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The management of sustainability transitions often includes action to accelerate technological change. Deploy-
ment policies are essential measures to increase the adoption of technologies and spur technological develop-
ment. However, processes of technological development often follow non-linear pathways, and aligning policy
and technological development is challenging. This paper links technological innovation systems (TIS) and their
dynamics to the policy feedback framework based on the notion that policies shape future politics. Most
significantly, the explicit consideration of TIS processes and progress allows for a more nuanced view of how
policy effects turn into feedback and for assessing the co-evolution of TIS and policy over time. This framework is
applied to study the case of the German Renewable Energy Act (EEG, 1999-2017). The case study provides
evidence that the virtuous cycles of rapid TIS development also increase the odds of growing negative feedback
based on rising policy costs, competition within sectors, and increasing technology side effects, opening up
windows of opportunity for policy change. Based on these observations, this paper proposes an ideal-typical
technology deployment policy life cycle model that describes how TIS, the focal policy, and their context co-
evolve in a reciprocal process for the case of the EEG. The discussion sheds light on how deployment policies
trigger search processes within the TIS that may encroach national borders to satisfy technology demand. Such
search processes fuel political optimism. Rising policy costs and side effects, however, produce policy feedback
limiting political leverage. The proposition of a model of how the linkages between policy and technology unfold
over time contributes to understanding the timing of policies within sustainability transitions.

1. Introduction economic venues” (Di Stefano et al, 2012, p. 1291). Technology

deployment policies (TDP) that spur demand for new technologies by

Sustainability transitions have developed into an important field of
scientific inquiry held together by diagnosing the need for substantial
socio-technical change (Markard et al., 2012). Technology is a problem
and solution to such transitions simultaneously: energy from renewable
sources should replace fossil energy provision, and electric cars should
replace combustion engines. As those admittedly blunt formulations
suggest, sustainability is an inherently normative object, and political
issues, directional decisions, and actors’ struggles are at the core of such
a transition (Meadowcroft, 2011). Consequentially, sustainability tran-
sitions are often a field of political intervention, and public policy is
challenged to find ways to enable endurable change. Besides in-
struments directly focused on developing new technologies, such as
R&D programs, researchers stress that demand for sustainable technol-
ogies is pivotal to reaching goals and changing innovation processes for
the better (Mowery et al., 2010).

Demand is crucial in steering innovation “towards the right
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providing financial incentives for adoption (e.g., tradable permits,
deployment subsidies, feed-in tariffs, taxes, or public procurement)
trigger the innovative output of industries (Peters et al., 2012). How-
ever, technology deployment policies come with specific challenges for
policymakers regarding the non-linear market uptake and development
of technologies. The diffusion of new technologies is often depicted as an
“S-shaped” curve comprising a relatively long phase of low adoption,
followed by a rapid acceleration of market uptake and subsequent
saturation (Bass, 1969). Such dynamics demand a high degree of flexi-
bility of deployment policies if structural bounds (Klein Woolthuis et al.,
2005) or other instruments in a broader policy mix (Rogge and Reich-
ardt, 2016) exist that call for close coordination of technology devel-
opment, diffusion, and its environment. However, increasing
coordination through regular policy revisions or monitoring schemes
increases the possibility for stakeholders and interest groups to influence
the policy process towards particular interests (Jordan and Matt, 2014,
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p. 237).

To understand the co-evolution of socio-technical systems and pol-
icies, sustainability transitions scholars increasingly have turned to
theories of the policy process (Edmondson et al., 2019, 2020; Hoppmann
et al., 2014; Kern and Rogge, 2018; Markard et al., 2016a; Rosenbloom
et al., 2016; Schmid et al., 2019). While we have learned a great deal
about the interdependencies between policy processes and socio-
technical systems in general, the conceptualization of the relations be-
tween technological progress, technology adoption, and its policy im-
plications remains weak. Therefore, the main contribution of this paper
is the assessment of variations in the relations between policy systems,
Technological Innovation Systems (TIS), and their context over time.

To this end, this paper proposes combining the policy feedback
framework in socio-technical systems (Edmondson et al., 2019, 2020)
with a more detailed description of feedback loops derived from the TIS
literature. Based on these concepts, the German Renewable Energy Act
(Erneuerbare Energien Gesetz; EEG) and the development of the German
photovoltaic (PV) TIS are studied over the period from 1999 to 2017.
The EEG supports the deployment of solar, wind, and biomass electricity
generation by a feed-in tariff (later: feed-in premium) scheme, whose
remunerations are distributed to electricity consumers through a sur-
charge on the electricity bill. This paper seeks to identify and describe
temporal patterns of deployment policies from the case study results.
Evidence for similar patterns in other cases is found in the literature.

The remainder of the paper is structured as follows. Section 2 dis-
cusses the theoretical foundations of policy feedback and the innovation
system literature and synthesizes three stylized effect-feedback loops.
Section 3 introduces the methods employed to assess the EEG and the
related policy processes. Section 4 presents the EEG case study and seeks
to abstract a model of an ideal-typical technology deployment policy life
cycle from the results. Section 5 discusses the prospects of the TDP life
cycle and points out possible directions for future research. Section 6
concludes the paper.

2. Theoretical background

Policies that incentivize the deployment of specific technologies are
a widespread phenomenon. The adoption of renewable energy tech-
nologies in the electricity sector is supported in over 120 countries
(IRENA et al., 2018). In the transport sector, electric vehicle adoption is
incentivized broadly (Langbroek et al., 2016). Within the housing
sector, energy efficiency measures and new heating systems are a vital
concern of policymakers (Bertoldi, 2022; Rosenow et al., 2022).

In that regard, technology deployment policies are an essential
measure to increase the uptake of technologies at the “middle of the
experience curve” when technology costs have been brought down to
the extent that niche adoption and initial market creation are possible
(Breetz et al., 2018). It is only later, when technologies become
competitive in the market, that policies such as carbon taxes or emission
trading schemes “need to correct for externalities, ensure market access,
and support complementary system-level changes” (Breetz et al., 2018,
p. 498). Further following Breetz et al. (2018), each stage follows
distinctive political logics and likely requires dedicated theorizing.
Additionally, understanding technological processes in detail requires
the application of rich theoretical concepts. This article, therefore,
mainly focuses on deployment policies while being aware that they
might be part of a larger policy mix (Rogge and Reichardt, 2016).

The literature on sustainability transitions increasingly considers
policy process theories (Kern and Rogge, 2018). Authors have referred
to advocacy coalitions (Markard et al., 2016a), discursive approaches
(Rosenbloom et al., 2016; Smith and Kern, 2009), or the multiple
streams framework (Normann, 2015) to assess the relations between
policy processes and technology. Lately, several works have reflected on
the impact of policies on subsequent technological and political change
by considering policy feedback (Edmondson et al., 2019, 2020; Rose-
nbloom et al., 2019; Schmid et al., 2019). However, within this stream of
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literature, the consideration of socio-technical change remains under-
conceptualized.

The Technological Innovation Systems (TIS) framework has been
considered essential for analyzing innovation and change, providing
detailed descriptions of TIS processes and dynamics (Weber and Truffer,
2017). Implicitly, the TIS literature has always considered policies as
within its scope (Markard et al., 2015). Lately, Bergek et al. (2015)
conceptualized the political context as part of a broader framework to
analyze TIS context structures. Hoppmann et al. (2014) proposed a
process of continuous refinement in the wake of upcoming issues in the
political process (“compulsive policy-making”). However, the TIS
framework has been criticized for relying solely on legitimation as the
connecting element between TIS activities and politics and therefore
requires a more detailed view of the policy process (Kern, 2015).

Therefore, there is potential to develop both literature streams by
explicitly linking policy effects to TIS dynamics to explain change within
the TIS induced by policy measures. Furthermore, linking TIS functions
to emerging policy feedback can contribute to explaining policy change.
To conceptualize full policy feedback loops, one must also take into
account the embedding of a focal TIS into its contexts, such as sectors,
and its relations to competing TIS or exogenous conditions. Edmondson
et al. (2019) described feedback loops using socio-technical change as an
aggregate of developments within the socio-technical system. By
employing concepts from TIS dynamics to trace down how policy effects
turn into feedback in detail, this study contributes to further disen-
tangling effects and feedback. This allows us to understand in more
detail how policy effects affect TIS-internal processes towards providing
policy feedback.

Epistemologically, both concepts resonate well for three main rea-
sons: (1) The concepts of self-reinforcing or undermining feedback are
also an integral part of the TIS literature (Hekkert et al., 2007); (2) A
critical analytical dimension of policy feedback and TIS are actors that
support or oppose policy based on their vested interests (Jacobs and
Weaver, 2015; Markard et al., 2015, p. 82; Oberlander and Weaver,
2015; Pierson, 1993); (3) The TIS literature acknowledges that TIS re-
lations to its context structures such as political systems are essential to
understand its development (Bergek et al., 2015). Therefore, combining
both frameworks is well-suited to explore the links between policy and
technology development.

From an analytical perspective, it is crucial to define the objects of
analysis clearly and to delineate system boundaries. In the literature, it is
common to delineate a TIS along national borders while acknowledging
that the TIS might be part of a system transcending such borders (Bergek
et al., 2015; Ulmanen and Bergek, 2021). This study focuses on the re-
lations of a fixed policy (‘focal policy’) that fosters the deployment of a
specific technology. As the locus of such deployment policies is usually
national, focusing the analysis on the TIS constrained by national bor-
ders (‘focal TIS’) embedded into its (national) sectoral context makes
sense. Therefore, global TIS development regarding the focal technology
is considered as development in the context of the focal TIS (Bergek
et al., 2015).

This section discusses the fundamental frameworks that guide the
analysis of the co-evolution of a focal policy and a related focal TIS. We
introduce the notion of policy feedback that governs the relationships
between socio-technical systems and policy. Then, this section focuses
on the TIS, concepts of dynamics, and the TIS context. This section closes
by using the TIS framework to elaborate more detailed proposals of how
policy effects influence the focal TIS and turn into policy feedback.

2.1. Policy feedback in socio-technical systems

One particularity of the politics of transitions is the importance of
policy outcomes, i.e., the social or technological change induced by
policy measures and its implications for subsequent policymaking. The
policy feedback literature is built around the idea that policy outcomes
influence future policy making, wherefore it was found a promising
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framework to assess the politics of sustainability transitions (Kern and
Rogge, 2018). In the following, this section introduces some key con-
cepts vital to analyzing transitional policies.

The key observation of policy feedback is that policy forms the base
for further politics (Pierson, 1993). In other words, the outputs and
outcomes of a policy process feed back onto subsequent policy processes:
The enactment of a policy has effects on the socio-technical system, such
as increased technology adoption. The political system observes policy
outcomes within the socio-technical system (feedback) and reacts
accordingly. Who it is that is affected by the deployment of a policy and
how the policy changes the composition of actor groups are, therefore,
critical questions of the policy feedback framework.

As important sources for policy feedback, the literature identified
interest groups (e.g., Pierson, 1993) or the mass public (e.g., Campbell,
2012). The distribution of resources, providing benefits for specific
groups while imposing losses on others, is an important example of
policy effects on society, affecting the distribution of coalitions that may
support the maintenance or termination of the focal policy (Pierson,
1993). The earlier literature has focussed on self-reinforcing feedback;
however, recently, policy scholars extended the focus to include self-
undermining feedback (Jacobs and Weaver, 2015; Patashnik and Zel-
izer, 2013; Weaver, 2010). Recently, the work on policy feedback has
increasingly been applied in analyzing socio-technical transitions
(Sewerin et al., 2020).

While policy feedback can be considered an important aspect of
policy change, it must be acknowledged that it is not sufficient for
changing policies (Oberlander and Weaver, 2015). Exogeneous condi-
tions that the focal policy has not influenced play an essential role in
amplifying policy feedback. Focusing events, international (economic)
developments, elections, changes in government, or intervention from
supra-national organizations may induce changes in the actors’ con-
stellations or exert additional pressure on policymakers that make policy
change more likely (Edmondson et al., 2019).

For socio-technical transitions, Edmondson et al. (2019) proposed a
framework delineating the policy feedback loop into a set of effects and
feedback (Table 1). This framework will be the basis for the analyses
undertaken in this study. The framework has proven useful in assessing
the relationships between socio-technical and policy subsystems
(Edmondson et al., 2020). However, how policy effects, such as the
provision of resources to target groups, induce socio-technical change is
not conceptualized sufficiently. Therefore, the following sections pro-
pose to link policy effects to TIS functions and the feedback emanating
from induced socio-technical change.

2.2. Dynamics and change of technological innovation systems

While Edmondson et al.’s (2019, 2020) framework contributes to
identifying the general patterns of policy feedback, it focuses less on
conceptualizing the processes within socio-technical systems. Such a
conceptualization, however, is essential when trying to understand how
effects turn into feedback. This section introduces the technological
innovation system framework to understand further how feedback
emerges after the policy-triggered changes in the composition of the
socio-technical system.

The TIS framework proposes a systemic view of structures involved
in technology development, production, diffusion, and use. The systemic
aspect contributes to the fact that innovation and technology develop-
ment generally are difficult to influence and display high degrees of
inertia, leading to lock-ins or path dependencies (Hekkert et al., 2007).
The main components of a TIS are networks of actors and institutions
that interact within a social environment or context (Carlsson and
Stankiewicz, 1991). Notable contributions have addressed different di-
mensions of innovation systems, such as sectoral (Breschi and Malerba,
1997; Malerba, 2002), national (Freeman, 1995), and global (Binz and
Truffer, 2017) innovation systems.

One of the key goals of this study is to understand technological
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Table 1
Policy effects and feedback (Edmondson et al., 2019, 2020).

Mechanism Description

Resource Effects (RE) Policy reallocates resources to target groups by policies
that support technology development, e.g., knowledge
creation, technology adoption, demonstration projects, or
increasing costs for undesirable technologies, e.g., COy
taxes or surcharges; Reallocation of resources can affect
the behavior of target groups towards more sustainable
modes, but can also have unintended consequences.
Interpretive Effects Policies provide information that may create or change
(IntE) visions or expectations of actors; coherent policies and
sufficient resources support the view of policymakers as
dedicated to reaching targets and providing security,
while the absence of such may lead to doubts about
political will behind objectives related to higher
uncertainty about future prospects.
Institutional Effects Policies interact with institutions, such as laws, rules,
(InstE) regulations, or unwritten norms, and the implementation
of policies may foster changes in such institutions, or
institutions might hinder policies from achieving their
goals.
SPF comprises (1) cognitive, (2) constituency, or (3)
agenda feedback. (1) occurs when a policy is perceived as

Socio-political
feedback (SPF)
successful or disastrous for achieving objectives by
relevant groups or mass publics. (2) describes whether
policy mobilizes supporters or opponents. (3) describes
whether support or opposition leads to the consideration
of incremental or substantial policy change.
The policy’s budget may raise concerns in financial
ministries and agencies such as accountability or audit
offices. Typically, financial ministries are potent actors
within the government that control resource flows and,
therefore, may limit the leverage of the focal policy.
Public bodies in charge of designing and implementing
the policy may be weakened or strengthened by the
policy, depending on whether it has achievable goals and
whether the policy can be implemented without visible

Fiscal feedback (FF)

Administrative
feedback (AF)

failures.
Exogenous conditions Changes beyond socio-technical systems such as
(ExC) catastrophic events or macro-economic trends may

influence policy change

change induced by policy measures. A classical approach to under-
standing TIS dynamics is that certain processes or functions are
perceived as essential for the performance and development of a TIS
(Bergek et al., 2008; Hekkert et al., 2007). In this study, we use Hekkert
et al.’s (2007) list of functions: 1) Entrepreneurial activities; 2) Knowl-
edge development; 3) Knowledge diffusion; 4) Guidance of the search;
5) Market formation; 6) Resource mobilization; 7) Creation of legiti-
macy. If such functions are performed successfully to a certain extent,
virtuous cycles may drive TIS development (Negro and Hekkert, 2008).
On the other hand, vicious cycles can prevent successful development.
Such patterns have been observed to be alternating in some cases, while
all system functions are important for TIS performance (Hekkert and
Negro, 2009). Societal problems (such as environmental issues) can
‘guide the search’ and start the development of a TIS (Hekkert et al.,
2007). Also, entrepreneurs who lobby for market formation or better
economic conditions for a technology can start virtuous cycles of TIS
development (Suurs et al., 2010). However, when it comes to the TIS’
external environment, the framework has been criticized for its low
degree of conceptualization of TIS relations to politics and its context in
general (Kern, 2015; Markard et al., 2015).

In response, Bergek et al. (2015) developed a framework to analyze a
TIS’s contextual structures and interactions. Representing such a context
structure, TIS scholars have focused on the impact of politics on the
legitimation of new technologies. Also indirect effects on market crea-
tion and its influence on the direction of search have been acknowledged
(Markard et al., 2015). Actors compete over institutional alignment and
legitimation to gain access to resources (Bergek et al., 2015). On the
other hand, the TIS also competes with its sectoral context over political
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legitimacy when the focal technology provides a service similar to
incumbent technologies. However, recent scholarship has proposed that
the strength of context relations depends on the stage of development of
the focal TIS (Markard, 2020).

Therefore, based on the notion of life cycles in industry and tech-
nology development, Markard (2020) develops a life cycle model of
technological innovation systems. Core dimensions for TIS development
are the size of the TIS (measured by, e.g., sales figures), the institutional
structure, and technology performance. The TIS life cycle proposes
distinguishing four phases or stages in which the TIS forms, grows,
reaches a mature level, and eventually declines. Across these stages, the
relations of TIS and context tighten until they loosen during decline.
Intensified political actions and lobbying might occur (Markard, 2020,
p. 10). However, the TIS life cycle framework explicitly left the inte-
gration of TIS functions and life cycles for future research (Markard,
2020, p. 5). Therefore, we mobilize the work on ‘motors of innovation’.

‘Motors of innovation’ contributed to understanding the successful
emergence of TIS by identifying a set of reoccurring mechanisms that
foster TIS development in a process of cumulative causation, supported
by extensive case studies (Hekkert et al., 2007; Suurs, 2009; Suurs and
Hekkert, 2009, 2012). A motor of innovation comprises a combination
of system functions active at a particular time, linked by reinforcing
feedback loops. Even more remarkable, Suurs (2009) proposed a
sequential model of innovation based on the observation that the driving
patterns follow each other in a generalizable manner. While the lack of
uptake of the patterns of cumulative causation has been bemoaned in the
literature (Kohler et al., 2020), we propose that they provide crucial
information on functions particularly active throughout the phases of
the TIS life cycle. For this study, the growth phase is particularly
important, where all functions contribute to the TIS development,
particularly market creation is essential, and TIS actors join forces to
create advocacy coalitions and political support for the entire TIS, for
example, through market formation policies (‘system-building motor’).

The following section combines policy feedback and aspects of TIS
dynamics to propose three feedback loops to study how policy and TIS
coevolve over time.

2.3. Three stylized feedback loops

This section aims to bring together the policy feedback literature
with the different notions of TIS dynamics and development (i.e., TIS
functions, motors of innovation, and TIS context structures). Arguably,
that is a complex undertaking, given the number of variables introduced
by the different frameworks (e.g., TIS functions, effects, and feedback).
Therefore, this section focuses on sketching three stylized feedback
loops that will later prove helpful in understanding the case study. I will
refer to the three feedback loops as the technology loop, the cost loop, and
the side-effect loop (see Fig. 1). The technology loop will make use of the
understanding of TIS-internal dynamics provided by the motors-of-
innovation framework. The cost loop builds more closely on the policy
feedback literature, emphasizing the importance of the distribution of
benefits of a policy in the wider society. Here, the context of a TIS plays
an important role. Third, the side-effects loop addresses the relationship
between technology and societal institutions, which play a role for
policymakers in the pursuit of ambitious technology targets. With the
growing maturity of the TIS, the three loops can be expected to be more
or less pronounced over time during the coevolution of policy and the
TIS life cycle.

Certainly, the three feedback loops depicted here are not the only
possible mechanisms at play in the coevolution of policy and technol-
ogy, nor are they meant to be deterministic. The reader is encouraged to
further develop the implications of TIS dynamics and policy effects. As
we shall see, the three feedback loops identified here are helpful to
understand the case study further. The resulting framework enables a
fine-grained analysis of the coevolution of technology and policy over
time.
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Before I detail the three feedback loops, I turn to discuss the orien-
tation or directionality of feedback and effects. This helps to understand
where policy and technology development are mutually supporting each
other, or where technology development turns against policy
maintenance.

2.3.1. Virtuous and vicious cycles

This paper is particularly interested in periods of mutual reinforce-
ment of policy and TIS. For that purpose, Edmondson et al. (2019)
propose to consider feedback that strengthens the support for the policy
as positive and feedback that weakens support as negative. While this is
a relatively intuitive definition, the question of when policy effects are
indeed positive is more tricky when considering the entire socio-
technical system.

First, it is needless to say that policies do not affect all stakeholders in
the same way. Policies often affect the distribution of resources, and
therefore, their effects on one interest group are more intense than on
another (Pierson, 1993). Therefore, the first step to identifying policy
effects as either positive or negative is the proper differentiation of so-
cietal subgroups that are affected similarly by the policy. From this
differentiation it also immediately follows that there may be different
policy effects active at the same time, affecting fractions of the popu-
lation in different or even opposing ways.

Therefore, second, the definition of positive and negative effects boils
down to identifying an orientation for these interest groups. This research
is particularly interested in the relationship between technological
innovation systems and policies supporting technology deployment. An
innovation system comes with a clear goal of inducing innovation pro-
cesses (Suurs, 2009, p. 50). The performance of a TIS can be measured by
analyzing the system functions (Hekkert et al., 2007). For this study, this
implies that policy effects that contribute to strengthening TIS functions
can be defined as positive policy effects. Conversely, policy effects that
weaken TIS functions shall be defined as negative effects. This is the
perspective that is applied majorly within this study.

Similarly, for the sake of understanding phases of mutual support of
policy and socio-technical change, this study will evaluate effect
orientation based on the self-interest of the relevant affected societal
groups in the TIS context, similar to Burroughs (2017). Arguably, this
definition based on self-interest will not enable this study to identify
each effect as positive or negative (c.f. Campbell, 2012). However, fixing
these orientations enables identifying situations in which positive policy
effects leading to positive feedback largely align with the maintenance
of a high policy support level (virtuous cycles), or negative effects
largely align with decreasing support levels (vicious cycle). As argued
above, positive and negative effects and feedback may exist at the same
point in time. However, the distribution of their relative strengths may
differ. The following sections will discuss how effects and feedback are
linked in three different feedback loops.

2.3.2. The technology — loop

When it comes to TIS development, the functional framework and
the linkages between functions in the motors of innovations literature
have contributed to understanding dynamics and change (Suurs, 2009;
Suurs and Hekkert, 2009, 2012). This section draws onto these insights
to sketch how policy affects TIS functions, and how that leads to policy
feedback. It does so by assuming that the TIS already has reached a
certain level of development] (‘system-building motor’) and that a
deployment policy has been enacted (compare Fig. 1).

! In principle, the motors of innovations can be used to develop hypotheses
on policy-TIS interactions also in other phases. For example, the ‘entrepre-
neurial motor’ can be used to understand the period before the introduction of
relevant deployment policies. However, to further understand deployment
policies that are employed at a stage when some development has already
occurred, this case is most informative.
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Socio-technical system

Political subsystem

Technology F1  Entrepreneurial activity

AF al !g:ment
W't o F2  Knowledge development
SPF FF SPF institutions

F3  Knowledge diffusion
bearers F4  Guidance of the search
of
policy F5  Market creation
costs

F6  Resource mobilization
Sectoral " )
system F7  Legitimacy creation

—» Policy effects / feedback

--» Functionalrelations within TIS

Fig. 1. Depiction of three feedback loops, and TIS functions relationships within the focal TIS according to the motors of innovation (‘system-building motor’). Left:

Cost loop; center-right: technology loop, upper-right: side-effects loop.

An immediate resource effect of deployment policies, if incentives are
sufficient, is the increase of demand for the focal technology, or market
creation in terms of TIS functions (e.g., Walrave and Raven, 2016).
Increased demand in the following guides the search of the TIS towards
the niche within which technology deployment is supported by the focal
policy (Suurs, 2009, p. 223). Certainly, the interplay of the focal policy
with existing regulations and laws additionally influences the search
direction (institutional effects). Increased demand furthermore drives the
mobilization of resources. Such a mobilization may occur either directly
due to increased sales; or indirectly, as increased expectations towards
market development also increase the attractiveness of the TIS to new
investors. Subsequently, the TIS literature has found evidence that
through increased resources, entrepreneurial activity is strengthened
(Bergek et al., 2008; Suurs, 2009), where new actors are drawn into the
TIS, and existing actors increase the scope of their activities. For these
functions uncertainty about the prospects of the policy (interpretive ef-
fects) does play a major role (e.g. Marcus, 1981; Bhattacharya et al.,
2017). TIS actors then actively search for ways to satisfy the increasing
demand. Part of this search process can be an increase in TIS’ innovative
activities in terms of knowledge development and diffusion that was found
to be affected by deployment policies (Costantini et al., 2015). Besides
such explorative activities, earlier research found that deployment pol-
icies also increase the search for more efficient means to satisfy demand
(Hoppmann et al., 2013). Growing TIS expand and fasten ties to their
contexts, such as other TIS or sectors, or in geographical terms (Bergek
et al., 2015; Markard, 2020). Where a TIS can increase its innovative
activities, these activities become a political argument when the
expansion of a TIS goes hand in hand with job creation and industrial
leadership (socio-political feedback) (Fankhaeser et al., 2008; Lockwood,
2013; Stokes and Warshaw, 2017). Therefore, the TIS can create legiti-
macy, which is the basis of increasing positive socio-political feedback.
Such policy feedback emanates from two relevant processes: on the one
hand, TIS actors increase their political activities in terms of legitimation
(e.g., lobbying). On the other hand, TIS activities are observed by its
(political) context, and high activity within the TIS that contributes to
industry or employment policy goals supports legitimacy creation.

A prosperous TIS may provide positive administrative feedback and
socio-political feedback alike. However, if context factors hinder the
growth of a TIS or even lead to its decline, the ability to create legitimacy
and positive feedback diminishes (Markard, 2020).

2.3.3. The cost — loop
One of the most prominent results of the policy feedback literature is
the influence of the distribution of costs and benefits of a policy among

political actors such as mass publics and different interest groups (e.g.,
Pierson, 1993). We have seen above how a deployment policy may affect
processes within a focal TIS by increasing the benefits of adopting the
technology to outweigh technology costs for a sizeable interest group.
These benefits of one group are likely to be paid by another group or the
state. The distribution of costs and benefits is a major policy design
feature (Campbell, 2012; Edmondson et al., 2019; Larsen, 2018). For
example, refinancing a feed-in tariff for renewable energies by a levy on
the electricity price affects all electricity consumers directly, while
refinancing it via the state’s budget limits political engagement else-
where or increases depts. Therefore, resource effects of a deployment
policy can be expected also beyond market creation discussed above.

When considering deployment policies, likely, sectors that provide a
service similar to the focal technology (e.g., the electricity sector in the
case of photovoltaic energy generation) are affected by the focal policy,
as the deployment policy impacts the service market. Therefore, sectors
provide an important context structure to be observed when considering
deployment policies.

Within the sector, service providers (e.g., electric utilities) or con-
sumers may be affected in different ways. On the one hand side service
providers face increased competition for the provision of services (e.g.,
Sensfuf et al., 2008). On the other hand side, consumers potentially bear
price effects, depending on the nature of the deployment policy, or
whether policy costs are redistributed by collective taxes.

Therefore, potential sources of fiscal or socio-economic feedback in
the case of deployment policies range from financial ministries across
different interest groups to mass publics in the case of large service
markets (such as electricity). Particularly the perception of concentrated
losses for mass publics or interest groups drives feedback (Oberlander
and Weaver, 2015). Empirically, evidence for undermining feedback
from sectors is widespread, as competition and threats to incumbent
business models are likely2 (Geels et al., 2014; Hess, 2014; Lee and Hess,
2019). However, synergies between sectors and new technologies also
have been observed (e.g., Makitie et al., 2018).

2.3.4. The side-effects — loop

Understanding technology policies and the political feedback they
cause calls for a detailed understanding of how and whether technology
is supported or opposed by society or important societal groups (e.g.,
Alsheimer et al., 2025). In the analysis of socio-technical systems, these

2 In fact, the socio-technical transition literature emphasizes struggles be-
tween niches and incumbent regimes (Geels, 2004).
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interactions have been considered by including a detailed view of the
institutional settings technologies encountered during market uptake.
Here, the relationship between society, artifacts (technology), and in-
stitutions plays a key role in understanding how socio-technical systems
evolve (Geels, 2004). The notion of ‘regimes’ describes the institutional
settings against which novel technologies are deployed (e.g., Fuenf-
schilling and Truffer, 2014).

However, in the analysis of policy mix feedback in sustainability
transitions, Edmondson et al. (2019) mainly focus their framework on
structural institutions such as state agencies and the effects policy has on
their constitution (institutional effects). This narrow focus is all the more
surprising, considering that policies that drive sustainability transitions
often aim at a change in the use of technology towards a more sus-
tainable mode (Markard et al., 2012). Therefore, to better understand
the co-evolution of socio-technical systems and deployment policies,
this paper adopts a broader concept of institutional effects, including
societal norms and rules, shaped by artifacts and material conditions
within the sociotechnical system (Geels, 2004).

In the literature, there is evidence that with policy-driven growing
technology deployment, technology misalignment with existing in-
stitutions can become more prominent. For example, growing biogas
production in Germany increasingly became misaligned with food
farming (Markard et al., 2016b). Wind farms faced increasing opposition
due to alleged environmental or health effects, and local resistance
against wind projects slowed down development, causing legislation
changes in veto rights for environmental organizations or action groups
(Dehler-Holland et al., 2022). Generally, the literature on technology
legitimacy and technology acceptance provides a detailed picture of the
fragile relationship between technology and society (Alsheimer et al.,
2025). Such misalignments are considered institutional effects in this
study.

The example above (biogas energy) triggered a re-framing of the
technology (socio-political feedback), leading to a reduction of biogas
energy policy support (Markard et al., 2016b). Also the public percep-
tion of wind energy increasingly put alleged negative aspects of wind
power into the foreground. Additionally, local administration was
increasingly seen as notoriously slow in handling building permits
(administrative feedback) (Dehler-Holland et al., 2022). In general, the
transformation of the energy sector, considered one of the front runners
of sustainability transitions, is loaded with institutional struggles
(Reusswig et al., 2018). Therefore, sequences of institutional effects and
socio-political or administrative feedback are considered as the side-
effects loop.

Additionally, from the point of view of the focal TIS, such institu-
tional effects affect the ability for legitimacy creation. When a technology
is increasingly portrayed as having adverse side effects, positive exter-
nalities such as job creation or environmental benefits may be
superimposed.

3. Methodology

To investigate the relationships between a focal TIS and a deploy-
ment policy, we chose the German Renewable Energy Act (Erneuerbare-
Energien-Gesetz; EEG) and the German photovoltaics TIS because it
represents an instance of a technology deployment policy from 2000
until today (2023), allowing for a longitudinal study of policy dynamics.
The EEG stimulated considerable wind, solar, and biomass electricity
generation investments and was amended several times. With its long
history of political debates on renewable energy technologies, the
perceived international leadership in renewable policies in the 1990s
and 2000s, and its success in spurring the adoption of renewables, the
EEG can be considered an ‘extreme case’ of technology-policy co-
development (Schmidt et al., 2019). The selection of an extreme case is
well-suited for exploratory studies that aim at formulating an initial set
of hypotheses (Seawright and Gerring, 2008).

Prior research has conducted intense empirical research on the
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German EEG and the photovoltaics industry, focusing on different pe-
riods, data sources, and theoretical paradigms. Methodologically, this
study primarily aims to accumulate this existing knowledge into a
coherent narrative on the EEG’s development. Such a line-of-argument
synthesis (Noblit and Hare, 1988) “involves building up a picture of
the whole (i.e. culture, organisation etc) from studies of its parts”
(Barnett-Page and Thomas, 2009, p. 2) and has also been proposed for
organizational research to advance knowledge in areas where separate
field studies have produced scattered conclusions (Hoon, 2013). Most
importantly, synthesis approaches to case studies include a step of
translation, where different studies’ results are made comparable to
derive a bigger picture (Noblit and Hare, 1988). For translation, this
study uses a combination of policy feedback and the TIS framework.

Synthesis approaches usually start by identifying a problem or phe-
nomenon to orient the literature research (Hoon, 2013, 528f). Research
on media accounts of the EEG over the period from 2000 to 2017
identified an attention cycle® pattern in newspaper coverage, where the
framing of the EEG shifted from technology optimism to the perception
of costs (Dehler-Holland et al., 2021). However, the politics leading to
such phenomena are poorly understood (Gupta and Jenkins-Smith,
2015). The synthesis endeavor aims to derive an explanation for such
patterns. The literature search focused, therefore, on three literature
streams. By database research and snowballing, primary research
studies on the photovoltaics TIS in Germany, the electricity sector, and
renewable energy politics were identified. Important selection criteria
for the studies were that studies observed phenomena during the
observational period and built upon primary data.

For the photovoltaics TIS, the synthesis can draw on primary studies
of entries and exits (Hipp, 2021), employment (O‘Sullivan et al., 2018),
patents (Huenteler et al., 2016; IRENA, 2021), business climate (BSW-
Solar, 2019), research cooperations (Hipp, 2021), and technology
deployment (AG Energiebilanzen e. V, 2019). Such data are particularly
important to the study of TIS life cycles (Markard, 2020). Additionally,
detailed studies using the TIS function framework are available (Dewald
and Fromhold-Eisebith, 2015; Dewald and Truffer, 2011, 2012; Hopp-
mann et al., 2014; Jacobsson et al., 2004; Quitzow, 2015), as well as
studies on lobbying activities (Seibt, 2015; Siihlsen and Hisschemoller,
2014). Several longitudinal studies focus on the main actors in the
electricity sector, namely incumbent electricity suppliers and industry
consumers (Borshchevska, 2016; Kungl, 2015, 2018; Kungl and Geels,
2018). For synthesizing processes in the policy subsystem, studies that
focus on parliamentary debates (Hoppmann et al., 2014; Lauber and
Jacobsson, 2016; Leipprand et al., 2017; Schmidt et al., 2019) and
detailed political analyses covering either more extended periods or
specific EEG amendments (Hirschl, 2008; Lauber and Jacobsson, 2016;
Leiren and Reimer, 2018; Messing, 2020; Strunz, 2014; Strunz et al.,
2016) were identified.

While the potential for synthesis from the studies identified is rich,
different challenges need to be addressed. First, studies rarely cover the
entire time frame of interest. Second, studies draw on different analytical
frameworks, such as historical institutionalism (e.g., Leiren and Reimer,
2018), multiple streams (e.g., Messing, 2020), or organizational fields (e.
g., Kungl, 2018). Dehler-Holland et al. (2021) proposed a phase seg-
mentation based on media attention towards the EEG over time. These
phases were used to systematically assess the literature base for contri-
butions of original studies to understanding the underlying processes. For
the second challenge, the policy feedback and TIS functions framework
were used as translation vehicles into a ‘common language’ for the
original studies. Therefore, events, actors’ activities, or developments
identified in the original studies were evaluated by whether they emit
different kinds of policy effects or feedback. A particularity of synthesis
approaches to case studies is that the findings and interpretations of
original studies are sought to be preserved (Hoon, 2013, p. 527).

3 Such issue attention life cycles have been introduced by Downs (1972)
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Therefore, the inference of the original authors on causal mechanisms is
retained from the original studies. For instance, a phrase like “German
market development also enabled the growth of a number of German
solar manufacturing start-ups, and by 2003 most of today’s major
German PV equipment suppliers had entered the market” (Quitzow,
2015, p. 131) is taken as evidence for resource effects of the EEG onto the
PV TIS regarding the increase of entrepreneurial activities. This proced-
ure resulted in Table 2 and Table A.2, where feedback and effects are
identified, as well as external context factors in the political system and
the electricity sector the original studies deemed important, along with
significant changes in the EEG. The additional consideration of context
factors serves to unravel the various possible exogenous conditions.

The final task is to make synthesis results intelligible to the scientific
audience (Noblit and Hare, 1988). Therefore, a narrative from the syn-
thesis results was written using the framework comprising policy feed-
back and TIS functional dynamics. Each phase is complemented by a
comparative discussion highlighting key developments and comparing
them to cases from the literature.

In addition to the case of the EEG and the photovoltaics TIS between
2000 and 2017, the above procedures were applied to the EEG’s pre-
decessor: the Stromeinspeisungsgesetz (StrEG) and the German wind
power TIS. The StrEG was in force between 1991 and 2000 and triggered
arapid increase in wind power installations and TIS development. While
space limitations did not allow for an additional detailed description, a
summary table is provided in the Appendix (Table A.1), and the results
showcase a pattern similar to the one presented with some notable dif-
ferences. In Section 4, these results help to enrich the presented results
towards the notion of a deployment policy life cycle, along with findings
from other cases.

4. Case study and development of a TDP life cycle model

In this section, we use the framework developed in Section 2 to
structure the analysis of the evolution of German EEG and the solar PV
TIS. We divided the case study into five phases4 (1999-2000;
2000-2004; 2005-2010; 2010-2014; 2014-2017). Policy feedback, ef-
fects, and critical variables are described in Table 2, sometimes in more
detail than the body of text allows. Table A.2 in the Appendix shows an
analysis of TIS functions. Additionally, each phase is followed by a
discussion employing the stylized feedback loops (Section 2.3) as
analytical tools. Additionally, similar cases from the literature are pro-
vided. The section is closed by proposing an ideal-typical model of the
life cycle of technology deployment policies.

4.1. Preconditions

4.1.1. EEG case study (1999-2000)

Between 1998 and 2000, the world market for solar panels was
already growing (Jacobsson and Lauber, 2006). Additionally, the
100,000 roofs program and local feed-in laws supported the market
creation function of the PV TIS (Jacobsson et al., 2004, p. 19). These
market developments contributed to resource mobilization, also by “col-
lective forms of project financing” (Dewald and Fromhold-Eisebith,
2015). At least two companies expanded their production capabilities
in Germany (Jacobsson et al., 2004, p. 18), and increasing new entries in
cell and module manufacturing (Hipp, 2021, p. 573) indicate increasing
entrepreneurial activities. Also, knowledge creation and diffusion were
active: German universities provided a solid knowledge base, and col-
laborations between industry and academia were established (Hipp,
2021; Jacobsson et al., 2004, p. 21), patenting activity increased

*# Following Edmondson et al. (2020), we use abbreviations to refer to the
conceptual components of the policy feedback framework: Resource effect
[RE], Interpretive effect [IntE], Institutional effect [InstE], Socio-political
feedback [SPF], Fiscal feedback [FF], Administrative feedback [AF].
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(Huenteler et al., 2016). The 100,000 roofs program was already sup-
ported by the German solar industry association since 1996, and
lobbying intensified for measures supporting national market creation
(Jacobsson et al., 2004, p. 18). Also the success story of the wind power
industry in Germany supported legitimacy creation of the PV TIS as
renewable energy provision provided chances for industrial develop-
ment and job creation (Bergek and Jacobsson, 2003).

The electric utilities evaluated the liberalization of the electricity
sector (Energy Industry Act; Energiewirschaftsgesetz; EnWG, 1998) as a
chance for growth and started to focus on and expand in the domestic
market (Kungl, 2018, pp. 150-151). The engagement of the utilities in the
political process of the EEG was relatively small, as they attributed higher
importance to the nuclear phase-out discussions and focussed on the
rapid market developments after liberalization (Kungl, 2018, p. 190).

Within the German industry, positions towards the EEG were
ambiguous. While the “BDI [Bundesverband der Deutschen Industrie,
Federation of German Industry] condemned the bill for exorbitant costs”
(Lauber and Jacobsson, 2016, p. 151), the German Engineering Asso-
ciation (VDMA) supports the EEG in opposition to its parent organiza-
tion BDI due to the interests of its members in the wind energy industry
(Hirschl, 2008, p. 145).

After the elections in September 1998, a coalition of social-
democrats and the green party came into government. The new gov-
ernment meant a change in the support coalition of renewables, as the
Green Party had renewable energy expansion on its agenda since its
foundation (Hake et al., 2015; Hirschl, 2008, p. 140). The greens forged
an advocacy coalition of environmental groups, industry associations,
and labor unions in favor of a profound reform of the Feed-In law
(Jacobsson et al., 2004; Jacobsson and Lauber, 2006, p. 267). Social-
democrats were hoping for job creation effects in the wind turbine in-
dustry that was perceived as endangered by decreasing feed-in tariffs
due to market liberalization (Jacobsson and Lauber, 2006, p. 267).
Conservatives and liberals opposed more substantial renewable support
and argued against higher technology costs and adverse economic ef-
fects on the energy sector (Leipprand et al., 2017; Schmidt et al., 2019;
Stefes, 2010). While the responsible ministry of economic affairs
(BMWi) refused to propose a bill for the EEG, finally, a small group of
members of parliament initiated a bill in parliament (Stefes, 2010). The
new EEG, enacted in April 2000, introduced a fixed remuneration
differentiated by renewable technologies.

4.1.2. Comparative discussion

The case of the EEG has shown that the solar TIS in Germany was
already active. Notably, actors actively lobbied for deployment policies
to support further growth. The fact that TIS activity and lobbying often
precedes the introduction of dedicated market support measures was
also observed in the TIS literature: In fact, Suurs (2009) sees the ‘system
building motor’ of the TIS as contributing to the introduction of market
stimulation programs, supported by extensive case studies on biofuels,
hydrogen, and automotive natural gas. Typically, TISs in this stage are
characterized by a relatively mature technology and already existing
networks with growing political ties (Suurs, 2009, p. 222). Also Breetz
et al. (2018) find deployment policies implemented when considerable
technology learning has already occurred. However, when TIS actors,
for example, can not form a clear common interest (‘guidance of the
search’), the implementation of market creation measures may also fail
(Suurs, 2009, p. 221).

A further important characteristic of the EEG case was that in-
cumbents in the sector initially appeared to underestimate the new
technology and the related policy. Such underestimation by incumbents
has also been found in the case of renewables in Italy (Prontera, 2021),
in the case of the StrEG (Table A.1), and Stokes and Breetz (2018) found
it a common characteristic in US technology policies ranging from re-
newables over electric cars to biofuels in the transport sector. The
literature thus provides evidence that similar patterns can be found in
other countries and sectors.
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Table 2

Summary of the main developments of the EEG divided into five phases.

Research Policy 54 (2025) 105267

EEG

0 (1999-2000)

1(2000-2004)

11 (2004-2009)

11T (2009-2014)

1V (2014-2017)

Socio-political
Feedback [SPF]

Fiscal Feedback
[FF]

Administrative
Feedback [AF]

Resource Effects
[RE]

Interpretive Effects
[intE]

Institutional effects
[instE]

TIS development
(see also
Table A.2 for
additional
information)

Sectoral change

strong political
networks of wind
power industry,
“prototype” of
renewable energy
industry [+SPF]
Support coalition for
EEG of
environmental
groups, industry
unions, labor unions
[+SPF]
Liberalization keeps
utilities busy and
opens up
opportunities [no
-SPF]

BDI opposes EEG due
to expected costs
[-SPF], but VDMA
supports proposal
[+SPF]

BMWi refuses to
propose bill due to
expected costs [-FF]

100,000 roofs
program
implemented for PV
[+RE]

EEG implemented
[+RE]

EEG and 100,000
roofs program well-
aligned [+instE]
EU DG energy and
competition oppose
bill [—instE]

Wind TIS has grown,
German industry
second-largest in the
world

The world market for
PV already growing,
expanding
production in
Germany

Liberalization
promises profits for
conventional plants

Growth of solar TIS,
creation of jobs [+SPF]
Growing PV market
with a high number of
diverse investors
[+SPF]

Utilities press for
market integration of
renewables [-SPF]
Industry associations
lobby for surcharge
exemptions [SPF]

BMWi demands to
lower remuneration
[-FF]

EEG remuneration
differentiated by
technology [+RE]
100,000 roofs program
expired [—RE]

Fixed EEG
remuneration and long-
term perspective in-
crease investment se-
curity [+intE]

By 2003, discourse on
amendments decreases
expectations [—intE]
BMWi advisory board
proposes to terminate
EEG due to potential
conflicts with EU ETS
[—instE]

State-aid inquiries of
EU [—instE]

German solar TIS
grows, and new
entrants

Liberalization promises
profits for conventional
plants

Growing employment in the
solar industry [+SPF]
Increasingly professional
solar industry associations
[+SPF]

A high number of
beneficiaries of the EEG
[+SPF]

VDEW and utilities oppose
EEG and fan fears of
“deindustrialization” due to
high costs [-SPF]

Cap on solar power
installations removed
[+RE]

Increased remuneration for
solar power [+RE]
Increasing EEG surcharge
[-RE]

Increasing impact of
renewables on wholesale
power prices [—RE]
Removal of solar cap
increases security [+intE]

Decreased conflict between
BMWi and BMU due to
positive TIS development
[+instE]

Strong market development,
installed capacity grows fast
Module prices decrease due
to technological learning
High R&D expenditure

High profits of utilities due
to ETS and alleged market
power

Solar industry loses political
leverage due to low
international module prices,
dropping employment [-SPF]
Ties of PV industry to federal
states mitigate stronger
cutbacks [+SPF]

Utilities seize rising surcharge
as argument [-SPF]

Pressure of utilities on BMWi in

favor of auctions [SPF]
BDI active opponent of EEG
surcharge [-SPF]

Rosler (economic affairs

minister) presses for substantial

reductions and a cap for solar
power [-FF]
BDI criticizes threats to the

security of supply and the poor

coordination of the
‘Energiewende’ [-AF]
Responsibilities for energy
policy bundled at BMWi in
2013

Various adjustments of the
solar remuneration [—RE]
Strongly increasing EEG
surcharge [—RE]
Increasing impact of

renewables on wholesale power

prices [-RE]

Societal and business
expectations in solar decrease
due to changing political
framework and international
competition [—intE]

No protection of national solar

industry [—intE]

Increasing conflict between
BMWi and BMU; debate on
‘Strompreisbremse’
Increasing misalignment with
grid infrastructure

European Commission inquiry
based on state-aid guidelines
[-AF/—instE]

German PV module producers
lose market shares,
entrepreneurial activity
decreases

After 2011, several German
manufacturers file for
bankruptcy

Employment decreases, and
expectations turn negative
Slowdown of market
development from 2012
Economic crisis, reduced
electricity demand, increased
competition from renewables

- Auctioning scheme
criticized for adverse
effects on smaller
investors

Limited influence of
stakeholders on the policy
process

- Slow grid expansion and
conflicts with Bavaria

- Target corridor for all
technologies [-RE]
Stagnant EEG surcharge
[-RE]

- Amendment of state-aid
guidelines, emphasis on
market instruments

- Responsibilities for energy
policy bundled at BMWi

Solar TIS stabilizes:
Employment and business
climate

Utilities restructure and
split up or sell
conventional power assets
and renewables

(continued on next page)
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Table 2 (continued)
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EEG 0 (1999-2000) 1(2000-2004) 11 (2004-2009) III (2009-2014) 1V (2014-2017)
- Renewables share - Renewables share - Expansion of conventional - Nuclear phase-out increases - Offshore auctions offer
2000: 6.3 % of 2004: 9.4 % of power plant fleet pressure investment options for
electricity electricity consumption - Utilities lose legitimacy - Wind offshore as a business large-scale investments
consumption - Utilities diversify and invest opportunity - Renewables share 2017:
in renewables, but only - Value adjustments of utilities 36 % of electricity
outside of the home market - Renewables share 2014: 27.4 % consumption
- Renewables share 2010: 17 of electricity consumption
% of electricity
consumption
Exogeneous - EnWG enacted in - Nuclear phase-out be- - The first trading period of - Financial crisis
Conditions [ExC] 1998 comes law EU ETS starts in 2005 - Increasing worldwide
- Agreement on - Changes of the EnWG and production of PV modules;
nuclear phase-out in introduction of a regulatory dropping silicon prices
2000 authority for electricity - Nuclear incidents in 2011 in
markets Fukushima, Japan, and German
(Bundesnetzagentur) nuclear phase-out until 2022
- Shortage of silicon on the
world market
- Financial crisis in 2008
Policy change - 100,000 roofs 2004: 2009: 2010: 2017:
(focus on solar) program
EEG enacted 2000: - “Solarstrom- - Dynamic degression of - One-time degression of - Introduction of auctions
Vorschaltgesetz” remuneration depending on remuneration in July and for all technologies
- Technology-specific initiated by the annual installed capacity October - “Netzausbaugebiete”

Policy subsystem
change

remuneration of
renewable electricity
for 20 years

Cap for installed PV
capacity

- Fixed annual
degression
Remuneration is
added to electricity
bills via the EEG
surcharge

- Social democrats and
greens form a
coalition (1998)
BMWi responsible
(minister Miiller) but
reluctant to propose
the bill

Members of
parliament propose
bill

parliamentary factions
of social democrats and
greens

Cap on PV capacity
removed, remuneration
increased

Social democrats and
greens reelected
(2002), shift weights
towards greens
Responsibility for EEG
passed to BMU
Conflicts between BMU
and BMWi

- Support of self-consumption

- Conservatives and social
democrats form coalition
2005 (Chancellor Merkel)

- Solar power is increasingly
seen as costly in
parliamentary debates

Increased regular annual
degression of solar
remuneration

2011:

- Adjustments of degression rates
due to high solar deployment
2012:

Introduction of (voluntary)

market premium

Increase of industry exemptions

Monthly degression of solar

remuneration if target corridors

exceeded

- Cap for funding of a maximum
of 52 MW installed solar
capacity

2014:

Pilot phase for auctions for
ground-mounted solar
Obligatory market premium for
all technologies
- Monthly degression for all
technologies
- Conservatives and liberals form
coalition 2009 (Chancellor
Merkel)
Conservatives and social-
democrats form coalition 2013
(Chancellor Merkel)
Responsibility for EEG passed
from BMU to BMWi after
elections in 2013
- Influential actors/ministers:
Rosler (economic affairs,
2011-2013), Rottgen
(environment, 2009-2012),
Altmaier (environment,
2012-2013), Gabriel (economic
affairs, 2013-2017)
Secretaries of state: Baake

should limit wind
expansion with high
curtailment from 2017

4.2. Phase I - post-enactment and interaction with existing institutions

4.2.1. EEG case study (2000-2004)

The new EEG, enacted in April 2000, introduced a fixed remunera-
tion differentiated by technologies. The EEG promised a remuneration of
50,6 Cent/kWh for 20 years for electricity generated by solar PV.

of 350 MW of installed capacity.
In the phase after enactment, the EEG’s alignment with existing in-

However, the support for PV was initially capped at a maximum amount

stitutions was put into question by various circumstances. High un-
certainties arose from the state-aid inquiries of the European
Commission [—instE], which the European court of justice finally
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resolved in 2001 (Hirschl, 2008, p. 149). Later within this period, the
EEG came into conflict with the planned introduction of the European
emission trading scheme, where the scientific advisory board of the
economics ministry even proposed to terminate the law altogether due
to its possible interactions with the trading scheme in Europe [—instE]
(Hirschl, 2008, pp. 157-162), increasing uncertainty on the mainte-
nance of the EEG [—intE].

Despite these uncertainties, the EEG was able to support PV market
creation [+RE] (Fig. 2) together with the earlier introduced 100,000
roofs program [+instE]. The EEG mobilized resources that drew in new
entrants along the whole value chain into the TIS, and networks within
the TIS tightened [+intE, +RE] (Quitzow, 2015, p. 131). Households,
farmers, citizen cooperatives, and green ventures could now produce
electricity for economic and ideological reasons (Dewald and Truffer,
2011; Mautz et al., 2008, pp. 93-95), and entrepreneurial activity
increased. In 2003, most large module producers had entered the market
(Quitzow, 2015, p. 131). Within this phase, knowledge development and
diffusion accelerated with patenting activity increasing (Fig. 3) and a
higher level of R&D collaboration (Hipp, 2021, p. 575). New entrants
and the broad actors base also strengthened solar industry associations
(Jacobsson et al., 2004, p. 21), increasing the potential for legitimacy
creation [+SPF].

On the other hand, utility companies lobbied against the feed-in
priority granted to renewable energies in the forerun of the EEG 2004
amendments. They promoted the market integration of renewable
electricity, knowing that the technologies were not competitive enough
in the wholesale market [-SPF] (Kungl, 2018, pp. 191-192). The energy
industry association mainly drove campaigns. However, utilities were
not united in their opposition, as EnBW turned to the EEG supporter
group due to their interest in installing hydro plants [SPF] (Kungl,
2018, p. 192). At the same time, utilities did not engage in renewable
investments due to their return expectations and the risk of increasing
competition for their power plants in an oversupplied market (Kungl,
2018, pp. 197-198). During the elections in 2002, the aluminum in-
dustry and industry associations lobbied for exemptions for energy-
intensive industries [SPF] (Hirschl, 2008, p. 156).

Within the government parties, solar, wind, and biomass were
generally evaluated positively in the debates on the amendments of
2004 (Seibt, 2015, pp. 181-183). An essential theme of parliamentary
debates was the market creation and the chances to create jobs in a
growth industry [+SPF] but also costs for society and particularly
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industry entered the discussions (Hoppmann et al, 2014, pp.
1427-1429). The broad actor base made representatives more suscep-
tible to lobbying by renewable energy associations as local initiatives
and citizens increased pressure [+SPF] (Seibt, 2015, p. 180).

4.2.2. Comparative discussion

The phase after enactment of the EEG was shaped by the increasing
development of the TIS and the solar market, but also by frictions of the
EEG with existing laws and regulations. Thus, the unfolding of the
technology loop is hampered by policy uncertainties influencing
resource mobilization by interpretive effects. Such institutional strug-
gles have been described in the policy feedback literature after enact-
ment (Patashnik and Zelizer, 2009) and in the classical policy cycle
(Jann and Wegrich, 2017, pp. 51-53). These struggles may contribute to
the uncertainty of actors about whether the policy will be maintained
and contribute to administrative feedback. Often, early deployment
policies come with caps on the degree of deployment or temporal limi-
tations (Stokes and Breetz, 2018), similar to the German EEG. As for the
case of the EEG, Stokes and Breetz (2018) observe that increasing in-
dustry feedback helps to extend support. In the case of the EEG, this
process was contested by sectoral actors such as utilities, who were
unable to form a ‘closed industry front’ due to diverging interests.

4.3. Phase II - enthusiasm, growth, and realization of costs

4.3.1. EEG case study (2005-2009)

The EEG amendment 2004 increased the remuneration for solar PV
and removed the cap for installed PV capacity. After the amendment was
passed and with the solar industry’s ongoing success, political conflicts
around the EEG decreased for the moment [+instE] (Lauber and
Jacobsson, 2016, p. 151).

The TIS functions show a high activity level driven by the EEG
(Table A.2). The EEG supported the market creation, and demand for
solar modules increased sharply [+RE] (Fig. 2). Removing the solar
capacity cap additionally signaled a political commitment to solar en-
ergy [+intE] (Quitzow, 2015). Entrepreneurial activity increased, and a
high number of new entries entered the market (Hipp, 2021, p. 573).
Employment within the industry increased sharply (Fig. 4). Also
knowledge development and diffusion accelerated, patent activity (Fig. 3)
and R&D collaboration (Hipp, 2021, p. 575) increased, and private R&D
expenditure soon surpassed public spending (Quitzow, 2015). Q-Cells
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Fig. 2. Cumulative installed capacity of renewable energy technologies in Germany (2000-2017) (AG Energiebilanzen e. V, 2019).
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Fig. 3. Patents for solar technologies worldwide and in Germany (IRENA, 2021).

and Solarworld emerged as important actors while additional equip-
ment suppliers entered the German market. However, high prices for
silicon at the world market [ExC] limited the expansion of module
production in Germany (Quitzow, 2015, p. 134), and supply constraints
of German module producers increased ties to pioneering companies in
China via OEMs and joint ventures. These interactions increased trust in
the quality and opened the German market for Chinese products
(Quitzow, 2015). The solar industry association (Bundesverband
Solarwirtschaft; BSW) increased lobbying activities (Seibt, 2015). Job
creation and international industry leadership became core arguments
for legitimacy creation [+SPF] (Quitzow, 2015, p. 133). However, with
growing deployment, the integration of PV into the electricity grid
became an issue [—instE] (Hoppmann et al., 2014), the EEG surcharge
increased (Fig. 5), and therewith the costs imposed onto the population
and industry [—RE].

The large incumbent utilities expanded their conventional capacities
and built new coal and gas power plants. The recently introduced carbon
trading scheme increased the profits of their power plant fleet, as cer-
tificate prices are endogenized into electricity prices (Kungl, 2018, p.
225). While incumbents focused on their core business in the beginning,
their opposition towards the EEG grew, referring to a possible “dein-
dustrialization” of the German economy, “when the threat to the in-
cumbents’ vision of the field coming from the expansion of renewables
became more and more apparent” by the end of this phase [-SPF]
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Fig. 4. Business climate index of the PV industry in Germany (BSW-Solar,
2019) and employment in the PV industry (O‘Sullivan et al., 2018).

11

(Kungl, 2015, p. 18). However, between 2006 and 2008, utilities foun-
ded subdivisions for investment in renewables (Kungl, 2018, 244ff). The
new subdivisions primarily invested in projects beyond the German
borders, as investments within Germany would have meant increasing
competition for their own assets (Kungl, 2018, p. 309).

The fast development of the solar TIS “led to an unprecedented
excitement among politicians of all parties. In many debates, the EEG
was praised as a success story [...]. Even the FDP, which was the only
party that favored ‘market-based instruments’, such as tradable green
certificates over a FIT, urged measures to support the export of German
PV technology” (Hoppmann et al., 2014, p. 1429). However, module
prices declined further by the end of this phase, also attributable to an
expansion of module production worldwide (particularly in China
(Quitzow, 2015)). Windfall profits of investors and increasing policy
costs contrasted the previous positive image of PV within parliamentary
debates [—RE - > -SPF] (Hoppmann et al., 2014; Seibt, 2015, pp.
181-182). To reduce PV windfall profits and limit costs borne by con-
sumers, the EEG amendment of 2009 introduced a ‘dynamic degression’
that made remuneration dependent on the installed capacity in the
previous year (Hoppmann et al., 2014, pp. 1429-1430).

4.3.2. Comparative discussion

In this phase, TIS development and focal policy produce a virtuous
cycle of mutual reinforcement. The technology loop unfolds its full po-
tential, when resource effects spur market development, while policy
uncertainty and hampering interpretive effects are reduced. Positive
externalities from the technology loop provide strong policy support.

Particularly in the electricity sector, evidence for the effect of local
value creation in renewable energy technologies on policy ambition is
strong (Eicke and Weko, 2022). For example, renewables were reframed
in China as vital to economic growth and competitiveness and experi-
enced increased political support in the early 2000s (Mori, 2018).
However, evidence beyond the electricity sector of such virtuous cycles
may be found in the Swedish biofuel programs, where a vigorously
active TIS contributed to the introduction of more stringent market
stimulation policies (Suurs, 2009, p. 134). Despite its mixed results,
Janicke (2012) refers to improving energy efficiency as a case of suc-
cessful virtuous cycles in Germany, Japan, and the UK.”

Ironically, the virtuous cycle inducing TIS expansion nourishes the

5 However, one must acknowledge that the UK zero carbon homes program
was dismantled after the financial crisis in 2008 (Edmondson et al., 2020).
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Fig. 5. Development of electricity prices and the EEG surcharge (BDEW, 2021).

roots of subsequent vicious cycles. Strong market creation in Germany
also attracts increasing competition from abroad. Renewable generation
depresses electricity wholesale prices,® policy costs redistributed by the
surcharge became more prominent within the policy process of the EEG,
and utilities and industry mobilized against the EEG. Already in this
early stage, the cost loop starts to unfold, starting to interfere with the
positive feedback generated by the technology loop.

Evidence from various cases indicates increasing opposition towards
support schemes with increasing technology penetration and competi-
tion (Giirtler et al., 2019; Mori, 2018; Prontera, 2021; Stokes and Breetz,
2018). Particularly in Europe, the economic crisis of 2008 was an
additional exogenous driver of increasing opposition, as it also affected
electricity demand (Giirtler et al., 2019; Prontera, 2021). However, also
the StrEG faced increasing opposition from utilities in 1996 in the
absence of an economic crisis (Table A.1). The cases above primarily
rely on schemes that distribute the costs towards consumers (resource
effects), for example, via surcharges to the electricity bill, and therefore
emit socio-political feedback due to the imposition of costs towards a
significant fraction of population and industry. However, when costs are
borne by state budgets (resource effects), fiscal feedback may arise from
financial ministries or treasury (e.g., Edmondson et al., 2020).

Besides policy costs and competition, institutional effects can
become a source of growing negative feedback with increasing deploy-
ment. For example, biogas and biofuel production brought along
increasing concerns about the competition with food -cultivation
(Markard et al., 2016b; Pilgrim and Harvey, 2010; Suurs and Hekkert,
2009), and wind power in Germany was challenged increasingly by
acceptance issues (Dehler-Holland et al., 2022).

4.4. Phase III - political struggles and increased uncertainty

4.4.1. EEG case study (2009-2014)

Shortly after the EEG amendments in 2009, it became clear that
remuneration reductions were insufficient to reduce the pace of PV
market uptake due to rapidly plummeting module prices driven by a
rapid expansion of international PV production capacities [+RE]
(Fig. 2). Therefore, remuneration was further reduced in 2010 and the
beginning of 2012, until in 2012, a target corridor for PV between 2.5
and 3.5 GW was introduced and a monthly degression of remuneration
in case the corridor was exceeded. At the same time, the EEG surcharge
that was collected from households and industry via the electricity bill

6 This is referred to as the merit-order effect (SensfuB et al., 2008).
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increased further [—RE] (Fig. 5). Furthermore, renewable energy pro-
duction increasingly depressed electricity wholesale prices, reducing
revenues of electricity generators [—RE]. Additionally, grid stability
and power intermittency risks entered political debates and showcased
the possible technological issues to align expanding renewables with
existing infrastructure [—instE] (Hoppmann et al., 2014).

The difference between feed-in remuneration and PV module costs
further drove market creation in Germany. However, Chinese imports
that could compete with European quality standards and leverage the
advantages of low-cost, large-scale production capacities increasingly
covered the demand [RE] (Quitzow, 2015). German module producers’
ability to mobilize resources decreased, and entrepreneurial activity
decreased with increasing exit rates (Hipp, 2021, p. 573) and dropping
employment (Fig. 4). Consequently, knowledge development and diffusion
regarding R&D collaborations (Hipp, 2021, p. 575) and patenting ac-
tivity (Fig. 3) declined. Concerning rising Chinese competition and
import duties on Chinese products, the solar industry was split between
profiteers (e.g., installers of cheap modules) and losers (e.g., module
manufacturers) of an increasingly internationalized supply chain
(Meckling and Hughes, 2018). Despite the loss of legitimacy of the
German solar TIS in terms of costs and performance and increasingly
divided interests regarding Chinese imports, the industry association
BSW was regarded as successful in preventing stronger EEG cutbacks
[4+SPF] (Seibt, 2015, p. 197). The ties of the TIS to the governments of
the states in Eastern Germany also contributed to safeguarding benefits
[+SPF] (Lauber and Jacobsson, 2016; Quitzow, 2015; Strunz et al.,
2016).

Utilities faced external pressures from declining market shares due to
increased renewable capacities, lower power demand due to the finan-
cial crisis, and decreasing power prices due to renewables and dropping
commodity prices (Kungl and Geels, 2018, p. 12). However, until 2011,
those external pressures did not strongly affect utilities (Kungl and
Geels, 2018). They continued their defensive strategies concerning the
EEG, but their activities regarding nuclear lifetime expansion and car-
bon capture and storage prevailed (Kungl, 2015, p. 261).

After the nuclear accidents in Japan, the conservative-liberal gov-
ernment decided on a rapid nuclear phase-out, which immediately
affected utilities’ power plant portfolios and profit expectations.
External pressures on utilities and their conventional power plants
increased [ExC] (Kungl and Geels, 2018). Concerning the EEG, utilities
supported a stronger market integration [SPF] (Kungl, 2018, p. 356)
and put BMWi under pressure favoring auctions for renewables (Leiren
and Reimer, 2018, p. 37). While they now, in principle, accepted the
Energiewende, their arguments changed from the general technological
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and economic infeasibility of renewables to threats to supply security
and the support scheme’s costs (Kungl, 2018, p. 356). Utilities seized the
rising EEG surcharge (Fig. 5) as an argument against the EEG and its
increasing burden on (vulnerable) households [-SPF] (Kungl, 2018, pp.
360-361).

From 2011, policy costs became a key topic politically [SPF] (Leiren
and Reimer, 2018). Media framing of the EEG shifted towards empha-
sizing its costs [-SPF] (Dehler-Holland et al., 2021). The increasing EEG
surcharge (Fig. 5) was seen as dangerous for the competitiveness of the
German industry [-SPF]. Particularly the powerful federation of
German industry (Bundesverband der Deutschen Industrie, BDI) increased
its activities between 2009 and 2015 [SPF] (Borshchevska, 2016, p.
103). Its main arguments were 1) the risk to the security of supply, 2)
poor management of the energy transition leading to unpredictable
policymaking [-AF], and 3) the rising EEG surcharge bearing compet-
itive disadvantages for the German industry (Borshchevska, 2016). The
extensive political activity of the energy-intensive industries goes in line
with further exemptions of the EEG surcharge for large electricity con-
sumers (Strunz et al., 2016).

In the forerun of the elections of September 2013, all major German
parties agreed that reforms were necessary (Messing, 2020, p. 172) due
to the increased costs of renewables (Leiren and Reimer, 2018, p. 37).
The new government introduced a pilot phase for PV auctions with the
target to introduce auctions for wind power and PV by 2017.

4.4.2. Comparative discussion

The preceding phase has strengthened the political position of the
focal TIS and, at the same time, increased the array of opponents’ ar-
guments. The solar TIS in Germany struggled with intense international
competition, dropping module prices and rapidly reducing market
support for PV as a consequence of negative feedback from the cost loop.

Similarly, renewable support in various European countries has seen
retrenchments and even termination supported by pressure from utili-
ties in the aftermath of the financial crisis of 2008 (Giirtler et al., 2019;
Prontera, 2021). Also the StrEG was faced with initiatives proposing to
dismantle the law around 1996; however, the wind power lobby suc-
cessfully defended it (Table A.1, Bergek and Jacobsson, 2003). Addi-
tional examples of deployment policies in the US transport sector for
biofuel and electric vehicles witnessed increasing opposition with pro-
gressing diffusion and subsequent retrenchments due to increasing
policy costs (Stokes and Breetz, 2018). Interestingly, these examples also
provide evidence for a stage of political uncertainty over the future of
programs.

With growing diffusion, also institutional effects of technology
deployment become apparent. In the case of solar energy in Germany,
grid integration and security of supply increase in political salience. The
side-effects loop is triggered by adverse institutional effects that further
contribute to undermining positive feedback from the technology loop.

Similar dynamics have been observed in the support of biogas elec-
tricity generation in Germany, which was reduced significantly due to
land use conflicts (Markard et al., 2016b), as were biofuel targets in
Europe (Purkus et al., 2019). Furthermore, Germany witnessed intense
discussions on increasing the mandatory distance of wind turbines to
dwellings with growing local acceptance issues (Dehler-Holland et al.,
2022).

The ability of the German solar (and earlier, wind power) TIS to
prevent stronger cutbacks despite increased competition from abroad
and declining legitimacy is worth further discussion. The cases pre-
sented by Giirtler et al. (2019) (Spain, Czech Republic) and Prontera
(2021) (Italy) represent cases in which renewable energy support has
been terminated completely, or at least market development has come to
a halt. In contrast, the cutbacks perceived in Germany did not wholly
stop development (Fig. 2), and support for deployment was maintained
at a lower level. We argue that these differences may be related to the
lobbying of a TIS active along the whole value chain of technology
creation and the related framing of renewable energies having positive
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societal and economic effects such as industry and job creation. Prontera
(2021) emphasizes that Italy did not have a comparable photovoltaics
industry, and neither did the Czech Republic. In the case of Spain, a
comparative media analysis found that the framing of photovoltaics in
terms of its economic benefits did not occur (Kriechbaum et al., 2017).
In the German case, a growing wind TIS in 1996 could fend off policy
retrenchments, and a struggling but well-connected PV TIS between
2010 and 2014 prevented stronger policy cutbacks. In that respect, this
study contributes to the literature on sustainability transitions high-
lighting the importance of creating strong advocacy coalitions to pre-
vent early dismantling, as observed in the case of zero-carbon homes in
the UK (Edmondson et al., 2020; O’Neill and Gibbs, 2020).

4.5. Phase IV - political consolidation, loss of interest, reorientation

4.5.1. EEG case study (2014-2017)

After the elections in 2013, the new government introduced a pilot
phase for a tendering scheme for PV into the EEG, intending to introduce
auctions for all renewable technologies by 2017. Since 2012, the feed-in
remuneration for solar electricity has been lower than the household
electricity price,” wherefore the business model for household PV
changed towards self-consumption of electricity (Dehler et al., 2017).
Together with target corridors, a cap on the target for installed capacity
of PV, and reduced remuneration, these developments limited the po-
tential for market creation in Germany. Additionally, the increase of the
EEG surcharge came to a halt (Fig. 5), decreasing immediate pressure on
policymakers. Entrepreneurial activities stabilized on a lower level with
almost no new entries in cell and module manufacturing (Hipp, 2021, p.
573) and a stable number of employees in the industry (Fig. 4), focussing
on installation and production equipment. Knowledge development and
diffusion remained at a low level (Fig. 3). In preparation for the final
introduction of auctioning in the EEG amendments 2017, the economics
ministry implemented platforms to discuss details of the reforms with
various stakeholders; however, the critical points of the reform were not
up for discussion, and renewable energy associations were perceived as
having little influence in the debate (Messing, 2020, p. 158). A critical
subject of debate was how small investors such as citizen cooperatives
could be incentivized, as the auctioning scheme was seen as problematic
for investors who cannot diversify investment risks with a higher
number of bids (Messing, 2020, p. 145). Additionally, missing electricity
grid capacities were addressed in the discourse (Messing, 2020, p. 174).
The attention of energy transition policy increasingly turned to the
phase-out of coal electricity generation (Leipprand and Flachsland,
2018).

4.5.2. Comparative discussion

Within the fourth phase, the attention of all actors towards the EEG
and feedback declined. Resource provision to the TIS was moderate and
adapted to the growth corridors, the EEG surcharge did not grow
further, and in 2017, tenders were finally introduced in a process that
left little space for debate. The contradicting feedback of the three
different loops has been balanced in political discourse, resulting in a
temporal relief of political tensions.

Similar phases have been observed in the literature on political
attention after the intense realization of costs (Downs, 1972). The PV TIS
activities stabilized, albeit on a lower level. The results of this phase
depend on the relative strength of the three different feedback loops. For
example, after policy dismantling in Spain, the Czech Republic, and
Italy, markets for renewable energy collapsed when policy costs
increased and have not been balanced by an equally strong technology
loop (Giirtler et al., 2019; Prontera, 2021). Similarly, German biogas
deployment was reduced drastically, when side effects regarding food
production became prevalent (Markard et al., 2016b).

7 A condition often termed grid parity.
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4.6. Towards a life cycle model of technology deployment policies

The previous sections have shown how policy effects and feedback
relate to the developments of the German EEG and the solar TIS in
Germany. These empirical results underpin the recent identification of
an attention-cycle pattern of German news media coverage (Dehler-
Holland et al., 2021) with a detailed description of technology and
policy processes that drive the emergence of such patterns. A compar-
ative discussion of similar cases from the literature contrasted the
empirical results.

Building upon these findings, this paper proposes a stylized repre-
sentation of main policy effects and feedback (Fig. 6Fig. 6, Table 3). The
activity level of the three feedback loops conceptualized in Section 2.3
influences the development of the cycle. For instance, in the discussion
of phase IV (Section 4.5.2), the hypothesis was developed that the policy
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output of the life cycle crucially depends on the relative strength of the
three loops (Fig. 6 b).

Since its first inception by Downs (1972), the phenomenon of
attention cycles has aroused high academic interest, and the basic pat-
terns were identified in various domains (Gupta and Jenkins-Smith,
2015). However, the processes behind these attention patterns are
poorly understood. The results presented in Section 4 provided insights
into the mechanisms driving political and societal debates in the case of
the German EEG. Particularly, positive media coverage of the PV in-
dustry indeed went along with high innovative activity in the German
TIS. Increasing prevalence of costs in the media indeed followed an
increasingly harsh political and societal debate. The next section will
discuss the prospects of the development of the three feedback loops in
more detail.
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Table 3
A technology deployment policy life cycle model for the case of the German EEG.
Phase  Characterization TIS stage Effects Feedback mechanisms Feedback loop
0 Pre-enactment Formative, early e Policy not yet enacted o Initial support from the TIS -
growth with e Underestimation of incumbents
emerging political o Issue attention to certain
networks societal problems
1 Post-enactment and Formative or early o InstE due to embedding of focal e AdF e Technology loop begins to provide
interaction with existing growth policy into existing o FF less likely; low costs positive feedback, yet hampered TIS
policy and institutions institutional arrangements e -SPF from incumbents, closed development by interpretive effects
e RE due to the focal policy industry fronts against hampering resource mobilization
o intE: uncertainty whether the technology
policy will be maintained e +SPF increasing political ties of
TIS
I Technology and policy Growth e +RE due to the focal policy e +SPF: Industry associations e Strong positive feedback by the
enthusiasm and realization e -RE due to increasing policy and TIS actors increase technology loop; positive externalities
of costs costs for public or national political ties support legitimacy creation
budget; increasing competition e Increased positive e Cost loop starting to provide negative
in the sector externalities: job creation, feedback, undermining TIS legitimacy
o intE: Policymakers appear technology leadership creation by feedback from the TIS
committed to technology and e -FF/-SPF: policy costs increase context
policy
o instE: policies well-aligned
e TIS actors actively search for
ways to efficiently satisfy
growing demand
111 Political struggles and Shakeout/ decline e intE: increasing uncertainty e Stage of the TIS determines e Technology loop weakened by TIS
increased uncertainty about whether the policy will continued or decreasing +SPF competition and national decline,
be maintained or changed o -FF/-SPF: High policy costs lower potential for legitimacy creation
e Reduced RE for TIS e -SPF: incumbents seize policy o Cost loop and side-effect loop super-
e -RE due to policy costs costs as an argument; shape impose technology loop
e Increasing instE due to policy to meet their demands
technology alignment e -AdF is possible due to
technology side effects
I\ Political consolidation, loss ~ Maturity o intE uncertainties resolved e Low attention to policy, o Activity of feedback loops balanced by

of interest, reorientation

RE depending on the previous
phase

instE: adaption of institutional
arrangements towards

feedback declined
Sensitive to events that
rekindle attention

political action to consolidate feedback

technology

5. Discussion

The previous sections analyzed the co-evolution of the German EEG
and the photovoltaics TIS and identified three major drivers of de-
velopments. This section discusses the three feedback loops and iden-
tifies policy implications of the identified mechanisms. Furthermore,
possible avenues for future research and methodological limitations are
addressed.

First, the case study showcased how the EEG was able to create
strong incentives for the deployment of PV. The activities within the TIS
during the expanding technology feedback loop can be described as a
search process in which actors try to find ways to meet increasing de-
mand by expanding innovative activities and searching for solutions
within the TIS’s context. This extensive search process induces enthu-
siastic political discourse on positive economic externalities of TIS
development, such as job creation or industry leadership. Surprisingly,
in Germany, the demand for PV modules could not be met by the
growing German TIS alone, which therefore triggered the search for
alternative supply chains; German suppliers actively entered collabo-
rations with Chinese cell producers. In the following, fast developments
in China led to expanding production capacities, decreasing module
costs, and ultimately to the decline of the German solar TIS. The posi-
tions of the German solar TIS were divided into winners and losers of the
ongoing internationalization, which affected its potential for legitimacy
creation and policy feedback. The literature has shown that the potential
for the allocation of different parts of the supply chain depends on the
characteristics of the focal technology and national innovation systems
(Quitzow et al., 2017; Schmidt and Huenteler, 2016). When innovation
regarding a technology largely comprises its manufacturing and prod-
ucts are easy to transport, TIS actors are likely to face global markets and
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competition (Schmidt and Huenteler, 2016). On the other hand, the
discussed cases of wind and biomass electricity generation did not suffer
similar allocation struggles. Both technologies require more exchange
between deployers and manufacturers than PV for innovation. There-
fore, technology complexity and the geographical context of a TIS must
be considered when developing deployment policies.

From a national perspective, policymakers might be inclined to
shield national deployment policies from external entries. However, the
welfare gains of global supply chains compared to a restriction on na-
tional suppliers are substantial (Helveston et al., 2022). Alternatively,
national deployment policies could be complemented and balanced with
more support for the supply side, such as increased R&D support to
maintain the competitiveness of national TIS (Nunez-Jimenez et al.,
2022). Such additional measures in a broader policy mix could help
guide the search in more favorable directions in political terms.

Second, the case study showed how the distribution of increasing
costs grew into a feedback loop superimposing the perceived positive
effects of job creation and industrial leadership. The negative feedback
concerning policy costs arises from sectoral competition and the distri-
bution of costs within the public or the state’s budget. Such feedback
appears to ignore the long-term benefits of emission reductions and that
external costs have not been sufficiently internalized in electricity prices
from conventional sources (Lauber and Jacobsson, 2016). For policy-
makers, the cost feedback implies a dilemma of maintaining sufficient
support so that technology deployment is not stalled while responding to
increasing opposition. The literature has discussed the ability of policies
to adapt to changes by design under the labels of robustness or resilience
(Capano and Woo, 2017). Procedural measures included in policy
design, such as regular monitoring intervals, planned policy revision, or
(semi-)automatic adjustment mechanisms, can help to make policies
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more adaptive and may contribute to limiting undermining feedback
(Howlett, 2019; Jordan and Matt, 2014). In the case of the EEG, the
German government opted for redirecting policy costs from consumer
electricity bills to the state’s budget. While such a decision may reduce
the visibility of policy costs to the public, it may expose the policy to
budget cuts due to austerity plans.

Third, the side-effects loop has been less prevalent in the case of PV.
Issues such as power grid stability and security of supply have entered
the debate only marginally. This does not mean, however, that such
institutional issues can have a decisive effect on policy decisions. Cases
that we discussed above show, that institutional struggles between
technology characteristics and alleged adverse effects of its deployment
can lead to changes in support policies (e.g., Dehler-Holland et al., 2022;
Markard et al., 2016b). It therefore remains important to consider
possible conflicts such as local acceptance early within the policy cycle.

The abstraction of feedback loops undertaken in this paper should
not hide the fact that at the core of policy feedback, political actors,
interest groups, and vested interests and their agency are drivers of
political discourse. For instance, at the climax of the EEG cost narrative,
German policymakers started to discuss the phase-out of coal electricity
generation. Here, I argue that this discourse was partly driven by the
increasing perception of the policy costs of renewable energies and the
realization that a successful transition cannot be driven by deployment
policies alone against increasing regime resistance. On the one hand,
this points to a limitation of this study, where I focused on a single policy
instrument instead of a policy mix.

On the other hand side, there is some potential in the identification of
the three feedback loops and the TDP life cycle, which provides a sense
of timing, when policy mixes must be taken one step further to actively
undermine forces of regime inertia when the wave of technology
euphoria has passed, and negative feedback dominates. This observation
links the described life cycles to broader policy mixes (Rogge and
Reichardt, 2016) and points to avenues for future research. Breetz et al.
(2018) suggested that policy measures and logics change along the
technology learning curve. The TDP life cycle model could be the
starting point of the description of the co-evolution of policy mixes and
technology along the temporal axis.

Methodologically, this study built upon a synthesis of existing studies
on the case of the Renewable Energy Act in Germany. Such a synthesis
approach may have weaknesses. First, a synthesis approach can only be
followed for a case with a substantial research base. This was the case for
the German EEG. However, as the observational period spans a
considerable period (1999-2017), coverage of the case towards the end
of the period becomes thinner (as can be observed in Table A.1). This can
be explained by the increasing proximity of the observational period to
the point in time the research was conducted. The decreasing attrac-
tiveness for research of the latter stages of the German solar TIS may also
contribute to this issue. Second, a synthesis approach primarily relies on
the interpretation of the original studies. Therefore, heterogeneous
perspectives and methods from these studies must be translated into a
common framework, and the quality of the results also depends on the
quality of primary studies.

Additionally, this study followed an inductive approach to theory
building. The inductive way of reasoning bears the risk of over-
generalization. This risk was mitigated by an additional triangulation of
the resulting model with cases from the literature, and a closer analysis
of the StrEG in Germany (Table A.1). Many studies focus on renewable
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energy policies in different jurisdictions; however, this study could also
provide evidence from other sectors, particularly transportation. This
might be because deployment policies are more common within these
sectors or transitions have already advanced furthest.

6. Conclusions

This paper employed policy feedback and concepts from the litera-
ture on technological innovation systems to assess the dynamic re-
lationships between technology deployment policies, relevant
industries, and their contexts. Three feedback loops were distinguished
whose activity levels relate policy output to policy outcomes. A case
study of the German Renewable Energy Act and the PV TIS brought to
light a temporal pattern whose characteristics were summarized in the
proposal of an ideal-typical technology deployment policy life cycle.

The proposed model makes a step further in understanding the pol-
itics of sustainability transitions, particularly concerning the co-
evolution of technology and policy (Edmondson et al., 2019; Hopp-
mann et al., 2014). Specifically, the model suggests that policy feedback
may not be equal at different cycle stages and that different feedback
loops compete with each other. Even more noteworthy, it indicates that
phases of rapid TIS growth (virtuous cycles) can also increase negative
feedback and induce vicious cycles of reduced policy support that ulti-
mately open up windows of opportunities for retrenchment and possible
breaches in transformation processes. Intense previous growth phases
and prosperous TIS may increase the likelihood of policy maintenance or
succession.

Future research will show whether similar patterns can be observed
for other technologies and in other countries. A first comparison with
reported cases provided reasons to believe that the identified three
feedback loops and their relative activity levels have some explanatory
value in assessing technology deployment policies.

I think the technology deployment policy life cycle model will be
useful to scholars and policymakers. It provides a step towards outlining
the possibilities of future policy change when deployment policies are
enacted and points to critical policy design issues and the timing of
regime destabilization measures in policy mixes.
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Appendix A. Appendix

Table A.1
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Summary of the main developments of the StrEG (1990-2000) and wind power in Germany, divided into five phases. Compiled from (Bergek and Jacobsson, 2003;
Geels et al., 2016; Hake et al., 2015; Jacobsson and Lauber, 2006; Lauber and Mez, 2004; Renn and Marshall, 2016; Stefes, 2010).

StrEG

I (before 1991)

11 (1992-1993)

IIT (1993-1995)

1V (1996-1997)

V (1997-1999)

Socio-political
Feedback
[SPF]

Fiscal Feedback
[FF]

Administrative
Feedback [AF]

Resource Effects
[RE]

Interpretive
Effects [intE]

Institutional
effects [instE]

Exogeneous
Conditions
[ExC]

TIS development

Sectoral change

Utilities underestimate feed-
in law (StrEG) [no -SPF]
Renewable associations
propose feed-in law [+SPF]

Estimated low costs of the
feed-in law and distribution of
the expenses via electricity
bills lower the potential for
[FF]

1989:

Introduction of support
programs (1000 roofs
program, 100 MW program)
Introduction of the focal
StrEG in 1990 [+RE]

Increased public concerns
about climate change and
environment, nuclear safety
German reunification
challenges the energy sector
and integration of East
German power plants
necessary

Initial development of wind
TIS based on R&D support for
renewables since the 70s and
initial market development
programs

Eastern and Western German
electricity systems are merged
Renewables share 1991: 3.1
% of electricity consumption

- Increased political leverage
of wind power associations
[-+SPF]

- Opposition rises based on
rising electricity costs;
utilities support local
initiatives against wind
power and PR campaigns
[-SPF]

Continued [RE] based
on the combination of
StrEG and additional
programs

Feed-in law reduces
risk and uncertainty
for investors

Feed-in law well-
aligned with other
market development
programs [+instE]

- Importance of adjacent
programs ceases, and StrEG
becomes a major instrument
[instE]

Initial wind market
growth and TIS
development due to
increased [RE]

Strong wind market
development, increased
learning, increased entries,
specialization

Renewables share 1995: 4.7
% of electricity consumption

Renewables share -
1993: 3.8 % of

electricity

consumption

Utilities and VDEW
increase pressure, file
lawsuits against StrEG
[-SPF]

Protests against planned
remuneration cutbacks
by associations and
citizen groups [+SPF]

BMWi proposes to lower
remuneration due to
increasing costs [-FF]

StrEG remains
unchanged despite
pressures; government
proposal does not pass
parliament

Support reduced in some
regions [—RE]

Political struggles
increase uncertainty for
investors [—intE]

Alleged conflict with
European state-aid
guidelines and StrEG

Rapid market expansion
slows down, lower
number of installations
(Fig. A.1).

Renewables share 1997:
4.1 % of electricity
consumption

Introduction of the
100,000 roofs program in
1999

Uncertainties for investors
are resolved when
cutbacks do not pass
parliament

Introduction of EnWG
Social democrats and
greens elected

Market expansion
increases

Liberalization of the
electricity sector by the
EnWG increases
competition and causes
market consolidation
The “Big Four™ utilities
emerge

Renewables share 1999:
5.2 % of electricity
consumption
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Table A.2

Analysis of TIS functions of the German solar TIS.

Installed Capacity [GW]
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Fig. A.1. Installed wind energy capacity and yearly added capacity in Germany (1990-2000) (AG Energiebilanzen e. V, 2019).

Function

Phase I (1999-2000)

Phase II (2000-2004)

Phase III (2004-2009)

Phase IV (2009-2014)

Phase V (2014-2017)

TIS Life cycle
phase

Early growth

(Early) growth

Growth

Shakeout/Decline

Maturity

Entrepreneurial
activities

Knowledge
development

Knowledge
diffusion
through
networks

Guidance of the
search

Increasing new entries in
cell and module
manufacturing (2000)
(Hipp, 2021, p. 573)
Increasing production
capacities in Germany
(Jacobsson et al., 2004, p.
18)

Dominant design already
emerged in the early
1990s, increase in patents
(Huenteler et al., 2016)
Strong knowledge base in
German universities
(Jacobsson et al., 2004, p.
21)

R&D collaboration
increases (Hipp, 2021, p.
575)

Collaboration of industry
and universities
(Jacobsson et al., 2004, p.
21)

“High growth potentials of
solar cells” (Jacobsson

et al., 2004, p. 23)
100,000 roofs program
guides the search towards
rooftop systems

Wind power as an example
of success

Steady new entries, higher
level in cell and module
manufacturing (Hipp,
2021, p. 573)
Incumbents leave the
market, medium-sized
companies dominate
(Dewald and Fromhold-
Eisebith, 2015)

Slow increase in
employment

Firm entries and capacity
extension could not keep
pace with demand
development (Quitzow,
2015, p. 132)

Capacity expansion not as
large as in Japan and the
US (Quitzow, 2013)
Patents slightly decrease
(Fig. 3)

R&D collaboration at
higher level (Hipp, 2021,
p. 575)

Intense collaborations
between industry and
research (Dewald and
Fromhold-Eisebith, 2015)
FiT, however, caps for
maximum solar capacity
100,000 roofs program

Increased level of new entries,
and low exits in cell and
module manufacturing (Hipp,
2021, p. 573)

Ineffective in reducing costs;
Capacity expansion only when
silicon shortage over
(Quitzow, 2015, p. 134)
Strong increase in
employment

First signs of decline in 2009,
lower investments, financial
crisis (Quitzow, 2015, p. 139)

Patents increase fast (Fig. 3)
Increased private and public
expenditure (Quitzow, 2015,
p. 134)

R&D collaboration increases
steadily (Hipp, 2021, p. 575)
Close collaboration between
manufacturers and equipment
suppliers (Quitzow, 2015, p.
134)

High business climate index,
starting to drop

High silicon prices encourage
development of thin-film
technologies (Quitzow, 2015)
Increasing uncertainty due to
industry and market
developments and policy
goals (Quitzow, 2015, p. 143)

18

- Exits exceed entries, and
almost no new entries in
cell and module
manufacturing (Hipp,
2021, p. 573)
Collapse of employment
Decline and insolvency of
producers (Dewald and
Fromhold-Eisebith, 2015)
- Still strong in production
equipment (Dewald and
Fromhold-Eisebith, 2015)

- Patents drop after 2011
(Fig. 3)

-R&D collaboration drops
sharply (Hipp, 2021, p. 575)

- Dropping business climate
index

- Dropping societal
expectations (Kriechbaum
et al., 2017)

- Guidance towards
production equipment

- Exits exceed entries,
and almost no new
entries in cell and
module
manufacturing
(Hipp, 2021, p. 573)
Stabilization of
employment

- Patents still drop
(Fig. 3)

-R&D collaboration low
(Hipp, 2021, p. 575)

- Stabilization of
business climate

(continued on next page)
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Table A.2 (continued)

Research Policy 54 (2025) 105267

Function

Phase I (1999-2000)

Phase II (2000-2004)

Phase III (2004-2009)

Phase IV (2009-2014)

Phase V (2014-2017)

TIS Life cycle
phase

Early growth

(Early) growth

Growth

Shakeout/Decline

Maturity

Market formation

Resource
mobilization

Creation of
legitimacy

- 100,000 roofs program

- Local feed-in laws
(Jacobsson et al., 2004, p.
19)

“Collective forms of project
financing (citizen solar
plants —
Biirgersolaranlagen)”
(Dewald and Fromhold-
Eisebith, 2015)

100,000 roofs program
Local Programmes in states/
by companies (Jacobsson

et al.,, 2004, p. 18)

- Lobbying intensified for
national market creation
(Jacobsson et al., 2004,
18f)

Increased adoption

- FiT remuneration

- New market segments:
rooftop, roof integration
(Jacobsson et al., 2004, p.
19)

Industry very vulnerable to
market decline (Jacobsson
et al.,, 2004, p. 21)
“Collective forms of project
financing (citizen solar
plants —
Biirgersolaranlagen)”
(Dewald and Fromhold-
Eisebith, 2015)

EU promotion of solar cluster
in Eastern Germany (Dewald
and Fromhold-Eisebith,
2015)

- BSW: lower number of
employees in 2004
compared to later

- Strengthened industry

associations by new

entrants (Jacobsson et al.,

2004, p. 21)

Industry and jobs strong

argument for amendment

in 2003 (Quitzow, 2015, p.

133)

Guidance towards production

equipment

Increased adoption

- FiT remuneration even higher

- Entry of ground-mounted sys-
tem market segment (Dewald
and Truffer, 2011, pp.
296-297)

- High business climate index,
but dropping by the end of the
phase

“Collective forms of project

financing (citizen solar plants —

Biirgersolaranlagen)” (Dewald

and Fromhold-Eisebith, 2015)

Half of installations profited

from low-interest loans (KfW),

Commerzbank, local banks,

state-owned banks (Quitzow,

2015, p. 133)

Public investment subsidies

available, but not used

excessively, moderate growth of
supply-side investment

(Quitzow, 2015, pp. 134-135)

- Ineffective in reducing costs;
Capacity expansion only when
silicon shortage over
(Quitzow, 2015, p. 134)

- Seibt 143: Increase of
employees of BSW, 151:
Increase employment for
lobbying and PR; 157:
increased press releases;
fusion of UVS and BSi in 2006
(Seibt, 2015)

- Support of eastern states
governments prevents
stronger cutbacks (Quitzow,
2013, p. 20)

- Strong industry increases
political weight (Quitzow,

- Extreme increased

adoption and slowdown

- FiT remuneration high,

and cutbacks

- Dropping business climate

index

Seibt 143: Increase of
employees of BSW until
2012, 151: Increase empl.
For lobbying and PR, 157:
increased press releases,
197: BSW most successful,
can use high public
acceptance, despite
critique (Seibt, 2015)
Fragmented value chain
undermines common
position of solar industry
(Meckling and Hughes,

- Linear path of
adoption

- FiT remuneration
adapted to growth

- Stabilization of
business climate

2015, 133&135)

2018)

Data availability
No data was used for the research described in the article.
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