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Scientific summary

Germany’s Energiewende (energy transition) has been praised as a successful transition, as it is
decarbonizing the country’s energy system relatively quickly. Germany is phasing out its nuclear
reactors, turning to renewables, and has implemented a strategy to phase out the use of coal for
electricity generation. However, from closer consideration of the term “energy” and the related
processes in Germany, it is apparent that while the transition has taken place in the electricity
sector, much less has been achieved in other sectors such as the heating sector. This is surprising,
given the similarities between the heating and electricity sector: Both systems are embedded in
largely the same national, geographical, political, societal, and institutional environments. The
observed differences in development are addressed in this thesis with respect to the following

research question: Why can transitions in very similar sectors unfold at very different speeds?

This thesis draws on interdisciplinary concepts from the field of sustainability transitions. In
the first half of the thesis the focus is on analyzing the structural characteristics of the German
heating system. This part contains two qualitative interview studies. The first study compares
the German heat transition with the German electricity transition, while the second study
zooms in on district heating as a specific heating technology. The second half of the thesis
focuses on contributing to a better understanding of actors and agency in order to find solutions
to the differences in the pace of energy transitions in different sectors. To this end, the third
study uses network data and qualitative interviews to analyze the interaction and coordination
between heat technology lobby groups. The last study presents a literature review that compiles
which factors influence actor coordination and which steps actors can choose to collectively

advocate for sustainability transitions.

The technological innovation system (TIS) framework is used to analyze the structural
characteristics of the German heating and electricity sector. The TIS framework allows for a
thorough system analysis of the emergence and diffusion dynamics of technological innovations.
Based on such analyses, insights can be drawn into what impedes the diffusion of innovations
and what measures can be adopted to stimulate the diffusion of an innovation. Since a key
condition for sustainability transitions is the diffusion of innovations that can provide goods
and services in a more sustainable way, it is reasonable to use the diffusion-focused TIS approach

to answer the research question in this thesis.



Configurational Innovation Systems

The German heating transition cannot be properly understood without adaptations in the TIS
approach. An important insight is that the country’s heating transition is strongly influenced
by the local context where change needs to take place. Since heat cannot be transported
inexpensively, the generation and demand for heat are highly geographically coupled, and
the capacity for generating heat must be implemented locally. Due to this need for local
implementation, the local context will substantially influence the selection and implementation
of heat generation technology. As each building is unique, each newly installed heating system
will need to be configured specifically to fit the local contingencies. By contrast, as electricity
can be transported over long distances via electricity grids at low cost, supply and demand are
geographically decoupled, which allows for implementation to occur where it is easiest. The
implementation of electricity technologies such as wind turbines and solar PV panels requires
less specific adaptation to the local context and hence these technologies are easier to be produced

in series and thus at scale, which leads to price degression and hence fuels implementation.

Based on the background presented above, and on the work of Fleck (1993), heating technologies
are denoted as configurational technologies and electricity technologies as generic technologies.
Utilizing this differentiation, this thesis introduces the notion of configurational innovation
systems (configurational TIS) as TIS that evolve around configurational technologies and
generic innovation systems (generic TIS) that evolve around generic technologies. The thesis
extends the body of knowledge on T1IS by showing that configurational TIS are likely to develop

at a slower pace than generic T1IS.

While the differentiation between generic innovation systems and configurational innovation
systems is relative in terms of scale, it has repercussions for the defining pillars and key
processes of technological innovation systems: Due to their stronger local context dependence,
configurational TIS feature more fragmented actor structures, interaction, and institutions. The
empirical evidence presented in the thesis suggests that due to this more fragmented structure,
configurational TIS are prone to problematic development patterns that hinder a rapid diffusion
of more sustainable innovations, as well as transitions more generally. For example, as new
heating technologies need to take more local contingencies into account, they cannot be as
standardized as electricity technologies, which in turn leaves less room for the emergence of
dominant designs that can be produced and implemented at scale by a relatively small number

of actors. Furthermore, due to differing local contexts, different heating solutions have emerged
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in Germany, each of which are supported by a substantial number of distinct lobby groups.
Uniting these rather diverse groups of actors to facilitate the emergence of legitimacy and to
lobby for a clear and financially supportive policy framework is harder than is the case for the

more compact group in generic electricity TIS.

The differentiation between configurational TIS and generic TIS is developed in two studies.
While the first study compared the development of the rather configurational German heating
TIS with the rather generic German electricity T1S, and developed the notion of configurational
TIS, the second study focused on district heating systems as a specific type of configurational

technology.

The development of a TIS is not only influenced by the systemic character of a T1S, but also by
the ways agents make use of their agency. Furthermore, the system differences between generic
TIS and configurational TIS can be expected to be influential in the context in which agents
in these systems operate. Hence, from an academic point of view, it is interesting to develop
a better understanding of how agents operate in configurational environments. Accordingly,
whereas the first part of the thesis focuses on introducing and substantiating the concept of
configurational innovation systems, the second part of the thesis puts actors center stage and

focuses on the agency that actors exert in configurational TTS.

In a third empirical study, the coordination behavior of industrial groups that supported a
number of distinct heating solutions was analyzed. The results indicated that the fragmented
structure of configurational systems not only influenced the systemic development patterns,
but also substantially influenced agency and coordination. Due to a more fragmented actor
structure, coordination in configurational systems is likely to feature a larger number of different
interests and visions. Such variety of interests and visions is not detrimental to TIS development
in principle, but it is problematic in that coordination of a larger number of fragmented actors is
seemingly more difficult. As a result, due to substantial variety of interests and visions, the thesis
shows that a comparatively large number of small coalitions can emerge in configurational T1IS.
It is rather challenging to merge such coalitions into a strong coalition that promotes sustainable

change.
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After having contributed to a more thorough understanding of agency and coordination in
configurational innovation systems, the thesis aims to contribute to a better understanding of
coordination on a broader level and to draw conclusions as to how actors can build stronger
coalitions in order to accelerate sustainability transitions. To do so, a literature review of the
Advocacy Coalition Framework (ACF) is presented. The ACF is one of the most established
policy process frameworks and holds that the policy process is substantially shaped by
collective groups that by coordinating influence the outcomes of the policy process. While the
fundamental notion of the ACF is that actors are drawn together by similar beliefs, the literature
review in the thesis suggests that recent contributions paint a more nuanced picture. Next to
similar beliefs, also trust plays a major role, and actors seem to be motivated to coordinate by
a number of other motives, such as the urge for political power, access to resources, and access
to the competence of other actors. Furthermore, the findings from the literature review lead
to the suggestion that a fundamental prerequisite for coordination is that actors need to have
the opportunity to meet and engage with each other. Such opportunities can, for example,
be provided by coalition brokers. On this basis, while the initial understanding somewhat
implicitly suggested that actors with similar beliefs would by default flock towards each other,
this newer understanding is that coordination does not happen by default and that brokerage
can be seen as an initial facilitator of coordination. This new view of coordination also has
implications for the development of configurational TIS. Since the actor structure in generic
TIS is likely to be rather compact, it facilitates for actors to meet each other, for example at
industry meetings or through political dialogues. Hence, in such systems, brokers are likely to
be able to help coalitions to institutionalize, but they might not be as fundamentally important
as in configurational TIS. By contrast, actors in configurational TIS are less likely to know about
each other, or of places where actors can meet, such as across geographies and administrative
levels. Hence, as a conclusion, the need for well-connected brokers that organize and provide
venues for exchange and networking is likely to be substantially higher in configurational TIS
than in generic TIS. Apart from contributing to a better understanding of coordination, the
findings from the literature review suggest a model of coalition interaction that opens up new
avenues for further research and a number of hands-on recommendations on how to build

impactful coalitions.
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The thesis concludes that context dependence is an important factor that should be considered
when studying and influencing sustainability transitions. It clearly impacts the dynamics of
change and the agency of actors, as coordination of strategies and actions is much more difficult.
The framework of configurational innovation systems may be helpful both to capture transition
dynamics in situations where local context plays an important role and to explain speeds of
transitions. The influence of local context is also a key explanatory variable that accounts for
why the German heating transition has evolved so much more slowly than the transition to

renewable electricity.
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Introduction

[.1 Intellectual challenge

The world is rapidly globalizing and accelerating its economic development. Alongside the known
positive consequences of this process, such as improved living standards, there are a multitude of
challenges associated with key service systems such as electricity, heating/cooling, and transport.
The ways in which these services are provided on a global scale exceed the planet’s boundaries and
threaten the basic living conditions of the human species (Rockstrom et al., 2009). Specifically,
global energy and transport systems release greenhouse gases into the earth’s atmosphere, which
is linked to a highly probable rise in the earth’s temperature to an unprecedented degree (IPCC,
2014). These unsustainable developments represent an unmatched threat to humankind. To
avoid the worst impacts, societies must urgently embark on a profound decarbonization process,
transitioning from currently unsustainable systems to sustainable ones (IPCC, 2014). Such
sustainability transitions are difficult and complex processes, as they include a profound de-
alignment and realignment of technical and institutional elements (Geels et al., 2017). To have
a better understanding of transitions and the underlying dynamics, researchers have contributed
to a substantial body of literature over the last two decades (for two overviews, see Markard et
al., 2012 and Kohler et al., 2019).

Empirically, transitions develop with different dynamics and at different speeds. For example,
the German Energiewende is regarded as one example as the ongoing transition of the German
energy system is taking place very quickly (Geels et al., 2016; Matthes, 2017; Quitzow et al.,
20165 Strunz, 2014). Germany is phasing out the use of nuclear energy (Bruninx et al., 2013;
Glaser, 2012), turning to renewables (wind energy in Germany was the strongest single energy
source, accounting for 52% of all renewable electricity sources in 2019 (AGEB, 2020), and has
even formulated a plan to phase out the use of coal (Oei et al., 2020). However, from looking
more closely at the term “energy” and the related processes in Germany, it is obvious that the
transition mainly affects the electricity system; much less has been achieved in other sectors,
such as the heating system. Although Germany’s heating system is responsible for about 15%
of the total greenhouse gas emissions in the country (BMWi, 2021, p. 21), its transition to
a low- carbon system has been developing much slower than its transition in the electricity
system: The share of renewable energy production increases every year in the electricity system,
whereas the share of renewables in the heating system has not changed substantially over

the last decade (BMWi, 2021). This is surprising, given the similarities between the heating
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Configurational Innovation Systems

and electricity sectors and the fact that they are embedded in largely the same geographical,
political, and societal environments. This observed difference in development pace and the lack
of a theoretical explanation for it to date prompted the intellectual challenge of this thesis and

motivated the scholarly enquiry behind it.

.2 The German heating system

The German heating system is dispersed and its decarbonization is crucial if Germany is to
meet its emission reduction goals. The German building stock encompasses about 19 million
residential and non-residential buildings (DESTATIS, 2019, p. 10). About 15% of all CO»
emissions in Germany can be attributed to heat applications in those buildings (BMWi, 2021,
p- 121). This means substantial efforts are required if the German government wants to achieve
its target of a de facto climate-neutral building stock in 2050, as proposed in its report on the

energy transition concept (BMWi, 2021, p. 51).

Buildings in Germany are traditionally heated by coal, heating oil and natural gas. As a result,
these fossil fuel technologies still supply heat to more than 80% of German buildings (BDH,
2019). The building stock has not undergone any substantial changes in recent decades (BDH,
2019, 2020). Even though there is now a visible shift towards the use of heat pumps in new
buildings, which can be powered by using renewable sources of energy, the share of buildings

supplied with renewable energy is increasing very slowly due to a low overall renovation rate

(BDH, 2020).

Technological solutions to provide space heating and warm water based on renewable energy
sources have been developed and are widely available, but their diffusion is much slower than
the diffusion of renewable electricity innovations. Solutions for single buildings include the
use of wood pellets and biogas combustion units, solar thermal appliances, and different heat
pump systems, such as air- or water-based systems, either in combination with or without solar
PV. Additionally, complementary renewable technology solutions have been developed for heat
networks that supply multiple buildings. These run on geothermal or solar thermal heat, waste,
biogas, biomass, or large-scale heat pumps. However, even though the German government has
implemented substantial financial support schemes to incentivize renewable heat alternatives,

in addition to higher insulation standards, these renewable alternatives are diffusing only slowly,
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especially compared with the diffusion of renewable alternatives in the electricity system (Figure
1). This is astonishing, as the German heating and German electricity systems are not only set
in the same national and geographic context, but are also exposed to the same political, social,

and institutional developments.

35%
30%
25%
20%

15%

Share in renewable demand

10%

5%

0%
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

e Share: Renewables in heating and cooling demand === Share: Renewables in gross electricity demand

Figure 1: Shares of renewable energy in gross electricity consumption and share of renewables in final

energy consumption for space heating and warm water (and cooling) (AGEE-Stat, 2020)

It can be assumed that the diffusion of renewable electricity technologies has been accelerated
by external drivers. Two major driving forces of the German electricity transition are the nuclear
incidents in Harrisburg and Chernobyl (Downing, 1988; Nelkin and Pollak, 1980; Rucht,
1990) and the reports of acid rain in Scandinavian countries as a result of substantial coal
combustion in Germany (Boechmer-Christiansen and Skea, 1991; Jones, 1993). Both driving
forces have led to the development of a strong antinuclear and pro-environmental movement in
Germany (Dewald and Truffer, 2011).

However, when comparing the heating system with the electricity system, it becomes clear
that there is a major systemically endogenous difference between the two systems beyond the
strong and well organized pro-environmental movement. In the heating system, supply and

demand are more strongly intertwined geographically than is the case for the electricity system.
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The reason is that, although heat can be physically transported, the associated costs are so high
that the transport of heat over distance is not financially viable. Therefore, heat needs to be
made available in a building itself or in its immediate vicinity. By contrast, the transmission
of electricity is easily and cheaply possible via high-voltage grids with low physical losses. As a
result, the provision and consumption of electricity is geographically decoupled. This structural
difference leads to a higher context dependency in the heating system than is the case in the

electricity system. This difference is discussed briefly below.

The energy transition in the heating system mainly takes place in the stock of existing buildings.
While new buildings are constantly being constructed, the share of newly installed heating
systems — about 300,000 per year (DESTATIS, 2020, p. 9) — is a minor challenge compared

with refurbishing the ca. 19 million existing buildings in the building stock.

Changing the heat supply in existing buildings is much more dependent on local contingencies
than is the case when changing the electricity supply. All buildings in the building stock already
have a heat supply. Therefore, when new heat solutions appear, their diffusion is influenced
by the local contingencies that fitted the previous heating solutions and that need to be taken
into account. As an example, if a building is to be retrofitted and the heating infrastructure
is to be replaced with a new type of heat technology, not only will the heating infrastructure
itself need to be replaced, but usually also adjacent elements. For example, if a gas boiler is to
be replaced by a heat pump, not only will better insulation of the walls and roof be needed,
but also replacement of the existing radiators with panel radiators, and it will be necessary to
ensure that the building’s electric systems are up to date. Additional social and material factors
come into play in the local context when a heat supply system is to be exchanged. It is simple
to switch electricity supply online, even for one household within an apartment building. By
contrast, when exchanging the heat supply, other residents in the same building will influence
the implementation process, as the entire building will be affected. They may not be affluent
enough to support the overhaul necessary to implement a new heating system or they may
simply not see the need to do so. Additionally, the availability of grid-related infrastructure
such as district heating networks or gas grids influences the choice of heating system. Due to
these local context dependencies, heat solutions vary widely, and while components may be
standardized, their layout differs from building to building. By contrast, electricity technologies

can be implemented anywhere and are influenced by preexisting local solutions to a much
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lesser degree. Their diffusion is also independent of other technologies’ life cycles and local
path dependencies. Furthermore, since electricity generation capacity does not need to be
customized to the local context, dominant designs develop more quickly, are highly standardized
and manufactured on an industrial scale. For example, by the 1990s, the horizontal-axis three-
bladed design in the wind industry and Multi-Si, as well as Mono-Si technologies in the solar
PV industry, had developed into dominant designs (Johnson and Jacobsson, 2003, p. 203).
Once these dominant designs had emerged, it was possible to standardize and produce the
technologies at scale and conduct a massive rollout. Wind turbines and open-space solar plants
can be installed away from the points of electricity demand. The only exceptions are rooftop
PV systems, which are implemented on buildings. However, these systems do not detract from
the fact that electricity technologies decouple supply and demand geographically, since they can
still be mass produced in a standardized manner and do not require local customization. The
only requirement is that they need to be installed at a certain inclination, and rooftops are very

suitable for this purpose.

The difference between the largely context-independent innovations in the electricity system
and the strongly context-dependent ones in the heating system resembles what Fleck (1993) calls
generic and configurational technologies. Based on examples drawn from robotics, production
systems, and IT applications, Fleck (1993) suggests that generic technologies feature a low level
of context dependence, whereas configurational technologies feature a high level of context
dependence. According to Fleck (1993), this difference in local context dependence leads to the
different characteristics of the technologies and influences their diffusion (Fleck, 1993, pp. 17—
18). In this thesis, the differentiation between generic and configurational technologies is used
to increase the understanding of the German heating and electricity systems, and to explain

their different development dynamics.

.3 Aim of the thesis

While the sustainability transition literature has expanded substantially over the last two
decades (Kohler et al., 2019; Markard et al., 2012), the role of local context dependence
and its implications for technological innovation system (TIS) development in particular
and sustainability transitions in general have not been conceptualized. While the literature

acknowledges that technological innovation systems are generally influenced by exogenous
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factors (Bergek et al., 2015), the degree to which local contingencies influence the diffusion
of innovations has not been analyzed nor understood. This is surprising, as the local context is
likely to play a major role in the place of implementation. This may not only be the case for the
diffusion of heat-related technologies, but could also influence the transition in the mobility
system, where the possibility to implement charging infrastructure is influenced by, for example,
local contingencies, as well as the transition of the agro-food system, in which climate, soil
quality, and local industry structures have major impacts on transition dynamics (Vermunt et
al., 2020). The aim of thesis is to contribute in this respect. To do so, the first part of the thesis
defines a new type of innovation system that specifically accounts for local context dependencies

— the configurational innovation system.

Considering that local context dependence has repercussions on transitions in general and
particularly on how technological innovation systems are shaped, the systemic environments
that actors operate in are likely to differ depending on the type of system involved. Therefore,
as actors play a key role in systems transitions, it seems promising to explore how actors
behave and coordinate in different environments, and how they try to shape these institutional
environments. Hence, whereas the first part of the thesis focuses on conceptualizing and
understanding configurational innovation systems from a systemic perspective, the second part
focuses on actors in order to gain a better understanding of their behavior in configurational
systems. More specifically, the aim in second part is to analyze empirically how actors use their
agency to shape their institutional environment in configurational settings, and to compile
literature on actor behavior and what influences actors to coordinate in order shape institutions.
Concerning what influences actor behaviour it will be analysed what can be learned from the
Advocacy Coalition Framework (ACF) and how the coordination-related insights of the ACF
can be used to gain an understanding of the development of configurational systems, as well as

of sustainability transitions in general.

|.4 Sustainability transitions

In light of the increase in environmental and societal challenges such as climate change,
biodiversity loss, and resource depletion (e.g., clean water, petroleum, forests, and fish stocks) over
the last two decades, a substantial body of literature has evolved that deals with understanding

and explaining how transitions to more sustainable systems are possible. These environmental
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problems are caused by unsustainable processes of consumption and production in socio-
technical systems. Examples of systems that are currently operating unsustainably include
electricity, heat provision, mobility, and agricultural produce in the form of food. The outlined
challenges cannot be addressed through incremental improvements and technological short-
term solutions; they require radical change. Current systems of production and consumption
need to be replaced by novel socio-technical systems (Markard et al., 2012). The elements of
the socio-technical systems in question need to be de-aligned and subsequently realigned so
that more sustainable operating patterns emerge. Such fundamental and, at the same time,
guided de-alignment and realignment of socio-technical system elements can be referred to as
“sustainability transition” (Elzen et al., 2004; Geels and Schot, 2007b; Smith et al., 2005).

Kohler et al. state that the “central aim of transitions research is to conceptualize and explain
how radical changes can occur in the way societal functions are fulfilled” (Kohler et al.,
2019, p. 2). The focus of sustainability transitions research is different from the longstanding
debate on sustainability at the “micro” or “macro” level. The unit of analysis for sustainability
transitions research is primarily the “meso” level of socio-technical systems (Geels, 2004). This
makes it possible to analyze and explain change in a structural and procedural manner that is
independent of individual action (micro level) and does not require an exhaustive de-alignment

and realignment of the entire system and its institutions (macro level).

Sustainability transitions entail a number of characteristics that are complex and challenging to
conceptualize. They are complex because they are long-term processes involving an unknown
number of actors, institutions and material artefacts (Rotmans et al., 2001), which co-evolve
along a multitude of dimensions (Geels, 2002). Furthermore, transitions can develop along
several trajectories and pathways (Geels and Schot, 2007b) and may lead to lock-ins (Unruh,
2000; Walker, 2000). Hence, their outcomes are highly uncertain (Moallemi and Kéhler, 2019;
Rosenbloom, 2017).

Over the last two decades, a number of frameworks have emerged in the field of sustainability
studies (Markard et al., 2012). These include the multi-level perspective (MLP) (Geels, 2002,
2004), the technological innovation system approach (TIS) (Bergek, Jacobsson, Carlsson et
al., 2008; Hekkert, Suurs et al., 2007), strategic niche management (SNM) (Raven, 2005),
and transition management (Loorbach, 2010; Loorbach and Rotmans, 2010). They all adopt
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a systemic perspective to capture co-evolutionary complexity and key phenomena such as the
emergence of novelty, path dependence, and nonlinear diffusion dynamics. In the following,
the muldi-level perspective (MLP) is adopted as the framework that offers a compelling holistic

representation of the key processes of sustainable transitions (Geels, 2002, 2004).

The MLP views the transformation of socio-technical systems as resulting from the interplay
of three different levels: (1) the sociotechnical regime, (2) expanding innovations at ziche that
diffuses to become widespread, and (3) the landscape, which is the exogenous environment in
which socio-technical systems are embedded. The three levels are intertwined and constantly
subject to de-alignment and realignment processes (Geels et al., 2017). They represent the basic

processes that are necessary for a transition.

First, the socio-technical regime refers to the semi-coherent set of “relatively stable configurations
of institutions, techniques and artefacts, as well as rules, practices and networks that determine
the ‘normal’ development and use of technologies” (Smith et al., 2005, p. 1493). It encompasses
all socio-technical elements, as well as their connections and interactions. For example, in the
case of the residential heating system, the regime encompasses not only heating technologies and
insulation materials, but also all heat-related actors (e.g., industry groups, NGOs and politicians)
and (support) policies and heating-related norms. Over time, these elements have evolved into
an interwoven socio-technical fabric, which stabilizes the dominant pattern of heat provision.
For example, in recent decades, natural gas-fueled condensing boilers have developed into the
dominant application for heat provision in the German residential heat market. Together with
policies supporting natural gas and installer preferences, natural gas- based heating systems
form the deep structure (the regime) of the German heating system. Although regimes are
stable and display substantial inertia, they almost always feature cracks and tensions. Cracks and
tensions can be unfulfilled user needs, accumulating negative externalities (e.g., greenhouse gas
emissions), and negative cultural discourses that undermine the legitimacy of a regime (Geels
etal., 2017). In order to seal cracks and alleviate tensions, regimes need to change. Hence, even
though regimes can be very stable, the cracks and tensions show that regimes continuously
evolve. Depending on the magnitude of the cracks and tensions, the regime absorbs innovations
differently. If cracks and tensions are of minor magnitude, innovations are only absorbed into the
regime if they are of incremental character and allow for efficiency gains. If possible, incumbent

regime actors often resist the intake of radical innovations due to lock-in mechanisms such as
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vested interests, institutional commitments, sunk investments, and core competencies that lead
to path dependencies (Markard et al., 2012). For example, if the regime functions smoothly,
large industrial players that have honed their production skills to produce gas-condensing
boilers efficiently are unlikely to channel substantial research and development resources into
renewable heat technologies. By contrast, when cracks and tensions amplify, regime actors are
increasingly inclined to adopt radical innovations in order to fight against becoming obsolete.
In such cases, the same incumbents are more likely to invest substantial funds into developing

renewable heat alternatives if the alternative means being forced out of the market.

Second, niches are defined as protective spaces where novel solutions can develop and mature.
In these niches, innovations are nurtured and protected from the selection environment (Smith
and Raven, 2012). Rules for protection may relate to a specific geographical area (geographical
niche) or to a specific part of the market (market niche). The financial support for renewable
heat technologies mentioned above as a crack in the currently dominant institutional logic can
be seen as such a market niche. For a transition to take place, such innovations need to become
robust, develop and grow, and eventually replace non-sustainable regime configurations that are

often supported by regime actors.

Third, the constant de-alignment and realignment that regimes and niche innovations undergo
are substantially influenced by the surrounding exogenous environment. In the socio-technical
transitions literature, this environment is referred to as the landscape. The degree of alignment
between the rules of the landscape and the rules of the regime gives stability to a regime. If
there is a high degree of alignment between the landscape and the regime, the regime can
continue to perpetuate itself. By contrast, if there is a low degree of alignment between the
landscape level and the regime level, the above- mentioned cracks and tensions will start to
emerge and new windows of opportunity for niche innovations will open up. The supreme
landscape development that is placing pressure on the heat regime in Germany is the debate
about climate change. This pressure is likely to be responsible for some of the cracks and tensions
in the current heat regime. However, so far, it has not created sufficient cracks and tensions for

renewable heating alternatives to emerge.

As mentioned, the MLP is a strong perspective to apply when analyzing regime shifts and thereby

portraying socio-technical transitions. However, it is weak for explaining how innovations
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(novelty) develop from a niche phenomenon to being at scale and thereby transforming the
regime (Markard and Truffer, 2008b). Therefore, another framework has been introduced
that deals specifically with the creation of novelty and the diffusion of innovations, namely
technological innovation system (T1S) framework. Building on the TIS framework, the notion
of the configurational innovation system has been introduced as a TIS that evolves around

technologies that are strongly dependent on the local context.

[.5 Configurational innovation systems

Innovations do not develop in a vacuum (Carlsson and Stankiewicz, 1991); they are embedded
in systems that influence the emergence and diffusion of innovations. Innovation systems can
be defined as “a heuristic attempt, developed to analyze all societal subsystems, actors, and
institutions contributing in one way or the other, directly or indirectly, intentionally or not, to
the emergence or production of innovation” (Carlsson and Stankiewicz, 1991; Hekkert, Suurs
etal., 2007, p. 414; Sagar and Holdren, 2002).

To date, several concepts have emerged that characterize the systemic nature of innovation
with different foci. These include regional innovations systems (Cooke et al., 1997; Cooke,
2001), national innovation systems (Lundvall, 1995; Nelson, 1993), sectoral innovation
systems (Breschi and Malerba, 1997; Malerba, 2002), and technological innovation systems
(Bergek, Jacobsson, Carlsson et al., 2008; Carlsson and Stankiewicz, 1991; Hekkert, Suurs et
al., 2007). Independent of the system’s scope, the main purpose behind the introduction of
all four concepts was to develop a better procedural understanding of how the emergence and
diffusion of innovations is influenced by the environments in which they are embedded. For
this reason, none of the approaches distinguishes innovations in terms of their contribution to

sustainable development.

As the research question in this thesis refers to the diffusion of technological innovations, the
technological innovation system (TIS) approach is applied. Similar to the other innovation
system concepts, the approach in the TIS concept does not distinguish between innovations
in terms of their sustainability contribution. However, it does allow for a thorough analysis of
the emergence and diffusion dynamics of technological innovations. Since a further aim of this

thesis is to add to a more nuanced understanding of the diffusion dynamics of innovations, the
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TIS approach is appropriate. Even though, originally, it was not specifically created to analyze
the diffusion of sustainability-related innovations, over the past 10-20 years it has been applied,
for example, to the diffusion of solar photovoltaics (Dewald and Truffer, 2011; Quitzow, 2015),
wind power (Gosens and Lu, 2013), smart grids (Planko et al., 2016), biogas (Negro et al., 2007),
bio refineries (Bauer et al., 2017), and district heating (Hawkey, 2012; Hawkey and Webb, 2014).

TIS features a comprehensive framework that allows for a thorough analysis of the emergence and
diffusion processes of technological innovations. According to the TIS approach, a TIS consists
of four types of structural component: actors, interactions, institutions, and infrastructures
(Carlsson and Stankiewicz, 1991; Kieft et al., 2016; Markard and Truffer, 2008b; Wieczorek
and Hekkert, 2012). First, actors are the individuals, organizations and networks, and their
activities regarding the focal innovation, such as companies, knowledge organizations, non-
governmental organizations (NGOs), civil society, government, and other parties (Wieczorek
and Hekkert, 2012, p. 76). In the case of innovation systems for heating, these include not only
the companies Bosch and Vaillant, the German Energy Agency (DENA), the German Federal
Association for Renewable Energies, the German Federal Ministry for Economic Affairs and
Energy, but also regional and local players such as households, mayors, small intermediaries, and
individual heating system installers. Second, interaction takes place within networks or between
individuals (Wieczorek and Hekkert, 2012, p. 77), such as company representatives of heating
industry lobby groups. Third, institutions are defined as “the rules of the game.” The literature
distinguishes between hard (also known as “formal”) and soft (“informal®) institutions. Whereas
formal institutions have written rules concerning, for examples, policies, codes and strategies,
informal institutions resemble non-codified rules such as common habits, routines, norms, and
values, and shared concepts used by humans in repetitive situations (Crawford and Ostrom,
1995; Wieczorek and Hekkert, 2012). For example, formal institutions can be financial support
policies for a number of specific heat generation systems. By contrast, an informal institution
can be the willingness to connect to a district heating system or the ease of operating a newly
installed heating system. The fourth structural component, infrastructures, encompasses three
categories: physical infrastructures, financial infrastructures and knowledge (Wieczorek and
Hekkert, 2012, p. 77). Examples of physical infrastructure are the existence of a gas grid or
a district heating network in a given geographical area. An example of financial infrastructure
is the access to loans for heat-related investments, whereas knowledge refers to the actors’

knowledge of the heating system and related processes.
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An analysis of the structural components within an innovation system can offer insights into
potential intervention points. However, focusing solely on the structures and comparing their
specific configuration would lead only to quasi-static analyses and would neglect the dynamics
of innovation systems. Thus, structural analyses are often coupled with functional analyses. A
functional analysis explores the main processes that are necessary for an innovation to function.
For example, recommendations for policies can be made based on the analysis of the functions.
Although Bergek, Jacobsson, Carlsson et al. (2008) have introduced different sets of functions, a
widely deployed set is that used by Hekkert, Suurs et al. (2007), which encompasses seven distinct
functions: entrepreneurial activity (F1), knowledge development (F2), knowledge diffusion (F3),
guidance of search (F4), market formation (F5), resource mobilization (F6), and legitimacy (F7).
These system functions are not mutually independent but can reinforce or weaken each other. For
example, new supportive policies (F4) can create demand (F5), which can then motivate more
actors to engage in entrepreneurial activities (F1). Hence, in best- case scenarios, endogenous
events mutually stimulate functional development and lead to virtuous cycles that accelerate the
development of an innovation system (Hekkert, Suurs et al., 2007; Jacobsson and Lauber, 20065
Suurs et al., 2010). In turn, if functions are hampered and do not reinforce each other, such

virtuous cycles are unlikely to emerge and an innovation system will be impeded.

The TIS literature has only recently started to acknowledge that technological innovation systems
may differ structurally and that this may influence TIS dynamics. For example, Stephan et al.
(2017) suggest that when such systems evolve around multi-component technologies they are
more likely to encounter problematic dynamics than in the case of single-component technologies.
As another example of differing types of TIS that evolve with differing dynamics, Binz and
Truffer (2017) suggest that different TIS may feature distinctly different types of innovation
and knowledge generation processes. They highlight the importance of different learning types
and distinguish a science, technology and innovation (STI) mode and a doing, using and
interacting (DUI) mode. Based on these innovation modes, Binz and Truffer (2017) develop
four stereotypical global innovation systems that differ in terms of their described dimensions.
The structure proposed by Binz and Truffer (2017) is very useful to characterize the geographical
dimension of different TIS. However, they do not account for how different degrees of local
context dependency influence the development dynamics and performance of TIS functions.
The first part of this thesis aims to start filling this gap by introducing and elaborating on the

notion of configurational innovation systems and its counterpart, the generic innovation system.
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The distinction between configurational innovation systems and generic innovation systems
builds on the system proposed by Fleck (1993) for distinguishing between configurational and
generic technologies. Fleck wanted a better understanding of “extremely complex and large-
scale operating systems” (Fleck, 1993, p. 17) and consequently acquired expertise in how to
“design, manage, and, above all, understand the development of such operating systems and the
technologies involved” (Fleck, 1993, p. 17). According to Fleck, configurational technologies
have a high level of context dependence, while generic technologies feature a low level of context
dependence. The differing levels of context dependence have implications for the characteristics
of the different types of technologies. For example, while configurational technologies do not
have “explicit system standards specifying functions and performance” (Fleck, 1993, pp. 17—
18), generic technologies do. Another example is that “information about the user requirements
and the local conditions of operation is absolutely necessary” to implement configurational
technologies successfully, due to their strong dependence on local contingencies, since the
“specificity and uniqueness of the configuration stems from those requirements” (Fleck, 1993,
p. 18). By contrast, in the case of generic technologies, once a dominant design has been found,

information about user requirements and local conditions become of minor importance.

The proposition in this thesis is that the differentiation between technologies that are strongly
influenced by local contingencies and technologies that are hardly influenced by local
contingencies has repercussions on the respective innovation system dynamics and hence on the
overall innovation system transition. This proposition is elaborated in Chapter 2 and Chapter 3
by describing how configurational and generic technological innovation systems differ and what

effect this has on the pace of innovation system development.

[.6 Understanding coordination in configurational innovation systems

Given the local context dependence in configurational innovation systems, the dynamics in
such systems are likely to be very different from those in generic innovation systems. Due to the
different dynamics, the environment in which agents operate is likely to be different too. From a
scholarly point of view, it warrants developing an understanding of how agents actually operate
in such environments. Accordingly, while the first part of the thesis focuses on understanding
configurational innovation systems by taking a systemic perspective, the second part places

actors center stage and focuses on their agency in configurational innovation systems.
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Agency can be understood as the “temporally embedded process of social engagement, informed
by the past (in its habitual aspect), but also oriented toward the future (as a capacity to imagine
alternative possibilities) and toward the present (as a capacity to contextualize past habits and
future projects within the contingencies of the moment)” (Emirbayer and Mische, 1998, p.
963). While actors are influenced by the structures they operate within, they also shape structures
through reproduction in practice (Geels and Schot, 2007b; Giddens, 1984, p. 2; Wittmayer
et al., 2017). Hence, by using their agency, actors have the power to influence systems and

accelerate the transition of socio- technical systems.

Both the MLP and the TIS concepts function as meso-level frameworks and have been criticized
for their lack of agency (Genus and Coles, 2008; Kern, 2015; Lawhon and Murphy, 2012;
Shove and Walker, 2007; Smith et al., 2005; Smith, 2010; Smith et al., 2010). While authors
have substantiated the role of agency in these frameworks (Geels, 2011; Markard, Hekkert,
Jacobsson, 2015), agency as a means to accelerate sustainability transitions is a subfield of

transitions research that has not yet been sufficiently addressed.

As a first step towards a better understanding of agency, transition researchers have seemingly
invested considerable efforts to understand actors and their roles. As a result, a substantial
body of knowledge has emerged about specific actor groups, such as intermediaries (Kivimaa,
2014; Kivimaa et al., 2019; van Lente et al., 2003) and several actor typologies have been
developed. For example, in a comprehensive review article on actors and agency in transitions
research, Fischer and Newig (2016) identify four different typologies of group actors involved
in transitions. The first typology differentiates actors according to the levels in MLP (niche
actors, regime actors, landscape actors). The second typology differentiates actors according to
their institutional domain (government, market and civil society). The third typology suggests
differentiating actors according to governance levels (regional, national, global), and the
fourth typology suggests differentiation according whether actors support or oppose a specific
transition. A different attempt to typologize actors has been made by Avelino and Wittmayer
(2016), who suggest analyzing actors as well as their power relations in transitions. Avelino and
Wittmayer (2016) distinguish between four categories of actors (state, market, community,
and third sector), and between actors at different levels of aggregation (individual actors,

organizational actors, and sector-level actors).
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While substantial efforts have been made to understand specific actor groups and how to
categorize them, there is a lack of research on how agency actually plays out when it comes
to system transformation and stimulating the diffusion of innovations. Although each actor
decides when and how to make use of their agency, the coordination of many actors and their
agency is required to influence the direction of a transition. As Smith et al. (2005, p. 1492) state,
“system-level change is, by definition, enacted through the coordination and steering of many
actors and resources.” This highlights the fact that agency is strongly connected to coordination.
Coordination can stimulate transitions in several ways. For example, it can foster transitions
by implementing functioning governance systems (Ehnert et al., 2017; Fagerberg, 2018;
Frantzeskaki et al., 2012; Grin, 2012; Loorbach, 2010; Meadowcroft, 2009; Smith et al., 2005),
it can help to build powerful coalitions that promote and facilitate policy change (Haukkala,
2017; Markard, Suter, Ingold, 2015; Rennkamp et al., 2017), and it can create selection
environments in which niche configurations can thrive (Reichardt et al., 2016). Although
several contributions deal with topics connected to coordination (e.g., coalition building in
transitions or the governance of transitions), there is a gap in the literature concerning what
actually influences coordination and how it plays out. In addition to this gap, no attempt has
been made to date to address how coordination plays out in systems that feature different levels
of local context dependency. As the overall system dynamics are assumed to differ according to
the level of local context dependency, it seems logical that the processes surrounding agency and
coordination are also influenced by the level of local context dependency. In this respect, this
thesis contributes by unpacking agency and coordination in systems that are highly dependent

on the local context.

From a theoretical point of view, the structure of local context-dependent systems is likely to
hamper expedient and efficient coordination for a variety of reasons. As an example, in local
context-dependent systems, there are likely to be a greater number of involved actors than
in less local context-dependent systems, since more specific technologies have emerged in the
former to cater to the wider variety of application contexts. As a result, actors may not be
aware of each other. For example, the number of heat technology manufacturers is likely to be
higher due to the greater diversity of heating technologies. In addition to the higher number of
manufacturers, the number of lobby groups is likely to be higher and therefore more difficult to
manage. Furthermore, due to the higher number of technologies, heat technology related actor

groups may be more diverse concerning their respective visions for the future. Hence, their
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actions are likely to be guided by differing interests and they may not necessarily be interested in
joint coordinated activities. As a result, coordination is harder to initiate and to maintain. One
possible outcome of the lack of coordination is that the policies implemented in such systems

are likely to be rather fragmented.

While coordination is likely to be hampered in local context-dependent systems, meaningful
coordination is likely to be the single most important lever to stimulate the development of
configurational systems. This is because coordination can help stakeholders to agree on a shared
vision of the future, which then allows them jointly to pursue institutional change that will

accelerate the evolution of the system towards that vision.

Thus, in the second part of this thesis (Chapter 4 and Chapter 5) the focus is on coordination,
in order to contribute to a better understanding of the process. Since coordination has not
yet received much specific attention in the transitions literature, especially coordination in
configurational systems, the first step is to analyze how coordination plays out in configurational
TIS and what it is influenced by (Chapter 4). In this regard, the focus is on visions. The literature
has shown that the alignment of visions plays a fundamental role in bringing actors together
for joint actions (Kemp et al., 1998; Loorbach, 2010; Rohracher and Spith, 2014; Stirling,
2011). However, it has not been explored how the alignment of visions occurs in highly local
context-dependent systems. Therefore, the main objective in Chapter 4 is to analyze how the
similarities in visions regarding the desired end-states of sustainability transitions determine

the coordination between actors supporting different emerging socio-technical configurations.

Since coordination is likely to be a strong lever to accelerate sustainability transitions, it is of
additional interest to learn what actors can do to improve their coordination in order to exert
greater influence on their institutional environment. In this regard, much can be learned from
other areas of study that have accumulated substantial knowledge on coordination activities.
Based on a review of an existing body of literature that addresses coordination, Chapter 5
elaborates on what determines the coordination of actors in political processes, and what can be

learned for coalition building in transition contexts.
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.7 Research questions and outline

This thesis is structured in four content chapters (Chapters 2-5), each of which represents
one study. At the time of writing, one of the four studies has already been published as a peer-
reviewed paper in a journal, two have been submitted to a peer-reviewed journal, and another is

ready to be submitted. An overview of the chapters is provided in Table 1.

Chapter 2 introduces and develops two contrasting types of TIS, namely the configurational
innovation system and the generic innovation system. Based on the example of the German
heating system and the German electricity system, the systematic differences between these

types of TIS are described in a qualitative comparative study. The first research question is:

How do configurational and generic technological innovation systems differ, and what effect

does this have on the pace of innovation system development?

The comparative study of the heat and electricity systems in Germany is used to explain the
rather slow development of the German heat TIS, which is related to the high level of local
context dependency and the resulting higher degrees of fragmentation. The different levels
of local context dependency have repercussions on the performance and development of

technological innovation systems.

In Chapter 3, the thesis focuses on innovative district heating systems as a specific heat
technology in order to gain a better understanding of how local contingencies influence the
implementation of configurational technologies, and to derive suggestions for policymaking to
stimulate the development of configurational TIS. District heating was chosen as the topic due
to its specific configurational nature; implementing a district heating system is influenced by
not only a number of technological but also social, local context contingencies. Chapter 3 aims

to answer the following research question:

What local context-related factors influence the implementation of configurational technologies,

and how can the development of configurational innovation systems be stimulated?
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Case studies of four district heating systems in Germany identified a number of local context-
related factors that influenced the implementation of the networks. I argue that policymaking
in configurational innovation systems needs to consider the specific attributes of such systems

and aim at designing smart innovation system structures.

In Chapter 4 the focus shifts from analyses of systemic TIS to coordination. The chapter
aims to explain the coordination and competition between actors in their efforts to shape the
institutional environment in sustainability transitions. It sheds light on what determines the
coordination of actors from different niches and therefore influences the emergence of strong
coalitions in local context-dependent systems. More specifically, I propose that similarities of
visions regarding the desired end-states substantially influence the actors’ coordination-directed

behavior. The research question posed is:

How do the similarities of visions regarding the desired end-states of sustainability transitions
determine the coordination between actors supporting different emerging socio-technical

configurations?

To answer this question, an empirical study is made of networks between industry associations
in the German heating system. I show that actors whose visions of future of socio-technical
system developments overlap are more likely to coordinate their actions. Such visions are
substantially influenced by the characteristics of the technologies promoted by their industry
associations. Complementing studies presented carlier in this thesis, the data show that these
actors’ future visions are fragmented. This, in turn, is hampering the formation of a strong and

coherent coalition for change.

Chapter 5 aims at a better understanding of the factors that influence coordination and
draws implications for accelerating sustainability transitions. As shown in subchapter 1.5,
the importance of coordination is emphasized across the transitions literature. However, the
influencing factors that lead to successful coordination are not yet sufficienty understood.
To complement the empirical account presented in Chapter 4, and to contribute to a better
understanding of the factors that influence coordination in configurational TIS, and in transitions
in general, Chapter 5 presents a literature review of the factors influencing coordination based

on the Advocacy Coalition Framework (ACF). The ACF was chosen as it is a framework for

32



Introduction

understanding institutional change that puts actors and their agency center stage. The associated

research question is:

What determines the coordination of actors in political processes, and what can be learned for

coalition building in transition contexts?
The results of the review show that even though there is some evidence that belief similarity as a ke
g y
proposition of the ACF still holds, recent evidence suggests that its unique proposition is eroding

and that coordination is influenced by a substantial number of other interconnected factors.

Finally, in Chapter 6, the findings from all four studies are summarized and overall conclusions

drawn.

Table 1: Overview of thematic chapters

Topic Research question Type of study  Case
Chapter 2 Strong local How do configurational and generic Empirical German
context technological innovation systems study heating
dependency differ, and what effect does this have (qualitative) system
on the pace of innovation system
development?
Chapter 3 Strong local What local context-related factors Empirical German
context influence the implementation of study district
dependency configurational technologies, and how (qualitative) heating

can the development of configurational
innovation systems be stimulated?

Chapter 4  Coordination ~ How do the similarities of visions Empirical German
regarding the desired end-states of study (mixed heating
sustainability transitions determine methods) system

the coordination between actors
supporting different emerging socio-
technical configurations?

Chapter 5 Coordination ~ What determines the coordination of Literature -
actors in political processes, and what review
can be learned for coalition building in
transitions contexts?
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Configurational innovation systems — explaining the slow German heat transition

2.1 Introduction

Recently, a debate has started in the literature on sustainability transitions concerning the pace
of such transitions, and, if possible, how to accelerate them (Bromley, 2016; Fouquet, 2016;
Grubler et al., 2016; Kern and Rogge, 2016; Smil, 2016; Sovacool, 2016; Sovacool and Geels,
2016). We welcome this discussion since the literature on sustainability transitions so far has

under-conceptualized the dimensions that influence the pace of transition processes.

In this paper, we aim to contribute to this debate by highlighting specific characteristics of
transition processes and their impact on the pace of transitions. Specifically, we propose that the
local context dependence of technologies shapes and influences the functioning of technological

innovation systems, and as a result, the pace of transitions.

Technological innovation systems (T1S) are socio-technical systems that enable the development
and diffusion of innovations. They are usually considered to have four constituent pillars:
actors, interactions, institutions and infrastructures (Carlsson and Stankiewicz, 1991; Markard
and Truffer, 2008b; Wieczorek and Hekkert, 2012). Their performance can be analyzed
through so-called system functions (Hekkert, Suurs et al., 2007). Many studies have used the
TIS framework to analyze emerging technologies to describe the key mechanisms that explain
dynamics in innovation systems and their effect on technology development and diffusion
(Bergek et al., 2015; Jacobsson et al., 2004; Kieft et al., 2016; Markard and Truffer, 2008b;
Negro et al., 2007).

Recently authors started to differentiate between different types of TISs and suggest that the
shape and behavior of TISs are influenced by the fundamental set up of the innovation systems.
Differentiations have been made (1) in regard to types and number of sectors linked via the
value chain of a TIS (Stephan et al., 2017), (2) the mode of valuation (Binz and Truffer, 2017;
Huenteler, Schmidt et al., 2016) and (3) the mode of innovation and knowledge generation
(Binz and Truffer, 2017). Especially Binz and Truffer call for a “greater emphasis on the role of
multi-scalar networks and systematic differences between the innovation processes in various
industries” (Binz and Truffer, 2017, p. 1284).
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Regarding these differentiations we see two research needs. First, the differences exemplified so
far have not yet been linked to the potential impact on TIS development speed and the pace
of transitions in general. Second, while we highly value the recent developments regarding the
Global Innovation Systems approach (Binz and Truffer, 2017, p. 1284) the speed of transitions
may also be strongly impacted by local circumstances. We will analyze how different types of
TISs interact with local contexts and how this influences the development speed of a TIS and

how this in turn influences the speed of sustainability transitions.

Based on the earlier work of Fleck (Fleck, 1993, 1994), this paper proposes that it is possible to
distinguish two kinds of TIS relevant to understanding transition speed: generic technological
innovation systems and configurational technological innovation systems. In short,
configurational innovation systems are strongly embedded in local contextual conditions, which
results in substantial variety in their architecture between locations, whereas generic innovation
systems are less dependent on local context and are prone to greater standardization across sites.
This paper’s initial hypothesis is that configurational innovation systems are hampered in their
pace of development by their local context dependence and variability compared to generic and,
hence, transitions involving configurational innovation systems are likely to take longer than

those involving.

The research question of this paper is: How do configurational and generic technological
innovation systems differ and what effect does this have on the pace of innovation system
development? To address this questions, this paper compares the formative phases of the
electricity and renewable heating TISs in Germany. The development of the renewable electricity
TIS is far more advanced than the renewable heating TIS! resulting in high penetration of
renewable electricity and low penetration of renewable heat technology. We will show that
the renewable electricity TIS has many characteristics of a generic TIS, while the renewable
heat TIS has many characteristics of a configurational TIS. Furthermore, we will show that

this analytical distinction has substantial impacts on TIS functioning and build-up. For the

1 The electricity TIS can be broken down in innovation systems related to specific renewable energy technologies such as
Solar PV and wind. Also, the heat TIS can be broken down in more specific technological innovation systems such as the
heat pump innovation system or heat grid innovation system. In this article we will use the generic terms “electricity TIS”
and “heat TIS” when we discuss characteristics that hold for most of the underlying innovation systems. Only when it is
needed to highlight differences within the heat or electricity TIS we will specify concerning e.g., wind TIS or heat pump
TIS.
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empirical underpinning we have chosen to study energy transition developments in Germany
since this country has demonstrated high renewable energy ambitions for a long time but has
been successful only regarding renewable electricity. Our proposed framework may explain why

this is the case.

This paper uses evidence from a single country case study. However, since the technologies
utilized for energy transitions are very much the same across Central Europe, we deem this
approach justifiable and helpful to understand the general influence of diverging local context

dependence.

2.2 Conceptualizing generic and configurational TIS

Transitions studies and innovation systems

Socio-technical transitions are understood as far-reaching changes in the socio-technical
structures and processes involved in the provision of particular societal functions, such as
energy supply or mobility (Geels and Schot, 2010; Markard et al., 2012). Recently, much more
attention has been paid to the temporality or pace of transitions (Bromley, 2016; Fouquet,
2016; Grubler et al., 2016; Kern and Rogge, 2016; Smil, 2016; Sovacool, 2016; Sovacool and
Geels, 2016). This is a positive development since the ambitions set by the Paris Agreement
require the energy transition to take place in a little more than three decades. This is a very

ambitious time schedule.

The concept of innovation systems (Freeman, 1987, p. 5; Lundvall, 1990) may be useful in this
debate since it provides a theoretical lens to study the rise of new socio-technical systems that

offer alternative ways to fulfil societal functions.

Over the last three decades, different variations of innovation systems have been conceptualized
and applied empirically. These include the concepts of national (Lundvall, 1995), regional
(Cooke et al., 1997; Cooke, 2001), sectoral (Malerba, 2002), and technological (Carlsson and

Stankiewicz, 1991) innovation systems.

The differences between these frameworks are obviously related to the system boundaries but

also to “differences in each tradition’s epistemology, research objectives, and methodological
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approach” (Binz and Truffer, 2017, p. 1285). Where the national and regional systems of
innovation frameworks are concerned with the overall innovative performance of countries and
regions respectively, the technological and sectoral innovation systems frameworks are focused
on the factors that explain the emergence and success of specific technologies and sectors. The
TIS approach stands out due to its focus on understanding the key processes or system functions

that impact the functioning of an innovation system.

The TIS framework focuses on the analysis of structural components: actors, interaction,
institutions, and infrastructures (Carlsson and Stankiewicz, 1991; Hekkert, Suurs et al.,
2007; Markard and Truffer, 2008b; Wieczorek and Hekkert, 2012). Actors are delineated into
categories (individuals, organisations, and networks) based on their role in economic activity:
civil society, government, non-governmental organizations (NGOs), companies, knowledge
institutions, and other parties (Wieczorek and Hekkert, 2012, p. 76). Interactions can take place
within networks or between individuals (Wieczorek and Hekkert, 2012, p. 77). Institutions
can be divided into ‘hard’ institutions such as codified rules, legislation and standards and
‘soft’ institutions “which encompass a set of common habits, routines and shared concepts used
by humans in repetitive situations” (Crawford and Ostrom, 1995; Wieczorek and Hekkert,
2012, p. 76). According to Wieczorek and Hekkert (2012), infrastructure encompasses three
categories: physical, financial and knowledge (Wieczorek and Hekkert, 2012, p. 77). Physical
infrastructure includes artefacts, instruments, machines, etc.; financial infrastructure comprises
subsidies, financial programs, and grants; and knowledge infrastructure encompasses knowledge,

expertise and strategic information (Wieczorek and Hekkert, 2012, p. 77).

The interesting contribution of the TIS literature compared to other innovation system
frameworks is the understanding that different system structures may lead to comparable
outcomes. For this reason, a structural analysis is complemented with a functional analysis in
which the key processes that are relevant for good system functioning are analyzed (Table 2).
“Since it is easier to judge or measure the quality of functions than the quality of structural
elements, their addition has made the framework more practical for analysts” (Kieft et al., 2016,
p- 33). System functions are not mutually independent but can reinforce or weaken each other.
In the best case scenario, virtuous cycles are the result (Hekkert, Suurs et al., 2007, p. 426;
Jacobsson and Lauber, 2006, p. 272; Suurs et al., 2010, p. 422).
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Table 2: Description of seven key system functions

Function
number

Function name

Description

F1

Experimentation and
production by entrepreneurs

Entrepreneurs are essential for a well-functioning
innovation system. Their role is to turn the potential
of new knowledge, networks, and markets into
concrete actions to generate — and take advantage of
— new business opportunities.

F2

Knowledge development

Mechanisms of learning are at the heart of

any innovation process, where knowledge is a
fundamental resource. Therefore, knowledge
development is a crucial part of innovation systems.

F3

Knowledge exchange

The exchange of relevant knowledge between actors
in the system is essential to foster learning processes.

F4

Guidance of search

The processes that lead to a clear development goal
for the new technology based on technological
expectations, articulated user demand and societal
discourse enable selection, which guides the
distribution of resources.

F5

Market formation

This function refers to the creation of a market for
the new technology. In early phases of developments
this can be a small niche market but later on a larger
market is required to facilitate cost reductions and
incentives for entrepreneurs to move in.

F6

Resource mobilization

The financial, human and physical resources

are necessary basic inputs for all activities in the
innovation system. Without these resources, other
processes are hampered.

E7

Creation of legitimation

Innovation is by definition uncertain. A certain level
of legitimacy is required for actors to commit to the
new technology and invest therein, take adoption
decisions etc.

Source: (Reichardt et al., 2016, p. 12) based on (Hekkert, Suurs et al., 2007).

41



Configurational Innovation Systems

Scholars studying the dynamics of innovation systems have discovered that distinct functional
patterns occur at different stages of TIS development (Suurs et al., 2010). Therefore, it is
important to identify the phase when comparing different innovation systems. In the TIS
literature, two prominent phases are described: the formative phase and the diffusion phase
or growth phase (Jacobsson and Bergek, 2004, p. 819; Negro et al., 2008; Suurs et al., 2010).

The formative phase is marked by many uncertainties (Bergek, Jacobsson, Sandén, 2008, p. 577)
and “sets up the conditions for a technology to emerge and become established in the market”
(Bento and Wilson, 2016, p. 95) see also (Wilson and Grubler, 2011). It is further characterized
by “a range of competing designs, small markets, many entrants and high uncertainty in terms
of technologies, markets and regulations” (Jacobsson and Bergek, 2004, p. 819; Negro et al.,
2008, p. 926) as well as “by developments, such as actors being drawn in, networks being
formed and institutions being designed that make the technology fit better to its surrounding
structures” (Suurs et al., 2010, p. 420). The formative phase can be a very lengthy phase - easily
two or three decades - (Bento and Wilson, 2016), and thereby slow down transition processes.
Also, during the diffusion phase large differences in diffusion speeds are reported (Grubler et
al., 2016; Smil, 2016).

So far, the majority of innovation system analyses have focused on scrutinizing the structural
dimensions and system functions in order to find barriers, blocking mechanisms or systemic
problems (see Bergek, Jacobsson, Sandén, 2008; Farla et al., 2010; Johnson and Jacobsson, 2001;
Negro et al., 2012; Wieczorek and Hekkert, 2012). Up until now, not much conceptualization
has been done to understand whether specific characterizations of a TIS impact the length of

the formative and diffusion phase.

Factors that determine speed of TIS build up

Despite not many studies having made explicit how TIS characteristics impact development
speed, some work has been done that is worth mentioning. Bergek et al. (2015) showed that
a TIS is always embedded in context structures. Depending on the type of interaction with
these context structures, TIS development may go faster or slower. However, this relation is
not explicated. Simultaneous to the expansion of the analytical framework with broader
context dimensions, recent work on technological innovation systems suggests that TIS are not

genuinely similar but are shaped differently and therefore behave and develop differently. So far
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differentiations have been made first, in regard to types and number of sectors linked via the
value chain of a TIS (Stephan et al., 2017) and second, the type of innovation and knowledge
generation processes (Binz and Truffer, 2017; Huenteler, Schmidt et al., 2016).

Regarding the types and number of sectors linked via the value chain Stephan et al. (2017,
709) find, based on a quantitative analysis of patent data for lithium-ion batteries in Japan
(1985-2005), that different sectors that form part of a TIS “vary in importance for knowledge
development and diffusion”. A generic categorization of TIS and how this may relate to

development speed is however not provided.

With regard to the mode of learning and innovation (Huenteler, Schmidt et al., 2016) show
that different types of product characteristics impact the evolution of knowledge generation in
a TIS. While this is a significant contribution to better understanding TIS dynamics, no claim
is made regarding impact on TIS development speed. Binz and Truffer (2017) highlight the
importance of different type of learning and distinguish a Science, Technology and Innovation
mode and a Doing, Using and Interaction mode. Based on these innovation modes, they develop
four stereotypical types of global innovation systems that differ in the dimensions described (1.
“Footloose GIS”, 2. “Market-anchored GIS”; 3. “Spatially sticky GIS”; 4. “Production-anchored
GIS”). The suggested structure by Binz and Truffer (2017) is very helpful for characterizing the
geographical dimension of different TISs. In this case, no connection is made to the speed of

TIS development either.

Generic and configurational technologies

Since the existing T1S literature does not provide a useful characterization of TIS that can easily
be connected to the speed of TIS development we draw on Fleck (1993) who differentiates
technologies based on different degrees of local context dependence. Generic technologies
feature a low level of context dependence, while configurational technologies have a high level
of context dependence. Since technologies are developed and diffused in the context of a TIS
we expect that FlecK’s differentiation for technologies may also prove to be a worthwhile TIS

differentiation that may explain TIS development speed.

Fleck (1993) distinguishes between generic and configurational technologies by applying five

dimensions which we expand via other literature in the following (for overview see Table 3):
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Technological identity
Systematicity
System development dynamic

Flow of information

hANESEN e

Innovation pattern

Technological identity is understood by Fleck as the “existence of explicit system standards
specifying functions and performance” of a technology (Fleck, 1993, pp. 17-18). It reflects
what Clark (1985), Huenteler, Ossenbrink et al. (2016), and Baldwin et al. (2014) among
others call product architecture. Generic technologies have a more pertinent technological
identity/product architecture than configurational technologies. For example, cars normally
have four wheels, are powered by internal combustion engines and are built to transport
a small number of persons from A to B in a certain time (see Oxford dictionary “car”)’.
These attributes are only altered in very rare cases and thus constitute the strong identity
that cars possess. Configurational technologies are unlikely to feature such explicit standards
regarding function and performance, since they need to be reconfigured in each deployment
setting. They exhibit a rather weak technological identity. Smart homes, for example, exhibit
avery weak technological identity, since each project has its very own distinctive components

architecture.

Technological systematicity is understood as the “existence of standard plans (...), and the
provision of standard parts to realize the plans” (Fleck, 1993, p. 18). Since generic technologies
are independent of the direct local technological context, it is easier for the respective original
equipment manufacturers’ (OEM) to work towards dominant designs and standardized
plans (Murmann and Frenken, 2006). Fleck calls this process crystallization. Configurational
technologies, on the other hand, are unlikely to shape such clear crystallizations since “local
contingencies continue to resist stabilization or crystallization” (Fleck, 1993, p. 29). Purely
configurational technologies need to adapt their components architecture (Henderson and

Clark, 1990) to the local contingencies. While generic technologies can reach a dominant
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It is acknowledged that cars also need their specific infrastructure. However, because individual cars can be directly and
easily exchanged, they remain a generic technology.

In this paper, we define an original equipment manufacturer as an enterprise that purchases components from a range of
suppliers, compiles them into working systems and sells these under its own brand name.
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design on a system level by crystallizing a specific component architecture due to the
existence of standard plans (Fleck, 1993, pp. 28-29). Configurational technologies can only

reach dominant designs on the component level (Peine, 2009, p. 406).

Generic and configurational technologies are thought to follow distinct product architecture
dynamics. Due to their clearer technological identity and systematicity, generic technologies
are likely to crystallize faster into dominant designs and thus follow “clear trajectories of
development” (Fleck, 1993, p. 18). This is in line with Lee and Berente (2013) who show
that once a dominant design is found, the patenting activities outside the core component
increases. These clear trajectories allow for efficient generation and channeling of research
funds and diffusion support, which again lead to ever-increasing system performances and
cumulative causation (virtuous cycles). Since configurational technologies often lack clear

identities and systematicities, they may also often lack clear development trajectories.

For generic technologies, once a dominant design is found, information about user
requirements and the local conditions are of minor importance. Conversely, in order to
implement a configurational technology, “information about the user requirements and the
local conditions of operation is absolutely necessary” since the “specificity and uniqueness of
the configuration stems from those requirements” (Fleck, 1993, p. 19; Vries et al., 2016, p.
53). This leads to different types of information flows. Since only negligible knowledge of
local contingencies is required to advance generic products, the flow of information is mainly
limited to the producer organizations. This organizationally restricted information flow also
leads to centralized knowledge accumulation and learning processes. For configurational
technologies, the flow of information is much less restricted and more diverse. It includes
a variety of different component production organizations, intermediaries, and local

implementing actors.

Generic technologies tend to follow innovation patterns where technological innovation and
diffusion are independent of each other (Fleck, 1993, pp. 28-29). Technological innovation
takes place in the manufacturing organizations, while diffusion takes place in the market.
The case is different for configurational technologies. Since the information flow, knowledge
generation and learning are so much more decentralized, innovation and diffusion cannot

be abstracted from each other as they occur in parallel. Significant novelties may not only be
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generated within the producer organizations but “may emerge at each instance of diffusion
of the technology, and will tend to involve a number of different agents, users as well as
suppliers” (Fleck, 1993, p. 28). Fleck describes this phenomenon as ‘innofusior’, since

“process(es) of innovation and diffusion are collapsed together” (Fleck, 1993, p. 28).

Based on this representation generic technologies can be defined as technologies that are
characterized by a strong technological identity, clear systematicity, and system development
trajectories. They feature a rather one-directional information flow, centralized knowledge
generation and learning. With generic technologies, the processes of innovation and diffusion

take place independently.

Conversely, configurational technologies are defined as technologies that are characterized by a
weak technological identity, adaptive systematicity and unclear system development trajectories.
They feature multidirectional information flows, decentralized knowledge generation and
learning. With configurational technologies, the process of innovation and diffusion are

intertwined. Thus, their mode of evolution follows an innofusion pattern.

In the early phases of development before dominant designs are established also generic
technologies struggle with technological identity since the search process is still in full swing.
Later technological identities take shape and dominant designs emerge. For configurational
technologies, this is much less the case due to the continuous adaptation of the technology to

the setting in which it is implemented.

Building on these elaborations we define generic TIS as TIS that evolve around generic
technologies. Additionally, we define configurational TIS as TIS that evolve around

configurational technologies.

Fleck (1993) has provided an excellent framework to differentiate technologies. The key
issue in this paper is to understand how this differentiation affects the energy transition in
Germany and more broadly the pace of technological change in general. To understand this, it
is necessary to apply the framework provided by Fleck (1993) to the TIS framework. We expect
that innovation systems that form around configurational technologies will develop according

to different pathways than a TIS forming around generic technologies due to different context
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interactions. In that regard, we follow up the work of Bergek et al. (2015) who indicated relevant
context structures for a technological innovation system but did not explicate how interaction
of context structures on the TIS influence dynamics and development speed. Furthermore, we
follow up on Huenteler, Schmidt et al. (2016). Their differentiation between mass-produced
products and complex products is helpful to understand different models of innovations but
configurational technologies differ from complex products since for configurational technologies
the architecture differs depending on the implementation context while for complex products
the architecture is roughly stable. Furthermore, our approach adds to Binz and Truffer (2017).
They make a distinction between standardized versus customized products. The latter are
dependent on a Doing, Using and Interaction mode of innovation that is specific for different
territorial contexts. At first glance this seems to match the definition of configurational
innovation system but in their definition customized products do not need to be adapted to
different implementation settings. Furthermore, their differentiation between customized and
standardized valuation does also not explicitly cater to explain innovation system acceleration.
Furthermore, they define innovation subsystems as their unit of analysis. The boundaries of
these subsystems “can correspond to national or regional borders, but they may as well develop
in networks that transcend national and regional borders” (Binz and Truffer, 2017, p. 1287).
Hence, their conceptionalization operates on multi-scalar levels, but do not take into account

the physical local context as is the case for configurational innovations.

In the following sections we apply the framework to the cases of German renewable electricity
and heat. While doing so, it is to be acknowledged that all technologies in the electricity-heat
realm feature different levels of local context dependency (Figure 6). Therefore, the goal of
this paper is not to offer a full-fledged analysis of all heat and electricity related technologies
but highlight general patterns and extremes. The focus of this paper is to assess the impact of
technology characteristics on innovation system functioning, which has not been done before,

as highlighted in section 2.2.

We want to emphasize, that this paper generally adopts a socio-technical and co- evolutionary
research approach. Our starting point is that the way how technological innovation systems
emerge is the outcome of an alignment process between technological and social developments
(and between TIS and context) (Bijker, 1999), rather than determined by technological

characteristics. We do not, however, assume that TIS takes technology as an entrance point for
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analysis. Nevertheless, we have thoroughly reviewed the paper to make sure the socio-technical

perspective is reflected throughout.

Table 3: Theoretically-derived characteristics of generic and configurational technologies adopted from

Fleck (1993)

Generic technologies

Configurational technologies

Technological identity  Strong technological identity due to Weak technological identity due to
generic character. ever-changing local contingencies.
Systematicity Clear systematicity concerning Adaptive systematicity concerning

standard plans and parts due to
dominant design.

standard plans and parts, needs to
be continuously redefined due to
ever-changing product architecture.

System development
dynamics

Clear system development
trajectories due to dominant
designs.

Rather unclear system development
trajectories due to lack of dominant
designs.

Flow of information

Mainly within producer

Multidirectional large and diverse

organizations and one- directional information flow. Decentralized

towards downstream actors. knowledge generation and learning.
Centralized knowledge generation

and learning.

Innovation pattern Independent innovation and Innofusion due to intertwining of

diffusion, which lead to Darwinian innovation and diffusion and need

evolutionary interactions. for high component adaptability.

2.3 Methods

To validate the distinction between generic and configurational innovation systems, we
compare the renewable electricity TIS that evolve around onshore wind and solar PV (generic
technologies) and renewable heat TIS (configurational technologies) in Germany, focusing
on their formative phases. These formative phases differ in timing. The formative phase of
onshore wind and solar PV ended roughly around the early 2000s while the renewable heat TIS
still finds itself in the formative phase. The dynamics of onshore wind and solar PV are well

documented and our analysis thereof is based on the following secondary data: Jacobsson and
Johnson, 2000; Jacobsson et al., 2004; Jacobsson and Bergek, 2004 Dewald and Fromhold-
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Eisebith, 2015; Dewald and Truffer, 2011, 2012; Geels et al., 2016; Jacobsson and Lauber,
2006; Lauber and Jacobsson, 2016; Lauber and Metz, 2004. Even though each of the papers
focuses on one specific technology and different time periods, the reported dynamics could
well be related to the concept of a generic TIS. The literature collection on the formative
phase of the onshore wind and solar PV TIS in the renewable electricity TIS was conducted
via SCOPUS using the following key words: “German*,” “electric,” “innovation,” “system,”
“transition,” “onshore wind,” “solar PV.” These were combined into search strings using the
“AND” operator. These were limited to the subject areas of “energy,” “environmental science,”
“social science,” “multidisciplinary,” and “business, management & accounting.” This search
was expanded via a snowballing procedure using the literature list of the collected contributions
to gather additional sources. For insights into TIS functions, the following key terms were
additionally used for the paper search: “entrepreneurial activities,” “knowledge development,”
“knowledge diffusion,” “guidance of search,” “market formation,” “resources mobilization,”

« Lt » « L . » « . L »
legitimacy,” “legitimation,” and “positive externalities.

Due to the lack of heat-specific research contributions, the analysis here is based on original
primary and secondary data. 37 semi-structured interviews were conducted with experts who have
been involved in implementing low-carbon residential heating projects, i.e. project developers,
company and industry representatives, local and regional politicians and representatives of
utilities and communities (see Table 12 in Appendix A). The experts were selected to cover
different levels of the heat TIS, such as local and national, and the great majority of actors in the

innovation system (Kuhlmann and Arnold, 2001).

The interviews were divided into several topics: First, the interviewees were asked about the
drivers and barriers to transition; then they were asked about future scenarios, and finally what
should be done to improve the situation/recommendations. Local actors were questioned in
more detail about their specific projects, while the questions for national level actors focused

more on the national level.

All the interviews were fully transcribed and labelled with MAXQDA using categories derived
from Table 2 and Table 3. In order to reach inter-coder reliability, the interviews were coded
independently by both the first author and the second author. Any differences in the coding

results were analyzed and refined. Where possible, insights from primary sources were compared
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with secondary sources such as documents from ministries and other organizations, interest

groups and research reports to reduce interpretation bias.

2.4 Comparing the pace of TIS development: electricity and heating

The following section introduces the electricity and the renewable heating TISs in Germany

and then compares them along their structural dimensions and system functions.

The onshore wind and solar PV TIS and renewable heating TIS in Germany

The pace of transition towards decarbonization diverges substantially in the electricity and
heat sectors in Germany. In both sectors, demand has been quite stable and reductions due to
efficiency have been rather meagre. However, the share of renewable energy in the electricity
sector started growing at the beginning of the 1990s and has experienced high growth rates since

the start of the diffusion phase in the early 2000s (Figure 2, line 1 - grey).
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Figure 2: Shares of renewable energy in gross electricity consumption and share of renewables in final

energy consumption for space heating and warm water heating (and cooling) (AGEE-Stat, 2020)
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The development in the heating sector lags behind (line 2 - black). At the beginning of the
1990s, the share of heat provided by renewable sources was at a similarly low level as in the
electricity sector. Over the last 25 years, the share from renewable sources in the heat sector has
grown, but only at a slow pace.* Since the beginning of the 2000s, the renewable shares of the

electricity and heating sectors have increasingly drifted apart.

Electricity — onshore wind and solar PV as generic TIS

Onshore wind and solar PV TISs were the technologies that substantially propelled the German
electricity transition forward. For this reason, we will focus on these in the following segment.
They are generic in character concerning their supply and demand side. On the demand side
they are generic, because electrons are all equal. It does not matter which technology was
used to generate their movement. On the supply side they feature generic characteristics that
developed over a period of experimentation in the 1970s and 1980s (AGEE-Stat, 2020, p. 6).
Other technologies are not included because their growth potential is limited (hydro), they only
had a short peak due to increase of financial support but are very debated regarding further
deployment (biogas) or their costs continue to be exceptionally high (e.g., tidal). Onshore wind
and solar PV developed clear technological identities with clear systematicities during the 1990s
(Cherp et al., 2017; Dewald and Truffer, 2011; Joas et al., 2016; Johnson and Jacobsson, 2003;
Lauber and Metz, 2004). For example, by the 1990s, the horizontal-axis three-bladed design
in the wind industry and Multi-Si and Mono-Si in the solar PV industry had developed into
the dominant designs (Johnson and Jacobsson, 2003, p. 203). Since then, the wind turbines
and solar cells their system development trajectories have become clear, focusing on conversion
efficiency gains and lower production prices.

Once dominant designs emerged, original equipment manufacturers of these technologies
did not need to focus too closely on the local context anymore because deployment is relatively
independent of local circumstances since the generated electricity is a generic good which in
the vast majority of cases is transported away via the local electricity grid. The designs of wind
turbines and solar panels are not adapted to specific local circumstances. They are mass produced
following an engineering logic that optimizes energy yields at the lowest costs. Therefore, most

knowledge generation takes place upstream and communication is rather one-directional,

4 This low pace again needs to be viewed with caution since it includes a 2.5 fold increase of biogenic solid fuels (mostly
firewood) which cannot be increased indefinitely due to resource scarcity and other environmental problems, such as the
increased output of particulate matter and other harmful substances (Umweltbundesamt (2017).
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flowing from upstream to downstream (Dewald and Truffer, 2011; Marinova and Balaguer,
2009, p. 463). For instance, because PV panels are produced in series and can be implemented
as an add-on technology, there is no real need for bi-directional communication flows. Since
there is no need for extensive feedback from downstream diffusion and implementation to
upstream innovation and development, the onshore wind and solar PV TISs feature rather

independent innovation and diffusion patterns’.

Heating — A configurational TIS

The heating sector in Germany is configurational on the supply and the demand side. Since
heat cannot be transported efficiently over longer distances, the heating generation capacity
needs to be deployed very close to its point of use® and needs to cater to the demand of each
building. Since buildings differ in size, age and purpose, the heating systems for each of the
more than 20 million residential and non-residential buildings in Germany (Bundesinstitut
fiir Bau-, Stadt-, und Raumforschung, 2016, p. 3; Statistisches Bundesamt, p. 16) need to be
tailored to the building’s characteristics. To cater to these diverging needs, a broad range of

technologies has been developed on the supply side:

Single-building solutions based on pellets, biogas, solar thermal appliances as well as different
heat pump systems such as air source heat, ground or water-based systems, in combination with

or without solar PV.

Muldi-building heat networks, which can be based on heat from geothermal, waste, biogas or
biomass, solar thermal, or large-scale heat pumps. Depending on the buildings’ characteristics,
these can run at high temperatures for existing buildings or low temperatures for newly

constructed buildings.

Each heating system therefore represents a unique case, therefore it is not surprising that clear
technological identities have not (yet) emerged. Dominant designs only arose at the component

level such as heat pumps, solar thermal appliances, pipes and heat exchangers that now

5  We only focus on standardized PV panels and exclude building integrated PV. The latter is a configurational technology
since the design of the panels strongly depend on the characteristics of building facades.

6 This paper only looks at space heating and warm water production for residential, commerce, trade and services use.
Industrial heat is excluded.
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build on decades of efficiency gains. Since the combination of components in the heat TIS
varies depending on the local physical conditions and social preferences, specific repeatable
combinations are rarely obvious and the systematicity of applications needs to be continuously
adapted and redefined. Due to this continuous adaptation, substantial parts of the cost are
attributed to manual labor which in turn represent cost components that cannot be reduced
in order to lead to overall cheaper products. As an example, cost reductions for solar thermal
heat systems have only been marginal since the turn of the century and experts do not see great
potential without major technology breakthroughs (Wenzel et al., 2015, p. 127). For heat in
general, a few crystallization approaches are on the horizon such as the passive house standard
for existing buildings or highly efficient prefabricated buildings. However, clear development
trajectories are still mostly absent. Information flows are multdirectional and diverse due to
the huge number of locally operating installers and their ramified interaction with guilds,
energy agencies, component manufacturers, technology representatives and policy-makers.
Since information is multidirectional and knowledge generation and learning are decentralized,
innovation efforts and diffusion are strongly intertwined; in fact, an “innofusion” pattern is

emerging as introduced by Fleck.

Identification of the formative phases

In the previous section, we argued that the onshore wind and solar PV TIS has a generic
character, while the renewable TIS in the heating sector has a configurational character. Since
we now know that the pace of development in each TIS diverges substandially, we will now
study whether the type of TIS affects its dynamics by comparing the developments in the two

TISs. For reasons of better comparability, we select the formative phase in each TIS.

As displayed in Figure 3, the developments of the two TISs took place in clearly distinct time
periods. The development of the renewable onshore wind and solar PV TIS can be traced to
the aftermath of the oil crises in the 1970s (Jacobsson and Lauber, 2006, p. 263). After a long-
fought battle for legitimacy that was often conducted by community initiatives (Dewald and
Truffer, 2011; Jacobsson and Lauber, 2006), the implementation of the Renewable Energy
Sources Act in 2000 marked the final milestone needed for renewable electricity technologies
moving from the formative to the diffusion phase. In this paper, we suggest that the diffusion
or growth phase for onshore wind and solar PV started around the year 2000. This is roughly in
line with Bento & Wilson 2016, p. 102) and Dewald and Fromhold-Eisebith (2015, p. 117).
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Bento and Wilson (2016, p. 102) suggest that the formative phase ends when 2,5% of the
market potential has been reached. This was the case for onshore wind in 1999 and Solar PV
in 2002. Dewald and Fromhold-Eisebith (2015, p. 117) specifically suggest 2004 as the year
the transitions happened for Solar PV. We do acknowledge that pinpointing a specific year is a

somewhat delicate due to different definitions of the formative phase.

Like the renewable electricity T1IS, some renewable heating technologies, such as the heat pump,
can also be traced back for several decades. Despite this, the renewable heating TIS still finds
itself in the formative phase for the following two reasons: (1) Up until now, there have only
been incremental increases in the share of renewable technology in the German heating TIS
when biomass is excluded (Figure 2); (2) the institutional alignment for accelerated growth
has not yet happened: Fossil fuel technologies are still dominantly widespread and the subsidy
structure lags far behind the financial support available for electricity technologies in the 2000s.
For this reason we suggest that the heating TIS did not make the leap from the formative to the

diffusion phase (yet).
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Comparison of the heat and electricity TIS in Germany

After defining the time frame in which the electricity and heat TISs are to be compared, we
examine how they differ with regard to system development. We start by comparing the structural
dimensions of technological innovation systems and continue with the functions suggested by
(Hekkert, Suurs etal., 2007). While doing so, we acknowledge that not all electricity technologies
are of generic character and all heat technologies are exclusively configurational. Instead we
suggest that the level of context dependence differs among the elaborated technologies (Figure
6) and there are also electricity technologies that are more context dependent, such as specific
wind farm types (wind offshore, high altitude farms). However, in our text we will focus on
onshore wind and solar PV and we will show that these electricity technologies that propelled
the German electricity transition forward in general are on the generic side of the spectrum,

while the utilized heat technologies are on the configurational side of the spectrum.

Structural comparison

Actors

On the supply side, the actor structure in the renewable T1IS is more compact and less fragmented
than the actor structure in the heat TIS. For wind onshore farms and roof- top PV, components
are integrated upstream by the original equipment manufacturers (OEMs) who rely on a lean

downstream project development and electricity sales structure (Figure 4).

In contrast, the actors in the renewable heating TIS do not revolve around upstream OEMs.
In most cases, local installers integrate the locally suitable components into functioning
configurations (Figure 5). These local installers are often small firms. Furthermore, many
installers not only install heating systems, but also often create and install kitchens and
bathrooms. Thus, as the businesses are small and less specialized, their level of expertise tends
to be smaller than project developers in the electricity sector Due to the large effort required to
configure these locally contingent systems, the capacity of these local installers is often limited
to a small number of installed heating systems per year. This leads to an immense number of

firms that operate in clearly demarcated geographical territories.

This is clearly demonstrated by the 50,000 mostly small companies that are registered by the

German Sanitation, Heating and Air Conditioning Installers Association (ZVSHK). This
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association represents all three types of businesses since these small companies often operate in

more than one of these fields.
A representative of a renewable energy association stated:
“Yes, the situation in the heating market is extremely heterogeneous overall and that is one of the

reasons why this heating market is not really accelerating.”

(Interviewee #31)
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Figure 4: Structure of core actors for generic technologies such as onshore wind farms and (partly) roof

top solar PV.
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Figure 5: Structure of core actors for context dependent technologies such as single house heating

solutions or heat grids, but also special types of wind farms (low-speed or high-altitude wind farms).

On the demand side, the role of users is much more pronounced in the heat TIS than for the
electricity TIS analyzed. When a household aims to change its electricity supply, profound
changes only seldom need to be performed around the house. Even when solar panels are
installed the effort remains limited. In contrast, when the heat supply is to be changed, the effort
is much larger, since new pipes may have to be installed, the garden is dug up for the connection
to a heat grid or the house needs to be fully energetically refurbished so that for instance a heat
pump suffices. For some heat technologies the role of users is even more essential. For instance,
heat grids only get realized when a substantial number of households unanimously agree to buy

into the project.

Interaction

Interaction and network-building among onshore wind and roof top solar PV in the electricity
sector was more pronounced early on than in the renewable heat TIS. This is in contrast with
the heating sector, where the actors have not yet managed to form strong and powerful network

structures that channel interaction.

Network-building for onshore wind and solar PV started in the 1970s. In the 1970s and 1980s,

network-building fostering interaction took place on two levels. On the local level, a number
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of citizen-led initiatives were founded to promote solar PV on the ground with the support
of solar activists and local utilities (Dewald and Truffer, 2011, p. 292; Jacobsson and Lauber,
2006, p. 272; Lauber and Metz, 2004, p. 605). On the national level, several more formalized
networks were established to promote solar energy in Germany (Jacobsson et al., 2004, p.
14): International Solar Energy Society, German Section (1975)7, German Solar Association®
(1987), and the German Association for the Promotion of Solar Power® (1986). Furthermore,
the German Renewable Energy Federation (BEE) was founded in 1991 to better represent their
political interests and, in 1996, key industrial players also founded the German Wind Energy
Association (BWE). These initiatives and networks facilitated the interaction and coordination

among actors advocating renewable electricity technologies.

On the national level in the heat sector network-building also started with the foundation of the
International Solar Energy Society — German Section in 1975. However, due to the dispersed
actor structure and strong local focus, it was continuously hampered, and actors did not manage
to build up strong political momentum. At the project implementation level, the large number of
installers and project developers operate in clearly demarcated geographical territories. This has
led to a low level of mutual awareness, resulting in fuzzy networks. The actors at the component
manufacturing level are divided into a group of incumbent producers who are expanding their
product portfolio with more renewable products, and new entrepreneurs entering the market.
Due to this void between incumbents and new entrants, there has been little network- building
regarding the technologies in question. Incumbents remain in their existing networks and new
actors are at best organized in very specific interest groups. The only platform on renewable
heat technologies that brings most of the component manufacturers and specific technology
lobby groups together is the heating working group of the German Renewable Energy Federation
(BEE)®

Institutions

As with most inventions, early formal institutions within the electricity and the heat TIS

were not favorable. Despite this, the actors in the onshore wind and solar PV TIS managed

htep://www.dgs.de/dgs/

hteps://www.solarwirtschaft.de/en/about-us.html

htep:/fwww.sfv.de/

From the beginning on the BEE advocated in favor of renewable heating technologies. However this specific working

= O 0

(=}

group was only established in 2009 Bundesverband Erneuerbare Energien e.V. (2012, p. 3).
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to implement a continuous stream of new and ever growing support schemes (Figure 3)
(Jacobsson and Bergek, 2004, p. 833); (Dewald and Truffer, 2012; Jacobsson et al., 2004, p.
17), which culminated eventually in the enactment of the German Renewable Energy Sources
Act (EEG) (see Figure 3). The actors in the heat TIS were less successful. Even though the key
financial support scheme, the Marktanreizprogramm (MAP) (Market Incentive Programme for
Renewable Energies), its predecessors and surrounding schemes offered some incentives, the
overall volume was not comparable to the financial support for the technologies in the renewable
electricity TIS, which grew substantially once implemented. Total EEG-related remuneration
started off with roughly 800 million euros in 2000 and reached about 10.5 billion euros in 2009
(Netztransparenz”). In comparison, the MAP never exceeded 430 million euros™ Furthermore,
renewable heat technology providers continue to struggle with incoherent policies that also

feature financial support schemes for fossil fuel-based heating appliances.

There is also a strong relation between technological characteristics and soft institutions. Solar
PV as one of the renewable electricity technologies gives consumers the opportunity to display
their environmental awareness. On the other hand, heating technologies in general do not
seem to give consumers the opportunity to show their moral and normative alignment with

environmental concerns and are often considered ‘dirty’ technologies.
An interviewed energy researcher stated:

“In the heating area, that is a bit more difficult (...) because you have to go into the basements. Its
dirty there and untidy. This is a place where you basically do nor want your neighbors to enter.”

(Interviewee #29)

Furthermore, since it is harder to show societally accepted beliefs with systems that are woven
into the physical structure of buildings, house owners and inhabitants are often reluctant to
invest more time and money than is actually required and tend to replace components as and
when needed rather than implement complete renovations, leading to prolonged refurbishment
cycles. Apart from that, due to its customized configuration, heating infrastructure is expensive

to retrofit and often loses out to kitchen and bathroom refurbishments.

11  hteps://www.netztransparenz.de/EEG/Jahresabrechnungen
12 http://ee-waerme-info.i-ner.de/index.php?title=Marktanreizprogramm
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The same expert stated:

And once people invest, (...) they prefer to invest in garden design, new kitchens or new
bathrooms (...). Investment opportunities such as heating are not prioritized, because the living
comfort of the inhabitants is not directly increased (due to the same temperature reached).”

(Interviewee #29)

Physical and knowledge infrastructure

Physical infrastructure is highly relevant for both onshore wind and solar PV TISs and the

renewable heat TIS. All technologies have to deal with existing infrastructure.

Since generation and consumption is decoupled in the electricity sector, physical infrastructure
such as high voltage grids is important to bridge the generation-demand divide. For the
development of the renewable heating TIS, physical infrastructure is similarly influential but
there is a broader variety. On the one hand, the existence of infrastructure that supports fossil
fuels such as gas pipelines creates local path dependencies incentivizing local consumers to
stick to the current consumption patterns based on fossil fuel (in this case gas). On the other
hand, already implemented renewably-based heating grids or heating grids in transformation

can accelerate the local heat transition.

Typically, configurational technologies need to deal with large differences in local physical
infrastructure or need to build a variety of new infrastructures, depending on the context. It is

the variety in infrastructures that is a hampering factor for configurational technologies.

The knowledge infrastructure for onshore wind and solar PV T1ISs is rather centralized. Since
onshore windfarms and solar energy systems are built in series, their development only needs to
consider the local context to a limited degree. Therefore, a great deal of knowledge generation is
likely to take place in the manufacturing organizations and remain there. In contrast, in the heat
TIS, each installer or project developer is equipped with maximum component expertise and
the knowledge how to interlink them - at best. However, due to the sheer number of installers,

the provision of this knowledge is a huge task and currently not institutionalized very well.
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Functional comparison

F1. Entrepreneurial activities

In the onshore wind and solar PV TISs, the core entrepreneurial activity of integrating
components into running systems is done further upstream than in the renewable heating TIS
because of the lower context dependency. When developing the onshore wind and solar PV
TISs, limited groups of OEMs were supported by governmental support schemes. Since their
products need less adaptation to the local context, they require fewer commercial and practice-
oriented experiments, which leads to crystallizations and the rapid emergence of dominant
designs. For instance, in 1993, only five OEMs covered about 70% of the German wind market
(Allnoch, 1993). These then acted as a hub to help develop the horizontal-axis three-bladed
construction type into a dominant design that was then offered in a limited number of sizes (cf.
(Jacobsson and Lauber, 2006, p. 263). In contrast, in the more context-dependent heat TIS, the
integration of components takes place substantially later downstream - specifically at the level of
the buildings or neighborhoods to be equipped. The large variety of technological, institutional
and infrastructure-related contingencies makes every case unique and requires a large number of

local installers. Often installers are not available or are insufficiently trained.
A former head of a local energy agency stated:

"The installers were so busy here in the region that you had to be lucky just to get one.”

(Interviewee #6)

Since the number of entrepreneurs is so large, buying power is very dispersed which allows a
large number of suppliers to co-exist. For instance, in 2014, heat pumps from 100 different
manufacturing companies were supported by the MAP (BMW1, 2016, p. 41). This low market
concentration in the heat TIS leads to challenging component selection processes for local
installers on the one hand and to disperse flows of investment in R&D on the other hand.
All these factors pose barriers to the development of dominant designs likely to lead to a more

efficient heat TIS that drives down costs.
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F2. Knowledge development
Relevant learning processes take place upstream and downstream for onshore and solar PV TISs.
Due to the generic character, downstream technologies more quickly converge to a dominant
design than their upstream counterparts. Hence the remaining learning processes mainly relate
to upstream component integration. Knowledge development is further fostered by the small
number of dominant OEMs that are focused on a single product that they replicate continuously.
In contrast, in the heat TIS, a larger part of knowledge development takes place downstream
at the point of deployment. Here, knowledge development is generally hampered since the
learning-by-replication potential of local installers is limited because they are often very small
companies that carry out only a limited number of applications per year. Furthermore, since
the implementation of radically new heat configurations requires additional time and financial
investments, these actors are often reluctant to move away from their conventional mostly fossil

fuel-based solutions.
An energy researcher stated:

“If you look at them (the installers of conventional fossil fuel technologies), they find ir easier (...)
if you have an oil, - or a gas boiler or a burner that needs checking (or replacing).”

(Interviewee #29)

These factors together with the dispersed actor structure in the heat TIS and unclear guidance
of search lead to complex decision-making with high levels of uncertainty for component
manufacturers on how to allocate R&D spending and which specific technologies to invest in,
in order to build up knowledge. One result of this is the limited amount of resources invested in
optimizing the integration of products into working systems, which leads in turn to low levels

of standardization.

F3. Knowledge diffusion

Most knowledge in the renewable electricity TIS is developed by OEMs and suppliers so
it is codified, standardized and diffused by a limited number of homogenous actors. Their
group structure simplifies the formation of networks, and the codified knowledge allows for
straightforward knowledge diffusion that also integrates locally active intermediaries. For

instance, solar PV as a standardized product was interlinked with an easy-to- understand EEG-
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based business model so that local initiatives could easily adopt it and disseminate it widely
(Dewald and Truffer, 2011, p. 292, 2012, p. 408; Geels et al., 2016, p. 902); (Jacobsson and
Lauber, 2006, p. 263). In contrast, in the heat T1S, a broader and fuzzier group of actors needs to
diffuse a mix of internally analytical and only locally available synthetic knowledge (Moodysson
et al., 2008). Standardized solutions are largely absent so that the multiplying effects achieved
for solar PV have not been replicated in the German heat TIS. In addition, local energy agencies
which can be understood as prime examples for diffusion-fostering intermediaries continue
to often be absent and where they are operative they tend to focus on renewable electricity

appliances. This illustrates the lack of well- institutionalized knowledge flow mechanisms in the
heat TIS.

F4. Guidance of search

Since dominant designs were quick to emerge in the renewable onshore wind and solar PV
electricity TISs, the focus of renewable electricity advocacy groups swiftly narrowed to wind,
solar PV (and also biogas) (Jacobsson and Lauber, 2006, 260ff). These groups were able to
convey a clear message based on the potential for emission reduction and energy generation
expansion, which was easy for policy-makers to grasp. Policy has been contested at times, but
the increasingly strong advocacy coalition in favor of renewable electricity deployment not only
managed to keep public financial support in place, but on an upward trajectory. For instance,
a government proposal “to reduce feed-in rates’(...) in 1997 “led to a massive demonstration
bringing together metalworkers, farmer groups and church groups along with environmental,
solar and wind associations” resulting in a withdrawal of the policy proposal (Jacobsson and
Lauber, 2006, p. 265). The technological and actor variety in the heat TIS is greater than
for onshore wind and solar PV. Therefore, policy-makers face higher technological complexity.
Higher technological variety and complexity makes a clear vision on the part of technology
actors even more important and urges technology actors to help government to construct
such visions. However, the heat actors continue to fall short on constructing coherent policy
expectations and policy suggestions due to too strong diversity in perspectives and potential
development trajectories. For example, due to differences in opinion on which technology type
to prefer (central - decentral, electricity vs. biomass) they seemingly have issues when trying to

represent a coherent vision of a more decarbonized heating sector.
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A manager at an integrated heat technology incumbent stated:

“Our solar thermal appliance unit sells solar thermal systems in combination with oil and gas
heating systems. At the same time, we are demanding a stop to the production of 0il and gas
heating. So of course, there are inconsistencies”.

(Interviewee #35)

So far, this shortcoming has meant there is no clear guidance of search that supports only
renewable technologies. In fact, even though the German government has declared the goal
of achieving a nearly climate-neutral state by 2050 (Bundesministerium fiir Wirtschaft und

Energie, 2010, p. 22), it continues to incentivize fossil fuel-based heating appliances.
A representative of a renewable energy association stated:

“Today we still promote oil heating and gas heating systems through the KfW banking group.
One can roughly calculate what is lost for climate protection if one does not use the opportunities
to immediately switch to renewables.”

(Interviewee #31)

Even though guidance of search may not be very clear for the renewable heat TIS, there is an
array of support programs available offering investment support and soft loans. However, due
to the complex structure and insufficient support per project, considerable sums of available
funds are not drawn upon (BMWi, 2016, p. 41). Furthermore, the overall funds invested have
not increased substantially over the years. For instance, the MAP has experienced quite strong
fluctuations (between 229 and 426 million euros) and was even subjected to a budgetary freeze
in 2010. This did not enhance the government’s reputation with regard to creating a supportive

investment eco-system.

As pointed out above, due to less context dependence, generic TIS by default have a compact
and less fragmented actor structure that need to be aligned to advocate for supportive policy. In
contrast, due to more context dependence, within configurational TIS much more diverse actor
groups need to be coordinated. Hence, in configurational TIS the transactions cost are higher

and slow down advocacy processes, which inhibit a clear guidance of the search.
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F5. Market formation

Market formation progressed continuously throughout the formative phase for the onshore
wind and solar PV TISs due to functioning knowledge flows, as well as a clearer guidance of
search and legitimacy. For the solar industry this was also due to “a set of local initiatives (that)
provided enough protected market spaces for the industry to survive” (Jacobsson and Lauber,
2006, p. 272). The guidance of search behind this continuous stream of supportive policy can
be traced back to an increasingly strong advocacy coalition consisting of a variety of societal
actors promoting and building legitimacy for renewable electricity technologies (Dewald and
Truffer, 2011, p. 298; Jacobsson and Lauber, 2006, p. 265; Lauber and Metz, 2004, p. 617).
This legitimacy in combination with a growing number of employees probably led to the
implementation of the “1,000 Roofs Program”, the first feed-in-tariff in 1990, the “100,000
Roofs Program” in 1999 and the “market creation with a punch” (Lauber and Jacobsson, 2016,
p- 150) due to the implementation of the EEG that secured an attractive funding base for

private and institutional investors (Jacobsson and Lauber, 2006).

Market formation has not yet picked up substantially in the heat TIS. The technologies required
are widely available, but demand is not being stimulated by either heat production subsidies,

such as the EEG, or by strict regulations.

F6. Resource mobilization

Through the 1970s, 1980s and 1990s, the onshore wind and solar PV TISs were increasingly
supported by R&D spending on a national scale. Spending started in 1974 with about 20 million
German marks (about 10 million euros). It fluctuated up and down (DM 300 million in 1982
and DM 164 million in 1986) (Jacobsson and Lauber, 2006, p. 261). In 2016, approximately
202 million euros were invested in R&D for solar PV and wind energies alone (excluding grids
etc.). Policy makes also included market pull programs from the beginning of the 1990s. The
first feed-in tariff introduced in 1990 initiated the take-off for wind power, but not yet for
solar PV (Jacobsson and Lauber, 2006, p. 264). The take-off for solar power was only secured
in 1998, when the new Social Democratic-Green government initiated the “100,000 Roofs
Program “ (Jacobsson and Lauber, 2006, p. 267; Riuber A., 2005, p. 164; Staif3, 2003, I-151).
The EEG was introduced in 2000 and featured favorable conditions and billions of euros worth

of investments (see institutions) that led to a steep rise in demand.
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In the heat TIS, most renewable technologies were developed decades ago. For instance, the
invention of the heat pump can be traced back to the mid-19th century (Obermayer- Marnach
et al., 2003, p. 180). Since the development of these technologies was often not the result of a
strong political necessity and societal debate, the R&D of these technologies was not as heavily
funded as that of renewable electricity technologies. This spread of R&D investments continues
up to the present. As mentioned above, in 2016, approximately 202 million euros were invested
in R&D of solar PV and wind. The total amount invested in renewable heating technologies
is only about a third of this sum (geothermal - 20 million euros; bioenergy ~ 30 million euros;

residential solar thermal energy ~ 13 million euros) (BMWi, 2017).

Financial market pull policies for renewable heating technologies have been in place since the
middle of the 1990s (see institutions) and have made a continuous stream of resources available.

However, the volume of these programs was substantially smaller than for electricity technologies.

F7. Legitimacy

“Legitimacy is a generalized perception or assumption that the actions of an entity are desirable,
proper, or appropriate within some socially constructed system of norms, values, beliefs, and
definitions” (Suchman, 1995, p. 574). Legitimacy equips new technologies with the license to
develop and is thus “a prerequisite for the formation of new industries (as well as) (...) new TIS”
(Aldrich and Fiol, 1994; Bergek, Jacobsson, Carlsson etal., 2008, p. 417; Rao, 2004). To illustrate
the different legitimacy dynamics in the electricity and heat IS, we follow Suchman’s distinction
between institutional and strategic legitimacy. Institutional legitimacy is a phenomenon for
organizations “seen (as more or less) natural and meaningful” by society due to institutional
alignment between society and organization(s) (Suchman, 1995, p. 576). In the case of strong
alignment, organization(s) can genuinely reach out to specific resources made available by
society (Suchman, 1995). In contrast, when (new) organizations and industries cannot - or not
sufficiently - reap such support, they may (in addition) aim at strategically generated legitimacy
by manipulating their environments. “In particular, groups of organisations (coalitions) may
exert major pressures on the normative order by joining together to actively proselytize for
a morality in which their outputs, procedures, structures, and personnel occupy positions of

honour and respect” (Suchman, 1995, p. 592).

13 http://ee-waerme-info.i-ner.de/index.php?title=Marktanreizprogramm
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Concerning institutional legitimacy, both the renewable electricity and heat IS were/are
able to build on some initial normative approval of their technologies. However, the level of
legitimacy varies: While the electricity IS profited from two intensifying discourses - the phase
out of nucl