009). This makes these four high
consumption countries/regions heavily dependent on imports and vulnerable to the actions
of a few oil producing countries. As for peak oil, and based on a survey of recently published
papers, there appears to be an increasing consensus amongst oil exploration experts that
peak production will be reached in the near future (de Almeida and Silva, 2009). " In the
long-term, ever-increasing demand and diminishing supply will inevitably drive up the price
of oil and increase incentives to develop both fossil-based and renewable unconventional

liquid fuel sources.

Fossil alternative liquids such as extra heavy oils, bitumen, oil shales, gas-to-liquid (GtL) and

coal-to-liquid (CtL) conversion are abundant in supply, easy to scale up production-wise, and

* GHG emissions from the transportation sector continue to increase, while emissions from the energy sector (not
including transportation) have started to decline from high levels (60 percent of the total emissions 2007)
(Eurostat, 2007, 2009).

> Increased use of public transportation, new habits in combination with more efficient engines and an
electrification of the drive-train have the potential to substantially reduce the need for liquid fuels in the future,
but not eliminate it completely. The challenge ahead can only be solved by simultaneous, and parallel
development and diffusion of a wide range of measures.

® Liquids include not only oil but also renewable fuels and alternatives derived from fossil resources.

" Most of the uncertainty around the actual date of peak oil depends on the behaviour of Saudi Arabia. Its future
production capacity is at present very uncertain; this number is absolutely critical for defining a more exact
world peak oil date (de Almeida and Silva, 2009). However, the majority of the studies referred to in the paper
indicate that peak oil could come as soon as around 2015.
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generally cheaper to develop than renewable alternatives (IEA, 2008). Hence, without
significant policy initiatives, it is primarily the fossil alternatives that will be developed and
not the renewable ones. Consequently, the EIA (2007), IEA (2008), and Aleklett et al., (2010)
estimate that by 2030 approximately 20-26 percent of world liquid fuels® will originate from
fossil alternative sources which emit significantly more GHG emissions than conventional oil

(IES JRC, 2007).

With EU Directive 2003/30/EC, which promotes the use of biofuels and other renewable
fuels for use in transportation, a sizeable market has been created within the European
Union for non-fossil alternatives (EC, 2003). The target set by the directive is that biofuels
are to account for 5.75 percent share of all transportation fuels by 2010.° This was followed
up in 2009 with a new directive, 2009/28/EC, that sets a binding 10 percent target for
renewable energy, vis-a-vis the final amount of energy consumed for transportation
purposes by 2020 (EC, 2009a).'® The commercial availability of second-generation fuel has

been identified as pivotal for realising this target and has become a priority (EC, 2009a).

So far, the directive on renewable transportation fuels has stimulated the production of the
so-called first-generation biofuels, which are primarily derived from food crops such as corn,
wheat, sugar cane and soya. This has resulted in a public debate around the social and
environmental desirability of the production and use of biofuels, not least in relation to its
impact on food production and biodiversity, as well as its real CO, savings potential (JRC,
2008). Some of these objections have been taking into consideration when drafting the new

directive, 2009/28/EC.

With regard to second-generation fuels, studies have illustrated that they have a CO,-saving

potential of approximately 90 percent, and that 45-70 percent of the energy content in

¥ World liquids refer to the sum of conventional oil and unconventional liquids developed as a substitute for oil.

° This target will not be met since the share of biofuels in the transportation sector was only 3.3 percent in 2008
(Eurostat, 2010c).

' The target for renewable transportation fuels should be viewed in the light of the overall target of the EU to
increase the use of renewable energy to 20 percent of total energy use in the EU-27, and cut CO, emissions by at
least 20 percent by 2020, as compared to 1990 levels. It also involves improving energy efficiency by 20 percent
by 2020 (EC, 2007). The directive states that the share of renewable energy in the transportation sector should be
the same for all member states, since renewable transportation fuels can easily be traded. Meanwhile, the overall
targets for renewable energy and emission reductions will be divided between the countries in accordance with
their ability to comply (EC, 2008).
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biomass can be converted into a usable fuel, which would be a significant improvement
compared to first-generation biofuels based on food crops (IES JRC, 2007; RENEW, 2008;
Thunman et al., 2008). Moreover, with gasification, a wide range of biomass can be used as
feed-stocks. In the long run these may include low-cost waste streams. The total substitution
potential of biomass gasification is, therefore, much higher than that of first-generation
fuels.'! However, the cost of production is considerably higher compared to first-generation

fuels due to the high investment costs of plant construction (DENA, 2006; JRC, 2008).

The substitution potential of second-generation fuels based on the gasification of
domestically produced biomass resources in Europe is difficult to assess for three main
reasons. First, it depends on how much additional biomass can be produced and if, or when,
lower grade biomass and waste sources can also be used for fuel production. Social and
environmental aspects associated with increasing production are difficult to assess and make
most estimates of biomass potential uncertain at best. It can, however, also be argued the
increased use of biomass increases the potential, since actors discover new biomass
resources to explore that had previously been unknown, underdeveloped and difficult to
measure (Kaberger, 2009). Bearing these uncertainties in mind, the potential for increasing

the supply of biomass in Europe has been assessed in several studies.

In RENEW (2008), the current and unused potential of biomass for energy purposes in
Europe was estimated to be 95Mtoe. With improved agricultural practices, primarily in
Eastern Europe, it was deemed possible to increase this amount to approximately 172Mtoe
by 2020. Ericsson and Nilsson (2006) estimated the long-term European potential to be
approximately 410Mtoe, but their study also included the potential of biomass resources in

Ukraine and Belarus.

Second, assessing the substitution potential of second-generation fuels based on the
gasification of biomass depends on what is perceived as a desirable allocation of biomass in
the context of its other potential uses. Global system studies have concluded that the

potential long-term supply of biomass is low compared to the required amount of climate-

" The RENEW report, conducted by advocates of biomass gasification, indicates that the substitution potential is
2.5 times that of first-generation biodiesel production. However, actual potential will vary significantly with
different set-ups of the technical systems.
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neutral energy in a world aiming at limiting global warming to an increase of two degrees
Celsius from pre-industrial levels (Azar et al., 2003). Since biomass scarcity will be a major
constraint, it has further been argued that biomass would be used most cost efficiently by
substituting coal in electricity and heat production rather than for producing transportation

fuels (Azar et al., 2003; Grahn, 2009; Hansson, 2009).

However, throughout this study the advocates of biomass gasification and liquefaction
projects have emphasised that biomass is the only renewable feed-stock that can be used
for producing renewable liquid fuels and chemicals, whereas for heat and electricity there
are numerous cheap, renewable alternatives available™ that do not include the use of
biomass. Accordingly, it would also make sense to allocate parts of this resource for the

production of transportation fuels and other chemicals.

Third, the potential of biomass depends on the thermal energy efficiency of turning biomass
into fuel. In several of the current biomass gasification projects for the production of second-
generation fuels, the so-called Fischer—Tropsch (FT) diesel is seen as a preferred fuel (see
Chapter lll). It is, however, a complex molecule that takes more energy to synthesise than,
for example, methanol, methane or dimethyl ether (DME). Whilst the exact conversion
efficiency of the different alternatives are difficult to estimate—since the processes have not
been commercialised for biomass—different studies point to conversion rates in the range
of 45-70 percent, depending on the type of processes and fuels used (Ekbom et al., 2003;
Zwart et al., 2006a; IES JRC, 2007; RENEW, 2008; Thunman et al., 2008).

A simple example has been constructed to illustrate the impact of these three factors on the
substitution potential of biomass (see Table 1.1). This is based on total EU-27 fuel
consumption in 2007 (309Mtoe), which is held constant (Eurostat, 2010a). As mentioned
above, current and unused biomass resources have been estimated as 95Mtoe (RENEW,
2008). It has been argued that by 2020 these resources could be increased to 170Mtoe and
perhaps as high as 410Mtoe over the longer term (Ericsson and Nilsson, 2006; RENEW,
2008). A low and high allocation of overall biomass potential was set to 40 and 60 percent,

whilst energy efficiency spans between 45 and 70 percent.

2 Including wind, solar, hydro, and geothermal for electricity production and better utilisation of waste heat.
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Table 1.1: Substitution potential based on current fuel consumption in the EU-27 (2008).

Biomass Potential (Mtoe) 95 170 410
Low energy Low Allocation (40%) 6% 10% 24%
efficiency (45%) High Allocation (60%) 11% 20% 48%
High energy Low Allocation (40%) 9% 15% 37%
efficiency (70%) High Allocation (60%) 13% 23% 56%

The result from this simple example illustrates that the potential to produce transportation
fuels from future biomass resources is highly uncertain, since the substitution potential
varies between 6 and 56 percent depending on the choices made (see Table 1).
Consequently, for maximising the substitution potential it is important that the advocates of
renewable transportation fuels act to increase the overall amount of biomass resources
available for energy purposes, secures a large share of the total, and act to maximise the

thermal conversion efficiency of turning biomass into a usable transportation fuels.

Although highly uncertain, it is not unrealistic to assume that 25 percent (77Mtoe) of current
(2008) transportation fuel use could be substituted by domestically produced second-
generation fuels in the long run (2030-2050). To realise such a market, investments in plant
construction of approximately €150-300 billion will have to be made (Chapter Ill). The direct
employment effect would be substantial in Europe, with approximately 250,000-300,000
people in biomass collection and plant operation, not including the employment associated
with plant construction and the potential associated with an export market. In addition, if
such a market can be realised, the EU would avoid oil imports of about $100 billion
annually,” which results in very few jobs within the European Union (Chapter Ill). However,
realising this potential requires the emergence of a new industry and a biofuel market that

includes second-generation fuels.

The embryo of such an industry already exists and has a long and fascinating history. The
first experiments with biomass gasification for the production of transportation fuels and
other chemicals started around the time of the first oil crises. The actors involved in its
development could draw extensively on the general development of fossil gasification and

pyrolysis, which has been ongoing for the past 250 years, as well as the more recent

13 77Mtoe is approximately 566 million barrels of oil equivalent (1toe=7.33boe). I assume a nominal oil price of
$190/bbl in accordance with EIA (2009, p.65) high price scenario.
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development of fluidised bed combustion of biomass. Since the 1970s, various actions and
events ultimately resulted in the formation of nine major gasification demonstration projects

in four European countries: Austria, Germany, Sweden, and Finland.

If pursued successfully, each of these nine projects may significantly contribute to the
formation of a capital goods industry that can deliver the production capacity needed to
reach current EU targets and beyond. The analytical points of departure for studying the

emergence of such an industry will now be provided.

1.2 Analytical points of departure

The theoretical strand of evolutionary economics has developed as a reaction to the
dominance and shortcomings of neo-classical economic theory. From the outset, it has been
based on the ideas of Marx (1887; 1888) and Schumpeter (1934; 1942) with regard to
innovation and economic development (Nelson and Winter, 1982; Dosi and Nelson, 1994).
Schumpeter (1934) describes major and radical innovations as the central process for driving
economic development.® Such innovations induce disruptive technical, institutional and
organisational changes that constantly move the economy away from equilibrium
(Rosenberg, 1976). Evolutionary economics, thus, has a very different point of departure
than neo-classical theory, which deals with how markets operate under conditions of
equilibrium. In this respect, neo-classical theory has been described as “ ... an inappropriate

tool to analyze and prescribe policies that will induce development.” (North, 1994, p.359).%

Based on evolutionary, institutional and industrial economics, an additional body of
literature has evolved since the mid-1990s. It deals specifically with analysing the
performance and dynamics of various systems of innovation. The basic question of the
research has been why some countries have been much better at promoting, developing and

profiting from innovation than others. The National Systems of Innovation (NSI) framework

'* Schumpeter doesn’t use the term “major innovations”, but it is major innovations such as electricity
production, railways, automobiles, airplanes, etc. that involve the creation of the new production systems that he
refers to. The point here is not to come up with some sort of classification of innovations and argue that biomass
gasification is of a certain type. The point is that biomass gasification is a major innovation that would result in
technical, organisational and institutional change, if diffused on a large scale for the production of renewable
transportation fuels and other chemicals, and that this would require the emergence of an industry with such a
production capacity.

' Using the same line of argument, neo-classic economics can also be assessed as inappropriate for analysing
and prescribing policies that will stimulate innovation, technical change and diffusion.
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(Freeman, 1987; Lundvall, 1992) has dominated (Carlsson, 2006, 2007), but similar systems
have been defined and analysed on regional (RSI), sectoral (SSI) and technological (TIS)

levels.

All four innovation system perspectives pay considerable attention to the relationship
between technology, organisations, networks and institutions in the innovation process.
According to North (1994), the institutions define the rules of the market. The alignment
between the new technologies, organisations and the institutional framework is a key
determinant for the successful introduction of new innovations. New institutions are,
however, not created to be socially efficient, but rather “ ... created to serve the interests of
those with the bargaining power to create new rules” (North, 1994, p. 361). Mature and
large technical systems—such as the energy and transportation systems—are dominated by
a few large incumbent actors with considerable bargaining power (Hughes, 1987; Froggatt,
2003; Hellsmark, 2005). The process of institutional alignment is, therefore, often a painful
one marked by great uncertainty, conflicting interests between advocates of the old and
new technologies and between proponents of various designs alternatives of the new
technologies (Nelson, 1994; Utterback, 1994; Meijer, 2008). Without “re-alignment”, it
would be impossible for new technological systems to reach what Hughes (1987) calls a

“momentum of its own” and move into a phase marked by rapid growth.

Studying this painstaking process of alignment involves unfolding the evolutionary
interactions between institutions, technology, organisations, and their entrepreneurs. “It is
the interaction between institutions and organizations that shapes the evolution of an
economy. If institutions are the rules of the game, organizations and their entrepreneurs are

the players” (North 1994, p.361)

The principal actors in the innovation process are the entrepreneurs, who are often
associated with strong, visionary individuals. However, entrepreneurship can also be the
result of a collective effort, supported by an infrastructure that makes it possible (Van de
Ven and Garud, 1989; Van de Ven, 1993; Summerton, 1994; Van de Ven, 2005). At the
beginning of the “formative phase” (Jacobsson and Bergek, 2004), these individuals are few

in number, and they engage in system building activities that go beyond conventional
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technology development (Hughes, 1987; Law, 1987b; Hellsmark and Jacobsson, 2009). In this

thesis, they are referred to as system builders instead of entrepreneurs.®

In this thesis, | will depart from the technological innovation systems (TIS) framework since it
provides the tools necessary for analysing the emergence of an industry with the capacity to
realise the potential of a specific technological field such as biomass gasification. From the

“

outset, a TIS was defined as a network of agents interacting in a specific
economic/industrial area under a particular institutional structure or set of infrastructures
and involved in the generation, diffusion, and utilization of technology. Technological
systems are defined in terms of knowledge/competence flows rather than flows of ordinary

goods and services.” (Carlsson and Stankiewicz, 1991, p. 111).

The TIS framework has recently been used as an analytical tool for studying system dynamics
in the emergence of new technological areas within the energy sector.” For example, it has
been used to analyse the emergence of new power production technologies based on wind,
solar and biomass but also other technological areas such as biofuels, biomass digestion,
gasified biomass, fuel cells and nanotechnology (Bergek, 2002; Jacobsson et al., 2004; Negro
et al., 2007; Hillman and Sandén, 2008; Jacobsson, 2008; Negro et al., 2008; Nygaard, 2008;
Perez Vico and Sandgren, 2008; Suurs, 2009).

Throughout the thesis, | will focus on the formative phase of a system’s development, which
extends from when the first actors—system builders—try to commercialise an invention, to
the time when the new system'® reaches a “momentum of its own” and moves into a
“growth phase” marked by rapid market expansion (Hughes, 1987; Jacobsson and Bergek,
2004). The formative phase is dominated by great technical, organisational, market and
institutional uncertainties that have to be resolved before the TIS can move into a growth

phase. For most major innovations, it takes a long time to resolve these uncertainties and

'® The concept of entrepreneurs is primarily associated with starting companies, while the system builders
referred to in this study may also focus on creating conditions that enable others to start new firms, or for
incumbents to develop new business opportunities.

7 The development of the framework actually started in the early-1990s within the context of Sweden’s
Technological Systems programme led by Professor Bo Carlsson (1995, 1997).

' In this thesis, I view the development of biomass gasification technology as an emerging knowledge field,
which consists of new combinations of already existing fields rather than as a “product innovation”. The
distinctions will be further explained in Chapter II, in which the theoretical framework will be specified.
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the outcome is highly uncertain. The time frame of the formative phase is often hugely
underestimated; even if successful, it can extend to several decades (Utterback, 1994;
Grubler, 1998; Lindmark, 2002; Chesbrough, 2003; Jacobsson and Bergek, 2004; Suurs, 2009;
Wilson, 2009).

Recent developments of the perspective (Hekkert et al., 2007; Bergek et al., 2008a; Bergek
et al., 2008b; Bergek et al., 2008c; Markard and Truffer, 2008) contribute to an elevated
understanding of the dynamics involving the interaction between the actors, other structural
entities of the system and exogenous factors. As the system evolves, these interactions
induce certain emergent properties (or attributes) of the system. These properties may vary
significantly over time, across different TISs, as well across a given TIS in different countries.
Various sets of key properties, “functions” of an innovation system, have been elaborated on

since Johnson and Jacobsson (2001) and Bergek (2002)."

The dynamics of a TIS can, thus, be analysed both in structural and functional terms. Based
on such an analysis, the strengths and weaknesses of a system can be assessed and useful
conclusions can be derived both for public and private policymakers interested in
strengthening it in relation to competing TISs (Hekkert et al., 2007; Bergek et al., 2008b;
Suurs, 2009).

In this thesis, | set out to contribute to the TIS framework by strengthening the analytical link
between the individual actor (or network of actors) and the dynamics of a TIS. This will be
done by further conceptualising the role of the “system builder” (Hughes, 1987) as a key
actor, or network of actors, in the formation of new industries who is equipped with a
“transformative capacity” (Giddens, 1984a). The extent and limits of the system builders’
transformative capacity will be assessed from a technological innovation systems
perspective, that is by the system builders’ ability to create and strengthen the structure as

well as the functions of the TIS.

1 Exactly which key properties that should be considered have evolved over time, and there are some slight
differences between different papers and authors.
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1.3 Purpose and outline of the thesis

The overall purpose of this thesis is to analyse the role of the system builders in the
emergence of an industry with the capacity to realise the potential of gasified biomass for
the production of second-generation transportation fuels and other chemicals within the
European Union. This overall purpose will be broken down into a set of research questions in

Chapter Il.

The thesis is divided into three main parts and twelve chapters. Part | includes this
introduction (Chapter 1), as well as the analytical framework (Chapter Il). Chapter Il outlines
the evolution of gasification technologies and analyses the interrelated knowledge fields
necessary for turning biomass into various products such as heat, electricity and
transportation fuels. It also outlines the past and present biomass gasification market, as
well as the current status of nine major projects in Austria, Germany, Sweden, and Finland
undertaken by actors that hope to develop and capture the potential market for second-
generation renewable transportation fuels. The methods used for conducting the study are

presented in Chapter IV.

The second part of the thesis, Chapters V-VIII, analyses the evolution of biomass gasification
leading up to the current main projects in each of the four case study countries. These
chapters provided detailed case studies of the dynamics of the respective technological

innovation system.

The third and final part of the thesis consists of four chapters. In Chapter IX, a cross-country
analysis is presented. It is followed by an analysis of contributions to system dynamics by
other actors and elements of the structure than the system builders (Chapter X). Chapter XI
provides an analysis of the main policy options for completing the formative phase and
moving the TIS into a growth phase. The thesis is finalised with Chapter XIl, which
summarises the main contributions and draws implications for system builders, policymakers

and for future research.
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Chapter II

The emergence of new industries?2?

“Human history is created by intentional activities, but is not an intended project.”

(Giddens, 1984b, p.27)

Technical change provides an encompassing stimulus to the economy and adds to the
quality of our everyday lives. Ever since Marx (1887), Schumpeter (1934; 1942) and Hughes
(1979; 1983; 1987, 1989), innovation, entrepreneurship and the emergence of new
industries have been identified as main drivers of economic growth, where entrepreneurs,

or system builders, are seen as key actors in the creation of such industries.

Innovation is invention implemented and taken to market (Chesbrough, 2003). The process
of biomass gasification for the production of second-generation fuels and other chemicals is
an invention based on new combinations of existing knowledge that at a first glance may
appear rather simple.”! The combinations, however, give rise to a knowledge field and
specific technical challenges, which should not be underestimated. These will be outlined in

Chapter lll.

The production of second-generation fuels and other chemicals based on biomass
gasification has the potential to become a major innovation: if implemented, it will create a
new industry and influence current social practices. Other examples of major innovations
that have given rise to new industries and influenced social practices are the production of
electricity, the telephone, the automobile, the personal computer, and the Internet (cf.
Chapter |). For example, according to Marx (1887), Schumpeter (1934; 1942) and Rosenberg
(1976), such major innovations change not only the technology base and social practices, but

also the organisational and institutional structure of society.

2% Parts of this chapter draw on Hellsmark and Jacobsson (2009).

2! In some areas, biomass gasification is already an innovation because it is used commercially in simple
applications. Realising biomass gasification for more advanced applications may appear to be a straight-forward
task, as experience and knowledge can be combined from these simple biomass applications, from biomass
combustion and from the commercial use of coal gasification (se Chapter III).
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Major innovations implicate a technological, organisational and institutional change along an
entire value chain, where a range of complementary products must be changed or created.
Hence, in order to industrialise a new knowledge field, an industry needs to develop with the
capacity to produce required capital goods (i.e., machinery and equipment) according to
certain specifications along the entire value chain. Consequently, the emergence of a capital
goods industry, with such a capacity, is identified as key factor in the innovation and

diffusion process (Rosenberg, 1976).

The challenge of transforming the energy sector from predominantly being based on fossil
energy sources is one that involves the development, production and diffusion of new
equipment for, for example, renewable power generation, increasing energy efficiency, and
production of renewable transportation fuels and other chemicals. It requires, therefore, the
emergence of an industry with the capacity to supply a broad range of capital goods on a

global scale.

As already mentioned in Chapter I, the time frame during which such a capacity is developed
in an embryonic form has been defined as the formative phase of a TIS (technological
innovation system) (Jacobsson and Bergek, 2004). It is dominated by technical,
organisational and institutional uncertainties that may take many decades to resolve and
where the outcome of the process is highly uncertain.”? The purpose of this chapter is to
outline a framework that is suitable for analysing the process by which an industry emerges
with the capacity to manufacture and diffuse the capital goods required for realising the

potential of a new knowledge field.

The process of innovation and industrial transformation has been the main topic of scholars
from various disciplines for decades. To fulfil the above-mentioned purpose, | have chosen
to depart from the technological innovation system framework. | will, however, also draw
upon other innovation system frameworks and from insights in industrial dynamics,
evolutionary and institutional economics, science and technology studies, as well as

sociology.

2 Hence, for mitigating climate change, the capacity of the capital goods industry must already exist, or be
developed within the next few years for large-scale diffusion to be possible within the given time frame.
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The chapter is organised in the following manner. First, three complementary socio-technical
system perspectives will be introduced. Based on the national, sectoral and technological
innovation systems frameworks, the analytical scope of the thesis is outlined and initial steps
towards delineating the system are taken. In the second, third and fourth sections, the
dynamics of an emerging TIS will be conceptualised. In the fifth section, specific
characteristics of system dynamics with regard to uncertainties and system weaknesses in
the formative phase will be addressed. This section also includes an analysis of the role of
system builders and policymakers in identifying and addressing such system weaknesses. In
the sixth and final section, the purpose of the thesis will be restated and broken down into a

set of research questions.

2.1 Systems of innovation and the emergence of new industries

Innovation systems studies have become an important tool for analysing the emergence of
innovations, new industries and economic growth (Carlsson, 2006). These studies depart
from evolutionary economics but have a history of drawing from other fields as well. In this
first section of Chapter Il, three such innovation systems frameworks will be outlined,
namely National Systems of Innovation (NSI), Sectoral Systems of Innovation (SSI) and

Technological Innovation Systems (TIS).

A system is in the broadest possible definition “anything that is not chaos” (Boulding, 1985).
“Somewhat more specifically, a system is constituted by a number of elements and by the
relationships between these elements” (Lundvall, 1992, p.2). These systems do not
necessarily exist “out-there” in a real sense, but they are used as analytical constructs to

shed light on different aspects of the innovation process.

The first system of innovation (SI) to be elaborated on was the National Systems of
Innovation (Freeman, 1987; Lundvall, 1992). Lundvall (1992, p. 2) first defined a Sl and then a
NSI as “ ... constituted by elements and relationships which interact in the production,
diffusion and use of new, and economically useful, knowledge and that a national system
encompasses elements and relationships, either located within or rooted inside the borders

of a nation state.”
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A NSI, thus, delineates the system in spatial terms.Z A system may be based on a nation as
the name suggest but also on a larger region such as the European Union or a smaller region
such as Malmo-Copenhagen or Baden-Wirttemberg (Regional Systems of Innovation, Cooke,
1992). Policy is also formulated on both national and regional levels with the objective of
stimulating innovation, job creation and overall economic growth. It is likely that the
interplay between these different policy levels strongly influences the dynamics of a S, as

well as the emergence of new industries with innovative capabilities.24

However, depending on the purpose of the inquiry, the definition of innovation systems may
not be based on spatially defined boundaries. It has been proposed that different sectors
develop a specific logic and relations between elements with respect to technological
innovation. Malerba (2002) argued that an SSI* framework can be a useful tool for analysing

these inter-sectoral differences in patterns of innovation.

Sectoral systems of innovation studies have illustrated that the sources and patterns of
innovation vary greatly between different sectors.”® They also illustrate that fruitful
relationships exist between small innovative firms and large incumbents, wherein both types
of firms may profit from each other and where they fulfil distinctly different roles in the
innovation process. For example, the role of the small entrepreneurial firm may be to
explore new ideas and combine knowledge from various sectors into new profitable
businesses, while the incumbents may take on the role of further developing these new
businesses on the global market (Pavitt, 1984; Malerba and Orsenigo, 1996; Tushman and
O'Reilly, 1997; Malerba, 2002; Chesbrough, 2003).

Patterns of innovation differ between sectors due to shared cognitive routines in

engineering communities (Nelson and Winter, 1982), regulations and standards that may be

> The NSI is a concept related to how Porter describes the competitiveness of nations and the importance of
clusters for regional development (Porter, 1990Db, a).

* In this study, I have limited the analysis to four countries: Austria, Germany, Sweden and Finland. However,
policy of importance is also formulated on a local, regional and EU level. All four levels formulate policy that
has the potential to greatly impact the emergence of new industries in the field of biomass gasification.

> A sectoral system of innovation has been defined as ... a set of new and established products for specific uses
and the set of agents carrying out market and non-market interactions for the creation, production and sale of
those products.” (Malerba, 2002, p. 248)

% In the current case of biomass gasification in Sweden, Finland, Austria, and Germany, there are numerous
sectors that influence the dynamics of the system (see Chapter III).
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sector specific, or sunk investments in knowledge, technological artifacts and infrastructures
(Tushman and Anderson, 1986; Christensen, 1997). These patterns are reinforced by
scientists, policymakers, users, and special interest groups affiliated with a certain sector.
They give a direction to what can be defined as “normal” problem solving activities within a
specific “technological paradigm”, selecting which problems to solve (Dosi, 1982; Geels and

Schot, 2007).%

For the given purpose, it was proposed (in Chapter I) that a technological innovation systems
framework would be an advantageous starting point. Based on recent development, this

“"

system has been defined as “ ... a set of networks of actors and institutions that jointly
interact in a specific technological field and contribute to the generation, diffusion and
utilization of variants of a new technology and/or new product” (Markard and Truffer, 2008,

p. 611).%

The dynamics involved in the formation of a new knowledge field includes the interaction,
collaboration and competition between multiple actors from various sectors, new start-ups,
established firms, university departments, institutes, etc. These actions and interactions give
rise to a variety of new technological trajectories (Try. 3) within a given knowledge field (TIS;)
and competing knowledge fields (TIS,, Try_,), see Figure 2.1. The various new trajectories are
an outcome of actors interpreting opportunities differently in relation to their capabilities,

previous experiences, investments, and strategic goals.

The actors are constantly experimenting and elaborating on the knowledge field of the TIS
by exploring various new applications, which in turn may also create a capacity to explore
yet further types of applications (Rosenberg, 1976). The field constantly undergoes an
evolution during which the content, extent and depth of the knowledge field changes. It has

previously been argued that the technology base in a TIS can be described in terms of

" In the literature, the broader forces in play have been described as “socio-technical regimes”, as well as
sectoral systems of innovation.

* Due to these recent developments, I have chosen not to use the commonly used definition of a TIS as “ ... a
network of agents interacting in a specific economic/industrial area under a particular institutional structure or
set of infrastructures and involved in the generation, diffusion, and utilization of technology. Technology
systems are defined in terms of knowledge/competence flows rather than flows of ordinary goods and services.”
(Carlsson and Stankiewicz, 1991, p.111).
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“design space” (this concept will be further elaborated on in Section 2.2.1) (Carlsson et al.,

2002a).

Figure 2.1: Delineation of two emerging TISs in terms of their national and sectoral boundaries, also
illustrating the existence of various trajectories (Tr) and niche markets (N). Based on Markard and
Truffer (2008,).

Since a TIS can transcend national borders, it does not have to be delineated in spatial terms.
However, in the formative phase, the actors within a given TIS are few and they may be
found in even fewer countries. In these countries, the TIS may be under the influence of a
limited number of SSI that vary between countries. Therefore, the concepts of NSI and SSI
can also be used for delineating an emerging TIS (see Figure 2.1) (Markard and Truffer,

2008). The system of biomass gasification is delineated in Chapter IV.

In summary, it has been argued here that an innovation system perspective is an appropriate
framework for analysing the emergence of new industries. These arguments will be further
strengthened and the complete dynamics of the emergence of a TIS will be conceptualised in

the following sections.
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2.2 The structural evolution of a TIS in the formative phase
A TIS is composed of the following structural elements: technology, actors, institutions and

networks (see Table 2.1). In this section, these structural elements will be defined.

Table 2.1: The structural elements of a TIS.

Structural Elements Definition

Technology is made up of artefacts (tools, plants, machinery), coded knowledge
(patents, drawings, etc.), and knowledge embodied in, for example,
engineers and scientists.
Actors are individuals, private and public firms, and organisations that
perform a task that contributes to the development of the
technological field.

Networks are defined by the relationship between the different actors in the
system and include both learning and political networks.?
Institutions are sets of norms, common habits, routines, established practices,

rules or laws that regulate the relationships and interactions
between individuals and firms.
Source: Bergek et al. (2008b).

2.2.1 Technology

Technology is defined here in line with Carlson et al.’s definition (2002a, p.13) “ ... the sum
total of intellectual resources necessary for the production and distribution of goods and
services”, but with a greater emphasis on artefacts. However, the essence of technology is
still knowledge. This knowledge is not only embedded in the artefacts themselves, drawings
and patents, but also in the operational experience of the personnel handling of the

technology and in the engineers that design it (Layton, 1974).

"

Carlsson et al. (2002a, p.13) refer to the technology base of a TIS as . a set of
combinatorial design spaces formed by clusters of complementary technological capabilities
... ”. These spaces undergo constant evolution and are shaped by, for example, the addition
of new capabilities and the accumulation of application-specific know-how. As the design
spaces expand, they give rise to new technological and business opportunities. Indeed, in the

“ ... long run, the boundaries and characteristics of technological systems will reflect the

structure and character of design spaces” (Carlsson et al., 2002a, p.14).

% It may, sometimes, also be useful to include networks between artefacts.
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Technology is seen here as both a structural element and an output of the system.30 It is
brought into the TIS with the entering actors based on their previous experiences and by
borrowing or copying from other potentially useful knowledge fields. It is also produced in
the system as the actors learn more of the combinatorial opportunities and characters of the

various design spaces.

What is here referred to as the design space of biomass gasification is made up of sub-sets of
design spaces formed by more narrow complementary technological capabilities. For the TIS
to evolve, chains of these technological capabilities must be created to form complete value
chains. Hence, for producing a new type of transportation fuel from a specific type of
biomass, complementary technological capabilities may have to be created (extending the
aggregated design space of the TIS) in terms of biomass production methods, collection, pre-
treatment, conversion, and turning it into the desired fuel. Further capabilities may also
have to be created for distribution and use of the new fuel depending on the types of

vehicles and potential end-users.

2.2.2 Actors

The firm is usually seen as a key actor in any innovation system and is normally the principal
unit of analysis in evolutionary economics (Nelson, 1995b). However, the term “actor” also
refers to individuals and different types of organisations, including industry associations and
non-professional organisations that perform both market and non-market interactions along
the entire value chain. The actors included in the system are restricted to those that
dedicate resources to develop the field and exclude those entities that neglect the new

technology or oppose it.

"

These actors “ ... operate with different knowledge base and under different assumption
concerning technology, markets etc.” (Carlsson and Stankiewicz, 1991, p. 100).
Consequently, they also react to and perceive opportunities differently from one another,

even if they have equal access to information.

3% In some earlier work on TIS, technology was not explicitly treated as a part of the structure.
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Actors may thus react differently to opportunities depending on which SSI or technological
paradigm they may be associated with (Dosi, 1982; Nelson and Winter, 1982; Geels and
Schot, 2007). Established actors with deeply rooted values and sets of well developed core
capabilities within a certain paradigm run the risk of suffering from various cognitive inertia
and lock-in effects, which may hinder them from discovering and acting upon new
opportunities (Arthur, 1989; Leonard-Barton, 1992; Tripsas and Gavetti, 2000). This is also
why competence destroying innovations are usually carried out by new firms such as start-
ups, spin-offs or entrants from related industries, and not by the incumbents (Tushman and

Anderson, 1986).

However, we also know that incumbent firms are under pressure to be innovative outside
their core areas. Even if these firms are faced with high development costs and the certainty
that most major innovations will fail, some innovations will be successful and these may be

necessary for the long-term survival of the firm (Chesbrough, 2003).3!

“Most innovation fail. Firms that do not innovate die.”

(Chesbrough, 2003, p. xvii)

In previous literature, the most important actors in the early phase of a TIS have been
described as the prime movers, and can be entirely new firms or incumbents diversifying
from related industries (Jacobsson and Johnson, 2000; Johnson and Jacobsson, 2001;

Jacobsson et al., 2004).

31 Some incumbents are better than others with regard to profiting from major innovations, regardless of whether
the development of these innovations occurs through strategic alliances with partners, acquisitions of new
entrants or internal development. These firms have been described as “multi-technological”, which enable them
to absorb new knowledge, develop new opportunities and profit from achievements in various unrelated
knowledge areas (Granstrand et al., 1997). This ability to innovate has also been described as the firm having a
set of “dynamic capabilities”, or it being “ambidextrous”, in the sense that they can profit from the existing
business while developing new opportunities that pose a threat to the existing one (Teece et al., 1997; Tushman
and O'Reilly, 1997). However, being ambidextrous, or having developed such dynamic capabilities, does not
imply that the firms are free from their previous histories. On the contrary, the concept of dynamic capabilities
has been defined as “ ... the firm’s ability to integrate, build and reconfigure internal and external competences ...
and reflect an organization’s ability to achieve new and innovative forms ... given path dependencies and market
positions ...” (Teece et al., 1997, p.516).
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The prime movers not only bring knowledge, capital and other resources, but also play a role
in attracting further actors with additional resources. Such new entrants experiment with
new combinations, become specialist suppliers or develop new applications. They also
ensure that a “ ... division of labour is formed and further knowledge formation is stimulated
by specialization and accumulated experience (e.g. Smith, 1776; Rosenberg, 1976).” (Bergek

et al., 2010a, p. 81).

In this thesis, prime movers are conceptualised as system builders, and they will be argued
to be of particular importance as they pursue specific and “intentional activities” that clearly
contribute to developing the system, or influence the direction of its evolution (Giddens,
1984a; Hughes, 1987; Summerton, 1994). This important role and capabilities of the system

builder is elaborated on in Section 2.5.

However, the actors in the system do not necessarily work towards the same goal, and if
they do, they may be in stark conflict with each other as to the “best” way to get there.
These conflicts may be so poisonous that any collaboration and intentional interaction
between them may be impossible. Still, these actors can, from our point of view, be part of
the same emerging system of innovation. Therefore, the general direction of the TIS is far
from directed, or orchestrated, by a certain set of actors but is rather largely an unintended

outcome of the evolutionary process.

Nevertheless, there are often powerful actors or constellations of actors acting in alliances.

An alliance is defined here, in accordance with Linnarsson (2005, p. 17), as:

“... any voluntarily initiated cooperative agreement between two or more independent firms
[or other organisation] that share compatible goals involving the exchange, sharing or co-
development, of products, technologies or services.”

These alliances can be organised into anything from formal joint ventures to informal
cooperative ventures. The definition is introduced as a complement to “networks” as a

means of distinguishing between more or less purposeful relationships.
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2.2.3 Networks

With the entry of actors in the TIS, various types of networks can be formed. Networks are a
third form of organisation (adding to the hierarchical structure of a firm and markets) in
which information, knowledge and values®® are interchanged (Carlsson and Stankiewicz,
1991, p.103). Well-developed networks become increasingly important with more complex
tasks and in situations where the future market requirements on the actor are both

unknown and unpredictable.

In the case of a formation of a TIS, it is fundamentally important to form knowledge
networks and political networks. In knowledge networks, new ideas are elaborated on and
new relationships are made. They also serve an important function of legitimising a new field
by providing credible system studies in terms of the desirability of the new technology
(Suurs, 2009), and can provide a base for creating political networks, or advocacy coalitions,
with the objective of increasing the stability of the field by creating common standards and
favourable framework conditions (Van de Ven, 2005). In a given TIS, there may be several
advocacy coalitions, where each is typically associated with a specific technological
trajectory. They consist of a range of actors with shared beliefs and compete to influence
policy in line with these beliefs (Smith, 2000a). However, the raging conflicts that
characterise the early phase of a TIS typically undermine efforts to form advocacy coalitions

and, therefore, the possibility of institutional alignment.

2.2.4 Institutions

Institutions have been described as setting the rules of the game (North, 1990, 2005), and
defined as “sets of common habits, routines, established practices, rules or laws that
regulate the relations and interactions between individuals and groups” (Edquist and

Johnson, 1997, p. 220).

Institutions refer to both “hard” rule-based forms such as laws and regulations, as well as
“soft” aspects in terms of informal rules, norms, culture, and cognition. Scott (2008)

identifies three types of rules: a) regulative rules such as regulations, standards, laws; b)

32 Such values may, for example, be what the actors may regard as desirable images or expectations about the
future (Jacobsson, 2008).
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normative rules such as values, behavioural norms; and c) cognitive rules such as belief
systems, agendas, guiding principles, etc. The rules are created, reproduced and changed
through human actions and activities. Yet, these actions are, in turn, both constrained and

enabled by the rules (duality of structure) (Giddens, 1984a).

Therefore, actors should not be seen as mere “cultural dopes”, in the sense that they are
only constrained by the rules. On the contrary, they “ ... use rules to interpret the world,
make sense and come to decisions” (Geels and Schot, 2007, p. 403). The rules enable action

(Giddens, 1984a).

New institutions are not created to be socially efficient but are rather “ ... created to serve
the interests of those with the bargaining power to create new rules” (North 1994, p. 361).
With the emergence of a new TIS, the struggle over defining the institutional order gives rise
to three dominant conflicts. The first has already been touched on and plays out between
groups of advocates within a given TIS. It involves their internal struggle to align the
framework to a particular set of beliefs and technical solutions. The second conflict occurs
within incumbent firms when they enter a new TIS, as they are forced to balance between
preserving the existing rule structure, which is necessary to keep the existing business, and
acting to align the institutional framework to the new knowledge field. The third conflict
plays out between the advocates of the emerging TIS and competing mature or other

emerging TIS.

In conclusion, the formation of a new TIS involves four structural processes, wherein the
system builders are the primary agent: accumulation of knowledge and artefacts, entry of
firms and other organisations, formation of alliances and networks, and institutional
alighnment. These structural processes are mutually interdependent and intertwined with
one another (Hughes, 1987). If a component is added or removed, it is likely to induce
changes in other components, triggering a set of actions and reactions that may either
propel the system forward or break it down (Carlsson et al., 2002b). Therefore, the
formation of a TIS is a process of re-configuring, as the components co-evolve in an often
painful process marked with great uncertainty (Nelson, 1994, 1995a; Hellsmark, 2005;
Meijer, 2008; Nygaard, 2008).
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2.3 Functions in a technological innovation system

Analysing the dynamics and interdependencies of the structural elements as they emerge in
a given TIS is, of course, possible to do and is often done (see Klein Woolthuis et al. (2005)
for an overview). However, the explanation of what drives this dynamic or what obstructs it
is often done in an ad hoc manner. In order to understand the causal mechanisms in the
dynamics of a specific TIS, it has been suggested that a structural analysis needs to be
supplemented with an analysis of a set of key innovation and diffusion related processes

(Bergek et al., 2008b). These processes are labelled “functions” (see Table 2.2).

By separating structures and functions, it becomes possible to assess what actually
“happens” and what is being “ ... achieved in the system rather than on the dynamics in
terms of the structural [elements] only” (Bergek et al., 2008b, p.409). It then becomes
possible to assess the positive or negative impact of particular structural elements, or
combination of elements, on a set of key innovation and diffusion processes (Bergek et al.,
2008b). Exactly which key process should be included in the analysis and how they should be
defined has evolved over time. Arguably, which functions to be included can be somewhat
flexible, depending on the purpose of the inquiry, the technological field in question and its

context.

In this thesis, the point of departure is the seven functions described in Bergek (2008b).
However, the function of materialisation, specified in Bergek et al. (2008c), is added since it
is identified as particularly important in this study (see Table 2.2 for a summary of the
different functions). The following sections will briefly describe each function, including
some examples of how a stronger function contributes by building and strengthening the
structure, as well as other functions. In the final part of the section, a somewhat extended
analysis will be presented on how the various functions relate to each another from a

epistemological perspective.
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Table 2.2: Eight functions of a TIS.

Functions

... is the process of strengthening:

Knowledge development
and diffusion ...

the breadth and depth of the knowledge base and how that
knowledge is developed, diffused and combined in the system.

Influence on the direction
of search ...

the incentives and/or pressures for organisations to enter the
technological field. These may come in the form of visions,
expectations of growth potential, regulation and policy, articulation
of demand from leading customers, technical bottlenecks, crises in
current business, etc. In a very early phase, it includes how prime
movers (system builders) manage to define the technological
opportunity and make it attractive for other actors to enter and
further develop the field.

Legitimation ...

the social acceptance and compliance with relevant institutions.
Legitimacy is not given but is formed through conscious actions by
organisations and individuals.

Resource mobilisation ...

the extent to which actors within the TIS are able to mobilise human
and financial capital, as well as complementary assets such as
complementary products, services, network infrastructure, etc.

Entrepreneurial
experimentation ...

the testing of new technologies, applications and markets whereby
new opportunities are created and a learning process is unfolded.
This includes the development and investments in artefacts such as
products, production plants and physical infrastructure (i.e., the
materialisation of new technology).

Materialisation ...

the development and investment in artefacts such as products,
production plants and physical infrastructure.

Market formation ...

the factors driving market formation. These include the articulation
of demand from customers, institutional change, and changes in
price/performance. Market formation often runs through various
stages (i.e., “nursing” or niche markets), in the form of
demonstration projects, bridging markets and eventually mass
markets.

Development of positive
externalities ...

the collective dimension of the innovation and diffusion process
(i.e., how investments by one firm may benefit other firms “free of
charge”). It also indicates the dynamics of the system since
externalities magnify the strength of the other functions.

Source: Bergek et al. (2008b; 2008c).

2.3.1 Knowledge development and diffusion

The function of knowledge development and diffusion refers to the process of strengthening

the breadth and depth of the knowledge base and how that knowledge is developed,

diffused and combined in the system (Bergek et al., 2008b).

This function is “... normally placed at the heart of a TIS ... ” since it is concerned with the

evolution of the knowledge base in the TIS and is intrinsically associated with how the actors

learn (Bergek et al., 2008b, p. 414). Learning—the acquisition of knowledge—is the most
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fundamental aspect of the innovation process and understanding how the actors learn about
the new technology should, therefore, be the focus of the analysis of an emerging TIS

(Lundvall, 1992).

Knowledge is here divided into two well known and widely recognised epistemologically
distinct categories “knowing about” and “knowing how” (Grant, 1996). Knowing about is an
explicit type of knowledge that relatively easily can be codified and made transferable
between humans as information across time and space. “This ease of communication .. [is a]

”

.. fundamental property ... ” of the “knowing about” type of knowledge (Grant, 1996, p.
111). The “knowing how” type of knowledge is associated with tacit knowledge, and it is

thus costly and difficult to transfer between humans.*?

Two additional concepts are identified as important in relation to knowledge. The first,
“absorptive capacity”, refers to the ability of actors to add new knowledge to their existing
(Cohen and Levinthal, 1990). This ability depends on the previous experience of the actors
and is, thus, made up by both explicit and tacit knowledge that have accumulated over time.
The second concept, “appropriability” of knowledge, refers to the actor’s ability to do
something useful and economically valuable with knowledge they acquire over time (Teece,

1986).

These concepts are important since increasing the number of actors with an “expert level” of
knowledge is seen as a key issue for any emerging TIS. In this study, it translates to
increasing the number of actors that are able to appropriate on acquired knowledge
necessary for building and diffusing commercial-scale biomass gasification plants for the

production of second-generation fuels and other chemicals.

Achieving this expert level of knowledge involves acquiring primarily the know-how type of
knowledge (Dreyfus et al., 1986; Grant, 1996). Dreyfus et al. (1986) and Flyvbjerg (2001)
emphasise that the core of human learning and achieving an expert level of knowledge lies

in gaining real-life experience (learning by doing)—regardless if the learning process involves

33 One could also add knowing what, knowing why, knowing who, knowing when, and knowing where (Lundvall
and Johnson, 1994). However, these types of knowledge are also explicit in nature and is here categorised as
knowing about.
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playing chess, performing brain surgery, constructing wind power mills, or gasification plants

for the production of second-generation fuels.

In terms the function’s impact on structural build-up it obviously strengthens the structural
element technology. Previous literature has also emphasised that knowledge is developed
and diffused through networks and that these networks are also likely to be strengthened by
a strong function of knowledge development and diffusion (Carlsson and Stankiewicz, 1991;

Lundvall, 1992; Bergek et al., 2008b).

In terms of the function’s relationships to other functions, the development of new
knowledge may serve as a basis for strengthening entrepreneurial experimentation and
materialisation, since new scientific discoveries may enable new types of experiments or the
construction of new research infrastructures. It may also strengthen legitimation and
influence on the direction of search, as new knowledge may prove the new technology more

beneficial in some desirable and previously unknown aspects.

2.3.2 Influence on the direction of search

The function of influence on the direction of search® refers to the process of strengthening
the incentives and/or pressures for organisations to enter the technological field. These may
come in the form of possible entrepreneurial or political visions, as well as investors’ and
others expectations of growth potential. Such expectation may rise from personal beliefs but
also from experiences and observation of growth in related TIS, or the same TIS in other
countries (Bergek et al., 2008b). In a very early phase, the function includes how system
builders manage to define the technological opportunity and make it attractive for other

actors to enter and further develop the TIS (Hellsmark and Jacobsson, 2009).

It also incorporates regulations and policies that create new opportunities and stimulate
innovation (Porter, 1990b; Porter and Van der Linde, 1995), the articulation of demand from
leading customers and their involvement in innovation processes (Von Hippel, 1986), as well

as reverse salients that actors are forced to address (Hughes, 1983).

3 The shorter direction of search is commonly used throughout the text to replace influence on the direction of
search.
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In addition, crises or other factors exogenous to the TIS may be an important impetus for
redirecting established search processes. Such crises can, for example, result from declining
rates of return in certain firms or sectors, or general changes on a “landscape” level (Geels
and Schot, 2007). Examples of such exogenous changes on a landscape level are the
emergence of an oil crisis or other acute shortage of resources, the climate change debate,

wars, and so on.

In terms of the function’s relationships to other functions and its impact on structural build-
up, direction of search and the function of legitimation are strongly related to one another.
Strengthening these functions is important for attracting new entrants into a field. For
instance, an exogenous event on a landscape level—such as an oil crisis—may strengthen
the function of legitimation of a certain TIS, which in turn may influence the direction of
search for new opportunities by actors in other industries. Hence, when these two functions

are strengthened, the structural element of actors is likely to be strengthened.

2.3.3 Legitimation

The function of legitimation refers to the process of strengthening social acceptance and

compliance with relevant institutions (Bergek et al., 2008b).

Legitimacy is viewed as a key strategic resource for firms in a given TIS, since it can be used
to mobilise additional strategic resources (Suchman, 1995; Zimmerman and Zeitz, 2002).
Furthermore, it is a prerequisite for new actors to enter the TIS, which brings resources and
legitimacy to the field. Legitimacy can be both granted to a given TIS by exogenous factors to
the system, or created through intentional activities by the actors (Hellsmark and Jacobsson,

2009).

For example, the climate change debate has increased the legitimacy of the use of biomass
as compared to coal, and the number of actors interested in pursuing opportunities with
biomass as a feed-stock is increasing. Moreover, with the increased legitimacy of biomass,
general schemes of funding have been made available for researchers and entrepreneurs

interested in the field.
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Nevertheless, a new field is seldom granted legitimacy from the start, and new industries
have to overcome their “liability of newness” (Zimmerman and Zeitz, 2002). In the early
stages of a formative phase, legitimation mainly involves getting the technology accepted as
a desirable and viable alternative to incumbent substitutes. It involves achieving favourable
expert assessments in terms of system studies, cost-benefits analyses and various rational
arguments. These actions are part of “the politics of shaping expectations and of defining

desirability” (Bergek et al., 2008c, p. 581).

In a later stage, when various knowledge networks have been formed and there is a base for
creating “advocacy coalitions” between different actors, the “liability of newness” can be
overcome (Van de Ven, 2005). The work of an advocacy coalition can involve attempts to
align the institutional framework either through complying with or manipulating the existing,

or the creation of new rules that support the development of the TIS.

In terms of the function’s relationships to other functions and its impact on structural build-
up, legitimation and direction of search have already been argued to be strongly related and
that they strengthen the actor structure. In addition, they are also identified as key

processes for strengthening the structural element of institutions.

2.3.4 Resource mobilisation

The function of resource mobilisation refers to the process of strengthening the extent to
which actors within the TIS are able to mobilise various types of resources, including
technical experts, engineers, and other human resources. Human resources can be accessed
through the educational system and from competing TISs or related sectoral systems of
innovation. They can also be accessed through special research and development
programmes that enhance the level of knowledge for people in a given field. Other types of
resources include financial capital (from venture financiers, government, diversifying firms,
etc.), complementary products, services, and network infrastructure (Bergek et al., 2008b;

Bergek et al., 2008c).

In terms of the function’s impact on structural build-up and its relationships to other

functions, when resource mobilisation is strengthened the resources can be used as a basic
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input for all activities in the system. Thus, strengthening resource mobilisation enables
further development and can potentially strengthen all of the structural elements and

functions of the TIS.

2.3.5 Entrepreneurial experimentation

The function of entrepreneurial experimentation refers to the process of testing new
technologies, applications and markets, whereby new opportunities are created and a

learning process is unfolded (Bergek et al., 2008b; Bergek et al., 2008c).

By conducting various types, as well as many entrepreneurial experiments, the uncertainties
surrounding a new TIS are reduced, as is the risk of failure for the TIS as a whole® (Bergek et
al., 2008b; Jacobsson, 2008). The strength of this process is highly dependent on the entry of
many actors who undertake these experiments. A strong function would build (applied)
knowledge and reduce uncertainties (e.g. market and technological) that may pave the way

for new entrants.

In terms of the function’s relationships to other functions and its impact on structural build-
up, it is strongly related to the functions of materialisation, knowledge development and
diffusion, and ultimately strengthens the structural elements of technology and actors. In
turn, entrepreneurial experimentation is enabled by a strong materialisation and knowledge
development, since it provides a technology base upon which additional experiments can be

conducted.

2.3.6 Materialisation

The function of materialisation refers to the process of strengthening the development and
investment in artefacts such as products, production plants and physical infrastructure

(Bergek et al., 2008c).

In the early phase of a TIS, the technological elements may be severely underdeveloped.

There may be a lack of instruments and other types of laboratory equipment that must be

35 The risk of failure for an individual actor may still remain high.
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invented (Fogelberg and Sandén, 2008). In addition, there may be a lack of intermediate

products, and physical infrastructure that must be developed or invested in.

Demonstration projects are a particular type of materialisation that is important in the
industrialisation of new knowledge fields (Karlstrom and Sandén, 2004). They play an
important role for the formation of knowledge networks, reducing technical uncertainties,
and facilitating learning that can be used to support decisions on technology choice.
However, they may also raise public awareness of the technology, strengthen its legitimacy
and expose system weaknesses such as various institutional barriers. Since a variety of actors
with a common interest come together in demonstration projects, they can form a potential
base for creating advocacy coalitions that can address these barriers (Karlstrom and Sandén,

2004).

In terms of the function’s impact on structural build-up, strengthening materialisation is key
for strengthening the structural element of technology (Bergek et al., 2008c) and may be
conducive to the formation of both knowledge and political networks. In terms of the
function’s relationships to other functions, materialisation is, as argued above, strongly
related to the functions of knowledge development and entrepreneurial experimentation,

but can also impact on legitimation and direction of search.

2.3.7 Market formation

The function of market formation refers to the process of strengthening the factors driving

the diffusion of the technology (Bergek et al., 2008b; Bergek et al., 2008c).

For an emerging TIS, markets may not exist or be greatly underdeveloped, as the technology
suffers from a poor price/performance ratio and uncertainties exist in many dimensions.
These uncertainties are reduced and the price/performance ratio is improved when the
function is strengthened through, for example, the articulation of demand from customers,

institutional change and the realisation of economies of scale.

It is also through this process, as well as the processes of entrepreneurial experimentation

and materialisation, that society as a whole can learn about a new TIS and react to its
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development. Furthermore, the advocates of a new TIS learn about its role in society and

act/react upon the reactions from actors external to the TIS.

The process of market formation often runs through various stages such as “nursing” or
“niche markets” (Erickson and Maitland, 1989; Kemp et al., 1998), possibly in the form of
demonstration projects, bridging markets (Andersson and Jacobsson, 2000) and, eventually,

mass markets.

In terms of the function’s impact on structural build-up and its relationships to other
functions, when market formation is strengthened resources are generated and these can be
used as basic input to all activities in the system. Thus, market formation enables further
development and can potentially strengthen all of the structural elements and functions of

the TIS.

2.3.8 Development of positive externalities

The function of development of positive externalities refers to the process of strengthening
the collective dimension of the innovation and diffusion process—such as how investments
by one firm may benefit other firms “free of charge”. It also indicates the dynamics of the
system, since externalities magnify the impact of the other functions (Bergek et al., 2008b;
Bergek et al., 2008c). One can differentiate between externalities, which are primarily
geographically bounded, and those available throughout a global TIS, i.e. across national

boundaries.

Positive externalities develop based on the common locality and clusters of industries within
a nation or smaller geographically defined area were first elaborated on by Marshall (1962
[1890]) and later by Porter (1990a). Three such sources of external economies, in line with

Marshall, were specified by Bergek et al. (2008b, p. 418):

e “Emergence of pooled labor markets, which strengthen the ‘knowledge development
and diffusion’ function, in that subsequent entrants can access the knowledge of
early entrants by recruiting their staff (and viceversa as time goes by).”

e “Emergence of specialized intermediate goods and service providers; as a division of
labor unfolds, costs are reduced and further ‘knowledge development and diffusion’

is stimulated by specialization and accumulated experience.”
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e “Information flows and knowledge spill-overs, contributing to the dynamics of

‘knowledge development and diffusion’.”

When defining an innovation system in terms of its “knowledge and competence flows”, it

"

has been argued that these flows . may or may not coincide with national borders”
(Carlsson and Stankiewicz, 1991, p.93). The external economies may then benefit firms
throughout a “global” TIS. For example, when the functions legitimation and direction of

search are strengthened, they may benefit all actors within the “global” TIS.

Similarly, with a strong materialisation a new research infrastructure may become available
for many actors throughout the global TIS. Based on the new infrastructure, new
experiments can be conducted, and results from these experiments can also be shared with
actors not directly involved in strengthening the function of materialisation in the first place.
With a strengthened market formation, firms throughout the TIS may compete over the new
contracts, even if some firms are favoured over others due to well-established networks or

firm-specific industrial policies.

The development of such positive externalities benefits late entrants, which eventually can
catch up with the early entrants at a considerably lower cost, for example, by learning from
the former’s mistakes and developing improved designs. In the end, such externalities may
result in the fact that early entrants are out-competed by those who have entered at a later

stage (cf. Olleros (1986), Lieberman and Montgomery (1988)).

In terms of the function’s impact on structural build-up and its relationships to other
functions, the development of positive externalities can potentially strengthen all the

functions and structural elements of the TIS.

2.3.9 The inter-relationships of the eight functions

As previously mentioned, several of the functions are closely related to each other. One
action or event, which strengthens one function, may therefore strengthen others, both

directly and indirectly.
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Here, an epistemological distinction between three sets of functions is made, as they are
associated with the acquisition of the two different types of knowledges—"know how” and
“know about”—and where a third set of functions enables the acquisition of such knowledge

(see Table 2.3).

Table 2.3: An epistemological distinction between three sets of functions.

Set 1: acquisition of Knowledge development and diffusion, entrepreneurial
“know how” experimentation and materialisation.

Set 2: acquisition of Direction of search and legitimation.

“know about”

Set 3: enables the Resource mobilisation, market formation and
acquisition of knowledge | development of positive externalities.

The first set of functions includes knowledge development and diffusion, entrepreneurial
experimentation and materialisation. As previously mentioned, strengthening knowledge
development and diffusion has often been placed at the heart of the innovation process (cf.
Bergek et al. (2008b)). Strengthening the function is essential for the industrialisation of a
new knowledge field, and it was previously argued that the actors would need to develop an

expert level of “knowing how” in terms of, for example, building new types of plants.

Acquiring that level and type of knowledge goes beyond conducting basic and applied
research, associated primarily with the function of knowledge development and diffusion.
Strengthening the level of “know how” involves acquiring real semi-commercial and
commercial experience with the technology and must, therefore, include a process in which
the functions of entrepreneurial experimentation and materialisation are also strengthened.
Thus, it is only by strengthening all these three functions that the actors can fully benefit
from “learning by doing” and with time acquire the primarily tacit skills necessary to
construct competitive, commercial-scale biomass gasification plants, or other types of new

equipments.

The second set of functions, direction of search and legitimation, is primarily associated with
“knowing about” the TIS. The successful construction of demonstration plants may
strengthen these functions, as the technology becomes well-known. In addition, the system

builders can undertake actions to consciously and strategically strengthen the functions by
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publishing reports and statements, gain positive media attention, or by other means
influence public perception—or the perception of certain stakeholders—of the field. This set
of functions can also be strengthened by exogenous events occurring on a landscape level
such as a debate on climate change, beyond the control of individual actors. Strengthening
the “know about” functions of the TIS is crucial for the actors’ ability to form alliances or

political networks with the objective of aligning the institutional framework to the TIS.

The third set, resource mobilisation, market formation and the development of positive
externalities are basic inputs to all activities in the system and works as a catalyst as the
system matures. Without strengthening the three functions, the actors will not have the
means to strengthen the above-mentioned “know how” or “know about” sets of functions.
They are, thus, seen as the enablers in the system. The complete system dynamics of the TIS

will now be outlined.

2.4 Functional and structural dynamics

Having explained the structural elements and functions of a TIS, as well as some of their
interrelationships, the complete dynamics of a TIS can now be summarised by five main
relationships (see Figure 2.2): (1) the dynamics between structural entities; (2) the influence
of the structural entities on the functions; (3) the influence of exogenous factors on the
functions; (4) the internal dynamics of the functions; and (5) the feedback from the functions

to the structure.
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Figure 2.2: A schematic representation of the dynamics of a technological innovation system.

In Section 2.2, | briefly dealt with the dynamics between structural elements (1). The internal
dynamics of the functions (4), and how the strengthening of the functions may feed-back
and result in a structural build-up (5) were briefly discussed with respect to each of the eight
functions in Section 2.3. The complete dynamics of a TIS will now be further described and

analysed.

To begin with, the characteristics of the structure impact on the strength of the functions
(2). An example of a structural change that may strengthen the key innovation and diffusion
processes is the entry of new firms. These bring various types of resources into the TIS that
may strengthen not only resource mobilisation but also the processes of knowledge
development and diffusion (as resources may be devoted to research and development), and
legitimation (if the firm either has a good name and/or devotes resources to promote the
legitimacy of the new technology). Of course, as and when new firms test new design
concepts, build plants and infrastructure, the processes of entrepreneurial experimentation
and materialisation are strengthened. However, the strength of the functions cannot be fully

explained by the characteristics and impact of the TIS elements (1, 2).

As emphasised in the original work on “functions of innovation systems”, the strength of the
functions are also determined by factors found at other system levels (Johnson and
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Jacobsson, 2001, p. 93): “In the context of an emerging technological system, these factors
may be fully technology specific, but may also influence several technological systems
simultaneously. Hence, they can be derived from a system perspective using different units

of analysis: technology, industry, nation.”

Hence, the driving forces behind system development are both endogenous and
exogenous®® (see (3) in Figure 2.2). Examples of exogenous factors®’ are accidents like that
in Chernobyl, the climate change debate, and EU-wide legislation on air quality (see
influence of direction of search in Section 2.3.2). Such changes may inflict pressure on the
dominant TIS (Raven, 2005) and open up opportunities for a TIS with regard to market
formation. They may also strengthen other functions, particularly legitimation and the
influence on the direction of search and, thereby, if and how actors perceive opportunities in

the new TIS.%®

As the functions are strengthened by endogenous (2) or exogenous (3) factors, they may
feedback and further strengthen various elements of the structure (5). For instance,
strengthened legitimation and influence on the direction of search would be expected to
motivate even more actors to enter the TIS. Indirectly, this may affect the formation of
networks. Strengthened legitimation may also induce an institutional alignment. With a
stronger resource mobilisation, further materialisation of the technology may take place,

which builds up the structural element of technology.

*® This means determining factors, found at the levels of “regimes” and “landscape” in Strategic Niche
Management (see, Geels and Schot (2007) for a typology), are incorporated.

*7 A distinction between endogenous and exogenous factors begs the question of how the borders of the system
in focus are set. In the original work on “functions of innovation systems”, the setting of borders was not a main
concern simply because the focus was not primarily on the impact of the functions on structural dynamics. With
a TIS framework, it is the knowledge base that is the starting point for defining the system in focus (i.e., the
structural element “Technology”). This knowledge base is dynamic and the system borders are fluid. As the
knowledge base (design space) is altered by, for example, the inclusion of a new element of knowledge, new
actors may be incorporated into the system, new networks may be formed, and the range of relevant institutions
may expand. In a formative phase, it is therefore argued that seeking to define strict borders of the TIS is a less
meaningful exercise, and it is preferred to speak in terms of the focus on the analysis (Carlsson et al., 2002a;
Carlsson et al., 2002b). Yet, the importance of defining the focus is acknowledged, and in this particular case the
focus is on the structural elements that contribute to the development and diffusion of the technology of biomass
gasification. Some of these may, of course, be shared with other TISs, which means that there may be important
interactions with those TISs—challenging the usefulness of a narrow system delineation (Bergek et al., 2008b).
For a useful discussion on system delineation, see also Markard and Truffer (2008).

** Exogenous factors may also reduce the strength of the functions. For instance, the development of a competing
TIS may reduce market formation and entrepreneurial experiments simply by drawing the attention of main
actors to another TIS.
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The internal dynamics of the functions are another source of dynamics (4) that now can be
further explained. Their interaction goes through elements of the structure, which either can
be endogenous (5) or exogenous to the system (3). For analytical purposes, one can
“shortcut” (5) and (2) and only focus on the internal dynamics of the functions.* In a best-
case scenario, the inter-relatedness of the functions may cause a spiral of positive events.
For example, with strengthened legitimation, resource mobilisation is simplified and more
entrepreneurial experiments can be made. This may involve building a new plant
(materialisation), which if run successfully may have a strong signalling effect, further
increasing legitimation of the technology (complete loop). Hekkert et al. (2007) label such
interactions as “motors” in the dynamics of a TIS and Suurs (2009) have identified various

types of such motors.

To summarise, a series of endogenous and exogenous events may strengthen the key
innovation processes. Due to the functional inter-relationships, a positive development in
one or several functions may spill over to and strengthen the others. A strengthened set of
functions feeds back to the structural entities of the TIS. These positive feedback loops
between structure to functions and back to structure may give rise to “virtuous cycles”.*
When these self-reinforcing processes become strong enough, the development of the
system no longer stands or falls on the positive or negative activities undertaken by a single
or few actors inside or outside the system. It is at this point that the system can reach a

“momentum of its own” (Hughes, 1987) and moves into a phase marked by rapid market

growth.

However, the opposite situation could also prevail, in which functions are never developed
properly or where a weakened structure and functions give rise to vicious circles (Negro,
2007). Therefore, from the perspective of an emerging TIS, it is vital to identify structural and
functional system weaknesses, as well as exogenous factors, that obstruct the development

of the TIS.*! For instance, an endogenous structural and functional system weakness may be

% How the functions may impact structural elements that are exogenous to the system is not discussed further.

*° By analogy with a cumulative causation (Myrdal, 1957) or increasing returns (Arthur, 1989). Myrdal (1957)
has argued that studying this type of inter-dependency resulting in a cumulative causation is a main scientific
task.

* See Johnson and Jacobsson, (2000); Unruh (2002); Bergek and Jacobsson (2004).
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poorly developed learning and “political” networks that limit knowledge development and
diffusion, as well as legitimation, while an exogenous factor may be a strong bias in the

selection environment in favour of incumbent technologies.

Weak functions and strong external factors inhibiting growth of the TIS also result in many
uncertainties that may discourage investors and other actors from entering the new TIS.
These various types of uncertainties, structural and functional weaknesses, as well as
negative exogenous factors—which typically dominate the formative phase of a TIS—will
now be explained and further elaborated on. A framework for identifying and addressing

these types of weakness will also be developed.

2.5 The role of system builders and policymakers for addressing system
weaknesses

It was previously argued that the complete system dynamics of the TIS should be described
in both structural and functional terms and that an analysis of the five main relationships,
outlined above, should be included in the description. The basis for conducting such an

analysis has already been set out.

In this section, the focus is turned to the specific characteristics of the dynamics during the
formative phase, as well as the potential of using the approach as a guide for policy
intervention. First, the characteristics of a TIS during the formative phase are described in
terms of a set of dominant uncertainties, as well as structural and functional system
weaknesses. Second, the rationale of using an approach in which the structural and
functional system weaknesses are identified and used as guidance for policy intervention will
be outlined. Third, the framework for identifying which system weaknesses should be
addressed by policymakers is further developed based on the nature of and limits to the

system builder(s’) capacity of identifying and acting upon such system weaknesses.

2.5.1 Uncertainties and system weaknesses in the formative phase

During the formative phase of a TIS, the system emerges from chaos to a more or less
coherent structure (Hughes, 1987). During this time, it is likely to be characterised by various

uncertainties, weak and fragmented links between the different weak structural elements
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and weak functions, resulting in various system weaknesses of the TIS. Such uncertainties

and system weaknesses will now be described.

In the previous literature, three dominant uncertainties that influence investors,
policymakers and other actors in the formative phase of a TIS have been mentioned:
technical, market and institutional (Jacobsson and Bergek, 2004). However, one can also
argue for the existence of organisational uncertainties. To begin with, technical uncertainties
refer to the evolution of many competing technical designs, often with poor
price/performance ratios. A series of “secondary innovation” are normally required for that
ratio to improve, and as the market moves into a growth phase, the number of competing

designs is reduced (Schmookler, 1966; Abernathy and Utterback, 1978).

Organisational uncertainties are associated with uncertainties during the formation of a
supply chain. In the formation of a new TIS, the role of various firms is often unclear and the
willingness of new and old firms to perform certain tasks within that supply chain can be

uncertain.

Market uncertainties refer to the largely unknown size of the future markets. The size of
future markets is largely unknown since it is next to impossible to foresee the possible
success of substituting alternatives, future commodity prices, changes in customer
preferences or the potential of secondary innovations, opening-up new and unexpected
markets. Finally, institutional uncertainties refer to if and how regulatory changes are made

to support the new technology, as well as if beliefs and values will be aligned to it.

These uncertainties act, of course, as obstacles to firm entry and severely hinder the
development of the system. The development of strong system functions would reduce
these uncertainties, but this is often a very long and difficult process that last throughout the
formative phase. Consequently, the system runs the risk of remaining weak also in structural

terms.

With regard to technology there may be no technological base and infrastructure or it may
be severely underdeveloped. Thus, there may be a lack of instruments, demonstration

facilities, clean rooms, or other types of science and technology infrastructure for the
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system to develop (Fogelberg and Sandén, 2008). There may also be few or weak actors with
sets of underdeveloped or inadequate resources. The actors may also be too small to take

on a large project or have the wrong competence for the task required.

In addition, the institutional rule structure is normally not aligned to the TIS but favours the
incumbent technologies. The lack of supporting institutions often serves as one of the main
barriers for the development of a new TIS. To achieve such an alignment, it is often required
that knowledge and political networks are well developed, i.e. there are several actors
working together towards a common goal (Van de Ven, 2005). Such networks and
institutional alignments take time to develop and accomplish, and requires that eventual

conflicts in the TIS are addressed.

Thus, the structural elements are often very weak in the formative phase of a TIS. Analysing
system weakness in structural terms is possible for any given IS. At least since Lundvall
(1992), the analysis of such system weaknesses, for various IS, has been used as a tool for
policy intervention. Various types of system weaknesses, also referred to as system failures,
have been identified in the literature.*” However, the purpose here is not to provide a
review of that literature.”® Instead, it is rather that such an analysis should be complemented
with an analysis of the system weaknesses in functional terms to allow us to explain why the
structure is weak and, thereby, improve the possibilities of suggesting appropriate policy

measures (see Figure 2.2).

Just like the structure, the functions can at best be expected to be weak during the

formative phase. There may be a lack of ongoing activities that can strengthen knowledge

2 Please view Klein Woolthuis (2005) and Foray (2009) for an overview. In previous literature, reference is
often made to “system failure” instead of “system weaknesses”, which will be used in this thesis. The reasons for
using the concept of system weaknesses instead of system failure will be outlined in the subsequent section.

“ In a literature overview by Klein Woolthuis et al. (2005), a sum of eight commonly discussed and general
structural system “failures” were identified: (1) Infrastructure failures: the lack of physical infrastructure such as
IT, roads, and science and technology infrastructure (Smith, 1996; Edquist et al., 1998). (2) Transition failures:
the inability of firms to adapt to new technological developments (Smith, 1996). (3) Lock-in/path dependency
failures: the inability of complete social systems to adapt to new technological paradigms (Smith, 1996). (4)
Hard institutional failures: the failures in the framework of regulations and the general legal system (Smith,
1996). (5) Soft institutional failures: the failures in the social institutions such as political, culture and values
(Smith, 1996; Carlsson and Jacobsson, 1997). (6) Strong network failures: the “blindness” that evolves if actors
have close links and miss out on new outside developments (Carlsson and Jacobsson, 1997; Christensen, 1997).
(7) Weak network failures: the lack of linkages between actors (Carlsson and Jacobsson, 1997). (8) Capabilities
failure: the lack of absorptive capacity, specifically in small firms, to learn about new technologies (Cohen and
Levinthal, 1990; Malerba, 1996; Smith, 1996).
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development and diffusion, entrepreneurial experimentation and materialisation. If all these
functions are weak, the “knowing how” type of knowledge required may, for example, not
develop adequately. In addition, there may be a lack of basic research contributing by
explaining certain phenomena and, thereby, strengthening the explicit knowledge base
“knowing about”. The number of entrepreneurial experiments may be too few, which in turn
may hamper further knowledge development and the generation of new ideas for the
necessary secondary innovations. When the activities strengthening materialisation are few,
knowledge development that requires the establishment of an infrastructure cannot be
made. Markets are often small and underdeveloped, and potential customers are hesitant to
take on the role of being first. Such lack of market formation hampers the very important
and interactive type of learning made possible in the first supplier and customer relations

(Von Hippel, 1986; Lundvall and Johnson, 1994).

The remaining functions of resource mobilisation, direction of search, legitimation, and the
development of positive externalities may also be weak and underdeveloped in the formative
phase. There may not be enough financial or human resources for developing the field such
as a lack of technology experts. All new technologies have been argued to suffer from a
“liability of newness” (Zimmerman and Zeitz, 2002). Therefore, the system may be
characterised as weak in terms of its legitimacy (legitimation), which may result in, for
example, difficulties obtaining necessary environmental and building permits, or other types
of resources necessary for developing the field. If the system is weak because of its
legitimacy, it is also weak in terms of direction of search and few actors can be expected to
be attracted to enter the field.** A weak function with regard to the development of positive
externalities is a natural state in the formative phase of a TIS. There is, for example, usually a
very limited pooled labour market, lack of specialised equipment manufacturers, and other

actors that can transfer experience from one firm to another.

# A TIS can, however, be seen as legitimate, but still suffer from a weak direction of search. For example, an oil
price or regulatory framework in an ongoing state of flux may weaken the function and, thereby, discourage
potential investors.
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Hence, large technical, market, organisational, and institutional uncertainties discourage
new actors from entering the TIS in its formative phase. This may lead to a continued

presence of various system weaknesses in structural and functional terms.

2.5.2 Policy intervention, system weaknesses and system builders

The outcome of attempts aimed at resolving these uncertainties and system weaknesses are
in themselves highly unpredictable, and the TIS may have to undergo several intermediate
periods, or episodes, which are dominated by specific patterns of interaction between actors
and the other elements of the structure before they can be resolved (Suurs et al., 2010). The
time frame for these episodes cannot be known before-hand, and forming an embryonic TIS
is a process that can last for several decades (Carlsson and Jacobsson, 1997; Grubler, 1998;

Breshanan et al., 2001; Wilson, 2009).

Extensive arguments have been made that policy interventions based on the identification of
system weaknesses* provide an encompassing tool for stimulating innovation, the creation
of new industries and economic growth, especially when compared with the conventional
market failure approach (Lundvall, 1992; Lundvall and Johnson, 1994; Malerba, 1996; Smith,
1996; Carlsson and Jacobsson, 1997; Metcalfe and Georghiou, 1997; Smith, 2000b; Edquist,
2002; Metcalfe, 2004; Smits and Kuhlmann, 2004; Klein Woolthuis et al., 2005; Lundvall,
2007; Foray, 2009; Bergek et al., 201Ob).46

Yet, there are limits of the usefulness of policy intervention. One should not forget that most
functions in modern societies are best fulfilled by the market mechanism and capitalist
firms. This is also true in terms of identifying and acting upon system weaknesses, or as “ ...
Smits and Kuhlmann (2004) put it: ‘[O]ne should not overestimate the instrumental power of

public policy vis-a-vis other actors in complex policy making arenas.” Individual firms, groups

* It has been argued that using the concept of “failure” from a system perspective is misleading, since it is not
used with respect to an optimal situation. Instead, it has been proposed that using the concept of “system
weaknesses”, as rationale from policy intervention, is more in line with a system perspective (Malerba, 1996).

% For the purpose of this thesis, it is of no interest to go into the details concerning the shortcomings with the
market failure approach. The main objection, from the above-mentioned authors, has been that it builds on a
static (neoclassic) framework on how markets operate. Market failures are identified based on the divergence
from what would be considered an optimal path towards perfect competition and equilibrium.
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of entrepreneurs, industry association and other interest organization may very well identify

and act upon system weaknesses in their own self-interest” (Bergek et al., 2010b, p. 120).”

There is, therefore, a need to be able to distinguish between the role of policymakers and
the other actors in addressing system weaknesses. There is, of course, no need for
policymakers to engage in a costly search processes and target various structural and
functional system weaknesses in the emergence of a new TIS if the system builders, and
other actors, can identify and address these weaknesses themselves. However, for
identifying which system weaknesses that can be addressed by system builders and which
have to be addressed by policymakers, an improved conceptualisation of the system building

role is called for.

Previously, it has been emphasised that exogenous factors to the TIS dominate in the early
phase of system formation simply because the structural components are weak and the
actors’ ability to strengthen the key innovation and diffusion processes are necessarily

limited (Raven, 2005; Bergek et al., 2008a).

The role of the actor in the formative phase has therefore been downplayed in the empirical
analyses, even though opportunities for system building activities by early entrants into a TIS
have been identified. In the literature, the prime mover has been given an key role in the
formation of a new TIS (Carlsson and Jacobsson, 1997). The prime mover acts on a perceived
opportunity, fulfilling several important tasks in the evolution of the new system such as: “ ...
raise awareness, undertake investment in the new technology, give it legitimacy and diffuse

it through various mechanisms to other actors” (Carlsson and Jacobsson, 1997, p. 305).

The view on the actor in previous TIS studies is inherited from evolutionary theory, where
the “ ... firms are the key actor, not the individual human beings ... individuals are viewed as
interchangeable and their actions determined by the firms they are in” (Nelson, 1995b, p.
68). When reference is made to the prime mover, it is consequently a firm that is in focus
(Jacobsson and Bergek, 2004, p. 1498; Jacobsson, 2008, p. 817). On some occasions, it is not

a single firm but rather constellations of actors, networks or alliances that collectively act as

47 Cf. Van de Ven (1993).
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prime movers, engaging in system building activities by addressing the various system
weaknesses and uncertainties (Jacobsson and Johnson, 2000, p. 637). However, systematic
analyses for identifying the range of system builders and their ability to strengthen the key

innovation and diffusion processes have previously not been undertaken.

The system builder is here defined as an individual actor, an alliance or a network of actors
building and strengthening the structure, as well as several of the functions (if not all) in an
emerging TIS. The system builder reduces the various types of uncertainties and addresses

system weaknesses in a given TIS.

Although the system builder can include an alliance of actors, it will not include all of the
actors within the TIS. There will, most likely, be competing system builders working on
alternative trajectories and projects within the TIS that can be in stark conflict with each

other, requiring different types of institutional and organisational set-ups.

An analysis of the system builder departs from the individual actor(s) and conceptualises
these as being embedded in a general structure®® (cf. Giddens (1984a)). This structure both
constrains and enables the system builder(s) to address system weaknesses, to reduce

further uncertainties and to strengthen the TIS.

Hughes (1987, p. 52) argues that such system builders possess a capacity “ ... to construct or
force unity from diversity, centralization in the face of pluralism, and coherence from
chaos.” Such an agent may build artefacts but does not concern himself/herself with
artefacts alone, but must also consider the way in which these relate to social, economic,

political, and scientific factors (Law, 1987a, p. 112).

Hellsmark and Jacobsson (2009) conceptualise such an actor as an individual equipped with
a “transformative capacity”. When this agent acts, he or she intervenes in the world and
makes a difference to a pre-existing state of affairs or course of events. (Giddens, 1984a, p.

14-15).”° It is proposed that the transformative capacity can be analysed by the ability of the

* From a system perspective, the general structure is made up of the various structural elements on NSI, RSI and
SSI levels of analysis (see section 2.1).

* The content and limits of the transformative capacity can partly be explained by the ability of the agent to
control and mobilise resources. Giddenns (1984a, p. 15) defines resources as “ ... structured properties of social
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system builder(s) to strengthen the eight key processes (functions of a TIS) by building

structure or by undertaking other types of activities, which strengthen the functions directly.

The transformative capacity can thus be analysed by the actors’ ability to collude and create
alliances with other actors™, creating networks, creating new firms and technology, and
thereby strengthen the structural elements of the TIS directly. In addition, it can be analysed
by the actors’ ability to strengthen the various function as they undertake a wide range of
activities. For example, an academic who is a member of an advisory group to the
government may speak in favour of a technology or he/she may point to risks associated
with the very same technology. Similarly, a CEO may decide to diversify and invest in a new
technology such as thin film solar cells. These activities are linked to the micro-level of
discrete actors (Markard and Truffer, 2008) and contribute to the formation and
strengthening of particular functions (in these cases legitimation and entrepreneurial

experimentation).”

Hence, it is not sufficient to focus on the system builder’s impact on the structural elements
alone. Focus must instead be on what the system builders accomplish in terms of
strengthening the key processes of innovation and diffusion, either directly or through
forming structural elements. The transformative capacity, thus, involves the collective or

individual ability to:

a) create and diffuse new knowledge, access and combine new and conventional
knowledge from different fields.

b) influence the direction of search of would-be entrants, including defining
opportunities within the field and making it attractive for new entrants.

c) create legitimacy for the new technology and/or products.

d) attract and form human and financial resources, as well as complementary assets.

e) undertake entrepreneurial experimentations by testing new concepts, product

designs and business models.

systems ... ”. This broad and general definition is, however, not particularly helpful when we would like to
explain the content and limits of the transformative capacity of a system builder.

%0 These alliances may include not only other firms but also universities, institutes, governmental agencies, lobby
organisations, and other policymakers.

! 'See Markard and Truffer (2008) for a useful discussion on the differences between “activities” and
“functions”.
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f) develop and invest in artefacts such as products, production plants and physical
infrastructure.

g) define and form first markets for the technology and/or products.

h) act as a channel or create means by which positive external economies are

generated, strengthening the impact of the other functions.

Barbalet (1985) points out that it is not possible to understand the extent of the

III

transformative capacity of an individual if the “intentional” and “frictional” resistance, which
such an agent will encounter, is not taken into account. The intentional resistance is here
interpreted as those obstacles that come out of deliberate actions by actors with opposing
interests—in other words exogenous mechanisms that obstruct the formation of strong
functions. Frictional resistance is interpreted as problems that are non-intentional in nature
and these may be both endogenous to the system such as inadequate networks,>* but also
exogenous such as built-in biases towards incumbent technologies into existing institutions
(see e.g. Carlsson and Jacobsson (1997) and Unruh (2000)). Therefore, both types of
resistance constitute mechanisms that increase uncertainties and weaken the system in both

structural and functional terms, thereby obstructing the formation of a new TIS (Bergek and

Jacobsson, 2003).

In this thesis, the role of actors as system builder(s) is re-examined with an increased focus
on the limits of the system builder(s’) abilities to influence the formation of a new TIS. It has
been argued that the strength of the frictional and intentional resistance will limit the
transformative capacity of the system builder. If the system builders can be identified and
their transformative capacity analysed, it is possible to identify which system weaknesses
and uncertainties the system builders can be expected to resolve by themselves and which
system weaknesses and uncertainties need to be resolved through policy intervention on
different levels. With this contribution to the TIS framework, the conceptualisation of the
individual actor as a system builder and their ability to act upon various system weaknesses
in a TIS (i.e. transformative capacity) is thereby improved. The conceptualisation paves the
way for assessing what is possible to achieve within a certain time frame, given the current

policy regimes and abilities of the actors. Furthermore, it helps to identify policy

*2 Another type of frictional resistance may be a lack of interest by incumbents in the new technology.
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interventions that may be necessary to reach various higher level goals associated with the

development of a given TIS.

2.6 Research Questions

The overall purpose of this thesis was stated in the introduction as to:

“...analyse the role of the system builders in the emergence of an industry with the capacity
to realise the potential of gasified biomass for the production of second-generation

transportation fuels and other chemicals within the European Union.”

In this chapter, it has been argued that an improved conceptualisation of the system building
role would provide a useful tool for policymakers in identifying system weaknesses that

would require policy interventions for supporting TISs of strategic importance.

For addressing the aforementioned purpose, it has been broken down into four research
qguestions. The questions address the limits of the system builders’ transformative capacity
as a means of identifying a set of system weaknesses on a national and an EU level. By
elaborating on these weaknesses, the goal is to identify areas that require policy

intervention in order for the TIS of biomass gasification to progress.

However, the first question takes a step back and is more of an empirical one—addressing
the somewhat ambiguous literature in which Schumpeter (1934) and Hughes (1983; 1987)
emphasise the role of the individual in an emerging TIS, while others assign the system
building role primarily to firms or networks of firms (Jacobsson and Johnson, 2000;

Jacobsson and Bergek, 2004). Hence, the first question is formulated as:
1) Who act as system builders in the different national contexts?

After establishing what type of actors take on the role of system builders in the case of
biomass gasification and in the four different case study countries, the focus is turned to
analysing the nature and extent of their transformative capacity. It was previously
emphasised that actors are not only constrained but are also enabled by the structure in
which they are embedded (Giddens, 1984a; Scott, 2008). It is central to further analyse how

and to what extent these actors make use of the general structure to form or strengthen the
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structure and the various functions of the TIS. Hence, the second research question is

formulated as:

2) What characterises the nature and extent of the system builders’ transformative

capacity?

a) How do the system builders make use of the general structure in which
they are embedded to form or strengthen the structure and the various

functions of the TIS?

b) To which extent do the system builders manage to strengthen the

structure and functions of the TIS?

The third and fourth questions focus on explaining the eventual limits of the system builders’
transformative capacity. These limits are then used for the identification of system
weaknesses that remain to be resolved by the system builders themselves, or through policy
intervention in the various countries and on an EU level. Research questions three and four

are formulated as:

3) What are the limits to the system builders’ transformative capacity and how can

these limits be explained?

4) Given these limits, which system weaknesses remain to be resolved by system builders

and policymakers on different levels (national and EU)?

These research questions are analysed and answered for each case study country in Part Il of
this thesis (see Chapters V-VIII). A cross-country analysis is undertaken in Chapter IX (Part Il
of the thesis). On the basis of this analysis, the main remaining system weaknesses and
uncertainties at the EU-level are specified, along with the main policy options for addressing
these (see Chapter Xl). Further implications for policymakers and system builders are

specified in Chapter XII.
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Chapter III

Dynamics of the design space, applications and markets

“Many aspects of technological changes, in order to be adequately understood, must be
examined in terms of particular historical sequences, for in technological change as in other
aspects of human ingenuity, one thing often leads to another — not in a strictly deterministic
sense, but in the more modest sense that doing something successfully creates a capacity for

doing other things.” (Rosenberg, 1976, p. 30)

Gasification is, in the broadest sense, the thermal conversion of any carbon-based fuel to a
gaseous product with a usable heating value. It includes pyrolysis, in which the carbon
conversion is incomplete and occurs in the absence of oxygen. It also includes partial
oxidation, in which an oxidant (gasification agent) reacts with a carbon-based fuel and where
the oxidant may be a combination of air or oxygen and steam. Both processes result in a gas
with a usable heating value, consisting of various proportions of carbon monoxide, methane

and hydrogen (Higman and van der Burgt, 2003).

The reaction temperature is of great importance to gasification. The lower the temperature,
the less carbon is converted into a usable gas—Ileaving more residues in the gas. These
residues are generally less desirable by-products consisting of CO,, H,O, CH, aliphatic
hydrocarbons, benzene, toluene and tars (Boerrigter et al., 2005).>> When the reaction
temperature is higher, and in the presence of oxygen and steam, more of the carbon is
converted and the gas contains less undesirable by-products. At temperatures above 1,000
degrees, all the tars and hydrocarbons are destroyed and the raw gas consists mainly of
carbon monoxide and hydrogen. At such high temperatures, however, more heat is
produced and the total efficiency of the process may therefore be reduced. The treated
version of the raw gas from high temperature gasification is usually referred to as a synthesis
gas or syngas, since it can be used to synthesise (produce) a range of chemical products. The

cleaned version of the raw gas originating from low temperature gasification is referred to as

53 When the gas is used for electricity production, the hydrocarbons also have fuel value (Higman, 2010).
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a product gas. The amount of cleaning required depends on the application for which the

product gas is intended.

The design space of gasification has undergone constant evolution since it was first
experimented with during the mid-seventeenth century, resulting in various applications and
using many different types of carbon-based feed-stocks. In particular, the technology
progressed extensively during the early phase of the industrial revolution in England and
during the development of the modern chemical industry in the 1920s to 1940s. In addition,
rapid technological development occurred during periods of war and crises. For example
during the Second World War, initiatives such as Germany’s synthetic fuel programme and
the development of a mobile gasification system, in for example Sweden, contributed to
extending the design space and allowing for the commercialisation of new applications
(based on gasification). Other periods of rapid technological development occurred during
the South African trade embargo in order to develop synthetic diesel and during the oil

crises when coal and biomass-based gasification systems replaced oil in lime kilns.

Worldwide, the gasification of fossil fuels has played an important role for the production of
nitrogenous fertilisers and methanol in the chemical industry since the 1920s with the
innovation of the Winkler gasifier, for the production of synthetic diesel since the 1970s, and
for power production through the Integrated Gasification Combined Cycle (IGCC) since the
1990s. In the past, the choice of feed-stock has mainly been petroleum and coal, but this is
changing rapidly in favour of coal, as well as natural gas if the extremely large gas-to-liquids

plant currently under construction in Qatar is included in the statistics (GASIF, 2007).

Since the start of the first oil crisis in 1973, biomass gasification has experienced periods of
great interest for the production of chemicals, transportation fuels, electricity and heat.
With the current threat of climate change, biomass gasification is once again atop many
actors’” agenda. The expectation from different advocates of the technology is that
gasification will provide a secure supply of relatively modest cost and resource-efficient
renewable fuels, heat and electricity. For these expectations to be fulfilled, the design space
of gasification must once again be extended to include biomass as a resource for these more

advanced applications. Thus, the fundamental question is:
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have the past 200 years of fossil fuel gasification, and the recent decades of experiments with
biomass as a feed-stock for less advanced applications, created the industrial capacity
necessary for commercialising the production of second-generation fuels based on biomass

gasification?

Answering that question will take the remainder of this thesis. To start with, however, this
chapter will address the historical evolution of the design space, the current technical
challenges of biomass gasification, the main strategic alliances and projects in Europe,
various applications, and the rationale for realising a market for second-generation fuels.
The chapter is divided into four sections. The first section briefly unfolds the historical
evolution of the design space of gasification between 1665 and 1950. It also includes an
illustration of the case of Sweden and the use of producer gas as an emergency fuel leading
up to and during the Second World War. The second section will describe the evolution,
structure and current trends of the commercial gasification market. Section three describes
the main trajectories for biomass gasification and the technical challenges for constructing
commercial systems. The fourth section outlines and analyses the main strategic alliances in
realising biomass gasification for advanced applications, as well as the rationale and the risks

associated with developing a future market.

3.1 The evolution of a design space

The most recent rediscovery® of the gasification process has been associated with Reverend
John Clayton and his announcement that he discovered the “spirit of coal” in 1688
(Hutchison, 1985, p. 245). What he had discovered was how to produce a combustible gas
from coal through pyrolysis. The discovery was not commercialised, however, and

disappeared until well over one hundred years later.

It was then two inventors who initiated the process towards the commercialisation of coal
gas—almost at the same time and completely unaware of each other’s efforts.”® In 1792,

William Murdoch experimented with the technology in his house and garden in Redruth,

“"

England. He “ ... designed to demonstrate how a viable plant could be constructed and

> The use of pyrolysis gas had previously been known in ancient China.
> Other experiments with coal gas were conducted before Murdoch and Lebon but were never displayed or
received attention (Falkus 1982).
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operated to make, store and use coal as an illuminant” (Hutchison, 1985, p. 248-249).
However, it was not until he heard about the other inventor’s (Phillip Lebon) experiments in
Paris that he made serious attempts to commercialise the design. Philippe Lebon
experimented with gas lighting and heating, and held the first public display of the new
technology in Paris in October 1801. The display received much attention but did not result
in a business for Lebon. Before he could continue with his new found invention he enlisted in

the French army and was killed in 1804 (Falkus, 1982).

Murdoch, on the other hand, was an engineer employed by the company Boulton & Watt. It
was in their machine factory that the first version of the coal gas-based lighting system was
installed in 1802. The owners of the company strongly believed in the technology and
decided to bring the system to market. Their first customer, George August Lee, was partner
in the firm Phillips & Lee, and played a key role in making the system commercially ready.
Most importantly, he was willing to take great financial risks in developing the lighting
system and implementing it on a full commercial-scale at Phillips & Lee’s cotton mill in
Manchester. This commitment allowed several teething problems to be overcome and the
new technical system to mature. Mr. Lee also suggested several improvements to the
design, welcomed visitors—including many other factory owners—to witness the technology
and contributed to calculating the cost of the system compared to that of using candles

(Falkus, 1982).

The technical system behind gas lighting consisted of several inter-related components, each
of which needed to work properly before the system could be commercialised. At the heart
of the system was an airtight furnace, which was heated from the outside by burning coal,
while the coal inside was thermally decomposed. The high calorific gas appeared as a by-

product, since 70 percent of the coal remained in form of coke (Knoef, 2005).

This was far from an environmentally friendly process of gas production. Tars appeared in
the combustible gas as a by-product of the manufacturing. These tars were made up of 500
to 3,000 different compounds that are toxic to humans and animal life (Hatheway, 2007).
During production these tars were leaked, spilled or discarded into the environment and

since they are not susceptible to natural degradation they did not simply disappear. Indeed,
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the waste from old gas plants continues to present a problem in some areas even today

(Hatheway, 2007).

The technology experienced a commercial breakthrough and, with the foundation of London
Gas, Light and Coke Company in 1812, moved into a phase characterised by rapid market
growth (Higman and van der Burgt, 2003). Consequently, from 1812 onwards the use of
combustible gas grew rapidly. By 1850, all major towns with more than 10,000 residents on
the US east coast had their own gas works (Hatheway, 2007) as did most towns with as few
as 3,000 inhabitants in the UK (Falkus, 1982). Hatheway (2007) estimates that there were

approximately 52,000 gas plants in the US alone at the time.

It was not until after the mid-nineteenth century that other applications for the gas were
developed such as heat, cooking and power (Falkus, 1982). The gas was initially so expensive
that it was only used for lighting and cooking, where it had major advantages over candles
and coal (Higman and van der Burgt, 2003). Even if the production of the gas caused many
environmental problemes, it also solved the problem posed by hazardous smoke and the risk
of fires started by candles, and indoor coal and wood fires. The main advantage, however,

may have been that the cost of the gas was considerably lower than candles (Falkus, 1982).

Based on the early development and use of pyrolysis gas, two different trajectories
emerged. The first involved the development of the first gas engines; the second was the
discovery of promising applications in the chemical industry. The developments within these
two trajectories will be outlined in the following two sections. The case of Sweden will be
used to capture the development of the technology for the gas engine, even though similar

developments were common-place also elsewhere.

3.1.1 The development of gas engines and the case of Sweden

The positive experience from the use of producer gas gave rise to the development of the
first gas-blown combustion engine, which was called an explosion engine at that time. The
engine was first developed in 1881, at least ten years before the inventions of Daimler and

III

Diesel. Modern phrases such as “gas pedal” and “step on the gas” come from this time

period (Knoef, 2005).
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The gas engine had a major disadvantage vis-a-vis the gasoline engine when it came to
mobile applications such as transportation. The producer gas could not be stored in a
feasible way and therefore had to be produced when it was used. This, together with all of
the tars in the gas, which made the maintenance of the engine difficult, gave the gasoline
and diesel-propelled vehicle a clear advantage. It goes without saying that the engines
invented by Diesel and Daimler came to dominate the market, but the gas engine still

continued to be developed.

Around 1920, some 150 manufacturers of gas engines were active and a few useful gasifiers
for mobile applications appeared on the market. Experiments were conducted with gasifiers
on tractors, trucks and busses in Austria, Germany and France during this time period (IVA,

1950; Knoef, 2005).

In 1923 and 1924, a few coal gasifiers from Austria were imported to Sweden to be tested on
various types of vehicles. The experience with the gasifiers was generally negative. The large
amount of tars in the gas clogged up the engine, which then had to be dismantled and
cleaned after only 300 kilometres of use (IVA, 1950). Despite this, the Swedish military
decided to further investigate how gasifiers could be used as an emergency technology to
secure means of transportation in case of war. First in 1932 but also later in 1939, the
Swedish government introduced incentives in the form of tax breaks and loans for people
who wanted to convert their vehicles to run on producer gas. These incentives resulted in an
expansion of the number of gasifiers for vehicles to about 250 units (IVA, 1950). The fast
expansion of the market was followed by a backlash, however, when the public discovered
that the gasifiers were of low quality, required high maintenance and, above all, were more

expensive to drive (during this time, gasoline was cheap compared to charcoal).

The government reassessed the status of the programme in 1937 and found that while the
quality of the gasifiers had improved considerably, there were only about 100 cars running
on producer gas in Sweden. Everything changed during the Second World War, however. In
1939-1940 the price of coal fell dramatically, making running vehicles on producer gas
economical again. By the turn of the year 1939/1940, there were approximately 1,000 gas

cars in Sweden (IVA, 1950). When the war intensified in April 1941, strict restrictions on the
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use of gasoline were imposed and aggressive incentives were implemented to increase the

number of cars running on gas.

The long formative phase of the technology, which had started in 1881, paved the way for
ensuing rapid expansion of the market for mobile gasifiers upon the introduction of these
incentives. Already by March 1941, there were 40,000 gas vehicles running on the streets

and the number of gas vehicles peaked in Sweden at 71,500 in December 1941.>°

It is still interesting to note the legitimacy that the producer gas car acquired during a very
short period of time. The public’s first reaction to gasification in the early-1930s was
scepticism. Less than 10 years later, public attitudes were very different and people
appeared to embrace producer gas vehicles. This change of heart was illustrated in 1940 by
the leading motoring magazine in Sweden, Biljournalen, which published an issue devoted to
the great experience everyone was having with gas vehicles. According to the journal,
people found them easy to use, cheap to run and they allowed great freedom during the
war. The knowledge base being built up around the technology was seen as a guarantee that
it would prevail even after the war, when cheap oil would re-enter the market. Some
problems were mentioned such as the inconvenience of having the gasifier mounted on the
car and the more time-consuming maintenance involved, but the advantages clearly
outweighed the disadvantages (Hilding, 1940). Despite this, cheap oil re-entered the market

soon after the war and producer gas cars disappeared.

3.1.2 Gasification and the chemical industry

The most successful and durable application of gasification so far was within the chemical
industry. It commenced when the 18-year-old Englishman William Perkin discovered the first
coal tar dyes in 1854, and his instructor Wilhelm Hoffmann returned to Germany with that

knowledge (Hatheway, 2007).

In 1900, gasification took a significant leap forward in terms of its ability to produce more

complex products through the water gasification process. This was important for the

*% The success of mobile gasifiers was not just a Swedish phenomenon. Approximately one million gasifiers
using wood or charcoal were also being used to drive cars, trucks, boats, trains, and electrical generators in
Europe at the time (Knoef, 2005).

59



chemical industry since it enabled the production of ammonia and methanol. In this new
gasification process, a gas containing equal amounts of hydrogen and carbon monoxide
could be produced. The carbon monoxide could be converted into hydrogen through a CO
shift reaction, and the hydrogen or synthesis gas could then be used for ammonia and

methanol synthesis (Higman and van der Burgt, 2003).

The process, however, was discontinuous. It was not until Carl von Linde commercialised the
cryogenic separation of air during the 1920s that the process could be made into a
continuous one. A flow of important innovations for improving the gasification process came
after von Linde’s innovation. The first break-through was the Winkler fluid bed process in
1926, which was followed by the Lurgi moving bed pressurised gasification process in 1931
and the Koppers-Totzek high temperature entrained flow process in the 1940s (Higman and
van der Burgt, 2003). These innovations benefited the chemical industry and enabled it to

undertake large-scale and more efficient production.

No major product innovations have been introduced for the gasification of solid fuels since
the Second World War (Higman and van der Burgt, 2003). Nevertheless, gasification capacity
has grown tremendously in the chemical industry. The growth of modern gasification for the
production of various chemicals, transportation fuels and ammonia as a nitrogenous
fertiliser started off with the wartime synthetic fuel programme in Germany and, later, the
foundation of the South African Coal, Oil and Gas Corporation (Sasol). With the increasing
availability of natural gas in the 1950s, the importance of coal as a feed-stock declined,
although the need for synthesis gas did not. After the Second World War, the annual
demand for ammonia as a nitrogenous fertiliser increased from 5.5Mt per year to 54.0Mt in
1969 and has, until more recently, been the main driver for increasing gasification capacity

worldwide (Higman and van der Burgt, 2008).

It is along the trajectory of developing and producing chemical products that modern

alternative fuel, heat and power from gasification has been and most likely will continue to
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develop. The following section will outline and analyse the market for commercial

gasification.”’

3.2 Commercial gasification, applications and markets

The two main components in the synthesis gas, carbon monoxide and hydrogen are the
main building blocks for producing a wide range of products within modern chemistry.
Basically, any carbon-based feed-stock such as coal, oil, peat coke, natural gas, biomass, and
waste can be converted into ammonia, methanol, hydrogen, Fischer-Tropsch (FT) products,

synthetic natural gas (SNG), town gas, and electricity (see Figure 3.2.1).
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Figure 3.2.1: Applications for synthesis gas. Source: Higman and van der Burgt (2008).

>7 All of the commercial applications for combustible gas from pyrolysis or fixed bed gasification came to an end
with the large-scale diffusion of electricity around 1900, and the oil and natural gas industry between 1910 and
1920. Only for a short time, during the Second World War, was the technology brought back and developed as
an emergency fuel for vehicles. There are, however, still uses for pyrolysis and fixed-bed gasification for various
applications. Pyrolysis is also used for the liquefaction of biomass into a bio-oil, which some actors try to
develop into a usable diesel and gasoline fuel. Fixed bed gasifiers of the type used in vehicles during the Second
World War are now used for rice husk gasification. It is a commercial process for electricity production and
cooking gas in Southeast Asia, but suffers from too much tars and low heating value (Knoef, 2005; Zhou, 2009).
Development work is being carried out in many countries to make it commercially viable for small-scale
electricity production in Europe. There are currently a few plants operating fairly well, but the reliability of the
process is still quite low (Lettner, 2007; Brikow and Oettel, 2008; Kurkela, 2008). I have excluded pyrolysis and
fixed bed gasification from this thesis unless the technology is directly used for the pre-treatment of biomass for
the production of second-generation renewable fuels.
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For both technical and economical reasons, some of these alternatives may not be possible
or desirable to combine. For example, it would make little sense to produce SNG from
natural gas, even if that is, of course, possible. Moreover, biomass and waste gasification is
both technically and economically difficult to accomplish for producing chemicals,
transportation fuels and power generation through an integrated gasification combined
cycle (IGCC). Biomass gasification is, therefore, not seen as a commercially available
technology, except for less advanced applications with lower demands on gas purity and in
some cases for co-firing with standard coal gasification technology.”® The specific challenges

associated with biomass and waste gasification will be outlined and analysed in Section 3.3.
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Figure 3.2.2: Accumulated currently operating and planned capacity. Source: GASIF (2007).

The total market for gasification plants has experienced strong growth since the 1950s and is
projected to continue to grow in the near-term future (see Figure 3.2.2). During this time

frame, three major trends can be discerned.

The first concerns FT liquids, which have increased in production considerably since the

beginning of the 1970s and is predicted to continue to do so. Around 1990, about half of the

> There are good reasons for producing more than one product from the same source of syngas and for enabling
its production from multiple feed-stocks (i.e., co-firing). With such a flexible set-up, the operator can shift to the
cheapest feed-stock and increase production of the product with the highest market value at any given time. The
security of supply would, thus, be improved for both the operator of such a plant and its customers (Higman and
van der Burgt, 2008).
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world’s gasification capacity constituted the production of FT liquids. The installed capacity
originates from Sasol’s three facilities for converting coal to FT liquids in South Africa, and
one plant in Malaysia based on natural gas, which was built by Shell. Sasol increased their
production extensively in the mid-1970s to the mid-1980s and remains the largest
gasification centre in the world (Higman and van der Burgt, 2003). In 2007, 50 percent of the
total coal used for gasification was used for FT synthesis at the three facilities in South Africa,

operated by and based on Sasol coal-to-liquids (CtL) technology.
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Figure 3.2.3: Product distribution, operating gasification plants and planned capacity. Source: GASIF
(2007).

The production of FT liquids is expected to increase dramatically sometime after 2010, when
the extremely large (10,936MW,;) Pearl Gas-to-Liquids (GtL) plant in Qatar may come online.
The plant accounts for 27 percent of all planned capacity until 2012, according to GASIF
(2007) (see Figure 3.2.3). When completed, it will be the single largest gasification plant ever
constructed. With the completion of the plant, the share of FT liquids of the total output of
products from gasification will be maintained at about 31 percent (see Figure 3.2.3).° Not
included in the GASIF (2007) statistics are an additional 18 projects that have been reported
to be under development in China for the production of liquids through the gasification of

coal. If these projects are realised, FT liquids production would increase by an additional

% Calculated in terms of MWhy, syngas used for the various applications.
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2,755 thousand barrels per day by 2020 (Périneau, 2009). However, coals to liquids projects
in China have become highly controversial, since coal is relatively scarce in China in relation
to the current use and production requires large quantities of water, of which very little is
available in the regions where the plants have been planned to be built. Consequently, the
National Development and Reform Commission has approved only a few of the proposed

projects, and is unlikely to approve more in the near future (Fang, 2009).

The second trend concerns the increasing share of coal-based gasification for power
production. The integrated gasification combined cycle (IGCC) turns coal into a syngas that
can be passed through a combined cycle gas turbine for power production. The rationale for
developing the technology has been to increase electrical efficiency and environmental
performance compared to conventional coal boilers. With the technology, the flue gas can
be cleaned of sulfur dioxide, particulates, mercury and other unwanted components in the
coal at the pre-combustion stage at a lower cost than conventional post-combustion
cleaning. The technology also allows for carbon capture, during which the CO, can be
separated, compressed and stored away (CCS).60 In total, 11,000MW,, (27 percent) of coal-
based IGCC capacity is planned between 2007 and 2012 (GASIF, 2007) (see Figure 3.2.3).

The third trend involves what is expected to be a rapid increase in the production of
chemicals from coal in the period beyond 2007. According to GASIF (2007), 26 percent of the
planned capacity will be new chemical plants. Of these chemical plants, 70 percent are
planned to be built in China and almost 90 percent of these will be based on coal. The
chemical plants in China mainly produce ammonia for nitrogenous fertiliser and methanol. In
addition, there is at least one plant now in operation constructed by Shell for the Shenhua
Coal Liquefaction Corporation in Inner Mongolia with a capacity of 4,000 tonnes per day
(t/d) for the production of hydrogen used for liquefying coal in the production of

transportation fuels and chemicals (Chhoa, 2005).

5 n the US, an increasing number of states require all new coal plants to be “carbon capture ready”. However,
in reality few plants will use carbon capture and storage (CCS) technology, since there is currently no general
legislative framework supporting the technology, and the available CCS technology would increase the cost of
electricity production considerably (Holt, 2007; Renzenbrink et al., 2007).

64



The three applications of FT liquids, power and chemicals, constitute 90 percent of total
operational and planned conversion capacity. Production of chemicals and FT products has
been and continues to be the largest application, with 45 percent and 30 percent of the total
capacity currently operating. Power production amounts to 19 percent of all installed and
operating capacity. Currently, 32 percent of installed capacity is oil-based and 55 percent is
coal-based. However, only 4 percent of the planned capacity will use oil as the primary feed-
stock. Instead, coal will strengthen its position and the use of natural gas will increases from
8 to 16 percent, if all the currently planned capacity is realised by 2012. Seventy-five percent
of the planned and currently operating capacity has been concentrated in four countries that
are either rich in coal or off-grid gas: USA (27%), China (21%), South Africa (16%) and Qatar
(11%).

In total, there are 140 operating gasification plants and some 411 reactors in the world, with
a total syngas output capacity of 54GWy,. In addition, 31 plants with a total capacity of
41GWy, have been planned for coming online by 2012 (GASIF, 2007). The average size of a
single gasification reactor is approximately 135MW. The average plant size varies
significantly depending on which type of product produced. FT plants are considerably larger
than both chemical and power plants. As mentioned above, there are only four FT plants
operating in the world, three in South Africa and one in Malaysia. In total, these four plants
use 103 gasifiers and the capacity of the plants range from 1,000MWy, to 7,000MW,;,.*
There are 97 chemical plants currently operating with an average size of 250MW4,. In
comparison, there are currently 23 IGCC power plants operating with an average capacity of
440MWy, (GASIF, 2007). Plants that produce FT liquids are thus considerably more

dependent on economies of scale to make their products competitive on the market.

The capital goods sector supplying gasification technology is heavily concentrated in three
actors, General Electric, Sasol Lurgi and Shell. Their combined market share increased from
88 to 93 percent between 1999 and 2007. Roughly a dozen other technology suppliers
provide gasifiers, but their combined share has been nearly halved over the same time

period (GASIF, 2007). Among the three main competitors, Shell was the smallest in 2007 but

%! The plant in Qatar will be the largest in the world and have a total thermal capacity of 11,000MW,.
65



was expected to experience the strongest growth in the near future, since it will supply
gasification and downstream technology for the Pearl Qatar GtL project. In addition, in 2005
Shell was reported to have signed another 12 contracts for coal gasification projects in China
(Chhoa, 2005). As a result, it is expected to increase its market share from 28 percent in
2007 to 45 percent by 2010, while Sasol Lurgi’s share is projected to decline from 34 to 25

percent and GE’s from 31 to 24 percent.

Of these major companies, it is only Sasol Lurgi that has some experience with processes
dedicated for biomass and waste gasification. Shell and GE have, so far, only developed their
gasification technologies for fossil fuels.%? Three of the actors with small market shares
(TPS®, Foster Wheeler and Envirotherm) have experience in biomass or waste gasification,
while the remaining actors primarily compete with the big three in coal gasification. Sasol
Lurgi and Shell are also the only actors that have commercial experience with FT synthesis

(GASIF, 2007).

In conclusion, fossil gasification is a mature technology. It has proven to be both an
attractive and versatile process through which virtually any carbon-based material can be
turned into a valuable product such as chemicals, transportation fuels, town gas, and
electricity. The market growth is, however, exclusively focused on fossil fuels, and the capital
goods sectors supplying gasification technology have been heavily concentrated in three
main actors. As of yet, these actors have shown very little interest in the gasification of
renewable resources such as biomass and waste residues. The following section will outline

the main technical challenges for realising such combinations.

3.3 Technical challenges, past and potential markets of biomass gasification
Given the debate on climate change, there has been a growing interest in developing
alternative fuels using biomass as a feed-stock. To some extent, biomass gasification can

draw upon the knowledge base of fossil fuel gasification.

52 However, Shell has demonstrated up to thirty percent biomass co-feeding in the Buggenum IGCC plant
(Zwart, 2007).
% The company TPS has filed for bankruptcy and is no longer active.
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However, the physical and chemical properties, as well as the availability and spatial
concentration of biomass, are distinctly different from coal and oil. As such, fossil fuel
gasification systems have been designed in such a way that they cannot be used for biomass
gasification without major modifications of the entire system. For example, all fossil
alternatives have considerably higher heating values and are chemically more homogenous,
compared with the low heating value and chemically heterogeneous character of biomass. In
addition, most coals can easily be ground into a fine powder or be made into a slurry and,
just like oil or natural gas, can be easily fed into the gasification reactor at high pressures. In
contrast, biomass consists of long wood fibres that are not well-suited to current reactor
designs. The biomass resource is also different from fossil fuels in that it is geographically
distributed, while fossil fuels can be found in large quantities in specific areas, making
collection and distribution more efficient. The lower heating value of biomass also makes
transportation of large volumes costly. However, this latter problem should not be over-
emphasised since there is a global trade of untreated biomass and it can be found processed

in large quantities at paper mills.

In order to turn biomass gasification into a commercially viable process for the production of
chemicals, transportation fuels and electricity generation (IGCC), the development of the
technology has progressed along three main trajectories (see Figure 3.3.1). To various
extents, these trajectories draw upon existing knowledge of fossil gasification and biomass
combustion. However, for the technology to succeed producers must also develop

knowledge specific to the field of biomass gasification and the trajectory they have chosen
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The trajectory of Entrained Flow (EF) gasification draws primarily on technologies and
competencies that have been developed for oil and coal gasification. The trajectory
constitutes the ability to gasify biomass under high temperatures, high pressure and on a
large-scale. The process results in a relatively clean syngas (consisting mainly of carbon
monoxide and hydrogen), which after some modest downstream processing can be
synthesised, based on existing coal technologies, into advanced chemicals or transportation
fuels, or can be used to produce power in a combined steam and gas cycle (IGCC). In the case
of biomass, the downstream processes can be more or less based on existing coal

technologies.

As previously mentioned, EF reactors were not developed for the physical or chemical
properties of biomass, and as such it is necessary to develop a complementary pre-
treatment system. Such systems are currently not commercially available. A potential
problem with the process is that high temperature gasification consumes more of the feed-
stock than low temperature gasification. As a result, the overall efficiency of the process may
be lower, unless the syngas can be used for electricity production in a combined cycle. As
illustrated in Chapter I, the efficiency of biomass conversion greatly influences the overall

substitution potential of second-generation fuels.

The two other trajectories originate from the field of combustion and operate at a lower
temperature than EF gasification (<1000 degrees Celsius): pressurised fluidised bed (FB) and
atmospheric fast internal circulating fluidised bed (FICFB).®* The pressurised FB system must
be oxygen-blown, which significantly increases investment costs, and can be operated on a
large-scale when the production of synthetic fuels is intended. For power production, an
oxygen source is not necessary and the atmospheric process (FICFB) can possibly be
operated on a smaller scale also without an external oxygen supply for the production of

synthetic fuels.

Since the fluidised bed technology has been extensively used for biomass combustion it is

well-suited to the physical and chemical properties of biomass. Feeding biomass into the

% This trajectory could also have been described as “steam gasification” to include the SilvaGas process from
the US. However, the projects currently pursued in Europe are based on the FICFB technology developed in
Austria (see Chapter V).
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gasification reactor, therefore, poses no problem. However, these systems normally operate
under atmospheric pressure and there is little experience with pressurised feeding
systems.65 In addition, the gas is contaminated with varying levels of tars, alkaloids,
hydrocarbons, benzene, nitrogen, toluene, and other contaminants. In less advanced
applications for biomass gasification, such as co-firing with coal, gas purity requirements are
moderate and the contaminants do not necessarily pose a problem. As the focus shifts to
transportation fuels, an ultra clean gas is required of the same quality that is achieved from
the high temperature route (Boerrigter and Rauch, 2006). As such, producing a
transportation fuel means that a set of additional competencies related to the cleaning, and

catalysis of the product gas is required.

A basic gasification system can thus be divided and analysed based on sets of inter-related
knowledge fields: (1) pre-treatment of the feed-stock, (2) the gasifier, (3) cleaning and
conditioning of the raw gas, and (4) the application of the gas (see Figure 3.3.1). If
gasification is to be successful, it is important to design the entire system as an integrated
unit in which the inter-related knowledge fields are developed and applied, taking into
careful consideration which type of biomass feed-stock is going to be used and the final
product(s) of the process. Ultimately, it is the final application that determines the gas

guality requirements.

The different types of biomass resources available and the four inter-related knowledge
fields in a biomass gasification process will now be described and analysed. The descriptions
will be brief and describe only the most important inter-relationships. For more detailed
descriptions of gasification see, for example, Knoef (2005) or Higman and van der Burgt

(2008).

3.3.1 Feed-stocks and pre-treatment

The first part of the gasification system deals with the feed-stock and its eventual pre-

treatment before gasification. As a feed-stock, biomass resources are versatile in nature and

% The experience from Varnamo in Sweden (Chapter VII) and Oulo, Finland (Chapter VIII) illustrates that it is
possible.
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consist of many different liquid, woody and non-woody resources, including wood and forest

residues, black liquor, agricultural residues and waste streams (see Figure 3.3.1).

Large volume residues are generated, for example, by the forestry and wood processing
industries, in the form of thinnings, barks, roots, branches, and saw dust. The residues can

easily be made into wood chips or pellets that are suitable for gasification.

Another potentially important feed-stock suitable for gasification is black liquor, which is a
by-product from the industrial process of chemically digesting pulpwood. Black liquor
contains the inorganic chemicals used in the process but also half of the energy content of
the wood fed into the digester, and can potentially become an important feed-stock for
gasification.®® However, it is highly corrosive and involves very specific technical challenges

for which a new type of reactor design has been developed (see Chapter VII).

The above-mentioned biomass-based feed-stocks are, however, limited to a few countries
with extensive forestry industries such as Sweden, Finland and Austria (Lehtinen et al.,
2004). For countries like Germany, agricultural residues such as straw and other types of
non-woody biomass can potentially become important feed-stocks for gasification.
Significant volumes of such residues are unused today, or have little economic value.
However, straw has a very low energy density. It has been estimated to have in the range of
only 13 to 33 percent the energy density of woody, solid types of biomass such as forest
residues (Matsumura et al., 2005; Higman and van der Burgt, 2008). Straw’s low energy

density makes it costly to transport.

A third resource potential available for gasification in large quantities is various types of
waste streams, commonly used for heat and electricity production. One such waste stream
is referred to as refuse-derived fuel (RDF) and is produced by sorting, shredding, dehydrating
and sometimes pelletising household and industrial waste. Depending on the actual content
of the RDF and the legislative framework in different countries, these sources are classified
as either a waste or a biomass resource. How they are classified is important for what type

of incentive structures and regulations investors and plant operators have to comply with

% The energy content removed from black liquor to make, for example, transportation fuels must be replaced
elsewhere in a pulp and paper mill to keep the energy balance intact.
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(Kivela and Takala, 2009). For gasification, however, these types of fuel pose problems in
terms of varying energy densities and the existence of different chemical compounds and

metals that can be difficult for the gasification process to handle.

A fourth and final type of biomass that could potentially be made available for the use of
biomass gasification is various types of short rotation coppice (SRC) on unused farm land
such as poplar and willow. This feed-stock poses similar challenges as other woody biomass
fuels and is easily made into wood chips.67 Its overall biomass potential will be outlined in

the subsequent section of this chapter.

Depending on the type of gasification process used (EF or FB), the above-mentioned feed-
stocks need to undergo more or less pre-treatment before they can be fed into the gasifier.
The most demanding type of gasifier in terms of specifications on the feed-stock is the
entrained flow reactor, since it can only handle slurries or powders with particle sizes of the

order of magnitude of 500 um (Higman and van der Burgt, 2008).

It has been argued that traditional cutting and grinding of biomass to such small sizes is
difficult and costly in terms of energy use (Knoef, 2005; Zwart et al., 2006b; Nordin, 2008).
There are currently four main trajectories under development to solve this specific problem.
The trajectories both complement each other and compete with each other, since some are
better at processing one type of feed-stock than the other (although there are also

overlaps).

The first trajectory is based on existing experience with the large-scale grinding of biomass
into a fine powder from the pulp and paper industry, which developed the technology during
the 1970s. The technology is currently being further developed and tested in combination

with EF gasification (Gebart, 2008; Persson, 2008; Energimyndigheten, 2009a).

The second and third alternatives are torrefaction and fast pyrolysis, both of which are

based on a mild thermal pre-treatment of the biomass. In torrefaction, biomass is heated to

% In addition, peat can be harvested and used for biomass gasification in a few peat-rich countries such as
Canada, USA, Finland, and Sweden (Spedding, 1988). However, since peat has often been described as “coal in
the making” and is not replaced at the same rate at which it is used, there are genuine questions about whether
peat should be counted as a renewable resource (Spedding, 1988; Schilstra, 2001).
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a temperature in the range of 200-300 degrees Celsius, in the absence of oxygen. After such
treatment it can—easily and at low energy costs—be turned into a coal-like powder with
small particle sizes and still retain 83-97 percent of the energy in the fuel (Bergman et al.,
2005). Through fast pyrolysis, the biomass can be turned into a combustible liquid with high
energy density—half of the energy density of oil but up to 10 times that of the original
biomass. In the pyrolysis reaction, the biomass is decomposed to a liquid at a reaction
temperature of 500 degrees Celsius, with a short vapour residence time (less than two
seconds) and rapid cooling of the pyrolysis vapours to generate the slurry (Bridgwater et al.,

1999; Bridgwater, 2007).

The fourth type of pre-treatment of the biomass currently under development in
combination with an EF reactor is the use of fixed-bed gasification. The fixed-bed gasifier is
used to heat the biomass to 400-500 degrees Celsius, at which point it is broken down into
tar-rich volatiles and solid char before entering the EF reactor (Rudloff, 2008b). The fibrous
structure of the biomass is destroyed in this process and the char can be milled

conventionally.

These types of pre-treatment systems have only been tested on a small-scale, and there is
limited experience with integrating them in complete gasification systems. The systems can,
therefore, not be considered commercially proven at this point. As a consequence, there is a
lack of specialised suppliers for the above-mentioned technologies. The emergence of such
suppliers is, however, essential for the emergence of an industry with a capacity for realising

the potential of biomass gasification.

3.3.2 Reactor processes and designs

Fluidised bed (FB) and entrained flow (EF) are the two main reactor designs considered for
the production of alternative fuels. The basics of these two processes will now be outlined

(see Figure 3.3.1).

The basic principle of the FB is that the gasifying agent, which can be steam, air or oxygen,
enters the bottom of the gasifier at a velocity of 2-10 m/s and at a low temperature (<1,000

degrees Celsius) (see Figure 3.3.2). The process is also referred to as low temperature
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gasification. As noted earlier, the lower temperature increases the contamination of the gas,
particularly through the higher concentration of tars, but also with CO,, H,0, CH, aliphatic
hydrocarbons, benzene, and toluene (Boerrigter et al., 2005). Even if the higher
concentration of tars is measured in as little as tens of grams per cubic metre of gas,
together with other contaminants they pose a problem in the gas cleaning and conditioning

processes if the gas has to be upgraded to a syngas and used for advanced applications.

In the fluidisation process, the velocity of the entering agent is adjusted so that the fuel, in
combination with a bed material (usually sand), becomes suspended over the bottom of the
gasifier. In this suspended state the fuel behaves as a fluid, hence the name fluidised bed.
There are two basic types of fluidised bed gasifiers: bubbling fluidised bed (BFB) and
circulating fluidised bed (CFB) (see Figure 3.2.2).

In the BFB, the oxidant enters the bottom of the gasifier through a bed of sand. The speed of
the oxidant is important since it influences the size and speed of the bubbles which, in turn,
influence the mixing and heat exchange between the fuel particles (Olofsson et al., 2005).
The raw gas exits at the top of the gasifier through a cyclone that separates sand and fly ash
from the raw gas. The same basic principle is applied in the CFB, with the difference being
that the oxidant enters through the bottom of the bed at a higher velocity. This higher
velocity reduces the bubbling character of the bed and creates more flying sand and feed-
stock, which in turn allows for greater mixing. The fly ash, sand and particles captured in the

cyclone are, therefore, circulated to the gasifier at much greater quantities than in the BFB.
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Figure 3.3.2: Schematics of a bubbling and a circulating fluidised bed. Source: Olofsson et al. (2005).
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In the fluidised bed process, heat can be supplied to the gasification process either directly
or indirectly. During direct gasification, part of the feed-stock is combusted to provide the
necessary amount of heat. This is the most commonly used approach: an alternative is to
transfer the heat from an external source, such as steam, through the gasification agents.
This process is called indirect gasification, or the fast internal circulating fluidised bed
process (FICFB). It operates at atmospheric pressure and the design eliminates the levels of
nitrogen in the product gas, increases the amount of methane®® and, thus, also the energy
content.”? It is an alternative design that excludes oxygen as a gasification agent for

advanced applications, reducing the cost of construction and operation.

The two fluidised processes mentioned above are well adapted to the physical and chemical
properties of various types of biomass and advanced pre-treatment is generally not
necessary. However, pressurising the feed-stock may pose a challenge depending on its
target application.70 There has been some experience with various designs of lock-hopper
and screw-based systems, which have achieved pressure of between 10 and 20 bars

(Blackadder et al., 1992; Sydkraft, 1997, 2000; Salo, 2008).

The other type of reactor is the Entrained Flow (EF) gasifier. In the EF gasifier, fuel in the
form of slurry or pneumatically transported fine particles is injected into the top of the

gasifier, normally at high pressure (see Figure 3.3.3). The feed-stock is mixed with oxygen

% The high content of methane in the gas makes the FICFB process attractive for SNG production, which unlike
most other synthesis processes can be operated at atmospheric pressure (Zwart et al., 2006a; Hofbauer, 2007).
% Depending on the desired application, the gasification agent can be either steam in a combination with oxygen
or air. If air is used, the amount of nitrogen in the gas increases and it cannot be used in synthesis applications
such as for Fischer-Tropsch diesel, methanol, DME or SNG. Using pure oxygen enhances gas quality,
eliminating the nitrogen component, but oxygen is costly to produce.
" The gasification process can be performed under different pressures ranging from 1-80 bars. Pressurising the
feed-stocks before injecting the gasifier has several benefits. Firstly, with increased pressure, the size of the plant
(number of MW) can be increased in relation to the amount of material that is needed to construct it. The
benefits of compact design are reached at a maximum of 15-25 bars of pressure. With higher pressure, little
additional reduction of plant size in relation to costs can be achieved (Higman and van der Burgt 2003 p.17). It
may, however, be beneficial to pressurise the feed-stock even further since it uses significantly less energy than
pressurising the gas exiting the gasifier. The optimal gasification pressure also depends on which gas cleaning,
conditioning and final application the plant is optimised for. For example, the synthesis process for producing
DME, Methanol or FT diesel requires the gas to be at a pressure of about 60 bars. Ammonia synthesis requires a
pressure of about 200 bars. Gasturbines run at 20-40 bars of pressure (Higman and van der Burgt 2003 p. 17-18).
For other applications such as SNG production, it has been argued that the methane synthesis can operate at
atmospheric pressure and pressurised gasifier may therefore be a disadvantage (Hofbauer 2007) (see Chapter V).
However, it still needs to be proven, since the only currently operating SNG plant in North Dakota operates at
high pressure (Higman, 2010).
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and steam and converted in a turbulent flame. The reactor operates at high temperature
(>1,200 degrees Celsius) and with a very short reaction time of less than ten seconds. The
high temperature gasification results in a gas that primarily contains the two combustible
components hydrogen (H,) and carbon monoxide (CO), as well as low levels of tars, nitrogen
or other contaminants. Since it operates at a very high temperature, a lot of sensible heat”
is produced. This heat needs to be used in power applications if the efficiency of the process

is not to be decreased (Higman and van der Burgt, 2003).

Figure 3.3.3: The GSP and Chemrec entrained flow reactors. Source: Siemens and Chemrec.

So far, only two types of EF reactors have been tested with biomass-based feed-stocks
(however, see also FZK/Lurgi in Chapter VI). The first reactor, called GSP, was specially
developed and designed for the corrosive type of lignite available in the eastern part of
Germany, a corrosive character that it shares with the bioslurries produced through fast
pyrolysis. The reactor is equipped with a screen that protects it from the extensive corrosion

that would otherwise occur. Extensive pilot tests based on the GSP have been undertaken

"I The quantity or magnitude of sensible heat is the product of the body’s mass, its specific heat capacity and its
temperature above a reference temperature.
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with various type of pre-treated biomass, but the entire chain from feed-stock to end

product has so far not been demonstrated.

The Swedish company Chemrec has developed a reactor with a ceramic lining that is
specially designed to withstand the extremely corrosive character of black liquor. Both types
of gasifiers can be operated under high pressure and should be able to be integrated with
the standard downstream process developed for commercial fossil gasification, even if this

has not yet been demonstrated on a large-scale.

In conclusion, compared to fluidised beds, EF gasifiers produce a superior quality of gas in
terms of the amount of tars and contaminants within. However, with the exception of black
liqguor gasification, there are no commercial pre-treatment systems available. In addition,
they consume more energy and the efficiency can therefore be hampered if the gas is used
for producing synthetic fuels. The fluidised bed gasifiers have, on the other hand, more
contaminants in the gas but also a higher usable heating value. The higher methane content
in the gas makes it suitable for SNG and electricity applications. The gasifier is easy to feed at
atmospheric pressure with a wide variety of biomass feeds. The down-side of fluidised bed
gasifiers is that gas cleaning can become costly and pressurising the feed-stock is difficult.

The basic problems of gas cleaning will now be expanded on.

3.3.3 Cleaning and conditioning of the raw gas

The raw gas from all type of gasifiers needs to be cleaned and conditioned before it is used
in any type of application (see Figure 3.3.1). The process involves getting rid of impurities
such as tars, particles, halogens, alkali metals, S-compounds, N-compounds, heavy metals,
and calcium, processing to adjust the H,/CO ratio, reforming methane (except for SNG
application) and, in some cases, reducing the fraction of CO, (Olofsson et al., 2005). As
already mentioned, gas cleaning associated with high temperature gasification is a relatively
straight-forward process and commercial technologies are available on an industrial scale.”?

This section focuses on the problems associated with low temperature gasification for

"2 For an overview of the commercially available techniques and processes that are used for cleaning the raw gas
from high temperature gasification, see Higman and van der Burgt (2008).
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advanced applications such as FT liquids, methanol, DME, SNG synthesis and, perhaps to a

lesser extent, IGCC.

The technologies used for tar removal can be divided into two categories: primary and
secondary methods (Devi et al., 2003). Primary methods deal with lowering the tar content
of the gas exiting the gasifier through the proper selection of operating parameters, the use
of bed additives/catalysts and gasifier modifications. According to Devi et al. (2003), it is
possible to reduce the dependency on downstream cleaning with primary methods, which

still can be developed further.

All gasification processes for advanced applications use extensive downstream, secondary
cleaning methods. These methods consist of the physical removal of tars with wet scrubbers,
electrostatic precipitators, barrier filters, and cyclones, as well as the catalytic or thermal
destruction of tars (Devi et al., 2003; Iversen and Ggbel, 2005). The secondary methods can
be applied successfully to clean the gas of tars, but the cost of gas cleaning increases with

the number of secondary methods that are used.

The low temperature gasification projects analysed in this thesis (an overview of the project
will be provided in Chapter 3.4) use both primary and secondary methods to produce a clean
gas from low temperature gasification for advanced applications. One such project is the
Gussing plant in Austria where a clean synthesis gas has been produced from an indirect, low
temperature, atmospheric fluidised bed gasifier. Through synthesis the gas has been
converted to SNG and FT diesel. It has also been tested to run a fuel cell (Aichernig et al.,

2004; Hofbauer, 2007).

Although the production of a synthesis gas can be accomplished on the scale of a pilot or in a
small demonstration plant, this does not imply that the processes can easily be replicated on
a larger scale. When the biosyngas from low temperature gasification is intended for
synthesis applications, the integrated process, which includes gas cleaning and synthesising,
has not been proven on a commercial-scale. Some of the projects studied in this thesis
attempt to solve this problem by experimenting with a range of methods for both improving
gas quality and adopting conventional synthesis technologies. Various technology suppliers

may exist for some of the individual components needed. However, a much larger problem
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is that there are currently no suppliers with industrial experience in combining the necessary

cleaning systems for low temperature gasification with the required synthesis technologies.

3.3.4 Past and potential applications for biomass gasification73

Syngas from biomass can potentially provide value in the same type of applications as syngas
derived from fossil fuels. However, the technology can only be considered ready for use in a
few less advanced applications and perhaps even in fewer where it currently makes

economical sense.

Biomass gasification can be seen as a stand-alone process, but the product gas or syngas
derived from biomass could also be co-fired in combination with gas from fossil resources in
some of the applications. In such an application, renewable and fossil-based feed-stocks can
be mixed prior to gasification, or the gases can be mixed following the gasification but
consumed in an application. The amount of gas cleaning is determined by the requirements
of the end-application. As the gas requirement becomes increasingly strict, the application
becomes more advanced. This section presents the existing co-firing and stand-alone

applications. Their actual market potential will be presented in the subsequent section.

Boiler, Cement and Lime Kilns
The least advanced use of the product gas from biomass gasification is to fire it in a boiler or

in a kiln used in the cement or pulp and paper industry. The kiln application was developed
for oil substitution in the early-1980s largely by two major and competing technology
suppliers to the pulp and paper industry: Gotaverken from Sweden and Ahlstrom from
Finland. In total, eight plants were installed between 1983 and 1987, and most of them are

still in operation (see Table 3.3.1).

7 “In order to create an overview of all capital goods suppliers and applications for biomass gasification, a
database was constructed, including the major pilot, demonstration and commercial gasification plants that had
been constructed or were commenced between 1970 and 2007. The database was compiled from data made
available in various publications and online databases. The main data sources were IEA task 33: Thermal
Gasification of Biomass - Babu (1995, 2005, 2006) and IEA (2001). Additional data came from GASIF (2004),
Knoef (2005), Kurkela (1989, 2002), Palonen (2006), Larson et al. (2003; 2006), Olofsson et al. (2005), Marbe
(2005), and the online database: gasifiers.org. As a result, a relatively comprehensive database with 123 entries
could be constructed with what is believed to be the major plants aimed for technology development and
commercial operation that have been constructed in the world. It also includes a large number of fixed bed
gasifiers excluded from this study, as well as small pilot plants. However, the data is obviously skewed towards
Europe and USA, since almost all data has been published by European and American authors with a focus on
their contexts” (see Chapter V). The entries concerning the main biomass gasification demonstrations and
commercial projects are presented in Tables 3.3.1-3.3.5 and Figure 3.3.4.
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Table 3.3.1: CFB lime kiln gasifiers.

Located in Supplier Operational MWy,
Pietarsaari Finland Ahlstrom/FW 1983 34
Jakobstad Finland Ahlstrom/FW 1983 35
Norrsundet Sweden Ahlstrom/FW 1985 25
Pols Austria Lurgi 1985 27
Iberian Peninsula  Portugal Ahlstrom/FW 1986 17
Karlsborg Sweden Ahlstrom/FW 1986 27
Rodao Portugal Ahlstrom/FW 1986 15
Varo Sweden Gotaverken/Metso 1987 30
Riidersdorf Germany Lurgi 1996 100

However, after the oil crises ended in 1986, interest in oil substitution disappeared. Since
then, only one additional plant was built, by Lurgi in 1996 (Hofbauer and Knoef, 2005). The
technology can be considered commercial and profitable at an oil price of approximately

$70-80 per barrel (2009) (Saarivirta, 2008; Isaksson, 2009).

Boiler and Co-fire
One step up the scale towards increasingly advanced applications involves firing the gas in a

boiler for heat and electricity production. If the gas undergoes some cleaning before
entering the boiler, it is possible to produce energy at higher steam temperatures and
pressure values. This will result in higher electrical efficiency than in units based on direct
combustion technologies (Palonen et al., 2006). The increased electrical efficiency compared
to combustion is, however, modest unless it involves more difficult fuels such as RDF and

household waste; the alternative process is waste incineration.

So far, two stand-alone plants have been built, one in Varkaus, Finland by Foster Wheeler,
and the other in Chinati, Italy by TPS. The plant in Finland operates on industrial waste
containing polyethylene plastics and aluminum, which would be very difficult to incinerate
using conventional technology (Palonen et al., 2006). The plant in Italy operates on

pelletised RDF, containing 60 percent paper and 40 percent plastics (Knoef, 2005).
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Table 3.3.2: Boiler, stand alone and co-fire gasifiers.

Located in Supplier Operational MW,,
Greve, Chinati Italy TPS 1992/1998 30
Varkaus  Finland Foster Wheeler 2000 40
Lahti Finland Foster Wheeler 1998 60
Geertruidenberg Netherlands Lurgi 2000 85
Ruien Belgium Foster Wheeler 2002 50

An additional three plants of this type have been built, but with co-firing of coal (see Table
3.3.2). In the co-firing application, the product gas is cleaned before entering a coal-fired
boiler where it is co-combusted. It is a potentially attractive application since existing coal
plants can be complemented with a gasification unit and decrease their CO, emissions
without the cost of completely new infrastructure (Hansson, 2009). Today, these types of
plants can be constructed on a large-scale, commercial basis, but interest in the technology
from customers has been modest (Palonen, 2008). Recently, there has been renewed
interest in the technology based on waste gasification; in 2009 Metso Power was awarded
two large contracts, in Lathi and Vasteras, worth €150-200 million (Metso, 2009;
MalarEnergi, 2009). If constructed, the waste gasification plant in Vasteras will be the largest

ever built, with a thermal fuel capacity of 200MW."*

Combined heat and power (CHP) with gas engine
A technically successful application for biomass gasification is combined electricity and heat

production (CHP) with a gas engine. The application has been considered to be suitable
when connected to a small- to medium-scale district heating system, where conventional

combustion plants have considerably lower electrical efficiency.

Each gas engine has a size of approximately 1.5MW,, and can be connected into a series for
increased capacity. They can normally handle different types of gas qualities and reasonable
amount of contaminants. However, some specifications are stricter if an engine exhaust

catalyst is used (lversen and Ggbel, 2005).

™ The project was, however, discontinued in February 2010 (MélarEnergi, 2010).
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Table 3.3.3: Combined heat and power generation with gas engine.

Located in Supplier Operational MW,,
Gussing Austria Repotec 2002 8
Skive Denmark Carbona 2008 28
Oberwart Austria Ortner 2009 10

So far, only three plants have been constructed (see Table 3.3.3) and it has been argued that
the price of electricity, in light of the additional investment costs, reduced availability of the
plant and the increased cost of raw material for gasification over combustion, makes most of
these plants uneconomical at the moment (Bolhar-Nordenkampf 2007). Nevertheless, in
Germany and other countries that have adopted special support schemes for biomass
electricity, there are added incentives for innovative biomass-based technologies, which
motivates further investment in the technology. Although no plants have yet been
constructed in Germany there are several currently being negotiated (Aichernig, 2007; Vitek

and Sommer, 2008).

Biomass integrated gasifier combined cycle, BIGCC and co-fire
The next step up in complexity is the Biomass Integrated Gasifier Combined Cycle (BIGCC) for

combined heat and power production. The benefit of the combined cycle over a gas engine

is that larger plants can be constructed with even higher electrical efficiency.

Several attempts were made to demonstrate the technology between 1991 and 2003, but
they have all more or less failed (see Table 3.3.4). The most successful attempt was in
Varnamo, Sweden, where a fully integrated BIGCC was demonstrated and was operational
between 1993 and 1999 for a total of 8,500 hours based on various biomass feed-stocks. The
plant was operated by Sydkraft (now owned by E.ON) with pressurised CFB technology from
Foster Wheeler. The demonstration was completed in 1999 and the plant was then

decommissioned.
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Table 3.3.4: Biomass Integrated Gasification Combined Cycle for combined heat and power
production.

Located in Supplier Commissioned MW,
Arbre, Yorkshire United Kingdom  TPS 2003 30
Varnamo Sweden Foster Wheeler 1993 18
Tampere Finland IGT/Carbona 1991 20
Hawaii United States Renugas 1994 20

With a pressurised gasification reactor a BIGCC plant could, in principle, have a capacity of
several hundred MW,,. The average size of the 23 currently operating coal-based IGCC is
440MWy,, and they have an electrical efficiency in the range of 38 to 43 percent (GASIF,
2007; Higman and van der Burgt, 2008). For biomass, plant size would be limited by the
amount of available biomass and the size of the district heating (DH) systems. There are few

DH systems capable of receiving hundreds of megawatts of heat.

Further technology development is required to commercialise the application, particularly
with regard to turbine designs. Gas turbines with high efficiency and low NO, emissions are
developed either for coal-based syngas or natural gas. The biomass-based product gas has a
lower calorific value than coal-based syngas and entirely different gas properties than
natural gas (which mainly contains methane). With some development efforts it would
probably be possible to redesign the burners for coal-based syngas to be used with syngas
from biomass (Horazak, 2007a). In addition, the turbines would have to operate at a lower
inlet temperature and pressure, which would increase the investment cost and lower the
operational efficiency of such a plant compared to a combined cycle running on natural gas

or a coal-based IGCC (Rodrigues et al., 2003).

Co-firing has been proposed as a solution to these technical problems. One type of co-fire
system has already been demonstrated on a commercial-scale by the plant operator Nuon in
Buggenum, the Netherlands. In this plant, coal and biomass is mixed and fed into a standard
Shell EF gasifier. The plant has a 600MW thermal input and is co-fired with up to 34 percent
thermal input of biomass (Zwart, 2007). It is not included in Table 3.3.4 since it is based on
conventional coal gasification technology without any modification and has thus been

excluded from the study.
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A second type of co-fire application is discussed in Rodrigues et al. (2003) and Marbe (2005),
but has never been demonstrated. They argue that it is possible to mix 28-50 percent natural
gas with biomass-based product gas in an NGCC (Natural Gas Combined Cycle) without any

major changes in turbine design or significant losses in efficiency.

Industry representatives disagree, however, and argue that only three percent of product
gas can be used without modifications (Nystréom et al., 2007).” This co-fire application
appears to be promising for extending the design space towards realising BIGCC. However,
as long as there are no actors making serious attempt to develop the technology, it is
difficult to assess what the “minor” modifications suggested by Rodrigues et al. (2003),

Marbe (2005) and Horazak (2007a) may actually be comprised of.

Chemicals and Transportation Fuels
Since the establishment of the EU directive on renewable fuels (EC, 2003), there has been

renewed industrial interest in producing chemicals and alternative fuels from biomass. Past
experience of biomass gasification for synthesising various chemicals and transportation
fuels is, however, quite limited. There have been a few entrepreneurial experiments on a

laboratory- and pilot-scale, based on both low and high temperature gasification.

In terms of industrial experience, no dedicated systems for biomass gasification for the
production of second-generation fuels have been made operational. However, some lessons
could probably be drawn from two major projects based on high temperature gasification
using standard coal technologies. The first is an ammonia plant in Oulo, Finland based on
peat, and the other is in Germany (Schwarze Pumpe), where methanol and power was
produced from household and industrial waste from fossil resources. The peat used in Oulo
and the waste at Schwarze Pumpe should not be seen as a renewable resource such as
biomass, but they share some of the problematic physical and chemical properties that also

have to be addressed for biomass gasification.

> The standard NG burners are, however, dry low NOx burners that are exclusively designed for natural gas.
The issue is that dry low NOx burners are pre-mix burners and the syngas from whatever source contains
hydrogen. The danger is that hydrogen under these conditions could pre-ignite (auto-ignition), causing at best
overheating and damage to the burner. Industry’s reluctance is therefore understandable (Higman, 2010).
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The plant in Oulo, Finland was converted from oil at the end of the second oil crisis, and
operated based on peat for a total of 258 days before it was shut down when the oil price
dropped again (Koljonen et al., 1993). The plant had a thermal capacity of 80MW;;,, operated
at 10 bars of pressure and was based on the High Temperature Winkler, which is a coal
technology supplied by the German capital goods manufacturer and engineering firm Uhde
(see Chapter VIII). Schwarze Pumpe (SVZ) has a long history of coal gasification in the DDR
but was converted to a facility for methanol and power production based on a mixture of

processed coal and waste in 1996.

The technology originally used at SVZ was the GSP gasifier developed at the former
Deutscher Brennstoff Institut (German Combustion Institute), which now is owned by
Siemens, as well as fixed bed coal gasifiers for production of town gas (see Chapter VI). In
2000, a coal gasification technology called British Gas Lurgi (BGL), now owned by
Envirotherm, was also installed to handle solid waste and coal together with the existing
fixed bed gasifiers. The GSP technology was modified for handling oil slurries, pastes, fuel
mixtures from tar, and sewage sludge. All operations at Schwarze Pumpe have been shut

down since 2008 due to poor economics of the operation (Knoef, 2005; Picard, 2008b).

There are currently at least nine major projects within the European Union attempting to
realise both high and low temperature biomass gasification along the three technological
trajectories described above. These projects and their alliances will be described in Section
3.4. They draw on previous experience with biomass gasification for less advanced
applications such as for lime kilns, boilers and co-fire, as well as from lessons from the

previous attempts to realise BIGCC and the limited experience from Oulo and SVZ.
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Figure 3.3.4: Accumulated experience in biomass gasification in terms of number of projects and MW
installed capacity. Not all projects have been successful. Source: Tables 3.3.1-3.3.4.

In total, 24 biomass gasification plants have been constructed and supplied by ten major
actors from four countries (Sweden, Finland, Germany and Austria) (see Figure 3.3.4 and
Table 3.3.5). If future development draws on past experience, these ten actors would
naturally be at the centre of any future development projects. However, their past
experience will not be sufficient for developing future advanced applications for biomass
gasification. In addition to existing knowledge, new advanced pre-treatment systems will
have to be developed for high temperature gasification. The development of such pre-
treatment systems may, in addition to feeding the gasifier, enable a global trade in low
energy density biomass-based materials such as straw. For low temperature gasification, the
challenge consists of developing efficient gas cleaning systems and adopting existing
synthesis process (and eventually also gas turbines) to the low temperature biomass-derived
synthesis gas. Hence, the catalyst developers would also have to take part in the
development projects with their specialist competencies. There are potentially many
suppliers of catalysts for methanol and DME synthesis who could take part in such a
development, while there are only two suppliers of catalysts with industrial experience in FT

synthesis (Sasol and Shell) (GASIF, 2007).
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Table 3.3.5: Firms with some to extensive experience in biomass gasification, installed MW and
number of projects. Source: Tables 3.3.1-3.3.4.

Experienced firms Plants MW
Foster Wheeler 10 321
Lurgi 4 212
TPS 2 60
Carbona 2 48
Uhde 1 80
Metso 1 30
Ortner 1 10
Repotec 1 8
Siemens 1 -
Envirotherm 1 -
Total 24 769

Hence, even if biomass gasification can draw upon the existing and fossil-based design
space, there remain great technical challenges to realising more advanced applications. In
order to successfully do so, new knowledge must be developed and combined with existing
knowledge on fully integrated systems. The following section will outline the strategic
alliances that have been formed to overcome this challenge along the three technological

trajectories outlined.

3.4 Biomass gasification alliances in Europe and competing alternatives

This part is divided into three sections. The first section outlines the main projects and
alliances for realising biomass gasification in Europe. Each project will be presented with a
brief overview of which trajectory they have chosen, the alliance of organisations involved in
its development, which development stage the project is at, and its demand for capital
resources during the construction of the first pilot, demonstration and semi-commercial
plants. The following two sections will outline the main arguments for the desirability of

realising a market for second-generation fuels.

3.4.1 Major projects and alliances

The development of second-generation fuels and other chemicals is manifested through the
construction of various demonstration plants. These projects are pursued by various types of

organisations acting in different alliances.
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These alliances include capital goods suppliers and catalyst developers for the coal and petro
chemical-industry, pulp and paper firms, energy utilities, and equipment manufacturers from
the transport sector. In addition, we find actors such as integrated gas and electrical utilities,
refineries and fuel distributors, but also firms from the agricultural and forestry industries
that handle large quantities of feed-stock. For some of these actors, the technology may be
integrated into its existing operations, such as in the case of pulp and paper mills. These
possibilities also exist for refineries, first-generation biofuels production facilities, and in
district heating networks. In addition, the various alliances also include universities and

institutes.

These alliances each focus on one of the three trajectories outlined in the previous section
(EF, FB or FICFB) and a set of pilot, demonstration and semi-commercial plants have been
built to advance the technology towards commercialisation for various applications, all of
which can be classified as second-generation fuels. Nine of these alliances are found in

Figure 3.4.1, and they will now be briefly described.

88



Black Liguor,
HT-EF, DME

Forest residues,
LT-FICFB,
BioSNG

Forest residues
4' LT-FB, FT diesel

T
* [nregt Residues,
:‘a FT wax/DME

Forest Residues,
LT-cross draft
+HT-EF, FT diesel

Farm residues,
LT pyrolysis+
HT-EF, MiG

L
” i p—— \ Forest Residues,

Forest Residues
_ . LT-FICFB,
LT-FICFB, BioSNG El, heat, BioSNG

Figure 3.4.1: Major alliances for the production of second-generation fuels in Europe. Not all partners in the alliances are mentioned in the figure.
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Figure 3.4.2: From the upper left-hand corner: The BioDME processing unit of Chemrec’s
demonstration plant in Pited and a close-up of black liquor (Photo: Chemrec); the tower of FZK biolig
pilot plant in Karlsruhe (Photo: FZK); Choren’s demonstration plant in Freiberg and a close-up of one
of its biomass pre-treatment units (Photo: Choren).
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Figure 3.4.3 From the upper left-hand corner: A close-up on Chalmer’s FICFB gasifier (Photo: Henrik
Thunman); a close-up of the pilot-scale gasification unit at VTT (Photo: VTT); the BIGCC
demonstration plant in Védrnamo (Photo: VVBGC); the commercially operating FICFB plant and
demonstration facility in Glissing (Photo: Biomasse Kraftwerk Giissing).
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In Austria (see Chapter V), the Technical University of Vienna and the engineering firm
Repotec’® developed the FICFB technology at the Giissing plant with, foremost, Conzepte
Technik Umwelt (CTU) and the Paul Scherrer Institute from Switzerland’’ for the poly-
generation of BioSNG, electricity and heat. The demonstration plant in Glissing is an 8MW,y,
gasification plant, in which 1MW gas is converted to BioSNG. The plant has been in
operation since 2002 for heat and electricity, and the synthesis unit started to produce
BioSNG in autumn 2009. The cost of constructing the facility was approximately €10 million,
not including the synthesis plant (Hofbauer, 2007). The Austrian-Swiss alliance is currently
seeking partnerships with capital goods suppliers for the construction of semi-commercial
and commercial-scale plants in Europe (Hellsmark and Jacobsson, 2009). The technology is
also being further developed in both Germany and Sweden. Since economies of scale for
SNG production can be reached even in a relatively small plant, a typical future plant has
been set at 100MWy,. The investment cost for such a plant is approximately €150 million.
The cost of BioSNG has been estimated to be approximately €0.7 per litre diesel equivalent

(lge) (see Table 3.4.1) (Thunman et al., 2008).

In Germany (see Chapter VI) two alliances have been formed with actors in the chemical, oil,
coal and automotive industries, and a third is based on the FICFB technology developed in
Austria. The first alliance was initiated by Choren, which is a start-up company from Freiberg.
It has been developing the GSP gasifier for biomass gasification since the early-1990s and
has formed an alliance with Daimler, Volkswagen and Shell for the construction of a fully
integrated BtL demonstration facility, including FT synthesis technology supplied by Shell. If
the plant can be made operational it will have an annual production capacity of 15,000
tonnes of fuel. The construction cost of the plant was over €100 million and it was
inaugurated in April 2008. As of November 2009, the plant was not in operation and Shell
had decided to sell its shares to the remaining shareholders in the company (Choren, 2009).
When the demonstration is validated, Choren plans to move on to construct a commercial-

scale demonstration facility with a production capacity of 200,000 tonnes of FT diesel. The

7® Repotec is a spin-off company from the capital goods supplier Austrian Energy & Environment.
"7 Many other partners have been involved in the technology development, but it appears as if it is the
commercial actors Repotec and CTU who will appropriate on the technology development.
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estimated cost for such a plant is €800 million and the cost of the fuel will be in the range of

€0.8-1.2/l4c (see Tables 3.4.1) (Seyfried, 2008b).

Table 3.4.1 Estimates of cost and time plan for the major development projects.

Pilot Demo Pre-Commercial Demo Commercial demo Cost
Year Cost (M€)| Year Size Cost (M€)| Year Size  Cost(M€)|Year  Size  Cost (M€)| €/l4e
TU-Vienna/Repotec| 1995 2002 8+1MW 10 2013 160GWh 75 2015< 0.07Mtoe 150 0,7
Chalmers/Metso 2008 1.1 2008 6MW 1.1 2015< 0.07Mtoe 150 0,7
ZSW/EVF 2002 2.4 2010 10MW 18 2013<  10MW 2015< 0.07Mtoe 150 0,7
Chemrec 2005 7 2010 5MW/1.5kt 28 2012/13 0.1Mtoe 300 |2015< 0.2Mtoe 400 0,5
Varnamo 18MW 45 2015< 0.2Mtoe 400 0,7
Carbona/UPM 2005 10 2011/12 0.2Mtoe 400 [2015< 0.2Mtoe 500 0,5
FW/SE/Nesté 2009 12/5MW 40 2011/12 0.1Mtoe 400 [2015< 0.2Mtoe 500 0,5
Choren 1998 NA 2008 45MW/15kt 100 2015< 0.2Mtoe 800 0,85
FZK/Lurgi 2005 2008 5MW 4 2011 5MW 70 2015< 0.2Mtoe 900 1
Total 245 1245 1.41Mtoe 3950

Sources: Representatives from the different projects, as well as (Atrax Energi, 2002; Zwart et al.,
2006a; Zwart et al., 2006b; Leible et al., 2007; Zwart, 2007; McKeough and Kurkela, 2008, RENEW,
2008; Thunman et al., 2008).”®

The research institute Forschungszentrum Karlsruhe (FZK) has been the principal actor in the
second alliance, in which they are attempting to develop a distributed solution for the
gasification of agricultural residues. The idea is for the residues to be collected and turned
into a slurry through fast pyrolysis, which is then transported from multiple locations to a
single site for large-scale gasification with a high temperature EF reactor similar to the GSP
marketed by Siemens and Choren. The demonstration of the technology is being pursued in
collaboration with Lurgi, Volkswagen and Sidchemie, but in the end Lurgi will be the sole
owner of the complete process. The goal is to produce methanol that can then be turned
into diesel, gasoline and other chemical products. In this project, the complete chain will be

demonstrated separately and not in an integrated facility.

The demonstration facility for slurry production was inaugurated in 2008, and the advocates
of the project hope to demonstrate the remaining steps before 2012, at a cost of

° The cost of producing FT diesel from a very large

approximately €60-80 million.”
commercial-scale facility with a capacity of 1.16 million tonnes has been estimated at

approximately €1.0/l4e (Leible et al., 2007). Large plants are attractive since FT synthesis

" The intentions and time frames of the representatives of the different projects change quite frequently and the
figures in Table 11.1 are often updated.
" This is the author’s estimate.
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benefits greatly from economies of scale. The production cost could eventually be decreased
to approximately €0.55/l4. if plants in the range of 8GWy, are built (Zwart et al., 2006b;
Zwart, 2007). On the other hand, if plants of the size of the Choren technology would be
built (0.2 million tonnes), production cost would be as high as €1.8/l4 (RENEW, 2008). This
type of plant is a possible intermediate step before the large-scale plants can be
constructed, and through integration with, for example, the production of first-generation
fuels, the production cost of the fuel could be reduced (Zwiefelhofer, 2007; Berger, 2008).
The investment cost of a similar but smaller plant would still be around €900 million
(RENEW, 2008), but a good estimate of the production cost of the fuel has not been made
official. It would, however, be less than 1.8€/l4c but more than €0.5/l4e previously
mentioned. Hence, even if not verified in the literature, a production cost of €1/l4e is used as

a reference in Table 3.4.1.

The Repotec/Gussing FICFB technology has served as the basis for a third German alliance.
The ZSW institute in Baden-Wiirttemberg is seeking to further develop the technology for
BioSNG production and has formed an alliance with a consortium consisting of more than 10
actors. They began elaborating with CO,-absorbing bed materials for increasing the yield of
hydrogen in the product gas. The attempts were carried out at the Gissing facility and
received funding of approximately €2.4 million through the EU projects “AER-Gas |” and
“AER-Gas II”. In the next phase, ZSW and their allies will build a commercial-scale research
and development facility for electricity production in the town of Géppingen. Through the
EEG Act, which guarantees a fixed price for the electricity that is produced, the plant will
carry its own operating costs and become a research facility for developing the process of

BioSNG synthesis.

In Sweden (see Chapter VII) there are currently three alliances for realising biomass
gasification for the production of transport fuels and chemicals. The first centres on FB
gasification for the production of synthetic fuels based on the former BIGCC plant in
Varnamo. The cost of reconstructing the 18MW,, facility has been estimated as
approximately €45-50 million; reconstruction has not yet taken place and the project is

currently on hold. The cost of constructing a commercial-scale facility integrated into a
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district heating network and having an annual production capacity of 0.2 tonnes of DME has
been estimated as approximately €400 million. The production cost of the fuel from such a
plant has been estimated to be in the range of €0.49-0.55/l4e (Atrax Energi, 2002) or €0.7-
1.0/l4e (see Table 3.4.1) (Thunman et al., 2008).

The second alliance in Sweden was initiated by Chemrec, which has developed the black
liguor gasification technology. The alliance aspires to produce DME using the black liquor
from chemical pulp mills. A pilot facility for black liquor gasification was inaugurated in 2005,
costing €7 million to construct; this is currently being rebuilt for €28 million as a
demonstration facility for a continuous and annual production of 1,500 tonnes of DME.
Inauguration of the facility is being planned for 2010 and will cover the fuel demand for a
small test fleet of DME vehicles supplied by Volvo. Preem, Total, Delphi and other actors are
also taking part in the project to develop the entire value chain—from black liquor to the use
of DME vehicles in commercial traffic. The next step has already been initiated for the
construction of a first semi-commercial-scale demonstration facility in Ornskéldsvik, Sweden.
Chemrec, together with the pulp and paper mill Domsjé Fabriker, have been granted €50
million from the Swedish Energy Agency for the construction of a pre-commercial
demonstration plant of approximately 100,000 tonnes annually at their mill site. The cost of
the plant construction has been estimated as approximately €300 million (Domsj6, 2009).
The cost of a commercial-scale plant in the range of about 200,000 tonnes of annual
production has been estimated as roughly €400 million, when integrated into an existing
chemical pulp and paper mill. Depending on the price and supply of raw material, the cost of
liquids would be in the range of €0.5-0.7/l4c (see Tables 3.4.1 and 3.4.4) (McKeough and
Kurkela, 2008; Seyfried, 2008b).

Biomass gasification is planned to be demonstrated in a third Swedish project, in which the
local utility Goteborg Energy has teamed-up with the Austrian-Swiss alliance of Repotec, CTU
and the Finnish capital goods supplier Metso Power for building the first semi-commercial 20
MW BioSNG plant. The construction cost of the plant will be approximately €75 million and
the Swedish Energy Agency has decided to support the project with €22 million

(Energimyndigheten, 2009c). The pre-commercial demonstration may be completed by

95



2013. In addition, Metso power and Goéteborg Energy are involved in developing a new
design of the FICFB technology, developed in Gussing, based on proposals by researchers at
Chalmers University of Technology in Goteborg, Sweden. The new design enables most
existing biomass CFB boilers to be retrofitted and turned into FCIFB units for, as an example,
BioSNG production. A 6 MW pilot plant has been constructed at Chalmers for approximately
€1.1 million. The technology will be ready to scale up with synthesis technology provided by
CTU (see Table 3.4.1).

The capital goods suppliers in Finland (see Chapter VIII) significantly strengthened their
ability to produce boilers and equipment for the pulp and paper industry over the past three
decades. It is a process that is still ongoing with the recent entry of the Austrian machinery
producer Andritz into that cluster. On the basis of a successful capital goods track record and
a large pulp and paper industry, two competing strategic alliances have emerged. Both
alliances develop fluidised bed gasification of forest residues for the production of FT liquids
integrated into the infrastructure of the pulp and paper mills. The first alliance consists of
Stora Enso (pulp and paper) and Néste oil, which have formed a joint venture; they are
pursuing technology development together with Foster Wheeler (capital goods) and the
Finnish research institute VTT. Together with the Finnish government, Stora Enso and Néste
oil have invested more than €40 million to demonstrate the production of an ultra clean gas
in an oxygen-blown, pressurised 12MWy, lime kiln gasifier, in which 5MW of the gas will be
sufficiently cleaned for FT synthesis. The demonstration facility was inaugurated in 2009 (see

Table 3.4.1).

The second Finnish alliance is composed of UPM (pulp and paper) and Andritz/Carbona
(capital goods), in collaboration with the Chicago-based Gas Technology Institute (GTI).
Chicago is also where all the technology development has occurred since 2005. Their
development is based on a 6MW oxygen-blown, pressurised BFB reactor and a gas cleaning
system developed by GTl and Carbona. So far, UPM has funded all the development at a cost
of approximately €10 million, and have declared that they are willing to take the lead in an
investment for a full-scale demonstration plant after all tests in the Chicago pilot plant have

been completed (see Table 3.4.1).
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FT production is currently not included in any of the demonstration projects in Finland. Nor
is it clear which actors will supply the necessary FT technology in the future. Both alliances
aim at integrating the technology in existing pulp and paper mills where there are sufficient
residues and hope to have a first commercial demonstration of 100-200 tonnes of liquids
ready sometime before 2015. Depending on the price and supply of raw material, the cost of

liquids would be in the range of €0.5-0.7/l4. (see Table 3.4.1) (McKeough and Kurkela, 2008).

Except for Varnamo, all of these nine projects are sufficiently funded to complete the
demonstration phase, which is estimated to cost approximately €250 million by 2010 (see
Table 3.4.1). Additional funding will most likely be necessary as the projects run into
unforeseen technical difficulties. Even if demonstration has already begun or is expected to
begin during 2010, given the complexity of the task and various uncertainties, most alliances

cannot be expected to start pre-commercial demonstration before 2012-2013.

The cost of pre-commercial demonstration of five of the above-mentioned nine projects will
be no less than €1,300 million. This figure can be compared with what has been considered a
significant funding scheme in Sweden: a budget of more than €80 million for realising these
type of projects (Energimyndigheten, 2008). It is also from this scheme that Goteborg Energy
and Chemrec have managed to secure a total of €72 million for pre-commercial

demonstration (Energimyndigheten, 2009c).

Hence, if pre-commercial demonstration projects are technically successful, there is a slight
chance that the construction of the first commercial-scale plants can start sometime after
2015. Supposing that nine such plants are constructed by 2020, it would involve an
investment of about €4 billion and result in the production of approximately 1.41 Mtoe of
fuel—equivalent to 5 percent of the 10 percent directive for 2020 (0.5 percent of the total

fuel market, if consumption is kept constant at 300Mtoe annually).

The nine different projects propose three main alternative fuels (FT diesel, DME and SNG)
and three different technology trajectories to achieve them. These alternatives are
simultaneously complementary and in direct competition with each other and other
alternative fuels. The two following sections will outline the main arguments in terms of the

desirability of realising a market for second-generation transportation fuels based on
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biomass gasification. First, the focus will be on the main substitutes and the main arguments
for and against the different options.80 Second, the focus will shift to the various costs, and
the potential social and economic benefits of realising a market for second-generation

biofuels.

3.4.2 Alternative fuels competing to substitute oil

The main fuel alternatives from biomass gasification pursued by the nine alliances are
Fischer Troops diesel, synthetic natural gas and dimethylether. The advocates for FT diesel
argue that it is the most environmentally friendly alternative, which can be blended directly
with ordinary diesel at any quantity and is, therefore, a preferred choice. In addition, they
argue that diesel engines are the most energy-efficient engines available and that there is an
increasing shortage of diesel on the world market. As diesel and gasoline are produced at a
fixed ratio at refineries, it would make more sense to produce a diesel substitute from
biomass than a gasoline substitute (Keppeler, 2007; Kaikkonen, 2008; Picard, 2008a;
Seyfried, 2008a).

The advocates of DME and SNG argue that the construction of new infrastructure is a
comparatively minor cost since there are also costs associated with maintaining existing
infrastructure. The construction of new infrastructure can, according to the advocates, be
attractive since DME and SNG can be converted from biomass at a higher level of energy
efficiency than FT diesel. In addition, with further engine development, both DME and SNG
can be used as a diesel fuel with the same high level of engine efficiency as FT diesel

(Danielsson, 2008; Roj, 2009).

There is a conflict between SNG and DME. The advocates of SNG argue that it is a flexible
fuel that also can be used in many industrial processes, and that there already exists
infrastructure for natural gas on which one can continue to build (Gunnarsson, 2009;
Sjostrom, 2009). The advocates of DME, on the other hand, argue that the DME catalysts are

commercially available and widely used. Moreover, production is seen as flexible since it can

%0 Excluded from the analysis are potential energy savings, lifestyle changes, increased use of public transport or
rapid increase of electrical vehicles, as well as other more elaborative fuel alternatives such as using algae for
fuel production.
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easily be shifted between methanol and DME and the end products have many other

industrial uses besides transportation fuel (Gebart, 2008; Rudberg, 2008).

Second-generation fuels from biomass gasification compete with other alternative fuels
based on both fossil and renewable resources. This competition will be discussed here with
regards to their potential to replace conventional oil, reduce CO, emissions, and the cost of
producing second-generation fuels. The replacement potential of the second-generation
fuels was illustrated in Chapter |, which concluded that the uncertainty concerning the
substitution potential is great®’ (6-56 percent) and that only a limited share of the current

fuel market can be substituted with second-generation fuels from biomass.

The substitution potential is even less for first-generation biofuels, since their well-to-wheel
energy efficiency is considerably lower than that of gasification (see Figure 3.4.4). In
addition, they continue to be controversial since they compete directly with food
production. Depending on the production method, the CO, reduction potential varies
extensively—from being almost on par with the gasification of biomass to even worse than

oil-based fuels (see Figure 3.4.4).%

#! Depending on the well-to-wheel efficiency and the allocation of biomass for fuel production.

%2 Please note that SNG is not included in the figure, but that it is, however, on par with DME. The only fossil
alternatives mentioned in the figure are conventional diesel and diesel, as well as gas-to-liquids (GtL) and coal-
to-liquids (CtL). The remaining alternatives outlined in 3.4.5 have an environmental performance somewhere
between conventional diesel and coal-based diesel. Their exact environmental performance is not of interest to
this study, only that they are worse than the existing alternatives and potentially abundant in supply.
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Figure 3.4.4: Total WTW GHG emissions and the total WTW energy for common alternative fuels (IES
JRC, 2007).

The substitution potential of the fossil-based alternatives is considerably higher than the
renewable alternatives, and they can, in general, be produced at a lower cost. Based on
current global liquids consumption of approximately 31 billion barrels per year (BP, 2009),
the remaining known fossil resources (8,000 billion barrels) would last for at least the next
258 years. Nearly 1.1 trillion barrels have already been produced at a cost of up to $30 per
barrel (in 2008 dollars) (see Figure 3.4.5). The production cost of these fossil alternatives
varies between $10-120 per barrel (bbl), while second-generation fuels can be produced for
approximately $80 to $165/bbl (see Table 3.4.2). On the other hand, CO, emissions from the
fossil alternatives are up 2.3 times higher than from conventional fossil fuels (IES JRC, 2007).
The environmental consequences of utilising this potential would, therefore, be

devastating.®

¥ The future legitimacy of fossil gasification will most likely depend on how well the advocates of coal
gasification manage to integrate CCS technology into their future projects. However, CCS technology increases
energy consumption and increases the rate of coal depletion (Holt, 2007).
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Figure 3.4.5: The long-term supply of liquids from conventional and unconventional resources. In the
figure, “Produced” refers to the amount of oil already recovered and used. Source: IEA (2008, p.
218).%

If climate change is a prioritised goal and energy security is added into the equation,
renewable alternative fuels will have to be developed to limit the amount of fossil-based

alternative fuels made available on the market.

In sum, the gasification of biomass appears to be an attractive and desirable option. It can
potentially be produced from domestic resources in relatively large quantities, and
substitute 6-56 percent of the current demand for oil in the long run while significantly
reducing CO, emissions. The actual substitution potential depends on the choices made;
however, none of the upcoming renewable alternatives can be expected to substitute all of

the oil currently used.

The following section outlines the desirability of biomass gasification in terms of the cost of

realising it, as well as possible social and economic benefits beyond CO, reduction.

% Note: The curve shows the availability of oil resources as a function of the estimated production cost. Cost
associated with CO, emissions is not included. There is also a significant uncertainty on oil shale production cost
as technology is not yet commercial. MENA refers to the Middle East and North Africa. The shading and
overlapping of the gas-to-liquids and coal-to-liquids segments indicate the range of uncertainty surrounding the
size of these resources, with 2.4 trillion shown as a best estimate of the likely potential for the two combined”
(IEA, 2008, p.218).
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3.4.3 The cost, desirability and risks of realising a market

In the introductory chapter, the potential of biomass was assessed and it was concluded that
it would be realistic, from a European resource perspective, to realise a 25 percent market
(or 77Mtoe) share based on current fuel consumption. To realise this potential, it must be
created in competition with other uses of biomass and by choosing the conversion
technologies with the highest possible well-to-wheel efficiency. Even if the potential is highly
uncertain, it is used as a point of departure for investigating the cost and desirability of

realising a market for second-generation fuels.

Based on the figures in Table 3.4.1, the investment cost in a commercial plant with a
production capacity of 1Mtoe of fuels is in the range of €2-4 billion.® The total investment
cost includes all equipment necessary for biomass treatment, gasification and fuel synthesis.
To realise a production infrastructure (not including distribution and consumption) with a
capacity of producing 77Mtoe of renewable fuels, it would require a total investment in the

range of €150-300 billion®® in the years to come.

The long-term employment effects in terms of plant operation, biomass production and
collection would be significant if such a market would be realised. Based on data supplied by
the interviewees, a plant with a production capacity of 0.2Mtoe of fuel would employ in the
range of 600-850 people (Jokela, 2008; Rudloff, 2008a). To realise an annual European
market of 77Mtoe, an equivalent of 385 plants would have to be built and be in full
operation. The employment effect of growing and collecting biomass, as well as operating
these plants, would, therefore, be in the range of 230,000-330,000 people.87 The short-term
employment effects in the sector associated with building the plants and the potential of an
export market would, of course, also be considerable. However, these figures are not

guantified here.

% The estimates for the Chemrec/Virnamo/Carbona/FW and Choren technologies in table 3.4.1 indicate that the
investment cost of building a plant with the production capacity of 0.2Mtoe equals approximately €400-800
MEUR. Therefore, the specific investment cost in plants with a production capacity of 1Mtoe of fuel equals €2-4
billion.

% 77%2=154 and 77*4=308

¥7 77Mtoe divided by an average plant size of 0.2Mtoe equals 385 production facilities. If each facility employ
600-850 people, it creates 231,000 — 327,250 jobs.
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If the EU would realise such a market based on domestically grown biomass, 77Mtoe of oil
imports would be avoided.®® Depending on future oil prices, these avoided costs could be
substantial. The IEA (2009) World Energy Outlook refers to two main scenarios, one in which
the nominal price of oil will reach $150/bbl by 2030 and another in which it will reach
$190/bbl. If a 25 percent market (77Mtoe) would be realised by 2030, the EU would avoid oil
imports in the range of €60-80 billion ($80-100 billion) annually.®® Hence, in addition to CO,
reductions, a 25 percent share of second-generation fuels from biomass would generate

substantial benefits.

Uncertainty about the future price of oil is, however, practically guaranteed. From having
been relatively stable around an historic average of $38/bbl (EIA, 2009)—except for
temporary peaks during the oil crises in 1973 and 1978—the price of oil has recently
increased rapidly. In the last week of January 2007, it went above $50/bbl and continued to
increase until it peaked at $137/bbl during the first week of July 2008. Since then, it has
dropped to $36/bbl during the last week of December 2008 only to increase again. During
the first two months of 2010, it fluctuated around $70-80/bbl. These fluctuations in price
levels can also be seen in the future projections of oil prices. In their 2007 reference
scenario, the IEA predicted that the price of oil in 2030 would be $62/bbl (IEA, 2007). And
only two years later, in their 2009 edition, the price of oil was expected to be $150-190/bbl
by 2030 (IEA, 2009).

Bearing this price volatility in mind, Table 3.4.2 summarises the estimated production cost of
second-generation transportation fuels from the various demonstration projects. The
demonstration facilities that plan to integrate fuel production in the pulp and paper industry
are found in the lower end of the range. They could possibly be competitive at an oil price of
approximately $80/bbl, while the most expensive solution, provided by FZK/Lurgi, would

only be competitive at an oil price of about $165/bbl (see column 2 in Table 3.4.2).

% It has previously been mentioned by the European Commission that importing oil has very limited
employment effect compared to utilising domestically grown biomass for substituting oil (EC, 2008).
¥ Mtoe=7.3Mbbl, 77Mtoe=563Mbbl. At a future oil price of $190/bbl, the import savings would be $107
billion. At $150/bbl it would be $84 billion. Hence, €60-80 billion at an exchange rate of 1 USD = 0.73 EUR
(2010-10-04)
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However, if the cost of CO, emissions is set and the renewable alternatives are excluded
from such costs, their competitiveness would naturally increase. Since there is no general EU
framework associating CO, emissions from the transport sector with a cost, the question is:
what would a reasonable price for future CO, emissions from the transport sector be? If the
cost of emitting CO, would be set in the range of the Swedish CO, fuel tax (equivalent to
approximately $50/bbl of gasoline),”® the pulp and paper solution would be competitive at
about $32/bbl, while the FZK/Lurgi solution would be competitive at about $114/bbl (see
column 3 in Table 3.4.2).**

The Swedish CO; fuel tax is, however, relatively high compared to the price of CO, emissions
set at the European Climate Exchange (ECX) for sectors included in the European CO,
emissions trading scheme (currently not including the transportation sector). In the period
between January 2008 and December 2009, the average price was €19.6/ton CO, (ECX,
2010). Assuming that the combustion of 1 barrel (159 litres) of diesel emits 0.414 tonnes of
CO,, it would cost €8.11/bbl or approximately $10/bbl depending on the exchange rate. If
the cost of emitting CO, was equivalent to $10/bbl, second-generation fuels would be
competitive if the price of oil was higher than $72-155/bbl, depending on the production

method (see column 4 in Table 3.4.2).

From the perspective of an investor in a future commercial-scale BtL plant, it should by now
be quite obvious that such an investment is associated with high risk. First, a large amount of
money is put at risk, about €400-800 million depending on the type of plant. Second, the
competitiveness of the plant is completely dependent on an uncertain future with regard to

the price of oil and the level of CO, rebates.

% The price was set in Swedish krona per litre of gasoline. As of January 1, 2010, it was SEK 2.40/litre
(Skatteverket, 2010).

°! The price at which the different cases are competitive was calculated by multiplying the expected production
price, litre per diesel equivalent with the number of litres in a barrel of oil (159 litres). Refinery losses, equaling
10 percent, which occurs when upgrading crude oil to diesel, has been deducted by multiplying the figure by 0.9.
The conversion from Euro to Dollar has been based on the historic average exchange rate between 1998 and
2008 (1 EUR = 1.15 USD).
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Table 3.4.2: The production cost of BtL and its competitiveness in relation to the price of oil when no,
a high and a low CO, tax is included in the calculation.

(1) (2) (3) (4)
Projects €/lge $/bbl S/ bblyigh-coztax $/bbl ow-coztax
TU-Vienna/Repotec 0,7 115 64 105
Chalmers/Metso 0,7 115 64 105
ZSW/EVF 0,7 115 64 105
Chemrec 0,5 82 32 72
Varnamo/Chrisgas 0,7 115 64 105
Carbona/UPM 0,5 82 32 72
FW/SE/Nesté 0,5 82 32 72
Choren 0,85 140 89 130
FZK/Lurgi 1 165 114 155

If sufficient incentives are provided and the risks to investors are absorbed by various EU
governments or through a common legislative framework, there is a chance that a 25
percent (77Mtoe) market for second-generation fuels can be realised (see Chapter Xl for an
extended analysis). Absorbing this risk, however, may entail a significant cost depending on
the future price of oil, the price of CO, emissions, and the average cost of producing BtL (see

Figure 3.4.6).

The X-axis in Figure 3.4.6 represents the price of oil. At an historic oil price of $38/bbl, the
cost of realising the market by providing sufficient incentives for investors would be nearly
$70 billion annually,? if the average BtL cost is $165/bbl. At an oil price of $190/bbl, the
annual savings would, however, be approximately $80 billion, if the average cost of

producing BtL would be as low as $30/bbl.

%2 This is considered to be high, since the EU budget for 2008 was €116.5 billion. If taken from the budget
(which would be unrealistic) it would be the largest part in the budget. Agricultural subsidies in the EU budget
for 2008 totaled €43 billion (EC, 2009b).
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Figure 3.4.6: The cost of realising 25 percent BtL market at an average BtL production cost of $30-
165/bbl at various oil prices.

In sum, without any mechanisms to absorb the risk for investors that are expected to make
investments in the range of €150-300 billion, it is unlikely that a 77Mtoe BtL market will ever
be realised. Yet, in addition to improving the security of supply, job security and reducing
CO, emissions, the economic benefits for society in providing such incentives may outweigh
the costs, if the oil price remains high and production costs of second-generation fuels can

be kept down.

3.5 Summary

Over the past 200 years, the design space of pyrolysis and gasification has evolved through
many different applications and where the capacity of making one has led to another (cf.
Rosenberg (1976)). The technology has evolved from being used for lighting and cooking
during the industrial revolution into a cornerstone of the modern chemical industry in the

production of various chemicals, nitrogenous fertilisers, and FT liquids and power.

The preferred feed-stock throughout the history of gasification has been coal, although
during the abundance of cheap oil such plants were also built. Since the 1970s, coal has once
again increased in importance, and off-grid natural gas fields have been identified as a
potential resource for increasing production and for securing the future supply of liquid
transportation fuels. The use of coal for such purposes could potentially be devastating to

the environment, as it emits 2.3 times more CO, than do conventional fuels.
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Given increasing concern about climate change, interest in extending the design space of
gasification to also include biomass, peat, black liquor and low-value waste resources has
picked up. The first experiments with biomass since the Second World War were conducted
as early as the 1970s. Since that time the field has evolved along three main trajectories.
These include two low temperature routes: pressurised fluidised bed and atmospheric fast
internal fluidised bed, both of which were offshoots from the existing knowledge base in
fluidised bed combustion. The third trajectory is a high temperature route, which is an
offshoot of existing reactor designs for coal and oil gasification based on the entrained flow

reactor.

The various types of biomass are different from fossil fuels, both in their physical
characteristics and chemical composition. To use it in any of the three routes for the
purposes of producing transportation fuels requires major adaptations to and development
of the processes. In general, the low temperature routes based on fluidised beds are
relatively easy to feed with biomass, while the main problem lies in the downstream gas
cleaning equipment and the catalysts for synthesising the gas. On the other hand, if the high
temperature route is applied, the same downstream process used for fossil gasification can
probably be used with only minor modifications. However, the physical characteristics of
biomass make feeding troublesome and new methods for pre-treatment have to be
developed. Hence, regardless of which route is chosen, there are further technical problems
that need to be solved. Solving these problems involves adapting, developing and
demonstrating the entire system from feed to fuel—not just the individual steps of the

process.

In order to realise biomass gasification for the production of transportation fuels and other
chemicals, an industry with the capacity to construct large-scale gasification systems has to
emerge. The embryo for such an industry has been in development since the 1970s,
experimenting with less advanced applications from low temperature gasification. The first
experiments took place without gas cleaning, where the gas was substituted for oil in the
lime kilns. It continued later with experiments on various boiler applications and in gas

engines for CHP production, which required only modest gas cleaning. Attempts have also
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been made to develop the BIGCC application for CHP generation, but without much success.
Based on previous experience from biomass gasification in combination with experience in
fossil gasification, nine prominent alliances have been formed for realising the production of
renewable transportation fuels and other chemicals based on the three routes outlined

above.

These alliances offer solutions that complement each other and compete with each other in
the realisation of a market for renewable transportation fuels. From a resource perspective,
the potential has been assessed as somewhere between 6-56 percent. If a 25 percent
market is realised, CO, emission would be reduced, energy security would be improved as
imported oil to a value of €60-80 billion ($80-100 billion) would be substituted for. In
addition, job security could be improved by generating economic activities that would not be
otherwise possible. For example, approximately 230,000 to 330,000 jobs could be created in
biomass cultivation, collection and fuel production, not to mention additional jobs in the

capital goods industry for plant construction, both domestically and for export.

However, even if the production of second-generation fuels is a socially desirable process
compared to the fossil alternatives and first-generation biofuels, it is more expensive. For
realising a potential market of 25 percent over the longer term, investments in the range of
€150-300 billion must be made. Without any further incentives, the risk to investors will be
too large and the potential will not be realised. How such incentives may be constructed will

be discussed in Chapter XI of the thesis.

Part Il of the thesis will describe the history of biomass gasification leading up to the
emergence of the nine projects mentioned above. It will also outline the main challenges for
realising them from a national perspective (Austria, Germany, Sweden and Finland). Part lll
of the thesis will draw upon these chapters and analyse what will be necessary at a
European level to realise an industry with the capacity to supply plants for the production of

second-generation fuels on a commercial-scale.
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Chapter IV
Method

“... economics is essentially a unique process in historic time.”

(Schumpeter, 1954, p.12)

The purpose of this chapter is to describe the methods used for the TIS analysis conducted in
this thesis. The chapter is divided into three sections. The first starts by outlining the basic
virtues of performing a TIS analysis and what its possible contributions can be. The second
section describes the case study methodology and delineates the field of study. The third
section describes the evolution of the research process and the methods used for data

collection and analysis.

4.1 The virtue of a TIS analysis of biomass gasification

The world we live in is a “non-ergodic” one, “... a world of continuous novel change” (North,
2005, p.16). In the long run, institutional, market, organisational, and technological
uncertainties are almost complete in such a world. For these reasons, it is next to impossible
for individual actors to be well-informed and be able to take sensible actions in developing

new technologies today based on beliefs about the future decades from now.

Genuine uncertainty inhibits actions and provides weak incentives to develop and
experiment with technical solutions with a high-potential over the long-term. Since the
development of new knowledge fields and the creation of an industrial capacity for large-
scale diffusion take decades, an important role of policy in the face of climate change is to
reduce such uncertainties and thereby stimulate the emergence of new industries with

potential solutions for addressing the emerging threat.

However, we also know that humans are rationally bounded and may act anyway. We learn

and make decisions based on our individual contexts, rather than doing so free from
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previous constraints based on equally available and well-developed information. We also
know that knowledge, institutions and other parts of the structure are cumulative, and that
by analysing and understanding the structural context in which the actors are embedded, it
becomes possible to understand how choices made in the past influence choices in the

future (Rosenberg, 1976; Simon, 1979; North, 2005).

For research to matter to policymaking, context-specific analysis is pivotal as it givens an
understanding of how and why different actors decide to learn and develop a new
knowledge field, as well as which uncertainties have to be reduced in order for these actors
to continue making choices that, in the long run, may progress the field towards

commercialisation.

The value of this thesis is not in making predictions about the future. Rather, it is to provide
a highly context-dependent analysis on what it takes for a range of actors, from both the
public and private sectors within the European Union, to realise an emerging TIS with

potential to contribute to abating climate change.

The virtue of such an analysis may be viewed as fundamentally different from what is
expected from research originating at a technical university, which normally has a
positivistic-oriented science base. With such an epistemological point of departure, the
theoretical abstractions which are free from context-dependent assessments are held in

highest esteem (Alvesson and Skéldberg, 1994; Flyvbjerg, 2001).

However, as many researchers have pointed out before, social systems are not the same as
those governed by natural laws (cf. Giddens (1984b), Manson (2000)). The primary reason
for this is that the main object of analysis in social science—the actor—is also a subject that
makes choices based on his/her specific context, history and personal values (Rosenberg,
1976). Hence, in order to understand the agency of the actor one also has to focus on the
context within which this actor operates. It is thus not possible to achieve a deep
understanding of the emergence of an industry that is very much dependent on the
decisions made by individual actors (see Chapter Il), without also providing context-

dependent observations and conclusions.
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Flyvbjerg (2001, 2006) argues that social science is strongest where natural science is
weakest and that it has its true virtue in addressing such highly context-dependent
phenomena. This is not to say, however, that context independent and general theories are
not possible, or not valuable, in social science. By addressing such phenomena, valuable
questions can be answered where natural science methods are clearly limited. According to
Flyvbjerg (2006), social science has a clear advantage in contributing by providing answers to

at least the following questions:

a) Where are we going?

b) Is this development desirable?

¢) What, if anything, should we do about it?

d) Who gains and who loses, and by which mechanisms of power?

Even though no single researcher can be expected to fully answer all of the above questions
for any given purpose, one can at least make partial contributions. Furthermore, the
perspective here is that a final and definitive answer cannot be given, but that one can
contribute by providing a complementary or a better explanation than those provided in the

past.

In this thesis, the first question is analysed by unfolding the recent history of biomass
gasification, leading up to the nine most prominent gasification projects in Europe. This
includes an analysis of which specific technological trajectories the different actors have
embarked on, and which claims that are made with regard to their ability to provide

renewable liquids for the future.

Since knowledge is cumulative (Dosi, 1982) and current development can be expected to
follow the technological trajectories outlined in Chapter Ill, it is possible to provide a
relatively credible answer to the question about the direction in which we are heading, at
least in a technical sense. However, there remains a high risk of failure in both the individual
projects studied and for the entire TIS. The question concerning direction is addressed in
Chapter lll, based on the technical evolution of the field and its relationship to fossil
gasification and fluidised biomass combustion. In Chapters V-VIII, the specific evolution of

the knowledge field in four different countries are outlined, and Chapter Xl looks forward
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and analyses what it takes to realise the field on a large-scale by addressing the existing

system weaknesses and uncertainties.

The second question posed by Flyvbjerg (2006) concerning the desirability of current
development is from my point of view by far the most difficult one to make a contribution
to. Being a student of the development of a specific technological field entrenches you in
that field; the values and reasoning of actors in that field soon become your own and making
any type of “objective” assessment concerning desirability becomes next to impossible. |
have always believed that it would disqualify me from any discussions on the future

desirability of second-generation fuels.

However, during the project it has become obvious that most studies claiming to make
objective assessments concerning the desirability of various renewable alternatives are,
more or less, entrenched in one technological regime over another. These studies play an
important role in either legitimising the TIS or discrediting it. Such studies, therefore, take
part in the reproduction of these belief and value systems over others (Bergek et al., 2008c).
Since most assessments concerning desirability can be seen as more or less skewed, | see no
good reasons for not contributing my own perspective on the desirability of the technology.
An overview of the main arguments for supporting the formation of an industry with the
capacity to realise the potential of biomass gasification was presented in Chapter |, as well as

in the two final sections of Chapter lIl.

The fourth question, “Who gains and loses, and by which mechanisms of power?”, addresses
changes in the underlying power structure of, in this case, the given TIS. The question is
explicitly addressed when analysing the nature, extent and limits to the transformative
capacity of the system builders (RQ 2 and 3). With such an analysis, it becomes possible to
understand what the actors are able to do given the existing institutional structure, but also
what types of intentional and frictional resistance they encounter from, for example,
incumbent actors when attempting to strengthen the TIS, and which type of weaknesses and
uncertainties they are unable to address. Answering that type of question is necessary for
being able to address the third of Flyvbjerg’s four questions: “What, if anything, should we

do about it?”
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In this thesis, this corresponds to the fourth research question: “Given these limits, which
system weaknesses remain to be resolved by system builders and policymakers on different
levels (national and EU)?” Such policy lessons are presented for each case study country

(Chapters V-VIII) in Part Il, as well for the entire EU in Part Il (Chapters IX-XII).

4.2 Case study methodology and defining the case

Case studies have been described as an appropriate method for studying contemporary
phenomena (Yin, 2009), where context-dependent knowledge can be expected to be
important (Flyvbjerg, 2001), and in areas where little theory has been developed

(Eisenhardt, 1989).

The phenomenon of this thesis is clearly contemporary and the actors are likely to make
context-dependent decisions that are important to understand for the given purpose.
However, this is not a field where there is a lack of existing theory or where little has been
developed. If this were the case, it may have called for an inductive, grounded theory, case
study approach such as that outlined in Strauss (1987) and Miles and Huberman (1994). On
the contrary, however, the field of evolutionary economics and industrial dynamics has—
since the 1970s—been the main topic for many researchers, and the question of the
industrialisation of new knowledge fields has been on the agenda of innovation systems

research since the early-1990s.

Instead, a methodological approach based on “systematic combining” has been adopted to
maximise use of existing theory. The methodology has been defined as a “ ... process where
theoretical framework, empirical field work and case analysis evolve simultaneously ... ”
(Dubois and Gadde, 2002, p. 554). With systematic combining, it is possible to depart from
what has been described as “tight and pre-structured” theoretical framework such as the TIS
framework (Miles and Huberman, 1994; Dubois and Gadde, 2002).93 According to Dubois
and Gadde (2002), the proposed methodology makes it is possible to “confront” existing

theory with an empirical reality, continuously move back and forth between empirical

% Rather than a “loose and emergent” framework as described in Miles and Huberman (1994).
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observations and the framework, and thereby expand the understanding of both the

evolving framework and the empirical observations.**

One of the major challenges of case study research is defining the case—what the case is a
case of—and deciding whether a single or multiple case study approach should be adopted
(Yin, 2009). In this thesis, deciding on the case study is the same as deciding on the TIS and
delineating the system. In Chapter Il it was illustrated that the TIS should be delineated in
terms of the scope and extent of the knowledge field, its relationships in terms of being part
of or adjacent to one or several sectoral innovation systems (SSl), and in spatial terms as part
of a one or several national and/or regional innovation systems (NSI, RSI) (Carlsson et al.,

2002a; Carlsson et al., 2002b; Markard and Truffer, 2008).

In terms of the scope and extent of the knowledge field, the dynamic concept of “design
space” was introduced to capture the constant evolution of the knowledge field (Carlsson et
al., 2002a). The design space is, therefore, not fixed over time, but evolves as it is confronted
with new problems, allowing new solutions to be developed. Hence, as an industry
successfully experiments with a given design space and extends it into new areas, they also
develop a capacity for new applications (Rosenberg, 1976). Chapters lll and V-VIII therefore
illustrate how the design space of biomass gasification has evolved along three main
trajectories and how the industrial capacity to realise biomass gasification for various
applications has evolved by moving back and forth between more and less advanced
applications of the gas. The scope and extent of the knowledge field has thus been limited to
the development of the design space along the three mentioned trajectories (see Figure

3.3.1in Chapter I, and Figure 4.1 in this chapter).”

% By analogy with abduction, see Alvesson and Skoldberg (1994) for an overview of induction, deduction and
abduction.

% While there are several other biomass-based technologies that evolved in parallel to the three dominating ones,
they have been excluded from the analysis. Progress within these technologies would eventually also strengthen
the capacity of the actors in the TIS to realise renewable fuels. For example, advancements in the cleaning
systems for fixed bed systems could also benefit FB systems. Conventional large-scale coal technologies such as
the Nuon plant in Buggenum, which uses biomass by mixing it with coal, are also excluded from the TIS. It is
excluded since only relatively small volumes of biomass can be used without changing the design of the plant. If
such a set-up would be used to produce synthetic liquids, it would also increase the CO, emissions considerably
compared to conventional diesel and gasoline, even if mixed with biomass.
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An overview of the delineation of the TIS, in sectoral and in spatial terms, is presented in
Figure 4.1. The TIS has evolved through the interaction of different types of actors (capital
goods suppliers, customers, research institutes, etc.) originating from the coal,
petrochemical, oil, pulp and paper, automotive, forest, agriculture and energy sectors, each
making a contribution to the evolution of the design space. In terms of spatial delimitation,
the case of analysing the role of system builders for the emergence of an industry with the
capacity to realise the potential of biomass gasification in EU is, naturally, a single case

study.

The European Union
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Figure 4.1: The delineation of the TIS in Europe and the four case study countries.

However, for operationalising a single case study on biomass gasification at European level,
a breakdown into four country-specific case studies was, for two main reasons. First, the EU
level has not been the dominant institutional context influencing the evolution of the field

until 2003; rather, it has been led by various different national or even regional contexts. The
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dominant structure in which the actors are embedded and forced to interact would,
therefore, be national rather than European. Second, when reviewing the technology (see
Chapter lll), it became obvious that the development leading up to the most advanced
biomass gasification projects in existence today was concentrated in four countries: Sweden,
Finland, Germany and Austria. In total, nine pilot or demonstration plants in Europe are

under construction in these countries.

Chapters V-VIII will, therefore, focus on the evolution of the TIS in the four above-mentioned
countries (see Figure 4.1). Within each national context, research questions 1-4 will be
addressed, providing an opportunity to analyse current system weaknesses and limits to
realising the TIS within a national framework. This will be followed by a cross-country

analysis in Chapter IX.

For analysing the evolution of the TIS in the four case study countries, a historical narrative
has been constructed for each case. Flyvbjerg (2006) argues that such a narrative should
focus on the evolution of the relationship between actors and other structural elements.
Such a focus makes it possible to trace the emergence of the key processes for innovation
and diffusion (functions), the role of exogenous factors, and the role of system builders and

other actors in the emergence of the TIS.

As appropriate, each country narrative was divided into one or several episodes—where
each episode is dominated by specific patterns of interaction between the structure and the
functions (Suurs et al., 2010). Due to the long history of biomass gasification in Sweden and
Finland, it was possible to distinguish several episodes that have been important in leading
up to the development of the current projects. In Germany and Austria, only one major
episode specific to biomass gasification could be discerned in each country, as the history of
biomass gasification is relatively short there. Additionally, in Germany the current projects
either have a history in fossil gasification (as outlined in Chapter Ill) or stem from previous

developments in the other countries.

The downside of restricting the analysis to four countries is that important research and
development work that may be ongoing in several other countries in Europe risk being

downplayed or even missed. However, a thorough analysis of ongoing research and
116



commercialisation activities in the field of biomass gasification was performed at the start of
the project. As such, the risk that there would currently be other and more relevant projects
than the nine outlined in Chapter Ill is viewed as minimal.’® The possibility of new projects
“popping up” is of course possible, but such projects take considerable time to develop and
are not likely to progress further than the nine | have selected within the time frame of this

research project.

4.3 The evolution of the research project: Data collection, selecting and
identifying the projects

Writing a book is a significant and time-consuming task. In this specific case, it has taken
almost four years. The time spent researching and writing can be divided into three major
phases, including the final phase, in which all the material was edited and re-written into

what constitutes this book.

The first phase began in March 2007, when | visited an industrial conference in Stockholm on
the topic of biomass and the poly-generation of fuels, electricity and other chemicals. In this
phase, | focused my efforts on understanding the technology of biomass gasification. Giving
my background in electrical engineering rather than chemistry, this was a significant and
difficult task. In order to overcome this initial barrier, an extensive technical literature review
was conducted in combination with two formal interviews with Christopher Higman (2007),
who is an independent consultant and co-author of the book “Gasification”®’, and Ekbom
(2007), who is Technical Director at a consultancy firm (Nykomb Synergetics) in the field of
gasification, thus both are well-known and reputable gasification experts.”® In addition, |
attended a total of seven industry conferences between March and August 2007 on the
topic of both fossil and biomass gasification. The conferences became an important part of
the method for understanding past and current developments in biomass gasification, and

enabled me to make sense of the literature | had read. They also allowed me to discuss

% In addition, if the activities in other countries are important to the commercialisation of the field, they are
likely to collaborate with at least one or several of the nine commercialisation projects and would therefore also
be covered.

o7 Higman, C., van der Burgt, M., 2003. Gasification. Elsevier Science, Burlington., and Higman, C., van der
Burgt, M., 2008. Gasification. Gulf Professional Publishing, Burlington, USA.

% The technical review focused on the evolution of the design space of biomass gasification, its relationship to
fossil gasification, and past, present and potential applications and markets, as described in Chapter I11.
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technical aspects of biomass and fossil gasification systems with experts and to make initial
contacts for future interviews (see Table 4.1 for a list of conferences attended during the

entire project).

Table 4.1: Conferences and seminars.

1 Elforsk Seminarium Biokombinat 2007, February 28, Stockholm, Sweden.

2 Energitinget 2007, March 20-21, Stockholm, Sweden.

3 15" European Biomass Conference & Exhibition 2007, May-8, Berlin, Germany.

4 2" International Freiberg Conference on IGCC & XtL Technologies 2007, May 8-12, Freiberg,
Germany.

SYNBIOS 11 2007, May 23-24, Stockholm, Sweden.

Nordic Bioenergy 2007, June 11-13, Stockholm, Sweden.

7 2" European Summer School on Renewable Motor Fuels 2007, August 29-31, Agricultural
University of Warsaw (SGGW), Poland.

8 12" REFORM Group Meeting, Schloss Leopoldskron 2007, September 24-28, Salzburg,
Austria.

|

9 DIME International Conference, “Innovation, sustainability and policy” 2008, September 11-
13, GREThA, University Montesquieu Bordeaux IV, France.

10 | Seminar at the Swedish Energy Agency 2008, October 27, Eskilstuna, Sweden.

11 | Seminar at the Swedish Energy Agency 2009, April 27, Eskilstuna, Sweden.
12 | AES Conference 2009, May 6-7, Katrineholm, Sweden.

13 | SYNBIOS Ill Chalmers 2009, May 28-29, Géteborg, Sweden.
14

2" Stakeholder Plenary Meeting of the European Biofuels Technology Platform 2009,
January 22, Diamant Conference Centre, Brussels, Belgium.

At the outset of the project, | had decided to include only Sweden and Finland in the study.
An additional objective of the technology review was to identify which projects in Sweden
and Finland should be included. It was also of interest to gain, at least tentatively, an
overview of how the projects in Sweden and Finland related to other biomass gasification

activities in the world.

In order to generate such an overview and select projects, a database was constructed to
include all of the major pilot, demonstration and commercial gasification plants that had
been constructed between 1970 and 2007. The database was compiled from data made
available in various publications and online databases. The main data sources were IEA task
33: Thermal Gasification of Biomass, in Babu (1995, 2005, 2006) and IEA (2001). Additional
data came from GASIF (2004), Knoef (2005), Kurkela (1989, 2002), Palonen (2006), Larson et
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al. (2003; 2006), Olofsson et al. (2005), Marbe (2005) and the online database:
www.gasifiers.org. As a result, a relatively comprehensive database with 123 entries could
be constructed using what is believed to be the major plants aimed at technology
development and commercial operation that have been constructed around the world.
However, the data is obviously skewed towards Europe and the USA, since almost all data

has been published by European and American authors with a focus on their context.”

The analysis of the database revealed that few of the 123 plants had been constructed or
were under construction for realising synthetic fuels from biomass gasification.'® The
activities that had taken place and were currently under development in Europe, were
concentrated to Sweden, Finland, Germany and Austria. In total nine prominent projects
could be identified in these four countries and the study was consequently enlarged to
include also Germany and Austria to capture the development of the field for the entire
European Union (see Chapter lll). The nine projects were verified as the most advanced
demonstration projects for commercialising biomass gasification via the two initial
interviews with gasification experts, as well as through informal interviews at the above-
mentioned industry conferences. In addition, the relevance of the selected projects has been
verified through-out the project as interviews have been conducted. | am therefore
confident that the European development of the commercialisation of biomass gasification

is well captured by studying the nine projects outlined in Chapter I11.'%*

When an analysis of the knowledge field of biomass gasification was made and the database
was constructed, it was relatively easy to identify which initial actors needed to be
interviewed in the various cases. Two sets of actors were identified as important to

interview.

% In addition to the 123 entries, there are thousands of rice husk gasifiers operating in Southeast Asia and an
unknown numbers of other small-scale, fixed bed gasifiers all over the world, which have not been reported in
the above-mentioned articles and sources (Knoef, 2005). These are, however, of little interest for the purpose of
this thesis and no further efforts have been made to make the database complete with respect to fixed bed
gasification.

1% Other alternative designs for biomass gasification were thus considered when constructing the database such
as fixed bed gasification systems for electricity generation. It was decided later to exclude these designs from the
study since it would have made it too broad.

1% In addition to the nine projects, there are highly interesting activities taking place at many universities and
technical institutes around Europe. My impression is that the primary focus of these is not to demonstrate the
complete process of biomass-to-liquids production, but rather some of the specific technical aspects that may
also be necessary.
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The principal actors in the nine projects were targeted first. These were typically capital
goods suppliers, start-up firms, technical research institutes or universities who pursued
project development in alliance with other actors. The method of “snowballing” (Kvale,
1997) was used as a complementary method for generating interviews with additional actors
involved in the project and other actors whose support was identified as pivotal for
achieving commercial success of the technology. Hence, for each project and country, a
range of interviews were conducted with actual and potential capital goods suppliers,
customers, consultants, universities, institutes, lobbying organisations and governmental

agencies with an interest in developing the technology.

Second, a number of additional European actors were identified from a “knowledge
perspective”, even if they were not currently involved in any biomass gasification project.
These actors were typically incumbent capital goods suppliers with previous experience in
biomass gasification, or with proprietary rights over coal-based gasification technology that
could potentially be used for biomass along the three trajectories already outlined in
Chapter lll. They were possible to identify from the database, which had been constructed
based on biomass gasification plants, as well from the GASIF database (2004, 2007) and
through attending industry conferences such as the 2" International Freiberg Conference on
IGCC & XtL Technologies in Freiberg, Germany, May 8-12, 2007. Interviews were also set up

with these actors to explore their perspectives on biomass gasification.

The second phase was initiated already as early as September 2007, when the first
interviews for the first case study were initiated. In total, 89 interviews'%* were conducted in
the four countries (see Table 4.2), not counting numerous shorter informal interviews during
conferences. The number of interviews has primarily been determined by the number of key
actors contributing to the development of the TIS in each country and when a reasonable
saturation of information was reached (cf. Kvale (1997)). To a lesser extent, the number of
interviews was limited by the time and resources available and the willingness of individuals
to participate in the study. In only a few instances, individuals were impossible to reach or

refused to participate in the study. In such cases, it was possible to compensate by

192 In addition, I refer to interviews conducted by Staffan Jacobsson and Anna Bergek in previous projects, and
interviews conducted while being a guest researcher at Zhejiang University, Hangzhou in November 2009.
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interviewing others from the same organisation or those who had access to similar

information.

Table 4.2: Number of formal interviews conducted in the four case study countries.

Sweden Finland Austria Germany| Total
Interviewees 27 21 12 29 89

All of the interviews were semi-structured, and the interviewees were given ample time to
tell their stories, based on a set of questions. The questions were derived from the purpose
of the thesis, based on the emerging framework (which later became Chapter 1), but were
also adapted to the type of actors that was being interviewed (e.g., capital goods supplier,
potential customer, university) and their role in the innovation process. The questions were
also based on information derived from previous interviews and other questions that may
have emerged during the study. The overarching focus, however, was ensuring that each
interviewee could contribute to telling the story of biomass gasification in the different
countries, and could verify important statements that other actors had made. As such, the
interview guide has been a dynamic document and has therefore not been appended to the

thesis.

Almost all interviews were recorded and careful notes were always taken. In most cases, the
recording was checked against the notes, which were improved where necessary. Covering
all topics during the interviews usually required 1.5-2 hours, but in many cases it took even
longer. Hence, three-hour interviews were quite common. In a few cases, the interviewees
were pressed for time or not very talkative, and only a few questions could be asked in a

time frame of approximately 30-40 minutes.

Initially, the interviewees were not offered the chance to identify themselves as anonymous;
this was accepted by all interviewees except two. Instead, all interviewees were offered to
review and comment on the information and statements made during their interviews
before the publication of this thesis. This proved to be a very good method for the first
paper, Hellsmark and Jacobsson (2009), since we received many helpful comments from the

interviewees, on both general and specific issues. Since the interviewees were not
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anonymous, | believe that this method motivated them to read the material more carefully

than they otherwise might have done.

The method has, therefore, also been used for the chapters covering the case study
countries, Chapters V-VIII, and has generated broad responses from the interviewees in all
the countries (from approximately 25 individuals). With only one exception (referring to the
early history of biomass gasification in Finland), no major critique has been raised. All
comments have been addressed and it has been possible to make the required corrections

without any substantial editing.

In addition, Chapters VII-VIIl on Sweden and Finland were sent to three experts with a long
history within the field for comments. They had previously not been interviewed since
interviews had been made with others with similar knowledge and experience (but are now
counted among the 89 interviewees above). Chapter lll was carefully reviewed by
Christopher Higman. These four experts have contributed to this study with detailed and
general comments on its content, which have increased the quality and reliability of the

study.

In order to be able to construct the different cases, it was necessary to use various data
sources beyond interviews (cf. triangulation (Yin, 2009)). Additional information was thus
collected on four different levels. First, additional background data on the interviewees
themselves were gathered before each interview, including his or her relationship to the
project in question and related activities which may have been of direct interest. Second,
data were collected on the specific projects and technologies with regard to their
desirability, potential cost efficiency, well-to-wheel analysis or other assessments made on
the project itself or the trajectory as a whole. Third, for each case study country, | surveyed
reports, papers and other legal documents on the specific institutional framework
concerning the electricity and fuel markets, policy strategies and assessments thereon, and
the countries’ performance in relation to EU biofuel targets. Fourth, various documents

published by the EU such as the EU directives on renewables were used.

The first case study conducted was in Austria. It was a logical starting point, because it is the

smallest of the case studies; it only includes one project, relatively few actors, and the
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country has a relatively short history in terms of biomass gasification for the production of
transportation fuels. Since it is small, hypotheses and ideas for the other countries could

relatively quickly be generated.

When the TIS framework was confronted with the empirical reality in Austria—which was
dominated by a strong individual acting as a system builder—it became obvious that the
framework had to be strengthened with respect to the role of the individual acting as the
system builder. The concept of “transformative capacity” was borrowed from Giddens
(1984a) as a means of analysing the nature of and limits to the system builder’s ability to
contribute to the formation of a TIS. In the paper, it was argued that “If the limits to an
individual’s transformative capacity are adequately identified, we can make a clearer
separation between the role of individual system builders and that of public policymakers
and specify when the latter need to step in to address system weaknesses that are beyond

the individual’s sphere of influence.” (Hellsmark and Jacobsson, 2009, p. 5597).

The Austrian case is very much an extreme case, where one individual had a significant
impact on the development of the TIS. Nevertheless, it illustrates the value of having a
distinctive, actor-oriented point of departure, and that such a point of departure can
contribute to the analysis of the formation a TIS and the potential role of policy in
stimulating what may be considered a strategically important field of knowledge. The
observations made in Austria have thus strongly influenced the rest of the study and the

formulation of the specific research questions presented in Chapter Il

Following the Austrian case, it was important to start with Germany as soon as possible since
it was the largest case of them all. It included the largest number of actors and several
pivotal projects for developing the TIS of biomass gasification. The German case was also
dominated by several actors not currently part of the TIS, but with extensive experience in
fossil gasification—which may also prove important for the development of biomass

gasification.

The Swedish and Finnish cases were initiated as the interviews for the German case study

were nearing completion. The interviews for Sweden and Finland were done very much in
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parallel, since the history of the development of the TIS in the two countries has largely been

mutually dependent.

Each case study required many back-and-forth trips to these countries, since each trip
(except the last) generated new insights, questions and actors that should be interviewed.
The observations made in each case have been continuously summarised in non-published
case study reports to keep track of the evolution of the history in each country and to be
able to construct the stories as they unfolded. These reports have served as the basis for

writing Chapters V-VIII.

Preliminary versions of the chapters in the thesis were presented and commented on in
various fora. The first version of the technology chapter was presented at the 12" Reform
Group meeting in Salzburg, Austria, in September 2007. The Austrian case was presented
twice, first as a conference paper at the Dime Conference in September 2008, in Bordeaux,
France, and the policy conclusions from the case were discussed with policymakers at the
Swedish Energy Agency at a seminar in October 2008. A synthesis of tentative conclusions
for all four countries was presented at yet another (and larger) seminar for policymakers at
the Swedish Energy Agency in April 2009. The preliminary policy conclusions for the
European Union outlined in Chapter XI were presented and commented on during a
conference arranged by the Swedish Energy Agency in May 2009 (see Table 4.1). Comments
received were incorporated into this thesis alongside those made from reviewers. These

comments have significantly contributed to the final version of thesis.

Of course, it would have been ideal to discuss the preliminary conclusions in closer
cooperation with policymakers in the three other countries and at the European Union level.
However, such meetings were not set up due to lack of time. Nevertheless, it is still argued

that the method used increased the reliability and validity of the study as a whole.
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Chapter V103

Austria

The Austrian history of biomass gasification is a long one in which extensive experimentation
has taken place since the early-1900s. These experiments have been directed towards
developing mobile gasifiers such as those developed in Sweden during the Second World
War (see Chapter lll), as well as stationary applications. If developed, the stationary small-
scale technologies could play an important role in Austria since there are many small district
heating (DH) networks that are not currently being utilised for power production, as

conventional CHP technologies cannot be made competitive in small sizes. %

During the 1990s, there was renewed interest in increasing electricity production from
various new renewable resources such as wind, solar, small-scale hydro, and biomass. This
interest was followed up by a wide range of development incentives provided by Austria’s

provinces.

In the light of the desire to increase electricity production from renewable resources, the
Technical University of Vienna (TU Vienna) developed the fast internal circulating fluidised
bed (FICFB) gasification process to enable electricity production based on small DH networks
in the early-1990s. At the centre of this development, and of this case, is the individual and
academic system builder in focus, Professor Hermann Hofbauer from TU-Vienna. Largely due
to his efforts, a network of advocates for the technology could be formed and a

demonstration plant was built in the town of Giissing in 2001.

Over time, further incentives to continue experimenting with the technology were provided

by the EU biofuel Directive 2003/20/EC, and the actors began exploring the technology for

19 Most of this chapter was previously published in Hellsmark and Jacobsson (2009).
1% Even if fixed bed gasification has been of historic importance in Austria, it has little to do with what is
currently happening there and will, therefore, not be further be dealt with in this section.
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195 Since then, this has

the poly-generation of transportation fuels, electricity and heat.
developed into one of the nine most promising projects for realising biomass gasification for

the production of second-generation transportation fuels and other chemicals in Europe.

This chapter is divided into three main sections. The first section focuses on the interactions
between actors and the characteristics of the emerging technological innovation system
(TIS). The focus is on how the system builders act to create the emerging structure of the TIS,
both by building the structure directly and by strengthening the various functions outlined in

Chapter Il.

The second section provides answers to the research questions (as specified in Chapter II).
The discussion will start with discussing who have acted as the system builder and describe
the nature and extent of his transformative capacity. The focus then shifts to analysing and
explaining the limits of the system builder’s transformative capacity, identifying main system
weaknesses, and discussing the potential role of the system builder and policymakers in
addressing these weaknesses. The third section of this chapter presents the main

conclusions.

5.1 The formation of a biomass TIS in Austria

This section contains a descriptive analysis of the first 15 years of the emergence of an
Austrian TIS centred on fast internal circulating fluidised bed (FICFB) biomass gasification.
The analysis is divided into three parts. The first part covers the early network formation
leading to the construction of the first plant in 2001. The second covers knowledge
development centred on this first materialisation of the technology. The third covers the
processes by which a second plant was constructed, as well as changes in the institutional

context that impeded further market formation.

"% Domestic production of first-generation biodiesel from food crops has existed since the early-1990s
(Worgetter et al., 2002; EC, 2003). However, the directive mandates all member states to increase their share of
biofuels or other renewable fuels in the transportation sector by 2 percent by 2005 and 5.75 percent by 2010 (EC,
2003). Austria has been one of the few countries in Europe to have significantly increased their production and
consumption of first-generation fuels. In 2007, the share of transportation fuels was 2.77 percent, compared to
the EU average of 2.6 percent, and where almost all fuels consumed were domestically produced from
agricultural crops (Eurostat, 2009). Austria is, however, far from reaching the 5.75 target by 2010. The new
directive 2009/28/EC, which mandates a 10 percent share by 2020, will increase the incentives for renewable
transportation fuels even further.
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5.1.1 The formation of a network and the construction of the Giissing plant

This story begins with Hermann Hofbauer, Professor of Chemical Process Engineering and
Fluidisation at the Department of Chemical Engineering, Technical University in Vienna.
Hofbauer finished his PhD thesis on fluidised bed coal gasification in 1983. Ten years later,
his curiosity drove him back to this technology but this time using biomass as a feed-stock,
since he was convinced of its usefulness for environmental reasons (influence on the
direction of search). He employed a PhD student who built a laboratory-scale (10kW)
gasification process for biomass, drawing on Hofbauer’s previous work (knowledge

development) (Hofbauer, 2007).

Christian Aichernig was the head of research and development at the leading capital goods
producer Austrian Energy & Environment (AE&E) in the 1990s. AE&E mainly provided gas
cleaning, waste incineration equipment, and fluidised bed boilers for biomass and coal, and
was successful at the European and global levels. AE&E collaborated with Professor
Hofbauer in flue gas cleaning technology, and also co-funded his research on biomass
fluidised bed gasification. With support from AE&E (resource mobilisation), the 10kW gasifier
was scaled up to a 100kW plant (entrepreneurial experimentation) for the purposes of

. 1
supplying heat and power on a small scale.'®

At the end of the 1990s, Professor Hofbauer went to an annual biomass conference held in
the town of Gussing. He gave a lecture on the novel technology he was working on and
argued that it was ready to be scaled up. This was timely, as the Mayor of Glssing was
looking for a novel technology to supply heat and power to the town. Gissing had well
developed norms (informal institution) about being self-sufficient when it came to its energy
supply and that the supply should be based on renewable energy sources. It had already
built a biodiesel plant as well as a district heating system, and lacked only a supply of
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renewable power to become independent.”’ The Mayor and the chief technician, Reinhard

1% There is a small scale trajectory for district heating in Austria. There are about 1,000 small DH systems (2-4
MW heat), each of which could provide the base for an installed capacity of 200-400 kW, of electricity (Kopetz,
2007). These systems are situated in villages that are distant from the natural gas grid (Lauber, 2007).

197 Two Swedish pioneers (the district councils of Enkoping and Vixj6 in Sweden) in conventional biomass CHP
had a similar driving force (Hellsmark, 2005; McCormick and Kéberger, 2007).
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Koch, liked Professor Hofbauer’s technical solution and decided to build such a plant in

Gussing.

Professor Hofbauer then approached Aichernig at AE&E to determine if they could deliver
the plant. Aichernig was happy to undertake the industrial project but had to overcome a
significant obstacle—convincing AE&E’s management to supply a technology at a scale that

was much smaller than their normal plants (which started at 30MW fuel power).

Management, however, eventually agreed to construct the plant as a research and
development project. At that time, management saw biomass as the future for fluidised bed
technology but there were still uncertainties regarding exactly how biomass would be used.
Gasifying the biomass was one of several options. It was, in principle, an attractive
technology, as it promised high efficiency electricity production and a good heat supply.
Furtheremore, AE&E had a good relationship with Professor Hofbauer. As a result, it was
seen as an interesting technology to experiment with, particularly since demand for
conventional boilers was low at the time. The decisive factor, however, was that Glissing was
a real project and they could receive substantial subsidies for the engineering work (Kaiser,
2008) (through RENET, see below). After two years of work, TU Vienna and AE&E had

defined the project and the contract was signed in 2000.

Another major hurdle was financing the project, although it was eventually possible to
mobilise the financial resources required. The most important source was a government risk
absorption scheme that made it possible for Gilssing to secure a bank loan where the risk

was absorbed by the lender.*®®

The loan amounted to about 45 percent of the total funding
(Aichernig, 2007). The rest was largely provided by the EU and Austrian regional
development funds. These were accessible because Giissing was considered to be in an
underdeveloped region.’® As a result, large subsidies were awarded for the construction of

this demonstration plant (resource mobilisation).

108 As the lender, FFG absorbed the risks and the bank did not need to add a risk premium. Additionally, if the
project failed, the loan would not have to be repaid.

19 Giissing is located in Burgenland, which is a small province in southeastern Austria. With the fall of the Iron
Curtain and access to EU regional development funds, Burgenland has invested heavily in bringing people and
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Parallel to his work in defining the project with AE&E, Hofbauer was also the driving force in
the organisation of a “Competence Network for Energy and Biomass” consisting of Glissing,
AE&E, TU Vienna and the regional electrical utility Energie Versorgung Niederdsterreich. The
network received funding for seven years from the Ministry of Economics and Labour to
establish a competence centre called RENET, which became the first of its kind in Austria
(institutional change). Professor Hofbauer was appointed its spokesman and scientific

director.

The formation of RENET was important not only for providing funding for AE&E, but for two
additional reasons as well. First, Professor Hofbauer was able to expand his group from one
PhD student to over ten PhD students and one to two senior researchers working full-time
on biomass gasification. In addition, many Master students were given the opportunity to
write their diploma theses on biomass gasification. Therefore, RENET enhanced knowledge
development considerably and provided a base from which human resources could later be

mobilised (resource mobilisation).

Second, an organisational structure was established within the RENET programme that
enabled the work to progress very quickly (Hofbauer, 2007), in which the plant operator at
Gussing collaborates with the scientific staff and industrial partners. This structure allow the
three partners to test ideas and learn from each other in unique ways, and has been one of
the most important factors for the fast progression of the work at Gussing (Hofbauer, 2007)

(see more below).

At the beginning of 2001, it became evident to Christian Aichernig that the owners of AE&E,
Babcock would go bankrupt. In response, the gasification network, along with its key
individuals Professor Hermann Hofbauer, Reinhard Koch, the mayor of Gissing, and
Christian Aichernig, met to decide what to do to secure the survival of the project. They
decided to form a new company, Repotec. When Babcock went bankrupt in mid-2001,

Repotec had, therefore, already been formed.

companies to the region. Renewable energy, coupled with the wish to become self-reliant, has been one method
for developing the region.
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After the bankruptcy, AE&E was acquired by an Austrian investor (Mirko Kovats) who chose
not to renew the contract with the Gissing plant. AE&E was thus deliberately de-linked from
the Gussing plant. Instead, Repotec received the Gissing contract and a number of

engineers formerly at AE&E went to work for Repotec.'*®

The Gussing plant was finished in
2002 and, with its completion, the first major entrepreneurial experimentation for biomass

gasification based on fluidised bed technology in Austria had been carried out.

5.1.2 Stalling markets despite good incentives, and extensive knowledge

formation

Austria implemented a national feed-in law in 2002 to promote the diffusion of technologies
using renewable energy sources. Rapid diffusion followed for conventional biomass-fuelled

1 With the new law,

plants (CHP and condense) as well as wind turbines and solar cells.
electricity generated from biomass was granted a fixed price of up to €0.16/kWh for 13 years
of operation. The highest rates were issued to plants of up to 2MW of electricity and that
were running on wood chips or straw. The Gussing plant benefited from this since it was

designed for 2MW of electricity, which led to an additional source of revenue.

With the new high feed-in rates for electricity from biomass and the higher electrical
efficiency that was expected with the Gissing technology (as compared to conventional CHP
plants), the future for the technology looked promising and it received significant attention.
Indeed, following the construction of the plant (materialisation) Glssing received a very
large number of visitors (Koch, 2007), some of whom explored the option of building a
similar plant (Aichernig, 2007; Hofbauer, 2007). However, only one eventually materialised
in Austria (so far, writing in 2010), while a few plants are planned in Germany,'** France and

Sweden (see Chapter VII).

The market has been very slow to materialise in Austria and elsewhere for a number of

reasons. The first reason is likely the relative immaturity of the new technology when

" The intellectual property rights were owned by TU Vienna and AE&E. Repotec has access to the part owned
by TU Vienna. The part owned by AE&E went into reconstruction following the bankruptcy. Repotec has a
licence agreement with AE&E.

" Production rose from 0.6TWh in 2002 to close to 4TWh in 2006 (E-control, 2007).

112 At least one plant in Germany is under construction in the city of Ulm by the regional utility Stadtwerke Ulm
for combined heat and electricity production (Vitek and Sommer, 2008).
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marketed in 2002. It had low availability, high operating costs due to the need to use high
quality and expensive feed-stock, and the need to optimise, change or adjust several of the
plant’s components to obtain stable and cost efficient operations—which in turn required
more and increasingly specialised staff. These initial deficiencies resulted in a high price for

the electricity in relation to conventional technologies.

However, the price-performance ratio of new technologies is often poor initially but
improves with accumulated experience. At this time, at least two techno-economic
assessments pointed to biomass gasification as “ ... sufficiently advanced to justify [...] pre-
commercial plant(s)” (Bridgwater and Bohlar-Nordenkampf, 2005, p. 341). It was also argued
that the erection of such plants was the only way to resolve the remaining uncertainties
(Bolhar-Nordenkampf, 2004; Bridgwater and Bolhar-Nordenkampf, 2005).113 Still, there were
disagreements about whether these uncertainties could be resolved or not, and AE&E’s

standpoint was a very cautious one.

The second—and more fundamental—reason was the absence of a larger company that was
prepared to tackle these uncertainties and commercialise the technology. Although it is
common for new technology-based firms to drive discontinuous technical changes
(Utterback, 1994) they sometimes need to enter alliances with incumbents that possess
complementary assets; such alliances are common in the biotechnology industry. Similarly,
but for partly different reasons, new technology-based firms cannot “go it alone” in the
power plant industry. In this industry, financial guarantees are given to back up a contract
where the technology supplier assures a certain level of plant availability. If the technology is
not available at the specified rate, the technology supplier must pay a fine specified in the
contract, which usually corresponds to the losses associated with the lower level of
availability (or part of these losses). Repotec is a small firm with five employees and cannot,
therefore, provide such financial guarantees. Nor does it have the manpower to build a

complete plant.

3 As described later in this section, extensive research and development has addressed many of these
immaturities, improving the overall price-performance ratio and allowing for the exploration of new and more
valuable products than heat and electricity such as BioSNG.
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For these reasons, Repotec needed a partner. According to Bohlar-Nordenkampf (2007) and
Kaiser (2008) at AE&E, as well as Aichernig (2007) at Repotec, the original agreement was
that Repotec would find the customers, design the plants and be the technology supplier,
while a reconstructed AE&E would be the general contractor who provided financial

114

guarantees and built the plants.”™ For AE&E, such an agreement would be a way to stay in

contact with a technology for which they had competencies and a patent (Kaiser, 2008).

As yet, the agreement has not led anywhere, for two main reasons. First, there was a
perceived lack of clear demand for gasification plants from customers (Kaiser, 2008).
However, a contributing factor to the poor demand may have been the recommendations by
AE&E to potential customers to build a conventional combustion plant instead of a
gasification plant (Hofbauer, 2007). Contrary to earlier expectations, AE&E had come to view
gasification technology as less suitable for CHP purposes than steam boilers. Boiler
performance had improved (e.g., through flue gas condensation and higher pressure), they
were cheaper, and were a proven technology option, which allowed AE&E to provide
guarantees for it that would be very risky in the case of gasification technology (Kaiser,
2008). The technical risk, therefore, would have had to be shifted from the potential

customer and technology supplier to society at large.

The second reason was the now booming market for conventional boilers, which meant that
AE&E, as opposed to the time when the Gissing plant was built, had no spare capacity to
work with gasification projects. As a consequence, the direction of search for AE&E was
firmly set on improving conventional steam cycle technology as a way to use biomass as a
means to reduce CO, emissions (Kaiser, 2008). AE&E did not, therefore, become the
industrial partner that could help commercialise and further develop the Austrian

gasification knowledge base.

The strong economic incentives provided by the feed-in law and a general interest in the
technology from investors did not result in market formation, due at least in part to AE&E’s

strategic decision to keep a distance from the technology. It is, of course, very common for

114 Kaiser (2008) also meant that if AE&E was not interested in building a plant, Repotec could do it but had to
pay a fee to use the patent.
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incumbents to make such strategic choices early in a technology’s development. Whereas
the literature points to a set of reasons connected to mental filters and various sources of
inertia as explanations (e.g., Utterback, 1994; Christensson, 1997; Tripsas and Gavetti, 2004),
such a choice may be quite reasonable—why invest in a risky and poorly performing new
technology when the market for conventional combustion plants is booming? Being the
leading capital goods supplier in Austria, however, this strategic choice most likely weakened

the legitimacy of the technology and obstructed the development of the TIS (legitimation).

Even if market formation was poor, knowledge development and diffusion was strengthened.
Knowledge development of the FICFB technology in Europe is centred on the Giissing plant,

11
> Based on

which is used as an experimental plant in addition to being a commercial one.
the RENET programme and complementary projects, advancements have been made in two
main areas of research: plant availability and the costs associated with plant operation, and

new and more advanced applications.

In the first area of research, plant availability has been greatly improved'*® and the work on
reducing costs has involved minimising the amounts of waste heat, using cheaper feed-stock
and improving gas cleaning (Koch, 2007). The second area of research involves different
methods to upgrade the product gas from the current use of electricity and heat generation
to more advanced applications that require a cleaner synthetic gas. The ultimate goal of the
research is to develop a poly-generating plant that produces heat, electricity and a third high

value product such as FT-diesel or BioSNG (Hofbauer, 2007).

The main source of funding for the project is the EU, RENEW, Demo BioSNG, and a national
programme called “Energy Systems of Tomorrow” (Institute of Chemical Engineering, 2006,

30). The various research experiments are largely conducted as part of various international
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research and development projects.”’ Indeed, the Gissing plant, with TU Vienna as a

''> More recent experiments with the technology have been initiated at the technical research institute ZSW in
Stuttgart (see Chapter VI) and at Chalmers University of Technology in Goteborg (see Chapter VII).

% Operating experience as of mid-2007 surpassed 29,000 hours for the gas engine and 33,000 hours for the
gasification process, and total plant availability has been established at well over 90 percent.

"7 The projects that are running at the plant are (autumn 2007): BioFiT — an EU-project within which the
coordinator is VW and includes partners such as Shell, Daimler and Volvo. The objective in BioFiT is to
develop the FT-synthesis from biomass gasification. Since 2006, they have had a pilot facility at Giissing where
they are testing a range of different catalysts to produce FT-diesel (Koch, 2007). BioSNG — The work with
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partner, has been put at the centre of a European research and development network in
gasification technology. The boundaries of the technology at Gissing are continuously tested
as a result of this constant knowledge development. And a third and high value BioSNG
product was demonstrated by the end of 2009. With the establishment of RENET and the
different international partners, this knowledge development has been diffused to a large
number of actors. However, most of these are located in other parts of the EU, and a critical
question for Austria is the ability of the Austrian TIS to benefit from this knowledge

development.

5.1.3 Construction of a new plant in Oberwart and changes to the feed-in

law

Repotec completed the pre-engineering process and managed to obtain all of the necessary
permits to build a second plant in Oberwart, 30km from Giissing, just before the feed-in law
expired at the end of 2004. The work was to be undertaken on behalf of the local utility
BEGAS. When it was time to negotiate the contract, BEGAS wanted a guarantee of 7,500
operating hours (Hofbauer, 2007). Repotec felt this was slightly high and only wanted to
guarantee 7,300 hours (Aichernig, 2007). Ultimately, they did not reach an agreement.''®
Instead, another company, Ortner, was awarded the contract. This appears to have come as

a surprise for most people in the gasification network in Austria, since Ortner had not been

developing a SNG from the producer gas at the plant commenced around 2003. It started with a small test rig in
the 2kW scale (Aichernig et. al. 2004). In 2007, they began building a IMW BioSNG demo plant at Giissing,
where they will produce a SNG with 97 percent methane content (Koch, 2007; Hofbauer, 2007). The main
scientific partner is Paul-Scherrer Institute (PSI) in Switzerland and the main industrial partners are Swiss
Electric and Conzepte Technik Umwelt AG (CTU). AER — The objective with the Absorption Enhanced
Reforming (AER) project is to increase the hydrogen content in the gas to approximately 70 percent (Marquard-
Mollenstedt et al., 2004). The project is funded partly by the EU and is a co-operation between the Centre for
Solar Energy and Hydrogen Research Baden-Wiirttemberg (ZSW) in Germany and TU Vienna. The cooperation
started around 2003 and since 2005, the Giissing plant has been involved as a large scale test bed for the process.
ZSW is the patent owner of the technology and is now aiming to build a 10 MW plant in the town of Géppingen
(Specht and Zuberbuhler, 2007). BioSOFC — An advanced application of the producer gas in solid oxide fuel
cell (SOFC) is researched in cooperation with Austrian Bioenergy Center (ABC) in Graz and the department of
Energy and Process Engineering, NTNU, in Trondheim (Aichernig et. al. 2004). The idea is to use the gas in a
SOFC to achieve a high electrical efficiency, above 43 percent, with a high total efficiency of above 80 percent.
The SOFC can only be used if advances in high temperature removal of dust, chlorine and sulphur components
can also be accomplished (cf. (Stanghelle et al., 2007)).

'8 Repotec argued that these types of discussions should not be central to a contract when the plant is based on
gasification technology. They prefer the clients to be deeply involved with the technology and understand the
risks. The technology of the Oberwart plant is not developed to the stage of, say, that of a steam turbine CHP.
However, they guaranteed 7.300 hours, limited by conditions such as them performing the maintenance and that
it could be reached within six months of operations (Aichernig, 2007).
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involved in the technology development at Glssing and had no prior track record in

gasification.

Ortner is an engineering company that normally does layout and design of large commercial
buildings (including infrastructure such as piping). It has also developed expertise in
environmental technologies such as waste-water treatment (Madl and Daxer, 2007). When
its normal business was not performing well, however, it decided to diversify into power
generation and constructed five plants between 2005 and 2007, four of which are based on
biomass combustion of wood chips for CHP. It initially purchased all of the necessary
equipment but has recently started producing the combustion chambers itself. In addition to
biomass CHP, Ortner investigated the possibility of starting businesses in the field of
alternative fuel. Consequently, it considered biomass gasification as a promising technology
but moved into it more or less by accident when it was asked to construct the plant (Madl

and Daxer, 2007).

For the construction of the plant, BEGAS provided the basic design to Ortner'* but without
first requesting Repotec’s co-operation (Aichernig, 2007). From an outsider’s perspective,
this co-operation would appear to have been ideal, since Ortner is a general contractor that
can build plants and have the engineering capacity and financial muscle for large projects
but lack Repotec’s experience in biomass gasification. By excluding Repotec from further
work in connection with the Oberwart plant, the biomass gasification network was

disrupted.

Ortner has high expectations for future business in the field. In 2007, it had three to four
potential customers for similar plants, but need Oberwart as a show-case. In addition, it
hoped to have a research and development project at the plant and build up its own
knowledge on gasification. It is thus imperative for Ortner to succeed with the plant to be

able to continue within the field.

19 At the beginning of the project, Ortner was unaware that there was a patent pending on the technology held
by AE&E. Ortner was then granted a licence for one plant using the patented technology (Bolhar-Nordenkampf,
2008).
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While Ortner is aware that it is taking a large risk, it is also taking action to minimise the risk
of failure. The most important action is the collaboration (learning network) it has
established with Professor Hofbauer at TU-Vienna, which has been formalised with meetings
every two or three weeks during the early phase of plant construction. Professor Hofbauer
has thus come to play a central role for ensuring the success of Oberwart, compensating, at
least in part, for the above-mentioned disruption of the network. The significance of this
goes far beyond the success or failure of the Oberwart plant—Professor Hofbauer is well
aware of the powerful negative effects that failed experiments can have on the legitimation
of a new technology. Two such experiments are Arbre in the UK and Varnamo in Sweden
(see Chapter VII), which involved BIGCC™° technology in the late-1990s and which have

obstructed further financing and development of that technology (Hofbauer, 2007).

Efforts to build the TIS for gasified biomass in Austria, however, ran into a new obstacle in
2006 when the feed-in law was revised. The initial national feed-in law of 2002 was
successful in that it promoted a rapid diffusion of a range of technologies (Kopetz, 2007;
Lauber, 2007). Yet, the feed-in rates were high and there was a strong back-lash from heavy

industry, in particular the pulp and paper industry,121

which aligned itself to other
organisations in an attempt to revise the law (Kopetz, 2007; Lauber, 2007). The back-lash
was quite understandable and predictable, since the pulp and paper industry was excluded
from receiving feed-in tariffs (despite a large production of biopower) but still had to pay the
higher rates (Dworak and Zettl, 2008). The subsequent revision led not only to institutional

uncertainty but, most importantly, to obstructed market formation.

122

The main change has been the introduction of a cap on the funding.”* The annual additional

support for the 2007-2011 period is only €17 million, of which 30 percent is for biomass-

120 BIGCC (Biomass Integrated Gasifier Combined Cycle), which is a technology that potentially can increase
the electrical net output (see Chapter III).

"2l The pulp and paper industry lobbied very hard against the feed-in law and succeeded in changing the
regulations (Dworak and Zettl, 2008). The industry felt that the feed-in law was discriminating against the high
level of bioenergy utilisation and the high energy efficiency efforts of the companies. In addition, an increased
use of bioenergy was perceived as a threat to their wood supply (Dworak and Zettl, 2008).

122 Even the Director of the Austrian Biomass Association, Heinz Kopetz, is in favour of a cap, except for
smaller CHP plants, since there is no good technology for such applications and there is a worldwide market for
those who develop it. For larger CHP plants, he suggests an annual cap of 20-40MW. The key reason for this is
that there is a paucity of district heating grids and many new plants waste heat. He argues, convincingly, that
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related technologies. Moreover, the number of years for which an investment is eligible for
support was reduced.'®® Since the change in the law, business for gasification has stopped
completely (Aichernig, 2007; Madl and Daxer, 2007) and has slowed down considerably for
all other types of renewable power generation (Lauber, 2007). Instead, Ortner expects
Germany and Italy to be its main future markets for the technology (Madl and Daxer, 2007).
Repotec has also written off Austria as a possible future market and instead is hoping for the

French, German and Swedish markets to materialise (Aichernig, 2007).

5.2 The system builders’ transformative capacity, system weaknesses and
the potential role of policy

In this section, the four research questions specified in Chapter Il will be revisited. Answers
to each question will be provided for the case of Austria by analysing the previously outlined

history. The research questions were formulated as:

1) Who act as system builders in the different national contexts?
2) What characterises the nature and extent of the system builders’ transformative
capacity?
a)How do the system builders make use of the general structure in which they are
embedded to form or strengthen the structure and the various functions of the
TIS?
b) To which extent do the system builders manage to strengthen the structure and
functions of the TIS?
3) What are the limits to the system builders’ transformative capacity and how can
these be explained?
4) Given these limits, which system weaknesses remain to be resolved by system builders
and policymakers on different levels (national and EU)?

This section is divided into two parts. Research questions one and two will be analysed in the

first, and research questions three and four in the second. The discussion will begin by

heat should be the main product and that power production should follow from heat production (Kopetz, 2007).
However, a cap blocks the market for the novel technology of gasified biomass.

2 The projects are awarded on a first-come, first-served basis, and a cap means that a project may not be
funded. This is problematic, as the work to generate an application costs about 10 percent of the total budget for
the project. Additionally, it takes longer and is more expensive to put together an application for a novel
technology such as gasification than for one based on combustion. The new system, therefore, discriminates
against new technologies (Achernig, 2007).
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briefly discussing who has been acting as the system builders, and describing the nature and
extent of their transformative capacity. The focus then shifts towards analysing and
explaining the limits of the system builders’ transformative capacity, identifying the main
system weaknesses, and discussing the potential role of system builders and policymakers

for addressing this weakness.

5.2.1 The nature and extent of the system builders’ transformative capacity

With respect to RQ1, it has been illustrated that it is primarily Professor Hofbauer who acts
as the system builder. Although the network that he has been instrumental in forming has
conducted some system building activities, the focus of the analysis will be Professor
Hofbauer. He not only initiated the formation of the TIS but remains very important to its

further development.

As explained in Chapter Il, the nature of the transformative capacity of the system builder is
revealed by his/her ability to build and strengthen the structure and different functions in
the formation of a new TIS. The limit to his/her capacity is, however, determined not only by
the actions of the system builder but also by endogenous and exogenous forces at work that
either pave his/her way or restrict his/her impact. The transformative capacity of Professor
Hofbauer is far-reaching, and to some extent he has managed to strengthen all the key
processes. There are, however, significant counter-forces that, at least temporarily, limit his

transformative capacity by weakening some of the functions.

The nature and extent of Professor Hofbauers transformative capacity will be analysed by
first describing how he has managed to strengthen the various functions of the TIS by
making use of the general structure in which he is embedded. The analysis will then turn to
describing the specific system dynamics between the functions and structure of the TIS, i.e.
the motor of the TIS (Hekkert et al., 2007; Suurs, 2009), which has emerged as a result of his

transformative capacity.

Influence on the direction of search
Professor Hofbauer is the dominant agenda-setting force with regards to technology choice,

plant design and choice of application to be developed. Indeed, it was on his research that

the plant concept and design was based. He has thereby set the general direction
142



(technology trajectory) to which others also contribute. By defining the opportunity in the
field, he has also made it attractive for firms to enter the TIS, both as customers (market

formation) and as suppliers (entrepreneurial experimentation).***

His impact has been facilitated by the external factor “climate change debate” and the
associated increased importance of the efficient utilisation of biomass. At the same time, the
political debate in Austria has created controversy around using biomass for electricity
production and the feed-in system was recently changed, such that it now discourages
investors from entering the field. Additionally, combustion is the dominant substitute for
gasification, and there remains very high demand for boilers and other such equipment. The
strong demand in the conventional business has, of course, made the search for new and
alternative technologies less attractive to the incumbent actors (Bolhar-Nordenkampf,

2007).

Resource mobilisation
Professor Hofbauer has managed to attract several crucial resources for the further

development of the TIS. Due to his longstanding cooperation with AE&E, he managed to
secure funding for the first entrepreneurial experiments. Working with his contacts in AE&E,
he helped convince management at the company to sign the contract for the first large-scale

demonstration plant in Gissing, despite scepticism surrounding the new technology.

In terms of financing the knowledge development at the Glissing plant, he established RENET
and became its scientific director. With the long-term financing provided through RENET, he
substantially expanded his research in the field. With the RENET platform, together with the
Gussing plant that is now part of the TIS structure, he attracted many European research
programmes and partners that provided funding to further the technology development at

Gussing.

His ability to create RENET was facilitated by a strong trend in public research and

development policy (not just in Austria) to establish competence centres. This exogenous

2% In an early phase, new problem and possible solutions are loosely defined, which means that no distinct
“technology style” (cf. Hughes (1987)) or “dominant design” (cf. Utterback (1994)) is set. One of Professor
Hofbauer’s contributions has been to define one of three trajectories (see Chapter III) and to organise a
knowledge network for the further development of this alternative.
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factor strengthened the key process and enabled him to mobilise resources that,

presumably, may not otherwise have been available.

Along with other actors, Professor Hofbauer also played a direct role in finding financing for
the Gussing plant. The process of mobilising the financial resources for plant construction
was facilitated by the location of Gissing in what is considered an underdeveloped region—
allowing them to obtain funds for regional development that may not otherwise have been

accessible.

There are also exogenous factor that weaken this key process and thereby counteract the
efforts undertaken by Professor Hofbauer. In particular, the strong demand in AE&E’s core
business has made it very difficult for Professor Hofbauer to persuade it to contribute
resources to the development of the TIS after the restructuring of the company. Instead, it

has left the TIS for biomass gasification.

Entrepreneurial experimentation and materialisation
With the resources that Professor Hofbauer has managed to attract, he has considerably

strengthened the processes of entrepreneurial experimentation and materialisation in
Austria. He has played a significant role by directly or indirectly enabling all of the

entrepreneurial experimentation that have taken place in the country.

Working with PhD students, he built the first 10kW and 100kW pilot plants, and was also
highly involved in the design of the 10MW plant in Gussing. During construction of the
second plant of the same type in Austria, he was active as the technical adviser to the plant

constructor Ortner.

Since its completion, the Gissing plant has become a resource to which additional
experiments can be connected. For example, there have been experiments with 1MW

BioSNG, FT synthesis and advanced gas cleaning.

An exogenous factor that he could not influence was the acquisition of AE&E by the US-
based company Babcock, which later went bankrupt. The network managed these events,
however, by setting up a new company, Repotec, which took over the contract from AE&E

and completed the plant construction.
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Knowledge development and diffusion
Since he started with biomass gasification at the beginning of the 1990s, Professor Hofbauer

has been able to significantly strengthen the process of knowledge development and
diffusion. He started with one PhD student and has now about 20. Between 1991 and 2008,
he supervised over 50 PhD students and 115 diploma theses. He has written, either by
himself or in collaboration with others, 170 scientific reports, papers and book contributions,
and has given more than 120 presentations on gasification or related subjects. All of these
activities, as well as some consulting work, have diffused knowledge on gasification within

academia and industry.

Market formation
Professor Hofbauer’s impact on market formation has been limited to providing an

investment opportunity for the mayor of Gussing. Two favourable exogenous factors have
influenced this function: the willingness to become self-reliant in terms of energy in the
town of Gissing, and the generous feed-in tariffs. As a result of political processes, the tariffs
have been changed and have significantly weakened the process of market formation. These

political processes clearly lie beyond the capacity of Professor Hofbauer’s influence alone.

Legitimation
Professor Hofbauer strengthened the process of legitimation when he spoke in favour of the

technology. However, the absence of a strategic decision by the leading capital goods
supplier AE&E to promote the technology after its reconstruction presumably counteracted
his influence. By recommending conventional combustion technology instead of gasification
technology, AE&E probably also weakened the process of market formation before the
change in the feed-in law. Moreover, the revised feed-in law reflects the deteriorating

legitimacy of renewable fuels in general and biomass-based power production in particular.

Development of positive externalities
The main function that appears to have been strengthened through positive external

economies is knowledge diffusion. This has been achieved in two ways. First, by being
instrumental in setting up a learning network, Professor Hofbauer has facilitated the sharing
and diffusion of information within Austria, as well as with parties in the EU. Second, by

being involved in a continuous learning process in both Glssing and Oberwart, Professor
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Hofbauer is the node through which experiences are shared between the two plants. This
node is of particular importance after the disruption in the biomass gasification network

following the exclusion of Repotec from the construction of the Oberwart plant.

A strong motor of the TIS
A strong motor was initiated when Professor Hofbauer managed to mobilise resources

(resource mobilisation) from AE&E. Based on his previous knowledge in coal gasification, he
managed to materialise the technology in the form of various pilot plants and thereby
conduct the first entrepreneurial experiments for realising small-scale CHP production based
on biomass gasification. These plants were important for advancing knowledge development
to a stage where he felt that the technology was ready to be scaled up to a commercial-sized

plant.

By making use of the general structure—in terms of the EEG (Erneubare-Energien-Gesetz), a
risk absorption scheme, EU regional development funding and the interest of the town of
Gussing to become independent of fossil resources—he was able to set up a network of
actors with an interest to pursue the technology and the Gilssing facility could be
materialised. The Glssing plant then became a very important resource in itself, as further
knowledge networks could be setup and further resources mobilised (RENET and several EU
projects) for even more entrepreneurial experiments, strengthening knowledge

development.

These positive interconnections between functions and structure have resulted in the
materialisation of a science and technology infrastructure, carrying its own operating costs,
and enabling a very rapid technology development. The actors within the TIS were able to
develop the technology from laboratory-scale in 1994, and simple heat and power
production at the Gissing plant in 2002 to a plant showcasing many advanced experiments
and operations. The cost of operations has been reduced, efficiency has increased,
advancements have been made in gas cleaning, and a BioSNG demonstration has been

constructed along with pilot projects for FT diesel production, fuel cells, and so on.

By strengthening the technology structure, he also became attractive for other actors with
similar interests to collaborate with (strengthening the actor structure). As a result, he could
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build strong knowledge networks around the plant and the plant became a collective
resource in the network, enabling further resource mobilisation, knowledge development,
entrepreneurial experimentation and materialisation. The strong motor is, thus, primarily
based on the positive interactions between the processes of resource mobilisation,
entrepreneurial experimentation, materialisation and knowledge development and diffusion

and the structural elements of technology, actor and knowledge networks.

To conclude, Professor Hofbauer made use of the general structure by:

1) Utilising existing technology structure by drawing on coal gasification and combining
it with knowledge of biomass for creating small-scale systems.

2) Mobilising resources by attracting a) incumbent capital goods manufacturer AEE
through personal contacts to explore the small-scale CHP application, and b)
international collaborations to develop the technology by offering a research
platform.

3) Mobilising resources available due to a) the town of Gissing, being situated in an
underdeveloped region and with an interest to become independent on imported
resources, b) the existence of EU and Austrian regional development funds, and c)

the EEG and a risk absorption scheme.

As a result, he has been able to strengthen all of the functions of the TIS, but has been
particularly successful in strengthening resource mobilisation, entrepreneurial
experimentation, materialisation, and knowledge development and diffusion. He has,
furthermore, been able to add to the actor structure by attracting further actors to the field,
strengthening networks by setting up various knowledge networks, strengthening the
technology structure of the TIS by constructing pilot and demonstration plants, and enabling

a second commercial CHP plant in Oberwart.

5.2.2 Limits of the system builders’ transformative capacity, system
weaknesses and the potential role of policy
Although it was previously argued that the system builder has been able to strengthen all of

the functions, there are still limits to his transformative capacity. These limits have resulted

in a weak motor and weak structural elements of the TIS. In this section, the limits of the
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system builder will be identified. The resulting system weaknesses and the potential role of

system builders and policymakers for resolving these are also discussed.

Beyond the influence of Professor Hofbauer, the weak motor in the TIS started when AE&E
chose to exit and focus on conventional combustion technology. AE&E, being the leading
capital goods supplier in Austria, probably weakened both market formation and the
legitimation of the technology by its strategic choice. The legitimacy of the technology was
further weakened when the use of biomass for electricity purposes was strongly questioned
and capped. The subsequent change in the feed-in law blocked market formation for gasified

biomass and weakened the function influence on the direction of search.

The weak motor negatively influenced the structural development of the TIS, primarily since
new Austrian actors have been discouraged from entering the TIS. Without a strong actor
base, influential political networks cannot be formed. To date, mainly international partners
have been attracted to join the knowledge network and—save for the customer of the
second plant, BEGAS, and its constructor Ortner—there is a lack of financially solid Austrian
actors that are ready to back up the technology and develop the TIS. The troublesome
relationship between some key Austrian actors has also obstructed the formation of political
networks. These networks are, however, essential in forming influential political coalitions
that can align the necessary institutions. In the prevailing situation, where the legitimacy of
biomass in electricity production has been weakened, a strong coalition is needed to address
this issue and induce the required institutional alignment. Otherwise, Austria may well find
itself in a position where the benefits of the encompassing knowledge development are

appropriated on by other actors elsewhere in the EU. Hence:

The main system weakness is lack of actors and political networks with an interest in

aligning the institutional framework in support of the technology.

The Austrian government has been very active in supporting the build-up of knowledge
through the competence centre RENET and other sources of funding. The system builder and
the larger network of actors have also been able to access considerable amounts of EU
funding for furthering knowledge and technology development. The actors that are needed

to develop the technology appear to be there. Naturally, the Gissing facility is of particular
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importance since it provides the researchers with the necessary infrastructure for
conducting further experiments, while the facility itselves carries its own operating costs.
With time and continued research and development support from the EU and the national
government, a breakthrough in the poly-generation of heat, electricity and BioSNG clearly

appears to be possible in Austria.

Yet, despite this impressive Austrian achievement in gasified biomass, the Austrian
government has obstructed the exploitation of that knowledge base. In particular, it has not
implemented a market formation policy that differentiates gasification technology from
conventional biomass technologies and has, thus, not provided the technology with the
necessary preconditions for becoming an attractive field for new customers and suppliers. A
case in point is AE&E, which could have re-entered the TIS after the reconstruction had there
been a clear demand that could have balanced the huge demand for biomass usage with

fluidised bed combustion.

As specified above, main structural weakness concerns the lack of necessary political
networks for biomass gasification in Austria. Such a network would, for instance, push for
special feed-in conditions for innovative power technologies and/or special conditions for
BioSNG and biomass-to-liquid technologies. Extending the current knowledge network into a
strong political network is, arguably, beyond the capacity of the system builder Professor

Hofbauer; further support must come from policy.

In order to form a strong political network, some or all of the major technology suppliers
(such as AE&E, Ortner and Andritz) must be included in it. Andritz is a world leader in
supplying equipment to the pulp and paper industry and recently bought the Finnish firm
Carbona, which has strong competencies in biomass gasification (Salo, 2008; see Chapter
VIII). This acquisition is part of a movement among dominant actors in the Swedish and
Finnish pulp and paper industries to integrate gasification technology at some of their sites
for BtL production. With integration, the industry can benefit from additional renewable
production of electricity, the production of biofuels or BioSNG, and access to process heat.
Paper mills involve a vast flow of biomass resources, including residues that cannot be used

in the production process. This flow of biomass can be expanded at a considerably lower
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cost in the mills than at a competing standalone site (see Chapter ).t

With the integration
of the Giissing technology, the Austrian pulp and paper industry may thus have the potential

of adding additional streams of income.

The political network would, of course, be considerably strengthened if it included the pulp
and paper industry.'?® However, up until recently, there has been little awareness of the
potential for biofuel production in the industry and it is not part of the Austrian network for
biomass gasification (Dworak and Zettl, 2008). Indeed, for reasons mentioned above, the
industry was instrumental in altering the design of the feed-in law that blocks market
formation for the technology and induces Repotec to exploit its technology abroad, together

with foreign partners.'?’

The position of the pulp and paper industry in Austria is, however, probably not set in stone.

128 and an

Attention is now being given to this issue in the industry (Dworak and Zettl, 2008),
opening now exists for “governance on the inside” which understands policy as politics
rather than management (Smith and Stirling, 2007, p. 364):

“In ‘governance on the inside’, processes of engagement, dialogue and deliberation

require explicit and careful attention to questions of power, authority, consent,
dissent and, above all, legitimacy.”

Arguably, a policy actor in such a process could seek to align the interests of the pulp and
paper industry (including its equipment suppliers) with those of the emerging TIS for gasified
biomass. We acknowledge that the transformative capacity of policymakers is “

structurally constrained by historically established commitments, embodied in
infrastructures, networks, institutions, practices and discourses” (Smith and Stirling, 2007, p.

355). Yet policymakers may attempt to use its constrained agency to provide incentives that

'>> There have been many studies pointing to an integrative approach as being less costly than in using
standalone plants for BioSNG and BtL production cf. (Ekbom et al., 2003; Larson et al., 2003; DENA, 2006;
Larson et al., 2006; McKeough and Kurkela, 2008).

12 The pulp and paper industry is a dominant one in Austria, with an annual turnover of €3,769 million in 2007
http://www.austropapier.at/.

12" These include Conzepte Technik Umwelt from Switzerland and the Stuttgart-based company M+W Zander
FE GmbH.

128 Indeed, Dworak (2008) suggests that biofuel will be an important issue for the industry.
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enlarge the knowledge network to include the pulp and paper industry and its equipment

suppliers and eventually transform it into a political network.

These incentives may be varied, but two opportunities for policymakers will be described
here. First, they could take the lead in funding and designing a biorefinery™*® programme.
Biorefineries are one of the key innovation issues for the European pulp and paper industry.
Although pilot plants are being built in mills owned by international firms that also have
plants in Austria, they are located elsewhere (such as in Finland and Sweden) and thus utilise
non-Austrian competencies. An Austrian programme could form a platform for exploiting

and enhancing the strong Austrian knowledge base, and for expanding the TIS network.

Enhancing the Austrian knowledge base would include strengthening the capabilities
connected to fuel production. This is particularly important for AE&E, which remains
prepared to re-enter the TIS as long as there is a reasonable market with clear projects.
However, the core competence of AE&E lies in boilers and power plants, and not fuel
production and the associated knowledge fields of catalysis and synthesis processes. As was
explained in Chapter Ill, making transport fuel from gasified biomass involves advanced
competencies that are normally found in the chemical industry; the design space has
changed. As AE&E chose to delink itself from the Gussing plant and its experiments with
transport fuel production, it has not participated in the knowledge formation with respect to
fuel production and would, therefore, need a project partner if and when it wish to re-enter

the market (Kaiser, 2008).

Second, the feed-in law would need to be revised to provide a market space for the Austrian
technology, while accommodating the needs of the pulp and paper industry. Special
incentives such as investment subsidies also need to be established to induce the building of
demonstration plants for BtL production in the pulp and paper industry. The funding of these
demonstration plants would need to be organised in a manner that either fully shifts the

risks from investors and technology suppliers to society or shares the risks. Ultimately,

12 There are many definitions of the concept of “biorefinery”, but we make reference to future production sites
that may co-produce liquid or gaseous transportation fuels and other advanced, high value chemicals through
gasification, within conventional pulp and paper mills.
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however, it is the potential members of the political network who are responsible for

formulating the conditions that are necessary for making further investments.**°

5.3 Conclusions

This chapter illustrated that an individual, in this case an academic, can take on the role of a
system builder, especially in the early phase of the formation of a TIS. The transformative
capacity of Professor Hofbauer was analysed by addressing his ability to, through a range of
activities, strengthen a set of key innovation and diffusion processes, or functions, and the
structural elements of the TIS. With time, a network of actors has taken over the system

building role although Professor Hofbauer has remained influential in the TIS.

It was illustrated that the system builder managed to strengthen the structure and functions

by drawing upon the general structure in which he is embedded by:

1) Utilising existing technology structures by drawing on coal gasification and combining
it with knowledge of biomass for creating small-scale systems.

2) Mobilising resources by attracting a) incumbent capital goods manufacturer AEE
through personal contacts to explore the small-scale CHP application, and b)
international collaborations to develop the technology by offering a research
platform.

3) Mobilising resources available due to a) the town of Gissing, being situated in an
underdeveloped region and with an interest to become independent on imported
resources, b) the existence of EU and Austrian regional development funds, and c)
the EEG and a risk absorption scheme.

As a result, he was able to strengthen all functions of the TIS, but his capacity had the
strongest influence on the processes of resource mobilisation, knowledge development and
diffusion, entrepreneurial experimentation, and materialisation. A part of his capacity was

used to overcome the frictional resistance in the form of troublesome network relationships

(Repotec being delinked from the Oberwart plant). He was also able to add to the actor

1 Timing is essential here. The TIS in other countries are currently being built up and Andritz is already tied up
in an alliance with a Finnish company (Carbona) that is not very different from Repotec, as well as with a
Finnish partnering pulp and paper actor (UPM).
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structure by attracting further actors to the field; strengthening networks by setting up
various knowledge networks; and strengthening the technology structure of the TIS by
constructing pilot and demonstration plants, and by enabling a second commercial CHP
plant in Oberwart. The interactions between these four functions and the structure are
extensive and positive. This is, thus, a strong motor in the TIS that has, in turn, resulted in a

rapid structural build-up.

The system builder has been much more limited in his ability to strengthen influence of the
direction of search, legitimation and market formation. Indeed, these functions interact in a
pattern that generates a weak motor. The motor is clearly not strong enough to attract
incumbent Austrian actors to the TIS and the subsequent formation of a political network
that could, in turn, be used to align the institutional framework. As a result, the Austrian-
based actor structure consists of relative small firms with problems to appropriate on the

knowledge development taking place.

The main system weakness is, therefore, actors and political networks with an interest in

aligning the institutional framework in support of the technology.

This motor and system weakness is also exceptionally difficult for a single individual to
influence, since it is driven by neglect of or by intentional resistance from powerful actors. It
is shaped primarily by the dominant capital goods supplier’s (AE&E) strategic decision to
avoid taking initiatives in the area, and the revision of the regulatory framework (the feed-in
law), which has ruined the economics of building new gasification plants in Austria. In sum,
the system builder has strongly contributed to creating an opportunity for Austria, but

factors beyond his influence currently obstruct the realisation of this option.

There is, however, strong external pressure on Austria from the EU to provide new
incentives for actors to produce more renewable electricity and renewable transportation
fuels. If Austrian policymakers identify biomass gasification as a key technology in reaching
such targets, there appears to be a solid industry structure and knowledge base that can
enable such an expansion. While they are currently failing in providing the technology with
the necessary preconditions for becoming an attractive field for new customers and

suppliers, policymakers clearly have options available to them. These options would aim to
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not only enhance market and knowledge formation, but also to include actors that have
hitherto generated both frictional (AE&E) and intentional (the pulp and paper industry)
resistance in the knowledge network, and turning it into a political network. Policymakers,
therefore, need to add a strong element of system building activities that interact with and

supplement those pursued by Professor Hofbauer and his network.
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Chapter VI

Germany

The history of gasification in Germany has been long and closely related to the general
development of knowledge in the field of gasification itself (as described in Chapter lll).
During the Second World War, the Nazi regime put forth great efforts into developing coal
liguefaction technologies such as the Fischer-Tropsch synthesis for producing liquid
transportation fuels that could replace conventional oil. When cheap oil re-entered the
market after the war, the need for domestic production of coal-based transportation fuels
disappeared. However, the industrial knowledge base of using coal for the production of
various chemical and transportation fuels had been advanced, thereby making German

industry even more capable of supplying gasification and various types of chemical plants.131

Today, the capital goods industry in Germany consists of firms such as Lurgi, Siemens, Uhde,
Envirotherm, Lindé, Sidchemi, and Reinbraun. These companies are some of the world’s
leading capital goods suppliers and engineering firms for chemical plants based on the
gasification of fossil resources. They are capable of delivering solutions for the production of
ammonia, methanol and SNG, as well as, more recently, the IGCC process for power

production (Chapter Ill).

The development of Fischer-Tropsch liquids was taken over by the South African firm Sasol.
This development work continued under the apartheid regime and large-scale commercially

operating plants were launched in the 1970s. Recently, Sasol entered into a technology joint

Bl Coal gasification competencies were also further developed for the production of town gas in the former
DDR. Capital goods suppliers in Germany today benefitted from the technology development at that time.
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venture with Lurgi to further develop gasification and downstream technologies (Turna,

2007).1*2

The capital goods industry in Germany is highly capable with respect to coal gasification.
However, their interest in developing the technology for biomass has, until recently, been
relatively modest even though some experiments have taken place. For instance, to date
Lurgi has developed and sold the world’s largest atmospheric CFB (100MW) cement kiln
gasifiers to a factory in Rudensdorf (in 1995). A second unit was sold for co-firing biomass-
derived gas in a 600MW coal boiler in the Netherlands.*** Another major engineering firm,
Uhde, supplied a high temperature Winkler (HTW) reactor to the Finnish company Kemira
for methanol production based on peat at the end of the 1980s (see Chapter VIII). However,
neither Uhde nor Lurgi continued to develop biomass gasification as a new business based

on these experiences.

It was not until more recently that three major and two minor projects were initiated with
the purpose of turning various types of biomass into transportation fuels and other
chemicals. Hence, the history describing the evolution of the five projects in the subsequent

sections will start no earlier than the beginning of the 1990s."**

At the centre of each project, there is an actor performing system building activities. The
role of these various actors has, naturally evolved over time in the individual cases.
Nevertheless, four system builders have been identified: the start-up company Choren, and
the research institutes Forschungszentrum Karlsruhe (FZK), Zentrum fiir Sonnenenergie-und

Wasserstoff-Forschung (ZSW) and Clausthaler Umwelttechnik-Institut (CUTEC). An important

12 Since August 2007, Lurgi has been fully owned by the Air Liquide Group from France. Sasol-Lurgi are not
the only actors with competence in FT synthesis. The Dutch company Shell has also developed the technology
and used it to produce diesel from stranded natural gas fields.

133 In 2002, Lurgi decided to sell their CFB technology used with biomass, as well as the British Gas Lurgi
(BGL) fixed-bed coal technology. The BGL had previously been demonstrated at SVZ pump with coal and
waste by the company Envirotherm (Hirchfelder, 2008). No new installations based on biomass have been made
by Envirotherm, although there have been a few based on coal. Biomass gasification has not been ruled out by
Envirotherm, but they do not see a big market in this area, as compared to coal gasification.

134 As in Austria, there have been numerous experiments conducted at research institutes, universities, small
private companies, and in people’s garages on fixed-bed gasification for biomass. Most of these experiments
have been geared towards very small-scale (<IMW) gasification for combined heat and power production. Some
of them have resulted in the establishment of firms that have managed to install a few plants where poor
operational performance has been a major issue (Brikow and Oettel, 2008). As mentioned in Chapter IV, these
experiments have been excluded from the study.
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actor within fossil gasification, which also could have played a role in strengthening biomass
gasification, is the University of Freiberg. However, it will be argued that it does not

undertake system building activities of any particular importance.

The structure of this chapter is built around the three main system builders—Choren, FZK
and ZSW. Their respective histories will be described in the first section of this chapter, while
the histories of CUTEC and the University of Freiberg will be summarised in boxes. Thus, this
first section focuses on describing the interactions between actors and the characteristics of
the emerging technological innovation system (TIS). The focus is on how the system builders
act to create the emerging structure of the TIS, both by building the structure directly and by
strengthening the various functions outlined in Chapter Il. Also included in the three main
histories is a description of what the system builders consider to be necessary for realising

their technology option on a commercial-scale.

The second section of this chapter provides answers to the research questions (as specified
in Chapter ll). The discussion starts with identifying who have been acting as the system
builders, and describes the nature and extent of their transformative capacities. The focus
then shifts to analysing and explaining the limits of the system builders’ transformative
capacity, identifying main system weaknesses, and discussing the potential role of system
builders and policymakers in addressing these weaknesses. The third section of this chapter

presents the main conclusions.

6.1 The evolution and prospects for biomass gasification in Germany

In this section, the five main projects and alliances will be presented from the perspective of
the system builder of each project. The first sub-section focuses on the start-up company
Choren, which has managed to create an alliance consisting of a large group of investors,
technology suppliers and other stakeholders for the realisation of a concept for a two-stage
gasifier for the production of FT liquids. A box in this sub-section summarises the Technical
University Bergakademie Freiberg’s plans for realising a modified HTW reactor. The second
sub-section presents the endeavours of FZK, a technical institute that has entered into an
alliance with the capital goods supplier Lurgi for the purpose of commercialising a large-

scale, three-stage and distributed gasification concept. The third sub-section discusses the
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alliance created by institute ZSW, which works on a smaller-scale concept based on the
FICFB gasifier that has been demonstrated in Gissing (Austria) with the goal of BioSNG
production. A box in this sub-section summarises the efforts of a third institute, CUTEC, in

commercialising a CFB gasification technology for FT diesel production.

6.1.2 The emergence of Choren Industries and the Carbo-V technology

The fall of the Berlin Wall in November 1989 paved the way for German reunification, which
formally took place on October 3, 1990. Reunification resulted in a major reorientation of
German society as a whole; most importantly for this story, however, it led to the
dismantling of the major research institutes in the former East Germany (DDR) and the
establishment of major development funds for stimulating economic growth and

employment in the eastern parts of reunified Germany.

One of the dismantled institutes was the Deutscher Brennstoff Institut (German Combustion
Institute), or DBI, which carried out major research on lignite, brown coal, combustion, and
gasification. Lignite extraction and use was at the heart of East Germany’s economy and
energy supply, employing 130,000 people and accounting for approximately 70 percent of its

primary energy supply (Hansen, 1996).

DBI's technical director, Bodo Wolf, had been responsible for a number of gasification
projects, of which Schwarze Pumpe is the most well known. In 1969, Schwarze Pumpe was
the world’s largest lignite gasification plant for the production of town gas and produced 85

percent of the gas used in the former DDR (Picard, 2008b).

After reunification and the dismantling of DBI, Mr. Wolf formed the company Umwelt- und
Energietechnik Freiberg (UET) GmbH, and convinced four former DBI colleagues to work with
him in the new company. At the start, they performed mostly classic engineering work, but
Mr. Wolf’s goal was to further the extensive gasification experience they already had with

lignite, and use it to produce liquid transportation fuels from biomass (Rudloff, 2008b)."**

133 Unfortunately, we could not arrange an interview with Mr. Wolf. As a result, we do not know why he became
involved in using biomass.
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From his position at DBI, he had gained extensive experience with both fixed-bed and
entrained flow gasification. Based on his experience, he ruled out fixed bed and fluidised bed
gasification for producing a tar-free gas that could be transformed into transportation fuels.
Instead, he invented the Carbo-V process which combines the low temperature fixed bed
and high temperature entrained flow gasification technologies into a continuous flow. It can,
therefore, handle the physical properties of biomass (i.e., its heterogeneity and large size),
while producing a clean gas using a high temperature process (Rudloff, 2008). By leveraging
his experience with coal gasification he expanded the design space of fossil gasification to

include biomass by redesigning the process.*®

When Mr. Wolf presented the idea for the first time in 1995, it was not well received. No
one at the time was particularly interested in the production of liquid fuels from biomass;
rather, the focus was on hydrogen production (direction of search). Despite this general
scepticism, Mr. Wolf managed to raise the funds necessary for constructing a first pilot
plant. The primary source of funding, about 60 percent, came from the state of Saxony. The
remainder came from his friends and his own savings (resource mobilisation) (Rudloff,

2008b)."’

In 1997, UET changed its name to Choren® to reflect the new direction that the company
was taking. With the funding Mr. Wolf received, a pilot plant could be constructed
(materialisation) and it was completed by 1998. It became the first entrepreneurial
experiment based on the Carbo-V process. The pilot plant was able to gasify 250kg of

biomass per hour, equivalent to approximately 1IMW.

Three elements of the structure at the end of the 1980s and beginning of the 1990s, created
the necessary preconditions for Mr. Wolf to develop its own technology construct the first
pilot plant. First, DBl and Schwarze Pumpe (SVP) permitted Mr. Wolf and his co-workers at
Choren to draw on the technology already developed and tested. Second, the dismantling of

the institute and ongoing downsizing of SVP (which was finally shut-down in 2008) had

13 In the Carbo-V concept, biomass can be co-gasified with coal if desired.

17 Ample funding from the federal government (through the state of Saxony) was available for technology start-
ups such as UET in the eastern part of Germany through a special development fund (Rudloff, 2008b).

138 C-Carbon, H-hydrogen, O-Oxygen, REN-Renewable (Bienert, 2007).
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provided Choren with excellent opportunities for hiring experienced personnel who continue
to be an important resource for the company. Third, the availability of funding through the

East German development funds enabled the system builder to mobilise financial resources.

These resources made it possible for the system builder to further advance knowledge
development and entrepreneurial experimentation, which eventually resulted in the
materialisation of a first pilot plant. In addition, Mr. Wolf and the first employees of Choren
were driven by a vision: with the completion of the pilot plant, they managed to strengthen
the direction of search for liquid synthetic fuels, for which there had been no apparent

demand.

Finding partners and scaling up plans, 1998-2008
Following plant construction between 1998 and 2001, the pilot plant was optimised for gas

production and numerous tests were conducted using different types of fuels to improve the
overall process (entrepreneurial experimentation and knowledge development). With the
pilot plant completed and several patents granted on process, the technical uncertainties of
the new concept were reduced and the legitimacy of the process—and of Choren as a
company—was increased (legitimation). Hence, favourable conditions for finding additional

partners had been created.

Mr. Wolf realised early on that strong partners would be critical to his company’s success.
He firmly believed that a small technology company could not manage to build and market
large-scale gasification systems by itself (Rudloff, 2005, 2008b). By chance, he came into
contact with some key individuals that could help him take the next steps towards realising

his biomass gasification concept.

One of these individuals was Dr. Hanns Arnt Vogels, who was a member of the board for the
vehicle manufacture Daimler and the director of the board for the Swedish-German joint
venture Vasa Energy GmbH in Hamburg. At the time, Vasa Energy was owned (50 percent)
by Michael Saalfeld, whom Mr. Vogels knew very well. Mr. Wolf was introduced to Mr.
Saalfeld and, when Mr. Saalfeld later sold his shares in Vasa to Vattenfall, he invested some

of the money in Choren and became its lead investor. In 2003, he followed up on this
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investment by bringing in nine other private investors from within and around the Hamburg

area (resource mobilisation) (Rudloff, 2008b)."*

It was probably due to their contacts with Dr. Vogels that, shortly thereafter, Choren was
awarded a project with Daimler to produce methanol for fuel cells (since that was the
primary interest of Daimler at the time). However, Daimler was not the only German
automobile manufacture with an interest in alternative fuels. Their main competitor in
Germany, Volkswagen (VW), had created a new department for biofuels and appointed Dr.
Wolfgang Steiger to lead it. This organisation had been investigating different alternative
biofuel options and had already been in contact with Choren between 1996 and 1998

(Seyfried, 2008a).

Due largely to the persistent work of Dr. Steiger, BtL was put on Volkswagen’s agenda and a
cooperation agreement was signed between Daimler, VW and Choren in 2002. The goal of
this project was to promote BtL fuel and, for Choren, to supply synthetic fuels for motor
tests at the two companies (Seyfried, 2008a). All three companies strongly felt that a
common strategy for the promotion of BtL would be important and of mutual interest, even

if VW and Daimler otherwise view each other as competitors.

Cooperation was possible since Daimler and VW had no interest in becoming fuel suppliers
but did have an interest in achieving a common fuel standard. They both preferred FT diesel
over other renewable alternatives, since it is considered to be “infrastructure ready” and can
be blended with ordinary diesel at any quantity without any engine modifications. It even
enables cleaner and more efficient combustion compared to conventional diesel. By
collaborating with Choren, they were able to influence the fuel quality resulting from the

process (Drescher, 2008; Seyfried, 2008a). 4

13 http://www.lichtblick.de/lichtblick/unternehmen.php?1bid=7DrybiEEUKJv&v=4&&s=2 Accessed 2008-05-
20

140 Both VW and Daimler have been working with all types of fuels available on the market. They do, however,
prefer a moderate level of blending (5-10%) in the diesel from first-generation biodiesel, since it has been
considered to have inferior fuel properties. Natural gas has a high cetane number (i.e., a high combustion quality)
and is possible to use in some models. It has also been considered as an inferior option since it has a
considerably lower energy density, it is not infrastructure ready, and it is not a diesel fuel. Similar arguments
have been used against dimethyl ether, promoted by various actors in Sweden (Chapter VII), which is a diesel
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Thus, Choren, offered hope (direction of search) of creating a renewable fuel alternative,
which would be infrastructure ready and could be blended at any quantity with conventional
fuel. It was thus comparable, or even superior, to fossil alternatives and much preferred over
an increased blending of first-generation diesel fuels from food crops. The promise of
Choren’s technology made them an attractive partner to collaborate with. In addition, the
involvement of the two major automobile manufacturers in Germany strengthened the TIS,
and the collaboration granted Choren new and considerably increased legitimacy

(legitimation).

At this point, with the backing of its partners, Choren was ready to apply for more money
from the government. It applied for approximately €4.6 million from the Ministry of Trade
and Economics to construct a methanol and Fischer-Tropsch synthesis unit. The application
was granted and the new equipment was installed at the pilot plant (resource mobilisation,
materialisation) (Rudloff, 2008b). The first methanol was manufactured in April 2003 and the
first FT product in June of the same year (entrepreneurial experimentation, knowledge
development). With this new equipment, the entire production process, from biomass-to-
liquid production, could be demonstrated, as could the quality of the fuel itself (Baitz et al.,
2004; Rudloff, 2005, 2008b). This was of course a very important step for Choren. However,
the scale of the pilot was too small to prove the viability of the process, and a larger

demonstration plant had to be constructed to further reduce technical uncertainties.

The demonstration plant
The general idea of the new plant was to demonstrate the stand-alone and continuous

production of FT liquids. It would have to be done on a scale that was large enough to
reduce the technical risk to an acceptable level for potential customers and investors in
future commercial-scale plants. Commercial size was estimated to be an annual production

rate of 200,000 tonnes of liquid fuel (Bienert, 2007).***

To reduce the risk to a reasonable level it was therefore judged that the demonstration

should be in the range of 45MWy,, consuming 65,000 tonnes of dried biomass and being able

fuel but has a lower energy density and is also not infrastructure ready (Keppeler, 2007; Drescher, 2008; Picard,
2008a; Seyfried, 2008a).

' Such a plant would require about 1 million tonnes of biomass annually, and the gasification units in this plant
would have to have a combined capacity of approximately 700MW (Bienert, 2007).
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to produce 18 million litres of FT diesel annually. The plant would be based on the same two-
stage gasification concept as the pilot plant and constructed in Freiberg, next to the pilot
plant. Even if liquid production in the demonstration plant would be considerably more
expensive than in a commercial-scale plant, it was thought to have a commercial value

(Rudloff, 2008b).

The two main challenges in constructing a demonstration plant were a) raising more than
€100 million and b) finding a partner that could supply the FT synthesis unit at the required

142

scale.”™ The key to raising €100 million was identified as finding a customer that could agree

to leaving an “offtake guarantee”143

on the demonstration plant’s future production. The
guarantee was seen as necessary to reduce the market and financial risks for investors and

offer some return on the project (Rudloff 2008).

The first steps in financing the project had already been taken when Choren was granted
€4.6 million from the Ministry of Trade and Economics in 2002, allowing the construction of
the first components of the plant. However, at least €95.5 million of the required funds still

had to be raised.

In January 2004, the 6™ EU Framework Programme, RENEW, was initiated with Volkswagen
as the coordinator. A network was set up with 32 partners from nine countries. The
programme ran for 48 months and had a budget of €19.8 million (€10 million in EU funding
and €10 million in partnership funding), of which Choren was allocated about €5 million***

(resource mobilisation) (RENEW, 2008; Seyfried, 2008b).***

The benefits provided by the RENEW project were much more than financial. First, and
perhaps foremost, it contributed to strengthening the legitimation of the entire knowledge

field. It did so by demonstrating that a significant share of the diesel being consumed in EU-

"2 FT units are normally built on a much larger scale, and developing the technology on their own was judged to
be impossible (Rudloff, 2008b).

143 An offtake guarantee, or offtake agreement, is a purchasing agreement between a buyer and a supplier on the
price and volumes of the future production. These agreements are made prior to construction and make it easier
to obtain financing for the construction, but they are usually difficult to obtain when dealing with non-
commercial technologies.

144.€2.5 from the EU and €2.5 was equity financing (Choren, 2010).

143 Without the solid connections to VW, it was judged unlikely that the allocation of funds to Choren would
have been as significant (Rudloff, 2008b).
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27 could be substituted by liquids produced from domestically grown biomass at a cost of

approximately €1/litre diesel equivalent, depending on which technology was used.

Second, the project considerably strengthened the legitimacy of Choren as a company. The
RENEW project examined seven different gasification technological trajectories; only two of
them, however, including one from Choren, were considered ready for large-scale
demonstration (RENEW, 2008). Third, the study illustrated that the Choren process was the
most cost competitive and energy efficient solution among the German trajectories, which
was especially important for Choren vis-a-vis their main German competitor FZK/Lurgi.
Among the six participating trajectories, only the Swedish company Chemrec showed better

results than Choren.'*®

The major step for securing the remaining and required funding for the demonstration plant
was taken when Shell became involved in the project. Choren’s Mr. Rudloff (2008b)
described that he was under the impression that the intention of Volkswagen from the start
was to bring them into partnership with a major oil company. After 18 months of
negotiations with both BP and Shell, an agreement was reached with Shell and a contract

was signed in August 2005 (Shell, 2005; Rudloff, 2008b).

According to the agreement, Shell would buy 25 percent of Choren shares, provide their FT
technology and know-how in support of the construction of the demonstration plant and
commit to a long-term, offtake contract for the entire production from the demonstration
plant. The offtake guarantee was, thus, a key part of reducing the financial and market risks

for other investors, and making investing more attractive for them (Rudloff, 2008).

The legitimacy of biomass gasification in general and Choren in particular was boosted by

Shell’s entry into the TIS. Shell was expected to reduce the technical risk of the project by

147

supplying their FT technology and know-how from fossil gasification.”™" Shell’s entry also

further increased the financial, human and complementary technical resources (resource

146 Chemrec, however, focuses on DME production and not diesel, which is not a preferred transportation fuel
according to Volkswagen and Daimler (Keppeler, 2007; Seyfried, 2008a). It is also important to observe that the
potential Finnish FT-liquid production plants were not included in the study. Based on preliminary calculations
made by VTT, they show similar performance to Chemrec and, thus, a significantly lower cost level than any of
the German development tracks (McKeough and Kurkela, 2008).

147 Shell is one of only two companies that has commercially operating FT technology (Chapter III).
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mobilisation). All these factors played an important role for raising the remaining funds for

the construction of the demonstration plant.

Choren was thus able to secure a total €25 million with loan guarantees through KfW
Bankengruppe'®, a Federal- and Linder-owned financial organisation (resource
mobilisation). The loan guarantees were granted to the lending banks and they can cover up
to 80 percent of the total debt financing. The guarantees were seen as a critical success
factor for the project since no external power contractor (EPC) would have been willing to
supply the demonstration plant for at a fixed price and with guarantees concerning its
operation (since the technology had not been proven). Without such guarantees from an
EPC, or the guarantees provided by the KfW, ordinary banks would not have been expected
to grant Choren a loan for the demonstration plant, regardless of the agreement with Shell

(Rudloff, 2008).

Plant construction was initiated in 2005, and further financial resources were mobilised in
2007 when Volkswagen and Daimler decided to buy a minority share of Choren (Choren,
2007a). The mechanical completion of the plant took place in April 2008. Following
inauguration, however, Choren estimated that it would take 8 to 12 months to begin the
individual plant sub-systems before any BtL could be produced (Choren, 2008). For various
reasons, start-up has been further delayed and as of November 2009, no diesel had yet been

149

produced at the plant.”™ In addition, Shell has since decided to sell their shares in Choren

(Choren, 2009). It is too early to say what this ultimately means.

In sum, the very capable system builder Choren and its founder Bodo Wolf have
demonstrated a capacity to considerably strengthen the functions of knowledge
development, entrepreneurial experimentation, materialisation, resource mobilisation,

direction of search and legitimation. This has been achieved by successfully building a first

'8 KfW Bankengruppe is a public organisation that is 80 percent owned by the federal government and 20
percent by the Léander. http://www.kfw.de/. Loan guarantees are specific instruments available in Germany and
Austria but not in Sweden and Finland.

' In the demonstration plant, the entire production chain, from biomass-to-liquids, is integrated in a new way
and on a scale that has never before been attempted. It involves the start-up of several hundred different sub-
systems that have never been operated in combination before. It is expected to take time before everything works
properly. One can, for example, compare this with the Varnamo plant, which has a considerably simpler process
than liquid production from biomass. Still, it took approximately three years before the plant had accumulated
600 operating hours (Chapter VII).
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pilot plant and creating strong alliances with leading firms from the automotive and petro-

chemical industries.

However, the continuous production of FT diesel on the scale of a demonstration plant
remains to be proven. In order to succeed, it will probably be necessary to further
strengthen knowledge development and to mobilise additional capital to operationalise the
process (further resource mobilisation). If the demonstration can be made operational,
Choren would significantly strengthen the function of market formation. If it fails, it risks

weakening the legitimacy of the entire knowledge field.

The future of the Choren technology
If the demonstration is successful, yet another and perhaps even greater challenge lays

ahead: creating the preconditions and raising the funds for the first commercial-scale plant.
An investment of approximately €800 million must be made in order to realise the vision of a

first full-scale plant with a capacity of producing 200,000 tonnes of FT diesel annually.

The planning and preparation of such a plant is well advanced, even if the first results from
the demonstration plant have not yet been obtained. If constructed, the plant would be
located in Schwedt in northeast Germany, which borders on Poland (Kiener, 2008). Choren
believes that equity could provide approximately 40 percent of the capital for such a plant
and that they would therefore need to raise about €480 million. The amount needed will be
much higher than the current limits for loan guarantees. Direct subsidies will probably play a
role but strict EU regulations control the amounts allowed. Even with the best East German
subsidies, Choren estimates that direct subsidies from the current funds would take care of a

maximum 10-12 percent of the entire investment (Rudloff, 2008b).

Choren’s business plan includes constructing and operating the first large commercial-scale
gasification plant, even if the latter is not their long-term strategic goal. With this type of
plant, Choren argues that there will be great organisational uncertainties around who the
first customers will be. Owning and operating this type of plant will be perceived as risky for
these first customers, even after successful demonstrations. By taking ownership and
responsibility for operating the first large-scale plant, Choren will reduce the risk for
subsequent customers. This would also buy some time for potential customers to determine
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whether these types of plants can become a part of their current business. This could be
important since there are several potential sectors (i.e., chemical, mineral oil and pulp and
paper) with which the technology would relate to current competencies, even if the firms

are not currently involved in fuel production or the handling of biomass (Rudloff, 2008b).*°

For the commercial plant to become a reality, Choren will depend on the general framework
in Germany and the EU to provide stable and sufficient financial conditions for the investor.
The agreement between Shell and Choren, in which Shell provides an off-take guarantee,
may not be possible to replicate for a large-scale, semi-commercial plant. The volumes in
such a plant would be too large and without a general framework, one cannot expect that

the market risk would be absorbed (Rudloff, 2008b).

Within the current legislative framework, we cannot, therefore, expect to see any
investments in a commercial-scale plant, even if the technology is successfully
demonstrated. This problem was raised at the inauguration of the demonstration plant by

the former CEO of Choren, Tom Blades:

“The statutory framework created for first-generation biofuels has only been defined until
2015, which is not long enough for investors to plan for the first sigma plant with any
certainty [...] Nevertheless, we are very confident that the politicians will shortly introduce
economic policy framework enabling second-generation biofuels, and thus the synthetic
biofuel made by Choren, to be a key contributor towards achieving the ambitious climate
targets of the future.” (Choren, 2008).

Finding a solution whereby both first-generation fuels and more expensive but perhaps also
more socially desirable second-generation fuels can compete on an “equal” basis will not be
easy (see Chapter XlI for a longer discussion). However, Choren has advocated a separate,
mandatory blending requirement for second-generation fuels, starting in 2016. According to

Choren (Choren, 2007b),** incorporating its suggestion would help avoid competition

139 As of today, however, there are quite a few actors that have declared significant interest in the Choren
technology. For example, the Finnish utility and biofuel suppliers Vapo and the Norwegian pulp and paper
manufacture Norske Skog have expressed an interest once the technology is demonstrated.

131 Choren emphasises that the current proposal from the German government on a revised biofuel blending law:
“biofuel blending obligation for mineral oil companies”, starting in 2015 will be insufficient to meet the
demands from investors for a commercial-scale plant. The German proposal follows the same logic as the
current EU proposal on the promotion of the use of energy from renewable sources (2008/0016 (COD)), where
the CO, reduction potential should be the basis for how much biofuels will be necessary to blend with
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between second- and first-generation fuels, and could provide a reasonably stable

framework that would support long-term investments in large-scale plants.

conventional transportation fuels. The main objection against the proposed framework has been that the second-
generation fuels (BtL) will compete directly with first-generation fuels.
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Box 6.1: Coal and biomass gasification at the Technical University Bergakademie Freiberg™’

During the time of the DDR, the Technical University (TU) of Freiberg developed a prominent position
for its research on the thermal conversion of coal. Together with the Deutscher Brennstoff Institut
(DBI) and Schwarze Pumpe (SVP), they were one of the core actors for developing energy
technologies for utilising brown coal. Of the three actors, DBI focused on managing and developing
larger projects including process development, while TU Freiberg focused on solving isolated
problems and understanding the basic science. TU Freiberg and DBI could test, experiment and install
the new processes on an industrial-scale at SVP. Hence, one can see the three actors as the pillars of
a local cluster in which the interaction between the functions of knowledge development,
entrepreneurial experimentation, materialisation and market formation formed a strong motor and
strengthened the technology structure for the utilisation of brown coal.

When DBI was dismantled, TU Freiberg kept its scientific role but did so in the larger context of
innovation in Germany and the rest of the world. Based on extensive industry collaboration in
combination with the additional funding available for universities in the former DDR, TU Freiberg has
become one of the top universities in the world for research on the thermal conversion of brown
coal. As a result, it has been able to equip its laboratories with the latest and most advanced science
and technology infrastructure, and recruit a highly reputable staff and talented engineering students.
This has made it even more attractive as a scientific partner to industry.

Only 30-40 students out of a population of nearly 5,000 graduate every year with some special
training in the thermal conversion of biomass. The faculty has argued that biomass conversion is
interesting from a scientific point of view, but that there is very little demand from industry for
students with such a specialisation. Consequently, there has also been little research on the
utilisation of biomass until more recently. In 2000, TU Freiberg initiated a project along with their
industrial partners to further develop the pressurised High Temperature Winkler (HTW) for biomass
gasification. The HTW is a fluidised bed gasifier that was developed in the 1920s for atmospheric coal
gasification. It has since been modified for higher pressures (30 bars) and temperatures. TU Freiberg
developed a modified and patented reactor design. The “new” PHTW was expected to produce an
almost tar-free gas from biomass in a reactor well suited for the heterogeneous character and
physical properties of biomass.

Plans were also made to build a large-scale (10MW) pilot plant near the campus, as well as a facility
for oxygen production. It was argued that the pilot had to be at least 10MWy,, otherwise the
thermodynamics of the process would change in a subsequent scale-up of the technology. This is, of
course, a valid argument, but given the high cost of constructing this plant and in conducting tests
and experiments, industry partners have not been willing to contribute sufficient financing. Hence,
the project is arguably insufficiently aligned with the interests of TU Freiberg’s industry partners.
They are mainly interested in coal gasification and not in biomass. The interest of the incumbents can
eventually change and the project may still be realised in the future. However, at the current levels
of demand for coal gasification, this does not seem likely in the near future. With regard to TU
Freiberg, they did not act (or were unable to act) to align the technology to the interests of others.
Therefore, it is argued that they do not fulfil the necessary requirements, as outlined in Chapter II,
for being defined as “system builders”.

132 The analysis outlined here is based on an interview with Krazack and Briiggemann (2008), as well as a five-
day visit to the university when several informal interviews were conducted in 2007.
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6.1.2 Forschungszentrum Karlsruhe and the development of the Bioliq

process

Since Choren started its activities at the beginning of the 1990s, a competing alliance has

been formed by the Forschungszentrum Karlsruhe (FZK) institute in Baden-Wuerttemberg.

The institute was founded by the West German federal government and the state of Baden-
Wuerttemberg, and has since become one of the largest research institutes in Germany."*>
Until the end of the 1980s, FZK was a major institute for nuclear research and nuclear waste
reprocessing. When Germany’s nuclear programmes were dismantled, FZK began searching
for new areas of research and started restructuring its entire operation (FZK, 2004). In 1996,
as part of this restructuring and to strengthen its competencies in the field of chemistry, FZK
recruited Professor Eckhard Dinjus into its Institute for Technical Chemistry, in the Division of

Chemical-Physical Processing (ITC-CPV) (Dinjus, 2007)."*

The search process was influenced by several factors (direction of search). Since Baden-
Wirttemberg is one of the owners of FZK, the institute is expected to contribute to the
development of industry within the state. With the experience they had in pyrolysis, and
since Baden-Wiirttemberg is a strong agricultural region, they began to consider what could
be done with farm residues in a way that could increase the added value of the agricultural
industry (Dinjus, 2007). According to Professor Dinjus (2007), they approached the challenge
with two basic questions. First, what could be done with all the agriculture residues? Second,
how would it be possible to use these residues in an industrial process at the scale of a

refinery?

Straw is a residue from agriculture with little or no economic value to farmers and is

generated in large volumes. The total volume of surplus cereal straw in the world has been

133 In total, they employ 3,800 people and have an annual budget of approximately €294 million (FZK, 2004).

13 Professor Dinjus obtained his doctorate degree in 1973 from the Institute of Inorganic Chemistry at the
Friedrich-Schiller-University in Jena. In 1996, he was appointed Professor at the Institute of Technical
Chemistry at the University of Heidelberg. When he started his work at the FZK, he found little work relating to
chemistry. Twelve years later, the institution is well grounded in the field of technical chemistry and respected
all over the world for its scientific and applied research (Dinjus, 2007).
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estimated to be approximately 1Gt/a, which corresponds to approximately 5 percent of the

world’s primary energy consumption (Henrich et al., 2007).

From the perspective of the FZK researchers, there are two main problems with using straw
in an industrial process for green chemistry and producing transportation fuels. First, it has
an energy density of approximately 1.5GJ/m3, which is low and makes it costly to transport
over long distances. Second, it has high contents of ash, hydrochlorides (HCL) and K-salts
such as KCL and KOH, which cause downstream problems due to poisoning of catalysts and
the sticking and plugging of technical components during thermo-chemical processes
(Dahmen et al., 2007; Henrich et al., 2007). According to Professor Dinjus (2007), the carbon
content of the feed-stock is best converted in an entrained flow gasifier into a syngas that
can be used for green chemistry and producing transportation fuels (direction of search).
However, the physical properties and low energy density of straw make it unusable in such a

reactor.

FZK researchers identified a possible solution to these problems based on the process of fast
pyrolysis. Using fast pyrolysis, it appeared possible to produce a liquid with 10-15 times
more energy density than straw. Although the chemical compositions would vary with the
type of feed-stock used and would be highly corrosive, the liquid would resemble oil in its
physical properties and would be easy to transport, pump and pressurise in an EF reactor

that also could withstand its corrosive properties.

Consequently, they evaluated different existing pyrolysis technologies and concluded that
the Lurgi-Ruhrgas screw reactor was the best option available and that it could be adopted
for making the liquid (Dinjus, 2007). Based on the original design of the Lurgi-Ruhrgas screw

reactor,’>

they developed a small laboratory-scale plant for producing the first pyrolysis
slurry (materialisation). The pilot plant has a maximum capacity of 20kg of straw chops,

sawdust, paper, cardboard pieces, etc. per hour (Dinjus, 2007; Henrich et al., 2007).

From the beginning, FZK intended to form an alliance with companies that have the capacity

to bring this technology to market. By changing the properties of farm residues to something

135 The reactor was developed during the 1950s for producing raw gas.
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resembling oil in its physical properties, they also increased the attractiveness of biomass

and, thereby, the possibilities of engaging the petrochemical industry (legitimation).

In sum, the crisis at FZK gave the researchers a reason to begin looking for more valuable
areas to work in. It also provided the initial funding and motivated the recruitment of new
personnel with a different competence profile than before. It thus strengthened the
direction of search and resource mobilisation of the TIS. The actors could draw further
resources from the structure and their work clearly strengthened knowledge development

and entrepreneurial experimentation, which resulted in the materialisation of a pilot plant.

Finding a partner and demonstrating the concept
When the pilot plant was working and the first pyrolysis oil was being produced, FZK

researchers began looking for interested partners. They could not, however, partner with a
company using an entrained flow reactor. The liquid produced from straw is considerably
more corrosive than conventional oil and conventional hard coal, and thus a reactor
developed for those purposes would not suffice. Rather, a suitable reactor design would
have to be based on low-grade coal and lignite, which had been used in the former DDR and

shared the corrosive properties of pyrolysis oil (Dinjus, 2007).

The GSP reactor—the same type of gasifier that Choren based their design on—was seen as
the ideal type of EF reactor. It had been developed by the former Deutscher Brennstoff
Institut, which specialised in coal gasification. The GSP had also been demonstrated and
been in commercial operation at Schwarze Pumpe for more than 20 years (Henrich et al.,
2007; Metz, 2008). It had been developed to withstand the corrosive, salty lignite of east and
central Germany and could, therefore, be expected to be capable of gasifying the oil made

from straw (Henrich et al., 2007).

Hence, FZK researchers contacted the DBI gasification centre in Freiberg (Dinjus, 2007)."° At

the time, the centre was owned by Babcock. However, following its subsequent bankruptcy

'3 The Noell company took over the testing centre after DBI was dismantled, and in 1996 they erected a new
SMW GSP pilot plant at the site in Freiberg (Metz, 2008; Henrich et al., 2007).
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in 2002, Future Energy GmbH acquired the technical gasification know-how from the

Babcock group, including the demonstration units.*’

In 2001-2002, FZK commenced sending samples of the pyrolysis slurry to Future Energy for
testing in the GSP gasifier. In total, 40 tonnes of different bioslurries were tested (Henrich et
al., 2007). A fruitful cooperation between Future Energy and FZK appears to have been
established while the test campaigns progressed. According to Professor Dinjus (2007),
Future Energy would have liked to continue cooperating with FZK to develop the business,

based on the positive experiences they had from the different test campaigns.

However, Future Energy was struggling at the time. They had a difficult time finding
contracts, since a small company with only 25 employees was not well positioned to take on
large-scale contracts worth several hundred million Euros (Friess, 2008). The owner of
Future Energy, Sustec Industries, was a venture capitalist based in Switzerland; since the
acquisition of Future Energy, Sustec had worked to increase the attractiveness of the
company as much as possible in order to find new owners. Consequently, in October 2005
Sustec also acquired Schwarze Pumpe (SVZ) in order to access the key reference plant where
the GSP gasifier had previously been operating.’*® Based on the reference plant (the GSP),
the experience of Future Energy and the financial resources of the venture capital firm, they

managed to book a few contracts in China for coal gasification (Friess, 2008).

The new arrangement for Future Energy made them very interesting for potential buyers
(Friess, 2008). In 2006, Sustec Industries sold Future Energy-including the contracts for coal
gasification-to Siemens. The new owner had the financial muscle, infrastructure and other
resources to continue to develop coal gasification. Since the acquisition, the business has
grown considerably for Siemens: between 2006 and 2008, they increased staff from 25 to 70
and have worked exclusively with large-scale projects in China and the United States on coal

gasification, for which the gasifier was originally designed (Metz, 2008).

With new owners and a booming coal gasification business, Future Energy and Siemens’

interest in advancing the cooperation on biomass-to-liquid came to a halt. While Siemens,

"7 DGMK-Fachbereichstagung “Energetische Nutzung von Biomassen” vom 19. bis 21. April 2004
18 http.//www.tecpol.de/en/archive/news/05_09 29svz_selling.html accessed 2009-08-19.
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recognised the positive experience they had with bioslurry and the technology’s potential,
with limited resource at hand biomass gasification was considered, from a business
perspective, less attractive than coal. A business for biomass gasification would have to be
completely driven by policy and the market would have to be created by instruments which,

as of yet, are not in place (Metz, 2008)."*°

Hence, FZK was forced to start looking for other partners. Despite this, the cooperation with
Future Energy has allowed FZK to advance knowledge development and strengthen
entrepreneurial experimentation by attracting Future Energy into the TIS. FZK was thus able
to draw on existing infrastructure, knowledge and other resources in the coal gasification
industry (resource mobilisation). Consequently, it also strengthened the legitimation of the
field, since it managed to illustrate the opportunities of bioslurry and convince at least one
incumbent actor in the coal industry that it was a legitimate future business (at least for a
limited period of time). However, when the conventional business began to do well, it was
deselected by the incumbent firm since the institutional and market uncertainties were

considered to be too large.

In search of a new partner
Although the partnership with Siemens never worked out, FZK still believed in the bioslurry

concept and began looking for a new partner. However, finding one proved quite difficult.
Not only were there very few capital goods suppliers in Germany with the required
knowledge, but none would have access to a gasifier similar to the GSP. Nevertheless, both
Uhde and Lurgi were considered as having interesting technology portfolios, as well as the
knowledge and necessary resources to develop the entire chain of technologies needed for

realising bioslurry gasification based on straw.

At Uhde, the question came up for discussion at the board of directors. Among the

alternatives they had seen, the board considered the FZK solution to be the best possible

139 Metz (2008) also refers to the impossible conditions that FZK had set in place, which created barriers to
cooperation. FZK wanted a new GSP demonstration unit to be constructed in Karlsruhe, which was something
Siemens could absolutely not agree with, since the plant itself contained a lot of their “know-how”. Siemens also
felt that it was not the gasification part that needed to be demonstrated but rather their fast pyrolysis concept on a
larger scale. Siemens was unsure about sharing the risk of a large-scale demonstration plant since the process of
fast pyrolysis is still uncertain at such a scale.
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one for converting biomass into chemicals. However, as had been the case with Siemens,
Uhde was unable to identify any customers that would be ready to invest in such plants.
They also estimated that the resources required to develop the market would be too large,

and they eventually declined the request to cooperate (Abraham, 2008).

Lurgi, however, was more interested in the technology than Uhde and Siemens. In August
2006, FZK and Lurgi reached an agreement for developing and demonstrating the entire
concept, in which Lurgi would enjoy the exclusive rights to the technology and all future

developments (Dinjus, 2007).

The reason for Lurgi’s attraction to the TIS for cooperating with FZK on developing the
bioslurry technology can be found in a broader set of circumstances. For some time, Lurgi
had been a turnkey supplier of plants for the production of first-generation diesel and
ethanol. Therefore, it could be expected to have a better understanding of the biofuel
market than Siemens and Uhde. Based on its own market studies, it did not expect first-
generation technologies to be sufficient in the future. For meeting goals of renewable
transportation fuels within the EU and in many other countries around the world, Lurgi
believed that there would be a demand for more flexible and efficient biomass-based

technologies (Berger, 2008).

Bioslurry is thus considered by Lurgi to be an attractive alternative to producing large
quantities of renewable transportation fuels and other chemicals from agricultural residues
that would otherwise have few alternative uses. Lurgi also recognised that there will be a
shortage of carbon sources in the future and increasing competition over natural gas, coal
and oil resources. Biomass and straw have been identified as a valuable source of carbon
which, before the bioslurry concept, would have been difficult to handle for the

conventional petrochemical industry (direction of search and legitimation).**°

The bioslurry concept also fits well into Lurgi’s general strategy. Its intention is to be able to

convert all carbon sources (natural gas, oil, coal, and biomass) into chemicals and

11t has furthermore been argued that biomass would best be used to produce chemicals and transportations fuels
and not electricity or heat, since that will be the only renewable carbon source available for this sector (direction
of search) (Dinjus 2007; Berger 2008).
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transportation fuels along a technologically similar route. Since bioslurry resembles oil in its
viscosity and lignite in its corrosive character, it would be able to fit right into the technology

portfolio consisting of conventional, fossil-based conversion technologies.

Following the decision to cooperate with FZK, Lurgi announced that its strategic goal would
be to own the complete technology chain for the production of BtL and that it would work
with all feed-stocks (coal, natural gas, slurry, and biomass). Furthermore, it would give the
same attention to all feed-stocks even though biomass is at an earlier stage than the other
technologies (Plass, 2007; Berger, 2008). With this arrangement, the need for FZK to
undertake system building activities decreases over time and the responsibility of realising

the entire technology chain gradually shifts over to the alliance with Lurgi.

However, in order to take the next step towards realising a market for bioslurry and the
production of chemicals and transportation fuels, the actors had to demonstrate the entire
technology chain and not just the process of fast pyrolysis. The demonstration of the chain

can be broken down in four distinct parts.

First, the pyrolysis process must be demonstrated on a larger scale than with the current
pilot. Consequently, FZK and Lurgi constructed a demonstration plant on the scale of 5SMW,
or 500kg per hour of non-woody biomass at the FZK facilities in Karlsruhe. The construction
of the demonstration plant was completed in June 2007 (FZK, 2007) and initial test runs
were conducted at the end of 2008 (knowledge development, entrepreneurial
experimentation and materialisation) (Dinjus, 2009). The financial resources to construct the
plant were largely mobilised by FZK from the Ministry of Agriculture and Fachagentur
Nachwachsende Rohstoffe (FNR) (resource mobilisation). FNR has strong agricultural
interests and has identified the technology as having the potential to add income streams
for farmers, and has therefore been supportive of the project (Dinjus, 2007). The total cost
of constructing the demonstration plant was estimated in a Lurgi press release (2006) to be
€3.75 million. The original plan was to be able to offer the pyrolysis units on a commercial-
scale from January 2008 onwards, marketed under the name “Bioliq” (Zwiefelhofer, 2007,
Berger, 2008). However, a combination of technical and non-technical problems have

delayed these plans (Dinjus, 2009).
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Second, a new multi-purpose gasifier (MPG) similar to the Siemens GSP is being developed.
According to Professor Dinjus (2007), the patents for the GSP have expired and similar
solutions could be developed with a protective screen, or a “cooling screen”.’®! The
development of the new MPG reactor commenced in September 2007 and the original
intention was to bring it to market by December 2009 (Zwiefelhofer, 2007), although this
date has since been postponed.'®® The new reactor will be designed so that it can be used
for other fuels besides bioslurries, such as lignite, for which Lurgi did not have a technical

solution.

Third, the gas treatment equipment has to be tested. It will be a more or less off-the-shelf
technology and is not associated with any major development costs. However, the
equipment needs to be demonstrated together with the other pieces of equipment (Berger,

2008).

Fourth, a methanol-to-synfuel (MtS) unit will be demonstrated. Instead of going to FT diesel,
FZK and Lurgi have decided to undertake methanol production and, as a second step,

convert the methanol to gasoline and diesel.*®

The MtS process will be developed together
with Sidchemie and Volkswagen, and the pilot will be constructed in Wolfsburg (where
Volkswagen headquarters is located). Volkswagen will also perform the motor tests, while
Sidchemie will be responsible for the testing and development of catalysts. The total cost of
the project has not been revealed but FNR has contributed €4.5 million (FNR, 2008). The
demonstration was scheduled for completion by December 2009 and was to be made
available to the market afterwards (Zwiefelhofer, 2007; Berger, 2008), but since this fourth
step depended on the success of the previous three, the completion date of the
demonstration will be considerably later than first announced. The motor test series are not

expected to be finalised until 2011 (FNR, 2008). The complete chain is indeed unlikely to be

demonstrated before 2012—-2013, even if no major technical problems are encountered

1! Without a cooling screen, the corrosive character of the pyrolysis oil will ruin the gasifier in less than six
months, versus extending its lifetime beyond 10 years (Schingnitz and Mehlhose, 2005; Dinjus, 2007).

12 The cost of this second step has not been revealed nor has the level of support from any third partner. Lurgi
has, however, good reasons to consider the development of the MPG as a key technology and does not require
any third-party financing.

1 The process is similar to the methanol to propylene process that is used in the plastics industry, but it still
needs to be demonstrated.
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along the way. Given such a long time frame, these plans are very uncertain and are bound

to change.

The total cost of the demonstration has not been made public, but Dr. Berger (2008)
describes it as several tens of millions of Euros. However, the risks that Lurgi is exposed to
will be relatively small—only the bioslurry demonstration specific to the demonstration of
biomass-to-liquids is exposed, and this will largely be paid for by others. The other parts of

the demonstration will be beneficial to other (primarily fossil) carbon conversion processes.

In sum, the system builder FZK has demonstrated a capacity to strengthen the direction of
search and legitimation and was, therefore, able to attract Lurgi to the project. With Lurgi
becoming the new principal owner of the complete technology chain, it also took over the

main responsibility of undertaking system building activities in the alliance.

FZK also strengthened resource mobilisation by attracting further financing from FNR. With
the additional resources, in combination with collaboration with Lurgi, it was able to
construct a new demonstration plant and take the first steps towards demonstrating the
entire value chain. With the construction of the new demonstration plant, the actors
strengthened the functions of materialisation and entrepreneurial experimentation. In
addition, with the new demonstration plant they secured access to a science and technology
infrastructure that will serve as a basis for further strengthening entrepreneurial
experiments, knowledge development and materialisation. The success of the demonstration

activities is, however, still very uncertain.

The future of the FZK technology option
Beyond the challenge of reducing the short-term technical uncertainties lies the greater

challenge of addressing institutional and organisational uncertainties in order to form a
market for second-generation fuel from straw. The general institutional uncertainties
concerning market formation are addressed in Chapter XI. This section will instead discuss

the specific challenges of market formation for the FZK bioslurry concept.

The main challenge for the alliance will lie in reducing the organisational uncertainties

associated with market formation based on a decentralised bioslurry production system, as
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well as the market and institutional uncertainties around the cost at which the concept can
become competitive with other alternatives. The idea behind decentralised production of
bioslurry has been that a group of farmers would be able to invest in a plant suitable for a
smaller area.'® The bioslurry would then be transported to a central location for gasification

in an EF reactor (GSP or MPG).

The ideal size of the production and its possible integration with other industrial processes
have been analysed by various actors (Zwart et al., 2006b; Leible et al., 2007; Zwart, 2007;
RENEW, 2008). Lurgi’'s Dr. Berger (2008) argues that FT diesel production will be too
expensive on a small-scale and a more feasible option is the MtG process that is currently
being developed. The typical output of such a plant would be 14,000-15,000 b/d (750,000

t/a).165

Approximately 40 bioslurry plants would be required to support the operation of such a
large, centralised plant. The coordination challenge is thus obvious: simultaneous
investments in 40 or more bioslurry plants would need to take place and come into

operation at the same time as a refinery.'®®

A potential solution would be to decrease the amount of coordination required by
integrating the MtG production facility with a first-generation bio-ethanol and a biodiesel
production plant, each with a capacity of 100kt/a. Zwiefelhofer (2007) illustrates that with
the waste residues from plants based on first-generation biofuel production, one would only
need an additional five larger slurry plants with a output of 26t/h of bioslurry (approximately
40t/h or 320,000t/a of dried straw). The simultaneous investments for this concept would be

less difficult to coordinate, even though the capital investment would be very large.

Cost calculations based on the FZK/Lurgi concept have been not considered for the MtG

process, but rather focused on FT synthesis. These calculations illustrate a wide range of

' For the economics of the production to be manageable, the transportation distance to each plant should not
exceed 25-30km. In a farming area in central Europe where this transportation distance is not exceeded, about 45
percent of the typical straw harvest corresponds to a throughput of approximately 200,000 tonnes annually (25t/h
and 8,000 hrs per year). This input would generate an output of 134t/a, with 12 times the energy content of the
straw and containing 90 percent of the original energy content (Henrich et al., 2007).

"% 1 boe= 6.8 toe, 14 000*365/6.8 = 750,000

' In the meantime, the slurry plants could eventually find alternative applications, but the values of these are
highly uncertain.
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results depending on a) the cost of the feed-stock, b) the size of the central refinery plant,
and c) whether it is integrated into an existing refinery site or a greenfield operation. Leible
et al. (2007) illustrate that a production cost of €1.25/litre and €1.0/litre can be reached if
the size of a central gasification unit ranges between 500 and 5,000MW;, (0.12Mt/a to
1.25Mt/a). Zwart et al. (2006b; 2007) suggest that the cost can be reduced if production
takes place in an 8,000MW;, FT production facility. A production cost of €0.5/litre could be
reached if overseas slurry production was utilised. This would, however, require
approximately 80 bioslurry facilities and thus put even greater emphasis on the actors’
ability to coordinate simultaneous investments. In a third study, undertaken within the
RENEW project, the cost of producing the fuel was estimated to be €1.35-1.79/litre diesel
equivalent at 2004 prices. This was applied to a central production site with an output of
greater than 1 million tonnes annually and was based on an expected price of biomass in the

range of €4-7/GJ (RENEW, 2008).

All of the above estimates are very uncertain but it is possible that the FZK and Lurgi concept
will be competitive at an oil price of $100-150/bbl in a smaller scale facility based on
domestic EU resources, and at a price of $60-100/bbl if larger facilities can be realised in

combination with cheaper straw resources from overseas (see Chapter lll).

It thus appears that the FZK/Lurgi solution would result in a more costly liquid than the
Choren solution, if domestically grown straw is used and the scale of operation is relatively
small. With the possibility of integrating production with first-generation biofuel production,
the relative competitiveness of the concept may be improved, but further cost calculations
are needed to support such an argument. Since the cost of straw makes up one-third of the
total cost of production, access to cheap residue can further increase the competiveness of
the solution. The basic problems of market formation are thus similar for the two competing
alliances promoting large-scale gasification for transportation fuels. Both solutions are
considerably more expensive than the production of first-generation fuels, even if their
substitution potential has been estimated to be much greater. The main question of market

formation and institutional alignment will be dealt with in Chapter XI.
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6.1.3 ZSW

Parallel to the development of large-scale solutions for the production of liquid
transportation fuels by Choren, FZK and Lurgi, an alternative has been making quiet
progress. The research institute Zentrum fiir Sonnenenergie und Wasserstoff-Forschung
(ZSW), located in Stuttgart, has taken on the role of system builder in this project and has
created an alliance for the development and promotion of BioSNG based on the FICFB

process, originally developed in Giissing (Chapter V).

The evolution of small-scale gasification for the production of synthetic natural gas
ZSW was founded in 1988 with the purpose of conducting research in the field of solar

energy and hydrogen technology, and transferring the results of this research into industrial
application.167 The founders and owners of the institute are the state of Baden-Wirttemberg
and a number of public research organisations and private companies with local interests in
and around the Stuttgart area. It has therefore been important that the research activities

undertaken by ZSW strengthen the industry in and around the Stuttgart area.

Since the institute was founded with the explicit purpose of researching possible industrial
applications in solar energy and hydrogen technologies, it provided funding and clear
direction to researchers with regards to which areas they should explore (resource
mobilisation, direction of search). A team of researchers began elaborating on a concept in
which higher levels of hydrogen could be obtained when converting carbon-based materials

to gas.

The concept, Absorption Enhanced Reforming (AER), is a process in which the CO; produced
during steam gasification, or steam reforming, can be separated from the reactor by an
absorbent. Using the AER process, the resulting gas will contain an elevated level of
hydrogen and lower concentrations of carbon oxides than would otherwise have been the
case. The process was first tested on natural gas reforming with good results. However, the
focus was shifted to biomass since the researchers at ZSW believed that the advantages of

the process would be even greater (Specht and Zuberbiihler, 2007).

17 http://www.zsw-bw.de/ Accessed 2010-04-14.
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In 2001, the researchers began to evaluate a range of gasification technologies in order to
find the best possible one to adapt for hydrogen production based on biomass. While they
found very few suitable solutions, they eventually came across the FICFB Giissing process,
and identified it as an attractive option in combination with the AER process (Specht and
Zuberbiihler, 2007). Collaboration was initiated between ZSW and the actors associated with
the Gissing technology, and a consortium of actors interested in developing the AER process
was established. The consortium received financial support from the European Commission
and the 5" Framework Programme for the research project AER-GAS | & Il (resource

mobilisation).

The Gilssing facility was the largest demonstration facility within the consortium and
provided unique opportunities for testing and demonstrating the concept on a larger scale.
Since the research infrastructure was already in place, the ZSW researchers were able to
shorten the development process considerably (positive externalities). The results from the
Gussing facility became very important for developing the AER process, and could be done at
a low cost compared to building a similar demonstration plant themselves (knowledge

development and entrepreneurial experimentation) (Specht and Zuberbiihler, 2007).1%

Encouraged by their success, the ZSW researchers wanted to continue developing the
concept. However, the attractiveness of setting up a standalone hydrogen production site
for a future “hydrogen economy” lost its appeal after the turn of the century. However, an
alternative application had emerged during the development work that took place at
Gussing. The actors at the Gussing facility had experimented with many different technology
options and non-electricity uses for the product gas (Chapter V); the option that was

identified as having the greatest potential was the production of synthetic natural gas (SNG).

Methane (CH4) is a less complex molecule compared to synthetic diesel and thus uses less
energy to synthesise. Standalone SNG production would therefore appear quite attractive,

since as much as 60-70 percent of the energy content can be converted to methane,

*During the demonstration of the technology in Giissing, the actors from ZSW were able to demonstrate above
50 percent H, content in the product gas, compared to previous 40 percent, but they remain confident that close
to 70 percent can be reached. The demonstration also showed that the amount of direct methane was increased
and the amount of CO, and CO were reduced (Marquard-Maéllenstedt et al., 2004).
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compared to only 30 percent if electricity is produced at the scale of 10-50MW. In addition,
it has been shown that methane synthesis can be performed at atmospheric pressure and
clearly benefits from elevated hydrogen content in the product gas (Marquard-Méollenstedt

et al., 2004; Zwart et al., 2006a).

A solution which includes the production of BioSNG would better suit the structure of the
German heat market since it lacks large heat sinks such as district heating systems. These
“discoveries”, as a result of the existence of positive externalities, clearly changed the
direction of search for ZSW since 2000, making standalone hydrogen production less

interesting to pursue and BioSNG production increasingly so.

Instead of continuing to work with the Gissing plant and Repotec to further demonstrate
and commercialise the technology, ZSW formed an alliance of companies from in and
around the Stuttgart area with the ability to take the technology to the market. The goal of
the project is to build a CHP gasification plant based on the AER process, conduct
experiments and develop the BioSNG technology from a slipstream (Specht and

Zuberbiihler, 2007; Naab, 2008).

The other main actor in the project, aside from ZSW, is the local utility Energieversorgung
Filstal (EVF), which has its head office in Géppingen. EVF will be the operator of the future
plant. Although the company’s main business is natural gas, EVF invested in a CHP plant
because it had identified BioSNG based on local resources as an innovative and interesting
niche product that it would like to explore further. In combination with gas from fermenting
plants, EVF believe BioSNG could give it an advantage over competing gas suppliers in

Germany (Naab, 2008).

However, moving directly to BioSNG production was not seen as an option for ZSW. The
methane synthesis process must be further developed and the incentive structure for
feeding BioSNG into the gas grid has so far been inadequate in motivating the construction
of such plants. A step-by-step approach was adopted instead, similar to the Giissing case, in
which the plan has been to first construct a 10MW gasification plant for electricity and heat
production. Supported by Germany’s Renewable Energy Sources Act (Erneubare-Energien-

Gesetz, EEG), the plant would carry its own investment and operating costs. It will, however,
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be considerably more expensive than a conventional combustion technology plant and total
investment cost has been estimated as approximately €18 million (Naab, 2008). The main
portion of the investment for the CHP gasification plant will be paid by the investment
consortium, although investment subsidies will also be necessary (Specht and Zuberbdihler,

2007; Naab, 2008).

Based on the continuous operation of the plant, a technology platform will be set up for
developing the AER process further, with the intention of producing BioSNG in the future.
Technology development with regard to BioSNG and other applications for the hydrogen-
rich gas will be conducted based on a slipstream from the CHP gasification plant, and has not
been included in the above-mentioned budget. The plan has been to fund the technology
platform through the National Hydrogen and Fuel Cell Technology Innovation Programme
(NIP), which was set up in 2008. The programme has a budget of €1 billion and has been a
part the German government’s efforts to maintain its position as one of the world leaders in

fuel cell and hydrogen technologies.

In sum, ZSW has a strategy of a “catching-up learner” (Lundvall and Johnson, 1994, p.27).
This strategy allows it to benefit from positive external economies and, as a result, get a lot
for “free”. For example, by not having to develop the necessary infrastructure it can
concentrate on improving and developing existing ones. The researchers at ZSW
demonstrate their capacity as system builders by strengthening resource mobilisation and by
setting up a research consortium for exploring the AER process. By using the research
infrastructure already in place in Gissing, they can further strengthen knowledge
development and the entrepreneurial experimentation of the TIS. Through the experiments
taking place at Glssing, the researchers soon realised that the best application may perhaps
be the production of BioSNG, and not hydrogen or electricity, in combination with the AER
process. This conclusion influences the direction of search and the legitimation of the
technology, since it clarifies its potential. However, even though ZSW has taken on the role
of “catching-up learners”, most “product or process technologies borrowed from abroad do
not automatically fit into new institutional set-ups.” (Dalum et al., 1992, p.311).

Consequently, they created an alliance with local firms in and around the Stuttgart area to
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continue to develop the technology and align it to Germany’s own institutional set-up. The
following section will outline some of the remaining challenges for realising the technology

in the German market.

The future of the ZSW technology option
The development of the Gissing FICFB process for the poly-generation of heat, electricity

and BioSNG takes place not only in Austria (Chapter V), but also in Germany by ZSW, as well
as in Sweden by Chalmers and Goteborg Energy (see Chapter VII). At the medium-scale of
10-40MW, these efforts have been successful and quite a few projects for CHP production
are about to be realised. The feed-in law—which is relevant for CHP in Germany (and in
Austria until 2006)—is being used to advance the technology towards BioSNG production.
The law permits the construction of plants (materialisation) that can be used as platforms on
which to perform additional experiments and, therefore, facilitates knowledge development,
and entrepreneurial experimentation, from which valuable lessons can be drawn and

complementary technologies developed.

The TIS actors in Sweden, Germany and Austria appear to agree that BioSNG would be a
preferred product over electricity. The best value and the largest quantities of future BioSNG
would be found in its use as a transportation fuel in vehicles (Specht and Zuberbuhler, 2007;
Naab, 2008; Gunnarsson, 2009). However, the institutional set-up in Germany does not yet

support the construction of BioSNG plants.

To realise such a market in Germany, institutional changes and a new type of alliance would
have to be created. In terms of the institutional framework, BioSNG would have to compete
with natural gas in addition to conventional liquid fuels. When natural gas is used in
Germany as a transportation fuel, the CO, tax is reduced by half. As a result, even if BioSNG
was exempted from tax completely, natural gas would still be considerably cheaper (Naab,
2008). In addition, even if taxes were adjusted so that BioSNG would be favoured over
natural gas, investors could perceive such an investment as associated with a large financial
risk, since changes in tax policy can be implemented from one day to the next (Gunnarsson,

2009) .
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In addition to the required changes to the incentive structure, which can probably be
resolved (see Chapter Xl), a new set of actors must to be attracted to the TIS in order to
develop the necessary complementary technologies. Most notably, a new generation of gas
engines must be developed for heavy-duty vehicles. Methane is not a diesel fuel and cannot,
with conventional engines, be combusted at the same rate of efficiency.'® It is also a
gaseous fuel and even though cars with gas engines have been developed and sold, it is not
seen as preferred option by the main automotive manufacturers in Germany or by the oil
industries (Keppeler, 2007; Drescher, 2008; Picard, 2008a).”° Additional problems that have
been mentioned include the considerably shorter driving range of personal vehicles, the
need for two gas tanks, and the existence of too few fuel stations in Germany (Specht and

Zuberbiihler, 2007; Naab, 2008).

Therefore, it is necessary that the automotive manufacturers, gas utilities and/or oil

171
It

companies enter the TIS if BioSNG is to be developed as a fuel for the transport sector.
remains to be seen what ZSW, as system builder, manages to do to overcome the intentional

and frictional resistance of these incumbent industries.

1 However, with further engine development the same efficiency for diesel engines could most likely be
accomplished (R6j, 2009).

170 Although Daimler and Volkswagen provide vehicles for the market, they claim that they will not actively
promote the development of a gas infrastructure (Keppeler, 2007; Drescher, 2008).

71 At least in terms of supporting the development of new or improved drive trains with higher fuel efficiency,
and the construction of an improved and extended infrastructure.
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Box 6.2: The role of the German institute CUTEC in promoting technology options*”

The research institute Clausthaler Umwelttechnik-Institut (CUTEC) was founded in 1990 by the state
of Lower Saxony to promote local industry in the field of environmental products. The research focus
of the institute is on large-scale equipment, and the state has directed it to focus on areas that can
lead to rapid commercialisation, preferably in less than three years.

In 2002, CUTEC was asked by the state of Saxony if they could “do something” in the field of biomass
gasification for producing liquid transportation fuels based on residues from farming. Saxony has
always been a farming-intensive state, and the idea of energy farming is deeply rooted as a way of
developing additional income streams. As such, it was important for CUTEC to develop a concept that
could handle a wide range of different feed-stocks produced by farms as byproducts.

Based on their directives and the experience of the CUTEC staff, the institute constructed a 400kW
oxygen-blown atmospheric CFB gasifier, including a system for gas cleaning and a pilot plant for
developing Fischer-Tropsch synthesis. The CFB was chosen since it had the most flexible feed,
although conventional designs had to be adopted for the use of oxygen. Construction was completed
in October 2004, and between January 2005 and May 2007 the pilot underwent 1,400 hours of
operation, during which the gasifier was adapted to the wide range of feed-stocks.

The current, simple four-step cleaning system creates a clean gas that can be used for FT synthesis.
The cleaning system cannot, however, be used in a commercial application and must be further
developed. Further development is being pursued under the ABSART programme, which is funded by
the state of Saxony at €1.6 million and situated within the EU project ERA Net Bioenergy together
with HPC Starck, TU Vienna, Repotec, and the Gissing facility. The gas cleaning project, which runs
until 2010, is of vital importance for the large-scale success of low temperature gasification for the
production of FT liquids.

In order to take the next steps towards commercialisation, a group of investors created
Strohkraftwerk Gronan Plaungs GmbH, which is a consortium formed with the intention of building a
20MW demonstration plant with simple gas cleaning and using gas engines for the production of
electricity.

The construction of the 20MW straw gasifier is seen as a very important step for demonstrating their
concept on a larger scale before a commercial plant of several hundred MW is constructed. Thus, the
investors in the plant are also using the EEG and investment subsidies available for electricity
production to learn more about how other products, such as BioSNG or FT diesel, can be realised in
the future. In the meantime, they are advancing their knowledge on gas cleaning and synthesis
processes.

The role of CUTEC is not to lead the project but to assist as technical experts. They also see
themselves as a possible partner for operationalising the plant once it has been constructed.
However, for the concept to be realised on a large-scale, they are dependent on even more generous
support schemes or special circumstances that can support the production of a fuel with a
production cost of approximately €1.30-1.80/ 4.

172 All of the information in this box is based on an interview with Professor Vodegel (2008) at CUTEC and the
Renew (2008) study.
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6.2 The system builders’ transformative capacity, system weaknesses and
the potential role of policy

In this section, the four research questions specified in Chapter Il will be revisited. Answers
to the questions will be provided for the case of Germany by analysing the previously

outlined history. The research questions were formulated as:

1) Who act as system builders in the different national contexts?
2) What characterises the nature and extent of the system builders’ transformative
capacity?
a) How do the system builders make use of the general structure in which they are
embedded to form or strengthen the structure and the various functions of the
TIS?
b) To which extent do the system builders manage to strengthen the structure and
functions of the TIS?
3) What are the limits to the system builders’ transformative capacity and how can
these be explained?
4) Given these limits, which system weaknesses remain to be resolved by system builders

and policymakers on different levels (national and EU)?

This section is divided into two main parts. Research questions one and two will be analysed
in the first, and research questions three and four in the second. The discussion will thus
begin with discussing who have been acting as system builders, and describe the nature and
extent of their transformative capacity. The focus then shifts to analysing and explaining the
limits of the system builders’ transformative capacity, identifying the main system
weaknesses and discussing the potential role of system builders and policymakers in

addressing these limits.

6.2.1 The nature and extent of the system builders’ transformative capacity

With respect to RQJ, it has been illustrated how the start-up company Choren, as well as the
three institutes FZK, ZSW and CUTEC, have taken on the role as system builders. In Germany,
the technical institutes appear to be particularly important actors that take on the role of
searching for and developing opportunities across new knowledge fields. This involves
drawing upon the general structure, both nationally and internationally. The institutes may
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thereby act as “catching-up learners” (Dalum et al.,, 1992; Lundvall and Johnson, 1994),
developing new opportunities for industries. Of course, this role can also be taken by actors

besides the institutes such as the start-up company Choren.

Over time, the actors taking on the system building role has changed in the different
projects. In the case of Choren, the identity of the system builder was from the start
synonymous with that of the inventor Bodo Wolf. However, as the company increased in size
and more actors became involved in the technology, the importance of the individual
declined and the system building activities were increasingly taken over by Choren and its
allies. In terms of FZK, ZSW and CUTEC, the role of the individual was less prominent and the
initial system building activities were undertaken by a specific research group. Just as for
Choren, the system building activities have been gradually taken over by the larger alliance
or network consisting of incumbent actors from the structure in which the system builders

are embedded.

With respect to RQ2, it has been demonstrated that the system builders are embedded in a
rich general structure that creates unique opportunities for them to mobilise various
resources and thereby form and strengthen the TIS of biomass gasification. The general
structure is made up of the four elements of technology, actors, networks and institutions
belonging to different sectoral system of innovations. The most important features of the
structure have already been described in relation to the various projects, especially

concerning the actors and technology.

Thus, these structural elements will only be summarised before an extended analysis is
presented of the current institutional framework. The nature and extent of the system
builders’ transformative capacity will then be discussed with regard to their ability to draw

upon resources from the general structure for strengthening the TIS for biomass gasification.

The actor structure in Germany includes a set of capital goods firms capable of providing a
wide range of technical solutions in fossil gasification for the petrochemical, oil and
electricity industries. The history of these firms was described in the introduction of this
chapter and in Chapter Ill. Some of these firms have benefited from the efforts undertaken

in former East Germany to develop various thermal conversion processes for the use of
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lignite. They are also in the position of taking advantage of the rapidly growing market for
coal gasification for the production of various chemicals, SNG, transportation fuels and
electricity through the IGCC technology. As a result, incumbents have been able to fill their
order books and the competencies associated with gasification are now short in supply. As a
response to the rapidly growing market for alternative fuels, some of the incumbent capital
goods suppliers of equipment for gasification of fossil fuels have developed a business in
supplying equipment for the production of first-generation renewable fuels. However,
developing coal gasification as a substitute for oil within the European context would

probably not be seen as legitimate in the eyes of the public and has, thus, not been pursued.

The actor structure in Germany also includes a set of firms from the automotive industry and
the omnipresent agricultural sector. In particular, the automotive industry has developed a
joint position against the blending of large volumes of first-generation fuels with
conventional fuel, due to what it considers to be inferior fuel properties. Therefore, it has
decided to actively promote second-generation fuels from biomass gasification, but without

the intention of becoming fuel suppliers themselves.

The emergence of the TIS for biomass gasification has been both intentionally and
unintentionally promoted by the institutional framework in Germany. This framework has
provided a broad set of resources that the system builders can utilise in the formation and
strengthening of the TIS. In parallel with the extensive actor and technology structure, an
institutional structure has been developed, consisting of a multitude of more or less

III

technology-“neutral” and technology-“specific” instruments for stimulating the emergence
of renewable energy and new industries. With this mix of policy instruments, Germany has
set a target of reducing its total CO, emission at 40 percent below the levels of 1990 by 2020
(if the rest of the EU can commit to reducing its emission by 30 percent over the same
period) (BMU, 2007). The target will be met with a range of measures, including increasing
the share of renewable energy in electricity production to at least 30 percent and increasing
the share of renewable transportation fuels so that a net emissions reduction of 7 percent

can be achieved by 2020 (equivalent to approximately 12 percent energy content) (BMU,
20009).
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Since the early 1990s, the principal policy instrument in Germany for stimulating new
electricity production based on renewable resources has been the Renewable Energy
Sources Act (EEG), or feed-in law. The law guarantees producer of electricity a specified price
for electricity produced from renewable energy sources, depending on when the production
becomes operational and the type and size of the production facility (BMU, 2008). The law
stimulates a wide array of technical solutions and is adapted to the specific cost structure of
each technology. The EEG can thus be seen as technology-specific type of instrument,
designed with the purpose of creating an initial market for immature electricity production

technologies.

For stimulating renewable fuels the instrument of choice has been a general blending quota
that stimulates the production of the cheapest commercially available technology at the
time. From the outset, the quota target was 17 percent renewable fuels by 2020, based on
energy content (BMU, 2007). However, due to the recent debate over the social desirability
of using food for fuel, German targets have been more or less harmonised with EU Directive
2009/28/EC. The target has, therefore, been re-defined in terms of achieving a net emission
reduction of 7 percent from the transport sector by 2020, which is equivalent to

approximately 12 percent bio-fuel by energy content (BMU, 2009).

The law has increasingly been geared to include more technology-specific measures by
excluding the blending of first-generation fuels that do not meet certain sustainability
criteria. Moreover, by 2015, the fuels will be rated by their respective net contribution to
greenhouse gas reductions. The outcome of such a measure is that bio-fuel with a
favourable greenhouse balance may be blended with conventional fuels in smaller volumes.
Only those fuels with a CO, savings potential of at least 35 percent are to be considered for
blending; this limit will be increased to 60 percent by 2017. Bio-methane is included in the
new legislation and will, therefore, be able to be counted towards the overall target. In
addition, a separate target has been set that stipulate 6 percent of bio-methane in total gas

consumption by 2020 and 10 percent by 2030 (BMU, 2009).

In addition to these policy instruments there are measures for stimulating energy research

and innovation, including demonstration programmes, grants and research and
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development programmes. Altogether, the 2008 federal budget made about €3.3 billion
available for integrated energy and climate policy (BMU, 2007). These programmes, in
combination with the above-mentioned targets and incentive structures, should not be seen
as tools solely for abating climate change, but also as a part of an industrial policy being
pursued by the government with the objective of “ ... strengthen[ing] the technology
leadership of German companies in global markets” (BMU, 2007, p. 7). Bearing the general
structure in mind, the nature and extent of the transformative capacity of Choren and the

three institutes will now be analysed.

Choren is currently the only privately owned company acting as a system builder within the
German TIS. Although being privately owned, Choren has a history that is strongly tied to the
former brown coal institute DBI, and the largest facility for coal gasification in eastern
Germany, SVP. Given this background, Bodo Wolf, the founder of Choren, was able to draw
on a technology and actor structure that was already developed for coal gasification, and
adapt it to biomass gasification. The required resources were mobilised from the
institutional structure in the form of the technology-neutral development fund that was
available in eastern Germany. With these resources, Choren managed to strengthen the
technology structure by constructing a first pilot plant (materialisation). In doing so, Choren
also  strengthened  knowledge  development, entrepreneurial  experimentation,

materialisation, legitimation and direction of search.

On the basis of the stronger technology structure and functions, Choren managed to align
the technology to the interest of the domestic automotive industry—Volkswagen and
Daimler—as they were interested in promoting alternatives with superior fuel properties
than the first-generation fuels already available on the market. With the support of Daimler
and Volkswagen, the alliance could be extended to include Shell. Shell brought its FT
synthesis technology, and since Shell was willing to grant an off-take price on the fuels from
a first demonstration facility (at a sub-optimal scale), the required remaining resources could

be mobilised for constructing such a demonstration facility.

The institute FZK managed to mobilise resources from the existing structure when the

nuclear institute had to be re-oriented. With these resources, it managed to strengthen the
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technology structure of the TIS by developing a process for producing a bio-slurry based on a

technology developed by Lurgi for the production of town gas.

The bio-slurry resembles conventional oil in its physical characteristics and is based on low-
value farm residues. The process is, thus, relatively well aligned with the preferences of the
incumbent capital goods industry of fossil fuel gasification, as well as with agricultural
interests in Germany. By changing the physical properties of the farm residues, FZK
strengthened legitimation and the direction of search for using biomass in industrial
chemical process. FZK was, therefore, able to form a technology partnership with Future
Energy, and mobilise resources from FNR, BMELV and other organisations with agricultural
interests in Germany. With these additional resources, a demonstration facility for bioslurry
could be constructed. FZK thus strengthens the actor and the technology structure of the
TIS, as well as the functions of entrepreneurial experimentation, knowledge development

and materialisation.

However, it was not easy for FZK to strengthen the structure by creating an alliance with
incumbents firms that have experience from fossil gasification and the required downstream
processes. FZK encountered frictional resistance to biomass gasification from the
incumbents due to the strong market demand for coal gasification, while the market for
second-generation fuels still had to be developed (direction of search). Nevertheless, FZK
succeeded in strengthening the actor structure of the TIS by setting up an alliance with Lurgi
and the firms necessary to demonstrate the entire value chain. The fact that Lurgi was
interested in cooperating with FZK arguably had to do with its extensive experience with
first-generation fuels and the expectation that further technology development would

strengthen Lurgi’s position in fossil gasification (direction of search).

ZSW is a relatively new institute, founded in 1988 with the purpose of exploring solar and
hydrogen technology and, thereby, strengthening local industry in and around the Stuttgart
area. The institute thus provides a strong direction of search. It directs the attention of the
researchers onto certain areas of focus and provides a structure from which resources can
be mobilised. Since ZSW was a relatively late entrant to the field of biomass gasification, it

was able to draw extensively on the positive externalities produced by the experience and
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technology infrastructure that was developed in Austria. It also acted to extend the FCIFB

trajectory of the TIS to Germany.

ZSW, therefore, draws on the technology and actor structure developed in Austria but also
strengthens the same structure by bringing the AER process to the TIS for biomass
gasification. By combining it with the research infrastructure created in Gissing—while
setting up a research consortium (AER I&Il) with funding from the 5" Framework
Programme—ZSW was able to strengthen the functions of entrepreneurial experimentation
and knowledge development of the TIS at a relatively low cost. These activities not only

strengthened the TIS in Germany but the TIS as a whole.

Over time, however, ZSW came to realise that hydrogen may not be the best end-product,
but that the AER process in combination with the FICFB gasification process developed at
Gussing would be excellent for small-scale BioSNG production. With the discovery of the
new application, the direction of search and the legitimation of the process was
strengthened. Based on the new direction the project had taken, ZSW then managed to
strengthen the structure by establishing an industry consortium with the purpose of
commercialising the technology. However, it intend to first build a plant that can carry its
own operating costs (supported by the EEG law) for the production of heat and electricity,
and then use this facility to commercialise the BioSNG technology. The demonstration

facility, however, has not yet been constructed.*”

CUTEC is the third institute in Germany to have played a significant role in developing
biomass gasification. It utilised the availability of CFB gasification already developed for less
advanced applications to take further steps towards more advanced applications (see
Chapters VIl and VIII on Sweden and Finland). An alliance between CUTEC and an industrial
consortium was established, in which CUTEC plays a very important role in experimenting
with and adapting the technology to the needs and desires of their stakeholders, thereby
mobilising significant resources for further developing the TIS (resource mobilisation). Just as

in the case of ZSW, the plan has been to develop the technology for less advanced

' The technology is well aligned with the German heat market, which is dominated by small district heating
networks and the currently relatively limited availability of biomass in Germany.
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applications, utilising the existing institutional structure for strengthening market formation,
while developing the technology for more advanced applications such as BioSNG or FT diesel

production.

In the conclusions of RQ1 and RQ2, the three institutes appear to have institutionalised the
system building role, even though a privately-owned start-up company was also found to
take on the role. These actors have made use of the general structure in which they are

embedded by:

1) drawing upon fossil gasification and existing fossil-based technologies.

2) aligning the technology to the interests of a) the automobile manufacturers, and b)
the incumbent capital goods industries of gasification equipment.

3) drawing upon a wide range of technology-neutral and technology-specific
instruments to solve climate, job and nuclear crises, as well as for supporting

agricultural interests.

As a result, both structure and functions of the TIS have been strengthened. The embryonic
structure of the TIS has been strengthened by building various pilot and demonstration
plants (technology), attracting actors (actor), and creating knowledge networks and alliances
with incumbents (networks). Seven of the functions have been strengthened: resource
mobilisation, knowledge development, entrepreneurial experimentation, materialisation,
legitimation, direction of search, and the development of positive externalities. Hence, all

functions of the TIS have been strengthened except for market formation.””

6.2.2 Limits of the system builders’ transformative capacity, system

weaknesses and the potential role of policy

Although it was argued that the system builders had been able to strengthen both structure
and functions, there are still limits to their transformative capacity. In this section, the limits
of the system builders will be identified, as well the resulting system weaknesses and the

potential role of system builders and policymakers for resolving these will be discussed.

7% One could argue that market formation was strengthened in the case of Choren through their special
agreement with Shell on the future production of liquids from the demonstration plant. However, the agreement
is a one-time event, not replicable in the larger scale as any FT liquids have as of yet not been produced at the
plant. If the plans of ZSW and CUTEC are realised, market formation will also be strengthened for less
advanced applications due to the existing institutional framework.
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To begin with, it was previously shown that, to varying degrees, the system builders have
managed to strengthen all of the functions of the system except for market formation. With
regard to market formation, there has been some early articulation of demand from
potential customers: Choren was able to reach a deal with Shell, which has committed to
buy the fuel produced by the demonstration plant. However, no second-generation fuels
have yet been produced in any of the demonstration facilities, even though a science and
technology infrastructure has materialised in Germany consisting of pilot plants and

demonstration facilities.

This infrastructure can potentially be used for demonstrating the production of second-
generation fuels, thereby strengthening market formation. However, the actors have so far
been limited in their capacity to strengthen knowledge development, entrepreneurial
experimentation and materialisation to a level where the actors’ know-how is sufficient for

making the technology operational on the scale of demonstration plants.'”

The first system weakness is, therefore, an incomplete technology structure and lack of

know-how for taking the demonstration plants into operation.

Although difficult to assess, the three major alliances formed by Choren, FZK and ZSW
appear to have access to the competencies required to address this system weakness.
Nevertheless, it may take years before they can overcome this weakness—the actual time
and resources required to fully address it is very difficult, if not impossible, to predict even
for experts. Addressing the first system weakness, is thus an unpredictable and potentially

costly process.

The system builders will most likely be limited in their ability to pursue knowledge
development, entrepreneurial experimentation and further strengthen materialisation over

extended period of times without additional support from policy. The role of policy should,

III

therefore, be focused on supporting the process with so called “patient capital” (cf. Donner-

Amnell (2000)) in terms of sufficient research and development funding to foster such

III

activities—even if they take a long time to produce results. This “patient capital” will

7> This can probably be explained by the fact that the actors began experimenting with the technology relatively
late and have little or no experience with less advanced applications based on EF gasification of biomass.
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probably be particularly important to FZK and Choren, as they will not be in a position to
make money on less advanced products while improving the technology for more advanced
products. This option is being pursued by ZSW and CUTEC by mobilising resources from the

current institutional structure in support for renewable electricity from biomass.’®

If the demonstration plants can be made operational within the next few years, the technical
uncertainties around the construction of subsequent plants can be reduced. Demonstration
plants that are successfully up and running would considerably strengthen the legitimation
and direction of search of the TIS, and positive externalities may arise. On the other hand, if
one or several of the projects fail, there may be negative externalities in the form of reduced

legitimacy.

The function of market formation would be strengthened if the demonstration plants are
successfully constructed and taken into operation (in that a supply of fuel is made available).
This would not, however, guarantee that markets are formed. On the contrary, all the
system builders in Germany agree that the current institutional framework is not aligned

with the technology and that market uncertainties are substantial.

However, even though the system builders share a common understanding that the current
institutional framework is insufficient, they have so far been limited in their capacity of
strengthening market formation in support of the first commercial-scale demonstration

plants and beyond.

So far, the system builders have been able to considerably strengthen the actor structure of
the TIS by setting up alliances and knowledge networks across the different projects, not just
in Germany but also throughout Europe. Many firms, institutes, universities and other actors
interested in various aspects of the process have, therefore, entered the TIS. A crucial factor
in this has been the funding made available through various EU Framework Programmes

such as RENEW and AER I&lIl (coordinated by Volkswagen and ZSW). These networks have

176 Ultimately, whether any of the technology solutions proposed by the above-mentioned actors will work is
impossible to predict. To reduce technical uncertainty it may very well be necessary to further strengthen market
formation and materialisation in order to attract other actors to the TIS. These actors could strengthen the
technology structure by experimenting with new trajectories or technology options, as well by extending the
existing science and technology infrastructure. However, such a structural and functional weakness has not been
identified in the German case, since the scope of technical options is still quite encompassing.
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focused on developing the technical aspects of the technology, assessing the biomass and

market potential, as well as conducting well-to-wheel analysis.

In contrast to the Austrian case, there is thus not a lack of actors with substantial resources
in the TIS. Rather, there are cognitive limitations and underlying conflicts between the actors
concerning which future solutions are considered “the best”. The system builders see each
others as fierce competitors and spend much time arguing about “petty politics”, and
downplay each others’ technical solutions rather than finding a common agenda. Therefore,
they have not been able to transform the knowledge networks into broader political
networks, developing a common agenda for aligning the institutional framework and,

thereby, strengthening market formation. Hence,

The second system weakness is the absence of joint political networks necessary for aligning

institutions and technology.

The various actors and system builders would all benefit if they pooled their resources, “ran
in packs”, and argued for an institutional change that would enable market formation

beyond the demonstration stage. As Van de Ven (2005, p. 373) argues:

“Technological innovation is fundamentally a collective action process of building an

infrastructure that reduces the time, costs, and risks for each participating member”

Since the actor structure of the TIS consists of many powerful actors, agreeing on a common
goal would increase their chances of aligning the institutional framework significantly. In a
sense, cooperation between the competitors, VW and Daimler, already occurs regarding the
development of the common fuel standard and in their common position on the promotion
of FT diesel. However, this would also have to be extended to include the other actors within

the TIS and concern the general market conditions for second-generation fuels.

In spite of the second system weakness, the activities undertaken by the various system
builders have strengthened the direction of search and legitimation of the TIS. As a result, it
is more than likely that the legal framework for biofuels has been partly aligned in Germany
and in the EU as whole in support of a market for second-generation fuels. To reach the 10

percent target by 2020, Directive 2009/28/EC states that “ ... it is essential to develop and
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fulfill effective sustainability criteria for biofuels and ensure the commercial availability of
second-generation biofuels” (EC, 2009a, p. 17). Furthermore, it is argued that the binding
character of the directive is “subject to the availability” of these types of fuels. The reasons
for policy to address this remaining system weakness from an EU level—as well as the

possible forms of intervention—will be further analysed in Chapter XI.

In addition to these two system weaknesses, which are relevant for all the system builders in
Germany, there are system weaknesses that are specific to the individual trajectories. One
such weakness concerns both Choren and FZK, and refers to the fact that both of their
projects rely on the formation of a supply chain that is able to supply large amounts of
biomass and bioslurry to a central location. In the case of Choren, it involves securing the
future biomass supply for a commercial-sized plant by managing contracts with fuel supplies
in the range of 1 million tonnes of locally produced biomass per year. This challenge may,
however, be even more difficult for FZK/Lurgi to address. Their distributed solution requires
up to 40 slurry plants that need to be up and running before the slurry-oil can be used in a

centrally located gasification plant.

Due to the second system weakness—poor political networks that limit the system builders’
capacity to strengthen market formation—there are weak incentives for the creation of a
supply chain for the production and distribution of bioslurry, torrefied biomass, short
rotation coppice and other types of biomass necessary for large-scale production of second-

generation transportation fuels based on the EF gasification process. Hence,

The third system weakness is an incomplete actor and technology structure for organising a
supply chain capable of handling large-scale production and distribution of biomass suitable

for EF gasification.

Overcoming this system weakness will require that the system builder has the ability to
coordinate multiple investments in the upstream value chain. It appears as if coordination is
a strength for both FZK and Choren, which have been able to coordinate the actions of
various down-stream suppliers. If the two first weaknesses can be overcome by the system
builders and policymakers, the third system weakness may well be addressed by the system

builders without any further policy intervention.
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With regard to ZSW, it was argued that it has limited capacity to strengthen legitimation and
direction of search for using BioSNG as a transportation fuel, mainly due to intentional and
frictional resistance from the automotive and petrochemical industries, as well as from the
major gas utilities (controlling the downstream use of the gas from their process). The
automotive sector would need to develop new and improved gas engines, increase the
driving range of gas vehicles and develop diesel engines for heavy-duty vehicles that can run
on methane with the same or higher rate of energy efficiency. If the market for personal
vehicles is targeted, the incumbent gas suppliers would need to build an increased number

of filling stations. Hence,

The fourth system weakness is the lack of an actor and technology structure for using BioSNG

as a transport fuel.

Direction of search could eventually be strengthened if the system builder creates an alliance
or forms a network with first-generation biogas producers, thereby strengthening the actor
structure of the TIS. Policymakers could address this system weakness by a) improving the
conditions for using BioSNG as an alternative fuel in Germany, i.e. by changing the current
tax legislation, and b) supporting the creation of networks with incumbent industries by
financing, for example, engine development and the creation of an improved fuel

. 177
infrastructure.

6.4 Conclusions

By analysing the five most prominent projects for biomass gasification in Germany, four
system builders were identified—the start-up company Choren and three research institutes
FZK, ZSW and CUTEC.*® It was concluded that the institutes appear to have institutionalised
the system building role by developing an expertise in searching for and developing
opportunities across new knowledge fields, contributing to the creation of new TISs. This
involves identifying opportunities and drawing upon the general structure, both nationally

and internationally. The institutes thereby act as “catching-up learners” (Dalum et al., 1992;

7 If these weaknesses are not addressed, ZSW will risk being in the same situation as Giissing (Chapter V), in
that they will continue strengthening knowledge development, resource mobilisation and entrepreneurial
experimentation, thereby creating many new technical opportunities—but without simultaneously creating the
industrial capacity to take them to the market.

178 1t was concluded that TU Freiberg had not acted as a system builder (see Box 6.1).
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Lundvall and Johnson, 1994) and develop new opportunities for industry. It was also
concluded that the actors taking on the system building role changes over time. At the start,
individuals such as Bodo Wolff or small research groups at the different research institutes
took responsibility for undertaking system building activities, but with time the system

building is taken over by the alliances or networks created by the system builders.

By making use of the rich structure in which they are embedded, the system builders have
been able to create the embryonic structure of the TIS. By building various pilot and
demonstration plants (technology), attracting actors (actor), and creating knowledge
networks and alliances with incumbents (networks), the system builders have strengthened

the structure and all functions except for market formation.

However, although the system builders have strengthened the structure and the functions of
the TIS, they have not yet managed to take the first demonstration plants into operation.
They have also, so far, failed to develop the political networks required to align the
institutional framework and the technology so that a market formation for commercial-scale

plants is enabled. Hence:

1) The first system weakness is, therefore, an incomplete technology structure and lack

of know-how for taking the demonstration plants into operation.

2) The second system weakness is the absence of joint political networks necessary for

aligning institutions and technology.

The first system weakness has to be addressed by the provision of sufficient funding through
policy, so that the demonstration plants can eventually become operational. This may take a
long time and the role of policy would be to provide “patient capital” (Donner-Amnell, 2000)
for the first plants to succeed. If the first one or two demonstration plants fail before others
succeed, it would most likely create negative externalities and significantly decrease the
legitimacy of not only the specific trajectory but of the TIS as whole, reducing the possibility

of other projects to materialise in Europe.

The second weakness has not been resolved by the system builders since they see each

other only as competitors. Hence, even if they agree that the current framework is
203



insufficient, they have failed to create the necessary political network and formulate a
commonly supported alternative. Since the actor structure of the TIS consists of many
powerful actors, agreeing to and working on a common goal would increase their chances of

aligning the institutional framework.

In addition to the two system weaknesses that are relevant to the four projects, two

additional weaknesses exist: one concerning Choren and FZK and the other concerning ZSW.

3) The third system weakness is an incomplete actor and technology structure for
organising a supply chain capable of handling large-scale production and distribution

of biomass suitable for EF gasification.

4) The fourth system weakness is the lack of an actor and technology structure for using

BioSNG as a transport fuel.

It was argued that if policy can address the first two system weaknesses, the system builders
are likely to coordinate the creation of the necessary supply chain for bioslurry and biomass
in the required quantities. With regard to the fourth system weakness, it was argued that
the system builder need to create alliances or form networks with first-generation biogas
producers to strengthen the actor structure of the TIS. Policymakers will be required to
finance and support the formation of such networks and alliances to also include the
automotive industry for engine development and eventual test fleets, as well as for

extending the fuel infrastructure.
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Chapter VII

Sweden

The history of biomass gasification in Sweden is relatively long compared to that of Austria
(Chapter V) and Germany (Chapter VI). Since the 1970s, it has evolved along two main
trajectories over three main episodes. Each episode has been dominated by a direction of
search and an actor structure interaction specific to the TIS of biomass gasification in

Sweden.

The first episode began during the 1973 oil crisis with the first serious experiments on
biomass gasification since the Second World War. The direction of search was influenced by
a desire to create a substitute for oil, and methanol was identified as the preferred
alternative fuel at the time. The favoured feed-stock was peat and biomass, but experiments
were also conducted using coal and extra-heavy oils. These early experiments gave rise to
two main trajectories. The first to emerge was focused on stand-alone fluidised bed
gasification. The second was based on the integration of entrained flow gasification of black

liquor in chemical pulp mills.*”®

In 1986, the direction of search rapidly shifted towards large-scale production of electricity
due to a sudden drop in the price of oil and the Chernobyl nuclear accident. As a result,
other actors became interested in the technology and further attempts were made to
develop it (although no real commercial break through was made by Swedish actors).
Interest in new electricity generation based on biomass gasification decreased during the
late-1990s, mainly due to the deregulation of the electricity market and less political

pressure placed on the decommissioning of nuclear power.

"7 The first attempts with black liquor gasification were, however, intended to produce electricity and not
transportation fuels.
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Nevertheless, the gasification of renewable resources became fashionable once again when
the threat of climate change was initially recognised and the technology was identified as
strategically important for realising the production of renewable transportation fuels in large

guantities.

This chapter is divided into four main sections. The first section will describe the history of
fluidised bed gasification from 1973 to 2009. The second will outline the evolution of the
entrained flow gasification of black liquor in approximately the same time period. The first
two sections will focus on describing the interactions between actors and the characteristics
of the emerging technological innovation system (TIS). The focus is on how the system
builders act to create the emerging structure of the TIS by building the structure directly, but

also by strengthening the various functions specified in Chapter Il.

The third section of this chapter provides answers to the research questions (as specified in
Chapter Il). The discussion will start with identifying who have been acting as the system
builders, and then describe the nature and extent of their transformative capacities. The
focus then shifts to analysing and explaining the limits of the system builders’ transformative
capacity, identifying main system weaknesses, and discussing the potential role of system
builders and policymakers in addressing these weaknesses. The fourth section of this

chapter presents the main conclusions.

7.1 Three episodes of fluidised bed gasification in Sweden, 1973-2009

This section will describe the development of fluidised bed gasification in Sweden from when
it started during the first oil crisis in the early-1970s up to 2009. The section is divided into
the previously mentioned three episodes. Following the final episode, a project developed
by Goéteborg Energy will be described in a box. This project is not really an outcome of the
history of gasification in Sweden, but is more related to the recent development of FICFB
gasification in Austria (see Chapter V). The section concludes with a summary of the three

episodes.
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7.1.1 Episode I: 1973-1986. The oil crises, transportation fuels and lime

Kkilns

At the beginning of the 1970s, the district heating and transportation sectors were almost
completely dependent on cheap oil. As such, when the first oil crisis hit in 1973, a wide range

of initiatives were undertaken to reduce this level of oil dependency (direction of search).**

The focus of government spending on biomass gasification was on developing methanol
production based on domestic resources. The intent was to use the methanol in the
transportation sector in order to reduce oil dependency (Sandén and Jonasson, 2005). While
there was a need to increase electricity production at the time, the parties in parliament, the
military and leading scientists essentially agreed that nuclear power was the preferred
choice over any other alternatives (Kaijser, 1992; Anshelm, 2000). As a result, developing

biomass gasification for electricity production did not interest the government at the time.

As a consequence of the oil crisis, the funding for Professor Olle Lindstrom and his research
group at the Royal Institute of Technology (KTH) significantly increased. He received
dedicated funding from the government to start experimenting with various new energy
technologies, that could potentially reduce oil dependency (resource mobilisation) (Rensfelt,

2008).

One of his students, Erik Rensfelt also received funding from the regional research council
Norrlandsfonden, with the objective of developing the industry in northern Sweden. His task
was broadly defined as “to do something interesting with peat”.’** Consequently, Mr.
Rensfelt started experimenting with peat gasification, constituting the first serious peat and
biomass gasification experiments in Sweden since the first time since the Second World War

(Rensfelt, 2008).'8

1% Between 1970 and 1974, the price of oil increased by approximately five times, from $10 to $50 per barrel, in
2008 dollars (BP, 2009).

'8! The peat resources in northern Sweden are vast and had previously been developed as an emergency fuel in
the case of war (Hellsmark, 2005)

182 These first activities at KTH continued and eventually evolved into a research group at KTH, which still
focuses on various aspects of biomass gasification (Rensfelt, 2008; Sjostrom, 2009).
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The need to reduce oil dependency became even more pressing in the wake of the second
oil crisis in 1978-1979 (direction of sealrch).]83 As a result, government efforts in support of
the development of alternative technologies intensified, and researchers involved in
biomass and peat gasification were offered more money than they could find time and
people to spend it on (resource mobilisation) (Rensfelt, 2008). The government also directed
(direction of search) both the Technical University in Lund (LTH) and KTH to develop biomass
gasification with the goal of building a pilot plant in Studsvik for methanol production based
on domestic fuels (Rensfelt, 2008). Consequently, the process development of gasification
technology moved from KTH to Studsvik, while research on the science behind the process

still continued at KTH.'®*

Studsvik had been developed as a government-owned research and development laboratory
for energy technologies. It employed more than 600 scientists, but the vast majority was
engaged in developing nuclear technology for electricity production. However, most of the
government resources allocated to Studsvik were for developing alternative energy
technologies such as solar and wind power. The process development of biomass
gasification continued at the Department for Thermal Processes at Studsvik, which initially

employed about 20-25 individuals (Waldheim, 2005, 2010).'*

By 1980, the Studsvik researchers had constructed a pressurised oxygen-blown 2MW;,
bubbling fluidised bed (BFB) pilot plant that could be operated at a maximum 25 bars of
pressure. The pilot plant (MINO) was intended for methanol synthesis. The pilot plant
operated successfully from 1980 to 1986, and was tested with a wide range of biomass-
based fuels. It was considered the most advanced pressurised biomass gasification process
at the time (Blackadder et al., 1992; Rensfelt, 2008). With the completion of the pilot plant,
the actors strengthened the functions of knowledge development, entrepreneurial

experimentation and materialisation of the emerging TIS.

'8 Between 1978 and 1979, the price of oil more than doubled from $46 to $96 per barrel (BP, 2009).

'8 Researchers at KTH interpreted this as an explicit request from the government to engage in scientific
research on the gasification process but not on process development itself. This practice was later
institutionalised at KTH, in that they do not develop new processes. However, their research still requires access
to experimental research equipment (Sjostrom, 2009).

'8 The research and experimental activities at the Department for Thermal Processes took place in close
cooperation with Svensk Metanolutveckling AB (SMAB), who performed different motor tests and evaluated
methanol as an alternative transportation fuel (Sandén and Jonasson, 2005).
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With the completion of the pilot plant, the researchers at Studsvik considered the process
ready for scaling up. To do so, they sought to increase collaboration with European
contractors, and in 1986 Linde made an offer to the Finnish chemicals company Kemira
based on the MINO process technology (Waldheim, 2010). These initiatives were undertaken
because Kemira was interested in constructing a commercial-scale, 80MW,, peat-based
gasification system for ammonia synthesis in Oulu, Finland (market formation).**® The
project would receive substantial investment support and funding from the Finnish
government for the research and development work involved. It was thus an attractive
project for both Studsvik and Linde. However, competition from two other suppliers resulted
in them losing the contract; the German engineering firm, Uhde, with extensive experience

in oil and coal gasification for various synthesis processes—won it instead (see Chapter VIII).

In parallel with the development of pressurised gasification systems, an alternative and less
advanced application for biomass gasification was being explored by Goétaverken and its
main competitor in Finland, Ahlstrom (see Chapter VIII). Together with the pulp and paper
industry, Gotaverken had developed an atmospheric circular fluidised bed (CFB) gasification
processes for oil substitution in lime kilns. The application did not require any advanced gas
cleaning and enabled the pulp and paper industry to utilise residue feed-stocks from the

mills such as bark and other types of waste wood.

Since the commercial success of pressurised gasification for methanol synthesis had been
difficult to achieve, Studvik also took an interest in the market for less advanced applications
and developed their own CFB atmospheric lime kiln gasifier in cooperation with Flakt

Industri AB (later ABB Fldkt Industri AB).

Studsvik was also selected for a project in Italy, Grevé-in-Chianti, in which they installed two
15MWy, atmospheric refuse-derived fuel (RDF) gasifiers, based on their lime kiln gasifier and
without hot gas cleaning, in which the gas was fed into a conventional boiler (Blackadder et
al., 1992; Waldheim, 2010). The project was important as Studsvik gained commercial
experience, a reference plant and experience with working with large-scale equipment

(knowledge development, entrepreneurial experimentation, materialisation, market

'8 A synthesis process similar to that for methanol.
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formation). The installation was operated with limited success between 1993 and 1997

(Knoef, 2005).*’

Besides Grevé-in-Chianti, they only made a few additional offers to potential clients before
the market collapsed with the rapid decrease in the price of oil in 1986 (Rensfelt, 2008).
Thus, the re-emergence of cheap oil marked an end to the first episode of biomass

gasification in Sweden.

In summary, the government provided ample resources in support of the development of
new technologies for oil substitution during this first episode. These resources made it
possible to begin experimenting with biomass gasification for the first time since the Second
World War. Guidance on the main development efforts was provided by the government’s
interest in developing methanol from domestic resources as an alternative fuel (direction of

search).

In response, various actors entered the TIS, while Studsvik was the main actor in pursuing
methanol production based on domestic peat and biomass resources. Even if methanol
production failed, all of these actors considerably strengthened the TIS and created positive
interconnections involving resource mobilisation, knowledge development, entrepreneurial
experimentation, materialisation, and market formation for less advanced applications.
However, what was not accomplished (nor attempted) was aligning the institutional
framework to support the formation of a market (market formation) that did not rely on a
high price of oil. Thus, when the price of oil dropped, this momentum ceased. Nonetheless,
this first episode resulted in the creation of a new structure upon which the next episode

could build.

7.1.2 Episode II: 1986-1999. Towards large-scale electricity production
During the first episode, the relevant actors experienced a situation wherein they had access
to more money than they could find time to spend. By 1987, however, the availability of

cheap oil turned this situation into a crisis and forced the restructuring of energy research in

187 According to Waldheim (2010), it was operated until 2004.
212



Sweden.'®®

As a result, developing biomass gasification for methanol synthesis suddenly
became unattractive. Due to a series of exogenous events, however, a new episode soon
emerged, re-igniting interest in the development of large-scale heat and electricity
production based on pressurised gasification systems integrated with a combined steam and

gas turbine (BIGCC).

The first such event to shift the direction of search in favour of biomass gasification had
actually occurred during the first episode in March 28, 1979, with the nuclear accident at
Three Mile Island in Pennsylvania, USA. Nuclear energy was already controversial in the
beginning of the 1970s, and the accident swiftly convinced a majority of Parliament of the
need for a referendum on the future of nuclear power in Sweden, which took place in spring
1980 (Anshelm, 2000). Based on the outcome of the referendum, Parliament decided that all
nuclear power plants in Sweden should be decommissioned no later than 2010. However,
this decision also identified the importance of developing alternatives to nuclear power, so
that decommissioning would not jeopardise the welfare of the country (Anshelm, 2000). The
referendum did not, however, result in any specific directions as to how a decommissioning
should be accomplished, nor in any new incentives for the development of alternative

technologies (Anshelm, 2000).

These incentives were not introduced until the second major exogenous event, the 1986
Chernobyl nuclear accident. The Swedish Minster of Energy at the time, Birgitta Dahl,
intensified her efforts to organise a swift decommissioning of nuclear power and reinforced
her and the government’s strong belief in realising the potential of alternative and domestic
energy resources. This new rhetoric led to strong reaction from industry and the energy
utilities (Anshelm, 2000), who were more or less forced to start looking for alternatives to

nuclear power (Stahl, 2008).

A new direction of search was thus created to develop alternative technologies for electricity
production based on domestic resources. As a result, the two dominant energy utilities,

Sydkraft and Vattenfall, were encouraged (or forced) to enter the TIS for biomass

188 In 1987, Studsvik Energiteknik AB was renamed Studsvik AB, and its research was divided into the divisions
of Nuclear Technologies and Energy Technologies.
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gasification. Nevertheless, this new direction of search also created new opportunities for
the surviving actors and networks from the previous episode. The activities undertaken by

Sydkraft and Vattenfall will now be described.

Sydkraft
Sydkraft evaluated several alternative technologies for producing electricity with the

potential of replacing nuclear power. Early on, it considered NGCC and IGCC as the most
promising options. Although it was aware of the environmental problems associated with
energy production from coal, it saw coal-based IGCC technology as a “clean” coal technology

that could be pursued on a large-scale (Stahl, 2008).

An internal project at Sydkraft was initiated and a vision was developed for a flexible plant in
which one could easily shift between different feed-stocks such as biomass, coal and natural
gas. Consequently, Sydkraft went ahead with a preliminary study on a 15MW4 coal gasifier
and decided to procure the necessary components for the pilot. Ultimately, this project was
terminated in 1989, since the required environmental permits could not be obtained (Stahl,

2008).

The project did, however, enable Sydkraft to increase its knowledge of gasification. It also
allowed the company to identify the potential of offering large-scale electricity production at
a high level of electrical efficiency compared to the combustion of solid fuels (knowledge
development and direction of search). This was of particular importance to new energy
technologies at the time, if they were to be considered as a realistic alternative to nuclear

power.

Public opinion indicated that biomass was, in contrast to coal, considered to be a highly
legitimate fuel, although the technical and economical potential of utilising biomass for
electricity production was quite controversial. The best estimates of its potential varied
somewhere between 7 and 30TWh (SOU, 1991:93). Even if there were disagreements on the
size of its actual potential, it was large enough to encourage the introduction of further

incentives for phasing out nuclear power in Sweden.
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The means of developing biomass-based alternatives to nuclear power were partially
created with the “green tax reform” of 1990-1991, when a CO, tax was introduced. With the
CO, tax, the institutional framework was aligned with the use of biomass for district heating
(Hellsmark, 2005). The tax reform also created a surplus of SEK 650 million, which were
subsequently dedicated to a major demonstration programme for supporting the
development of electricity production from biomass, called FABEL (resource mobilisation,

direction of search) (Tegnér, 2009).8°

Gasification was thus identified as a process with the potential to produce a lot of electricity
based on domestic resources, and once again the government identified it as a strategically
important field of knowledge (SOU, 1991:93; Tegnér, 2009). As a result, biomass gasification
became one of few (and attractive) options for Sydkraft to explore, since it could no longer
expand electricity production with nuclear power, the availability of natural gas was limited

and using coal was highly controversial in the eyes of the public.

However, Sydkraft soon discovered that there were no suppliers of commercial BIGCC plants
on the market, thus forcing it to conduct its own investigations into how the development of

this novel technology would best be pursued (knowledge development).

Based on this study, Sydkraft concluded that pressurised fluidised bed gasification integrated
with a combined steam and gas turbine was the best way to maximise electricity production
from biomass. While its study led to several ideas for solving the technical problems
associated with BIGCC, Sydkraft did not want to develop the technology itself and take on
the role of a future capital goods supplier. Instead, Sydkraft began looking for a partner who

would be interested in developing the technology in collaboration (Stahl, 2008).

Studsvik was one of the few surviving actors from the first episode and had, together with
Gotaverken™ and Flikt Industri, extensive experience with both pressurised (MINO) and
atmospheric FB gasification. With further knowledge development, this experience was seen

as important for developing both large- and small-scale BIGCC.

% FABEL - Frimjande av biobrinsle-el

190 At the time 